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“Would you tell me, please, which way I
ought to go from here?”
“That depends a good deal on where you
want to get to” said the Cat.
“I don’t much care where —” said Alice.
“Then it doesn’t matter which way you
go”, said the Cat.
“—so long as I get somewhere”, Alice
added as an explanation.
Lewis Carroll
from “Alice’s Adventure in Wonderland”
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ABSTRACT

Amyloid formation is inherent property of proteins which under certain
circumstances can become a pathologic feature of a group of diseases called
amyloidosis. There are about 30 known human amyloidosis and more than
27 identified proteins involved in these pathologies. Besides these proteins,
there are a growing number of proteins non-related to diseases shown to
form amyloid-like structures in vitro, which make them excellent tools for
studying amyloid formation mechanisms, physicochemical properties of
different amyloid species and the nature of their influence on tissues and
cells. It is important to understand the mechanisms by which amyloids
interact with different types of cells, as the leading hypothesis in amyloid
field suggests that amyloids and especially their intermediate states are the
main harmful, toxic species causing tissue and cell degeneration.
Using de-novo synthesized protein albebetin as a model of
amyloidogenic protein, we demonstrated that it forms amyloid-like
structures under physiological conditions (pH 7 and 37°C). During
aggregation it forms 2 different types of intermediate oligomers — cross-
sheet containing and lacking β-sheet oligomers. Only the former induces
cellular toxicity in a dose dependent manner. Further aggregation leads to
the formation of fully mature amyloid-like fibrils, which are not toxic to the
cells during studied period of incubation.
Another model protein in our studies was hen egg white lysozyme,
which readily forms amyloid under denaturing conditions (pH 2,2 and 57°C).
In contrast to albebetin and many other proteins reported in the literature,
we showed that both oligomers and mature fibrils from hen lysozyme affect
cell viability. Targeting different mechanisms involved in cellular death, we
revealed that oligomers induce slow and apoptotic-like cell death, while
mature fibrils cause rapid and mainly necrotic-like cellular death.
One of the important aspects of amyloid studies is to develop
measures for inhibiting or re-directing the process of amyloid formation to
abolish or neutralize toxic amyloid species. Among the agents having
inhibitory or modulatory properties small, phenol containing molecules are
widely studied. We investigated the effect of the novel nootropic drug
noopept on amyloid formation process of α-synuclein, as this drug is a small
dipeptide containing a phenol ring. We showed that noopept is able to
modulate amyloid formation process by accelerating it to rapid conversion of
α-synuclein into fully mature fibrils, thus eliminating the stage of population
of toxic oligomeric species. Using wide range of cytotoxicity assays we
showed that amyloid-like fibrils formed in the presence of noopept have no
cytotoxic properties. As this medicine is becoming popular and freely
available in some countries as a cognitive enhancer, neuroprotective and
nootropic agent, further detailed investigations and clinical trials are needed
to assess the safety and benefit of noopept in particular for the patients with
amyloid related neurodegenerative diseases (such as Parkinson’s or
Alzheimer’s diseases).
While in vitro models are useful to study some specific aspects of
protein aggregation, their properties and effects on cell viability, it is very
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difficult or practically impossible to create an absolutely accurate model of in
vivo situation. Therefore, it is important to turn to in vivo/ex vivo studies to
relate the knowledge accumulated from in vitro studies to the real situation
in the body.
Using human brain hippocampus tissues from individuals with
Alzheimer’s disease, we found that besides well-known and widely accepted
main pathological hallmark — A peptide deposition, S100A9 and S100A8
pro-inflammatory calcium-binding proteins are also localized in the plaques
and in surrounding tissues and very explicitly co-localized with A.
Moreover, we found the presence of S100A9 within the neuronal cells, which
has not been reported before and can be an important clue for
understanding the mechanisms of neurodegeneration. In vitro cytotoxicity
studies showed that S100A9 protein can efficiently induce cytotoxicity when
added exogenously to the neuronal cell culture. These findings suggest that
S100A8 and S100A9 proteins play an important role in Alzheimer’s
pathology, and potentially can be candidates for the amyloid plaque
formation and neurodegeneration. Whether they are associated with
inflammatory processes underlying the early onset of disease or produced
and accumulated as a consequence of A-beta induced pathology remain to be
clarified.
We found that Alzheimer’s disease is not the only pathology associated
with A-beta and S100A9 deposition in a form of plaques.
Immunohistochemical studies of an aortic valve surgically removed from a
patient with aortic stenosis revealed plaque-like structures positively stained
with A-beta and S100A9 proteins. These areas are also positively stained
with fibril-specific antibodies as well as with Congo red, which also shows
very distinct apple-green birefringence under the polarized light. Besides,
there is intracellular localization and co-localization of both proteins in
interstitial cells throughout the whole fibrous tissue of the valve. The
presented case report is the first finding suggesting inflammatory protein
S100A9 as well as A-beta peptide as potential candidates for amyloid
formation in aortic stenosis valves. We suggest that there is a specific
interaction between A-beta and S100A9 during amyloid formation, which
can be involved in amyloid-associated pathology in various tissues and
organs in the body, which can potentially be caused by inflammatory
processes, particularly by its chronic, long lasting forms.
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INTRODUCTION
Amyloidoses and amyloid proteins
Amyloidoses are a group of diseases associated with abnormal protein
deposition, defined as amyloid, in various tissues of the body. The
etiology of amyloidoses is very diverse depending on a specific protein
aggregation, tissue type and organ localization. There are different
classification systems for amyloidosis. An older classification system
is based on occurrence of amyloid deposits as primary, secondary
and hereditary.
Primary amyloidosis, called also light chain amyloidosis (AL),
develops by itself without apparent cause. Commonly affected parts of
the body include the heart, lung, skin, tongue, intestines, liver, kidney
and spleen.
Secondary amyloidosis develops as a complication of another
disease, including multiple myeloma, chronic infections (such as
tuberculosis or osteomyelitis), or chronic inflammatory diseases (such
as rheumatoid arthritis and ankylosing spondylitis). Parts of the body
commonly affected include the adrenal glands, lymph nodes, liver,
kidney and spleen.
Hereditary amyloidosis is particularly rare genetic form of
disease with 50 % chance of passing the same condition on to the
offspring. Often affected parts of the body include peripheral nerves,
the nerves of the wrist and the eyes, and kidneys.
Based on tissue and organ affection amyloidosis can be divided
into 2 main types — localized and systemic.
In case of localized amyloidosis amyloid protein deposition is
organ-restricted affecting single tissue type of the body; while
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systemic amyloidosis affects various tissues throughout the body
leading to serious changes potentially in any organ.
Modern classification of amyloidosis is based on chemical
nature of amyloid component of deposits. Current criteria for
designation of amyloid protein are the follows: the protein must be
the major fibril component of extracellular deposit in the tissue; it
should

have a cross- structure on x-ray diffraction analysis, and

exhibit affinity for Congo red and green birefringence when viewed by
polarization microscopy. Furthermore, the protein must have been
explicitly

characterized

by

protein

sequence

analysis

(DNA

sequencing in the case of familial diseases) [1]. Typically amyloids are
rigid non-branching fibrils with about 10 nm in diameter. Currently
27 human amyloid fibril proteins are stated in nomenclature list
(Table 1) with their association to pathologic condition [2]. Amyloid
proteins are denoted by prefix ‘‘A,’’ for amyloid, followed by an
abbreviation derived from the name of the precursor protein. Besides
extracellular

amyloid

deposits

there

are

several

pathologies

associated with intracellular protein accumulation (inclusion bodies)
which exhibit some of the properties of amyloid fibrils. For example,
α-synuclein inclusions, called Lewy bodies in Parkinson’s disease,
have fibrillar morphology, predominantly -structured, but they don’t
bind Congo red. These types of inclusions are not considered officially
as amyloids, and related pathologies consequently are not stated in
classification system of amyloidosis. However in 2004 by the decision
of Nomenclature Committee of the International Society of
Amyloidosis intracytoplasmic and intranuclear protein aggregates
with some similarities to amyloid, considered separately as a list of
close relatives of amyloid proteins (Table 2.) [1].
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Table 1. Amyloids and their precursors in humans (adapted from [2]).
Amyloid

Precursor
protein

Syndrome or involved
tissue

Aβ2M

β2-microglobulin

ATTR

Transthyretin

AA

(Apo)serum AA

AApoAI

Apolipoprotein AI

AApoAII

Apolipoprotein AII

L?
S
S
L
S

AApoAIV

Apolipoprotein AIV

S

AGel
ALys
AFib
ACys
ABri

Gelsolin
Lysozyme
Fibrinogen α-chain
Cystatin C
ABriPP
Leukocyte
chemotactic factor 2
ADanPP
Aβ
protein
precursor (AβPP)

S
S
S
S
S

Primary
Myeloma-associated
Primary
Myeloma-associated
Hemodialysis-associated
Joints
Familial
Senile systemic
Tenosynovium
Secondary, reactive
Familial
Aorta, meniscus
Familial
Sporadic, associated with
aging
Familial (Finnish)
Familial
Familial
Familial
Familial dementia, British

S

Mainly kidney

L

Familial dementia, Danish

L

Alzheimer's disease, aging

AL
AH

ALect2
ADan
Aβ

Immunoglobulin
light chain
Immunoglobulin
heavy chain

Systemic
or
Localized
(S/L)
S, L
S, L
S
L?
S

Spongioform
encephalopathies
C-cell thyroid tumors
Islets
of
Langerhans
Insulinomas

APrP

Prion protein

L

ACal

(Pro)calcitonin
Islet
amyloid
polypeptide
Atrial
natriuretic
factor

L

APro

Prolactin

L

AIns
AMed
Aker
ALac

Insulin
Lactadherin
Kerato-epithelin
Lactoferrin
Odontogenic
ameloblastassociated protein
Semenogelin I

L
L
L
L

Aging pituitary
Prolactinomas
Iatrogenic
Senile aortic, media
Cornea, familial
Cornea

L

Odontogenic tumors

L

Vesicula seminalis

AIAPP
AANF

AOaap
ASemI

L
L
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Cardiac atria

Table 2. Intracellular inclusions with known biochemical composition, with
or without amyloid properties. (adapted from [2])
Inclusion
name

Protein
nature

Lewy bodies

α-synuclein

Huntington
bodies

PolyQ expanded
huntingtin

Neurons
intracytoplasmic
Neurons
intranuclear

Hirano bodies

Actin

Neurons

Collins bodies

Neuroserpin

Neurons

Not specified

Ferritin

Neurons, many
Different cells

Neurofibrillary
tangles

Tau

Neurons
intracytoplasmic

Site

Associated disease

Parkinson's disease
Huntington's disease
Neurodegenerative
disorders
Forms
of
familial
presenile dementia
Form
of
familial
neurodegenerative
disorder
Alzheimer
disease,
fronto-temporal
dementia, aging, other
cerebral conditions

Generic property of polypeptide chain
Besides the proteins involved in diseases, there is a growing number
of disease non-related proteins and peptides shown to form amyloidlike structures. There are naturally occurring amyloids in some
organisms, mainly invertebrates having certain biological functions,
such as well-known curli fibers in E. coli which contribute to biofilm
formation on the bacterias membrane surface [3]. The existence of
naturally occurring amyloid fibrils are shown also in mammalian
tissues [4]. These types of amyloids are called “functional amyloids”.
There are also a vast number of proteins shown to form amyloid like
structures in vitro, when using various denaturing or destabilizing
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conditions such as high temperature, extreme pH, agitation, etc. All
these proteins having nothing common with each other by their
natural

states

and

properties

(sequence,

secondary,

tertiary

structures, localization and functions), share common characteristics
when

aggregated,

i.e.

cross--sheet

cored

structure,

fibrillar

morphology (usually 6-12 nm in diameter), some of them have strong
affinity to Congo red, and more often bind another -sheet specific
dye Thioflavin T, widely used for amyloid studies in vitro. This fact
led to a hypothesis that amyloid formation is a generic property of any
polypeptide chain [5] (Figure 1).

Figure 1. A general view of some of the conformational states adopted by
a polypeptide chain and their interconvertions, including β-structured
aggregation and assembly into amyloid fibrils (from Chiti & Dobson,
2006 [6], reproduced with permission of Annual Reviews, via Copyright
Clearance Center).
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To distinguish between diseases associated amyloids and those
produced in vitro it is recommended by the Nomenclature Committee
to call the latters “amyloid-like” or “amylog” [2]. However, this rule is
not strictly followed in the field of amyloid research, and common
term “amyloid” is the most often used form for all types of cross-sheet protein assembly.

Suggested

mechanisms

and

conditions

of

amyloid formation
Amyloidogenesis is a complex process which begins with structural
rearrangement of the native state into a -sheet conformation. This
requires either partial unfolding of globular proteins or partial folding
of disordered proteins [7]. This conformation seems to facilitate
specific intermolecular interaction such as hydrophobic and
electrostatic interaction, which is required for polymerization of
protein molecules into amyloid fibrils. Various factors can induce
partial unfolding of a protein, among which are mutations,
environmental changes (such as pH or temperature) and chemical
modifications. However,

experimentally it is difficult to detect

partially unfolded state, and such a direct evidence is shown only for a
few proteins, like transthyretin [8] and 2-microglobulin [9]. In most
of the cases the stability of protein is determinant which is inversely
related to fibrillation of the protein [10-12]. For example, the factors
destabilizing native conformation of a protein increase its fibrillation
propensity and in case of -lactoglobulin the aggregation propensity
is shown to be highest at the concentration of urea corresponding the
mid-point of unfolding transition of the protein [13].
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While partial unfolding seem to be necessary for amyloid
formation, there are evidences showing fibrillation of globular
proteins under native conditions, suggestion the initiation of
aggregation from a locally unfolded part of a protein, distinct form
global unfolding [14].
In case of natively unfolded proteins, such as α-synuclein,
amyloid-, tau and exon 1 region in huntingtin, the process of
amyloid formation requires partial folding of these proteins [15-17]. It
is interesting to note that globular proteins in fact contain three times
more aggregation nucleating regions than intrinsically disordered
proteins. It seems that higher -aggregation propensity is necessary
for the formation of highly structured globular proteins [18].
However, although natively unfolded proteins in general have much
lower aggregation propensity than globular proteins, their potential to
form amyloids are not necessarily lower [19].
Generally, protein polymerization has been described by two
basic models, namely, linear (or isodesmic) polymerization and
nucleation-dependent polymerization [20-23].
Linear polymerization process can start from any monomeric
subunit and each step of monomer addition to any protein species has
identical dissociation constant, independent of the size of the polymer
[24]. Nucleation-dependent polymerization is described by slow
initial step in reaction kinetics followed by rapid polymerization.
During the initial step several molecules form a nucleus which serves
as a base for addition of sequential monomer molecules with the same
rate constant controlling each step for monomer addition and
dissociation. This process is differing from isodesmic polymerization
on the basis of three criteria: (1) There is a time-dependent lag phase
in the formation of the polymer, (2) the lag can be eliminated by the
addition of a preformed nucleus (seeding), and (3) there is a critical
7

concentration representing the monomer in equilibrium with the
polymer. A process is considered to be a nucleation–dependent when
it fulfills all three criteria, since at least two of the three can be
observed in the isodesmic case [25].
In case of amyloid formation the picture appears to be much
more complicated. General intrinsic property of any polypeptide
chain to for amyloid implies common mechanism of their formation
[26]. However in spite of large accumulation of data in the literature
the mechanisms of amyloid formation remain unclear, in part due to
heterogeneity and the complexity of the early association events. Selfassembly reactions of amyloid fibrils have been generally accepted as
a form of nucleation-dependent polymerization [27-30], described by
an initial lag phase, where conformational changes of the native state
and formation of nuclei (usually oligomeric) is occurring, and no or
very little fibrillar structures are determined. This stage is followed by
an elongation phase where a large percentage of the starting protein is
converted into fibrillar structures by an addition of monomeric or
oligomeric intermediates to the preformed nuclei (Figure 2). A
common feature among amyloid formation and other nucleationdependent processes is that the lag phase can be partly or entirely
avoided by the addition of seeds [31-33], which are usually fragments
of preformed fibrils. By the theories of nucleation-dependent
polymerization model originally developed for actin and sickle cell
hemoglobin assembly [23, 24]

there is a strong concentration

dependence of the process with a direct alteration in the size of the
“critical nucleus”. However in most of the cases the fibril formation
reactions showing features of nucleation-dependent polymerization,
the kinetics shows only a weak dependence on initial protein
concentration [34-38]. This lead to a conclusion, that the “critical
nucleus” is monomeric or very small by size [37, 38].
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Figure 2. A schematic presentation
polymerization of amyloid fibrils.

of

nucleation

dependent

For some proteins, such as amylin and insulin secondary
nucleation pathway has been proposed to be critical for amyloid
formation [39-41]. In this case nucleation occurs on the surfaces of
pre-existing fibrils.
A vast number of studies show also a very rapid formation of
spherical oligomers and/or protofibrils, while the mature fibrils
appear upon extended time of incubation [42-44]. This mechanism
has been defined as “assembly via oligomeric intermediates” [44-46].
It seems that the formation of pre-fibrillar aggregates in this case is
not limited by nucleation event [47-49], and can be considered as a
type of isodesmic polymerization [42, 49, 50].
Amyloid structures can be formed at various conditions in vitro.
More often the proteins are prone to aggregate under destabilizing
extreme conditions, such as low pH, high temperature, or use of
denaturants, for example lysozymes [31, 32, 51]. Some proteins can
also readily form amyloid fibrils under physiological conditions
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(neutral pH and 37°C), like albebetin, α-synuclein, or A peptide [52,
53] . However in vivo conditions for amyloidogenesis remain unclear.

