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1.

ABBREVIATIONS

'a' in subscript
Ap
AAI
ACN
AD
ADDL
AFM
AMCA
APP
BBB
BCA
BSB
Boc
Bzl
CD
5(6)CFLU
CR
DCC
DCM
d.i.
DIEA
DMF
DMS
DMSO
DTT
e-Aca
ESI-MS
FITC
Fmoc
FTC
FTIR
Gaba
HBTU
HFIP
HOBt
HPLC
MB HA
MTT
PBS
PG
RA
SPPS
TBAI
tBu
TEA
TEM
TFA
ThT

amid group at the C-terminus of the peptide
P-amyloid
amyloid aggregation inhibitor
acetonitrile
Alzheimer's disease
amyloid derived diffusible ligand
atomic force microscopy
7-amino-4-methyl-3-coumarinylacetic acid
amyloid precursor protein
blood-brain barrier

bicinchoninic acid
P-sheet breaker
fe/7-butyloxycarbonyl
benzyl

circular dichroism spectroscopy
mixture of 5-carboxyfluoresceine and 6-carboxyfluoresceine
congo red
N,N' -dicyclohexylcarbodiimide
dichloromethane
double ion-exchanged
N,N-diisopropylethylamine
N,N-dimethylformamide
dimethyl sulfide
dimethyl sulfoxide
1,4-dithio-D,L-threitol
5-aminopentanoylelectrospray ionisation - mass spectrometry
fluorescein isothiocyanate
fluorenylmetoxycarbonyl
fluorescein thiocarbamoyl
Fourier transform infrared spectroscopy
4-aminobutanoyl
2-(benzotriazol-1 -yl)-1,1,3,3 -tetramethyluronium
hexafluorophosphate
hexafluoroisopropanol
Nl -hydroxybenzotriazole
high performance liquid chromatography
methylbenzhydrylamine
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
phosphate buffered saline
protecting group
all-/r<ms,-retinoic acid
solid phase peptide synthesis
tetrabutylammonium iodide
tert-butyl
triethylamine
transmission electron microscopy
trifluoroacetic acid
thioflavine-T
1

2.

INTRODUCTION
Almost a century ago Alois Alzheimer first described the neuropathological

characteristics of one of the most common neurodegenerative disorders that takes his name:
the Alzheimer's disease (AD) [1]. His pioneer work opened the way to the investigation and
better understanding of such diseases which became later defined as 'protein conformational
disorders' [2-4] associated with misfolding, aggregation and consequent accumulation of
several proteins in the human brain.
AD is a progressive dementia of the elderly, leading to complete mental breakdown
and death in maximum ten years. It is characterized by a progressive loss of memory as well
as impairment of the cognitive functions. The number of the AD patients constantly increases
with the increasing average age of the human population, but an efficient treatment for the
disease is still lacking. It is not surprising therefore, that both the pathomechanism and the
therapeutic efficacy of the different medications are extensively studied.
On the onset of the clinical symptoms, the brain has already been seriously damaged.
The subsequent pathological hallmarks of AD are: (1) neuritic amyloid plaques located
extracellularly in the brain parenchyma and around the walls of the cerebral vessels [5] mostly
consisting of 40-42 residue long peptides called P-amyloid (Ap) peptides [6], (2)
neurofibrillary tangles in the cytoplasm of neurons composed of hyperphosphorylated tauproteins [7], and (3) loss of synapses and neuronal death.
Several mechanisms have been put forward to explain the neurotoxicity induced by the
Ap peptides: they can (1) activate a series of false signal transduction pathways by binding to
receptor proteins, that can lead to apoptosis [8-17], (2) affect the membrane structure by
opening ion-channels and causing depolarization, which leads to the dysregulation of signal
transduction [18,19], and (3) induce oxidative stress by generating free radicals resulting in
mitochondrial dysfunction [20,21].
It is still debated if there is a direct link between the Ap peptides and the loss of
cognitive functions in AD. The widely accepted 'amyloid cascade hypothesis' [22,23]
suggests that accumulation of AP peptides in the brain is the key event driving AD
pathogenesis. Despite the broad applicability of this theory, certain observations do not fit
easily into this hypothesis; its major shortcoming is that the nature of the neurotoxic forms
and their effect on the neuronal function has not yet been revealed. However, an alternative
theory which explains the cause and the onset of AD and is experimentally as much supported
as the amyloid cascade hypothesis has not emerged so far.
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3.

CONCEPTUAL BACKGROUND

3.1

THE MOLECULAR

MECHANISM

OF THE DEVELOPMENT

OF

AMYLOID

AGGREGATES
The AP peptides are derived from the 770 amino acids long type-I transmembrane
protein referred as amyloid precursor protein (APP) by the action of P- and y-secretases
(Fig. 1) [24-27]. Cleavage of APP by a-secretase at position 687 results in a large, soluble
ectodomain fragment (APP s -a) and leaves a membrane-retained C-terminal fragment (CTF)
which is further processed by the y-secretase generating a peptide designated p3. The
fragment

APP s -a has several functions including inhibition of certain serine-proteases,

enhancement of cell-cell and cell-substrate adhesion and neurotrophic or neuroprotective
effects. The action of P-secretase results in the truncated form of APPS (APPS-P) and a 99
residue long fragment (C99) which is finally cleaved into the toxic Ap peptide by the ysecretase.
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Fig. I. Degradation of APP by different enzymatic pathways

The release of monomeric Ap peptide from APP results in a thermodynamically
unfavoured state, in which the hydrophobic side-chains are exposed to the surrounding

each other resulting in more stable dimers or with numerous other proteins, such as albumin
[28,29] or receptor proteins, such as the scavenger receptors (expressed in microglia and
macrophages [8,9]), the receptor for advanced glycation end-products [10,11], 012macroglobular protein [12,13], apolipoprotein E [14], the endoplasmic reticulum amyloid
binding protein [15], and the a7 subunit containing nicotinic acetylcholine receptors [16,17].
It has to be noted that it is still debated if the receptor proteins bind only the
monomers/oligomers or the fibrillar structures as well.
Recent experiments have demonstrated that stable AP dimers are present in brain
homogenates [30-32] as well as in synthetic AP preparations [33-35]. Molecular modelling
and parallel atomic force microscopy (AFM) investigations have revealed that the dimeric
structure of AP is compact, globular with a hydrophobic core surrounded by hydrophilic
residues and measures 27-32 A [30]. The hydrophobic C-terminal residues are folded into
narrow crevices at the surface, making it possible for the dimers to further associate with each
other by forming a p-sheet. X-ray fiber diffraction measurements have revealed that the
typical structural element of the fibrils is the so-called 'cross-P motif' [36-39]. This means
that the peptide strands are aligned perpendicular to the axis of the fibril, joining by backbone
hydrogen bonds which are parallel to the fibrillar axis. The spacing between the strands is
0.47-0.48 nm which agrees with the intermolecular distance between the peptide chains in Ppleated sheet-containing proteins. There is another broader peak in the X-ray scattering
pattern, indicating a 0.8-1,0 nm spacing perpendicular to the fibrillar axis. On the basis of
solid phase NMR investigations, Tycko et. al [40] proposed a double-layered cross-p
structure. (Fig. 2).
The peptide chains fold into 'P-haiipins' in which residues 1-8 are structurally
disordered while residues 12-24 and 30-40 form P-strands (red and blue arrows in Fig. 2).
These 'hairpins' can be aligned in-register, developing parallel P-sheets. Two sheets are
paired through the hydrophobic core of the 30-40 residues stacked together by the
hydrophobic side chains. Such a four-layered structure - which we may call the thinnest
protofibril - exhibits an intersheet distance that agrees well with the results of X-ray [41] and
transmission electron microscopy (TEM) [42] experiments (~ 1 nm), whereas the complete
protofibril has a diameter of 2-3 nm and a maximum length of 200 nm.
During the process of protofibril formation, the hydrophobic 17-23 sequence
relocalizes on the water-exposed surface of the constantly growing oligomer. To overcome
this thermodynamically unfavoured situation, two or three protofilaments can associate side
by side, burying the hydrophobic C-terminal residues in a core shielded by the hydrophilic N4

terminal domains. Two of these putative strands can be further intertwined to generate a
mature Ap fibril 8-10 nm wide [30,43-47],

Ap strand

protofibril

fibril

Fig. 2. Self-organization of the amyloid [3-hairpins into protofibrils and fibrils

The AP fibrils become more stable, insoluble and resistant to proteolytic degradation
[33] through a series of post-translational modifications: isomerization of Asp1 and Asp 7 [4850], racemization of Asp 1 , Asp 7 , Asp 23 and Ser8 [48,51,52], cyclization of Glu 3 and Glu 11 [5355], and oxidation of Met 35 [33].

3.2

AGGREGATION
AGGREGATION

OF

A/3

PEPTIDES

-

RELATIONSHIP

BETWEEN

THE

PROCESS AND THE TOXICITY

The previously detailed nucleation dependent polymerization of Ap peptides produces
a series of AP associates with different size and morphology. Since the first observation of the
pre-fibrillar forms of aggregates there is a constant debate in the literature about their role in
the AP-mediated toxicity. In its original form, the 'amyloid cascade hypothesis' assumed a
direct causal link between the fibrillar Ap deposits and the observed neurotoxicity [22], The
theory was criticized extensively later because of this statement and ought to have been
reconsidered [23]. Many groups focused their efforts on the preparation and biological
examination of different Ap samples containing predominantly one aggregational state in a
quasi monodisperse system (that is, exclusively monomers, oligomers, protofibrils or fibrils)
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[35,56-59]. Several methods were developed to reach this goal [35,44,59-61], but their
success is questionable at best. For instance, it is not ascertained whether monomers exist in
solution or the dimeric form is the smallest observable species. Walsh et al. have proven [62]
that the smallest unit of aggregation is certainly the dimer form which is in equilibrium with
the protofibrils. They found that the size exclusion chromatographic separation of the
aggregates did not result in bigger oligomers (e.g. tetramers, octamers), only in protofibrils
which proved to decrease the neuronal viability in MTT test. Since the protofibrils looked
sometimes like beaded chains, Walsh later suggested that they could be built up from small
spherical assemblies called 'amyloid derived diffusible ligands' (ADDLs) which are prepared
and studied by numerous groups [56-60]. These ADDLs are considered as globules measuring
4.8-5.7 nm along the z-axis in AFM and having an estimated mass between 17 and 42 kDa.
ADDLs can be artificially prepared under appropriate circumstances [57,59], and they possess
strong neurotoxicity [56,57,60,63]. They are present in vivo, can be isolated from brain,
plasma, and cerebrospinal fluid [30,64,65], and reach up to 70-fold levels in an AD brain
compared to a control brain [66], It is assumed that the highly reactive and toxic Ap dimers
and oligomers can easily move in the cells by diffusion and throughout the narrow
extracellular space in the brain which results in serious damage of the neurons. For example,
Bhatia et al. made experiments with freshly prepared globular AP[l-42] and found that in this
form, the peptide can induce rapid cellular degeneration by elevating [Ca2+]j possibly via
opening Ca2+-permeable channels through the membrane [67,68].
At this point, the role of fibrillar Ap in the neurotoxic processes does not seem to be
exclusive. On the other hand, fibrillar AP is beyond doubt toxic, inducing a series of
biophysical and biochemical malfunctions which can finally lead to neuritic dysfunction and
cell death. Strangely, the fibrillar deposits in the neuritic plaques seem to be the only
possibility for the collection and immobilization of the soluble toxic Ap intermediates.
Unfortunately, this mechanism of self-defence carries fatal consequences at the end.
3.3

POSSIBLE THERAPEUTIC STRATEGIES AGAINST THE ALZHEIMER'S DISEASE
The current treatment of AD focuses only on the symptoms and includes drugs which

increase cholinergic neurotransmission, like the acethylcholine esterase inhibitors Tacrine,
Donepezil or Rivastigmine [69,70]. The huge number of factors involved in AD has opened
new routes to drug discovery which attempt to affect, slow or possibly turn back the progress
of the disease. These are (1) non-steroid anti-inflammatory agents against constant
inflammation in the AD brain, (2) anti-oxidants which might lower the over-production of
6

free-radicals resulting in oxidative stress, (3) neurotrophic factors which could regenerate the
lost neural functions, and (4) NMDA receptor modulators (e.g. Memantine) which might
prevent the overactivation of the NMDA receptor by the AP aggregates and the consequent
Ca2+-influx into the neurons.
AD is postulated as the most commonly occuring 'protein conformational disorder' [24]. In case of AD, the A|3 peptide forms neurotoxic aggregates by a process called
'misfolding', which means that the peptide undergoes a conformational change from the
soluble a-helical/random coiled structure to a P-hairpin with a high propensity towards
aggregation. If the central cause of the disease is indeed the misfolding and consequent
aggregation of AP, then the treatment should be able to correct the misfolded conformation.
Several approaches have been proposed to overcome this problem: (1) stabilization of the
normal folding (a-helical/random coil) in order to inhibit the accumulation of the toxic
aggregates, (2) increasing the clearance of die misfolded peptide, and (3) destabilization of the
pathological P-conformation by using the so-called 'amyloid aggregation inhibitors' (AAIs)
[71]. In case of AD, the first approach can not be realized, as the cleavage of APP by p- and
y-secretases results in AP forms which instantly generate the toxic aggregates. Hence, the
research of secretase-inhibitors seems to be a promising strategy for curing AD [72-75].
Recently, the second approach has gained particular attention as well. Transgenic animals
were successfully immunized against aggregated Ap which lead to reduced amyloid load,
neuronal damage and behavioural dysfunction [76-78]. However, the immunization in
humans caused meningoencephalitis as a serious side-effect [79]. In the future research, this
problem must be eliminated by finding alternative immunization strategies to obtain a safely
applicable treatment of AD.
The third possibility is discussed in the next section.

