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Introduction 
Transmissible spongiform encephalopathies (TSEs) or prion dieases are serious neurological 
ailments, in which the brain tissue deteriorates by progressive loss of brain cells which results in 
the loss of a wide variety of brain functions, including memory, speech and locomotion. Similar 
conditions can be observed in patients with Alzheimer’s disease (AD). While prion diseases occur 
rather infrequently, Alzheimer’s disease is a major health problem. In TSEs, Alzheimer’s disease, 
and some more protein folding diseases (1) a key factor in the pathogenesis is the deposition of 
aggregated aberrant proteins, often accompanied by amyloid fibril formation. 
 
Aggregation through formation of amyloid fibers appears to be a general property of proteins, if 
the proteins are exposed to circumstances which promote the fiber formation (2-6). In general 
three conditions promote amyloid fiber formation. Firstly: structural changes of proteins due to 
unfolding (induced or native), mutation, partial processing, covalent modification, non-covalent 
association or increased polymer length. Secondly: changes in protein concentration either due 
to increased biosynthesis or protein degradation, association with heat shock protein or 
association with functional molecules. Thirdly: physical causes like agitation, seeding or electrical 
pulses (6).  
 
In 2006 the Nomenclature Committee of the International society of Amyloidosis agreed to define 
amyloid as intra- and extracellular protein deposits, mainly consisting of protein fibrils with a 
typical X-ray diffraction pattern and a particularly affinity for the dye Congo red resulting in green 
birefringence. The amyloid deposits may contain other components including 
glycosaminoglycans, apolipoprotein E and serum amyloid P-component (1). 
 

History 
Scrapie, the prion disease of sheep and goats, is described as early as the eighteenth century  (7).  
Around 1750 sheep and goats were observed suffering from loss of locomotion, agitated 
behavior and the characteristic scraping to objects which gave the disease its name. Since then 
similar neurodegenerative diseases were found with other species like chronic wasting disease 
(CWD) in deer and elk, and the TSEs in felines (FSE), mink (MSE), and bovines (BSE) the latter is 
also known as mad cow disease. In 1920 two neurologists, Hans Gerhard Creutzfeldt and Alfons 
Maria Jakob, described the disease which is now know as the prion related Creutzfeldt-Jacob 
disease (CJD). The disease is known in an iatrogenic (iCJD), a spontaneous (sCJD) and the so-
called variant version (vCJD). Closely related diseases to CJD are Kuru, discovered in 1959, which 
is caused by the consumption of infected human brain tissue as part of a cannibalistic ritual (8-
10), and the extremely rare inherditary diseases Gerstmann-Sträussler-Scheinker syndrome (GSS) 
and fatale familial insomnia (FFI) (11, 12). The vCJD version, which was discovered recently in 1995 
(13), is linked to BSE which is suspected to be infectious for humans (14, 15). The possible route of 
infection is through the gastric tract with the Peyers patches in the ileum as the port of entry 
(16). Here the infectious proteineous particle enters the nervous system which is in close 
proximity of the Peyers patches. The oral infection route was confirmed in macaques which were 
fed with brain homogenate from a BSE-infected cow (17).  After infection the prion particle will 
replicate first in the lymphoreticular system and than travel to the brain via neuronal pathways 
along peripheral nerves (18).  
 
A special concern is the potentially long incubation period (19), infected individuals may be 
carriers (pre- and subclinical) and the CJD-infection can be spread by blood transfusion or tissue 
transplants. It is also perceivable that surgical instruments may carry-over the infectious prion 
particles as in iatrogenic cases of CJD (iCJD), but stringent precautions were made to reduce 
these risks (20-22). Infective rogue prion proteins are resilient molecules which are very difficult 
to destroy and are even thought to survive in soil and sewage treatments (23, 24) remaining their 
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infectivity (25). Therefore, unnoticed subclinical infections in animal and human populations are 
of continuous concern for health and food issues. 

 
Prion gene and prion protein 
In prion diseases a host encoded protein, prion protein (PrP) forms and essential role in 
pathogenesis. PrP is the product of a DNA coded gene (PRNP), but prion diseases are most likely 
not a priori the result of hereditary mutations. The self replication of prion proteins without the 
need of DNA or RNA was first suggested by J.S. Griffith in 1967.  He acknowledged the fact that 
the endogenous scrapie was conformationally altered and might be infectious and could appear 
spontaneously in healthy animals (26).  In 1982 the protein only hypothesis was proposed by 
Stanley Prusiner  in which the term “prion” was coined to describe small proteinaceous 
infectious particles which are devoid of known genetic material like nucleic acids (27). However, 
due to uncertainties about the real nature of the agent there remains room for evidence that 
prion diseases are inflicted by virus-like particles rather than self replication by the protein only 
theory (28). 
 
The first onset of the conformational change of the prion protein is unknown. Particular (cellular) 
environmental conditions may have induced spontaneous conversion of the benign PrPC  into the 
malignant PrPSc form (27). The conversion process may be facilitated by chaperone proteins (29, 
30), but the conformational change of PrPC into PrPSc is also found in vitro without the aid of 
other compounds (31-35). More compelling evidence of the protein only hypothesis is the 
observation of intracerebrally inoculated amyloid fibrils prepared from artificially produced 
recombinant PrP causing neurologic dysfunctions in transgenic mice expressing a short form of 
mouse prion protein (moPrP89-231) (36). 
 

Conformational change 
Non-infectious normal PrPC is a facultative N-linked glycosylated (37) 33-35 kDa soluble monomer 
with mainly an alpha-helical structure (38). This benign PrPC is fully sensitive to the proteolytic 
degradation by proteinase K (PK) and is also indicated by the term PrPsen. After conformational 
change of PrPC into the pathological form PrPSc the protein forms aggregates and becomes 
insoluble. The secondary structure of PrPSc has a higher ß-sheet content than PrPC (38) and only 
the N-terminus up to approximately residue 81-94 of the PrPSc conformer is sensitive to 
proteolytic activity leaving a protease insensitive molecule of 27-30 kDa also indicated as PrPres 
(fig. 1).  
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Figure 1. Full length human prion protein (PrP) (top panel) after mRNA translation and processing (cleavage of 
signal peptide (residues 1-22), glycosylation (CHO), disulfide-bridge (S-S) formation, and GPI-anchor addition). 
The locations of the octarepeat region (involved in Cu2+ binding) and the structural properties like the two ß-
sheet regions and three alpha-helices are indicated by labelled light gray boxes. Middle and bottom panels: 
The cellular form of PrP (PrPC) is fully sensitive to protease K (PK) proteolysis (middle panel), in contrast the 
scrapie form of PrP (PrPSc) is largely resistant to PK proteolysis (bottom panel). PK cleaves approximately 58-72 
residues from the  N-terminus of PrPSc dependent on the conformation (the cleavage site is indicated by PK in 
the top panel). The region distribution is not scaled. 

 
The protease resistant PrPSc molecule can function as a template for the conformational 
conversion of PrPC (39, 40) (fig. 2).  By this mechanism PrPSc molecules can stack and form 
oligomers and protofibrils which can further organize into fibrils.  
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Figure 2. The conformational conversion of PrPC into PrPSc. The benign soluble PrPC (a) is a predominantly 
alpha-helix containing molecule (A) (a general three dimensional structure of the PrP fragment 91-253 is 
confirmed for several species by NMR analysis (41-44)). The malignant PrPSc molecule (B) with a higher content 
of ß-sheet acts as a template for conformational conversion of PrPC (b) (the three dimensional structure of 
PrPSc is hypothetical (45), because aggregation and fibril formation hamper the NMR and crystallography 
studies of PrPSc). Stacks of PrPSc monomers form oligomers (c) and finally fibrils. 

 
The fibrils form amyloidogenic plaques on and inside the neurons and are generally considered to 
be responsible for the neuropathology characteristic for TSE-related diseases (46-48). It was 
shown that oligomers as well as fibrils of the full-length recombinant mammalian PrPSc were 
toxic for cultured cells and primary neurons (49). In Alzheimer’s disease as well as prion diseases 
the extracellular amyloid depositions induce a local chronic inflammatory response in the brain 
(50). Furthermore, in vitro assays showed that fibrils were necessary for the induction of 
cytokine (IL-6 and IL-1ß) production and tumor necrosis factor (TNF-alpha) by microglial cells (51, 
52).  
 
However, emerging evidence indicates that the neurotoxicity might be inflicted by soluble 
oligomers of amyloidogenic proteins (53-56). Several mechanisms have been proposed for the 
neurotoxicity of oligomers:  

 The increased uptake and intracellular accumulation of oligomers leading to the 
saturation of the intracellular degradation pathways, like the proteosome, which 
triggers the apoptotic cascade  (57).  

 Abnormal interaction of the hydrophobic domain (106-126) of PrP with the 
mitochondrial membranes, leading to release of cytochrome C and the subsequent 
triggering of the apoptotic cascade (58).  

 Hypothetical destabilizing pore formation of the cell membrane caused by the insertion 
of oligomers inducing cell toxic signals (59-61).  

 Disturbance of the normal cell survival signal by PrP interaction with a cell surface 
bound ligand (LPrP) by abnormal PrP oligomers and therefore signal transduction is 
inhibited with cell death as a result (57).   

It is suggested that the insoluble fibril depositions may be considered as a relatively harmless 
storage of the cytotoxic oligomeric forms of PrPSc and other fibrillogenic agents including Aß 
(47). However, insoluble PrPSc fibrils remain toxic in vivo in mice, albeit to a lesser extend than 
soluble oligomers (57). Moreover, fibrils with different morphologies differ in toxicity in neuronal 
cell cultures (62). Thus oligomers and fibrils, most likely play a part in the pathogenesis of 
amyloid related diseases. These processes are related to the abberant state of prion protein in 
disease, but understanding these pathogenic processes might improve if the functio(s) of PrPSc 
were known. 
 

Household function of PrP 
The highly conserved prion gene PRNP and its transcription product, the prion protein PrP, is 
found in an abundant variety of species, which suggests an important function of the protein. 
PrPC is expressed in many tissues including lymphoid cells, organs, muscles, mammary glands, 
gastrointestinal tract, but most abundantly in the brain (63-65). The apparent normal 
development of PrPC knockout mice (66) indicates that it is not easy to establish the natural 
function of the prion protein. Although, minor abnormalities have been found in brain functions 
like the synaptic transmission, irregularities of the circadian rhythms, impaired cognition, and a 
lower seizure threshold. Also, morphological differences were found in the hippocampus of PrPC 
knock-out mice compared with the wild-type mice (67). Furthermore, in zebra fish, the lack of 
endogenous PrPC leads to a loss of embryonic cell adhesion and arrested gastrulation, a finding 
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which indicates a role in the embryogenesis for the prion protein (68). PrPC also plays a very 
complex role in the immune system, which is still poorly understood.  It is expressed in a wide 
variety of cell types including hematopoietic stem cells, granulocytes, T and B lymphocytes, 
natural killer cells, platelets, monocytes, dendritic cells, and follicular dendritic cells (69). 
Compared to other cell types PrPC is highly expressed in neurons, and it is highly concentrated in 
the synapses, suggesting a specific role in modulating synaptic transmission (70-74).  The 
neurological function of PrPC is also recognized in the consolidation of long term memories (75). 
In 1997 the 37 kDa laminin receptor (LRP) was identified to be a cell surface receptor for PrPC and 
PrPSc (76-80).  
Surprisingly the PrpC seems to be a major candidate as an Aß oligomer receptor in murine 
neurons and hippocampal slices, thus suggesting a connection between prion disease and 
Alzheimer’s disease (81). Nevertheless, despite a plethora of studies, the exact function(s) of the 
prion protein remains largely unknown (82).  
 

Location of prion protein on the cell membrane 
The endogenous PrPC protein is sequestered to the cell-surface by a glycosyl phospatidyl inositol 
(GPI) anchor (83, 84) and is localized in cholesterol rich domains of the cell membrane which are 
called lipid rafts or caveolae-like domains (85, 86). The N-terminal part of PrPC derived from brain 
tissue and recombinant human PrP is known to bind to polyanions like DNA and 
glycosaminoglycans (GAGs) (87-89). Because the extracellular matrix contains GAGs like heparan 
sulfate, the interaction of PrP to GAGs is suspected to play a role in the formation of PrPSc (90-
92). GAGs stimulate the formation of PrPSc amyloid fibril deposits in vivo and in vitro by binding to 
the N-terminal region of PrP comprising residues 23-146 (88, 89).  
Furthermore, a highly conserved region of PrP comprising residues 82-146, and parts thereof, 
forms amyloidogenic fibrils in vitro, a process which is stimulated by polyanions (93). The 
stimulation of amyloid formation by polyanionic compounds is not unique for the prion protein, it 
is also found with peptide Aß1-42 in Alzheimer’s disease (94-97). Surprisingly polyanions are also 
used to prevent or even reverse PrPSc formation in animals or cell-cultures (91, 98-105). The 
capacity of polyanions to enhance the pathogenic fibril formation seems paradoxical to the 
observations in which polyanions are used successfully as a therapeutic in CJD patients to extend 
their lifespan (106). It is possible that therapeutic polyanions compete with the membrane bound 
sulfated glycoaminoglycans, and therefore inhibit the PrPSc accumulation at the cell surface in 
vivo (amyloid 35, (87, 105). It is important to note, that single stranded RNA, another polyanionic 
entity, can capacitate mamalian prion protein to become infectious in laboratory animals (107). 
Thus, the role of other molecules than PrP in prion infectivity and pathogenesis like polyanions 
needs attention to clarify prion disease mechanisms. 
 
PrPC is inserted into the cell membrane by a GPI-anchor and continuously cycles between the cell-
membrane and the endocytic compartments of the cell. The internalisation and trafficking 
process is a clathrin-dependent mechanism (108) and may be involved in the cellular trafficking of 
copper ions (109). The copper binding properties of PrPC are well known. Specifically the 
repetitive octapeptide domain in the N-terminus of PrPC which has five Cu2+ ion binding sites, 
approximately between residues 51 and 91  and residue His111 (110-115). This suggests that PrPC 
may be involved in the copper metabolism of the brain (116, 117). 
 

Strains 
Prion strains are defined as “infectious isolates which exhibit distinct prion disease phenotypes 
when transmitted to identical hosts” (118). Identification of prion strains depends on incubation 
times, histopathological lesion profiles in brain tissue and specific neuronal target areas (118), 
and biochemical differences shown by the relative prevalence of the glycosylated moieties at 
residues Asn-181 and Asn-197 and resistance properties upon digestion with PK (119). The 



 

 
15 

 

chapter One

differences in the relative ratios of the unglycosylated, monoglycosylated and diglycosylated 
PrPSc versions are widely used for prion strain diagnostics. The origin of the differences in 
glycosylation is unknown. Interestingly Collinge suggested that the relative prevalence of  mono-,  
di- or ungycosylated forms may influence the specific stacking of PrPSc molecules during the 
formation of ordered oligomers or aggregates (12, 15).  In vitro studies suggest that the 
glycosylation may stabilize the PrP structure and therefore protect the PrPC for transition into 
the PrPSc form (120-124). In accordance with the observation that glycosylation of residue Asn-181 
reduced the aggregation kinetics and fibrillization rate of the human prion protein fragment 175-
195 (125). 
 
In humans CJD strains can also be defined by the polymorphism of codon 129 which encodes for 
either methionine or valine (126, 127). The prion protein with the methionine variant have a 
higher tendency to aggregate compared to the valine variant (128-130). Therefore, individuals 
who are homozygote for methionine are thought to be more at risk for infection with vCJD than 
met/val heterozygotes while valine homozygotes are less susceptible (130-134). Once a prion 
strain has emerged it retains its strain typical properties even after transmission into another 
species (135). Interestingly, when the same host is co-infected by two strains, one strain can 
obstruct the other strain to cause disease (136, 137).  
 