Cytotoxicity

of

amyloid

structures

and

mechanisms of cell death
Cytotoxicity is one of the key properties of amyloid structures, as
many amyloidoses are related to cell and tissue degeneration.
However, in spite of large amount of accumulated experimental data,
underlying mechanisms of amyloid induced cellular death, as well as
particular types of toxic species remain largely unclear and
controversial.

General pathways of cell death
Generally, cellular death is divided into two main types —
apoptosis (or programmed cell death) and necrosis (or accidental cell
death).
Classically apoptosis is characterized by early activation of a
cascade of specific proteases, called Caspases (cyctein-aspartate
proteases), [54, 55], translocation of phosphatidylserines from the
inner to the outer leaflet of membrane bilayer [56],

chromatin

condensation and DNA fragmentation, morphological changes of the
cells, like blebbing, and shrinking (Figure 3).

Physiologically

apoptosis is highly organized process, which allows degrading the cell
content and removing by macrophages before the cell’s contents have
a chance to leak into the surrounding environment, by this preventing
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unwanted inflammatory response [57]. Two main pathways —
extrinsic or intrinsic, can trigger apoptosis. The extrinsic pathway is
initiated when an apoptotic agent stimulates transmembrane death
receptors, such as the Fas or TNF, while the intrinsic pathway is
initiated through the release of signal factors by mitochondria within
the cell [58, 59].

Figure 3. Main characteristic features of apoptosis and necrosis.
(Modified from Van Cruchten & Van Den Broeck, 2002 [57]).

In contrast to apoptosis, necrosis is accidental cell death, caused
mainly by mechanical injury of the cell. The cells die rapidly leaking
its content in the surrounding area, which causes an inflammatory
response [57] (Figure 3).
In recent years it has become evident that the classic description
of apoptosis versus necrosis is a simplification of highly complex
processes of cell death and survival regulation, and rather a
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continuum of death mode with varying contributions of the cellular
machinery and mixed features of apoptosis and necrosis can be
involved [59]. It has been suggested that this has a protective effect,
particularly in the mature neurons in the developed brain in order to
maintain the chance of survivability and reversibility of destructive
changes until the process of cell death is completed [60-62] (Figure
4).

Figure 4 Different modes of neuronal death (Reproduced from Leist &
Jaattela, 2001, [59]. by permission from Macmillan Publishers Ltd.

Toxic amyloid species and their action on the cells
A bulk amount of studies support the hypothesis that various
amyloid species, especially their early intermediates, main cause of
tissue degeneration, convincingly showing cytotoxic effect of amyloid
12

species on various in vitro cell cultures and animal models [63-69].
Toxic properties are not limited by the proteins involved in different
amyloid related diseases. Numerous disease non-related proteins
were shown to induce cellular toxicity in vitro when aggregated to
amyloid-like structures [70-72]. Current leading hypothesis in the
field suggests that generic property of proteins to form amyloid,
having a common mechanism of their formation, would lead to a
common mechanism of their cytotoxic action [26, 73, 74]. While it is
largely accepted that the most toxic amyloid species are early soluble
oligomeric intermediates, and mature amyloids fibrills are mostly
considered harmless or inert [75-80], there are number of evidences
showing toxic properties of fibrillar structures [80-90].
In the context of the mechanisms of amyloid induced toxicity a
number of studies have shown that prefibrillar amyloid species
activate caspases [91] and receptor-mediated signaling pathways
associated with apoptosis [71, 78, 92]. In contrast, there are findings
that HypF-N amyloid exerts necrotic rather than apoptotic death of
NIH-3T3 mouse fibroblasts [74]. The authors have demonstrated that
the amyloid activates the extrinsic apoptotic pathways which are
followed by intrinsic pathways switching between apoptosis and
necrosis, depending on the timing and severity of mitochondria
derangement. Indeed, growing evidence has accumulated that the
patterns of cell death cannot be simply divided on apoptosis or
necrosis due to the overlap and shared signaling pathways between
the different death programs [93]. It has been shown that apoptotic
and necrotic markers can concomitantly be present in the same cell
after cerebral ischemia, indicating that more than one death program
may be activated at the same time [94]. A cell may switch back and
forth between different death pathways as shown in neuronal cells
which exhibited elements of autophagic degeneration upon oncogenic
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Ras expression, but showed the apoptosis characteristics upon
treatment with TNF-α [95]. However the occurrence of these
mechanisms in the human amyloid diseases in vivo remains to be
proven.
The role of amyloid fibrils in cellular death also remains unclear.
It has been shown, that mature fibrils from Aβ1-40 produced at two
different conditions and consequently characterized by different
morphologies, exhibit significantly different toxicities in neuronal
cells [90]. There is also an evidence that Aβ fibrils bind to the surface
receptor complex of microglial cells which leads to activation of
intracellular signaling pathways leading to a pro-inflammatory
responses [96]. In familial amyloid polyneuropathies the interaction
of transthyretin fibrils with RAGE receptors (receptor for advanced
glycation end products) were suggested as contributing to cellular
stress and toxicity [97]. These indicate that fibrils can act via specific
mechanisms, rather than inducing only accidental cell damage.
Most amyloidogenic proteins are characterized by a high
heterogeneity and irreproducibility of their amyloid pathways in
vitro; indeed, even a slight deviation in sample preparation or storage
can

change

dramatically

the

final

amyloid

morphology,

a

phenomenon which becomes increasingly recognized in the current
amyloid research [52, 90, 98]. This in turn can largely affect cytotoxic
properties of individual amyloid species, which together with
different cell types and variable conditions used in different
laboratories, bring to controversy in obtained results.
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Model proteins and peptides used in research
papers I-III.
Albebetin
Albebetin (ABB) is de novo designed 7,4 kDa protein with 73
amino acid residues. It contains two repeats of α- motives forming
four stranded -sheet covered by two a-helices [99, 100] (Figure 5).
Short loops connecting the elements of the secondary structure and
limiting the number of possible conformations give compactness to
this structure.

Figure 5. Albebetin. A. The model of albebetin molecule (created and
provided by Anders Öhman); AFM image of amyloid-like fibrils from
albebetin (from Zamotin el al., 2006 [72])

This construct demonstrates low immunogenicity, which is
associated with its labile tertiary structure, while having well defined
secondary structure [101]. 22 charged amino acid residues distributed
throughout the whole primary structure and creating a high net
charge of -12 at the neutral pH increase ABB solubility.
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ABB is

characterized by conformational mobility of molten globule type at
neutral pH and room temperature due to instability of the molecule
conditioned by large electrostatic repulsion. While commonly molten
globule state is induced by the additional perturbations or
destabilizing conditions, ABB exists in the molten globule state under
physiological conditions by definition of its design.
Due to these properties it was initially implied to use ABB as a
drug carrier and delivery protein. The biologically active constructs of
ABB — N-terminus fused octapeptide LKEKKYSP of human
interferon-α2 (ABB-I) and hexapeptide TGENHR of human leukemia
differentiation factor (ABB-DF) [102, 103] showed promising results
for usage of ABB as a drug carrier. It has been shown that ABB-I
activates thymocyte blast transformation similarly to interferon-α2
[104], and ABB-DF induces the differentiation and inhibits
proliferation of human leukemia cells similarly to molecules of
differentiation factor [105, 106]. The fused peptides do not perturb
the structure of albebetin and both constructs preserve the molten
globule state. Taken in account that molten globules have a big
impact in amyloid formation as amyloid precursor state it has been
shown that ABB readily assembles into a variety of amyloid structures
upon incubation under physiological conditions in vitro [52]. Here we
studied cytotoxic properties of main amyloid species of ABB (Paper I).

Lysozyme
Hen egg white lysozyme belongs to the family of c-type
lysozymes. It is one of the best characterized proteins and its
amyloidogenic properties are extensively studied in vitro [32, 51, 107109]. Human lysozyme, close structural homologous of hen lysozyme,
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has been shown to cause systemic amyloidosis in the body as well as
forming fibrils in vitro [31, 110].
In our research we addressed the questions of cytotoxicity of
main amyloid species from hen lysozyme (Figure 6), and showed the
possible mechanisms by which different amyloid species cause cell
death (Paper II).

Figure 6. Hen egg white lysozyme. A. Ribbon diagram of hen
lysozyme (PDB 2LYZ- source [111] ); B. AFM image of amyloid
fibrils from hen lysozyme.

α-Synuclein
α-Synuclein is a 140 amino acid natively unfolded protein
abundant in adult brain, the function of which remains largely
unknown in normal physiology (Figure 7). One of the functions of
alpha-synuclein is the regulation of the size of distinct pools of
synaptic vesicles in mature neurons [112]. It has been also shown that
α-synuclein being involved in synaptic plasticity increases transmitter
release from the presynaptic terminal [113].
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Figure 7 α- Synuclein. A. ribbon diagram of α-synuclein (PDB 1XQ8;
source [114]) ; B AFM image of amyloid fibrils from α-synuclein.

Under unknown pathological conditions from its soluble state αsynuclein converts to insoluble fibrillary aggregates (Figure 7B) and
accumulates intracellularly in selective types of neurons. These
inclusions are called Lewy bodies and are key characteristics of a
group of neurodegenerative disorders, called synucleinopathies.
These disorders include Parkinson's disease (PD), dementia with
Lewy bodies, pure autonomic failure, and multiple system atrophy.
Clinically, they are characterized by a chronic and progressive decline
in motor, cognitive, behavioral, and autonomic functions, depending
on the distribution of the lesions [115]. Upon neuronal death or
damage of axons the aggregated species of α-synuclein release into
the extracellular matrix. These aggregates can be up-taken by other
neurons thus suggesting neuron-to-neuron transmission of the
disease [116].
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Under certain conditions in vitro α-synuclein can self- assemble
into ordered cross-β-sheet amyloid structures similar to the
aggregates found in Lewy bodies [15, 17, 117] suggesting that this
protein is sufficient to form inclusions [117]. It has been also shown
that amyloid species of α-synuclein, similar to amyloids from other
proteins, are cytotoxic on studied in vitro cell models [118-120]. The
exact sub-cellular mechanisms by which α-synuclein induce cell
death, are not clear, however, it seems that at least exogenously added
α-synuclein aggregates are up-taken by the cells via endocytosis [116,
118].

Targeting amyloid formation by small molecules
Given that amyloid self-assembly remains the main pathological
hallmark of many human diseases, studies of revealing external
factors which interfere with the process of amyloid formation is
promising direction to identify the molecules with potential
therapeutic properties [121-123]. A number of small molecules
containing aromatic rings, such as polyphenols, are widely studied as
potential inhibitors of amyloid formation process in vitro and in some
cases they were also shown to have a protective effect in cell culture
assays [122, 124, 125]. Other studies have reported that small
molecules accelerate amyloid formation [126-128], or convert toxic
oligomers into non-toxic amorphous aggregates, as show in particular
for α-synuclein remodeling by ECGC [129, 130], and in some cases
significantly change the morphology of amyloid fibrils [131, 132]. It
has been suggested that -stacking of planar aromatic rings can
contribute to remodeling of fibrillar self-assembly and stability [133,
134]
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Noopept
Noopept (N-phenylacetyl-L-prolylglycine ethyl ester) is a water
soluble proline containing synthetic dipeptide which was designed
and selected among series of acyl-proline-containing dipeptides as
potential drug with distinct neuroprotective properties [135] (Figure
8).

Figure 8. Chemical structure of
noopept

Its antioxidant and anti-inflammatory properties have been
described earlier [136, 137]. Recently it has been shown also
improvement of spatial memory and increase in immunoreactivity to
Aβ amyloid in a noopept treated Alzheimer’s disease mice model
[138]. Noopept is about 200 to 50 000 times more potent than
piracetam, the best known nootropic, on a dose for dose basis [139]. It
produces positive nootropic and cognitive effect in animal models at
0.01 to 0.8 mg/kg concentrations [138, 140, 141]. Currently noopept
tablets are freely available in pharmacies in Russia and some other
post-SU

countries.

It

is

recommended

for

treatment

of

cerebrovascular and post-traumatic origin cognitive deficiency in
dosages from 10 to 30 mg per day (http://noopept.com).
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Given that noopept is a phenol ring containing small molecule,
we have chosen it to study the possible interference with α-synuclein
amyloid formation and to evaluate the cytotoxic effect of formed
structures compared with α-synuclein alone on neuronal cell culture
(Paper III).

Inflammation and Amyloidoses
All amyloid related diseases in one or another way are associated with
inflammatory processes. While in case of many secondary systemic
amyloidoses, related to serum amyloid A (AA amyloidoses) there are
clear evidences that infections and chronic inflammations are primary
causes of disease progression (reviewed in [142]), the impact of
inflammation in other amyloid related diseases, particularly in
neurodegenerative disorders, such as Alzheimer’s, remains the issue
of debates. Despite accumulated experimental data suggesting
abnormal protein aggregation and accumulation as a primary cause of
pathology and consequently tissue degeneration and inflammation,
there are however indications about primary role of inflammation as a
cause of protein aggregation and disease progression. Among these
diseases Alzheimer’s disease is the most extensively studied and yet
remains probably the most mysterious one.
Alzheimer’s disease
Alzheimer’s disease (AD) is a progressive neurodegenerative
disease causing dementia commonly in people greater than 65 years
of age and up to 50% of people aged 85 years and older [143]. The
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first signs of disease appear in impairment of short-term memory,
which indicates to the affection of hippocampal and neocortex areas
of the brain. Upon the progression of the disease chemical and
structural changes in the brain, including substantial neuronal loss slowly
bring to failure of learning and cognitive functions, changes of personality
and death. The disease is characterized by three main pathological

factors: senile plaques (Figure 9), neurofibrillary tangles (Figure 10)
and inflammation. Although the etiology of the disease remains
unknown, and the relationship between these three factors are poorly
understood, it is widely accepted that plaque formation plays the
central role, where the major component is insoluble amyloid form of
A peptide, and which occurs in all stages of disease progression [144,
145]. It has been proposed that plaques disrupt the axonal
cytoskeleton of neurons [146].

Figure 9. Amyloid plaques. A.
Drawings of different stage
plaques by Oskar Fischer,
1910, from a brain of a
patient with senile dementia
(images
adapted
from
Goedert et al, 2009 [147]); B.
microscopic images of A
plaques from AD brain.

Three morphologically distinct A containing plaques have been
identified in both preclinical and end-stage AD [144], namely diffuse
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(called also “pre-amyloid”), dense-core and fibrillar plaques. These
plaques differentially affect dendritic morphology in both the early
and late stages of AD, where progression of dendritic damage is
associated with fibrillar and dense-core plaques [144]. It is unclear
whether different types of plaques have the same origin and represent
just different stages of development, or formed individually
(discussed in [148]). However, both the quantity and quality of the
plaques show only weak correlation with the disease progression and
severity [149, 150]. This fact together with large number of
experimental evidences brought to a suggestion, that early
prefibrillar, soluble oligomeric species of A, rather than mature
fibrils densely packed in the plaques, are the main cause of
neurotoxicity and neurodegeneration [64, 151]. It has been shown
also that oligomerization of A occurs intracellularly [152-155],
accumulation of which leads to synaptic dysfunction and neuronal
loss. Given that amyloid-β is a normal metabolite of neurons, and is
highly prone to aggregate, it is unclear how healthy neurons control
the levels of intracellular oligomeric Aβ in order to avoid
neurodegeneration.