3.4

DESIGN OF MOLECULES AS PUTATIVE AMYLOID AGGREGATION INHIBITORS
(AAIS)
The design and synthesis of molecules which can destabilize the neurotoxic P-pleated

conformation is a popular choice of medicinal chemists. Two main types of these AAIs are
known currently: the non-peptide compounds and the peptide AAIs.
Non-peptide AAIs are generally flat molecules having a hydrophobic bi- or tricyclic
scaffold which contains sometimes heteroatoms and a basic nitrogen on one of these rings.
For instance melatonin [80], iifampicin [81], the 4'-deoxy-4'-iodorubicin family (IDX,
[82,83]), benzofuran derivatives [84,85], phanquinone [86], and furansulfonic acid derivatives
7

[87] proved to inhibit the fibril formation of the AP derivatives and in most cases effectively
antagonized the neurotoxic effects of AP in in vitro or in vivo biological models. One
interesting family (Fig. 3.B) [88,89] of the non-peptide AAIs is based on the dye congo red
(CR) (Fig. 3.A) bearing an azo-dye scaffold.
A

B

\

NH2

/

SO3H
Fig. 3. (A) Structure of congo red, (B) One non-peptide AAI based on the CR-scaffold

CR is routinely used to quantify the amount of Ap fibrils formed. Besides, it is able to
hinder the fibril formation in in vitro aggregation studies. This benefit of the compound turns
into a disadvantage in case of the routine quantitative measurements, namely the
disaggregating effect of CR can directly influence the kinetics of the analysed aggregation
process.
Peptide AAIs are based mainly on the native sequence AP[16-21], KLVFFA.
According to the results of independent groups, this sequence is a key factor in amyloid
aggregation [90,91] hence its application in the AAI design might be beneficial. Soto defined
the term 'P-sheet breaker' (BSB) as a short synthetic peptide which contains a proteinidentical sequence serving as a self-recognition motif, and is engineered to arrest the folding
of the protein-chain into a p-sheet structure [92]. Following this principle, several peptide
AAIs were synthesized so far based on the KLVFFA sequence:
•

The KLVFF fragment itself is referred as the 'Tjernberg peptide' [93], This molecule
and its derivatives were able to inhibit the assembly of the full length Ap into fibrils.

•

A six-member oligolysine tail was attached to the KLVFF sequence as a disrupting
element (KLVFFK^, [94,95]). The peptides modified the aggregation kinetics and
fibril morphology of Ap.

•

Soto altered the LVFFA sequence in order to diminish its propensity to self-aggregate.
The resulting peptide, LPFFD contains a Pro which is a well-known 'sheet breaker'
and an extra, negatively charged residue which may also prevent aggregation. Since
the first attempts to apply this peptide in biological systems as an effective BSB
[96,97], numerous compounds were designed and studied by Soto's group. Systematic
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sequence modifications were performed to increase the BBB penetration and enzyme
resistance of the lead molecule and the results seem to be encouraging [98].
•

AP[25-35] has also been extensively studied [99-102], as it is highly neurotoxic and
can adopt a well-ordered conformation leading to fibril formation. Numerous studies
have already shown that fragment 31-35 also plays an important role in the toxicity of
the full-length AP peptide [103,104]. These findings have been confirmed by TEM
experiments. Bond et al. recently revealed the exact conformations of AP[25-35] and
AP[31-35] by X-ray diffraction [99]. They found that both peptides exhibit a reverse
turn at Gly33; AP[31-35] adopts a reverse turn conformation, as it was concluded by
our group previously [105]. The data that have emerged so far indicate that the 31-35
sequence could be an interesting target for the design of putative peptide inhibitors.
We reported earlier that Pr-IIGLa, an analogue of AP[30-34], was able to prevent the
AP[l-42]-induced long-term elevation of the intracellular Ca2+ concentration in glial
cells in vitro [106]. Moreover, Pr-IIGLa attenuated the excitotoxic action of AP[l-42]
on the cholinergic neurons of the rat magnocellular nucleus basalis in vivo [107]. The
experiments also evidenced that Pr-IIGLa exhibited agonistic effects resembling the
excitatory action of AP[l-42].

3.5

IN VIVO AND IN VITRO EXPERIMENTAL METHODS APPLIED FOR THE
EXAMINATION OF THE INHIBITORY EFFICACY
To find new AAIs, a similar route has to be followed as for other drug candidates:
1. Application of in vitro assays to examine the ability of the molecule to influence the

fibrillization process. In this case, standardization and reproducibility of the AP aggregation
are of prime importance. The following methodologies are widely applied:
•

Congo red [108,109] or thioflavine-T (ThT)-binding [110,111] assays, which are
based on the observation that properly aggregated Ap peptides adopt a predominantly
p-sheet conformation and can specifically bind to certain dye structures causing a
characteristic change either in the visible (CR) or in the fluorescence spectrum (ThT)
of the dye. A significant reduction in the measured intensity at the characteristic
wavelength of the fibrillar AP-dye complex indicates that the AAI is able to influence
the aggregation of AP favourably.

•

Transmission electron microscopy (TEM) or atomic force microscopy (AFM) are
effective tools for the visualization of the fibril-growth and morphology, and for the
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semi-quantitative determination of the amount of different fibrillar forms at a given
aggregation grade. The possible change of these parameters by putative AAIs is also
detectable. Because of the pronounced importance of the TEM investigations in my
experimental work, this methodology will be detailed later.
•

With the aid of Fourier transform infrared spectroscopy (FTIR) and circular dichroism
spectroscopy (CD) the a-helical«-»random coil«->P-sheet structural transitions can be
studied. The common feature of both methods is that the spectroscopic characteristics
of each structural element appear in the spectrum, thus after carefully applied
mathematical analysis and theoretical considerations, their relative amounts can be
estimated. If an AAI modifies the aggregational pathway of A|3, the ratio of ahelical/random coil/p-sheet conformations will be shifted which generates detectable
changes in the CD or the FTIR spectra.
2. Testing the neuroprotective effect of the molecules against the neurotoxicity of Ap.

One of the most popular assays is the 'MTT reduction assay'. It is simple, fast and correlates
well with other viability tests [112]. MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide) can enter the cells and will be reduced to formazan by the enzymatic
redox system of the cells. The amount of produced formazan can be detected
spectrophotometrically and correlates with the oxidative-reductive capacity -

and

consequently, with the viability - of the cells [113]. The original methodology was improved
by Datki et al. in our laboratory [114]: SH-SY5Y cells were differentiated with all-transretinoic acid (RA) in order to obtain a constant cell number which makes the usual
normalization

of the

spectrophotometric

measurements

unnecessary.

Besides,

the

differentiation ameliorates the morphological characteristics of the SHSY-5Y cells.
In our group, the CR and/or the ThT-binding assay are applied for testing the antiaggregation efficacy in vitro, the fibrillization is visualized by TEM, and the MTT assay
serves to classify the compounds according to their effectiveness against AP-mediated
toxicity in an in vitro biological model.
3.5

TRANSMISSION ELECTRON MICROSCOPY (TEM)
As discussed above, the polymerization of single Ap peptide strands into fibrillar

structures follows a nucleation dependent multi-step aggregation kinetics involving various
morphological forms from the spherical oligomers to the micrometer-long mature amyloid
fibers. The dimensions of these structures require a visualization technique which works in
the submicron range. Since the maximum resolving power of any microscope is half the
10

wavelength of its light source, the resolution of a conventional light microscope is limited to
about 200 nm. With the fusion of the theories of de Broglie and Busch, a new avenue was
opened in the field of visualization: the science of electron optics, that is, the electronic
counterparts of all optical devices. In the early 1930s Knoll and Ruska built the first electron
microscope, and since their pioneer work the construction and application of these
instruments became enormously important and extensive.

B

Step 1.
Carbon Coated 400 mesh Copper Grid

Forceps

Parafilm
On-grid incubation time:

2 min

1 min

5 sec each

Step 2.
remove t h e solvent

Fig. 4. (A) Schematic representation of a transmission electron microscope. 1. Anode chamber, 2. Cathode,
3. Condensor lenses, 4. Sample holder, 5. Objector lenses, 6. Projector lens, 7. Observing chamber, 8.
Camera. (B) The technique of the negative staining performed with the 'single droplet procedure'.

The transmission electron microscope uses a focused electron beam as light' and
electromagnetic coils as 'lenses'. The wavelength of the beam is inversely proportional to the
velocity of the electrons which are accelerated towards the positive anode with a speed
dependent on the voltage applied. Nowadays the resolution of a simple transmission electron
microscope is about 0.5 nm, but modern innovations of the technique such as high-resolution
TEM allow even atomic resolution. The lenses above the specimen form the illumination
system' (Fig. 4.A, Parts 1-3). When electrons reach the specimen, some of them pass through
it without any dispersion. On the other hand, those that hit obstacles (in most cases electron
rich particles, such as heavy metal atoms) form an electron image which is projected by the
lenses of the 'image forming system' placed after the specimen in the electron beam
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(Fig. 4.A, Parts 5-6). The image then can be displayed directly on a fluorescent screen which
emits visible light when bombarded with electrons (Fig. 4. A, Part 7), or may be captured by a
photographic emulsion of a film or a charge coupled device (CCD) of a digital imaging
system connected to a computer (Fig. 4.A, Part 8). The operation of a TEM instrument
requires a high vacuum system, otherwise the electrons would collide with the molecules of
the air loosing their kinetic energy. For detailed description of TEM application for biological
systems see [115].
Although the resolution capability of TEM is around 0.5 nm, in most cases this
resolution can not been obtained in biological samples because of the low electron-scattering
properties of the carbonaceous part of the specimen. The improvement of the contrast (that is,
the amount of the elastically scattered electrons) can be achieved by the use of a widely
accepted method, the negative staining procedure. This method dates back to 1954 when
Farrant published it for the first time as a successful technique for the visualization of ferritin
molecules [116]. Numerous studies have discussed the mechanism, applicability, and also the
shortcomings of the methodology since then [117-120]. In contrast with positive staining,
where interaction of the stain with the object is a prerequisite, in case of negative staining, a
protein-stain interaction is not only unnecessary, but directly harmful as it would cause the
denaturation of the subject molecule. The staining materials are salts of heavy metals such as
urane, tungsten or molybdenum. The four major stain compounds are uranyl acetat, sodium
phosphotungstate, sodium silicotungstate and ammonium molybdate [117].
Figure 4.B depicts the so-called 'single droplet procedure' which is the most common
way to perform negative staining of a protein-containing specimen. Detailed description of
the method is given in 'Materials and Methods'.
3.6

THE SOLID PHASE PEPTIDE SYNTHESIS (SPPS)
The solid phase peptide synthesis (SPPS) was developed by Merrifield in 1963 [121].