Species barrier 
The transmission of the proteinacious infectious particle within the same species is more efficient 
than between species. Between species this is far less efficient which suggests a species or 
transmission barrier (138). The species barrier is normally difficult to cross; prions from one 
species can only infect a limited number of other species after prolonged incubation periods 
(139). For instance to cross the barrier between bovine and mouse three passages are needed. 
The first passage involves the infection of mice with bovine prions. This does not cause disease. 
No detectable pathogenic prion isoforms in the accepting mice is seen. However, brain extracts 
of the BSE infected mice remain infective for subsequent passages in mice. Two subsequent 
passages of BSE prion in mice are needed to establish a stable new virulent strain. It is assumed 
that during the passages intermediate conformational strains are formed (140, 141). An exception 
is the bank vole. This species is susceptible to a range of animal prions including CJD and presents 
therefore an interesting animal model for CJD in vivo studies (142). Furthermore, the species 
barrier can also be broken artificially in transgenic animals which are genetically modified with 
the PRPN gene sequence of the donor species (143, 144). 
 
The transmission of scrapie to cattle is a well known example of crossing of the species barrier. 
Due to inefficient treatment of sheep’s carcasses which were used as protein source of cattle 
feed scrapie infection spread from sheep to cattle causing a massive BSE outbreak in Great 
Britain in the nineteeneighties (145). In the wake of the BSE epidemic in Great Britain a sharp rise 
was found in CJD patient numbers (146).  Where normally CJD  is found in elderly people, most of 
the new patients were relatively young (in their twenties to thirties) while the disease was 
progressing very aggressively (147, 148). Within 6 – 39 months (median 13 months) after the first 
diagnosis the patient dies after a period of mental and physical decline.  The coincidence of high 
numbers of BSE infected cattle and relatively high numbers of the typical CJD patients led to the 
concern of BSE crossing the species barrier (13, 149). Mid 1990s experiments confirmed that BSE 
had indeed crossed the bovine-human transmission barrier. The new CJD version is now known 
as (new) variant CJD (vCJD) (14, 15, 150). 
 
Several mechanisms are suggested to influence crossing of the species barrier. A major 
suggested mechanism is glycosylation of the hosts PrP (151).  However, the role of PrP 
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glycosyslation predicted by in vitro experiments is not validated by in vivo studies in mice (152).  A 
growing body of evidence suggests that the determining factor for crossing of the species 
barrier is found in the primary sequence of the prion protein (153-157). Subclinical forms of prion 
infection may exist in apparently healthy individuals (158), therefore it is conceivable that 
unobserved the species barrier is crossed more often. 

 
Getting organized: Oligomerization, aggregation and fibril growth  
A hallmark of amyloidosis is the deposition of fibrils which are formed by misfolded proteins. It is 
widely accepted that the misfolded PrPSc molecule acts as a template for the conversion of PrPC 
(39, 40), The key process is the interaction between PrPSc and PrPC leading to fibrilgenesis 
although the structural requirements for this conversion are only poorly understood,. 
 
Fibrilgenesis may be described by a hierarchical assembly model (HAM) as proposed by Khurana 
et.al.. This process starts with the nucleation of misfolded proteins resembling a crystallization 
process. The nucleation process may be initiated by seeding with pre-formed fibrils (159). The 
nuclei polymerize into protofilaments which elongate through the addition of monomeric, 
partially folded intermediates to the ends of the growing filaments. Subsequently the 
protofilaments can intertwine and form protofibrils which, in turn, can also intertwine and form 
more rigid mature fibrils (fig. 3). In the hierarchical assembly model the hydrophobic and 
electrostatic interactions are the driving forces for all stages of the fibrilgenesis (160, 161).   

 

Figure 3. Hierarchical assembly model (HAM) according to Khurana et.al. (160). Monomeric PrPC is 
conformationally converted into PrPSc (see figure 2) by the exposed end of the fibril seed which functions as a 
folding template (A). By the continuous folding and subsequent stacking of PrP monomers the seed grows into 
a protofilament (B) which intertwine to form protofibrils (C). Finally the protofibrils also intertwine and form 
mature fibrils (D). 
 

The docking of monomeric PrPC molecules to the growing (proto)fibril is the pivotal event in fibril 
growth. The exposed surface of the growing PrPSc fibril acts as a template inducing the 
conformational change of the incoming PrPC monomer. The PrPC – PrPSc interaction is 
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predominantly determined by side-chain interactions (162). Furthermore, the gycosylation of the 
PrP molecules may also influence the specific stacking of PrPC to PrPSc (12, 15, 163). 
 
PrPC – PrPSc interaction 
The formation of PrPSc is considered to be a two-step event; initially PrPC binds PrPSc followed by 
the conformational conversion from PrPc into PrPSc. Different regions of the prion protein have 
been suggested to play a role for the conformational conversion from PrPC into PrPSc (fig 4). Like 
the C-terminal region (residues ~127-230) (164-166) or the helix-1 region (167, 168), however the 
helix-1 may not unfold during the conformational conversion (169) and therefore is unlikely to 
participate in the conformational change of the prion protein.  A growing body of evidence 
suggests the involvement of the N-terminal region ~90-155 (170-175). This N-terminal region 
comprises three PrPC-PrPSc binding sites (regions 23-27, 98-110 and 136-158) (176) while a part (136-
140) of one of these sites also determines the conformational change (177). 
 

 
Figure 4. Top panel: Full length prion protein (PrP) with its characteristic structural and functional regions (light 
gray boxes). Regions that are involved in PrPC – PrPSc binding are indicated by black lines and the conversion 
determining region is indicated by a dashed line. The bars and lines are not scaled.  
 

Critical regions for fibril formation 
The fibril forming capacity of the prion protein is determined by specific regions within the 
protein. Peptides based on these regions (fig. 5) form amyloid fibrils rich in ß-sheet structure with 
similar ultra structural, biochemical (protease K resistance) and tinctorial properties as PrPSc 
fibrils. 

 Miniprion: The miniprion comprising 106 residues has similar properties as the whole 
prion protein. The miniprion is a combination of residues 89-140 and 177-230 of the 
mouse PrP (fig. 5). The miniprion construct can be synthesized (178) or recombinantly 
expressed in transgenic mice deficient for wild-type PrP (179, 180). These miniprion 
expressing mice become diseased after infection with mouse PrPSc. It is unknown 
whether the expressed miniprion is infectious for healthy animals. The synthetic 
miniprion is highly neurotoxic to primary rat cortical neurons. Surprisingly, the fibrils of 
the synthetic miniprion lack the amyloid specific Congo red birefringence (178). 

 Human PrP region 89-143: This fibril forming peptide is part of a PrP-fragment (81-150) 
which might be generated by a proteolytic cleavage of the PrP protein. The fragment is 
possibly the pathogenic factor in Gerstmann-Sträussler-Scheinker disease (GSS) (181); 
not unexpectedly the synthetic 89-143 peptide is infectious by initiating GSS-disease in 
transgenic mice (182). 
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 Human PrP region 112-141: Solid-state NMR studies suggest that only residues 112-141 are 
part of the highly ordered ß-sheet core of the human PrP 23-144 fibril. The regions 23-111 
and 141-144 are highly flexible and are not included in the ordered ß-sheet core (183). 
Therefore, most likely just a small part of the prion protein is involved in the formation 
of the ß-sheet rich fibril core. 

 Human PrP regions 106-126 and 127-147: Peptides 106-126 and 127-147 are crucial parts of 
PrP for the formation of fibrils that exhibit the same properties as PrPSc amyloid in 
native condition, including Congo red staining (184). The 106-126 peptide is the smallest 
known region of PrP that forms fibrils and that has neurotoxic effects on cells and 
resemble the physiological properties of PrPSc including the induction of the 
overproduction of cytokines IL-1β and IL-6 and tumor necrosis factor (TNF)-alpha by 
microglial cells (51, 184-190). The neurotoxicity of 106-126 may be a result of interaction 
with lipidic components of the cell membrane rather than the interaction with PrPC only 
(191). Within the 106-126 region the hydrophobic AGAAAAGA palindrome, conserved in 
all species,  is highly amyloidogenic (185, 192) and indispensable for the formation of 
fibrils by peptide 106-126 as well as whole PrPSc (193). Ziegler et. al. showed that the 
aggregation propensity of peptide 106-126 appeared to be located at its termini rather 
than the central alanine sequence (194), which agrees with the needed presence of 
valines in the C-terminus of the fibrillogenic core GAAAAGAVVG found in a mapping 
study of the fibrillogenic site in the synthetic human prion peptide 106-126 (93). 

Figure 5. An overview of fibril forming PrP peptides. Top panel: Full length prion protein (PrP) with 
characteristic structural and functional regions (light gray boxes). The relative positions of PrP derived 
peptides which form amyloid fibrils rich in ß-sheet structure are indicated by bars (light gray bars with first and 
last residue number of the sequence. The species are indicated: human (H) and mouse (M) prion protein). The 
deleted region 143-176 in mouse miniprion is indicated by a black line. Solid-state NMR studies indicated that 
region 112-141 is part of the highly ordered fibril core of human PrP 23-144 (dark gray bar). The bars are not 
scaled 
 

Fibril structure 
Detailed structural knowledge of the fibril is essential for understanding the mechanism of fibril 
growth and for the development of therapeuticals. Unfortunately analysis of the structure of 
amyloid fibrils is not a trivial issue as it is hampered by insolubility, isomorphism, and aggregation. 
Nevertheless clues about the structure have been obtained. X-ray diffraction studies show a 
typical so-called cross-ß-pattern which indicates that the amyloid fibrils contain ß-strands 
perpendicular to the fibril axis and hydrogen bonds in parallel (fig. 6) (195-197). Therefore, for 
fibril growth the ß-strands have to stack on top of each other, however the exact orientation of 
the ß-strands is yet unknown and probably subject to variability.  
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Figure 6. The ß-strand orientation in prionfibrils. The typical cross-ß-pattern found in X-ray diffraction studies 
of PrPSc (195-197) indicate that the fibrils contain either parallel or anti-parallel stacked ß-strands (arrows). The 
ß-strands run perpendicular and the hydrogen bonds (dashed lines) parallel to the fibril axis. 
 

Several models have been suggested for the orientation of the ß-strand. The four major ones are:  

 Model 1: Based on the typical cross-ß-pattern Perutz et.al. suggested that most and 
possibly all amyloid fibers are nanotubes with a central water-filled cavity (fig. 7A). In 
this model of polyglutamine aggregates (important in Huntington’s disease) the 
nanotube core consists of a nucleus stable enough to grow a helical fiber which must 
comprise 40 residues in two turns, held together by hydrogenbonds between the 
successive turns. Two or more nanotube fibers wound around each other can form 
thicker amyloid fibers (198).  

 Model 2: In contrast to the first model, not all amyloid fibers are water-filled nanotubes. 
This is based on recent  solid state NMR studies which showed that the protofibril 
structure of Aß1-42 is a relatively simple stack of monomeric ß-sheets in a parallel in 
register organization of identical peptides without a water-filled cavity (fig. 7B) (62, 199, 
200). The PrPSc fibril is more complex in contrast to the relatively simple fibril structure 
of Aß1-42 which is formed by homologous stacks of identical peptides. The typical 
amyloid cross-ß-pattern was also found in X-ray diffraction studies of PrPSc fibrils (162) 
which indicates that the fibril core contains stacked prion molecules with ß-strands 
perpendicularly orientated to the fibril axis. Cobb et.al. suggested for the PrPSc fibril a 
parallel in register structure of stacked ß-hairpins similar to the Aß1-42 protofibril 
structure (Fig 7B) (201).  

 Model 3: Alternatively, the PrPSc monomers may be organized in a dry steric zipper 
structure formed by the  interdigitating facing side chains of the paired ß-sheets (Fig 
7C) (202).   

 Model 4: An alternative PrPSc protofibril model is the parallel right- or left-handed ß-
helix structure (Fig. 7D) (203-209). The left-handed ß-helix is topologically a simple class 
of ß-sheets similar to Perutz’s  model for amyloid fibers (198), but with several 
important differences. In contrast to the water-filled nanotubes of Perutz the interior is 
almost completely filled by the inward facing side chains which tend to be hydrophobic.  

parallel ß-sheet anti-parallel ß-sheet
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Figure 7. Schematic representations of four 3D structures of fibrils. A. The nanotube fiber structure (model 1) 
suggested by Perutz et.al. (198) as a general structure for all nanotubes. The inner core has enough space to 
bind water (gray circle). B. Structural model of the Aß1-42 fibril (model 2) based on solid state NMR analysis 
(62). Aß1-42 monomers are homologously stacked ß-hairpins running perpendicular to the fibril axis (arrow). 
The ß-strands are stabilized by hydrogen bonds between the backbones parallel to the fibril axis (not shown). 
Cobb et.al. proposed this structure as a model for the PrPSc fibril (201). C. Steric zipper model (model 3) of 
human prion protein according to Sawaya et.al. (202). Homologous ß-strands (flat arrows) run parallel with 
interdigitating side chains between the backbones (not shown). The interdigitated ß-strands stack into parallel 
ß-sheets perpendicular to the fibril axis (arrow). D. The left-handed ß-helix model (model 4) of PrPSc (203, 206, 
209). Three ß-strands form a roughly triangular ß-helical rung of ~20 residues. The rungs are parallelly stacked 
perpendicular to the fibril axis. In contrast to the water-filled nanotubes of Perutz et.al. (A) the interior of the 
left-handed ß-helix (D) is almost completely filled by the inward facing side chains which tend to be 
hydrophobic (not shown). 

 
 

into the details 
 
The left-handed ß-helix model of PrPSc in more detail.  
In the left-handed ß-helix, residues with identical side-chains form aligned ladders between 
successive rungs of the ß-helices. The parallel ß-helical structure easily tolerates looping-out of 
the main chain at the corners of the triangle and therefore  
providing a high degree of freedom to fit many sequences in this structure. Each ß-helical rung 
can comprise about 20 residues, thus to fit an amyloidogenic region of more than 20 residues in 
the ß-helix structure additional ß-helical rungs are required (204). These features were found in 
comparison studies of two-dimensional crystals of PrPSc (PrP27-30) and miniprion PrPSc106 with 
negative stain electronmicroscopy which led Wille et.al. and Govaerts et.al. to propose a right- or 
left-handed ß-helix core structure for PrPSc amyloid fibrils (203, 209).   
 
The ß-helical core accommodates residues 89-175 of the PrP molecule in a stack of four rungs 
(Fig. 8B), each comprising three strands of six residues resulting in rungs with an approximate 
three-fold symmetry, and very large loops at the triangular corners of rung one and four 
respectively.  The rest of the PrP molecule, comprising residues 176-227 (alpha-helices 2 and 3, ß2 
region and unstructured loops) including the carbohydrate, is folded in the periphery of the left-
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handed ß-helix core. In Govaerts model the fibril core is composed of four stacked rungs per 
PrPSc monomer (203). Langedijk et.al. (206) proposed a denser packed left-handed ß-helix model 
with two rungs per PrPSc monomer formed by residues 105-143 (Fig. 8C) in contrast to the four-
rung model in which residues 141-176 also contribute to the ß-helix as two additional rungs. 
Recently the two-rung model was experimentally confirmed for the ß-helical amyloid fibrils of the 
fungal HET-s prion by NMR analysis (210). In the two-rung model residues 141-176 are part of a 
connective loop between ß-helical rungs and the alpha-helices, and are thus spilled out between 
the ß-helical rungs in the trimer. In contrast to the four-ring model, the two-rung model shows 
atomic details of the fibril. The optimal alignment of the two-rungs allows a methionine stack 
which is important for the stability of the left-handed ß-helical structure.  