Nonetheless, there are findings that amyloid

plaque formation is not limited by AD pathology, but rather can be a
feature of normal ageing with absolutely the same characteristics as in
AD [156, 157], and even in younger individuals without any detected
sings of dementia [158]. This raises a question about the significance
of -amyloid specifically in development of Alzheimer’s disease.
The second pathological feature of AD is intraneuronal formation
of neurofibrillary tangles from hyper-phosphorylated tau protein,
referred also as paired helical filaments (PHF) [159, 160] (Figure 10).
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Figure 10. Neurofibrillary tangles. A. Drawings by Oskar Fischer, 1910,
from a brain of a patient with senile dementia (image adapted from
Goedert et al, 2009
[147]);
B. microscopic image of hyperphosphorylated tau in neurons from AD brain.

Tau is a protein, found mostly in neurons. Its main function is to
stabilize axonal microtubule assembly, which is critical for neuronal
survival and correct functioning [161, 162]. Although the pathological
base for tau phosphorylation and conversion into filaments remain
unknown, it has been proposed as initiative factor of AD pathology
[158, 163], as the translocation of hyperphosphorylated tau from
axonal to somatodendritic compartments prevents its binding to
microtubules,

instead

leads

to

aggregation

into

insoluble

neurofibrillary tangles, which can disrupt microtubule function [160,
163]. Impaired microtubule function in its turn affects normal axonal
transport

and

synaptic

transmission,

which

can

trigger

neurodegeneration and potentially the development of AD. Although
tau pathology seem to correlate better with AD disease progression
than plaques, however, apparently this is not pathognomonic, as it
commonly observed in other neurological disorders collectively
named

“Tauopathies”(summarized
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in

[164]).

Interestingly,

phosphorylated pretangle stage tau was observed in majority of the
studied brains without any clinically diagnosed neurological
disorders, starting from early childhood [158]. These facts reasonably
rises a question whether tau pathology can be a cause, a contributing
factor or a consequence of Alzheimer’s disease [165], which is equally
applicable also for A plaque pathology in this disease. Noteworthy
also to mention, that the relationship between these two pathological
features remains unknown.
Finally, the inflammation, which is involved in both tau and
amyloid plaque pathology, but the role and significance of which in
pathogenesis and disease progression remains the issue of debates
over a century. The mentioning about involvement of inflammatory
processes in AD pathogenesis appeared from the very beginning of
AD research. At the same year in 1906 when Alzheimer described the
first case of presenile dementia with plaques and tangles, Oskar
Fischer described 12 cases of senile dementia with neuritic plaques,
and proposed that they can be a result of deposition of a foreign
substance which induces a local inflammatory response [166] (about
Oskar Fischer and his studies read in [147]). However Fischer could
not confirm this idea, as he did not find morphological characteristics
of an inflammatory process around the plaques. About eighty years
later new findings appeared on the presence of immune-related
complement

factors,

acute-phase

proteins,

pro-inflammatory

cytokines, clusters of activated microglia and reactive astrocytes
around amyloid plaques in AD brain [166-169]. These findings led to
the concept of “neuroinflammation”, suggesting the involvement of
immunological processes in the brain pathology of degenerative
origin, and by which completely changing the view of the brain as an
immunologically inert organ. This gave rise to an inflammatory
hypothesis of AD, as it became clear that the observations of altered
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immune processes in AD cannot be ignored. The hypothesis got a
support from studies on transgenic animals and human clinical trials,
showing that non-steroidal anti-inflammatory drugs can reduce or
prevent AD development, as well as epidemiological studies,
indicating on lower prevalence of AD among the people for long-term
receiving anti-inflammatory therapy (reviewed in [170]). There are
also contradicting studies, showing no significant effect of antiinflammatory drugs and even elevated risk of AD [171, 172]. However,
this does not reduce the interest towards understanding the role of
inflammation in AD.
As an inflammatory response reactive microglia can produce
large amounts of free radicals and other neurotoxic substances which
at least shown to induce neuronal cell death in culture [173, 174].
However, neuroinflammation is considered to be a downstream
consequence in the amyloid cascade, where amyloid- activates
microglia, initiating a pro-inflammatory reaction and release of
neurotoxins, which leads to neurodegeneration [166, 175, 176]. Some
studies suggest also, that phosphorylation of tau can be promoted by
activated microglia [177]. On the other hand, it has been consistently
demonstrated that the neurons themselves are able to produce
inflammatory mediators, such as complement, cyclooxygenases,
cytokines IL-1, IL-6, and TNF-α, etc. [176]. All these molecules are
significantly increased in the AD brain. Therefore it is possible that
either neurons themselves complicate the inflammatory reactions in
their surrounding and contribute to their own degeneration in AD, or
the role of pro-inflammatory mediators in this case is neuroprotective
mechanism against local inflammatory reactions [176].
The role of inflammation in AD pathology faces the same
question as the role of A and tau, whether it can be a cause of AD, or
contribute to the disease progression, or else is a consequence of the
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disease, or defensive mechanism of the brain against disease? In any
case, long-time chronic inflammatory signal even at low, background
level itself can be degenerative.
One thing is clear that AD in fact is heterogeneous disease with
multiple “unknowns”, and a cumulative name of presenile/senile
dementia, involving many other clinical aspects. Therefore, further
focus in solving the puzzle of AD should be directed to find the
relationship and missing links between A aggregation, tau
phosphorylation and inflammation which would help to understand
the base of neurodegeneration and maybe revise or subcategorize the
disease into different groups.

Aortic stenosis
Aortic stenosis (AS) is a degenerative pathology of aortic valve,
prevalent after age of 60 and currently the cause of the majority of the
aortic valve surgical replacements. The disease is characterized by
narrowing of aortic valve opening during the left ventricular
contraction due to the deposition of calcified material into the tissue
and reduction of valve motion (Figure 11 A.). On-time diagnosis and
treatment

(replacement) are very important as the disease

progression can lead to heart failure, severe infection and sudden
death. In spite of its high prevalence, underlying mechanisms of AS
remain largely unknown [178].
Normal function of aortic valve, as well as other cardiac valves is
to support unidirectional blood flow through the heart. During
systolic contraction of left ventricle aortic valve is opening to allow
blood flow from ventricle into the aorta, and closing during diastole to
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prevent retrograde flow into the ventricle, when the aorta is filled
with blood under the pressure [179] (Figure 11 B,C).

Figure 11. A. Calcified aortic valve (Adapted with permission from
Macmillan Publishers Ltd; from Rajamannan et. al. 2007 [180]). B, C
Normal aortic valve: view from outflow in systolic (open) (B) and diastolic
(closed) (C) configurations (Adapted from Schoen, 2012 [179] with
permission of Annual Reviews, via Copyright Clearance Center).

A normal aortic valve is composed of three thin and flexible
leaflets (tricuspid), which provide proper opening and closing
motions (Figure 11 B, C). However about 1% of overall population
congenitally have bicuspid, which is not causing any problem in early
life, but considered as one of the risk factor for AS with ageing [181].
The flexibility during opening and closing, and resistance of
leaflets to high back pressure during diastole is maintained by
complex histological architecture of leaflets, composed of three tissue
layers — fibrosa, spongiosa and ventricularis (Figure 12).
Fibrosa layer is exposed to aortic surface, containing densely
packed collagen fibers, which tolerate high aortic pressure and
prevent backflow. The central core is spongiosa layer composed by
loose connective tissue rich in glycosaminoglycans. Following
spongiosa towards inflow surface is elastin-rich ventricularis layer
[179]. All three layers are populated by valvular interstitial cells,

28

which are commonly understood to be myofibroblast in nature, with
certain similarities to both fibroblasts and smooth muscle cells [182,
183].

The leaflet surface is covered by an endothelial monolayer

[179].

Figure 12 Schematic presentation of tissue architecture in aortic valve
leaflet. (Adapted from Schoen, 2012 [179] with permission of Annual
Reviews, via Copyright Clearance Center).

Mechanical stress, genetic factors and infection/inflammation
are considered as key factors for the initiation and development of AS.
Calcification of aortic valve occurs intrinsically in the leaflet
tissue, beginning from the fibrosa layer (below the aortic surface) and
with progression of AS extend deep into the tissue layers, often
reaching the ventricular surface.
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It has been suggested earlier, that calcific deposits are initiated
predominantly in interstitial cells [184], leading to degeneration and
passive accumulation hydroxyapatite minerals in death or damaged
cells [185].

More recent studies indicate, that calcification is an

active biological process associated with inflammation [186]. Chronic
inflammatory process was detected in majority of examined AS cases
[187]. Mechanical stress–induced activation of endothelial cells
increase the expression of surface inflammatory receptors, recruiting
monocytes, leukocytes and T lymphocytes to the aortic side (fibrosa
layer) of the leaflet. Some studies have shown that macrophages and
activated valvular interstitial cells induce excessive level of proteolytic
enzymes such as metalloproteases and cysteine endoproteases, as well
as pro-inflammatory cytokines which degrade collagen and elastin
and remodel extracellular matrix of valvular tissue [188-191].
Activated interstitial cells it turns can transform into osteoblast-like
cells leading to calcium deposition [186, 190-192] (Figure 13).

Figure 13. Potential pathways 0f aortic valve calcification (reproduced
from Freeman & Otto, 2005 [192] with permission obtained via Copyright
clearance center).
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Although

it

has

been

shown

similarities

in

underlying

mechanisms of atherosclerosis and calcification of aortic valve [193,
194] and supported by some studies on animal models [195], clinical
trials have failed to show that a reduction in blood cholesterol slows
the progress of AS [196, 197], highlighting the need to better
understand this disease.
Several studies showed the presence of amyloid deposits in
cardiac valve pathologies [198-200] with high prevalence in AS [200].
Kristen et al, 2010, proposed that amyloid deposition might be
depended on degenerative/inflammatory pathology of AS and to a
lesser extent is associated with high shear-stress hemodynamics.
Moreover, they suggest that it might be a novel amyloid entity or an
unusual fragment since none of the most common amyloid proteins
have been identified by using a set of well-established specific
antisera (the authors used a set of anti-AA, anti-ALλ, anti-ALκ, antiAHγ, anti-β2M, anti-ATTR, anti-Fib, and anti-ApoAI antibodies from
amYmed) [200].
It has been shown, that localization of Aβ peptides is not limited
by brain/CNS and found in large quantities in plasma, platelets,
skeletal muscle, and vascular walls [201, 202]. The deposition of
these peptides has also been observed in eye degeneration, inclusion
body myositis and atherosclerotic vascular disease [202].
Involvement of S100A8 and S100A9 has been shown in many
inflammatory and calcification processes, including blood vessel
calcification [203-206]. Moreover their amyloidogenic properties
have been described recently in calcified inclusion of prostate and in
vitro [206] (see below for these proteins).
In our research we hypothesized the possible involvement of A
and S100A8/A9 proteins in AS and attempted to find a link between
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calcification, inflammation, amyloid development in this degenerative
process.

Pro-inflammatory S100A8/A9 proteins
S100A8 and S100A9 are Ca2+-binding “EF-hand type” proteins
found only in vertebrates, with molecular masses of 10.8 and 13.2 kDa
and 93 and 114 amino acid residues, respectively [207, 208]. They were
first named by Moore due to their solubility in 100% saturated
ammonium sulfate [209]. Except calbindin D9k, all 22 members of
S100 family tend to form homodimers [210]. Some of them, including
S100A8 and S100A9, are also able to form heterodimers, which
suggests different functions for homo- and heterodimers [207] (Figure
14). Ca2+ and Zn2 ions are regulating the conformation and stability of
S100A8 and S100A9 [211, 212], as well as assembly of S100A8/A9
heterodimers into heterotetrameric and larger complexes [213, 214].

Figure 14. Structures of S100A8 and S100A9 proteins presented by
ribbon diagrams: (A) S100A8 homodimer; (B) S100A9 homodimer; (C)
S100A8/A9 heterodimers shown in two projections rotated by 180°; (D)
S100A8/A9 heterotetramer calprotectin (Modified from Vogl et al, 2012
[215]).
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Their ability to form homo- and heterocomplexes in vivo implies their
multifunctionality. Indeed, increasing knowledge on these proteins
reveals wide and often diverse range of intra- and extracellular
functions (reviewed in [215]).
One of the intracellular functions of S100A8 and S100A9
proteins is involvement in cytoskeleton organization via tubulin
polymerization [216]. The expression of S100A9 and S100A8 is highly
up-regulated in various inflammatory and autoimmune disorders
[217-219]. Constituting 40% of neutrophil cytosolic protein they play
a key role in the activities of these cells [220]. They are secreted from
circulating neutrophils to inflammatory sites during acute phase of
inflammatory response. Their pro-inflammatory cytokine-like and
chemokine-like activities are shown via activation of the receptor for
advanced glycation end products (RAGE) [204, 221-224] and Tolllike receptor 4 (TLR4) [225-227] dependent signaling cascades. On
the other hand, the anti-inflammatory properties of S100A8/A9 have
been shown in avridine-induced arthritis in rats [228], in the process
of wound-healing [229], in removing excess oxidants at inflammatory
sites [230]. They are considered also as a distinct class of antiinflammatory

DAMPs

(damage-associated

molecular

patterns)

involved in restoring homeostasis [231].
Dual effect of S100A8 and S100A9 has been shown in cancer
progression. At low concentrations S100A8/A9 complexes promote
tumor cell growth [222, 224] and tumor cell migration [223, 232, 233],
while at high concentrations they induce apoptosis on tumor
cells [222]. Increased levels of S100A8 and S100A9 was observed in
cardiomyocytes and whole hearts in lipopolysaccharide-induced
cardiac dysfunction model [204], where S100A8 and S100A9 led to a
RAGE-dependent decrease in calcium flux and a RAGE-mediated
decrease in cardiomyocyte contractility.
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Involvement of S100A8 and S100A9 proteins have been found in
calcification of the blood vessels [203], in calcified inclusion called
Corpora amylacea both in normal human brain [205] and ageing
prostate [206]. Moreover, it has been discovered that S100A8 and
S100A9 are able to self-assemble into highly heterogeneous amyloid
complexes , including both oligomeric species and highly stable fibrils
(Figure 15), found in extracts of prostate corpora amylacea, as well as
reproduced in vitro

[206]. Recently, S100A8, S100A9 and also

S100A12 were found to be increased within cortical neuritic plaques
and reactive glia in Alzheimer’s disease brain, and was proposed the
participation in the inflammatory processes of the AD pathogenesis
[234].

It has been also shown S100a9 gene is significantly up-

regulated in the brains of AD animal models (Tg2576 and CT-Tg
mice), and of human AD patients. Moreover, S100a9 knockdown
were decreasing the memory impairment and neuropathology in AD
mouse model [235]. However, the detailed molecular mechanism of
these pathological events remains unknown.

Figure 15. S100A8/A9 amyloid fibrils from prostate corpora amylacea
extracts. (A) AFM image; (B) stained with amyloid specific dye—
thioflavin-T. (Modified from Vogl et al, 2012 [215]).
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These facts, together with the ability of S100A8 and S100A9 (and
possibly other members of S100 family) to form multiple complexes
including amyloid, as well as their multifunctionality urges to focus
on identifying the role of these proteins in pathological condition,
particularly in neurodegenerative and other amyloid related
disorders, as these conditions are closely related to inflammatory
processes. In our research we focused on the involvement of these
proteins in AD pathology and aortic stenosis (Papers IV and V)
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RESULTS AND DISCUSSION
Cytotoxicity is one of the key properties of amyloid species, however,
it remains unclear which amyloid species are particularly toxic and by
which mechanism they affect cell viability. One of the leading
hypotheses in the amyloid field suggests that common property and
mechanism of amyloid formation potentially by any polypeptide
chain implies a common mechanism of induced cytotoxicity [26, 73,
74]. From this point of view proteins that are not related to any
amyloid disease are excellent tools for testing the universality of this
hypothesis and for studying the mechanism underlying both amyloid
formation and their induced toxicity on cellular level. In our research
we used two model proteins – albebetin and lysozyme (Papers I and
II).
Paper I. Cytotoxicity of albebetin oligomers depends on
cross-β-sheet formation.
In this study we used de novo synthesized albebetin as a model
protein, which readily forms amyloid-like structures in vitro under
physiological conditions [52], which is beneficial for cytotoxicity
studies, as the assembled amyloid structures will not be affected by
pH of culture media.
Upon incubation albebetin assembled well-defined and distinct
amyloid oligomers of two types, namely, cross-β-sheet containing and
not containing oligomers, protofilaments and mature fibrils.
Therefore we were able to asses and compare cytotoxic properties of
these amyloid species. We have shown that the initial oligomers,
containing 10–15 molecules as determined by atomic force
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microscopy, do not bind thioflavin-T and do not affect viability of
granular neurons and SH-SY5Y neuroblastoma cells. When these
oligomers grow to larger species with 30 - 40 albebetin molecules,
they develop cross-β-sheet structure and reduce viability of both types
of neuronal cells. Neither monomers nor protofilaments or mature
fibrils of albebetin displayed cellular toxicity on both neuronal cells.
We have suggested that oligomeric size is important for stabilizing
cross-β-sheet core, which also seems to be necessary condition
These findings are in line with and support the current
hypothesis about the universality of amyloid formation and toxicity of
their early soluble forms. Albebetin was designed to use as a carrierprotein for drug delivery, therefore its amyloidogenic cytotoxic
properties require further in depth examination prior subjecting
albebetin to the large scale applications.