The major innovation of SPPS is the application of a solid support called resin. The Cterminal amino acid of the peptide is anchored to this support, thus the C-terminal protection
of the peptide chain is performed by the resin itself throughout the synthesis. The main steps
of SPPS and the applied protecting groups, resins, and reagents are presented in Figure 5.
Because of the application of a solid support, the products can be easily removed from
the reaction mixture by simple filtering. The most widely applied support is a styrenedivinylbenzene copolymer which contains 1% crosslinker and has therefore the best overall
properties [122]. The styrene resins are derivatized with special anchoring molecules to
12

enable the most proper attachment that fulfils the synthesis requirements. The two main
strategies applied in SPPS are the 'Boc/benzyl chemistry' and the 'Fmoc/tBu chemistry'. The
main features of both methods are summarized in table of Figure 5.
The former method developed by Merrifield [121] uses feri-butyloxycarbonyl group
for Na-protection which can be removed by acidolysis e.g. with trifluoroacetic acid (TFA).
Some of the acid stable linkers, eg. the benzyl ester type which is used in the Boc/Bzl
chemistry, are designed to yield peptide acids by cleaving the peptide with HF [121] or
trifluoromethane sulfonic acid [123], whereas the cleavage with ammonia or amines results in
peptide amides. Another popular choice for the synthesis of peptide amides is the
methylbenzhydrylamine-type anchoring (MBHA resin).
The fluorenyl-metoxycarbony (Fmoc) group, and the Fmoc/tBu strategy became
widely used and extremely important in a short time [124-127]. The Fmoc group can be
removed by ^-elimination with the aid of mild bases such as piperidine or morpholine, and the
cleavage of the peptide from the resin can be performed by TFA. A huge variety of acid labile
linkers are available both for the synthesis of peptide acids and amides (e.g. the 'Wang resin'
modified with an alkoxybenzyl linker or 'Rink amide resin' with dimethoxybenzhydrylamine
linker).
The choice of the coupling techniques in the synthesis of a given peptide sequence is
not determined by the type of the protecting group strategy. The complexity of the sequence,
the required yield and purity or the available time/resources determine the applied coupling
method instead. Nowadays a huge number of activating reagents are available which can be
classified in the following groups:
•

Acid halides: The application of this activation method was former abandoned
because it caused racemization during the coupling. Recently, acid-halogenides have
been used for the synthesis of difficult sequences [128-130].

•

Carbodiimides: The first successfully introduced activating reagent in SPPS was
N,N'-dicyclohexylcarbodiimide (DCC, [131]). Instead of DCC, N,N'-diisopropylcarbodiimide (DIC) can also be used as its urea derivative dissolves better in organic
solvents than dicyclohexyl urea (DCU).
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Fig. 5. General Scheme of SPPS and description of the applied synthesis techniques
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•

Active esters: Beside the phenyl-ester type activation (e.g. p-nitrophenyl ester [132],
pentafluorophenyl-esters [133]), the highly reactive V-hydroxysuccinimide (HOSu,
[134]), V-hydroxybenzotriazole (HOBt, [135]), and l-hydroxy-7-azabenzotriazole
(HOAt, [136]) esters are widely used in peptide synthesis.

•

Anhydrides: Carbonic-carboxylic mixed anydride methods were developed by
Vaughan and Osato[137]. On the other hand, the reaction of two equivalents of
protected reactants and one equivalent of DCC results in situ in symmetrical
anhydrides which are also frequently used in SPPS [138,139].

•

Phosphonium and Uronium salts: The first member of phosphonium salts applied in
peptide

synthesis

was

benzotriazole-l-yloxytris(dimethylamino)

phosphonium

hexafluorophosphate (BOP [140]). Later the uronium salts were introduced in SPPS
(e.g. 2-(benzotriazol-l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate, HBTU
[141,142], and 0-(7-azabenotriazol-l-yl)-l,l,3,3-tetramethyl hexafluorophosphate,
HATU [136]), and they soon became widely used because of their high reactivity and
easy handling.
3.7

FLUORESCENT LABELING OF PEPTIDES
Labeled peptides help in studying the cellular action of A0, but nowadays radioactive

labeling is not preferred, owing to biohazard problems. Therefore, we attempted introducing a
fluorophore molecule into the Ap peptides. Fluorescent analytical and visualization
techniques, like spectrofluorimetry, flow cytometry, and fluorescent microscopy, require the
incorporation of a fluorophore into the target molecule without causing a significant change in
the native conformation. Unfortunately, many short peptides have a limited number of
reactive groups which can be labeled without deteriorating their biological effectiveness.
A fluorophore can modify the conformation of the peptide, which may influence the
biological activity of the investigated compound. Labeling exclusively at the N-terminus can
reduce these effects. Fluorescent molecules also react with the side chains of several amino
acids leading to polylabeled compounds [143]. As a consequence, the reactive side chain
groups of amino acids should be protected at the labeling step. In liquid phase, post-synthetic
fluorescent modification of the peptides can be easily performed with a very popular
fluorescent labeling reagent, fluorescein isothiocyanate (FITC, X,ex=494 ran, Xem=518 nm,
Fig. 6) [143-145]. The fluorescent end product (fluorescein thiocarbamoyl (FTC) peptide)
proved to be acid sensitive. Because of the cleavage of fluorescein thiohydantoin from N a -
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FTC peptides during the last step of the solid phase synthesis (HF or TFA acidolysis), the use
of FITC-labeling is limited to the liquid phase [146,147].

N=C=S

FITC, isomer I.

COOH

5-CFLU and 6-CFLU

AMCA

Fig. 6. Structures of the applied fluorescent reagents

Fluorescent labeling in solid phase requires an acid-stable bond between the
fluorophore and the peptide. In this case, two types of fluorescent molecules were used for
labeling: carboxyfluorescein (5(6)-CFLU, A,ex=494 nm, A.em=518 nm, Fig. 6) and 7-amino-4methyl-3-coumarinyl acetic acid (AMCA; keX= 349 nm, kem= 448 nm, Fig. 6) [148-150]. The
labeling reaction is a simple acylation of the N-terminal amino group of the peptide resulting
in an acid stable amide bond. Fmoc-chemistry and appropriate side chain protection strategies
can be used, and the last steps include acylation on the resin with excess of fluorophores and
subsequent TFA-cleavage from the Rink-resin.
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4.

AIMS

The main subject of my PhD-work was the investigation of the amyloid aggregation process
and the role of short amyloid aggregation inhibitory sequences in the mechanism of
neuroprotection against the toxic effect of the Ap peptides. Therefore, we aimed to answer the
following questions:
• How can the sample preparation influence the aggregation profile of the amyloid
peptides? For both chemical and biological applications, it is crucial to determine the
aggregation grade of Ap samples prepared according to a certain protocol. With the
adaptation of TEM methodology, I intended to follow the fibrillization of Ap peptides and
monitor the effect of different treatments on this process.
• What is the reason for the observed ambivalent protective and toxic behaviour of the
tetrapeptide Pr-IIGLa designed as a putative neuroprotective agent?
• We intended to design new, potential inhibitors against Ap neurotoxicity based on the
Pr-IIGLa sequence with the elimination of its inherent toxicity.
• What kind of chemical modifications improve the bioavailability of the biologically
active LPYFDa pentapeptide without decreasing its bioactivity? First, it had to be
examined whether analogues of LPYFDa could reach or even exceed the effectiveness of
LPYFDa in biological tests. A candidate bearing the highest activity could serve as a
lead compound in the subsequent optimization procedures, whereby the most effective
peptidomimetics possessing enhanced enzyme resistance and advantageous metabolism had
to be found.
• Through which mechanism can our short peptides exert their neuroprotective effect?
The possible influence of the peptides on the fibrillization of Ap in vitro can be visualized
by TEM. These experiments help to decide whether the short peptides are able to act as
real aggregation inhibitors.
• Since it is important to study the mechanism of the biological activity at the cellular level,
fluorescent derivatives of the Ap peptides and the bioactive short peptide sequences have to
be prepared. Therefore, we aimed to find an effective method whereby compounds
selectively labeled with fluorophores at their N-terminus can be synthesized with
acceptable yield and purity, and to examine the influence of the labeling on the formation
of Ap peptide aggregates with TEM.
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5.

MATERIALS AND METHODS

5.1.

SOLID PHASE PEPTIDE SYNTHESIS
5.1.1 Applied materials
Protected amino acids and coupling reagents were purchased from Orpegen Pharma,

Heidelberg, Germany, while other reagents, solvents and compounds for fluorescent labeling
from Sigma-Aldrich, Saint Louis, Missouri, USA. All chemicals were used without additional
purification.
5.1.2 Synthesis of the putative aggregation inhibitors
All the aggregation inhibitors were synthesized manually on MBHA resin with
the use of standard Boc chemistry and DCC/HOBt coupling. For side chain protections, the
following protecting groups were used: cyclohexyl ester for Asp, 2-chlorobenzyloxycarbonyl
for Lys, p-toluenesulfonyl for Arg, and 2-bromobenzyloxycarbonyl for Tyr. All of the
reagents and protected amino acids were applied in three-fold excess. N-terminal acylation of
the peptides was performed either with the carboxylic acids pre-activated with DCC/HOBt or
with their acyl-chloride and 4-dimethylaminopyridine (DMAP). The peptides were cleaved
with HF in the presence of 8% DMS and 2% anisole at 0°C for 45-60 min. After the removal
of HF, the peptides were precipitated in cold diethyl ether, filtered, separated from the resin
beads by dissolution in 50% aqueous acetic acid, and lyophilized. Analytical description of
the products is presented in Table 1 and 2 (see Results). In case of RIIGLa and LPYFDa,
appropriate amounts of the crude peptides were used in subsequent fluorescent labeling
reactions.

5.1.3

Synthesis of [Fmoc-Ne-Lys28]A/3[25-25]afor liquid phase fluorescent labeling
For fluorescent labeling in liquid phase, a side-chain protected derivative of

A|3[25-35]a was synthesized on MBHA resin with Boc-chemistry by an ABI 430A (Applied
Biosystems, Foster City, California, USA) automated peptide synthesizer. For side chain
protections, benzyl for Ser and Fmoc for Lys were used. Symmetrical anhydride coupling was
performed in DMF/DCM mixture with twofold excess of reagents, and each coupling cycle
was repeated. The side chain of Asn was unprotected, and Boc-Asn was coupled with the
DCC/HOBt method. N°-Boc deprotection was performed by TFA/DCM 1:1 (v/v) mixture.
Final deprotection and cleavage of the peptide from the resin were performed with anhydrous
HF in the presence of 8% anisol, 2% dimethyl sulfide (DMS), 2% p-cresol, and 2% thiocresol
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at 0 °C for 45 min. After the removal of HF under a stream of N2 and in vacuo, the (Fmoc-N6Lys28)-protected peptide was precipitated with diethyl ether, filtered, washed with diethyl
ether, dissolved in 50% aqueous acetic acid, and lyophilized. The crude peptide was used for
labeling without any purification.
5.1.4. General synthesis of peptides appliedfor solid phase labeling
For solid-phase labeling, Ap[25-35]a, Ap[l-40]a, LPFFD, LPYFDa, and eAca-RIIGLa
were synthesized manually with the use of standard Fmoc-chemistry on a Rink-amide resin.
For side chain protections, the following protecting groups were used: tert-butyl ester for Asp
and Glu, tBu for Tyr and Ser, 2,2,4,6,7-pentamethyl-dihydrobenzofiirane-5-sulfonyl for Arg,
trityl for His, and Boc for Lys. Couplings were performed in DMF using three-fold excess of
DCC, HOBt, and Fmoc-amino acids. Fmoc deprotection was performed in 20%
piperidine/DMF mixture for 20 min. After coupling the last amino acid residue, an additional
conjugation reaction was performed with the fluorophore.
5.2.

FLUORESCENT LABELING OF AMYLOID PEPTIDES AND THEIR DERIVATIVES
5.2.1 Fluorescent labeling in liquid phase
A general method was applied in each case: the crude peptide was dissolved in DMSO

and reacted with FITC (the molar ratio of the peptide and the fluorophore was 1.2 to 1)
overnight at room temperature, protected from light and kept under N2. After completing of
the reaction, the mixture was directly loaded onto a semipreparative HPLC column and
purified. After labeling of AP[25-35]a, the N8-Fmoc group of Lys28 was cleaved with 20%
piperidine in the final volume for 30 min, and the mixture was neutralized with TFA prior to
purification.
5.2.2 Fluorescent labeling in solid phase
Peptides were labeled on the resin either with 5(6)-CFLU or AMCA. In both cases the
fluorescent reagents were pre-activated for 30 min: 5(6)-CFLU with DCC and HOBt (1:1:1
molar ratio) in DMF, whereas AMCA with HOBt and HBTU in the presence of N,Ndiisopropylethylamine (DIEA) (1:1:1:2 molar ratio) in DMF. The N°-deprotected, resinlinked peptide was suspended in the solution of the reagents and shaken for a minimum of 4
hours.
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In order to inhibit the formation of Met-sulfoxide under the cleavage conditions,
several cleaving cocktails were applied: (A) 90% TFA, 10% H 2 0, (B) 85% TFA, 6% phenol,
9% H20 and 0,1% l,4-dithio-D,L-treitol (DTT), (C) 82% TFA, 9% DTT and 9% H 2 0, and
(D) 81% TFA, 5% phenol, 5% thiocresol, 3% H 2 0, 2,5% DTT, 2% DMS and 1.5%
tetrabutylammonium iodide (TBAI). As cocktail (D) was capable to prevent the oxidation of
the Met residue, it was chosen for the cleavage of Met-containing peptides, while cocktail (B)
was generally applied for the cleavage of short peptides without Met in the sequence. The
resin was then filtered from the mixture, followed by the removal of TFA from the filtrate in
vacuo, and the peptide was precipitated in cold diisopropyl ether, filtered, washed several
times with dimethyl ether, and dried.
5.3.