Figure 8. The left-handed ß-helix model of PrPSc (209, 211). In the conformational change process of PrPC into 
PrPSc part of the random coiled N-terminus adopts a ß-helical structure (A). According to Govaerts et.al. model 
(B) each PrPSc monomer contributes four right- or left-handed ß-helical rungs to the protofibril, comprising 
residues 89-175. In the model of Langedijk et.al. (C) a stack of two rungs, comprising residues 105-124 and 125-
143, provides enough elevation to accommodate the remaining part (residues ~146-253) of the PrPSc molecule 
(C). The mature fibril is formed by trimerization of three protofibrils (D). Top view of a slice of human prion 
fibril composed of two stacked PrPSc monomers organized as a trimer. The centre of the trimer is composed of 
the ß-helical rungs in two shades. The C-terminal helices are located at the periphery (figure D  is adapted from 
Langedijk et.al. (206)).  

 
Especially the stacking of residues Met109 and Met129 seem to play a role in the susceptibility for 
CJD. Individuals with a methionine at position 129 are more susceptible for the disease than with 
a valine at that position. The two-rung model also provides an explanation for the species barrier: 
a simple shift of one residue in the alignment in the exposed rung of the growing fibril changes 
the structurally important inward pointing side-chains thereby creating a different template for 
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the incoming rung (fig. 9). This approach provides a possibility of the generation of different 
prion strains without the need of genetic polymorphisms or differences in glycosylation (206).  

Figure 9. Examples of three different alignments of a β-helical rung of PrP125-143 that all satisfy the sequence 
rules for a left-handed β-helical fold (206). The cartoons display a perpendicular view of the top surface of a β-
helical rung at the end of a growing fibril (in this case PrP125-143). The sequence of the 125-143 peptide is 
plotted in the rung and in the alignment. Twelve residues are pointing outward (rectangles) and six residues 
(triangles), are pointing inward. Rung A aligns perfectly with its self (compare cartoons A to A), while the shift 
of one residue of one hexapeptide in ß-strand 2 has a large structural impact on one-third of the surface of the 
top ring (compare cartoons and alignments A and B). As a result rung A will be less compatible with rung B. 
Another example of loss of compatibility is the shift of one residue of one hexapeptide in ß-strand 1 (compare 
cartoons and alignment A and C). Although one of the alignments may be the preferred structure (A-A), other 
alignments are possible. The final choice for the alignment/structure of PrP will be dictated by the highest 
complementarity to the top ring of the incoming infecting strain. (this figure is adapted from Langedijk et.al. 
(206). 

 
Search for therapeutics 
Fibrillogenesis is an important factor in the development of a number of neurodegenerative 
diseases; the most serious ones are the TSEs. This triggered the search for therapeutic fibril 
growth inhibiting compounds. Compounds to stop the infectivity of the malformed rogue 
proteins need to bind with monomers and oligomers, as well as mature fibrils. Besides the 
experimental treatment of CJD patients with a polyanion (pentosan polysorbate), as discussed in 
the paragraph “location of prion protein on the cell membrane”, a large number of other 
compounds have been described to interfere with the fibrilgrowth of PrPSc  and Aß, including 
small molecules,  branched polymers, dyes , antibiotics, polyanions and antibodies (211-221).  
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CB

A

A

gL G G Y M L G S A M S R P I I H F G

gL G G Y M L - G S A M SrP I I H F G
lG G Y M L G - S A M S R P I I H F G

ß-strand 1 ß-strand 2 ß-strand 3

A
B
C



 

 
23 

 

chapter One

A group of blood-brain-barrier crossing antibiotics from the tetracycline family is able to interfere 
with the in vitro fibril growth of synthetic peptides human PrP 106-126 and human PrP 82-146  and 
even reverts in vitro the protease resistance of the PrP peptide aggregates as well as PrPSc from 
the brains of CJD patients. Furthermore, tetracycline also binds to the oligomeric forms of the 
prion derived peptides and it interacts with its aromatic moieties with the side-chains of Ala117-
119, Val121-122 and Leu125 of peptide 106-126 (222-225). Tetracycline also interferes with 
amyloidogenic Aß peptides, therefore it may also be effective in other neurodegenerative 
diseases (222). Minocycline and meclocycline, other members of the tetracycline family, are less 
effective in increasing the proteinase K susceptibility of fibrillogenic peptide 106-126 (226). 
However, in Syrian hamsters which were infected with 263K scrapie prions a slight increase in 
survival was observed when they were treated with doxycyline or minocycline, and the authors 
therefore concluded that tetracyclines might have therapeutical potential for humans (227).  
Another small molecule is the anti-malaria drug quinacrine which efficiently inhibits the 
accumulation of PrPSc fibrils in the chronically with murine scrapie prions infected  ScN2a cells, 
though it has no effect on pre-existing fibrils (212). Furthermore, the toxicity of peptide 106-126 
to cultured cells is also inhibited by quinacrine (228). Intriguingly quinacrine binds to the third 
alpha-helix of intact PrP at residues 225-227 (Tyr-Tyr-Gln) which has no sequence homology with 
the 106-126 peptide (229), suggesting a different mode of action for the inhibitory effects of 
quinacrine for the 106-126 peptide and PrPSc. Despite all inhibitory effects  in in vitro and animal 
studies (230), quinacrine was unsuccessful to extend the survival of prion infected mice or 
human patients (231, 232). 
 
ß-breakers 
Another group of potential therapeutics are the so-called ß-breaker peptides which are designed 
to interfere with the typical ß-sheet stacking of amyloids. The basic concept of the ß-breaker 
peptides is to bind to the growing oligomer, or fibril, and hinder the stacking of newly recruited 
monomers. E.g. the ß-sheet forming capacity of amylin, involved in diabetes, was compromised 
by the interference of N-alkylated amino acid and alpha-hydroxy acid residue containing peptides 
based on the amylin protein itself (233). Soto et.al. described ß-breaker peptides based on the 
115-122 region of human PrP in which inserted additional proline residues changed the peptide 
backbone conformation thus affecting the structural flexibility and even reversed the 
conformational change of the prion peptide (234). Alternatively, proline substitutions in the 
hydrophobic region 115-123 also inhibits the fibril growth of the human PrP 106-126 peptide 
completely (93). Another approach was the introduction of D-amino acids which could inhibit the 
formation of Aß amyloidosis (235). 
  
Antibodies 
Many polyclonal and monoclonal antibodies have been developed with PrP derived peptides, 
recombinant PrPC and scrapie associated fibrils (SAFs which actually consist of PrPSc) isolated 
from scrapie infected animals, and peptides based on amyloidogenic proteins including  Aß and 
APP (121, 236-239). 
 
The first clear evidence for a successful preclinical antibody-mediated therapy was reported by 
Schenk et.al. presenting experiments in which mice were immunized with Aß1-42 to reduce the 
development of an Alzheimer’s disease-like pathology in transgenic mice overexpression mutant 
human APP, presenting the proof-of-principle of an immunological approach towards an anti TSE 
therapy (221). Interestingly, PrPC specific antibodies and Fab fragments inhibited the replication 
and accumulation of PrPSc more efficient in both in vitro and in vivo models including passive and 
active immunization strategies without a measurable effect on disease (240-248), than a PrPSc 
specific antibody which prevented disease (248). However, when challenged mice are passively 
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immunized late in the incubation period, after the onset of the clinical signs, the therapeutic 
effect disappears. Probably by the inadequate translocation of the antibodies across the blood-
brain barrier (248). However, the blood-brain barrier can be crossed by smaller molecules (< 400 
Da) (249) and  single chain fragments of the variable region (scFv) of an antibody (250).  
 
Promising pre-clinical results in several species immunized with an Aß derived peptide (AN-1792) 
led to a clinical trial phase IIa study in humans. Initially the treatment went successful in two trials 
comprising 20 and 64 early-moderate stage Alzheimer’s patients respectively, until January 2002 
when a third trial with 300 patients was stopped after 17 patients developed T-lymphocyte 
meningoencephalitis which was believed to be related to the AN-1792 vaccinations (251, 252). 
However, the elicited immune response cleared the Aß amyloid plaques and slowed down the 
cognitive decline in the Alzheimer’s disease patients (253), which shows clear potentials for 
antibody-mediated therapies. 
 

Aims and outline of this thesis 
Fibril formation is an important factor in the development of amyloidoses. Identification of fibril-
interfering compounds is of therapeutic and prophylactic interest, this requires a reliable test for 
quantification of the fibril formation. Unfortunately such assays did not exist. In chapter two of 
this study a reproducible high throughput in vitro assay for the quantification of the fibril 
formation by fibrillogenic peptides is described. This new assay was validated by measuring the 
fibril inhibiting effects of tetracycline compounds on the fibril formation of human prion peptide 
106-126.  
 
The in vitro screening assay described in chapter two is used to study the stimulatory effects of 
serum amyloid P (SAP) and complement factor C1q on the fibrillogenicity of mouse and human 
PrP peptides. Amyloid associated factors like SAP and C1q co-localize with Aß and PrPSc fibril 
deposits. Furthermore, these amyloid associated factors are considered to be important in the 
pathogenesis through microglia activation (254-257); activated microglial cells induce an 
inflammatory response which is considered to be a driving force in the etiology of 
neurodegenerative diseases (50, 258, 259). In chapter three the fibril stimulating effects of 
amyloid associated factors SAP and C1q  on the in vitro fibril formation of human and mouse PrP 
peptides is studied by fibril specific staining and structural aspects were studied by electron 
microscopy. The fibril associated microglial activation is studied by the determination of IL-6 and 
TNF-α levels in cell culture supernatants. 
 
Tetracycline and minocycline are antibiotics with neuroprotective properties in various models of 
neurodegenerative diseases and are now used in clinical trials, because of its relative safety and 
tolerability. In chapter four it is studied whether these compounds could inhibit the in vitro fibril 
formation of the fibrillogenic Aß1-42 peptide and the associated microglial activation in the 
presence of SAP and C1q. The fibril formation is determined by fibril specific staining as described 
in chapter two and the microglial activation is determined by analysis of the IL-6 and TNF-α levels 
in cell culture supernants. The presented data shows that the inhibitory effects of minocycline 
and tetracycline on human microglial activation are in part due to inhibition of (SAP and C1q 
enhanced) Aß1-42 fibril formation. 
 
Fibril formation and inhibition thereof can be determined reliably on dried samples in the in vitro 
assay as described in chapter two. However, to develop compounds that interfere with the 
folding process, screening  assays in solution are needed. In chapter five the development is 
described of a reproducible and reliable in vitro assay for determination of the fibril growth in 
solution. The assay is based on the hypothetical model of the PrPSc fibril in which  at least part of 
the 82-146 region of human PrP fold in parallel ß-strands of short peptides which results in 
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stacking of identical residues of the parallel ß-strands (87, 203, 206, 260). It was found that the 
stacking is hampered by charge repulsion through the positively charged side chains in the 
stacked parallel ß-strands. This resulted in unpredictable fibril growth. The study described in 
chapter five investigates the reproducibility of nucleation and maximization of the fibril 
formation in solution by coincubating polyanions with three synthetic PrP peptides, 
corresponding to the fibrillogenic region between residues 82-143 of human PrP. The fibril 
formation was quantified by thioflavin S staining. Morphological and structural aspects were 
studied by electron microscopy, circular dichroism and turbidometry. Also the residues in peptide 
huPrP106-126 involved in heparin binding were mapped. The fibril stimulating effects of heparin 
are used to develop an in vitro screening assay in solution, based on the synthetic prion peptide 
that is used to study fibril interfering compounds. Furthermore,  the intrinsic fibril formation of 
huPrP106-126 analogs with every residue substituted by a proline is determined and peptides are 
investigated for inhibition of huPrP106-126 fibril formation. 
 
The hypothetical model of Langedijk et.al. suggests that the structure of the prion protein fibril 
may be a two rung left-handed ß-helix. In this model the ß-helix is composed of spiralling rungs of 
parallel ß-strands and in the PrP model residues 105 – 143 of each PrP monomer can contribute 
two ß-helical rungs to the growing fibril. In chapter six data is presented to support this model. It 
is investigated whether two synthetic cyclized human PrP peptides, corresponding to residues 
105-124 and 125-143, based on two single rungs of the left-handed ß-helical core of the human 
PrPSc fibril, could be complementary in spontaneous cooperative fibril growth in vitro by 
heterologous stacking. Qualitative and semi quantitative analysis of fibril formation are done by 
electron microscopy and Congo red staining. The quantification of the fibril formation is assessed 
by thioflavin S staining, in which addition of polyanions (e.g. heparin) enhance the ß-sheet 
formation of peptides comprising the 82-143 region of PrP and improve the reproducibility of the 
fibril growth. Furthermore, the cooperativity studies provided a unique strategy for the the 
development of peptide-based therapeutics. The strategy, coined as “stack-and-stop”, is based 
on the combination of a fibril stimulating peptide functioning as a stabilizing folding template, 
while the second peptide is used as a stopper rung evidently inhibiting further fibril elongation. A 
general discussion of the results is presented in chapter seven. 
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Abstract 
Transmissible spongiform encephalopathies are neurodegenarative diseases and are considered 
to be caused by malformed prion proteins accumulated into fibrillar structures that can then 
aggregate to form larger deposits or amyloid plaques. The identification of fibril interfering 
compounds are of therapeutic and prophylactic interest. A robust and easy to perform high 
throughput in vitro fluorescence assay was developed for the detection of such compounds. The 
assay was based on staining with the fluorescent probe thioflavin S in polystyrene microtiter 
plates to determine the amyloid state of synthetic peptides, representing a putative 
transmembrane domain of human and mouse prion protein. In determining optimal test 
conditions, it was found that drying peptides from phosphate buffer prior to staining resulted in 
a good reproducibility with an inter-assay variation coefficient of 8%. Effects of thioflavin S 
concentration and staining time were established. At optimal thioflavin S concentration of 0.2 
mg/ml, the fluorescence signals of thioflavin S with five different prion protein based fibrillogenic 
peptides as well as peptide Aß(1-42) were found to show a peptide dependent linear correlation 
within a 10-400 µM peptide concentration range. The ability of the assay to identify compounds 
that interfere with fibril formation and/or dissociate preformed fibrils, was demonstrated for 
tetracyclic compounds by preceding co-incubation with human prion protein peptide 
huPrP106-126. 
 

Introduction 
Transmissible Spongiform Encephalopathies (TSEs) or prion diseases, are neurodegenerative 
diseases, which affect various mammalian species, and include bovine spongiform 
encephalopathy (BSE) in cattle and Creuztfeldt-Jakob disease (CJD) in man. According to the 
protein-only hypothesis [1], the aetiological agent of these diseases is considered to be a 
pathology associated malformation of a host protein, prion protein (PrP).  
Non-pathological prion protein (PrPC) has a mainly helical and random coil structure with very 
low ß-sheet content. However, under certain conditions a conformational change can occur 
resulting in the formation of a misfolded prion protein (PrPSc) that has a high ß-sheet content, is 
partly protease resistant and can act as a conversion template for PrPC thereby inducing a 
conformational change. It can not be excluded that an unknown agent also or solely is 
responsible for this spontaneous conformational rearrangement [2].  
 
A major goal in prion disease research is the development of effective therapeutic or 
prophylactic compounds; one clear target is the fibrillar structure of the prion protein (PrPSc) 
itself since such structure is associated with the biological effects of prions [3-5]. Multimeric PrPSc 
tends to polymerize into structured fibrils or even amyloid plaques. The peptide sequence 
106KTNMKHMAGAAAAGAVVGGLG126  (huPrP106-126) is a highly conserved region in the PrPC 
protein. This peptide was considered the most important sequence for the fibrillogenic 
properties of PrPSc [6-9]  and it exhibits biochemical characteristics in vitro similar to those of the 
PrPSc protein including polymerization into amyloid-like fibrils and neurotoxic effects on cells 
[6,7,10]. Also it induces overproduction of cytokines IL-1β and IL-6 by microglial cells [11]. The 
ability to readily form fibrils in vitro makes huPrP106-126 very suitable as a model peptide for the 
screening of potential drugs capable of destabilizing fibrils.  
 