Paper II. Lysozyme amyloid oligomers and fibrils induce
cellular death via different apoptotic/necrotic pathways.
Amyloid cytotoxicity was further examined using hen lysozyme as a
model protein. Lysozyme is a ubiquitous protein, and its human
variant is involved in human systemic amyloidoses [110]. In vitro
lysozymes are able to form amyloid under destabilizing conditions
[31, 32, 51, 107-109]. Here we used pH2.2 and 57°C conditions to
produce amyloid structures from hen egg white lysozyme and
characterized both oligomeric and fibrillar species by atomic force
microscopy and spectroscopic technique. Upon certain periods of
incubations well-defined amyloid species were subjected to cellular
toxicity assays. We showed that both oligomers and fibrils of hen
lysozyme induce a dose (5 - 50 μM) and time-dependent (6 - 48 h)

37

viability decrease of SH-SY5Y neuroblastoma cells. Using a wide
range of cell toxicity assays to target general apoptotic or necrotic
features of cell death, we have demonstrated that the oligomers and
fibrils act differently on cell viability. Specifically, we showed that
fibrils induce rapid decrease of cell viability (detected after 6h of
incubation) shown by WST-1 cell viability assay. This effect is
associated

with

cell

membrane

damage,

shown

by

lactate

dehydrogenase release and propidium iodide intake. By contrast,
amyloid oligomers induce increasing activity of cellular caspases
during 6-24h of incubation; however, cell viability decline was
detected only after 48 h of incubation. The viability decrease was
accompanied by morphological changes characteristic to apoptotic
cells, phosphatidylserine externalization, detected by fluorescentlabeled annexin V binding, as well as lactate dehydrogenase release
and DNA fragmentation, stained with propidium iodide. We
concluded that amyloid oligomers induce apoptosis-like cell death,
while the fibrils lead to rapid necrosis-like death. As polymorphism is
a common property of amyloids, we demonstrated that it is not a
single uniform species, but rather a continuum of cross-β-sheetcontaining amyloids can be cytotoxic.

Paper III.

Neuroprotective and nootropic drug noopept

rescues α-synuclein amyloid cytotoxicity
Identifying molecules which can inhibit or re-direct amyloid
formation process is a promising therapeutic prospective.
Number of small molecules containing aromatic rings, such as
polyphenols, are widely studied as potential inhibitors of amyloid
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formation process in vitro and in some cases they were also shown to
have a protective effect in cell culture assays [122, 124, 125]. In some
cases small molecules are shown to accelerate amyloid formation
[126-128], or convert toxic oligomers into non-toxic amorphous
aggregates [129, 130], also significantly changing morphology of
amyloid fibrils [131, 132]. It has been suggested that -stacking of
planar aromatic rings can contribute to remodeling of fibrillar selfassembly and stability [133, 134].
In this study we used phenol ring containing dipeptide noopept
(N-phenylacetyl-L-prolylglycine
nootropic

neuroprotective,

ethyl

ester),

antioxidant

and

with

well-known

anti-inflammatory

properties [136-138, 140, 141], to study the possible interference with
α-synuclein amyloid formation, which is main pathological hallmark
of Parkinson’s disease. We evaluated formed structures in the
presence of noopept and their cytotoxic properties on neuronal cell
culture.
We revealed that noopept has modulating effect on α-Syn
oligomerization and fibrillation, shown by thioflavin-T binding assay,
far UV circular dichroism (CD) and atomic force microscopy (AFM)
techniques. Noopept does not bind to a sterically specific site(s) in the
α-Syn molecule as revealed by heteronuclear two-dimensional NMR
analysis, but due to hydrophobic interactions with toxic amyloid
oligomers it prompts their rapid sequestration into larger fibrillar
amyloid aggregates. Consequently, this process rescues the cytotoxic
effect of amyloid oligomers on neuroblastoma SH-SY5Y cells as
demonstrated by using cell viability assays, fluorescent staining of
apoptotic and necrotic cells and by assessing the level of intracellular
oxidative stress. The mitigating effect of noopept against amyloid
oligomeric cytotoxicity may offer additional benefits to the already
well-established therapeutic functions of this new pharmaceutical,
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however, further detailed investigations and clinical trials are needed
to assess its safety and benefit, particularly for the patients with
amyloid related neurodegenerative disorders.

Paper IV. Emerging role of inflammatory S100A9 in
Alzheimer’s disease amyloid growth and neurodegeneration
Inflammation is important component of Alzheimer’s disease
involved in both tau and amyloid plaque pathology, however, the role
and significance of which in pathogenesis and disease progression
remains the issue of debates over a century. The presence of immunerelated complement factors, acute-phase proteins, pro-inflammatory
cytokines, clusters of activated microglia and reactive astrocytes have
been shown around amyloid plaques in AD brain [166-169].
Moreover, it has been consistently demonstrated that the neurons
themselves are able to produce inflammatory mediators, such as
complement, cyclooxygenases, cytokines IL-1, IL-6, and TNF-α, etc.
[176]. All these molecules are significantly increased in the AD brain.
Therefore it is possible that either neurons themselves complicate the
inflammatory reactions in their surrounding and contribute to their
own degeneration in AD, or the role of pro-inflammatory mediators
in this case is neuroprotective mechanism against local inflammatory
reactions [176].
In this study by using sequential staining and stripping
immunohistochemical

analysis

we

demonstrated

that

in

AD

hippocampus there is significant level of pro-inflammatory S100A9
protein co-localized with A as well as with hyperphosphorylated tau
within the plaques. Moreover we found that substantial part of
hippocampal neurons is positive to S100A9 both in AD and control
40

hippocampus, however, the distribution and staining pattern revealed
some differences. In the non-demented hippocampus many neurons
were evenly stained for S100A9 throughout the whole pyramidal cell
layer, granular neurons in the dentate gyrus, and neurons in hilus. In
contrast, in the AD hippocampus some pyramidal neurons were
positively stained for S100A9 with different intensity from very bright
to weak, no neuronal staining was noticed in the dentate gyrus and a
fewer weak stained neurons were observed in the hilus.
Immunofluorescence staining of isolated hippocampal and cortical
neurons from mice, as well as in human SH-SY5Y neuroblastoma
cells confirmed the presence of S100A9 in neuronal cell type in
general; indicating that along with other immune related mediators
and cytokines S100A9 can also be expressed in neuronal cells.
We also found an interesting inverse correlation between
localisation of phosphorylated tau and S100A9 within the neurons in
AD hippocampus. While some neurones are immune-positive towards
A and phosphorylated tau, repeating the same staining contours
within the cells, the other neurons intensively stained for S100A9
displayed very rare immunostaining towards A and no staining with
anti-tau antibodies.
As S100A9 was observed also extracellularly within plaques and
tissues, we have assessed the effect of exogenous S100A9 on SH-SY5Y
neuroblastoma cells and showed that in micromolar concentrations
(0,5-20µM) it

decreases cell viability in time-dependent manner

(during 24 and 48h of incubation). This indicates that the release of
S100A9 into extracellular environment can be potentially neurotoxic
and cause neurodegeneration in addition to well-established A
toxicity.
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In vitro analysis also showed that being both amyloidogenic A
and s100A9 can significantly promote each other’s amyloid assembly
and intensify the amyloid growth. This interaction in vivo could be
one of the possible mechanisms of plaque formation, the role of which
should be investigated further, whether this is protective mechanism
directed to elimination of toxic pre-mature fibrillar species, or
complication of progressing pathology.
As AD is heterogeneous disease with multiple “unknowns”, and a
cumulative name of presenile/senile dementia, involving many other
clinical aspects, further focus in solving the puzzle of AD should be
directed to find the relationship and missing links between A
aggregation, tau phosphorylation and inflammation which would help
to understand the base of neurodegeneration and maybe revise or
subcategorize the disease into different groups.

Paper V. Inflammatory S100A9 and Aβ amyloids in heart
valve of a patient with aortic stenosis
Aortic stenosis (AS) is a degenerative pathology of aortic valve. The
disease is characterized by narrowing of aortic valve opening during
the left ventricular contraction due to the deposition of calcified
material into the tissue and reduction of valve motion. Surgical valve
replacement is the only treatment currently available. In spite of its
high prevalence, underlying mechanisms of AS remain largely
unknown [178]. It has been suggested, that calcific deposits are
initiated predominantly in interstitial cells of aortic valve tissue [184],
leading to degeneration and passive accumulation hydroxyapatite
minerals in death or damaged cells [185].
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More recent studies

indicate, that calcification is an active biological process associated
with inflammation [186]. Chronic inflammatory process was detected
in majority of examined AS cases [187]. Several studies showed also
the presence of amyloid deposits in cardiac valve pathologies [198200] with high prevalence in AS [200]. However the origin of amyloid
proteins remain unknown [200].
Involvement of S100A8 and S100A9 has been shown in many
inflammatory and calcification processes, including blood vessel
calcification [203-206]. Moreover their amyloidogenic properties
have been described recently in calcified inclusion of prostate and in
vitro [206]. It is noteworthy, that localization of Aβ peptides is not
limited by brain/CNS and found in large quantities in plasma,
platelets, skeletal muscle, and vascular walls [201, 202].

The

deposition of these peptides has also been observed in eye
degeneration, inclusion body myositis and atherosclerotic vascular
disease [202]. In this study we examined one case of AS for possible
involvement of A and S100A8/A9 proteins in AS and attempted to
find a link between calcification, inflammation and amyloid
development in this degenerative process.
By

using

immunohistochemical

analysis

and

Congo

red

birefringence we have observed the amyloid deposits in the heart
valve leaflet of AS patient. Using separate and co-immunostaining for
A and S100A9 we suggested that these are two primary candidates to
form amyloid in AS. It is the first report about the presence of A and
S100A9 inside the tissue of aortic valve. Moreover we have observed
the presence and co-localization of the same polypeptides in the
interstitial cells within valve leaflet tissues. This supports the notion
that increased level of these proteins within the cell may lead to
calcification and amyloid depositions, triggering self-perpetuating
cycle leading to cell death and tissues degeneration [185]. As pro43

inflammatory S100A9 is a calcium-binding protein, it can play critical
role in calcification and transformation of fibroblast-like cells into
osteoblast-like cells. In vitro analysis also showed that being both
amyloidogenic A and s100A9 can significantly promote each other’s
amyloid assembly and exacerbate the amyloid growth. S100A9 may
also serve as a primary therapeutic target and by reducing chronic
inflammatory process the risk of AS can be also significantly
decreased.
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CONCLUDING REMARKS
By using two model proteins for amyloid formation and cytotoxicity
studies we demonstrated that cytotoxic properties can be associated
rather with wide range of amyloid structures and the mechanisms of
induced toxicity can be different.
 In case of albebetin, the toxicity is clearly correlated with the
development the cross-β-sheet in the oligomeric assemblies. The
pivotal oligomers, which do not contain cross-β-sheet core, are
non-toxic, while the larger oligomers, containing about 30-45
molecules and showing well-developed cross-β-sheet pattern,
induce cell death. The initial monomeric albebetin and its
protofilaments or mature fibrils do not display toxicity on the
neuronal cells. This finding is in line with current point of view,
that early soluble aggregates, rather than mature fibrils are the
most cytotoxic species.
 In contrast, by using hen egg white lysozyme as amyloid forming
protein, we demonstrated that both amyloid oligomers and fibrils
are able to decrease the viability of SH-SY5Y cells, however acting
via different mechanisms. We concluded that oligomers induce
apoptosis-like cell death, while the fibrils lead to necrosis-like
death.
As small, aromatic ring containing molecules can dramatically change
the course of amyloid formation process, we tested the small, phenol
containing neuroprotective drug noopept on α-synuclein amyloid
formation and assessed the effect of formed amyloid structures on cell
viability.
 We concluded that Noopept stimulates rapid conversion of αsynuclein oligomers into mature fibrills and by this rescues the
cytotoxic effect of amyloid oligomers. Noopept also reduces the
level of intracellular oxidative stress caused by amyloids.
As inflammatory processes are closely related to degenerative
disorders involving amyloid deposition, we studied ex vivo human
material from Alzheimer’s brain hippocampus and an aortic valve
tissue from a patient with aortic stenosis, to explore the role of proinflammatory S100A9 protein.
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We concluded that in Alzheimer’s disease brain hippocampus
S100A9 is co-localized with A peptide in plaques.
Moreover, we found the presence of S100A9 within the neuronal
cells, which has not been reported before and can be an
important clue for understanding the mechanisms of
neurodegeneration.
In vitro cytotoxicity studies showed that S100A9 protein can
efficiently induce cytotoxicity when added exogenously to the
neuronal cell culture.
We also demonstrated that in vitro A and S100A9 can
significantly promote each other’s amyloid assembly and
intensify the amyloid growth, which can be a possible mechanism
of amyloid plaque formation in vivo.
Whether they are associated with inflammatory processes
underlying the early onset of disease or produced and
accumulated as a consequence of A-beta induced pathology
remain to be clarified.
For the first time we report about the presence of A and S100A9
inside the tissue of aortic valve.
The presence of A and S100A9 in aortic stenosis valve tissue
both intracellularly and extracellular in form of deposits, as well
as their interaction shown in vitro, suggest that these are two
primary candidates to form amyloid in aortic stenosis.
As pro-inflammatory S100A9 is a calcium-binding protein, it can
play critical role in calcification and transformation of fibroblastlike cells into osteoblast-like cells.

46

ACKNOWLEDGEMENTS
First of all, I am sincerely grateful to my supervisor Ludmilla
Morozova-Roche for giving me opportunity to work in her group, for
all her support and encourage in my research, and for involving in so
many interesting projects. No words can describe my gratefulness; I’ll
never forget all you did for me, so THANK YOU VERY MUCH, Ludmilla!
Big thanks to my second supervisor Sven Carlsson, for many valuable
advises in solving different tasks of my research, for interesting
discussions, for good lessons in enzyme kinetics and in teaching in
general!
I’m thankful to all my former and present group members over all these
years: Special thanks to Vladimir for AFM guidance and for being
honest and good friend; Kiran for western blots and always positive
mood bringing to the lab; Xueen for being so smart and easy to work
with, Kristina for being more than a group member; Vinod for
bringing fresh energy to the lab, and for you invaluable help in this last
stage of my thesis; all our master and project students, especially Oliver,
Mai, Kim, Ahsan and Chao, I enjoyed working with you.
Rima, thanks for the help with tissue preparation and sectioning and for
nice time together in the department and out of it.
Special thanks to Anders Olofsson and his team, Kristoffer, Malin
and Irina for fruitful collaboration and nice discussions about science
and life. Anders, big thanks for teaching me protein purification and all
useful advises you always give.
Anders Öhman, thank you for modeling and pictures of ABB and
noopept.
Thomas Brännström, thank you for introducing me to hippocampus
anatomy and histology.
Thank you EVERYBODY in the Department of Medical
Biochemistry and Biophysics, for nice working environment and
support. Stefan Björklund, Thomas Borén, Andrei Chabes, for
your time, support and many good advises. Ingrid, Clas, Anna, thank
you very much for you work and help with all kinds of documents.
Without your help many things would not have been possible to fulfill.
Lola and Elisabeth, thank you for help with autoclaving, buffers and
dishes. Elizabeth, your positive energy and shiny smile makes me to see
the life in different colors even in the not so… and gray days.