PURIFICATION

AND

CHARACTERIZATION

OF

THE

SYNTHESIZED

COMPOUNDS
5.3.1 Purification of the peptides with HPLC
Peptides were purified using a semipreparative HPLC system (HPLC pumps: Knauer
type No. 64, programmer: Knauer type No. 50 (Knauer, Berlin, Germany), detector: LKB
Bromma 2138 Uvicord S) equipped with a Phenomenex Jupiter column packed with CI 8
bonded silica gel (250x21.20 mm, 10 pm particle size, 300 A pore size). The following
solvent system was used for elution in a linear gradient mode, at a flow rate of 4.5 ml/min:
(A) 0.1% aqueous trifluoroacetic acid (TFA) and (B) 0.1% TFA in 80% aqueous acetonitrile
(ACN). Analysis of crude products and purity control of the fractions after semi-preparative
HPLC was carried out on an analytical HPLC instrument (HP Model 1100 liquid
chromatograph equipped with an UV-visible detector (Hewlett-Packard, Waldbronn,
Germany)) routinely at a detection wavelength of 220 nm or 278 nm, on a Phenomenex
Jupiter CI8 (250x4 mm, 5 pm, 300 A) reverse-phase analytical column. A gradient elution
with the same solvent system as described above was used at a typical flow rate of 1.2
ml/min.
5.3.2 Electrosprqy-ionization mass spectrometry
Mass spectrometric measurements were obtained on a Finnigan TSQ-7000 triple
quadrupole mass spectrometer (Finnigan-MAT, San Jose, California, USA) in positive ion
mode, equipped with a Finnigan ESI source. All the mass spectra were recorded in the range
m/z either 10-2500 for the Ap peptides or 10-1000 for the inhibitors with scan times 2.5 and
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1.0 seconds, respectively. The eluent was a mixture of methanol, H2O, and acetic acid
(50:50:0.5 v/v ratio). The electrospray needle was adjusted to 4.5 kV and N2 was used as a
nebulizer gas.
5.3.3 Determination of the peptide content
5.3.3.1 Determination with quantitative amino acid analysis
Amino acid analysis of peptides was carried out on a HP Amino Quant amino acid
analyzer (Hewlett-Packard, Waldbronn, Germany) after hydrolysis of the samples in 6 M
HC1, at 110 °C for 48 hours in sealed tubes in vacuo. Hydrolized amino acids were derivatized
with o-phtalaldehyde and their amount was quantitatively determined by RP-HPLC (column:
Hypersil ODS 5pm (2.1x200 mm); solvent system: (A) 0.5% THF in 0.02 M aqueous Naacetate (pH=7.2), (B) 20% (v/v) 0.02 M aqueous Na-acetate (pH=7.2) and 80% (v/v) ACN;
flow rate: 0.4 ml/min, gradient: 0-40% B in 17 min; detection wavelength: 338 nm).
5.3.3.2 Determination with bicinchoninic acid (BCA) assay of liquid samples
For the determination of the peptide concentration of a liquid sample, a photometric
method was applied which is known as the bicinchoninic acid (BCA) protein assay [151,152].
This method is based on a redox-reaction between Cys, Trp, Tyr or the amid bonds and Cu2+
ions. The resulting Cu+ ions and bicinchoninic acid form a spectrophotometrically measurable
colored complex. The reaction is stoichiometric, standardizable, and very sensitive, therefore,
it is applicable for the determination of concentrations down to 5 pg/ml, (e.g. in case of
ultracentrifuged A|3 samples prepared for TEM investigations.)
According to the standard methodology of the BCA Assay Kit (Sigma, Saint Louis,
Missouri, USA), three solutions were prepared, as follows. Reagent (A): 8% (w/v)
Na2C03-H20, 1.6% (w/v) NaOH and 1.6% (w/v) sodium-tartarate in d.i. water, the pH of the
final solution was set to 11.25 with NaHCCb; reagent (B): 4% (w/v) bicinchoninic acid
disodium-salt in d.i. water, reagent (C): 4% CuS04-5H20 dissolved in d.i. water. Prior to the
determination, the working solution was prepared by mixing reagents A, B, and C in 25:25:1
volume ratio. The calibrating curve was determined for a standard solution of bovine serum
albumine, which was diluted to a concentration course from 5 pg/ml to 20 pg/ml. Equal
volumes of working solution were added to the properly diluted standards as well as the
unknown peptide sample, then the solutions were thoroughly mixed and incubated at 60 °C
for 60 minutes. Samples were placed on a 96 well plate, and the absorbance of the formed
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[Cu(BCA)]" complex in each sample was measured in a plate reader at 560 nm. Each point
was determined in triplicates.
5.4

TEM EXPERIMENTS
5.4.1 Sample preparations for TEM investigation
In order to destroy the aggregates formed during the precipitation or the purification,

A|3 peptides were dissolved in HFIP or DMSO and incubated for at least 24 hours at ambient
temperature. Then the organic solvent was optionally removed in vacuo, followed by the
dissolution in solvents depending on the required experimental conditions (commonly either
in d.i. water or PBS at pH=7.4) to the final peptide concentration of 0.05-0.5 mg/ml. In some
cases the organic solvent was not removed, but diluted with the aqueous medium to the
required concentration. Dissolution was promoted by constant agitation of the solution for 2
minutes with an automatic pipette. The dissolution protocol involved occasionally
centrifugation at 1000-10000 g at ambient temperature. Samples were then ultrasonicated for
5 minutes and optionally seeded with a definite volume of pre-aggregated peptide solution
(c=0.5 mg/ml, commonly in 1:50 volume ratio), followed by an incubation at 37 °C for the
expected time-interval.
5.4.2 TEM methodology
Following the method of Walsh et al. [35], 10 pi droplets of solutions were placed
onto the specimen holder, a carbon-film coated 400 mesh copper grid (Electron Microscopy
Sciences, Washington DC, USA). First, the solution of the aggregated sample was applied to
the grid and incubated for 2 minutes, while the particles accessed the specimen support by
Brownian motion and adhered to it. Then the specimen was optionally fixed with 0.5% (v/v)
glutaraldehyde solution (for 1 minute) and/or washed three times with double-distilled water
to remove the potentially interfering inorganic salts of applied buffers, and finally stained
with 2% (w/v) uranyl acetate (by incubating for 2 minutes). Excess of solutions was removed
by suction with a filter paper attached to the edge of the grid, leaving behind a thin film of
solution which dried rapidly. After this evaporation, the uranyl acetate crystallites penetrated
to the irregular surface structure and covered the object as a thin, amorphous coating. Because
of the higher scattering power of the surrounding staining material, the aggregates appeared as
structured light areas against a darker background when viewed in the TEM.
Specimens were studied with a Philips CM 10 transmission electron microscope (FEI
Company, Hillsboro, Oregon, USA) operating at 100 kV. Images were taken by a Megaview
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II Soft Imaging System routinely at magnifications of x25,000, x46,000 and x64,000, and
analysed by an Analysis® 3.2 software package (Soft Imaging System GmbH, Münster,
Germany).
5.5

SHORT DESCRIPTION OF THE MTT VIABILITY ASSAY
An improved and convenient MTT test was developed in our laboratory [113]. SH-

SY5Y neuroblastoma cells (purchased from Sigma-Aldrich, Saint Louis, USA) were cultured
on a 96-well plate in a humidified 5% CO2 atmosphere in Dulbecco's modified Eagle's
medium : F-12 (1:1) with phenol red, to which L-glutamine, penicillin, streptomycin, nonessential amino acids, 10% fetal bovine serum, 0.5% DMSO, and 10 pM all-fra/M-retinoic
acid (RA) as differentiating agent. After 8 days, the supernatant was removed with a pipette
and a new medium, free from DMSO and RA, was added to each cell. The cells were then
treated with peptide solutions containing either pre-aggregated, fibrillar AP[l-42] alone
(c= 10 pM) or a mixture of A|$[l-42] (c = 10 pM) and one of the aggregation inhibitors
(c = 50 pM). After incubation for 24 hours at 37 °C, 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide (MTT) solution was added to the wells and the incubation
was continued for further 3 hours. The formed formazan crystals were dissolved in a
DMSO/EtOH 4:1 (v/v) mixture. Absorbance was measured with a 96-well plate ELISA
reader at 550 nm, with a reference filter set to 620 nm. All MTT assays were triplicated and
each measurement involved at least 7 parallels.
Statistical evaluation of each data set was performed with the SPSS™ 9.1 for
Windows statistical software package (SPSS Inc., Chicago, Illinois, USA). One-way ANOVA
with post-hoc Bonferroni test was utilized to examine if the mean values were significantly
dissimilar at a 99% level of confidence.
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6.

RESULTS

6.1

TEM STUDIES OF THE AGGREGATON OF Ap PEPTIDES; REPRESENTATIVE
EXAMPLES OF Ap FRAGMENTS (Ap[l-42], Ap[l-40], Ap[4-42], Ap[5-42], AND
AP(25-35_U
6.1.1 The effect of sample preparation on the aggregation ofAp[l -42]
Commercial and self-made batches of pure A(3[l-42] contain pre-aggregates of the

peptide with unknown structure and weak solvation properties. Since the observed toxicity of
a given sample is strongly dependent on the ratio of the different toxic aggregates formed
during the aggregation process, standardization of the dissolution protocol is crucial.
Generally, standardization involves the following optional steps: (1) disaggregation by the
application of a strong chaotropic solvent, such as DMSO or HFIP, (2) removal or dilution of
the solvent to the required extent, (3) repeated dissolution of the peptide in an aqueous media
(d.i. water, isotonic saline or PBS), (4) ultrasonication, and (5) seeding of the sample with
pre-formed fibrils in order to initiate and facilitate the nucleation-dependent aggregation of
the Ap peptide.
Figure 7 depicts die results of different methodologies applied for the formation of
fibrils of AP[l-42]. Each sample contained the peptide in a final concentration of 110 pM (0.5
mg/ml) and was incubated at 37 °C for 5 days. The samples A1 and A2 were dissolved in
HFIP, lyophilized, redissolved in d.i. water, sonicated for 5 minutes, and incubated without
additional seeding. After 5 days, the samples contained seeds with an average diameter of 1020 nm, protofibrils 120-200 nm long and 3-5 rnn wide, and mature, smooth-surfaced,
occasionally branched or intertwined fibrils up to 2-3 pm long which exhibited an average
diameter of 7-10 nm (Fig. 7.A1).
The samples used for biological experiments must be free of microorganisms which
can infect the cell culture or the tested animal. This is accomplished by ultrasonicating the
peptide solutions which were incubated for an extended period of at least 10 minutes. In order
to examine the effect of the sonication on the morphology and size distribution of the
aggregates, a sample prepared according to the protocol of A1 was sonicated from 0 to 30 min
and examined with TEM. Figure 7.A2 depicts a representative TEM image of the sample
sonicated for 30 min. It can be seen from the images that even 30 minutes of ultrasonic
agitation of Aj3[l-42] does not alter considerably the morphology and size of the AP
aggregates.

The B sample was prepared following the methodology detailed above, the only
exception being that instead of evaporating the HFIP in vacuo, the organic stock solution was
diluted with d.i. water to a final HFIP concentration of 5% (v/v). In this case, the formation of
fibrils was influenced by the organic solvent to a great extent. As it is presented in Figure 7.B,
both the protofibrils and fibrils formed are curly, often branched and stuck together into huge
clusters.

Fig. 7. TEM images of A(3[l-42] (Al) dissolved in d.i. water without seeding, (A2) treated like At, but sonicated
for 30 min after incubation, (B) dissolved in a 5% (v/v) mixture of HFIP/d.i. water, (C) dissolved in d.i. water
and seeded with fibrillar Aft[l-42],

Sample C was prepared with the same protocol as A l , but after the repeated solution
of the peptide in d.i. water, the sample was seeded with pre-formed fibrils of A(3[l -42] (110
pM pre-aggregated peptide solution was added to the sample in 1:50 volume ratio).
Figure 7.C demonstrates the benefit of seeding on the formation of fibrils compared to a non-
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seeded procedure (Al). In this case, only highly ordered, mature, smooth, properly separated
fibrils or bunches of fibrils are present in the sample.