Various studies have shown that compounds with properties that interfere with fibrillogenesis 
may be of therapeutic and prophylactic interest. Thus, different classes of drugs have been 
described to interfere with the formation of PrPSc in scrapie-infected cell lines or animal models. 
These compounds including sulfated polyanions [12-14], acridine-based compounds [15,16], 
tetrapyroles (e.g. porphyrines and phtalocyanines) [17], the sulfonated azo-dye Congo red and 
some of its synthesized derivatives [14,18,19], antibiotics (e.g. amphotericin B derivatives) [20], 
branched polyamines [21,22], synthetic peptides [23] and tetracyclines [24-27] have all been 
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investigated for their ability to prevent the conformational change of PrPc into PrPSc or to 
interfere with the fibril formation of synthetic peptides. 
 
The amyloid specific staining properties of the dye Congo red were first described [28], with 
amyloid or fibrils of synthetic peptides showing a orange/green birefringence when studied 
under polarised light [6, 29-31]. In addition, a red shift of the visible absorption occurs when 
Congo red binds to the amyloid depositions [32]. Other dyes (e.g. acridine orange, acriflavin, 
thioflavin) have also been studied for their amyloid specific staining properties [33]. Thioflavin S 
and thioflavin T also detect amyloid deposits [34-44] and fibrils from synthetic peptides [45,46]. 
Other filamentous structures (e.g. collagen and keratin) can also react with thioflavin [40,47,48] 
and Congo red [49,50]. As a result of its greater sensitivity, however, thioflavin staining is 
currently widely used for detection of amyloid in tissues and in fibril formation studies in vitro 
[39-41,51]. A high throughput assay based on the basic dye thioflavin T have therefore been 
developed for the screening of inhibitors of fibrils formed by a recombinant antibody variable 
domain [42]. Thioflavin T has a fluorescence optimum at pH 9 [51]. However, as the peptides 
investigated in our study were more fibrillogenic at pH 5 than at pH 7 [8,9], the use of thioflavin S 
was preferred due to its acidic properties provided by the sulfonic acid moiety [39,43,44]. In 
addition, the fluorescence signals of thioflavin S bound to fibrillar proteins/peptides are higher 
than those of thioflavin T [51], although there are no previous reports of the use of thioflavin S or 
thioflavin T in high throughput assays for inhibition studies of fibril formation by synthetic prion 
protein derived peptides.  
 
In this study, thioflavin S was investigated for its suitability in microtiter plates for in vitro 
detection of fibrils formed by synthetic peptides derived from murine and human prion protein 
and the Alzheimer disease related amyloid peptide Aß(1-42). To determine whether this test could 
also be used, in principle, to identify compounds that may be able to inhibit fibril/amyloid 
formation, a panel of six tetracyclic compounds was pre-incubated with peptides prior to 
examination in the high throughput screening test. 
 

Materials and Methods 
The peptides studied are presented in Table I. They were synthesized by Fmoc chemistry, purified 
to >90-95% purity and analysed for identity by electron spray desorption mass spectrometry 
according to previously described methods [54,55]. The peptides were lyophilized three times in 
50% acetonitrile (50% (v/v) in water) and stored in aliquots at -20oC in the presence of a siccative 
(Silica Gel with blue humidity indicator, Merck, Darmstadt, Germany). Aß(1-42) peptide was 
obtained from Bachem (Bubendorf, Switzerland, courtesy of Dr. R. Veerhuis, Free University, 
Amsterdam, The Netherlands). 
 
Gelatin treatment of microtiter plates 
The microtiter plates were pretreated for 1 hour at 37oC with 100 µl of 0.5% (w/v) gelatin (Difco, 
Detroit, USA) and 0.05 % (w/v) chromium(III)potassium sulfate dodecahydrate (Merck, Darmstad, 
Germany) in water that had been cooled down to approximately 40o C from the dissolving 
temperature of 50-60o C. The solution was then decanted, the plates dried at 37o C for 1 hour and 
used immediately.  
 
Fibril formation, staining and detection 
White colour microtiter plates with 96 flatbottom wells were used throughout this study 
(FluoroNunc LumiNunc polystyrene plates, NUNC, Roskilde, Denmark). Peptide huPrP106-126 
(and other control peptides, Table 1) was dissolved in polypropylene tubes at a concentration of 
200 µM  in 50 mM phosphate buffer pH 5.0. The solution was allowed to stand for 1 hour at room 
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temperature to allow fibril formation to occur. Subsequently, 50 µl solutions were transferred to 
gelatin coated wells and dried overnight at 37o C. The next day wells were filled with 50 µl 
thioflavin S (0.2 mg/ml in H2O; Sigma, St Louis, USA) and the microtiter plate briefly agitated. 
After 90 minutes the fluorescence signal was measured with a Wallac Victor 1420 Multilabel 
counter (Perkin Elmer, Wellesley, USA) using the following instrumental conditions: 0.1 second 
measurement time, normal emission aperture, excitation and emission wavelengths 450 nm and 
535 nm respectively, lamp energy 10000 (arbitrary units). Linear regression analysis (R2 ≥ 0.9500) 
was applied (n=3) to determine the concentration interval for linearity. The lower detection limit 
of the assay was considered to be a value of 1.5 times the background (buffer only).  
 
Table 1. Peptides used in this study 

a In the nomenclature used for the prion protein derived peptides the species is indicated by hu for human and 
mo for mouse. The numbers refer to the residue numbers in the respective human or mouse prion protein 
sequence [52, 53]. NH2 indicates an amidated C-terminus and scram indicates that the indicated amino acid 
sequence is scrambled. 

 
Retention of peptide huPrP106-126 to gelatin pre-treated wells 
The coat efficiency of peptides huPrP106-126 and huPrP106-126scrambled was determined by 
HPLC/MS analysis. The peptides were kept for 1 hour in buffer as described above and applicated 
to microtiter wells treated with or without gelatin. After the evaporation step the wells were 
washed with 100 µl phosphate buffer and subsequently twice with 75 % (v/v) ethanol in water. 
The peptide concentrations in all wash samples were measured by HPLC with UV detection at 215 
nm. The amounts of peptide huPrP106-126 and huPrP106-126scrambled present in the wash 
solutions were calculated on the basis of a standard amount of 209 µM peptide huPrP106-126 or 
huPrP106-126scrambled respectivily. 209 µM non-prion related peptide cys3L17-parvo (Table 1) 
was added as an internal standard for the HPLC analysis to the washing samples and standard 
solutions of peptides huPrP106-126 and huPrP106-126scrambled. The peptide retention in the well 
was calculated by the difference in the amount of peptide initially dried in the microtiter wells (20 
µg/well) minus the recovered amount of peptide in all wash samples. 
 
Electron microscopy 
Electron microscopy was performed in duplicate determinations on 400 mesh nickel grids (Stork-
Veco, Eerbeek, The Netherlands) coated with collodion (10% in amylacetate) and carbon. The 
peptide solutions were allowed tot stand for 1 hour at room temperature to allow fibril formation 
to occur, subsequently the samples were applied to the nickel grids. After 10 minutes, the grids 
were subsequently washed with demineralized water and negatively stained with 
phosphotungstic acid (PTA) (Merck, Darmstad, Germany). The grids were finally washed with 

Code a sequence

huPrP106-126 KTNMKHMAGAAAAGAVVGGLG

huPrP106-126NH2 KTNMKHMAGAAAAGAVVGGLG-NH2
huPrP106-126scram NGAKALMGGHGATKVMVGAAA

huPrP106-133 KTNMKHMAGAAAAGAVVGGLGGYMLGSA

huPrP109-141 MKHMAGAAAAGAVVGGLGGYMLGSAMSRPIIHF

moPrP105-125 KTNLKHVAGAAAAGAVVGGLG

moPrP105-125NH2 KTNLKHVAGAAAAGAVVGGLG-NH2
moPrP105-125scram NGAGKAGMVGLYGAHGATAKV

moPrP105-132 KTNLKHVAGAAAAGAVVGGLGGYMLGSA

moPrP105-132NH2 KTNLKHVAGAAAAGAVVGGLGGYMLGSA-NH2
moPrP105-132scram NGAGKAGMVGLYGAHGATAKVSLVGALA

Aß(1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

cys3L17-parvo Acetyl-CDGAVQPDGGQPAVRNER-NH2
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demineralized water, dried for 15 minutes at 37oC and studied in a Philips CM10 electron 
microscope at a magnification of 80,500 [56]. 
 
Fibril interfering compounds 
Six tetracyclic compounds – tetracycline hydrochloride from Fluka (Buchs, Switzerland), 
doxycycline hydrochloride, minocycline, meclocycline sulfosalicylate salt, oxytetracycline 
hydrochloride and rolitetracycline (Sigma, St. Louis, USA) -  were tested for inhibitory effects on 
the fibrillogenesis of peptide huPrP106-126. 200 µM peptide huPrP106-126 was incubated with a 
range of 0.5, 1, 2 and 5 molar equivalents of the tetracyclic compounds for one hour at room 
temperature in polypropylene tubes; 50 µl was then transferred into microtiter wells and dried 
overnight at 37o C. Thioflavin S staining and detection was performed as described above. 
Inhibition percentages were calculated after subtracting the background signals obtained with 
the tetracyclic compound of interest from the signal obtained with the fibrillogenic peptide 
huPrP106-126 incubated with the studied tetracyclic compound. The inhibition percentages were 
calculated by the following formula:  
100 * {(FP - b) - (FPtc - btc)} / (FP - b) = % inhibition 
The symbols used in the formula refer to the corresponding AU-values of the fluorescence levels 
measured after thioflavin S staining (FP = fibrillogenic peptide, b = buffer, FPtc = fibrillogenic 
peptide incubated with tetracyclic compound, btc = buffer with tetracyclic compound). The 50 
percent inhibition concentrations of the tetracyclic compounds were calculated by linear 
interpolation on the linear parts of the inhibition curves. 
 

Results 
Initial studies with peptide huPrP106-126 indicated that staining with thioflavin S yielded 1.5 times 
higher signal to noise ratio’s than with thioflavin T (data not shown, fluorescence signals after 
thioflavin T staining were measured at excitation and emission wavelengths of 450 nm and 482 
nm respectively). Therefore, thioflavin S was chosen for all subsequent experiments. 
 
Retention of peptides to gelatin pre-treated wells 
In gelatin pretreated wells retention of 20 µg/well dried peptide huPrP106-126 amounted to 
39 ± 6 % (mean ± SD, n=9) of the peptide after one wash with 100 µl phosphate buffer and two 
subsequent washes with 75 % (v/v) ethanol in water, while in non-pretreated wells this was more 
than twice lower (17 ± 2 %, n=3). Retention of the non-fibrillogenic peptide 
huPrP106-126scrambled in gelatin pretreated wells and non-pretreated wells amounted to 
26 ± 8 % (n=10) and 23 ± 12 % (n=3) respectively. The pre-treatment of wells with gelatin resulted in 
a better signal to noise ratio relative to non treated wells by a factor of 1.7 after thioflavin S 
staining (data not shown). 
 
Optimization of thioflavin S concentration  
After initial efforts to obtain conditions for fibril specific staining, it became clear that the use of 
phosphate buffer was preferable above pure water. This was demonstrated 
by an increase of the signal to noise ratio by a factor 1.4 when the peptide huPrP106-126 was 
dried from phosphate buffer compared to drying from water. Subsequently, thioflavin S 
concentrations were tested in a range from 12.5 to 1600 µg/ml. The optimal concentration of 
thioflavin S was 200 µg/ml when the fibrillogenic peptides huPrP106-126 and moPrP105-132 were 
coated at 0.4 mg peptide per ml phosphate buffer (Fig. 1). At thioflavin S concentrations above 
400 µg/ml, the fluorescence signal decreased,  probably due to a quenching effect of thioflavin S 
itself.  
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Figure 1.  Determination of optimal thioflavin S concentration. 50 µl 209 µM of peptides huPrP106-126 (●), 
huPrP106-126scrambled (▲) moPrP105-132 (■) were dried in gelatin coated microtiter wells and subsequently 
stained for 90 minutes with 50 µl aqueous thioflavin S. Background fluorescence (x) was established by 
incubation with drying buffer only, before subsequent staining. Data points are average values ± sd of at least 
7 determinations. 

 
Staining  time 
To determine the optimal thioflavin S staining time, wells containing the dried peptides 
huPrP106-126 and huPrP106-126scrambled were incubated with 50 µl 0.2 mg/ml thioflavin S for 
two hours with the fluorescence signal measured every 15 minutes. The fluorescence signal 
increased by a factor 2.4 between 15 and 120 minutes stain time (Fig. 2).  

 
Figure 2. Time dependant behavior of staining of huPrP106-126 by thioflavin S. 200 µM huPrP106-126 (•) and 

200 µM huPrP106-126scrambled (▲) were dried in gelatin coated wells and subsequently stained with 
thioflavin S. Background fluorescence (x) was established by incubation with drying buffer only, before 
subsequent staining. Data points are average values ± sd (n=3) 

 
The controls – huPrP106-126scrambled and phosphate buffer only – did not show this 
phenomenon. To investigate whether this increase was caused by fibril growth or by increased 
binding of thioflavin S an experiment was performed in which wells with dried peptide were first 
pre-incubated with 45 µl H2O for 30, 60, 90, 120, 150 and 180 minutes. Next the solutions were 
stained with 5 µl 2 mg thioflavin S/ml H2O and fluorescence signals were measured in all wells 
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after 5, 30, 60, 90, 120 and 180 minutes. No differences in the fluorescence signals of the wells 
pre-incubated at these different time intervals with H2O were observed directly after adding 
thioflavin S, but after adding the dye, the fluorescence signal started to increase over time 
irrespective the duration of the preceding incubation with water. Therefore, thioflavin S binding 
increases with time, while fibril growth hardly occurs within 180 minutes pre-incubation with H2O 
(data not shown). 
  
Fibril formation time 
The influence of time on fibril formation over longer periods before drying was studied by 
incubating 200 µM of peptide huPrP106-126 in 50 mM phosphate buffer pH 5 in 1.4 ml 
polypropylene tubes for 0.5, 1, 2, 3, 4, 5, 6 and 24 hours prior to transfer into the microwell plate. 
Subsequently the peptide solutions were dried overnight and stained with thioflavin S. No 
significant differences in fluorescence signals were found (data not shown) and so the incubation 
time for fibril formation was standardized at 1 hour. The control peptide huPrP106-126scrambled 
did not stain with thioflavin S. Electron microscopy studies and Congo red birefringence 
confirmed respectively on the one hand the fibrillar and amyloid state of huPrP106-126 and on 
the other hand the absence of these two properties for the negative control peptide 
huPrP106-126scrambled (data not shown). 
 
Specificity for fibril formation 
To determine the specificity of thioflavin S staining for fibrillar structures, 13 peptides (Table 1) 
were tested for fluorescence signals after thioflavin S staining in microtiter plates and were 
observed for the presence of fibrillar structures by electron microscopy (Fig. 3). 

 Figure 3: Specificity of thioflavin S assay. Fluorescence signals after thioflavin S staining of 200 µM peptide, 
except for Aß(1-42) which was tested at 80 µM. Bars represent average values ± sd (n=4). Electron microscopy 
results are indicated with + for a large amount of fibrils, +/- for a few fibrils and – for the absence of fibrils.  

 
All tested peptides containing the huPrP109-126 and the moPrP105-125 domains exhibited 
significant staining with thioflavin S above buffer background, while scrambled sequences and a 
non-related control peptide (cys3L17-parvo) yielded background signals. The fluorescent signals 
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of the PrP peptides with an amidated C-terminus were significantly lower than those with a free 
C-terminus. Significant staining with the Aß(1-42) peptide was also observed, suggesting that this 
assay may also be applicable for amyloid forming peptides other than the prion protein related 
sequences used for this study. For the tested peptides the found fluorescence signal levels after 
thioflavin S staining correlated with the amount of fibrils observed by electron microscopy, which 
suggests that the thioflavin S assay as presented is fibril specific.  
 