47

Swedish Research council (VR), Kempe foundation and the
Medical faculty of Umeå University are acknowledged for financial
support
Lawrence Berliner and Barbara Andersson, thank you for two
wonderful summers here in Umeå, nice lunches together, fruitful
scientific and life discussions.
I would like to thank all my friends in Sweden and worldwide: Kristina,
for being my daughter’s “German aunt” and good friend from the very
beginning of my Umeå life. I miss you a lot here, but every time seeing
you online in Skype makes me feel comfortable that you are there, even if
we are busy and no time to chat. Mykola, Vova and Aljona, Anja,
for many wonderful days spent together, for your help in different life
situations; Artjom, who unfortunately not with us anymore, hard to
overcome and realize it… your true friendship and help was invaluable
for us, we never forget you.
Lusy, Oxana, Lela and Shota, Erik and Katja, thanks for your true
friendship, hospitality and unforgettable times spent together in
Stockholm, and for visiting us in Umeå. Vera and Alexei, Gleb,
thanks for all your help, for visiting us and making our Umeå-life
brighter from time-to-time. My dearest friend Karine, wherever you
are from US to Armenia, I know that always can ask you and get the right
answers and valuable advises about science and life.
To my parents and brother: Mama, Papa, and Artak, thank you for
your endless love, encourage, support and believe on me, which gives me
strength and willing to do what I do. Հարազատներս,
շնորհակալություն ձեր անսահման սիրո եւ հավատի, համբերության
եւ խրախուսանքի համար: Ես ձեզ շատ եմ սիրում ու կարոտում:
To my mother-in-low – my second mother, Galina Alexandrovna, for
her love and support. Мамочка, спасибо за твою любовь и заботу, за
поддержку, понимание и искреннее сопереживание.
Finally, the BIGGEST THANKS to my husband Vadim, for his unlimited
love, support, patience and understanding. Your wisdom and love makes
me stronger. To our daughter - Maja, who recharges me with fresh
energy and makes me smiling when I come home, and no matter how
hard the day was  (Прости меня, солнышко, что проводила с
тобой не так много времени, как этого хотелось).

48

REFERENCES
1.

2.

3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.
14.

Westermark, P., M.D. Benson, J.N. Buxbaum, A.S. Cohen, B.
Frangione, et al., Amyloid: Toward Terminology Clarification Report from the Nomenclature Committee of the International
Society of Amyloidosis. Amyloid, 2005. 12(1): p. 1-4.
Sipe, J.D., M.D. Benson, J.N. Buxbaum, S. Ikeda, G. Merlini, et al.,
Amyloid Fibril Protein Nomenclature: 2010 Recommendations from
the Nomenclature Committee of the International Society of
Amyloidosis. Amyloid, 2010. 17(3-4): p. 101-104.
Chapman, M.R., L.S. Robinson, J.S. Pinkner, R. Roth, J. Heuser, et
al., Role of Escherichia Coli Curli Operons in Directing Amyloid
Fiber Formation. Science, 2002. 295(5556): p. 851-5.
Fowler, D.M., A.V. Koulov, C. Alory-Jost, M.S. Marks, W.E. Balch, et
al., Functional Amyloid Formation within Mammalian Tissue. PLoS
Biol., 2006. 4(1): p. e6.
Stefani, M. and C.M. Dobson, Protein Aggregation and Aggregate
Toxicity: New Insights into Protein Folding, Misfolding Diseases and
Biological Evolution. J. Mol. Med., 2003. 81(11): p. 678-699.
Chiti, F. and C.M. Dobson, Protein Misfolding, Functional Amyloid,
and Human Disease, in Annu. Rev. Biochem.2006, Annual
Reviews: Palo Alto. p. 333-366.
Rochet, J.-C. and P.T. Lansbury Jr, Amyloid Fibrillogenesis: Themes
and Variations. Curr. Opin. Struct. Biol., 2000. 10(1): p. 60-68.
Colon, W. and J.W. Kelly, Partial Denaturation of Transthyretin Is
Sufficient for Amyloid Fibril Formation in Vitro. Biochemistry,
1992. 31(36): p. 8654-60.
McParland, V.J., A.P. Kalverda, S.W. Homans, and S.E. Radford,
Structural Properties of an Amyloid Precursor of Beta(2)Microglobulin. Nat. Struct. Biol., 2002. 9(5): p. 326-31.
Ramirez-Alvarado, M., J.S. Merkel, and L. Regan, A Systematic
Exploration of the Influence of the Protein Stability on Amyloid
Fibril Formation in Vitro. Proc. Natl. Acad. Sci. USA, 2000. 97(16):
p. 8979-84.
Chiti, F., N. Taddei, M. Bucciantini, P. White, G. Ramponi, et al.,
Mutational Analysis of the Propensity for Amyloid Formation by a
Globular Protein. EMBO J., 2000. 19(7): p. 1441-9.
Hurle, M.R., L.R. Helms, L. Li, W. Chan, and R. Wetzel, A Role for
Destabilizing Amino Acid Replacements in Light-Chain Amyloidosis.
Proc. Natl. Acad. Sci. USA, 1994. 91(12): p. 5446-50.
Hamada, D. and C.M. Dobson, A Kinetic Study of Beta-Lactoglobulin
Amyloid Fibril Formation Promoted by Urea. Protein Sci., 2002.
11(10): p. 2417-26.
Chiti, F. and C.M. Dobson, Amyloid Formation by Globular Proteins
under Native Conditions. Nat. Chem. Biol., 2009. 5(1): p. 15-22.

49

15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Uversky, V.N. and A.L. Fink, Conformational Constraints for
Amyloid Fibrillation: The Importance of Being Unfolded. Biochim.
Biophys. Acta, 2004. 1698(2): p. 131-53.
Uversky, V.N., J. Li, and A.L. Fink, Trimethylamine-N-OxideInduced Folding of Alpha-Synuclein. FEBS Lett., 2001. 509(1): p.
31-5.
Uversky, V.N., J. Li, and A.L. Fink, Evidence for a Partially Folded
Intermediate in Alpha-Synuclein Fibril Formation. J. Biol. Chem.,
2001. 276(14): p. 10737-44.
Fink, A.L., Natively Unfolded Proteins. Curr. Opin. Struct. Biol.,
2005. 15(1): p. 35-41.
Linding, R., J. Schymkowitz, F. Rousseau, F. Diella, and L. Serrano,
A Comparative Study of the Relationship between Protein Structure
and Beta-Aggregation in Globular and Intrinsically Disordered
Proteins. J. Mol. Biol., 2004. 342(1): p. 345-53.
Oosawa, F. and M. Kasai, A Theory of Linear and Helical
Aggregations of Macromolecules. J. Mol. Biol., 1962. 4: p. 10-21.
Goldstein, R.F. and L. Stryer, Cooperative Polymerization Reactions.
Analytical Approximations, Numerical Examples, and Experimental
Strategy. Biophys. J., 1986. 50(4): p. 583-99.
Flyvbjerg, H., E. Jobs, and S. Leibler, Kinetics of Self-Assembling
Microtubules: An "Inverse Problem" in Biochemistry. Proc. Natl.
Acad. Sci. USA, 1996. 93(12): p. 5975-9.
Ferrone, F., Analysis of Protein Aggregation Kinetics. Methods
Enzymol., 1999. 309: p. 256-74.
Oosawa, F. and S. Asakura, Thermodynamics of the Polymerization
of Protein. Mol. Biol.1975, London ; New York: Academic Press. viii,
204 p.
Frieden, C., Protein Aggregation Processes: In Search of the
Mechanism. Protein Sci., 2007. 16(11): p. 2334-44.
Glabe, C.G., Common Mechanisms of Amyloid Oligomer
Pathogenesis in Degenerative Disease. Neurobiol. Aging, 2006.
27(4): p. 570-5.
Massi, F. and J.E. Straub, Energy Landscape Theory for Alzheimer's
Amyloid Beta-Peptide Fibril Elongation. Proteins, 2001. 42(2): p.
217-29.
Thirumalai, D., D.K. Klimov, and R.I. Dima, Emerging Ideas on the
Molecular Basis of Protein and Peptide Aggregation. Curr. Opin.
Struct. Biol., 2003. 13(2): p. 146-59.
Tiana, G., F. Simona, R.A. Broglia, and G. Colombo,
Thermodynamics of Beta-Amyloid Fibril Formation. J Chem Phys,
2004. 120(17): p. 8307-17.
Powers, E.T. and D.L. Powers, The Kinetics of Nucleated
Polymerizations at High Concentrations: Amyloid Fibril Formation
near and above the "Supercritical Concentration". Biophys. J.,
2006. 91(1): p. 122-32.

50

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.

43.

Morozova-Roche, L.A., J. Zurdo, A. Spencer, W. Noppe, V. Receveur,
et al., Amyloid Fibril Formation and Seeding by Wild-Type Human
Lysozyme and Its Disease-Related Mutational Variants. J. Struct.
Biol., 2000. 130(2-3): p. 339-51.
Krebs, M.R., D.K. Wilkins, E.W. Chung, M.C. Pitkeathly, A.K.
Chamberlain, et al., Formation and Seeding of Amyloid Fibrils from
Wild-Type Hen Lysozyme and a Peptide Fragment from the BetaDomain. J. Mol. Biol., 2000. 300(3): p. 541-9.
Wood, S.J., J. Wypych, S. Steavenson, J.C. Louis, M. Citron, et al.,
Alpha-Synuclein
Fibrillogenesis
Is
Nucleation-Dependent.
Implications for the Pathogenesis of Parkinson's Disease. J. Biol.
Chem., 1999. 274(28): p. 19509-12.
Collins, S.R., A. Douglass, R.D. Vale, and J.S. Weissman, Mechanism
of Prion Propagation: Amyloid Growth Occurs by Monomer
Addition. PLoS Biol., 2004. 2(10): p. e321.
Xue, W.F., S.W. Homans, and S.E. Radford, Systematic Analysis of
Nucleation-Dependent Polymerization Reveals New Insights into the
Mechanism of Amyloid Self-Assembly. Proc. Natl. Acad. Sci. USA,
2008. 105(26): p. 8926-31.
Baskakov, I.V. and O.V. Bocharova, In Vitro Conversion of
Mammalian Prion Protein into Amyloid Fibrils Displays Unusual
Features. Biochemistry, 2005. 44(7): p. 2339-48.
Chen, S., F.A. Ferrone, and R. Wetzel, Huntington's Disease Age-ofOnset Linked to Polyglutamine Aggregation Nucleation. Proc. Natl.
Acad. Sci. USA, 2002. 99(18): p. 11884-9.
Ignatova, Z. and L.M. Gierasch, Aggregation of a Slow-Folding
Mutant of a Beta-Clam Protein Proceeds through a Monomeric
Nucleus. Biochemistry, 2005. 44(19): p. 7266-74.
Ruschak, A.M. and A.D. Miranker, Fiber-Dependent Amyloid
Formation as Catalysis of an Existing Reaction Pathway. Proc. Natl.
Acad. Sci. USA, 2007. 104(30): p. 12341-6.
Librizzi, F. and C. Rischel, The Kinetic Behavior of Insulin
Fibrillation Is Determined by Heterogeneous Nucleation Pathways.
Protein Sci., 2005. 14(12): p. 3129-34.
Padrick, S.B. and A.D. Miranker, Islet Amyloid: Phase Partitioning
and Secondary Nucleation Are Central to the Mechanism of
Fibrillogenesis. Biochemistry, 2002. 41(14): p. 4694-703.
Xu, S., B. Bevis, and M.F. Arnsdorf, The Assembly of Amyloidogenic
Yeast Sup35 as Assessed by Scanning (Atomic) Force Microscopy:
An Analogy to Linear Colloidal Aggregation? Biophys. J., 2001.
81(1): p. 446-54.
Bitan, G., M.D. Kirkitadze, A. Lomakin, S.S. Vollers, G.B. Benedek,
et al., Amyloid Beta -Protein (Abeta) Assembly: Abeta 40 and Abeta
42 Oligomerize through Distinct Pathways. Proc. Natl. Acad. Sci.
USA, 2003. 100(1): p. 330-5.

51

44.

45.
46.
47.

48.
49.
50.
51.
52.

53.

54.

55.

56.

Kumar, S. and J.B. Udgaonkar, Conformational Conversion May
Precede or Follow Aggregate Elongation on Alternative Pathways of
Amyloid Protofibril Formation. J. Mol. Biol., 2009. 385(4): p. 126676.
Modler, A.J., K. Gast, G. Lutsch, and G. Damaschun, Assembly of
Amyloid Protofibrils Via Critical Oligomers--a Novel Pathway of
Amyloid Formation. J. Mol. Biol., 2003. 325(1): p. 135-48.
Hill, S.E., T. Miti, T. Richmond, and M. Muschol, Spatial Extent of
Charge Repulsion Regulates Assembly Pathways for Lysozyme
Amyloid Fibrils. PLoS One, 2011. 6(4): p. e18171.
Carrotta, R., M. Manno, D. Bulone, V. Martorana, and P.L. San
Biagio, Protofibril Formation of Amyloid Beta-Protein at Low Ph Via
a Non-Cooperative Elongation Mechanism. J. Biol. Chem., 2005.
280(34): p. 30001-8.
Jain, S. and J.B. Udgaonkar, Evidence for Stepwise Formation of
Amyloid Fibrils by the Mouse Prion Protein. J. Mol. Biol., 2008.
382(5): p. 1228-41.
Hurshman, A.R., J.T. White, E.T. Powers, and J.W. Kelly,
Transthyretin Aggregation under Partially Denaturing Conditions Is
a Downhill Polymerization. Biochemistry, 2004. 43(23): p. 7365-81.
Yang, S., M.D. Griffin, K.J. Binger, P. Schuck, and G.J. Howlett, An
Equilibrium Model for Linear and Closed-Loop Amyloid Fibril
Formation. J. Mol. Biol., 2012.
Cao, A., D. Hu, and L. Lai, Formation of Amyloid Fibrils from Fully
Reduced Hen Egg White Lysozyme. Protein Sci., 2004. 13(2): p.
319-324.
Morozova-Roche, L.A., V. Zamotin, M. Malisauskas, A. Ohman, R.
Chertkova, et al., Fibrillation of Carrier Protein Albebetin and Its
Biologically Active Constructs. Multiple Oligomeric Intermediates
and Pathways. Biochemistry, 2004. 43(30): p. 9610-9.
Yanamandra, K., M.A. Gruden, V. Casaite, R. Meskys, L. Forsgren, et
al., Alpha-Synuclein Reactive Antibodies as Diagnostic Biomarkers
in Blood Sera of Parkinson's Disease Patients. PLoS One, 2011. 6(4):
p. e18513.
Martin, S.J., C.P. Reutelingsperger, A.J. McGahon, J.A. Rader, R.C.
van Schie, et al., Early Redistribution of Plasma Membrane
Phosphatidylserine Is a General Feature of Apoptosis Regardless of
the Initiating Stimulus: Inhibition by Overexpression of Bcl-2 and
Abl. J. Exp. Med., 1995. 182(5): p. 1545-1556.
Leist, M., B. Single, A.F. Castoldi, S. Kuhnle, and P. Nicotera,
Intracellular Adenosine Triphosphate (Atp) Concentration: A Switch
in the Decision between Apoptosis and Necrosis. J. Exp. Med., 1997.
185(8): p. 1481-1486.
Fadok, V.A., D.R. Voelker, P.A. Campbell, J.J. Cohen, D.L. Bratton,
et al., Exposure of Phosphatidylserine on the Surface of Apoptotic

52

57.
58.
59.
60.
61.
62.
63.

64.

65.

66.

67.

68.