6.1.2

Aggregation

studies of truncated Af[l-42]

forms: Af[l-40],

A[4[4-42], and

A [i[5-42]
The enzymatic cleavage of the APP results in several truncated forms of the Ap
peptides. One of them, Ap[l-40] occurs commonly in the amyloid plaques together with
AP[l-42]. According to the findings of Casas et al., AP[4-42] and AP[5-42] are present in a
transgenic mouse model which overexpresses mutated human Ap and closely mimics the
development of AD-related neuropathological features including a significant hippocampal
neuronal loss [153]. These peptides, when synthesized, can be used for biological experiments
only if their toxicity and aggregation propensity are elucidated in advance. For the
investigation of the aggregation tendencies, each peptide was treated following the procedure
standardized for Ap[l-42] and incubated for maximum 6 days. The fibril formation was
monitored with TEM while the toxicity of the aggregates was measured with MTT-assay.
TEM investigations have revealed that Ap[l-40] aggregates much slower than
AP[l-42], When the former peptide was dissolved in d.i. water to a final concentration of 120
pM, sonicated for 5 minutes, and incubated at 37 °C, it took 6 days for mature fibrils to
appear (Fig. 8.A). The morphology of the AP[l-40] fibrils was also different from those of
Ap[l-42]: they were shorter (250-800 nm) and wider (10-12 nm) than the Ap[l-42] strands.
Besides, they were non-branched, but twisted with a unit-length of 70 nm for one twist.

Fig. 8. TEM image of peptides aggregated in d.i. water at 37 °C: (A) Ap[l-40] for 6 days, (B) Ap[4-42] for 1
day, and (D) Ap[5-42] for 1 day.

Samples of both AP[4-42] and AP[5-42] were prepared like AP[l-40]. After one day,
the aggregation profile of the peptides was quite different even though both showed moderate
toxicity in the MTT-assay (data not shown). Unexpectedly, A[![4-42] did not form any fibrils,

26

only clusters of fibrillar-like aggregates with an average diameter of 300 nm, and a negligible
amount of protofibrils 5-10 nm wide and 50-100 nm long (Fig. 8.B). On the other hand,
AP[5-42] developed an enormous amount of amyloid strands with great length: they were at
least 5-10 pm long, emanated from small clusters serving as nucleation centers surrounded by
short, curly fibrils/protofibrils and formed a huge, web-like structure (Fig. 8.C).

6.1.3

Effect of sample preparation on the aggregation of A f[25-35]a

The standardization of the dissolution of AP[25-35] a is also a demand, because this
peptide is widely applied both for chemical and biological studies. In order to examine the
initial aggregation state of AP[25-35] a in the samples prepared for biological experiments, two
different investigations were performed. In the first one, the solution of the undecapeptide in
d.i. water (c=0.5 mg/ml, routinely applied for the TEM visualization of the peptide
aggregates) was ultrasonicated for 5 min, whereas in the second set of experiments,
Ap[25-35] a was sonicated in DMSO for 10 minutes and diluted in a stepwise manner with d.i.
water to the final peptide concentration of 0.5 mg/ml (DMSO content of the final sample was
0.1% (v/v)).

Fig. 9. TEM images of AJ3[25-35]a dissolved either in d.i. water (A1-A3) or pre-treated with DMSO followed by
a dilution with d.i. water to a final DMSO content of 0.1% (v/v) (B) and incubation of the first sample for 6 days
or several weeks (C and D, respectively).
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In both cases, the aggregation was studied by TEM in the freshly prepared solutions as
well as after 60 minutes of incubation of each sample at 37 °C (Fig. 9.A1-A3 and B). There
were no detectable changes in the aggregation profile of the peptides during this short
incubation period, thus the pictures represent the 0 and 60 min state of the aggregation as
well. The sample obtained by dissolving the peptide in water contained sparsely spread,
separated, smooth amyloid fibrils 7-9 nm wide and 200-700 nm long (Fig. 9.A1,
representative montage of several images), as well as huge, partially solvated aggregates
resembling loose balls of yam with an average diameter of 2 nm (Fig. 9.A2). Inside these
'balls' a web of long, mature fibres was present (Fig. 9.A3). It is possible that these wellordered fibrillar aggregates were formed during the purification of the synthesized peptide.
They kept their structure upon the lyophilization, which made the solvation of AP[25-35]a in
pure water imperfect. In order to avoid this incomplete dissolution, the pre-formed aggregates
had to be destroyed using chaotropic solvents like DMSO or HFIP. In this case, treatment of
the peptide with DMSO and sonication resulted in the disappearance of the aggregates, and
the dilution of this 'stock' solution with water did not initiate the formation of amorphous
aggregates observable by TEM (Fig. 9.B).
Several studies have already proven [99] that the aggregation process of Ap[25-35]a is
relatively slow compared to that of AP[l-42]; the fibril formation of Ap[25-35]a usually takes
several days in d.i. water at 37 °C. Protofibrils that can be observed by TEM, appeared only
after 6 days of incubation of the peptide. The samples (A1)-(A3) were centrifuged at 1000 x g
for 3 minutes in order to remove the huge undissolved aggregates and incubated at 37 °C for 6
days. It is clearly seen in Figure 9.C that AP[25-35]a formed a large number of short, rod-like
aggregates with an average diameter of 6 nm and a length between 20 nm and 120 nm under
these experimental conditions. These dimensions are typical for protofibrils; mature, several
pm long, smooth or occasionally twisted fibrils could only be found in the sample after a
prolonged incubation time (several weeks, Fig. 9.D).
6.2

DESIGN AND SYNTHESIS

OF AGGREGATION INHIBITORS BASED ON

MODIFIED ¡¡-AMYLOID SEQUENCES: Pr-IIGLa AND LPYFDa
6.2.1 Design of compounds based on the peptide sequence Pr-IIGLa
The advantageous effect of the tetrapeptide Pr-IIGLa against the toxicity of Ap[l-42]
was first described by our group in 1997. We did not have a fast biological method to screen
the efficacy of our molecules at that time. On the basis of the available cell counting
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technique and some in vitro measurements [106] we used our chemical intuition and
experience in the design of the putative aggregation inhibitors. Their usefulness was explored
only later, after the introduction of the MTT-assay as a powerful screening method.
Unfortunately, a number of compounds which had been designed and synthesized earlier
turned out to be ineffective in the MTT-test. All of the synthesized peptides and their
analytical parameters are summarized in Table 1.
Name

Sequence

DIIGL a

Asp-Ile-Ile-Gly-LeuNH2
H 2 N-(CH 2 ) 3 -CO-Ile-IleGly-Leu-NH 2
Lys-Ile-Ile-Gly-LeuNH 2
Arg-Ile-Ile-Gly-LeuNH 2
H 3 C-CH 2 -CH(CH 3 )CH 2 -CO-Arg-Ile-IleGly-Leu-NH 2
H 3 C-CO-Arg-Ile-IleGly-Leu-NH 2
H 3 C-CH 2 -CO-Arg-IleIle-Gly-Leu-NH 2
H 3 C-(CH 2 ) 4 -CO-ArgIle-Ile-Gly-Leu-NH 2
H 3 C-(CH 2 ) 6 -CO-ArgIle-Ile-Gly-Leu-NH 2
H 3 C-(CH 2 ) 14 -CO-ArgIle-Ile-Gly-Leu-NH 2

Gaba-IIGL a
KIIGL a
RIIGLa
iVa-RIIGLa

Ac-RIIGL a
Pr-RIIGL a
Hex-RIIGL a
Oct-RIIGL a
Pal-RIIGL a
Kyn-RIIGL a

OH

Molecular Mass
Calculated Measured
ESI-MS
528.7
528.3

HPLC
Gradient
Retention
time/min
30-50%
5.390

MTT
(% viability)
47.2±4.8

498.7

498.3

30-50%

5.468

48.4±2.1

541.7

541.4

24-40/

5.605

41.7±1.3

569.8

569.4

25-45%

5.945

86.5±2.7

653.9

653.4

40-80%

8.911

15.6±1.3

611.8

611.2

30-50%

6.828

17.0±0.3

625.8

625.3

30-50%

11.873

29.3±1.6

667,8

667.5

50-70%

6.839

41.3±0.8

695.8

695.5

50-95%

7.952

-9.5±2.0

808.2

807.5

40-100%

21.42

-37.8±1.1

740.9

740.3

40-70%

8.044

65.4±1.1

674.8

674.4

40-60%

7.872

74.1±1.4

569.8

569.4

30-50%

4.782

39.2±1.6

569.8

569.3

25-40%

4.761

59.7±2.4

609.8

609.4

30-50%

4.750

61.0±0.6

611.8

611.2

30-50%

5.983

37.9±5.8

. 527.7

527.4

15-35%

6.531

56.U0.6

443.5

443.1

5-25%

3.985

20.8±0.5

401.4
665.8

401.1
665.3

0-20%
30-50%

3.634
7.026

15.4±0.6
54.2±0.8

609.8

610.0

25-40%

8.976

18.3±0.9

CX^X-^Arg-lte-He-Gly-Leu-NH,
0

Nic-RIIGL a

0
(|

-

Arg-lle-lle-Gly-Leu-NH,

N

nigh
lgiira
RIIPL a
RII(NMe)GL a
RVVGV a
RAAGA a
RGGGG a
Pr- RIIPLa
rIIPL a

DArg-DIle-DILe-GlyDLeu-NH 2
DLeu-Gly-DIle-DIleDArg-NH 2
Arg-Ile-Ile-Pro-LeuNH 2
Arg-Ile-Ile-Gly(NMe)Leu-NH 2
Arg-Val-Val-Gly-ValNH2
Arg-Ala-Ala-Gly-AlaNH2
Arg-(Gly) 4 -NH 2
H 3 C-CH 2 -CO-Arg-IleIle-Pro-Leu-NH 2
DArg-Ile-Ile-Pro-LeuNH 2
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Name

Sequence

Pr-rIIPL a
Kyn-rIIPL a

H 3 C-CH 2 -CO-DArgIle-Ile-Pro-Leu-NH 2
OH

Molecular Mass
Calculated Measured
ESI-MS
665.8
665.4

HPLC
Gradient
Retention
time/min
33-48%
7.199

MTT
(% viability)

55.3±0.9

779.0

780.4

40-60%

6.165

26.7±1.0

708.0

708.4

50-70%

4.600

-8.9±1.3

848.2

848.6

50-100%

11.572

-6.7±0.4

737.9

738.3

35-55%

8.313

17.8±0.7

665.9

665.3

45-65%

7.172

0.0±0.4

806.2

806.4

50-100%

11.962

2.2±1.0

697.8

698.3

35-55%

5.413

24.4±0.7

625.8

625.3

45-65%

4.650

6.7±0.7

766.0

765.5

50-100%

11.608

-15.6±0.6

O-^Y'DArg-lle-lle-Pro-Leu-NH,
0

Hex-rIIPL a
Pal-rIIPL a

Kyn-rIaPL a

H 3 C-(CH 2 ) 4 -CO-DArgIle-Ile-Pro-Leu-NH 2
H 3 C-(CH 2 ) 14 -CODArg-Ile-Ile-Pro-LeuNH2
OH
O^-UDArB-lle-DAIa-Pro-Leu-NH,

Hex—rIaPL a
Pal-rIaPL a

Kyn-rIaGL a

H 3 C-(CH 2 ) 4 -CO-DArgIle-DAla-Pro-Leu-NH 2
H 3 C-(CH 2 ) 14 -CODArg-Ile-DAla-ProLeu-NH 2
OH
O^g-DArg-lle-lle-Gly-Leu-NH,

Hex-rIaGL a
Pal-rIaGL a

H 3 C-(CH 2 ) 4 -CO-DArgIle-DAla-Gly-Leu-NH 2
H 3 C-(CH 2 ) l4 -CODArg-Ile-DAla-GlyLeu-NH 2

Table 1. Synthesized derivatives of Pr-IIGL;