Linearity, Sensitivity and Reproducibility 
To investigate linearity and sensitivity of the thioflavin S assay, several of the above described 
PrP-peptides were tested in a concentration range from 10 to 400 µM except for peptide 
huPrP109-141 which was tested from 50 to 200 µM  and Aß(1-42) from 10 to 80 µM (Table 2). A 
significant difference of the detection limits between the peptides with free C-termini and 
amidated C-termini reflected the difference in the ability to form fibrils. The relatively low 
detection limit of 16.95 ± 0.14 µM (mean ± sd, n=2) of the Aβ(1-42) peptide indicated a high and 
reproducible propensity for fibril formation.  
 
Table 2. Linearity and detection limits of the thioflavin S assay with respect to peptide concentration a    
a
 values: mean ± sd, n=3, except Aß(1-42) n=2 

b the lower detection level was considered at a value of the buffer background 
c the lower detection limit was considered at a value of 1.5 times the buffer background 
> = no signal within the range measured 
 

The reproducibility of the assay was tested with 200 µM peptide huPrP106-126 and its scrambled 
version. The average fluorescence values at staining of the fibrillogenic peptide huPrP106-126 and 
its scrambled version are summarized in Table 3. A variation coefficient (vc) of 8% for peptide 
huPrP106-126 indicated that the presented test represented a rather reproducible system for 
thioflavin S staining of huPrP106-126 (signal/noise ratio 2.8 ± 0.2, n=37). Studies with fibrils from 
peptide huPrP106-126 stained with thioflavin S in a phosphate buffered solution, thus without 
drying the peptide, resulted in a low sensitivity (signal/noise ratio 1.5 ± 0.3, n=8) and a  lower 
reproducibility (vc  18%, n=8) (data not shown).  
 
Table 3. Reproducibility of the thioflavin S assay.  
200 µM peptide was dried in gelatin coated wells and subsequently stained with thioflavin S. 

Fluorescence Level (AU)

n avg std 95% conf. interval vc (%)

huPrP106-126 37 34524 2926         34524 ± 943 8

huPrp106-126scr 37 11153 1001 11153 ± 322 9

buffer 48 12262 1087 12262 ± 307 9

peptide range tested linear rangeb lower detection limitc

µM µM µM

huPrP106-126 10-400 50-300 63 ± 4
moPrP105-132 10-400 50-400 63 ± 3
huPrP109-141 50-200 50-200 71.9 ± 0.5
huPrP106-126NH2 10-400 50-400 121 ± 6
moPrP105-132NH2 10-400 10-400 216 ± 5
huPrP106-126scr 10-400 > 
moPrP105-132scr 10-400 >
cys3L17 parvo 10-400 >
Aß(1-42) 10-80 10-80 16.95 ± 0.14
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Inhibition measurements 
Tetracycline, doxycycline, oxytetracycline, rolitetracycline, meclocycline and minocycline were 
tested for the inhibition of fibril formation at 0.5, 1, 2 and 5 molar equivalents relative to 200 µM 
peptide huPrP106-126. A concentration dependent reduction of the huPrP106-126 fluorescence 
signal after thioflavin S staining was found for all tested compounds (Fig 4) with a 50% inhibition 
of fluorescence (fibrillogenesis) of 200 µM peptide huPrP106-126 achieved by 70 ± 73 (mean ± sd) 
(n=6) µM meclocycline, 138 ± 129 (n=4) µM minocycline, 149 ± 69 (n=4) µM rolitetracycline, 
230 ± 74 (n=6) µM tetracycline, 380 ± 93 (n=6) µM doxycycline, 355 ± 69 (n=6) µM 
oxytetracycline. 

Figure 4. Inhibiting effects of tetracyclic compounds on fibril growth of 200 µM peptide huPrP106-126 in the 
thioflavin S assay. The tetracyclic compounds tested were  oxytetracycline (oxy), doxycycline (doxy), 
tetracycline (tetra), rolitetracycline (roli), minocycline (mino) and meclocycline (meclo). Bars represent average 
fluorescence as mean percentages ± sd  after correction for the contribution of the control (no peptide; only 
inhibitor) where 100% inhibition was defined as full reduction of the fluorescence levels as explained in the 
Methods section; all data points are average of 4 independent measurements except  minocycline and 
meclocycline (n=2). The 0.5, 1, 2 and 5 molar equivalents of tetracyclic compound inhibitors relative to 200 µM 
huPrP106-126 are indicated by the white, hatched, stippled and solid bars respectively. 
 

Discussion  
In this study a reproducible, simple, high throughput in vitro assay is described that can be used 
to screen compounds that interfere with prion fibril formation. The assay is based on the binding 
of the acidic dye thioflavin S to fibrils formed by synthetic fibrillogenic prion peptides at 
moderately low pH values. It was demonstrated that the known effect of inhibition of fibril 
formation and/or dissociation by tetracyclic compounds [24, 25, 26, 27] can be conveniently 
studied with this assay. 
 
Poor reproducibility is a major problem for fibril detection in vitro, where variation coefficients of 
over 30% were found in a similar assay with a thioflavin T for staining of amyloid light chain 
proteins, but without a drying procedure [42]. The reproducibility of fibril detection was 
increased notably after drying the fibrillogenic peptide solutions prior to thioflavin S staining 
leading to a low inter-assay variation for peptide huPrP106-126 of 8%. Fibril formation is known to 
be an intricate process that depends on chance events that can trigger the start of the 
oligomerization [42]. Because fibril formation is facilitated at higher concentrations, the 
evaporation step was introduced in the assay in order to have an increasing peptide 
concentration that will always be triggered for oligomerization. Whilst it has previously been 
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suggested that a drying step could result not only in ordered fibrils but also disordered 
aggregates, such aggregates are not composed of ß-sheet rich amyloid or fibril material [57] and 
are, therefore, not detectable with amyloid specific dyes such as thioflavin S.  
 
In the present thioflavin S assay, in which highly fibrillogenic peptides were preferred, it was 
found that a free C-terminus was essential for the high fibrillogenicity of the PrP peptides. This 
tendency correlated with our electron microscopy observations and extended the observations 
reported for the 21-residues long huPrP106-126 peptide [7] to longer sequences containing the 
putative transmembrane domain of PrP (Table 1). Also the Alzheimer disease associated 
fibrillogenic peptide Aβ(1-42) produced high fluorescent signals after staining with thioflavin S in 
this test, indicating an adaptable use of this assay with respect to the detection of fibrillogenic 
peptides other than prion protein derived peptides. Further support for the fibril specific staining 
by thioflavin S could be found in the facts that prion peptide sequences when randomized, were 
not able to form fibrils in electron microscopy studies and that these randomized peptides as 
well as non-prion protein related peptide cys-3L17-parvo did not stain with the thioflavin S. 
 
Tetracyclic compounds appeared to have interesting properties with respect to interference of 
fibril formation, although it is not yet clear from our experiments whether they inhibit or 
dissociate this fibril forming process. The aromatic protons of tetracycline can interact with the 
hydrophobic C-terminal part of peptide huPrP106-126 [25] and inhibit the formation of fibrils 
and/or dissociate preformed fibrils that can be detected by reduced thioflavin S staining. The 
assay appeared useful as a screening tool for compounds that can inhibit fibril formation and/or 
dissociate preformed fibrils. Since a concentration dependent inhibition of fibril formation and/or 
fibril dissociation by peptide huPrP106-126 was observed for six tetracyclic compounds. 
 
Compared with thioflavin S staining of fibrillogenic peptide huPrP106-126 only, larger variations 
coefficients were found in the fibril inhibition tests with the tetracyclic compounds. The reasons 
for this are not easy to establish, but may relate to the mechanism of fibril formation, elongation 
and aggregation. The process of fibril formation is most probably enhanced by the drying step, 
but inhibition of the initiation and elongation of fibril formation by tetracyclic compounds can 
only occur in the liquid phase, before drying. Due to the evaporation step, the formation of fibrils 
may not be a slow linear process, but rather an  instantaneous event at a critical peptide 
concentration. In such cases, the compounds may not be able to inhibit fibril formation to its full 
capacity and this may introduce a lower reproducibility of the inhibition assay. Next to the 
initiation and elongation processes it is possible that interfering compounds can dissociate 
preformed fibrils. Nevertheless the signal to noise ratio is so large that clear positive results are 
readily obtained. 
 
Coincubation of peptide huPrP106-126 with tetracyclic compounds (1:2 molar ratio) rendered the 
peptide more sensitive to proteinase K digestion [58]. When studied in our thioflavin S assay at 
the same molar ratio, the inhibition of the peptide huPrP106-126 fibril formation by the tetracyclic 
compounds rolitetracycline, tetracycline, doxycycline -and to a lesser extent oxytetracycline- 
correlated with the aforementioned proteinase K digestion study. Further studies with other 
tetracyclic compounds showed that pre-treatment of huPrP106-126 with minocycline or 
meclocycline was not effective in increasing the sensitivity of the peptide to proteinase K [58]. 
This contrasted with observations in the present study in which minocycline and meclocycline 
were the most potent fibril formation inhibiting compounds. We propose that this difference 
reflects the different phases of fibril formation/aggregation tested in the two assay systems. The 
digestion studies are based on the increase of sensitivity to proteinase K digestion of tetracyclic 
compound-treatment of preformed fibrils already present in the test solution. In contrast, in the 
thioflavin S assay, the tetracyclic compound solutions were added to lyophilised peptide before 
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the fibril formation was allowed to occur and so the measured effects in that assay can be 
attributed to inhibition of fibril formation mainly.  
 
To act as an effective therapeutic in vivo, a proposed compound should be preferably effective in 
both preventing fibril formation and in disrupting preformed fibrils. A range of in vitro screening 
tests should therefore be performed to examine effects of the compound on the different 
phases of fibril formation and aggregation. Nevertheless the thioflavin S assay presented here is 
a robust and reproducible test for the screening of compounds that can interfere with fibril 
formation and serve as a test to find lead compounds which subsequently can be further tested 
for their practical value in other in vitro and in vivo conditions. 
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Abstract 
Complement activation products C1q and C3d, serum amyloid P component (SAP) and activated 
glial cells accumulate in amyloid deposits of conformationally changed prion protein (PrPSc) in 
Creutzfeldt–Jakob disease, Gerstmann–Sträussler–Scheinker disease and scrapie-infected mouse 
brain. Biological properties, including the potential to activate microglia, relate to prion (PrP) 
peptide fibrillogenic abilities. We investigated if SAP and C1q influence the fibrillogenic properties 
of human and mouse PrP peptide and concomitantly their stimulatory effects on human 
microglia in vitro. 
PrP-peptide induced microglial IL-6 and TNF-α release significantly increased in the presence of 
SAP and C1q. Also, SAP and C1q enhanced PrP-peptide fibril formation as revealed by electron 
microscopy and thioflavin S-based quantitative assays. This suggests that SAP and C1q contribute 
to fibrillar state-dependent cellular effects of PrP. Combined, ultrastructural and thioflavin 
assays, together with microglial cytokine release measurements, provide a test system to screen 
potential, fibrillarity impeding therapeutics for prion disease. 
 

Introduction 
Prion diseases are neurodegenerative disorders characterized by neuronal vacuolation, neuronal 
loss, astrogliosis and accumulation of activated microglial cells in affected brain areas (Ironside, 
1998). The central event in prion diseases is believed to be the conformational transition of the 
cellular prion protein (PrPC) into the β-sheet rich isoform of PrP (PrPSc) that is partially resistant 
to proteinase K and accumulates in the brain as amorphous aggregates or as amyloid fibrils 
(Prusiner, 1998). Cerebral accumulation of PrPSc may either directly or indirectly through 
activation of glial cells lead to vacuolization of neurons which correlates with disease 
progression. 
In vitro, synthetic PrP peptides homologous to residues 106–126 of the human PrP protein 
(huPrP106–126) spontaneously aggregate into amyloid fibrils in aqueous conditions (Tagliavini et 
al., 1993) and are toxic to cultured neurons (Brown et al., 1996 and Forloni et al., 1993). This 
PrP106–126 induced neurotoxicity is greatly enhanced in the presence of microglia (Brown et al., 
1996 and Giese et al., 1998). Similar to neurons exposed to PrP peptides, also scrapie-infected 
neuroblastoma cells expressing infectious PrPSc are killed by microglia (Bate et al., 2001). 
Microglia-mediated killing of neurons treated with huPrP106–126 or scrapie-infected 
neuroblastoma cells requires direct contact of microglia with the neurons. The microglia react to 
time-dependent changes in neurons upon exposure to huPrP106–126, which results in activation 
of the microglia and the release of toxic agents and cytokines (Bate et al., 2002). 
The results of these studies, combined with earlier time course studies in experimental prion 
disease models in which microglial activation in areas of PrPSc deposition was observed before 
signs of vacuolation and loss of neurons become apparent (Giese et al., 1998 and Williams et al., 
1997a), support the hypothesis that activated microglia play a central role in the PrP-induced 
onset of neuropathological changes (Brown et al., 1996). 
 In the scrapie-infected mouse brain, activated microglia co-localize with inflammatory mediators 
including the pro-inflammatory cytokines interleukin (IL)-1β and IL-6 in brain areas with PrPSc 
deposits before vacuolation occurs (Williams et al., 1997b). 
 In vitro, microglia have been shown to secrete reactive oxygen species (Brown et al., 1996) and 
cytokines (Bate et al., 2002, Fabrizi et al., 2001, Peyrin et al., 1999 and Veerhuis et al., 2002) when 
exposed to PrP peptides. A certain degree of fibril density of the PrP peptides was found to be a 
prerequisite for the in vitro induction of cytokine (IL-6 and, to a lesser extent, IL-1β) synthesis by 
mouse microglia (Peyrin et al., 1999) and secretion of IL-6 and tumor necrosis factor (TNF)-α by 
adult human microglia (Veerhuis et al., 2002). These pro-inflammatory cytokines are considered 
to be a driving force in the etiology of neurodegenerative diseases. Both in prion diseases and in 
Alzheimer's disease (AD) extracellular deposits of prion protein and amyloid β, respectively, 
induce a local chronic inflammatory response in the brain in which microglia are a major 
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contributor (Eikelenboom et al., 2002). In AD, certain so-called amyloid associated factors that 
co-localize with fibrillar Aβ plaques have been suggested to be important in the pathogenesis 
through modulation of the Aβ-induced microglial activation (Veerhuis et al., 2003). Similar to AD, 
PrPSc deposits in prion disease are found to be decorated with SAP and C1q (Ishii et al., 1984, 
Kalaria et al., 1991, Kovacs et al., 2004, Rozemuller et al., 2000) and, moreover, glial activation is 
observed (Rozemuller et al., 2000, Sasaki et al., 1993 and Williams et al., 1994). Complement C3d 
positive PrP deposits were often found associated with activated microglia in post mortem brain 
specimens of Creutzfeldt–Jakob disease (CJD) and Gerstmann–Sträussler–Scheinker disease 
(GSS) cases (Rozemuller et al., 2000). 
Therefore, we tested if SAP and C1q modulate the stimulatory effects of fibrillar mouse and 
human PrP peptides on microglia isolated from adult human brain specimens. Because cellular 
effects of PrP peptides are known to relate to their degree of fibril content, we also determined 
if the in vitro ability of PrP peptides to form fibrils is influenced by SAP and C1q. 
 