Lymphocytes Triggers Specific Recognition and Removal by
Macrophages. J. Immunol., 1992. 148(7): p. 2207-2216.
Van Cruchten, S. and W. Van Den Broeck, Morphological and
Biochemical Aspects of Apoptosis, Oncosis and Necrosis. Anat.
Histol. Embryol., 2002. 31(4): p. 214-23.
Fulda, S. and K.M. Debatin, Extrinsic Versus Intrinsic Apoptosis
Pathways in Anticancer Chemotherapy. Oncogene, 2006. 25(34): p.
4798-811.
Leist, M. and M. Jaattela, Four Deaths and a Funeral: From
Caspases to Alternative Mechanisms. Nat. Rev. Mol. Cell Biol.,
2001. 2(8): p. 589-598.
Jellinger, K.A. and C.H. Stadelmann, The Enigma of Cell Death in
Neurodegenerative Disorders. J. Neural Transm., 2000(60): p. 2136.
Yamamoto, A., J.J. Lucas, and R. Hen, Reversal of Neuropathology
and Motor Dysfunction in a Conditional Model of Huntington's
Disease. Cell, 2000. 101(1): p. 57-66.
Xue, L., G.C. Fletcher, and A.M. Tolkovsky, Mitochondria Are
Selectively Eliminated from Eukaryotic Cells after Blockade of
Caspases During Apoptosis. Curr. Biol., 2001. 11(5): p. 361-365.
Cleary, J.P., D.M. Walsh, J.J. Hofmeister, G.M. Shankar, M.A.
Kuskowski, et al., Natural Oligomers of the Amyloid-Beta Protein
Specifically Disrupt Cognitive Function. Nat. Neurosci., 2005. 8(1):
p. 79-84.
Lambert, M.P., A.K. Barlow, B.A. Chromy, C. Edwards, R. Freed, et
al., Diffusible, Nonfibrillar Ligands Derived from Abeta1-42 Are
Potent Central Nervous System Neurotoxins. Proc. Natl. Acad. Sci.
USA, 1998. 95(11): p. 6448-53.
Walsh, D.M., I. Klyubin, J.V. Fadeeva, W.K. Cullen, R. Anwyl, et al.,
Naturally Secreted Oligomers of Amyloid Beta Protein Potently
Inhibit Hippocampal Long-Term Potentiation in Vivo. Nature,
2002. 416(6880): p. 535-539.
Gong, Y., L. Chang, K.L. Viola, P.N. Lacor, M.P. Lambert, et al.,
Alzheimer's Disease-Affected Brain: Presence of Oligomeric a Beta
Ligands (Addls) Suggests a Molecular Basis for Reversible Memory
Loss. Proc. Natl. Acad. Sci. USA, 2003. 100(18): p. 10417-10422.
Reixach, N., S. Deechongkit, X. Jiang, J.W. Kelly, and J.N.
Buxbaum, Tissue Damage in the Amyloidoses: Transthyretin
Monomers and Nonnative Oligomers Are the Major Cytotoxic
Species in Tissue Culture. Proc. Natl. Acad. Sci. USA, 2004. 101(9):
p. 2817-2822.
Volles, M.J., S.J. Lee, J.C. Rochet, M.D. Shtilerman, T.T. Ding, et al.,
Vesicle Permeabilization by Protofibrillar Alpha-Synuclein:
Implications for the Pathogenesis and Treatment of Parkinson's
Disease. Biochemistry, 2001. 40(26): p. 7812-7819.

53

69.

70.
71.

72.
73.

74.
75.

76.
77.

78.

79.

80.
81.

Ding, T.T., S.J. Lee, J.C. Rochet, and P.T. Lansbury, Jr., Annular
Alpha-Synuclein Protofibrils Are Produced When Spherical
Protofibrils Are Incubated in Solution or Bound to Brain-Derived
Membranes. Biochemistry, 2002. 41(32): p. 10209-10217.
Bucciantini, M., E. Giannoni, F. Chiti, F. Baroni, L. Formigli, et al.,
Inherent Toxicity of Aggregates Implies a Common Mechanism for
Protein Misfolding Diseases. Nature, 2002. 416(6880): p. 507-511.
Malisauskas, M., J. Ostman, A. Darinskas, V. Zamotin, E.
Liutkevicius, et al., Does the Cytotoxic Effect of Transient Amyloid
Oligomers from Common Equine Lysozyme in Vitro Imply Innate
Amyloid Toxicity? J. Biol. Chem., 2005. 280(8): p. 6269-75.
Zamotin, V., A. Gharibyan, N.V. Gibanova, M.A. Lavrikova, D.A.
Dolgikh, et al., Cytotoxicity of Albebetin Oligomers Depends on
Cross-Beta-Sheet Formation. FEBS Lett., 2006. 580(10): p. 2451-7.
Kayed, R., E. Head, J.L. Thompson, T.M. McIntire, S.C. Milton, et
al., Common Structure of Soluble Amyloid Oligomers Implies
Common Mechanism of Pathogenesis. Science, 2003. 300(5618): p.
486-9.
Bucciantini, M., G. Calloni, F. Chiti, L. Formigli, D. Nosi, et al.,
Prefibrillar Amyloid Protein Aggregates Share Common Features of
Cytotoxicity. J. Biol. Chem., 2004. 279(30): p. 31374-82.
Anderluh, G., I. Gutierrez-Aguirre, S. Rabzelj, S. Ceru, N. KopitarJerala, et al., Interaction of Human Stefin B in the Prefibrillar
Oligomeric Form with Membranes. Correlation with Cellular
Toxicity. FEBS J., 2005. 272(12): p. 3042-3051.
Chromy, B.A., R.J. Nowak, M.P. Lambert, K.L. Viola, L. Chang, et al.,
Self-Assembly of Abeta(1-42) into Globular Neurotoxins.
Biochemistry, 2003. 42(44): p. 12749-12760.
Bhatia, R., H. Lin, and R. Lal, Fresh and Globular Amyloid Beta
Protein (1-42) Induces Rapid Cellular Degeneration: Evidence for
Abetap Channel-Mediated Cellular Toxicity. FASEB J., 2000. 14(9):
p. 1233-1243.
Andersson, K., A. Olofsson, E.H. Nielsen, S.E. Svehag, and E.
Lundgren, Only Amyloidogenic Intermediates of Transthyretin
Induce Apoptosis. Biochem. Biophys. Res. Commun., 2002. 294(2):
p. 309-314.
Sirangelo, I., C. Malmo, C. Iannuzzi, A. Mezzogiorno, M.R. Bianco, et
al., Fibrillogenesis and Cytotoxic Activity of the Amyloid-Forming
Apomyoglobin Mutant W7fw14f. J. Biol. Chem., 2004. 279(13): p.
13183-13189.
Howlett, D.R., K.H. Jennings, D.C. Lee, M.S. Clark, F. Brown, et al.,
Aggregation State and Neurotoxic Properties of Alzheimer BetaAmyloid Peptide. Neurodegeneration, 1995. 4(1): p. 23-32.
Novitskaya, V., O.V. Bocharova, I. Bronstein, and I.V. Baskakov,
Amyloid Fibrils of Mammalian Prion Protein Are Highly Toxic to

54

82.
83.

84.

85.
86.
87.
88.
89.

90.
91.

92.
93.
94.

Cultured Cells and Primary Neurons. J. Biol. Chem., 2006. 281(19):
p. 13828-13836.
Pike, C.J., A.J. Walencewicz, C.G. Glabe, and C.W. Cotman, In Vitro
Aging of Beta-Amyloid Protein Causes Peptide Aggregation and
Neurotoxicity. Brain Res., 1991. 563(1-2): p. 311-314.
Pike, C.J., D. Burdick, A.J. Walencewicz, C.G. Glabe, and C.W.
Cotman, Neurodegeneration Induced by Beta-Amyloid Peptides in
Vitro: The Role of Peptide Assembly State. J. Neurosci., 1993. 13(4):
p. 1676-1687.
Roher, A.E., M.J. Ball, S.V. Bhave, and A.R. Wakade, Beta-Amyloid
from Alzheimer Disease Brains Inhibits Sprouting and Survival of
Sympathetic Neurons. Biochem. Biophys. Res. Commun., 1991.
174(2): p. 572-579.
Kuroda, Y. and M. Kawahara, Aggregation of Amyloid Beta-Protein
and Its Neurotoxicity: Enhancement by Aluminum and Other
Metals. Tohoku J Exp Med, 1994. 174(3): p. 263-268.
Lorenzo, A. and B.A. Yankner, Beta-Amyloid Neurotoxicity Requires
Fibril Formation and Is Inhibited by Congo Red. Proc. Natl. Acad.
Sci. USA, 1994. 91(25): p. 12243-12247.
Forloni, G., O. Bugiani, F. Tagliavini, and M. Salmona, ApoptosisMediated Neurotoxicity Induced by Beta-Amyloid and Prp
Fragments. Mol. Chem. Neuropathol., 1996. 28(1-3): p. 163-171.
Forloni, G., Neurotoxicity of Beta-Amyloid and Prion Peptides. Curr.
Opin. Neurol., 1996. 9(6): p. 492-500.
Weldon, D.T., S.D. Rogers, J.R. Ghilardi, M.P. Finke, J.P. Cleary, et
al., Fibrillar Beta-Amyloid Induces Microglial Phagocytosis,
Expression of Inducible Nitric Oxide Synthase, and Loss of a Select
Population of Neurons in the Rat Cns in Vivo. J. Neurosci., 1998.
18(6): p. 2161-2173.
Petkova, A.T., R.D. Leapman, Z. Guo, W.M. Yau, M.P. Mattson, et
al., Self-Propagating, Molecular-Level Polymorphism in Alzheimer's
Beta-Amyloid Fibrils. Science, 2005. 307(5707): p. 262-265.
Saito, T., H. Kijima, Y. Kiuchi, Y. Isobe, and K. Fukushima, BetaAmyloid Induces Caspase-Dependent Early Neurotoxic Change in
Pc12 Cells: Correlation with H2o2 Neurotoxicity. Neurosci. Lett.,
2001. 305(1): p. 61-64.
Wei, W., X. Wang, and J.W. Kusiak, Signaling Events in Amyloid
Beta-Peptide-Induced Neuronal Death and Insulin-Like Growth
Factor I Protection. J. Biol. Chem., 2002. 277(20): p. 17649-17656.
Broker, L.E., F.A. Kruyt, and G. Giaccone, Cell Death Independent of
Caspases: A Review. Clin. Cancer. Res., 2005. 11(9): p. 3155-3162.
Unal-Cevik, I., M. Kilinc, A. Can, Y. Gursoy-Ozdemir, and T.
Dalkara, Apoptotic and Necrotic Death Mechanisms Are
Concomitantly Activated in the Same Cell after Cerebral Ischemia.
Stroke, 2004. 35(9): p. 2189-2194.

55

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

Chi, S., C. Kitanaka, K. Noguchi, T. Mochizuki, Y. Nagashima, et al.,
Oncogenic Ras Triggers Cell Suicide through the Activation of a
Caspase-Independent Cell Death Program in Human Cancer Cells.
Oncogene, 1999. 18(13): p. 2281-2290.
Bamberger, M.E., M.E. Harris, D.R. McDonald, J. Husemann, and
G.E. Landreth, A Cell Surface Receptor Complex for Fibrillar BetaAmyloid Mediates Microglial Activation. J. Neurosci., 2003. 23(7):
p. 2665-2674.
Sousa, M.M., S. Du Yan, R. Fernandes, A. Guimaraes, D. Stern, et al.,
Familial Amyloid Polyneuropathy: Receptor for Advanced Glycation
End Products-Dependent Triggering of Neuronal Inflammatory and
Apoptotic Pathways. J. Neurosci., 2001. 21(19): p. 7576-7586.
Wogulis, M., S. Wright, D. Cunningham, T. Chilcote, K. Powell, et al.,
Nucleation-Dependent Polymerization Is an Essential Component of
Amyloid-Mediated Neuronal Cell Death. J. Neurosci., 2005. 25(5):
p. 1071-1080.
Dolgikh, D.A., A.N. Fedorov, V.V. Chermeris, B.K. Chernov, A.V.
Finkel'shtein, et al., [Preparation and Study of Albebetin, an
Artificial Protein with a Given Spatial Structure]. Dokl. Akad. Nauk
SSSR, 1991. 320(5): p. 1266-9.
Fedorov, A.N., D.A. Dolgikh, V.V. Chemeris, B.K. Chernov, A.V.
Finkelstein, et al., De Novo Design, Synthesis and Study of
Albebetin, a Polypeptide with a Predetermined Three-Dimensional
Structure. Probing the Structure at the Nanogram Level. J. Mol.
Biol., 1992. 225(4): p. 927-31.
Bocharova, O.V., S.A. Moshkovskii, R.V. Chertikova, Z. Abdullaev,
E.F. Kolesanova, et al., [Introduction of Biologically Active
Fragments of Interferon-Alpha2 and Insulin into the Artificial
Protein Albebetin Affects Immunogenicity of the Final Construct].
Vopr. Med. Khim., 2002. 48(1): p. 94-102.
Aphasizheva, I.Y., D.A. Dolgikh, Z.K. Abdullaev, V.N. Uversky, M.P.
Kirpichnikov, et al., Can Grafting of an Octapeptide Improve the
Structure of a De Novo Protein? FEBS Lett., 1998. 425(1): p. 101-4.
Aphasizheva, I.Y., D.A. Dolgikh, E.V. Navolotskaya, V.M. Abramov,
V.P. Zav'yalov, et al., Biological Activity of De Novo Proteins with
Incorporated Interferon Fragment. Russ. J. Immunol., 1997. 2(1): p.
59-61.
Chertkova, R.V., I.A. Kostanian, M.V. Astapova, E.A. Surina, D.A.
Dolgikh, et al., [an Artificial Protein, Possessing Biological Activity of
Hl-60 Human Promyelocytic Leukemia Differentiation Factor].
Bioorg. Khim., 2003. 29(1): p. 30-7.
Dolgikh, D.A., V.N. Uversky, A.E. Gabrielian, V.V. Chemeris, A.N.
Federov, et al., The De Novo Protein with Grafted Biological
Function: Transferring of Interferon Blast-Transforming Activity to
Albebetin. Protein Eng., 1996. 9(2): p. 195-201.

56

106.

107.
108.

109.
110.
111.

112.

113.
114.

115.
116.

117.

Kostanyan, I.A., M.V. Astapova, E.V. Starovoytova, S.M. Dranitsina,
and V.M. Lipkin, A New Human Leukemia Cell 8.2 Kda
Differentiation Factor: Isolation and Primary Structure. FEBS Lett.,
1994. 356(2-3): p. 327-9.
Frare, E., P. Polverino De Laureto, J. Zurdo, C.M. Dobson, and A.
Fontana, A Highly Amyloidogenic Region of Hen Lysozyme. J. Mol.
Biol., 2004. 340(5): p. 1153-1165.
Fujiwara, S., F. Matsumoto, and Y. Yonezawa, Effects of Salt
Concentration on Association of the Amyloid Protofilaments of Hen
Egg White Lysozyme Studied by Time-Resolved Neutron Scattering.
J. Mol. Biol., 2003. 331(1): p. 21-28.
Vernaglia, B.A., J. Huang, and E.D. Clark, Guanidine Hydrochloride
Can Induce Amyloid Fibril Formation from Hen Egg-White
Lysozyme. Biomacromolecules, 2004. 5(4): p. 1362-1370.
Pepys, M.B., P.N. Hawkins, D.R. Booth, D.M. Vigushin, G.A.
Tennent, et al., Human Lysozyme Gene Mutations Cause Hereditary
Systemic Amyloidosis. Nature, 1993. 362(6420): p. 553-557.
Image of 2lyz Pdb (Diamond, R. (1974) Real-Space Refinement of
the Structure of Hen Egg-White Lysozyme. J Mol Biol 82: 371-391:
Http://Www.Rcsb.Org/Pdb/Explore/Explore.Do?Structureid=2lyz)
Created with Jmol: An Open-Source Java Viewer for Chemical
Structures in 3d. .
Murphy, D.D., S.M. Rueter, J.Q. Trojanowski, and V.M. Lee,
Synucleins Are Developmentally Expressed, and Alpha-Synuclein
Regulates the Size of the Presynaptic Vesicular Pool in Primary
Hippocampal Neurons. J. Neurosci., 2000. 20(9): p. 3214-20.
Liu, S., I. Ninan, I. Antonova, F. Battaglia, F. Trinchese, et al., AlphaSynuclein Produces a Long-Lasting Increase in Neurotransmitter
Release. EMBO J., 2004. 23(22): p. 4506-16.
Image of 1xq8 (Ulmer Ts, Bax a, Cole Nb, Nussbaum Rl (2005)
Structure and Dynamics of Micelle-Bound Human Alpha-Synuclein.
J
Biol
Chem
280:
9595-9603:
Http://Www.Rcsb.Org/Pdb/Explore/Explore.Do?Structureid=1xq8)
Created with Jmol: An Open-Source Java Viewer for Chemical
Structures in 3d. .
Marti, M.J., E. Tolosa, and J. Campdelacreu, Clinical Overview of the
Synucleinopathies. Mov. Disord., 2003. 18 Suppl 6: p. S21-7.
Desplats, P., H.J. Lee, E.J. Bae, C. Patrick, E. Rockenstein, et al.,
Inclusion Formation and Neuronal Cell Death through Neuron-toNeuron Transmission of Alpha-Synuclein. Proc. Natl. Acad. Sci.
USA, 2009. 106(31): p. 13010-5.
Uversky, V.N., A Protein-Chameleon: Conformational Plasticity of
Alpha-Synuclein,
a
Disordered
Protein
Involved
in
Neurodegenerative Disorders. J. Biomol. Struct. Dyn., 2003. 21(2):
p. 211-34.