Pr-IIGL a was initially considered an 'antagonist' presuming that it acts on several cellsurface Ap receptors. Therefore, the sequence was modified taking into account the general
rules of screening: the Ala- and D-Ala scan resulted in 8 new compounds which were tested
in cell counting experiments (data not shown). Replacement of the second lie by D-Ala
seemed to improve the efficiency of the parent molecule. This result was later employed in
the design of new peptides.
Another feature to be changed was the poor solubility of Pr-IIGL a . Administration of
the tetrapeptide derivative in an in vivo experiment required the application of TFA as solvent
[107], Introducing a charged residue could overcome this solubility problem, so the propionyl
group was replaced by Arg in a group of peptides. As a result, the solubility was improved.
Since the molecule with its free N-terminus became unprotected against aminopeptidases,
acylation at the N-terminus of RIIGL a might solve this stability problem. Besides, we
assumed that acyl groups with longer chain could help to anchor the molecule in the
membrane, and possibly assist its attachment to the hypothetical cell surface receptor. For this
goal, we systematically lengthened the acyl group (Ac, Pr, Hex, Oct, Pal), or used a branched
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group (iVa). In some cases, special acylating agents were applied like kynurenic acid (Kyn) or
nicotinic acid (Nic) which not only can protect the peptide from enzymatic degradation, but
can also exert advantageous neurophysiological effects themselves in biological systems
[154-157].
Protection against enzymatic degradation can be achieved by applying D-amino acids.
Thus, in some cases D-Arg was built in the molecule instead of Arg.
One conventional method in the design of the aggregation inhibitors is to build proline
substituents in the selected recognition sequence. Proline, which has the ability to block the
formation of P-pleated conformations [158,159], can efficiently diminish the propensity of the
recognition element to self-aggregate. Besides, Hughes et al. [160] reported that systematic
N-methylation in the Ap[25-35]a sequence changes the aggregation properties of the peptide
remarkably, and the NMeGly33 derivative of the undecapeptide proved to be an effective
inhibitor of the aggregation of the wild type AP[25-35]a. Based on these previous findings, we
substituted Gly in the RIIGLa sequence either for Pro (RIIPLa) or NMe-Gly (RII(NMe)GLa)
in order to ascertain, whether the conformation-restriction and the N-methylation improve the
disaggregation efficacy of the inhibitor. Both the RIIGLa and the RIIPLa sequences were
further modified based on the results of the D-Ala-scan (see above) resulting in rIIPLa, rIaGLa
and rIaPLa peptides. These molecules were also acylated with several acylating agents.
The compounds described above were investigated with the MTT-assay. The results
showed that in spite of the extensive modifications, the RIIGLa pentapeptide was the most
potent molecule against the AP-mediated neurotoxicity. Hence, further studies were focused
on this pentapeptide.
In order to examine the role of the positively charged guanidino-fimction in the
mechanism of the observed neuroprotection, Arg was replaced with several amino acids
having positive or negative charge in the side chain (Lys and Asp), or one positive charge at
y-position (Gaba) in the sequence of RIIGLa. The stereospecificity of the binding of RIIGLa
was compared with the all-D analogue riigla and the all-D reverse form lgiira. The role of the
IIGL recognition motif in the precise fitting of the peptide to the conformation of the
aggregated amyloid and in the consequent neuroprotective effect was monitored by the
simultaneous modification of the branched side-chains in the IIGL sequence. Either the chainlength of both lie and Leu was systematically reduced by one methylene-group resulting in
R W G V a or these amino acids were replaced by die unbranched, more flexible Ala in the
sequence (RAAGAa). The RGGGGa was also synthesized and examined as a negative control,

31

because due to the complete reduction of the side chains, the possibility of their interaction
with Ap[l-42] could be minimized.
6.2.2

Results of the MTT experiments

The MTT assay furnishes sets of adsorbances proportional to the amount of formazan
produced by the cells in each well of a cell culture plate. Each plate contained wells of
'control' cells treated with a solvent without AP[l-42], Another set of cells was treated with a
solution containing only AP[l-42]; this set is referred to as 'Abeta' (Fig. 10 and Fig. 11). The
AAIs were then applied either alone or in a mixture with AP[l-42] (for details see Materials
and Methods). As the adsorbances of both the 'control' and the 'Abeta' differ between the
plates used in different measurements, the so-called 'percentage of viability' values were
normalized to their difference:
= 4 = ^ x 1 0 0
control

Eq.l

AfJ

where Al denotes the mean absorbance of the species 'i'.
The resulting data describe the effect of the AAI itself on the cells (which can be either
toxic or non-toxic) compared to the toxicity of Ap[l-42] or the capability of the AAI to
prevent the cells from the neurotoxic effect of Ap[l-42],
A

molecule was considered 'non-toxic' when its

%viabiiity

value was greater than

80%

whereas between 0 and 80% it was regarded as a 'toxic' material. Figure 10 depicts the
relative toxicity values of those compounds whose

%viabiiity

did not reach

80%.

The viability

data of the remaining compounds are over this limit, therefore they are not represented here
and are considered non-toxic.

RIGL RIGL RIGL RIGL RIGL rlIPL rlIPL rfIPL tlaPL rlaPL rlaPL rlaGL rlaGL rlaGL
Fig. 10. Results of MTT assays of those peptides which showed self-toxicity when applied alone. For the detailed
evaluation see text. All %viabiiity values were significantly different from both control and Abeta at P<0.01 level
of confidence.
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The last column of Table 1 contains the data relating to the protecting efficiency of the
putative AAIs compared to the toxic effect of Ap[l-42], Figure 11 depicts the protecting
efficacy of the peptides which did not have self-toxicity (these are not shown in Fig. 10).
100.0

Fig. 11. Results of MTT assays of the peptides which did not show self-toxicity. The protecting efficiency of the
peptides against Afi[l-42] is depicted when applied together. All %Viabiiity values were significantly different from
both control and Abeta at P<0.01 level of confidence.

Above 80% viability, the peptide possessed a superior protecting ability and was
further examined in other, more specific biological experiments such as in vitro or in vivo
electrophysiology. Between 60-80% viability, the compound had only a moderate effect on
the AP[l-42] mediated neurotoxicity. Below 60%, the molecule was considered as a poor
protecting or a non-protecting compound. Occasionally, when the molecule showed strong
self-toxicity, the normalization process gave negative values indicating that the total effect
was the result of the inner and the Ap[l-42]-mediated toxic action (for data see Table 1).

6.2.3

Aggregation of A [3[3 l-35]a and its derived aggregation

inhibitors

The aggregation of both Pr-IIGL a and RIIGL a was studied by TEM. AP[31-35] a was
used as a control peptide because it contains the relevant (IIGL) sequence but shows no
neuroprotection. In these experiments the peptides were dissolved in d.i. water by constant
agitation with an automatic pipette for 2 min (concentration: 1 mg/ml for AP3i_35a and RIIGL a ,
and 0.5 mg/ml for Pr-IIGL a ) and sonicated for 10 min. Samples were incubated from 1 to 6
days at 37 °C. The pictures in Figure 12 show that Ap[31-35] a and RIIGL a did not aggregate
even after 6 days in a relatively high concentration, as there are no signs of aggregates in
pictures A and B. On the contrary, Pr-IIGL a exhibited a very strong propensity for
aggregation, as demonstrated in pictures C l d and C6d. After incubation for 1 day
(Fig. 12.Cld), the peptide formed wide flakes at most 200 nm long, with a diameter of 20 to
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30 nm. After 6 days (Fig. 12.C6d), mature, well-ordered strands (2-3 pm long and 10-40 nm
wide) were formed, and the short aggregates disappeared completely from the sample.

Fig. 12. TEM images of (A) A(3[31-35]a incubated for 6 days at 37 °C, (B) RIIGLa incubated for 6 days at 37 °C,
(Cld) Pr-IIGLa incubated for 1 day at 37 °C and (C6d) Pr-IIGLa incubated for 6 days at 37 °C.

6.2.4

How

can the inhibitor

compound

RIIGLa

influence

the aggregation

of

A(i[l-42]?
At the beginning of the inhibitor design based on the Pr-IIGL a sequence we assumed
that this molecule acts through some kind of receptor-mediated mechanism. However, the
constantly emerging data suggested that the short peptides, behaving like an AAI, could alter
the aggregation process of Ap[l-42] by binding to the surface of the Ap[l-42] aggregates and
inhibiting their further association [161].
This phenomenon was visualized by a series of TEM experiments, in which AP[l-42]
was dissolved in d.i. water with the aid of agitation by an automatic pipette for 2 min either
alone (c = 100 pM) or together with RIIGL a (capp-42]

=

100 pM,

Criigu

= 500 pM) and

sonicated for 5 minutes. The samples were incubated from 1 to 6 days at 37 °C. Figure 13
presents the TEM images of the aggregation process when Ap[l-42] was incubated alone or
in the presence of RIIGL a (cAp[i-42f cR[iGLa = 1:5) at 37 °C for several days. The controls at 0
min contained no fibrils (data not shown). After incubation for 1 day, both samples (Fig.
13.Ald and Bid) contained fibrillar aggregates, but there were some differences. AP[l-42]
alone formed irregular, lumpy, occasionally branching protofibrils 10-100 nm long and
6-8 nm wide, and some 200-400 nm long smooth, straight fibrils as well (Fig. 13.Ald). In the
sample containing a mixture of Ap[l-42] and RIIGL a (Fig. 13.Bld), the above mentioned
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structures were present, but only a few mature amyloid strands were seen as compared to
Ap[l-42] alone.

Fig. 13. Effect of RIIGLa on the aggregation of Ap[l-42], Ap was incubated either alone (c = 100 pM) or
together with RIIGLa (c = 500 pM) at 37 °C for 1 or 6 days (Aid and Bid or A6d and B6d, respectively).

The difference in the aggregation process between the two samples was much more
pronounced after 6 days: AP[l-42] alone formed predominantly mature, 2-3 pm long fibres
(Fig. 13.A6d), whereas co-incubation with RIIGL a completely inhibited the fibril formation of
AP[l-42] (Fig. 13.B6d). In this sample, sparsely distributed small, irregular, 10-40 nm long
protofibrils and amorphous, three-dimensional, non-fibrillar microaggregates with a diameter
of 0.5-2 pm were present ( Fig. 13.B6d, insert).
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6.2.5

Design of compounds based on the LPYFDa sequence

As discussed previously, LPFFD is an extensively studied peptide considered as a
BSB compound. We also applied it in our experiments frequently as a reference standard. A
chemical modification of this peptide that enables it for consecutive isotope-labeling, resulted
in LPYFDa which was accidentally found to efficiently inhibit the neurotoxic effect of preaggregated Af3[l-42] in MTT viability assay. Consequently, we focused on sequence
modifications which could improve the bioavailability of this lead molecule without
decreasing its neuroprotectivity. Table 2 lists some of the synthesized compounds.
Name

Sequence

LPFYD a

Leu-Pro-Phe-Tyr-AspNH2
Leu-Pro-Tyr-Tyr-AspNH2
Ala-Pro-Tyr-Phe-AspNH2
Val-Pro-Tyr-Phe-AspNH2
Leu-Pro-Tyr-Phe-Ala-OH
Leu-Pro-Tyr-Phe-AlaNH2
Leu-Pro-Tyr-Phe-ßAlaOH
Asp-Phe-Tyr-Pro-LeuNH2
DLeu-DPro-DTyr-DPheDAsp-NH 2
DAsp-DPhe-DTyr-DProDLeu-NH 2
Leu-(NMe)Gly-Tyr-PheAsp-NH 2
DLeu-Pro-Tyr-Phe-AspNH2
H 3 C-CO-Pro-Tyr-PheLeu-NH 2

LPYYDa
APYFDa
VPYFDa
LPYFAqh
LPYFAa
LPYFßAoH
DFYPLa
lpyfda
dfypla
L(NMe)GlyYFD a
lPYFDa
Ac-PYFLa

Molecular Mass
Calculated Measured
ESI-MS
652.8
652.6

HPLC
Gradient Retention
time /min
27-42%
7.569

MTT (%
of
control)
42.9±0.7

668.8

668.5

22-37%

7.888

63.0±0.9

610.7

610.3

20-40%

6.426

80.4±0.8

638.7

638.4

25-45%

5.777

63.0±0.6

609.7
608.7

609.3
608.4

30-45%
28-43%

8.025
7.679

33.3±1.1
73.8±0.9

609.7

609.4

30-45%

6.895

23.3±1.7

652.8

652.5

35-65%

5.326

45.5±1.0

652.8

652.4

27-42%

7.560

2.2±0.8

652.8

653.4

35-65%

6.035

0.0±0.8

626.7

626.3

25-40%

8.375

66.0±0.4

652.8

652.4

30-50%

5.417

58.7±1.1

579.7

579.3

35-55%

8.115

4.5±0.7

LPYA-PEA

Leu-Pro-Tyr-Ala-NH-CH2-CH2*Q>

566.0

566.3

33-48%

8.950

44.4±0.7

PYF a
HypFFa

Pro-Tyr-Phe-NH 2
//•a«5-4-OH-Pro-Phe-PheNH2

424.5
424.5

424.3
424.1

20-40%
25-45%

9.080
6.711

2.3±0.4
9.3±0.7

Table 2. Synthesized peptides based on the sequence LPYFD a not involved in the preliminary patent

At the first step, the importance of each residue in the overall biological effect was
investigated by altering the position of Tyr or replacing some of them in the sequence
(LPFYD a , LPYYD a , APYFD a , VPYFD a , LPYFA OH , LPYFA a ). The all-D (lpyfd a ), the reverse
(DFYPL a ) and the all-D reverse (dfypl a ) derivatives were also synthesized and tested. Pro was
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replaced by (NMe)Gly; the latter possesses a secondary amino group as well, but with slightly
more conformational freedom than proline (L(NMe)GlyYFDa). The last five molecules in
Table 2 represent some modifications that were applied in the synthesis of 45 additional
compounds: acylation at the N-terminus, transamination with phenylethylamine, shortening of
the peptide chain, and application of several non-natural amino acid derivatives or D-amino
acid analogues. The further discussion of these 45 compounds in my PhD thesis is yet
prohibited, because they constitute the basis of a joint patent of the Biogal-Teva
Pharmaceutical Company and the Department of Medical Chemistry, University of Szeged.
The patent entitled 'Peptides and peptidomimetics for the therapeutical treatment of
neurodegenerative diseases associated with abnormal protein folding to amyloid-like
deposits' was submitted as 'Preliminary patent' at the end of March, 2005.
6.2.6 In vitro results of the analogues ofLPYFDa
The MTT assay (Table 2, last column) was performed and evaluated in the same way
as in the case of the inhibitor design based on the Pr-IIGLa sequence. None of these
compounds showed self-toxicity. The binding of the LPYFDa pentapeptide proved to be
stereospecific as both the all-D (lpyfda) and the all-D reverse (dfypla) form were inactive
when they were co-incubated with AP[l-42]

(%Viabffity:

2.2±0.8 and 0.0±0.8, respectively).