Materials and methods 
Peptide synthesis 
Prion protein based peptides with sequences corresponding to the human PrP106–126 
(KTNMKHMAGAAAAGAVVGGLG; huPrP-peptide), and mouse PrP105–132 
(KTNLKHVAGAAAAGAVVGGLGGYMLGSA; mPrP-peptide), as well as a scrambled sequence of 
human PrP106–126 (NGAKALMGGHGATKVMVGAAA; scrambled PrP) were synthesized on an 
Applied Biosystems Model 431A peptide synthesizer by a standard F-moc solid phase method, as 
previously described (Haïk et al., 2000). The peptides were recovered from the resins by cleavage 
with a mixture of trifluoroacetic acid/thioanisole/ethandithiol/ H2O (40/2/1/2) with 67.7 mg/ml 
phenol, followed by precipitation in diethylether/pentane (1:1, v/v) and subsequently centrifuged. 
The insoluble residue was washed by addition of diethylether/pentane (1:1, v/v) and centrifuged, 
whereafter the precipitate was dissolved in acetonitrile/water (1:1, v/v), lyophilized, dissolved in 
water (MilliQ) and lyophilized three times. After purification all peptides were >90% pure, except 
for the scrambled sequence of huPrP106–126 which was >95% pure. Purity of the peptides was 
analyzed by HPLC (C18 column, Waters Corporate, Milford, USA) and electron spray desorption 
mass spectrometry detection. 
A stock solution (800 μM) of PrP peptides was made in sterile pyrogen-free water (Baxter B.V. 
Utrecht, The Netherlands). 
Human serum amyloid P component was obtained from Calbiochem (La Jolla, CA). Human C1q 
was either from Quidel (San Diego, CA.), or isolated from the Cohn I fraction of pooled human 
plasma, followed by cation exchange chromatography (Bio-Rex 70; Bio-Rad) and gelfiltration 
(Bio-Gel A5; Bio-Rad) according to published protocols (Tenner et al., 1981). The C1q was 
homogeneous as judged by SDS-PAGE, and transferred from Tris–HCl buffer to sterile PBS by 
passage over a PD10 column (Pharmacia Biotech). Glycerol (GIBCO BRL) was added to a final 
concentration of 40% (v/v) and the C1q preparation was subsequently passed over a 0.22-μm filter 
(Millipore, Bedford. MA), aliquoted and stored at −80°C. 
 
Light and electron microscopy 
The synthetic peptides spanning residues 106–126 of human PrP or residues 105–132 of mouse PrP 
sequences, alone or co-incubated with C1q and/or SAP were subjected to light and electron 
microscopy examination. All peptides were suspended in 50 mM Tris–HCl pH 7.0 at the same 
concentrations as in stimulation experiments – that is, PrP peptides 80 μM, C1q 5 nM and SAP 85 
nM – and incubated at 37°C for 1, 4, 8, 24 and 48 h and 7 days. At each time point, sample aliquots 
were analyzed by light and electron microscopy. For light microscopy, 10 μl of suspension were 
air-dried on poly-l-lysine-coated slides (Bio-Optica, Milan, Italy), stained with Congo red and 
viewed under polarized light (Nikon Eclipse E-800). For ultrastructural examination, 5 μl of 
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suspension were applied to 200-mesh formvar carbon-coated nickel grids for 6 min, air-dried and 
negatively stained with uranyl acetate. Samples were observed with an electron microscope 
(EM109 Zeiss, Oberkochen, Germany) operated at 80 kV at a standard magnification, calibrated 
with an appropriate grid. The mean diameter of fibrils generated by human PrP106–126 and 
mouse PrP105–132 peptides after 24 h of incubation was measured on printed photos at a final 
magnification of 90,000× using a computer assisted image analyzer (Nikon, Japan) (Salmona et 
al., 2003 and Tagliavini et al., 2000). A semiquantitive evaluation of presence, amount, size and 
morphology of filamentous or amorphous materials detected by EM and of birefringent material 
observed by polarized light microscopy was performed by two independent operators (MM and 
GM). 
 
Fluorescence measurements for Thioflavin S binding 
The extent of fibril formation of PrP peptides was determined in a thioflavin S based microtiter 
plate test (Boshuizen et al., 2004). Freeze-dried peptides were mixed with either 50 mM 
phosphate buffer, pH 5 alone, or phosphate buffer containing SAP and/or C1q. Upon incubation 
at 37°C for 1 h, mixtures were transferred to gelatin coated wells of a 96 F Maxisorb white 
microwell plate (Nunc, Roskilde, Denmark) and allowed to dry at 37°C overnight. Subsequently, 
50 μl of a 0.2 mg/ml thioflavin S solution was added to each well and left to incubate at room 
temp for 90 min, whereafter the fluorescence signal was detected in a Wallac Victor 1420 
Multilabel counter (Perkin-Elmer, Wellesley, USA) with the following settings: excitation 450 nm, 
emission 535 nm and lamp energy 10000 (arbitrary units). 
 
Cells 
This study included microglial cells isolated from human brain specimens of 27 cases (age range 
58–97 years; average 78.4 ± 11.6 years). The brain specimens with an average post mortem delay 
time of 5.5 ± 1.25 h (range 3.75 to 9.5 h) were obtained at autopsy through the Netherlands Brain 
Bank (coordinator Dr. R. Ravid). 
Microglial cells were isolated from white and gray matter of cerebral cortex specimens according 
to published protocols (De Groot et al., 2000). Brain specimens were collected in a mixture of 
equal volumes of Dulbecco's modified Eagle's medium (DMEM) and HAM's F-10 (HAM-F10) 
(GIBCO Life Technologies, Breda, The Netherlands) (DMEM/HAM-F10) containing gentamicin 
(Gibco, Breda, NL; 50 μg/ml). Specimens were subsequently stripped of blood vessels and 
meninges, minced and then digested in a 0.25% trypsin (porcine pancreas trypsin; Sigma, St. 
Louis, MO) solution containing 0.05% bovine pancreatic DNase I (Boehringer Mannheim, FRG) for 
20 min at 37°C. Resulting cell suspensions were passed through a nylon 130 μm mesh filter and 
spun on a Percoll gradient (1.03 g/ml) at 1250 × g to remove myelin. After shock lysis of 
erythrocytes in NH4Cl, the remaining cell suspension was plated in uncoated 80 cm2 flasks 
(Costar, Corning, NY) and grown in DMEM/HAM-F10 (1:1) containing 10% (v/v) fetal calf serum 
(FCS; ICN Biomedicals, Amsterdam, The Netherlands), 2 mM l-glutamin, penicillin (100 IU/ml) and 
streptomycin (50 μg/ml) (all from Sigma, St. Louis, MO) and, additionally, 25 μg/ml recombinant 
human granulocyte–monocyte-colony-stimulating factor (rHuGM-CSF; Leucomax, Sandoz, Uden, 
The Netherlands). Microglial cells exhibited either a bipolar or an amoeboid morphology and 
were immunoreactive for cell-surface markers KP1 (CD68), LCA (CD45) and CR3/43 (HLA 
DR/DP/DQ) (all from DAKO, Glostrup, Denmark) and for LeuM5 (CD11c) (Becton and Dickinson, 
Aalst, Belgium), whereas they were negative for glial fibrillary acidic protein (GFAP; DAKO, 
Glostrup, Denmark). 
 
Stimulation experiments 
Stimulation of microglial cells was performed essentially as described (Veerhuis et al., 1999). 
Microglial cells (with purity greater than 98%), were transferred from the 80 cm2 flasks to 48-well 
plates (Costar, Corning, NY) within 7 to 10 days after isolation. The microglia were plated at cell 
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densities of 2 × 104 cell/well, and allowed to settle for 24 h. At the start of the experiment, 
medium was replaced by DMEM/HAM-F10 containing 0.1% FCS, with or without PrP peptides (80 
μM), either alone or in combination with SAP and C1q or, as a positive control, with 500 ng/ml 
lipopolysaccharide (LPS; E55:B5; Sigma, St. Louis, MO). Culture supernatants from microglia were 
collected 24 h after the start of the treatment and stored at −20°C, until assayed for the presence 
of cytokines. Possible effects of peptide treatment on cell viability and proliferation were 
assessed with the MTT reduction assay. Cells remaining in the wells after harvesting of 
supernatants were incubated (2 h; 37°C) with 45 μg 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO) in 200 μl culture medium. The 
formazan product was solubilized in dimethylsulfoxide and optical density measured in a 
microculture plate reader at 540 nm (Spectrofluor). 
 
ELISA 
IL-6 and TNF-α levels in cell culture supernatants were measured with commercial enzyme 
immunoassay (ELISA) kits, according to the manufacturer's instructions (Pelikine-compact kits; 
Sanquin, Amsterdam, The Netherlands). ELISA plates (PolySorp; Nunc, Roskilde, Denmark) were 
coated with IgG fractions of cytokine-specific monoclonal antibodies and bound cytokines in 
either standard or sample are detected after subsequent incubations with respective 
biotinylated antibodies and with Streptavidin poly-HRP (CLB; Amsterdam). 3,5,3′ ,5′ -
tetramethylbenzidine (TMB; Sigma) was used as a substrate. Color development was stopped by 
addition of an equal volume of 2 M H2SO4, whereafter the optical density at 450 nm was 
determined. The results obtained were compared to a reference range of serially diluted, 
standard recombinant IL-6 and expressed as pg/ml. The detection limits for IL-6 and TNF-α were 
0.5 and 1 pg/ml, respectively. 
 
Statistical methods 
Analysis of variance (ANOVA) was used to analyze repeated measures data (SPSS; release 9.0.1 
for Windows). ANOVA was followed by post hoc analysis with either Bonferroni or Dunnett's t 
test to determine significant differences between means. P values <0.05 were considered 
significant. 
 

Results 
The stimulatory effects of prion peptides on microglia was investigated with human microglia 
isolated from post mortem brain specimens. Microglia transferred from culture flasks to 48 well 
plates (2 × 104 cells/well) after 7–10 days display a bipolar to amoeboid morphology and secrete 
low to moderate levels of IL-6 in the supernatant collected after 24 h (Veerhuis et al., 2002 and 
Veerhuis et al., 2003). Based on results of a previous study (Veerhuis et al., 2002), an 80-μM 
concentration of PrP peptides was chosen to investigate possible effects of SAP and C1q on the 
prion peptide induced microglial activation. 
 
Effects of mouse PrP105–132 on microglia 
The levels of IL-6 secreted by human microglia in culture varied considerably between 
experiments with cells derived from different cases (range 0.2 to 77.4 pg/ml for IL-6). Upon 
exposure of the cells to mouse PrP peptides at a concentration of 80 μM, a peptide batch-
dependent effect on secreted cytokine levels was observed. Whereas a 2- to 13-fold increase in 
secreted IL-6 compared to medium-treated cells was observed with one batch (batch A877), 
another batch (batch A921) stimulated 350- to 500-fold (Fig. 1). 
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Figure 1. Influence of serum amyloid P component (SAP) and complement factor C1q on the stimulatory 
effects of the synthetic mouse PrP sequence 105–132 (mPrP) on the secretion of IL-6 by adult human 
microglia. (A) Results from four separate experiments with human microglia from four cases. In two 
experiments microglial cells (2 × 104 cells/well) were exposed to mouse PrP105–132 batch A877 (white bars), 
in the other two experiments to mouse PrP105–132 batch A921 (gray bars). MoPrP peptides (80 μM) were 
added to the microglia either alone or in combination with SAP (85 nM) and C1q (5 nM). The levels of IL-6 in 
the cell culture supernatant collected after 24 h were determined by ELISA. Bars represent the amount of 
secreted IL-6 (pg/ml; mean ± 1 SD) of three replicate cultures. (B and C) Electron microscopy of the two 
batches of moPrP105–132 (negative staining with uranyl acetate). (B) PrP batch A877 (corresponding to the 
open bars in A) contains aggregates of amorphous and filamentous material, but no clear fibrils. (C) Peptides 
of batch A921 (gray bars in A) display aggregates of filamentous material, forming a loose meshwork. 

 
Batch-dependent extent of fibril formation of mouse PrP105–132 peptides 
Electron microscopy (EM) examination of mouse PrP105–132 peptides disclosed that these 
peptides spontaneously aggregated in amorphous and filamentous material with irregular profile 
and different diameters and length. The mouse peptide batches A877 and A921 differed in quality 
of aggregates (Figs. 1B, C). While the highly stimulatory mouse PrP peptide (batch A921) showed 
a dense network of relatively long, filaments after 1 h incubation (Fig. 1C), the other batch (batch 
A877), that hardly showed stimulatory effects, generated primarily amorphous aggregates that 
were associated with few, relatively short, irregular filaments (Fig. 1B). The fibrillogenic capacity 
of both peptides was not strong and Congo Red staining confirmed the presence of consistent 
amount of birefringent materials only after 4–7 days of incubation. Congo Red staining indicated 
that, much more than batch A877, batch A921 exhibited distinct green birefringence indicative 
for the presence of amyloid fibers. However, the two batches had similar retention times by high-
performance liquid chromatography and molecular mass by mass spectrometry (not shown). 
 
Effects of SAP and C1q addition on cellular effects of mouse PrP105–132 peptides 
In order to test if SAP and C1q have an effect on the stimulatory activity of PrP peptides, in 
addition to PrP alone, also a combination of PrP, C1q and SAP was added to the cells. Exposure of 
the cells to the combination of PrP, SAP and C1q further increased the levels of secreted IL-6, 
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compared to PrP alone This effect was more pronounced with the batch of PrP (A877) that had 
minor effects on its own, than with batch A921 that already stimulated. (Fig. 1A). Light and 
electron microscopic examination confirmed that the increase in levels of secreted cytokines 
corresponded to modification of aggregation ability of mouse PrP peptides related to SAP and 
C1q addition. In fact, co-incubation of SAP and C1q with PrP peptides induced a dramatic increase 
in density of fibrillary aggregates of both batches and starting from 24 to 48 h of incubation 
some birefringent amyloid aggregates were detectable (not shown). 

Figure 2. Influence of SAP and C1q on the effects of peptides representing the human PrP106–126 sequence 
(huPrP) on IL-6 and TNF-α secretion by adult human microglia in vitro. Human microglia were exposed to 
either huPrP peptide (80 μM), huPrP (80 μM) mixed with C1q (5 nM) and SAP (85 nm), or medium alone for 24 
h. Data points are the result from 17 independent experiments each performed in triplicate (i.e., n = 51) for IL-
6 and from 13 of these 17 experiments (n = 39) for TNF-α. Bars represent mean (pg/ml) ± SEM; (*P < 0.05 and 
**P < 0.001 for statistical differences between cells treated with medium and either huPrP alone or huPrP with 
SAP and C1q, respectively; Dunnett t test). LPS (500 pg/ml) was used as a positive control (average values 
(±SEM) for IL-6 1863 ± 304 (N = 39), and for TNF-α 432 ± 121 pg/ml (N = 27)). 
 

Effects of human PrP106–126 on microglia 
Similar to results with mouse PrP105–132, peptides representing the human PrP106–126 sequence 
(80 μM) increased the amount of IL-6 secreted by the human microglia, as compared to medium-
treated cells, and this activation effect was stronger in the presence of SAP and C1q (Fig. 2). 
These observations were obtained in a large set of 17 experiments. Similar, but less pronounced, 
effects of huPrP, SAP and C1q on microglial release of TNF-α were observed (Fig. 2). 
 
In a limited number of cases, there were sufficient cells to further analyze the effects of a larger 
set of combinations. Also in these experiments addition of huPrP peptide to the culture medium 
resulted in an increase of IL-6 secretion in medium plus peptide-treated cells. Modest effects 
were observed with huPrP peptide combined with either C1q or SAP. More pronounced effects 
were seen with SAP and C1q together (Fig. 3). Despite the heterogeneity in the microglial 
response to stimulation, the combination of all three factors, huPrP, SAP and C1q, proved to be a 
stronger stimulus than all other combinations in all experiments (Table 1; P < 0.001). No 
correlation between PrP–SAP–C1q or LPS-induced IL-6 levels and age was found, indicating that 
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the observed heterogeneity in secreted cytokine levels between experiments is not due to 
different age of the donors. 