57

118.
119.

120.

121.
122.

123.

124.
125.
126.

127.
128.
129.

130.

Sung, J.Y., J. Kim, S.R. Paik, J.H. Park, Y.S. Ahn, et al., Induction of
Neuronal Cell Death by Rab5a-Dependent Endocytosis of AlphaSynuclein. J. Biol. Chem., 2001. 276(29): p. 27441-8.
El-Agnaf, O.M., R. Jakes, M.D. Curran, D. Middleton, R. Ingenito, et
al., Aggregates from Mutant and Wild-Type Alpha-Synuclein
Proteins and Nac Peptide Induce Apoptotic Cell Death in Human
Neuroblastoma Cells by Formation of Beta-Sheet and Amyloid-Like
Filaments. FEBS Lett., 1998. 440(1-2): p. 71-5.
Celej, M.S., R. Sarroukh, E. Goormaghtigh, G. Fidelio, J.M.
Ruysschaert, et al., Toxic Prefibrillar Alpha-Synuclein Amyloid
Oligomers Adopt a Distinctive Antiparallel Beta-Sheet Structure.
Biochem. J., 2012.
Rochet, J.C., Novel Therapeutic Strategies for the Treatment of
Protein-Misfolding Diseases. Expert Rev. Mol. Med., 2007. 9(17): p.
1-34.
Porat, Y., A. Abramowitz, and E. Gazit, Inhibition of Amyloid Fibril
Formation by Polyphenols: Structural Similarity and Aromatic
Interactions as a Common Inhibition Mechanism. Chem. Biol. Drug
Des., 2006. 67(1): p. 27-37.
De Lorenzi, E., S. Giorgetti, S. Grossi, G. Merlini, G. Caccialanza, et
al., Pharmaceutical Strategies against Amyloidosis: Old and New
Drugs in Targeting a "Protein Misfolding Disease". Curr. Med.
Chem., 2004. 11(8): p. 1065-84.
Yang, D.S., C.M. Yip, T.H. Huang, A. Chakrabartty, and P.E. Fraser,
Manipulating the Amyloid-Beta Aggregation Pathway with Chemical
Chaperones. J. Biol. Chem., 1999. 274(46): p. 32970-4.
Wang, M.S., S. Boddapati, S. Emadi, and M.R. Sierks, Curcumin
Reduces Alpha-Synuclein Induced Cytotoxicity in Parkinson's
Disease Cell Model. BMC Neurosci., 2010. 11: p. 57.
Bomhoff, G., K. Sloan, C. McLain, E.P. Gogol, and M.T. Fisher, The
Effects of the Flavonoid Baicalein and Osmolytes on the Mg 2+
Accelerated Aggregation/Fibrillation of Carboxymethylated Bovine
1ss-Alpha-Lactalbumin. Arch. Biochem. Biophys., 2006. 453(1): p.
75-86.
Levy, M., N. Garmy, E. Gazit, and J. Fantini, The Minimal AmyloidForming Fragment of the Islet Amyloid Polypeptide Is a GlycolipidBinding Domain. FEBS J., 2006. 273(24): p. 5724-35.
Necula, M., L. Breydo, S. Milton, R. Kayed, W.E. van der Veer, et al.,
Methylene Blue Inhibits Amyloid Abeta Oligomerization by
Promoting Fibrillization. Biochemistry, 2007. 46(30): p. 8850-60.
Ehrnhoefer, D.E., J. Bieschke, A. Boeddrich, M. Herbst, L. Masino,
et al., Egcg Redirects Amyloidogenic Polypeptides into
Unstructured, Off-Pathway Oligomers. Nat. Struct. Mol. Biol.,
2008. 15(6): p. 558-566.
Bieschke, J., J. Russ, R.P. Friedrich, D.E. Ehrnhoefer, H. Wobst, et
al., Egcg Remodels Mature Alpha-Synuclein and Amyloid-Beta

58

131.

132.
133.

134.
135.

136.

137.

138.

139.
140.
141.
142.
143.

Fibrils and Reduces Cellular Toxicity. Proc. Natl. Acad. Sci. USA,
2010. 107(17): p. 7710-5.
Dzwolak, W., S. Grudzielanek, V. Smirnovas, R. Ravindra, C.
Nicolini, et al., Ethanol-Perturbed Amyloidogenic Self-Assembly of
Insulin: Looking for Origins of Amyloid Strains. Biochemistry,
2005. 44(25): p. 8948-58.
Sibley, S.P., K. Sosinsky, L.E. Gulian, E.J. Gibbs, and R.F.
Pasternack, Probing the Mechanism of Insulin Aggregation with
Added Metalloporphyrins. Biochemistry, 2008. 47(9): p. 2858-65.
Azriel, R. and E. Gazit, Analysis of the Minimal Amyloid-Forming
Fragment of the Islet Amyloid Polypeptide. An Experimental
Support for the Key Role of the Phenylalanine Residue in Amyloid
Formation. J. Biol. Chem., 2001. 276(36): p. 34156-61.
Gazit, E., A Possible Role for Pi-Stacking in the Self-Assembly of
Amyloid Fibrils. FASEB J., 2002. 16(1): p. 77-83.
Ostrovskaya, R.U., G.A. Romanova, I.V. Barskov, E.V. Shanina, T.A.
Gudasheva, et al., Memory Restoring and Neuroprotective Effects of
the Proline-Containing Dipeptide, Gvs-111, in a Photochemical
Stroke Model. Behav. Pharmacol., 1999. 10(5): p. 549-53.
Pelsman, A., C. Hoyo-Vadillo, T.A. Gudasheva, S.B. Seredenin, R.U.
Ostrovskaya, et al., Gvs-111 Prevents Oxidative Damage and
Apoptosis in Normal and Down's Syndrome Human Cortical
Neurons. Int. J. Dev. Neurosci., 2003. 21(3): p. 117-24.
Bukanova, J.V., E.I. Solntseva, and V.G. Skrebitsky, Selective
Suppression of the Slow-Inactivating Potassium Currents by
Nootropics in Molluscan Neurons. Int. J. Neuropsychopharmacol.,
2002. 5(3): p. 229-37.
Ostrovskaya, R.U., M.A. Gruden, N.A. Bobkova, R.D. Sewell, T.A.
Gudasheva, et al., The Nootropic and Neuroprotective ProlineContaining Dipeptide Noopept Restores Spatial Memory and
Increases Immunoreactivity to Amyloid in an Alzheimer's Disease
Model. J. Psychopharmacol., 2007. 21(6): p. 611-9.
Ostrovskaia, R.U., T.A. Gudasheva, T.A. Voronina, and S.B.
Seredenin, [the Original Novel Nootropic and Neuroprotective Agent
Noopept]. Eksp. Klin. Farmakol., 2002. 65(5): p. 66-72.
Vorobyov, V., V. Kaptsov, G. Kovalev, and F. Sengpiel, Effects of
Nootropics on the Eeg in Conscious Rats and Their Modification by
Glutamatergic Inhibitors. Brain Res. Bull., 2011. 85(3-4): p. 123-32.
Avedisova, A.S. and D.B. Yastrebov, Comparative Efficiency of
Noopept and Piracetam in Therapy of Astenic Disorder of Organic
Genesis. Neurology, Russ. med. J., 2007. 15(5): p. 435-438.
Westermark, G.T. and P. Westermark, Serum Amyloid a and Protein
Aa: Molecular Mechanisms of a Transmissible Amyloidosis. FEBS
Lett., 2009. 583(16): p. 2685-90.
Evans, D.A., H.H. Funkenstein, M.S. Albert, P.A. Scherr, N.R. Cook,
et al., Prevalence of Alzheimer's Disease in a Community Population

59

144.

145.

146.
147.
148.
149.

150.

151.

152.

153.

154.
155.
156.

of Older Persons. Higher Than Previously Reported. J. Am. Med.
Assoc., 1989. 262(18): p. 2551-6.
Adlard, P. and J. Vickers, Morphologically Distinct Plaque Types
Differentially Affect Dendritic Structure and Organisation in the
Early and Late Stages of Alzheimer's Disease. Acta Neuropathol.,
2002. 103(4): p. 377-383.
Glenner, G.G. and C.W. Wong, Alzheimer's Disease: Initial Report of
the Purification and Characterization of a Novel Cerebrovascular
Amyloid Protein. Biochem. Biophys. Res. Commun., 1984. 120(3):
p. 885-90.
Benes, F.M., P.A. Farol, R.E. Majocha, C.A. Marotta, and E.D. Bird,
Evidence for Axonal Loss in Regions Occupied by Senile Plaques in
Alzheimer Cortex. Neuroscience, 1991. 42(3): p. 651-60.
Goedert, M., Oskar Fischer and the Study of Dementia. Brain,
2009. 132(Pt 4): p. 1102-11.
Armstrong, R.A., Beta-Amyloid Plaques: Stages in Life History or
Independent Origin? Dement. Geriatr. Cogn. Disord., 1998. 9(4): p.
227-38.
Lee, J., H. Fukumoto, J. Orne, J. Klucken, S. Raju, et al., Decreased
Levels of Bdnf Protein in Alzheimer Temporal Cortex Are
Independent of Bdnf Polymorphisms. Exp. Neurol., 2005. 194(1): p.
91-96.
Terry, R.D., E. Masliah, D.P. Salmon, N. Butters, R. DeTeresa, et al.,
Physical Basis of Cognitive Alterations in Alzheimer's Disease:
Synapse Loss Is the Major Correlate of Cognitive Impairment. Ann.
Neurol., 1991. 30(4): p. 572-80.
McLean, C.A., R.A. Cherny, F.W. Fraser, S.J. Fuller, M.J. Smith, et
al., Soluble Pool of Abeta Amyloid as a Determinant of Severity of
Neurodegeneration in Alzheimer's Disease. Ann. Neurol., 1999.
46(6): p. 860-6.
Takahashi, R.H., C.G. Almeida, P.F. Kearney, F. Yu, M.T. Lin, et al.,
Oligomerization of Alzheimer's Beta-Amyloid within Processes and
Synapses of Cultured Neurons and Brain. J. Neurosci., 2004.
24(14): p. 3592-9.
Walsh, D.M., B.P. Tseng, R.E. Rydel, M.B. Podlisny, and D.J. Selkoe,
The Oligomerization of Amyloid Beta-Protein Begins Intracellularly
in Cells Derived from Human Brain. Biochemistry, 2000. 39(35): p.
10831-9.
Bayer, T.A. and O. Wirths, Intracellular Accumulation of AmyloidBeta - a Predictor for Synaptic Dysfunction and Neuron Loss in
Alzheimer's Disease. Front. Aging Neurosci., 2010. 2: p. 8.
Wirths, O., J. Weis, J. Szczygielski, G. Multhaup, and T.A. Bayer,
Axonopathy in an App/Ps1 Transgenic Mouse Model of Alzheimer's
Disease. Acta Neuropathol., 2006. 111(4): p. 312-9.
Price, J.L., D.W. McKeel Jr, V.D. Buckles, C.M. Roe, C. Xiong, et al.,
Neuropathology of Nondemented Aging: Presumptive Evidence for

60

157.

158.

159.
160.

161.
162.
163.
164.
165.

166.

167.

168.

Preclinical Alzheimer Disease. Neurobiol. Aging, 2009. 30(7): p.
1026-1036.
Fukumoto, H., A. Asami-Odaka, N. Suzuki, H. Shimada, Y. Ihara, et
al., Amyloid Beta Protein Deposition in Normal Aging Has the Same
Characteristics as That in Alzheimer's Disease. Predominance of a
Beta 42(43) and Association of a Beta 40 with Cored Plaques. Am. J.
Pathol., 1996. 148(1): p. 259-65.
Braak, H., D.R. Thal, E. Ghebremedhin, and K. Del Tredici, Stages of
the Pathologic Process in Alzheimer Disease: Age Categories from 1
to 100 Years. J. Neuropathol. Exp. Neurol., 2011. 70(11): p. 960969.
Iqbal, K., I. Grundke-Iqbal, T. Zaidi, P.A. Merz, G.Y. Wen, et al.,
Defective Brain Microtubule Assembly in Alzheimer's Disease.
Lancet, 1986. 2(8504): p. 421-6.
Alonso, A.C., T. Zaidi, I. Grundke-Iqbal, and K. Iqbal, Role of
Abnormally Phosphorylated Tau in the Breakdown of Microtubules
in Alzheimer Disease. Proc. Natl. Acad. Sci. USA, 1994. 91(12): p.
5562-6.
Caviston, J.P. and E.L. Holzbaur, Microtubule Motors at the
Intersection of Trafficking and Transport. Trends Cell Biol., 2006.
16(10): p. 530-7.
Perlson, E., S. Maday, M.M. Fu, A.J. Moughamian, and E.L.
Holzbaur, Retrograde Axonal Transport: Pathways to Cell Death?
Trends Neurosci., 2010. 33(7): p. 335-44.
Trojanowski, J.Q. and V.M. Lee, Phosphorylation of Paired Helical
Filament Tau in Alzheimer's Disease Neurofibrillary Lesions:
Focusing on Phosphatases. FASEB J., 1995. 9(15): p. 1570-6.
Lee, V.M., M. Goedert, and J.Q. Trojanowski, Neurodegenerative
Tauopathies. Annu. Rev. Neurosci., 2001. 24: p. 1121-59.
Muresan, V. and Z. Muresan, Is Abnormal Axonal Transport a
Cause, a Contributing Factor or a Consequence of the Neuronal
Pathology in Alzheimer's Disease? Future Neurol., 2009. 4(6): p.
761-773.
Eikelenboom, P., R. Veerhuis, W. Scheper, A.J. Rozemuller, W.A.
van Gool, et al., The Significance of Neuroinflammation in
Understanding Alzheimer's Disease. J. Neural Transm., 2006.
113(11): p. 1685-95.
Rozemuller, J.M., P. Eikelenboom, and F.C. Stam, Role of Microglia
in Plaque Formation in Senile Dementia of the Alzheimer Type. An
Immunohistochemical Study. Virchows Arch. B Cell Pathol. Incl.
Mol. Pathol., 1986. 51(3): p. 247-54.
Rogers, J., J. Luber-Narod, S.D. Styren, and W.H. Civin, Expression
of Immune System-Associated Antigens by Cells of the Human
Central Nervous System: Relationship to the Pathology of
Alzheimer's Disease. Neurobiol. Aging, 1988. 9(4): p. 339-49.

61

169.

170.
171.

172.
173.
174.
175.

176.
177.
178.

179.
180.
181.
182.
183.

Griffin, W.S., L.C. Stanley, C. Ling, L. White, V. MacLeod, et al.,
Brain Interleukin 1 and S-100 Immunoreactivity Are Elevated in
Down Syndrome and Alzheimer Disease. Proc. Natl. Acad. Sci. USA,
1989. 86(19): p. 7611-5.
McGeer, P.L. and E.G. McGeer, Nsaids and Alzheimer Disease:
Epidemiological, Animal Model and Clinical Studies. Neurobiol.
Aging, 2007. 28(5): p. 639-47.
Lyketsos, C.G., J.C. Breitner, R.C. Green, B.K. Martin, C. Meinert, et
al., Naproxen and Celecoxib Do Not Prevent Ad in Early Results
from a Randomized Controlled Trial. Neurology, 2007. 68(21): p.
1800-8.
Szekely, C.A. and P.P. Zandi, Non-Steroidal Anti-Inflammatory
Drugs and Alzheimer's Disease: The Epidemiological Evidence. CNS
Neurol. Disord. Drug Targets, 2010. 9(2): p. 132-9.
Giulian, D., K. Vaca, and C.A. Noonan, Secretion of Neurotoxins by
Mononuclear Phagocytes Infected with Hiv-1. Science, 1990.
250(4987): p. 1593-6.
Klegeris, A. and P.L. McGeer, Interaction of Various Intracellular
Signaling Mechanisms Involved in Mononuclear Phagocyte Toxicity
toward Neuronal Cells. J. Leukocyte Biol., 2000. 67(1): p. 127-33.
Eikelenboom, P., E. van Exel, J.J.M. Hoozemans, R. Veerhuis,
A.J.M. Rozemuller, et al., Neuroinflammation – an Early Event in
Both the History and Pathogenesis of Alzheimer’s Disease.
Neurodegenerative Diseases, 2010. 7(1-3): p. 38-41.
Akiyama, H., S. Barger, S. Barnum, B. Bradt, J. Bauer, et al.,
Inflammation and Alzheimer’s Disease. Neurobiol. Aging, 2000.
21(3): p. 383-421.
Gorlovoy, P., S. Larionov, T.T. Pham, and H. Neumann,
Accumulation of Tau Induced in Neurites by Microglial
Proinflammatory Mediators. FASEB J., 2009. 23(8): p. 2502-13.
Martin-Rojas, T., F. Gil-Dones, L.F. Lopez-Almodovar, L.R. Padial,
F. Vivanco, et al., Proteomic Profile of Human Aortic Stenosis:
Insights into the Degenerative Process. J. Proteome Res., 2012.
11(3): p. 1537-50.
Schoen, F.J., Mechanisms of Function and Disease of Natural and
Replacement Heart Valves. Annu. Rev. Pathol., 2012. 7: p. 161-83.
Rajamannan, N.M., R.O. Bonow, and S.H. Rahimtoola, Calcific
Aortic Stenosis: An Update. Nat. Clin. Pract. Cardiovasc. Med.,
2007. 4(5): p. 254-62.
Siu, S.C. and C.K. Silversides, Bicuspid Aortic Valve Disease. J. Am.
Coll. Cardiol., 2010. 55(25): p. 2789-800.
Taylor, P.M., P. Batten, N.J. Brand, P.S. Thomas, and M.H. Yacoub,
The Cardiac Valve Interstitial Cell. Int. J. Biochem. Cell Biol., 2003.
35(2): p. 113-8.
Mulholland, D.L. and A.I. Gotlieb, Cell Biology of Valvular
Interstitial Cells. Can. J. Cardiol., 1996. 12(3): p. 231-6.