Further results are discussed in the preliminary patent.
6.2.7 How can LPYFDa influence the aggregation of Afi[l -42]?
It has been shown above that RIIGLa is able to protect against the neurotoxic effect of
AP[l-42] since it acts as a real AAI by impeding the fibril formation of AP[l-42]. On the
other hand, LPYFDa proved to counteract the neurotoxic effect of the fibrillar AP[l-42].
Therefore, it must be answered whether LPYFDa acts the same way as RIIGLa or its efficacy
is due to a different mechanism. The same experiment was performed with LPYFDa as with
RIIGLa: file fibrillization of either pure AP[l-42] or its mixture with LPYFDa was monitored
in parallel experiments for 5 days with TEM. Sample preparation and handling was carried
out following the methodology described in Section 6.2.4.
The results are depicted in Figure 14.A-B. The images of Figure 14.A represent the
aggregation course of AP[l-42] itself, while images of Figure 14.B show the effect of
LPYFDa on the aggregation of Ap[l-42].
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Fig. 14.A. Effect of LPYFDa on the aggregation of Ap[l-42], The images represent the fibrillization process of
Ap[l-42] during a five-day examination period, (after 1 hour (Alhl), 1 day (Aids, Aldl), 2 days (A2ds, A2dl)
and 5 days (A5ds, A5dl)) at smaller (s) or larger (1) magnification.

The results clearly demonstrate that LPYFD a , applied in 5 molar excess changed the
aggregation characteristics of Ap[l-42]. During the 5 day examination period, pure Ap[l-42]
formed several pm long, smooth, occasionally branched, mature fibrils (Fig. 14.A), whereas
co-incubated with LPYFD a , both large, amorphous microaggregates with an average diameter
of 7-800 nm (Fig. 14.B V series) and small, flexible protofibrils were present together with
the AP[l-42] fibrils in the sample (Fig. 14.B T series).
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Fig. 14.B. Effect of LPYFDa on the aggregation of AP[l-42]. The images represent the aggregation of AP[l-42]
co-incubated with LPYFDa during a five-day examination period, (after 1 hour (Alhl), 1 day (Aids, Aldl), 2
days (A2ds, A2dl) and 5 days (A5ds, A5dl)) at smaller (s) or larger (1) magnification.

6.3

SYNTHESIS OF PEPTIDES WITH ELUORESCENT
6.3.1

Improvement

GROUPS

of the generally used fluorescent

labeling techniques both in

liquid and solid phase
The summary of the labeled peptide sequences, applied techniques and analytical
parameters is given in Table 3.
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Sequence

Aß[25-35] a

Aß[l-40] a

RIIGLa
eAca- RIIGLa

LPFFDa
LPYFD a

Labeling
method
reagent
liquid
phase
solid
phase
solid
phase
solid
phase
solid
phase
liquid
phase
solid
phase
solid
phase
liquid
phase
solid
phase

FITC

Molecular Mass
theoretical
measured
(ESI-MS)
1447.9
1447.6

HPLC
Retention
time (min)
30-90%
10.926

gradient

5(6)CFLU
AMCA

1416.9

1416.9

40-90%

5.521

1272.8

1272.6

30-80%

7.052

5(6)CFLU
AMCA

4686.9

4687.2

40-85%

9.418

4544.1

4542.9

40-65%

13.302

FITC

959.4

959.1

30-70%

15.071

5(6)CFLU
5(6y
CFLU
FITC

1041.2

1041.3

40-90%

7.053

996.1

995.9

60-80%

5.232

1042.2

1041.5

5-80%

22.549

5(6)CFLU

1010.1

1010.3

50-70%

6.184

Table 3. Summary of labeled peptides

6.3.1.1 Labeling in liquid phase
Three peptides were labeled with FITC in liquid phase: A(3[25-35]a, LPYFD a , and
RIIGL a (Table 3). All peptides were synthesized in solid phase using Boc-chemistry and
cleaved from the resin with HF. The e-amino group of Lys in A(3[25-35]a was protected with
Fmoc-group which was stable during HF cleavage.
The fluorescent labeling process was very simple. The peptide, e.g. [Fmoc-Lys 28 ]
Ap[25-35] a was dissolved in DMSO. This solvent was chosen because it solubilized the
highly aggregated A0 peptides perfectly. The reaction was then performed with FITC under a
N2-blanket at 20 °C in darkness overnight (Fig. 15).

Using 1.2 molar excess of peptide to FITC resulted in a much purer crude product than
an excess of FITC. The Fmoc-protecting group was removed by using 20% piperidine which
was added in situ to the reaction mixture in a 20 min reaction. Piperidine was then neutralized
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with an equivalent amount of TFA and the highly hydrophobic N a -FTC-AP[25-35] a was
immediately purified by loading the reaction mixture directly onto a semipreparative HPLCcolumn. The labeling of the pentapeptides was performed similarly, but without N £ -Fmoc
protection.

6.3.1.2 Labeling in solid phase
Seven peptides labeled with a fluorescent group at the N-terminus were synthesized by
Fmoc-chemistry in solid phase (Fig. 16): 5(6)-CFLU-Ap[25-35] a , AMCA-Ap[25-35] a , 5(6)CFLU-AP[l-40] a ,

AMCA-AP[l-40] a ,

5(6)-CFLU-£Aca-RIIGL a

5(6)-CFLU-LPFFD a

and

5(6)-CFLU-LPYFD a (see Table 3).
GS(ffiu)NK(Boc)GAI I G L M — ( ? )
I. 5(6)-CFLU/DCO HOBt
/
II.TFA/HjO/thiocresol/phenol/ /
DTT/TBAI/DMS
./

\
\
\

I. AMC/V HOBt/HBTU/DIEA
11. TFA/ HjO/ thiocresol/phenol/
DTT/TBAI/DMS

NH-GSNKGAIIGLM-NH,

GSNKGAIIGLM-NH,

Figure 16. Solid phase synthesis of 5(6)-CFLU-AP[25-35]a and AMCA-AP[25-35]a

Cleavage of Met-containing AP peptides from the resin under the usual reaction
conditions resulted in the formation of high amounts of Met-sulfoxide as determined in the
crude product after isolation and characterization of the by-products by ESI-MS.
Proportion of
Cocktail

Composition

[Met(0) 35 |5(6)-CFLUAP|25-35| a in total
peptide amount

A
B
C
6

7

8

£

90% TFA, 10%H 2 0
85% TFA, 6% phenol, 9%
H 2 0, 0.1% DTT
82% TFA, 9% DTT, 9% H 2 0

78%
46%
43%

81% TFA, 5% phenol, 5%

Retention time (min)
D

thiocresol, 3% H 2 0, 2.5%

0%

DTT, 2% DMS, 1.5% TBAI

Figure 17. Portions of HPLC profiles of the crude peptide obtained after cleavage with different cleaving
cocktails. Peak I (R, (retention time): 5.3 min) is assigned to [Met(0)35]5(6)-CFLU-AP[25-35]a, while peak II
(Rt: 8.0 min) is assigned to 5(6)-CFLU-AP[25-35]a. In the table, the composition of the cleaving cocktails and
the percentage of oxidized peptide in the product are presented.
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The ratio of the oxidized and desired peptides depended on the composition of the
cleavage cocktail used (Fig. 17). Several mixtures of DTT (0.1-9%), phenol (0-6%), H 2 0 (910%), TFA (82-90%) were applied, but even a relatively high DTT content (9%) was not able
to suppress the oxidation of Met completely. The following mixture, which is a modification
of the cleavage cocktail of Huang and Rabenstein [162], successfully prevented the oxidation
of Met during cleavage from the resin: 81% TFA, 5% phenol, 5% thiocresol, 3% H 2 0, 2.5%
DTT, 2% DMS, and 1.5% TBAI. With the application of this mixture, no Met-sulfoxide was
detected in the crude product.

6.3.2

Effect of the fluorescent

labeling

on the aggregation

of Af3[l-40]a

and

Afi[25-35]a
Fluorescent derivatives of the A(3 peptides can be applied for biological purposes only
if the labeling does not impede the fibrillization of the peptides. The capability of peptides to
form fibrillar aggregates under the usual experimental conditions was investigated by TEM.

Figure 18. TEM image of (A) 5(6)-CFLU-Ap[l-40] a , (B) AMCA-Ap[l-40] a and (C) 5(6)-CFLU-Ap[25-35]a
aggregated in d.i. water at 37 °C for 3 days.

The standard protocol (see Section 6.1.1, sample of Fig. 7.A1) was applied followed
by incubation at 37 °C for 3 days which led to the results depicted in Figure 18. Extensive
fibril formation could be observed in all cases: the peptides formed long, smooth fibrils.
Nevertheless, the fibrillization process of the fluorescent derivatives proceeded faster than
that of the original sequences (AP[l-40] a formed mature fibrils, while AP[25-35] a formed
only short, rod-like protofibrils after 6 days of incubation), possibly because of the
aggregation promoting effect of the fluorescent aromatic ring systems.
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7.

DISCUSSION

7.1

DETERMINING FACTORS OF THE AMYLOID-TYPE
PITFALLS OF SAMPLE

AGGREGATION

PROCESS

-

PREPARATION

Working with AP peptides is challenging because of their unpredictable aggregation
nature under the applied circumstances. It is important to know, which aggregation state of
the peptide has to be applied in a certain experiment. Moreover, in biological systems pretreatment (e.g. extended incubation in culture media, vortexing and ultrasonication) of the
sample is usually necessary before administration. The possible effect of these pretreatments
on the aggregation of Ap peptides has to be examined, too.
In the case of AP[l-42], the standardization of the dissolution process involves
a treatment of the lyophilized peptide with HFIP in order to destroy the aggregates formed
during purification. The removal of HFIP is optional: sometimes a mixture of HFIP and water
is used for structural studies (e.g. CD investigations). However, TEM experiments have
revealed that the presence of HFIP in the sample alters the fibrillar morphology to a great
extent (Fig. 7.B). It is well-known that HFIP promotes the stabilization of a-helical and
random-coiled segments of the peptide chain, which - together with the P-pleated structural
elements - can possibly result in the observed irregularly shaped structures that reveal the
high structural disorder of the aggregates. On the contrary, when HFIP is removed in vacuo,
the AP[l-42] peptide follows an aggregation kinetics, in which protofibrils and fibrils can be
formed with regular shape and dimensions (Fig. 7.A1). The fibrillization can be further
enhanced by seeding the sample with pre-formed aggregates of the peptide (Fig. 7.C).
Therefore we recommend the following method when a purely fibrillar sample is required for
the investigations: (1) dissolution in HFIP, (2) removal of HFIP in vacuo, (3) repeated
dissolving in aqueous media, (4) sonication for 5 minutes, and (5) seeding. The
ultrasonication helps to dissolve the peptide, while after the incubation period it is routinely
used to destruct the microorganisms which could infect the cells or the animal tested in
biological experiments. We have proven that even extended sonication (30 minutes) can not
break or destroy the fibrils, thus it can be safely applied for sterilization of the samples.
The incubation time required for the formation of mature, several pm long fibrils,
depends on the propensity of the Ap peptides towards aggregation. AP[l-42] forms fibrils
already in 24 hours, although with the pronounced presence of protofibrils. Not surprisingly,
the formation of mature strands of AP[l-40] takes more than one day (Fig. 8. A), which agrees
with the data in the literature. The aggregation profiles of AP[4-42] and AP[5-42] are- quite ^
different: while the latter forms fibrils readily in 24 hours, the aggregation of tfte°former 'i
I
vi
h
V
^
J

compound under the same conditions results only in clusters of aggregates without mature
fibers (Fig. 8.B-C). The significant difference in the aggregation properties of the two
peptides might originate from the different character of the N-terminal residues: while Phe at
the N-terminal of Ap[4-42] is nonpolar, Arg5 in AP[5-42] has ionic character. Our
observations suggest that the 1-11 residue must play an important role in the fibrillization
process in spite of its disordered structure. This interesting finding has to be investigated
further.
AP[25-35]a is a widely studied fragment of the full-length Ap. It is able to aggregate
under the appropriate circumstances and possesses strong neurotoxicity. Although the
mechanism of aggregation of AP[25-35]a differs from that of AP[l-42]a in some aspects, it is
frequently used in biological experiments because of its easy handling and relatively low
price. However, samples containing AP[25-35]a have to be prepared carefully, as this
fragment dissolves poorly in water and physiological buffer solutions. Our TEM examinations
have proven, that the dissolution of the peptide in water is imperfect: the sample contains
fibrillar aggregates (Fig. 9.A1-A3). In order to destroy the pre-aggregated structures, not only
HFIP can be applied, but DMSO also. The removal of this solvent is not necessary as the
biological systems can tolerate DMSO when diluted to a relatively small final concentration
(0.5% (v/v)). Under these conditions, fibril formation of AP[25-35]a has not been observed in
one hour (Fig. 9.B), which is a requirement for some biological experiments. Formation of
fibrillar structures of AP[25-35]a can be achieved after a minimum of 6 days (Fig. 9.C-D).
7.2