Figure 3. Individual and combined contributions of huPrP-peptide, SAP and C1q to microglial IL-6 release. 
Human microglia were exposed to each single component and to different combinations of huPrP-peptide, 
SAP and C1q for 24 h. Exposure to medium alone (black bars), or medium containing the scrambled human PrP 
sequence (white bars) at 80 μM resulted in low levels of secreted IL-6. Similar levels were detected in the 
supernatant of human microglia exposed to medium containing human PrP106–126 (gray bars ). However, a 
clear increase in IL-6 secretion was observed upon exposure to a mixture of huPrP106–126, SAP and C1q. 
HuPrP–SAP–C1q induced IL-6 secretion was significantly higher than with all other combinations (P < 0.001 
ANOVA and Dunnett's t test). Data shown are from one representative experiment and are expressed as 
average ± SD (n = 3). 
 

Minor effects on microglial IL-6 secretion were seen with a control peptide-representing a 
scrambled sequence of human PrP106–126, when compared to medium-treated cells. Addition of 
C1q to the scrambled peptide had no enhancing effect, whereas the combination of scrambled 
PrP peptide, SAP and C1q increased IL-6 release (P = 0.004) by the microglia compared to 
medium-treated cells. Also, SAP and C1q in the absence of peptides stimulated the release of IL-6, 
however, far less pronounced than the effects of the combined incubation with huPrP peptide, 
SAP and C1q (P < 0.001; Table 1). 
 
Table 1. Effects of different combinations of human PrP106–126 or scrambled sequence of human PrP106–126 
co-incubated with SAP and/or C1q, on IL-6 secretion by adult human microglia in vitro  

 
Human microglial cells (2 × 104 cells/well) were exposed (24 h) to either huPrP peptide (80 μM), the scrambled 
sequence of huPrP (80 μM) or medium alone, or to combinations containing C1q (5 nM) and/or SAP (85 nm). 

Microglial IL-6 secretion
Average SD Average SD Average SD Average SD

Medium 5.6 3.8 7.5 1.6 5.6 1.3 3.6 0.9

C1q 27.1 6.9 192.9 9.9 26.6 1.1 3.1 0.4

SAP 4.7 1 127.1 22.5 6 2.6 n.d.

SAP + C1q 45.5 13.4 1057.9 27.5 161.4 10.3 n.d.

huPrP 46.9 16.8 109.1 6.4 29.4 2.2 165.4 88.1

huPrP + C1q 83.9 28.8 398.2 61.8 92.1 5.4 101.4 46.3

huPrP + SAP 65.3 22.4 346.8 71.6 40.3 13.4 n.d.

huPrP + SAP+C1q 212 61.3 1399.1 81 371.4 42.2 279.2 43.4

Scrambled 35.8 6.6 94 13.1 28.5 6.6 20.9 25.5

Scrambled + C1q 44.2 4.7 n.d. n.d. 6.8 6.3

Scrambled + SAP 47.5 7.7 n.d. n.d. n.d.

Scrambled+SAP+C1q 121.3 50.5 n.d. n.d. 97.5 19.5

LPS (500 ng/ml) 2370 109 3110.3 177 5074.5 88.5 2110.8 75.2

Experiment 1 Experiment 2 Experiment 3 Experiment 4 
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Shown are results (pg IL-6/ml) from 4 independent experiments with microglia from different donors. Each 
experiment was performed in triplicate. Data are expressed as average ± SD. (n.d.: not determined). 
 

Ultrastructural analysis of human PrP106–126 
Possible correlations of the stimulatory effect of huPrP peptide in combination with C1q and SAP 
with the degree of fibrillization of the peptide were analysed with EM. Human PrP106–126 
formed straight, unbranched fibrils organized in loose meshworks upon incubation for 1 h (Fig. 
4A). In the presence of C1q and SAP (5 and 85 nM, respectively), a striking increase in fibril 
density of the peptide was observed. The fibrillary structures of huPrP peptides in the presence 
of SAP and C1q differed from those formed by peptides alone in that they were shorter, thicker, 
less regular and more heterogeneous in size (Table 2, Fig. 4D). Intermediate features were 
observed when human PrP peptide was incubated with either SAP or C1q. Aggregation was more 
pronounced in PrP/SAP than in PrP/C1q samples at 1 h (Figs. 4B and C). PrP106–126 incubated with 
C1q formed dense meshworks of less regular, shorter fibrils that were smaller in size in 
comparison to those generated by huPrP106–126 alone (Fig. 4B; Table 2). The addition of SAP to 
huPrP106–126 resulted in the appearance of a larger amount of short and long straight and 
unbranched fibrils, with diameter and morphology similar to those generated by huPrP106–126 
alone after 1 h (Fig. 4C). In parallel with the increased fibrillarity seen with EM, increased green 
birefringence with Congo Red was noted when the peptide was co-incubated with SAP and C1q 
(not shown). 
To study the effect of time, huPrP peptide alone, or in different combinations, was incubated for 
time intervals varying between 1 and 168 h before negative staining and electron microscopy. 
With time, the density of fibrillary assemblies of human PrP peptides progressively increased and 
more regular, long straight, unbranched fibrils having a median diameter of 9.5 nm were 
detectable (Table 2). Addition of C1q and SAP (5 and 85 nM, respectively) to the peptide 
suspension resulted in a high density of heterogeneous fibrils after 1 h of incubation. Further 
incubation resulted in generation of a large number of densely packed aggregates of fibrils. 

Figure 4. Electron microscopy of fibrillary aggregates generated by huPrP106–126 peptide in the presence and 
absence of SAP and C1q. Human PrP106–126 peptides were incubated either alone (A), in the presence of C1q 
only (B), SAP only (C), or SAP and C1q (D) for 1 h before application to formvar carbon-coated grids and 
negatively staining with uranyl acetate. (Scale bar = 150 nm) 
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Prolonged co-incubation of the huPrP peptide with either C1q or SAP or both resulted in further 
increase in density of the fibrils, and starting from 24-h incubation most peptide aggregates 
consisted in long straight unbranched fibrils mostly organized in meshworks. However, 
differences in morphology of fibrils remained (Table 2). 
 
Table 2. Morphological characteristic of aggregates generated by human PrP106–126 alone or co-incubated 
with amyloid-associated proteins at different incubation times  

a Results are the means + SD of at least 80 fibrils in two different sets of experiment. 

 
There were no statistically significant differences between the diameter of the fibrils which 
ranged between 9 and 11 nm. Taken together, the EM findings suggest that especially in early 
stages of fibril formation SAP and C1q increased the ability of PrP peptides to form fibrils. 
For the quantification of the degree of fibrillarity of the PrP peptides, a thioflavine S-based test 
was used, in which the fluorescence of the thioflavine S serves as an indicator for the degree of 
fibril formation and is expressed as arbitrary units. No fluorescence signal above background 
level was observed with the scrambled peptide, also not when co-incubated with SAP, C1q or 
combinations thereof. When C1q, SAP or a SAP and C1q mixture were preincubated in phosphate 
buffer and subjected to thioflavin, only slight increases in fluorescence signal were measured 
(with a maximal signal to noise ratio of 1.2 for the combination of SAP (212 nM) and C1q (12.5 nM)) 
indicating that C1q and SAP do not evoke a fluorescence signal. The huPrP-peptide gave a clear 
fluorescence signal with a signal to noise ratio between 2.5 and 3 when tested in 200 μM 
concentrations. 
For testing effects of SAP and C1q on fibrillarity, huPrP-peptide was tested in 200 μM 
concentrations. Although this concentration is higher than that used in the cell culture 
experiments (80 μM), the molar ratio between PrP, SAP and C1q remained identical when SAP 
and C1q were added at 212 and 12.5 nM concentrations, respectively. When combinations of SAP 
and C1q were added to the PrP peptides at 106 and 6.25 nM or 212 and 12.5 nM concentrations of 
SAP and C1q, respectively, this resulted in a dose-dependent increase in fluorescence signal. SAP 
on its own has an effect on PrP fibril formation that is not statistically different from that of SAP 
and C1q (P = 0.088), whereas C1q alone has no effect. The fluorescence signals of huPrP and C1q 
and of the combination of huPrP, SAP and C1q are clearly different (P < 0.001), whereas those of 
huPrP together with C1q and of huPrP alone do not differ (P = 0.659). Addition of SAP and C1q to 
the PrP at 212 and 12.5 nM concentrations, respectively, resulted in a pronounced (38.6 ± 5.1%; 

Time (h) PrP106-126 PrP106-126 + C1q PrP106-126 + SAP PrP106-126 + C1q + SAP

1 Few short, rectilinear 

unbranched fibrils, sparse or 
seldom forming loose 

meshworks (Fig. 4A)

Some, short, rectilinear, often 

irregular fibrils. Forming 
loose or dense meshworks 

(Fig. 4B)

Some short or long straight, 

unbranches fibril forming 
dense meshwork (Fig. 4C)

Many short or long irregular, 

straight unbranched fibrils 
(Fig. 4D)

4-8 Increased length and density 

of fibrils compared to 1 h 
sample

Increased length and density 

of fibrils compared to 1 h 
sample

Increased length and density 

of fibrils compared to 1 h 
sample

Increased lenght and density 

of fibrils

24 Numerous long, straight, 

unbranched fibrils forming 
loose meshworks

Many long unbranched fibrils 

often irregular, forming dense 
meshworks

Many long fibrils straight, 

unbranched fibrils, forming 
dense meshworks

Very many fibrils large and 

irregular, forming dense 
meshworks

48-168 Further increase in density of 

meshwork compared to 24 h 
sample no changes in 

morphology of fibrils

Further increase in density of 

meshwork compared to 24 h 
sample no changes in 

morphology of fibrils

Further increase in density of 

meshwork compared to 24 h 
sample no changes in 

morphology of fibrils

Further increase in density of 

meshwork compared to 24 h 
sample no changes in 

morphology of fibrils

Morphometric data of fibrils generated by PrP106-126 peptides after 24 h incubationa

Diameter (nm)

Median (nm)
Range (nm)

9.14 + 3.07

9.5
4.6 – 15.6

8.69 + 3.1

9
3.1-15.00

9.31 + 2.7

9.4
4.2-15.07

11.00 + 2.9

10.9
4.1-17.2
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average ± SD of three independent experiments) increase in fluorescence as compared to PrP 
alone (Fig. 5). 
In conclusion, these data suggest that the amyloid associated factors have an effect on the PrP 
peptide-mediated activation of microglia through enhancement of PrP peptide fibrillarity. 

Figure 5. Thioflavin S binding to huPrP106–126 (200 μM) peptide measured by fluorescence detection as an 
indicator for extent of fibril formation. The ability of human PrP 106–126 peptides to form fibrils increases in 
the presence of SAP and C1q. SAP (106 or 212 nM), C1q (6 1/4 or 12 1/2 nM), or SAP and C1q were either mixed 
with phosphate buffer pH 5.0 alone (black bars), phosphate buffer containing human PrP 106–126 (gray bars), 
or phosphate buffer containing the scrambled PrP sequence (white bars) at 200 μM. Thioflavin S fluorescence 
is expressed as arbitrary units (excitation 450 nm, emission 535 nm; bars represent mean ± SD of three 
independent experiments). 
 

Discussion 
Previous studies disclosed that the nature of aggregates (amorphous or fibrillar) formed by prion 
peptides is crucial for their capacity to stimulate microglial cells in vitro (Peyrin et al., 1999 and 
Veerhuis et al., 2002). In the present study, it was investigated whether SAP and C1q, that can be 
detected in extracellular PrPSc deposits that are associated with activated microglia in CJD and 
GSS (Ishii et al., 1984, Kalaria et al., 1991, Kovacs et al., 2004 and Rozemuller et al., 2000) have an 
effect on PrP peptide fibril formation, and concomitantly influence the stimulatory effect of PrP 
peptides on microglia in vitro. Human PrP106–126 peptides were shown to stimulate mouse 
microglia to secrete cytokines (Peyrin et al., 1999), and mouse PrP105-132 had similar effects on 
adult human microglia (Veerhuis et al., 2002). 
In this study, SAP and C1q were found to further increase the microglial activation induced by 
prion protein based synthetic peptides mouse PrP105–132 and human PrP106–126. The mixture of 
mouse PrP peptide, SAP and C1q was found to be far more stimulatory for microglia in vitro than 
either factor alone, or combinations of two factors. Addition of SAP and C1q to the mouse 
PrP105–132 not only resulted in a higher stimulatory potential for microglia, but also induced the 
formation of large aggregates of fibrils of PrP with both batches, as observed in EM studies (not 
shown). Human PrP106–126 was shown to stimulate mouse microglia to secrete cytokines 
(Peyrin et al., 1999). Since it is more relevant to test peptides representing the human PrP106–126 
sequence on human microglial cells, the microglia studies were extended with combinations of 
PrP106–126, SAP and C1q. The mixture of PrP106–126, SAP and C1q was found to be far more 
stimulatory for microglia in vitro than either factor alone, or combinations of two factors (Fig. 3). 
Similar to the results with mouse PrP105–132, also the human PrP106–126 sequence was found by 
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EM to form aggregates of fibrils in the presence of either SAP or C1q. Especially when co-
incubated with SAP and C1q, the PrP106–126 formed dense meshworks of fibrils from 1 h of 
incubation. Fibrillization of the PrP peptide was a time dependent process and SAP and C1q 
accelerated this process (Table 2). These differences became even more apparent after longer 
periods of incubation (24 h compared to 1 h). 
 