62

184.
185.
186.
187.

188.

189.

190.

191.

192.
193.
194.
195.
196.

Kim, K.M., Calcification of Matrix Vesicles in Human Aortic Valve
and Aortic Media. Fed. Proc., 1976. 35(2): p. 156-62.
Mohler, E.R., 3rd, Mechanisms of Aortic Valve Calcification. Am. J.
Cardiol., 2004. 94(11): p. 1396-402, A6.
New, S.E. and E. Aikawa, Cardiovascular Calcification: An
Inflammatory Disease. Circ. J., 2011. 75(6): p. 1305-13.
Šteiner, I., L. Krbal, T. Rozkoš, J. Harrer, and J. Laco, Calcific Aortic
Valve Stenosis: Immunohistochemical Analysis of Inflammatory
Infiltrate. Pathology - Research and Practice, 2012. 208(4): p. 231234.
Rabkin, E., M. Aikawa, J.R. Stone, Y. Fukumoto, P. Libby, et al.,
Activated Interstitial Myofibroblasts Express Catabolic Enzymes and
Mediate Matrix Remodeling in Myxomatous Heart Valves.
Circulation, 2001. 104(21): p. 2525-32.
Dreger, S.A., P. Thomas, E. Sachlos, A.H. Chester, J.T. Czernuszka,
et al., Potential for Synthesis and Degradation of Extracellular
Matrix Proteins by Valve Interstitial Cells Seeded onto Collagen
Scaffolds. Tissue Eng., 2006. 12(9): p. 2533-40.
Kaden, J.J., R. Kilic, A. Sarikoc, S. Hagl, S. Lang, et al., Tumor
Necrosis Factor Alpha Promotes an Osteoblast-Like Phenotype in
Human Aortic Valve Myofibroblasts: A Potential Regulatory
Mechanism of Valvular Calcification. Int. J. Mol. Med., 2005. 16(5):
p. 869-72.
Kaden, J.J., C.E. Dempfle, R. Grobholz, C.S. Fischer, D.C. Vocke, et
al., Inflammatory Regulation of Extracellular Matrix Remodeling in
Calcific Aortic Valve Stenosis. Cardiovasc. Pathol., 2005. 14(2): p.
80-7.
Freeman, R.V. and C.M. Otto, Spectrum of Calcific Aortic Valve
Disease: Pathogenesis, Disease Progression, and Treatment
Strategies. Circulation, 2005. 111(24): p. 3316-26.
Mohler, E.R., 3rd, F. Gannon, C. Reynolds, R. Zimmerman, M.G.
Keane, et al., Bone Formation and Inflammation in Cardiac Valves.
Circulation, 2001. 103(11): p. 1522-8.
Newby, D.E., S.J. Cowell, and N.A. Boon, Emerging Medical
Treatments for Aortic Stenosis: Statins, Angiotensin Converting
Enzyme Inhibitors, or Both? Heart, 2006. 92(6): p. 729-34.
Rabus, M.B., N. Kayalar, B. Sareyyupoglu, A. Erkin, K. Kirali, et al.,
Hypercholesterolemia Association with Aortic Stenosis of Various
Etiologies. J. Card. Surg., 2009. 24(2): p. 146-50.
Chan, K.L., K. Teo, J.G. Dumesnil, A. Ni, and J. Tam, Effect of Lipid
Lowering with Rosuvastatin on Progression of Aortic Stenosis:
Results of the Aortic Stenosis Progression Observation: Measuring
Effects of Rosuvastatin (Astronomer) Trial. Circulation, 2010.
121(2): p. 306-14.

63

197.
198.

199.

200.

201.

202.

203.
204.

205.
206.

207.
208.
209.

Chan, K.L. and K. Teo, Lipid-Lowering Therapy in Calcific Aortic
Stenosis. N. Engl. J. Med., 2005. 353(10): p. 1066-7; author reply
1066-7.
Ladefoged, C. and N. Rohr, Amyloid Deposits in Aortic and Mitral
Valves. A Clinicopathological Investigation of Material from 100
Consecutive Heart Valve Operations. Virchows Arch. A. Pathol.
Anat. Histopathol., 1984. 404(3): p. 301-12.
Duboucher, C., S. Milhau, and H. Bouissou, Isolated Amyloidosis of
the Atrioventricular Valves. A Study of One Case, Curiously
Associated with Diffuse Storage of Plant Wax Paraffin. Virchows
Arch. A. Pathol. Anat. Histopathol., 1987. 410(6): p. 541-5.
Kristen, A.V., P.A. Schnabel, B. Winter, B.M. Helmke, T. Longerich,
et al., High Prevalence of Amyloid in 150 Surgically Removed Heart
Valves—a Comparison of Histological and Clinical Data Reveals a
Correlation to Atheroinflammatory Conditions. Cardiovasc. Pathol.,
2010. 19(4): p. 228-235.
Roher, A.E., C.L. Esh, T.A. Kokjohn, E.M. Castano, G.D. Van Vickle,
et al., Amyloid Beta Peptides in Human Plasma and Tissues and
Their Significance for Alzheimer's Disease. Alzheimer's Dement.,
2009. 5(1): p. 18-29.
Kokjohn, T.A., G.D. Van Vickle, C.L. Maarouf, W.M. Kalback, J.M.
Hunter, et al., Chemical Characterization of Pro-Inflammatory
Amyloid-Beta Peptides in Human Atherosclerotic Lesions and
Platelets. Biochim. Biophys. Acta, 2011. 1812(11): p. 1508-14.
McCormick, M.M., F. Rahimi, Y.V. Bobryshev, K. Gaus, H. Zreiqat,
et al., S100a8 and S100a9 in Human Arterial Wall - Implications for
Atherogenesis. J. Biol. Chem., 2005. 280(50): p. 41521-41529.
Boyd, J.H., B. Kan, H. Roberts, Y. Wang, and K.R. Walley, S100a8
and
S100a9
Mediate
Endotoxin-Induced
Cardiomyocyte
Dysfunction Via the Receptor for Advanced Glycation End Products.
Circ. Res., 2008. 102(10): p. 1239-46.
Hoyaux, D., C. Decaestecker, C.W. Heizmann, T. Vogl, B.W. Schafer,
et al., S100 Proteins in Corpora Amylacea from Normal Human
Brain. Brain Res., 2000. 867(1-2): p. 280-8.
Yanamandra, K., O. Alexeyev, V. Zamotin, V. Srivastava, A.
Shchukarev, et al., Amyloid Formation by the Pro-Inflammatory
S100a8/A9 Proteins in the Ageing Prostate. PLoS One, 2009. 4(5):
p. e5562.
Schafer, B.W. and C.W. Heizmann, The S100 Family of Ef-Hand
Calcium-Binding Proteins: Functions and Pathology. Trends
Biochem. Sci., 1996. 21(4): p. 134-40.
Ravasi, T., K. Hsu, J. Goyette, K. Schroder, Z. Yang, et al., Probing
the S100 Protein Family through Genomic and Functional Analysis.
Genomics, 2004. 84(1): p. 10-22.
Moore, B.W., A Solubel Protein Characteristics of Nervous System.
Biochem. Biophys. Res. Commun., 1965. 19(6): p. 739-744.

64

210.

211.
212.
213.

214.

215.

216.

217.
218.
219.

220.
221.

Potts, B.C., G. Carlstrom, K. Okazaki, H. Hidaka, and W.J. Chazin,
1h Nmr Assignments of Apo Calcyclin and Comparative Structural
Analysis with Calbindin D9k and S100 Beta. Protein Sci., 1996.
5(11): p. 2162-74.
Botelho, H.M., M. Koch, G. Fritz, and C.M. Gomes, Metal Ions
Modulate the Folding and Stability of the Tumor Suppressor Protein
S100a2. FEBS J., 2009. 276(6): p. 1776-86.
Heizmann, C.W. and J.A. Cox, New Perspectives on S100 Proteins: A
Multi-Functional Ca(2+)-, Zn(2+)- and Cu(2+)-Binding Protein
Family. Biometals, 1998. 11(4): p. 383-97.
Strupat, K., H. Rogniaux, A. Van Dorsselaer, J. Roth, and T. Vogl,
Calcium-Induced Noncovalently Linked Tetramers of Mrp8 and
Mrp14 Are Confirmed by Electrospray Ionization-Mass Analysis. J.
Am. Soc. Mass Spectrom., 2000. 11(9): p. 780-8.
Vogl, T., J. Roth, C. Sorg, F. Hillenkamp, and K. Strupat, CalciumInduced Noncovalently Linked Tetramers of Mrp8 and Mrp14
Detected by Ultraviolet Matrix-Assisted Laser Desorption/Ionization
Mass Spectrometry. J. Am. Soc. Mass Spectrom., 1999. 10(11): p.
1124-30.
Vogl, T., A.L. Gharibyan, and L.A. Morozova-Roche, ProInflammatory S100a8 and S100a9 Proteins: Self-Assembly into
Multifunctional Native and Amyloid Complexes. Int. J. Mol. Sci.,
2012. 13(3): p. 2893-2917.
Vogl, T., S. Ludwig, M. Goebeler, A. Strey, I.S. Thorey, et al., Mrp8
and Mrp14 Control Microtubule Reorganization During
Transendothelial Migration of Phagocytes. Blood, 2004. 104(13): p.
4260-8.
Broome, A.M., D. Ryan, and R.L. Eckert, S100 Protein Subcellular
Localization During Epidermal Differentiation and Psoriasis. J
Histochem Cytochem, 2003. 51(5): p. 675-85.
Foell, D. and J. Roth, Proinflammatory S100 Proteins in Arthritis
and Autoimmune Disease. Arthritis Rheum., 2004. 50(12): p. 376271.
Wittkowski, H., J.B. Kuemmerle-Deschner, J. Austermann, D.
Holzinger, R. Goldbach-Mansky, et al., Mrp8 and Mrp14, PhagocyteSpecific Danger Signals, Are Sensitive Biomarkers of Disease Activity
in Cryopyrin-Associated Periodic Syndromes. Ann. Rheum. Dis.,
2011. 70(12): p. 2075-81.
Hessian, P.A., J. Edgeworth, and N. Hogg, Mrp-8 and Mrp-14, Two
Abundant Ca(2+)-Binding Proteins of Neutrophils and Monocytes.
J. Leukocyte Biol., 1993. 53(2): p. 197-204.
Bjork, P., A. Bjork, T. Vogl, M. Stenstrom, D. Liberg, et al.,
Identification of Human S100a9 as a Novel Target for Treatment of
Autoimmune Disease Via Binding to Quinoline-3-Carboxamides.
PLoS Biol., 2009. 7(4): p. e97.

65

222.

223.

224.

225.

226.

227.

228.

229.

230.
231.
232.

233.

Ghavami, S., I. Rashedi, B.M. Dattilo, M. Eshraghi, W.J. Chazin, et
al., S100a8/A9 at Low Concentration Promotes Tumor Cell Growth
Via Rage Ligation and Map Kinase-Dependent Pathway. J.
Leukocyte Biol., 2008. 83(6): p. 1484-92.
Hermani, A., B. De Servi, S. Medunjanin, P.A. Tessier, and D. Mayer,
S100a8 and S100a9 Activate Map Kinase and Nf-Kappab Signaling
Pathways and Trigger Translocation of Rage in Human Prostate
Cancer Cells. Exp. Cell. Res., 2006. 312(2): p. 184-97.
Turovskaya, O., D. Foell, P. Sinha, T. Vogl, R. Newlin, et al., Rage,
Carboxylated Glycans and S100a8/A9 Play Essential Roles in
Colitis-Associated Carcinogenesis. Carcinogenesis, 2008. 29(10): p.
2035-43.
Vogl, T., K. Tenbrock, S. Ludwig, N. Leukert, C. Ehrhardt, et al.,
Mrp8 and Mrp14 Are Endogenous Activators of Toll-Like Receptor
4, Promoting Lethal, Endotoxin-Induced Shock. Nat. Med., 2007.
13(9): p. 1042-9.
van Lent, P.L., L. Grevers, A.B. Blom, A. Sloetjes, J.S. Mort, et al.,
Myeloid-Related
Proteins
S100a8/S100a9
Regulate
Joint
Inflammation and Cartilage Destruction During Antigen-Induced
Arthritis. Ann. Rheum. Dis., 2008. 67(12): p. 1750-8.
Loser, K., T. Vogl, M. Voskort, A. Lueken, V. Kupas, et al., The TollLike Receptor 4 Ligands Mrp8 and Mrp14 Are Crucial in the
Development of Autoreactive Cd8+ T Cells. Nat. Med., 2010. 16(6):
p. 713-7.
Brun, J.G., G. Haland, H.J. Haga, M.K. Fagerhol, and R. Jonsson,
Effects of Calprotectin in Avridine-Induced Arthritis. APMIS : acta
pathologica, microbiologica, et immunologica Scandinavica, 1995.
103(3): p. 233-40.
Thorey, I.S., J. Roth, J. Regenbogen, J.P. Halle, M. Bittner, et al.,
The Ca2+-Binding Proteins S100a8 and S100a9 Are Encoded by
Novel Injury-Regulated Genes. J. Biol. Chem., 2001. 276(38): p.
35818-25.
Harrison, C.A., M.J. Raftery, J. Walsh, P. Alewood, S.E. Iismaa, et
al., Oxidation Regulates the Inflammatory Properties of the Murine
S100 Protein S100a8. J. Biol. Chem., 1999. 274(13): p. 8561-9.
Rubartelli, A. and M.T. Lotze, Inside, Outside, Upside Down:
Damage-Associated Molecular-Pattern Molecules (Damps) and
Redox. Trends Immunol., 2007. 28(10): p. 429-36.
Hiratsuka, S., A. Watanabe, H. Aburatani, and Y. Maru, TumourMediated Upregulation of Chemoattractants and Recruitment of
Myeloid Cells Predetermines Lung Metastasis. Nat. Cell. Biol.,
2006. 8(12): p. 1369-75.
Moon, A., H.Y. Yong, J.I. Song, D. Cukovic, S. Salagrama, et al.,
Global Gene Expression Profiling Unveils S100a8/A9 as Candidate
Markers in H-Ras-Mediated Human Breast Epithelial Cell Invasion.
Mol. Cancer Res., 2008. 6(10): p. 1544-53.

66

234.
235.

Shepherd, C.E., J. Goyette, V. Utter, F. Rahimi, Z. Yang, et al.,
Inflammatory S100a9 and S100a12 Proteins in Alzheimer's Disease.
Neurobiol. Aging, 2006. 27(11): p. 1554-1563.
Ha, T.Y., K.A. Chang, J. Kim, H.S. Kim, S. Kim, et al., S100a9
Knockdown Decreases the Memory Impairment and the
Neuropathology in Tg2576 Mice, Ad Animal Model. PLoS One,
2010. 5(1): p. e8840.

67