DESIGN OF AGGREGATION INHIBITORS
The Pr-IIGLa molecule behaved ambivalently in biological experiments: in some cases

it was neuroprotective [106,107], while in the MTT test it showed moderate toxicity
(37.8±0.5, self-toxicity result). It is still not ascertained, whether the aggregation of an AP
peptide is a necessary factor for its toxicity, but vice versa it is accepted that the ordered
aggregates are neurotoxic. One might ask whether it is possible that the ambivalent behaviour
of Pr-IIGLa is a consequence of some kind of ordered aggregation process which results in the
formation of a toxic species. If this is indeed the case, it has to be proven that its derivatives
lack this phenomenon while keeping the advantageous properties at the same time. Therefore,
the aggregation of Pr-IIGLa, and Ap[31-35]a was studied with TEM (Fig. 12) The results
prove that Pr-IIGLa displays a strong tendency to aggregate in aqueous solution by forming
fibrils within a relatively short time, whereas AP[31-35]a did not develop well-ordered
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structures under the applied experimental conditions. The propensity of Pr-IIGLa towards
aggregation may explain its neurotoxicity observed in the MTT assay.
The design and synthesis of peptide derivatives based on Pr-IIGLa resulted in 31 new
molecules. Their testing in MTT-assays revealed that acylation with a long or branched
hydrophobic acyl residue caused extended self-toxicity which reached its maximum in the
case of palmitoyl derivatives. It is assumed that the observed toxicity was caused either by the
poor solubility or by the probable membrane-disturbing ability of these peptides. Acylation
with kynurenic acid led to moderate self-toxicity, albeit kynurenic acid is a well-known
neuroprotective compound. Interestingly, the all-D reverse form, lgiira proved to be toxic as
well, even though the reasons of this phenomenon remained unclear.
Concerning the neuroprotective effect of the syntesized short peptides, the results of
die MTT assays revealed that RIIGLa exerted an outstanding protecting efficacy (86.5±2.7%)
(last column of Table 1, and Fig. 11). Moreover, it was effective both in in vitro and in vivo
electrophysiology trials (for the detailed description of the methodology and the results see
[164]). The binding between the pentapeptide and die toxic amyloid aggregates proved to be
stereospecific, as neither the all-D (39.2±1.6) nor the all-D reverse form (59.7±2.4) was able
to reach the efifectivity of RIIGLa. On the basis of these results we may conclude that both the
direction of the peptide bond and the application of L-amino acids seem to be essential for the
biological activity. The guanidino group of Arg and the IIGL recognition sequence are also
important factors, as both the replacement of Arg with other amino acids containing ionic
groups in their side chain (Lys or Asp), and the systematic shortening of the lie residues
(RWGV a , RAAGAa and RGGGGa) resulted in the loss of the original activity. Replacement
of Gly by Pro altered the activity moderately (RIIPLa: 61.0±0.6); interestingly, the (NMe)Glysubstituted derivative possessed only poor activity (RJI(NMe)GLa: 37.9±5.8). Unfortunately,
acylations of the amino terminus of the peptide and replacements of D-amino acid analogues
caused a significant loss in the biological activity with the exception of Kyn-RIIGLa
(65.4±1.1) and Nic-RIIGLa (74.1±1.4). The former showed slight self-toxicity which
deteriorated the plausible effectiveness of the peptide.The latter, being non-toxic, could serve
as a candidate in the lead-optimization process together with RIIGLa. In this case, the role of
the nicotinyl residue in the mechanism of the action must be elucidated.
TEM fibrillization experiments revealed that RIIGLa did not aggregate when it was
applied alone (Fig. 12.B). Moreover, it could be considered as a real 'amyloid aggregation
inhibitor' as it was able to significantly hinder the fibril formation of AP[l-42] in 6 days
(Fig. 13).
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With the modification of the 'Soto-peptide' LPFFD, we obtained the LPYFDa
molecule which exerted a superior neuroprotective effect against AP[l-42] in MTT assay
[160]. Consequent biological examinations revealed that LPYFD was able to significantly
decrease neurite degeneration in a differentiated SH-SY5Y neuroblastoma cell culture [163],
and proved to be efficient both in in vitro and in vivo electrophysiological experiments [164].
Our efforts to increase the efficacy of LPYFDa by sequence modifications brought no success;
in most cases, a significant loss of the biological activity was observed. The smallest decrease
of the viability was observed in the case of the Leu—• Ala change (Table 2). This finding was
successfully utilized in the subsequent lead-optimization process which resulted in 50 new
molecules, 45 of which are planned to be patented as potential neuroprotective agents against
the Ap[l-42]-mediated toxicity. Metabolic and biodistribution studies have already proven
that some of the compounds possess appropriate enzyme resistance, adequate biodistribution
and are able to pass even the BBB. These properties can make it possible for the molecules to
be applied in clinical trials as drug candidates.
According to the findings of Soto, LPFFD was defined as a BSB molecule. As our
compound, LPYFDa differs only in a minor extent from LPFFD, we might ask whether it acts
through the same mechanism as LPFFD does. The TEM results have revealed that LPYFDa
does indeed alter the aggregation profile of A(l[l-42], but the mechanism of its action can not
be explained solely with an aggregation inhibiting effect (Fig. 14.A-B). On the contrary: new
structures (large associates with an unknown structural order, possibly P-sheets combined
with random coiled segments) were formed together with the usual aggregate forms (i.e.
protofibrils and fibrils). Thus, LPYFDa can not be considered as a real AAI as it is not able to
inhibit the aggregation of AP[l-42] completely, but rather, it changes the aggregation
characteristics of this AP peptide. The resulting biological effectiveness of LPYFDa might not
be caused merely by the reduction in the amount of toxic species involved in the aggregation
process (which could be due to the appearance of die large, amorphous associates); covering
the surface of the aggregates, and preventing their interaction with cell membrane proteins
must also play an important role.
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7.3

FLUORESCENT LABELING FOR THE INVESTIGATION OF THE MECHANISM
OF P-AMYLOID TOXICITY
Several methods are known in the literature to obtain peptides or proteins labeled with

fluorescent groups. The most popular choice is to bind the fluorotag molecule to a free amino
group of the parent molecule. Usually the parent peptide or protein is commercially purchased
or isolated from biological sources. Therefore, the labeling in liquid phase is preferred in a
reaction which results in either easily removable or even no by-products at all. The
isothiocyanate derivatives of the fluorotags are commonly used for labeling reactions, as the
single product is a thiocarbamoyl derivative of the parent molecule, and the excess of the
fluorotag can be easily removed by simple dialysis. In our case, the post-synthetic labeling
would lead to polylabeled derivatives, as the parent molecules contain free N-terminal amino
groups and Lys in the sequence. Our aim was to label only the N-terminus, because the
formation of fibrillar aggreagates requires free Lys-residues as they are involved in a salt
bridge with opposite Asp residues which stabilizes the P-hairpin structure of the AP molecules
[40]. Therefore, the commonly used methodology for labeling in liquid phase had to be
modified: Ne-Fmoc side chain protection of Lys during labeling and subsequent removal of
Fmoc-group proved to be a good method for labeling the Ap peptides with FITC, although the
dissolution of the Fmoc-protected peptide required DMSO which made the isolation of the
product from the reaction mixture impossible before purification with HPLC. Thus, the
reaction mixture was directly loaded to the column, resulting in a massive contamination of
the column and problematic purification. The same method was also used for the labeling of
short peptides which contained only a free N-terminal amino group.
On the other hand, there is a possibility to perform labeling on the resin when the solid
phase synthesis method is used. In this case, practically any kind of acid stable carboxylated
fluorophore (eg. 5(6)-CFLU or AMCA) could be used within the frame of a standard Fmocprotocol, as the resulting amide bond between the fluorophore and the peptide withstood the
acidolytic cleavage from the resin. Excess of the reactants could be washed out easily, and the
subsequent cleavage resulted in crude products which contained only small amounts of
impurities. In the case of peptides which contained Met, the formation of Met-sulfoxide could
be prevented during acidolysis by using different cleavage cocktails. The best results were
achieved with the application of the cocktail which consisted of 81% TFA, 5% phenol, 5%
thiocresol, 3% H 2 0,2.5% DTT, 2% DMS, and 1.5% TBAI.
In general, it can be concluded that the post-synthetic labeling of peptides with
fluorescent chromophores lacks the easy separation of products from excess reactants, causing
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difficult purification. Therefore, fluorescent labeling in solid phase is a more reliable method
for the preparation of molecules with fluorotags.
The TEM aggregation experiments revealed that labeling of the Ap fragments at the
N-terminus did not worsen the aggregation properties of the peptides, and that mature
fibrils could be obtained in much less time than in the case of the non-labeled compounds
(Fig. 18). The labeled peptides are currently utilized for fluorescent microscopic studies of
the distribution of different Ap aggregates in rat brain.
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8.

CONCLUSIONS
The major results of this PhD research are the following:

•

I succeeded in adopting the methodology of TEM for the visualization and
characterization of the AP peptides synthesized and investigated in our laboratory. This is
an important step forward, since previously we did not have any proper method to
characterize the aggregation state of AP samples applied for biological purposes. Based on
my results, I can now propose tailor-made treatments to obtain properly aggregated
samples of AP peptide according to the demands of different experiments.

•

With a series of TEM experiments I proved that the tetrapeptide Pr-IIGLa is capable of
forming highly ordered, fibrillar aggregates in a relatively short time. The structure and
the mechanism of the association of this peptide are currently under NMR investigation.

•

I prepared 31 compounds by the systematic modification of the Pr-IIGLa sequence, which
were tested in MTT assays. The pentapeptide RIIGLa exhibited the strongest protective
effect against fibrillar AP[l-42]. Besides, it proved to be a real AAI in TEM fibrillization
experiments.

•

The lead optimization process of the LPYFDa pentapeptide involved the synthesis of 61
compounds, 45 of which formed the basis of a joint patent of the Biogal-Teva
Pharmaceutical Company and the Department of Medical Chemistry, University of
Szeged. Some of these compounds can be valuable candidates for therapeutic purposes.

•

I demonstrated that the pentapeptide LPYFDa did not behave like a real AAI. It could
definitely change the aggregation profile of A|3[l-42] but did not impede the formation of
ordered structures considerably.

•

For the investigation of the mechanism of Ap-mediated toxicity at the cellular level, I
worked out effective methods to obtain peptides labeled fluorescently exclusively at the
N-terminus. I prepared the fluorescent derivatives of two Ap fragments (Ap[25-35]a and
Ap[l-40]a) and three pentapeptides (LPFFD, LPYFDa and RIIGLa) either in liquid or in
solid phase. Their application for fluorescent microscopic studies is currently in progress.
The results achieved during my PhD work are equally important for both basic and

applied research. On the one hand, the TEM investigations and the availability of the
fluorescently labeled compounds make it possible for us to get an insight into the actions of
the AP peptides at the molecular level. On the other hand, the drug design and optimization
studies resulted in therapeutic candidates which might serve as key medicaments in the
combat against Alzheimer's disease in the future.
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