The EM findings were confirmed by the use of the thioflavin S based fluorescence test that 
enabled us to quantify the effects of SAP and C1q on PrP fibril formation. Consistent results were 
obtained when peptides were tested at 200 μM concentrations. Therefore, to investigate the 
effects of SAP and C1q on PrP fibril formation, peptides and SAP and C1q were tested at 200 μM, 
212 nM and 12.5 nM concentrations, respectively, a ratio that corresponds to that used for the 
experiments with microglial cells. SAP and C1q did not interfere with the fluorescence signal, but 
clearly increased the fluorescence signal related to the degree of fibril formation of the PrP 
peptide sample (Fig. 5). 
In contrast to addition of C1q alone, addition of SAP alone enhanced PrP peptide fibril formation 
(Fig. 5). This means that the fibril enhancing effect of SAP probably is more important than that 
of C1q. Although no significant differences (P = 0.088) were observed between the effects of 
SAP and C1q and of SAP alone on huPrP fibril formation, qualitative differences were seen 
between PrP peptides mixed with SAP alone and PrP peptides mixed with SAP and C1q at all time 
points examined with EM (Table 2). 
Since the biologic effects of PrP peptides on microglia are enhanced only in the presence of the 
combination of SAP and C1q (Fig. 3; Table 1), it seems that for biologic effects not only the degree 
of fibril formation (as measured with Thioflavin) but also subtle qualitative changes (morphologic 
variations) between pure huPrP fibrils and the PrP–SAP–C1q complexes, that can be detected by 
EM, are important. 
Batch to batch variation in microglia stimulatory effects were observed with the mouse PrP105–
132 peptide (Fig. 1A). The differences in stimulatory effects on microglia of the two batches used, 
seemed to be related to differences in the degree of fibril formation of the two PrP batches, as 
judged by EM (Figs. 1B and C). When a batch of moPrP peptides (batch A877) was used with 
minor stimulatory effects, SAP and C1q had clear enhancing effects on microglial IL-6 release (Fig. 
1A), whereas effects of SAP and C1q on another batch (batch A921) that readily formed 
filamentous structures were far less pronounced. In EM studies both batches formed aggregates 
of fibrils upon incubation in the presence of SAP and C1q for 24 h, suggesting that the differences 
in tendency to form fibrils between batches were reduced. 
SAP is known to bind to all forms of amyloid throughout the body and has been suggested to 
protect amyloid deposits from proteolysis. In a study investigating the interaction of SAP with 
amyloid-β protein that gives rise to amyloid deposits in Alzheimer's disease, SAP was found to 
bind to mature fibrils, but not to protofibrils of Aβ1–42 in vitro (Holm Nielsen et al., 2000). These 
findings support the idea that SAP does not initiate fibrillization but stabilizes amyloid fibrils and 
protects them from proteolysis (Tennent et al., 1995). In SAP-deficient mice, the development of 
clinical and pathological signs of experimentally induced amyloid A amyloidosis is retarded, which 
indicates that SAP accelerates the induction of amyloidosis (Togashi et al., 1997). Encouraging 
results with a compound that cross-links and dimerizes SAP molecules, and in vivo produces a 
marked depletion of circulating human SAP as well as a reduction in amyloid load in systemic 
amyloidosis have boosted the idea that removal of SAP from human amyloid deposits may 
provide a new therapeutic approach to diseases associated with both systemic and local amyloid 
deposits (Pepys et al., 2002). 
A certain degree of fibril density of amyloid β peptides is required for C1q binding in vitro (Snyder 
et al., 1994). Once bound, C1q can further enhance Aβ fibril formation (Webster et al., 1994). C1q 
can also bind to SAP molecules (Bristow and Boackle, 1986, Hicks et al., 1992 and Ying et al., 1993) 
which may explain why combined SAP and C1q increase the fibril content of Aβ1–42, and also of 
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PrP peptides (this study), to a greater extent than either SAP or C1q alone (Veerhuis et al., 2003). 
The simultaneous presence of SAP and C1q in early stages of Aβ-plaque formation correlated with 
the appearance of clusters of activated microglia. Moreover, SAP and C1q together were shown 
to enhance the stimulatory effect of Aβ on microglia in vitro, which suggests that the presence of 
SAP and C1q in Aβ plaques is a prerequisite for microglial clustering and activation, that in turn 
may lead to local synthesis of cytokines and other factors that enhance the disease process 
(Veerhuis et al., 2003). In prion diseases SAP and C1q are found in extracellular deposits of PrPsc 
(Ishii et al., 1984, Kalaria et al., 1991, Kovacs et al., 2004 and Rozemuller et al., 2000). Since the 
degree of fibril formation of the PrP peptide determines its potential to activate microglia in vitro 
(Peyrin et al., 1999 and Veerhuis et al., 2002) and SAP and C1q in combination were found to 
enhance PrP fibril formation (Fig. 1, Fig. 4 and Fig. 5; Table 2), it is tempting to speculate that the 
effects of SAP and C1q on PrP-mediated microglial activation are solely due to their capacity to 
increase PrP fibril density. 
However, since the stimulatory effects on microglial cytokine release of PrP peptides in 
combination with SAP and C1q are higher than those of PrP peptides alone, even if the PrP 
peptides are in a fibrillar form, the cellular effects through SAP and/or C1q–cell interactions 
cannot be excluded. 
No specific binding sites for SAP on microglia have been reported, although interactions of SAP 
with Fc-receptors on macrophages have been suggested (Bharadwaj et al., 2001). Microglia 
express C1q receptors (Korotzer et al., 1995), which make contributions of SAP and C1q to the 
cellular effects of PrP–SAP–C1q complexes likely. This is strengthened by our finding that, 
although SAP or C1q alone have no stimulatory effect, the combination of SAP and C1q (without 
huPrP) is stimulatory (IL-6 release), although much less than the huPrP–SAP–C1q combination (P 
< 0.001; Table 2). This suggests that complexes of SAP and C1q may activate the microglial cells 
and that PrP peptide fibrils enhance or accelerate this complex formation. 
Although the precise mechanism through which SAP and C1q modulate the PrP peptide-induced 
biologic (cellular) effects remains elusive, the present study indicates that factors that are co-
localized with PrP deposits in vivo may to a large extent determine its effects. PrP peptide-
induced neurotoxicity is to a large degree mediated by activated microglia (Bate et al., 2001 and 
Brown et al., 1996). The present finding indicates that a combination of amyloid associated 
factors (SAP and C1q) can contribute to PrP fibril formation and also to the degree of microglial 
activation. Therefore, it is of importance to test potential therapeutic compounds designed to 
adverse PrP fibril formation (e.g., peptides (Soto et al., 2000; tetracycline (Tagliavini et al., 2000) 
and associated glial activation in a test system in which also factors that can be found co-
localized with PrP deposits in vivo are present. 
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Abstract 
Minocycline, a derivative of the antibiotic tetracycline, displays neuroprotective properties in 
various models of neurodegenerative diseases and is now used in clinical trials, because of its 
relative safety and tolerability. Minocycline passes the blood-brain barrier and is presumed to 
inhibit microglial activation. In Alzheimer’s disease brain, a number of proteins, including serum 
amyloid P component (SAP) and complement factors such as C1q, accumulate in amyloid b (Aß) 
plaques. In a previous study, SAP and C1q were found to be required for clustering of activated 
microglia in Aß plaques. Furthermore, SAP and C1q enhanced Aß fibril formation and Aß mediated 
cytokine release by human microglia in vitro. In the present study, we report that tetracycline 
and minocycline dose-dependently reduce TNF-a and IL-6 release by adult human microglia upon 
stimulation with a combination of Aß, SAP, and C1q. In addition, minocycline and to a lesser 
extent tetracycline inhibit fibril formation of Aß as determined in a thioflavin-S-based 
fluorescence test. This inhibitory effect was observed with Aß alone as well as with Aß in 
combination with SAP and C1q. Our data suggest that minocycline and tetracycline at tolerable 
doses can inhibit human microglial activation. This activity in part is exerted by inhibition of (SAP 
and C1q enhanced) Aß fibril formation. 
  

Introduction 
Amyloid plaques in Alzheimer disease (AD) brain are associated with a locally induced, non-
immune-mediated, chronic inflammatory response. Deposition of Aß is considered a 
neuropathological hallmark of AD and is associated with clusters of activated microglia in AD 
affected brain areas (Sasaki et al., 1997; Veerhuis et al., 2003; Blasko et al., 2004; Veerhuis et al., 
2004). Clinicopathological and neuroradiological studies indicate that activation of microglia is a 
relatively early pathologic event in the process of Alzheimer’s disease, since the presence of MHC 
class II-positive microglia precedes the process of neuropil destruction in AD brain (Sasaki et al., 
1997; Arends et al., 2000; Cagnin et al., 2001; Vehmas et al., 2003). Clustering of activated 
microglia, MHC-class II positive microglia that express complement receptors (CD18/ CD11b and 
c), in AD cerebral amyloid deposits is related to a certain degree of Aß fibril formation. 
Furthermore, they are seen exclusively in Aß plaques with positive immunostaining for SAP and 
C1q (Veerhuis et al., 2003). Upon activation, microglial cells secrete pro-inflammatory cytokines, 
such as IL-1b, IL-6, and TNF-a, nitric oxide, and reactive oxygen species (ROS), which in turn may 
lead to cytotoxicity and neurodegeneration (Gebicke-Haerter, 2001; Hanisch, 2002). In vitro, Aß1-
42 (the major Aß species in the plaques) exerts minor stimulatory effects on the secretion of 
proinflammatory cytokines by microglia isolated from human post mortem brain specimens. 
However, a clear enhancement of the Aß-mediated release of cytokines (IL-6 and TNF-a) by 
microglia was observed when Aß was added in combination with SAP and C1q (Veerhuis et al., 
2003). This may, at least in part, result from the effect of SAP and C1q on Aß fibril formation since 
in electron microscopical studies, addition of SAP and C1q to the Aß1-42 peptide caused an 
increase in fibril density with generation of a large number of densely packed aggregates of the 
Aß1-42 peptide (Veerhuis et al., 2003). We recently developed an efficient method for 
measurement of in vitro fibril formation based on the increase in fluorescence signal upon 
interaction of thioflavin S with the fibrils formed by synthetic peptides with a high b sheet 
content (Boshuizen et al., 2004). This technique provides an effective tool to investigate in vitro 
formation of Aß fibrils and the role of associated proteins such as SAP and C1q in this process. 
Minocycline, a derivative of tetracycline, is considered a beneficial neuroprotective drug in a 
number of central nervous system disorders. Positive effects of this compound were reported in 
models of Parkinson’s disease (Du et al., 2001; Wu et al., 2002),  Huntington’s disease (Chen et al., 
2000), amyotrophic lateral sclerosis (Zhu et al., 2002; Kriz et al., 2002), traumatic brain injury 
(Sanchez Mejia et al., 2001), intracerebral hemorrhage (Power et al., 2003), and global cerebral 
ischemia (Arvin et al., 2002). Minocycline readily passes the blood-brain barrier, which makes it 
particularly suitable for treatment of brain disorders. Different mechanisms have been suggested 
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for the beneficial effects of minocycline as a therapeutic agent in brain disorders (Blum et al., 
2004). Since microglial activation is an important feature in the pathogenesis of AD, we focused 
on the effects of minocycline on the Aßinduced microglial activation as a target for treatment of 
AD. A direct inhibitory effect of minocycline on proliferation and activation of rodent microglial 
cells through inhibition of p38 mitogen-activated protein kinase (p38 MAPK) is suggested, which, 
in turn, can prevent neurotoxicity (Tikka et al., 2001). In contrast, the antibiotic tetracycline and 
its derivatives, doxycycline and minocycline, are claimed to bind amyloid fibrils generated by 
synthetic peptides of human PrP and human Aß1-42/Aß1-40 and reduce the formation of amyloid 
fibrils by these peptides (Tagliavini et al., 2000; Forloni et al., 2001). Although the mechanisms are 
not fully understood, polar interactions and the formation of hydrogen bonds are suggested to 
be the possible molecular basis for binding of tetracycline to fibrillogenic structures. In this study, 
we analyzed the inhibitory effect of both minocycline and tetracycline on the activation of 
human microglial cell cultures, as well as on fibril formation of Aß in combination with SAP and 
C1q. Our data show that the inhibitory effects of minocycline and tetracycline on human 
microglial activation are in part due to inhibition of (SAP and C1q enhanced) Aß1-42 fibril 
formation. 
 

Materials and methods 
Ingredients included trypsin, gentamycin, streptomycin, penicillin, lipopolysaccharide (LPS; 
E55:B5), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), poly-L-lysine (PLL; 
Sigma, St. Louis, MO), bovine pancreatic DNase I (Boehringer-Mannheim, FRG), Dulbecco’s 
modified Eagle’s medium nutrient mixture HAM’s F-10 (DMEM/HAM-F10; GIBCO-Life 
Technologies, Breda, The Netherlands), and fetal calf serum (FCS; ICN Biomedicals, Amsterdam, 
The Netherlands), were obtained as indicated. Microtiter plates (96 wells) for enzyme-linked 
immunosorbent assays (ELISA) were from Nunc (Roskilde, Denmark), 48-well plates and 80-cm2 
culture flasks for cell culturing fromCostar (Corning, NY). Aß1-42 (Bachem, Bubendorf, 
Switzerland) was dissolved (stock solution; 500 µM) in pyrogen-free water (Baxter B.V. Utrecht, 
The Netherlands), aliquoted and stored at 220oC until use. Serum amyloid P component was from 
Calbiochem (La Jolla, CA). Human C1q was either from Quidel (San Diego, CA), or isolated from 
the Cohn I fraction of pooled human plasma, followed by cation exchange chromatography (Bio-
Rex 70; Bio-Rad) and gel filtration (Bio-Gel A5; Bio-Rad) according to published protocols (Tenner 
et al., 1981). The C1q was homogeneous, as judged by SDS-PAGE, and transferred from Tris-HCl 
buffer to sterile phosphate-buffered saline (PBS) by passage over a PD10 column (Pharmacia 
Biotech). Glycerol (GIBCO-BRL) was added to a final concentration of 40% (v/v) and the C1q 
preparation was subsequently passed over a 0.22-µm filter (Millipore, Bedford, MA), aliquoted 
and stored at -80o C. Tetracycline-HCl and minocycline-HCl were obtained from Sigma (St. Louis, 
MO).  
 
Brain Tissue Specimens  
Human brain specimens with a short post mortem delay time were obtained at autopsy through 
the Netherlands Brain Bank (coordinator Dr. R. Ravid). The clinical diagnosis of AD was 
neuropathologically confirmed on formalin-fixed, paraffin-embedded tissue from different brain 
regions. Subcortical white matter and cortical gray matter from cerebral cortex specimens of AD 
or control cases were collected in DMEM/HAM-F10 (1:1) containing gentamycin (Gibco, Paisley, 
UK; 50 lg/ml) for further microglial isolation and cell culture purpose. Cells Microglial cells were 
isolated according to published protocols (Veerhuis et al., 1999; De Groot et al., 2000). In short, 
cell suspensions obtained after mincing and trypsin digestion (37oC; 20 min) of brain specimens, 
devoid of blood vessels and meninges, were passed through a nylon 130 µm mesh filter and spun 
on a Percoll gradient (1.03 g/ml) at 1,250g to remove the myelin. After shock lysis of erythrocytes 
in NH4Cl, the resulting cell suspension was plated in uncoated 80-cm2 flasks and grown in 
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DMEM/HAM-F10 (1:1) containing 10% (v/v) FCS, 2 mM L-glutamine, penicillin (100 IU/ml), and 
streptomycin (50 lg/ml) and, additionally, 25 lg/ml granulocyte-monocyte colony-stimulating 
factor (rHuGM-CSF; Leucomax, Sandoz, Uden, The Netherlands). Isolated cells were then 
cultured at 37C, 5% CO2 for 7– 10 days before stimulation experiments. Microglial cells had either 
a bipolar or an amoeboid morphology.  
 
Stimulation Experiments 
Stimulation experiments were performed as described previously (Veerhuis et al., 1999). Isolated 
microglial cells after trypsinization and scraping with a cell scraper (Costar, Corning, NY), were 
transferred to 48-well plates at cell densities of 2 x 104 cell/well, and allowed to settle for 24 h. 
Before the start of the experiment, appropriate amounts of Aß1-42 peptides alone or in 
combination with SAP and C1q in DMEM/HAM-F10 were incubated with different concentrations 
of tetracycline-HCl (Sigma) or minocycline-HCl (Sigma) for 1 h at room temperature. This extra 
step was designed to analyze whether the inhibitory effect of these drugs on Aß fibril formation 
results in a decline in microglial activation. For this, Aß1-42 at a final concentration of 10 µM, alone 
or in combination with 85 nM SAP and 5 nM C1q was incubated in DMEM/HAMF10 containing 
tetracycline-HCl or minocycline-HCl in final concentrations of 25 µM or 250 nM. As a positive 
control, LPS was also incubated for 1 h at room temperature before addition to the cells at a final 
concentration of 100 ng/ml. No detrimental effects of peptide and C1q or SAP treatment on cell 
viability, as assessed in a MTT assay, were observed in control experiments. Culture supernatants 
from microglia were collected 24 h after the start of the treatment, centrifuged to remove cells, 
aliquoted, and stored at -200C, until assayed for the presence of cytokines.  
 
ELISA  
Cytokine levels in cell culture supernatants were measured in commercial enzyme immunoassay 
(ELISA) kits according to the instructions of the manufacturer (Sanquin, Amsterdam, The 
Netherlands, for IL-6 and TNF-a. These are sandwich ELISAs in which 96-well ELISA plates 
(PolySorp; Nunc, Roskilde, Denmark) are coated with IgG fractions of cytokine-specific 
monoclonal antibodies in 50 mM carbonate buffer, pH 9.6 at room temperature for 18 h, and 
subsequently blocked by incubation with phosphate-buffered saline (PBS) containing 2% (v/v) 
milk for 45 min. Standards, human recombinant cytokines, and samples are diluted in PBS 2% (v/v) 
milk. Washing in between incubation steps was with PBS containing 0.05% Tween 20. Bound 
cytokines were detected after subsequent incubations with the respective biotinylated 
antibodies and with streptavidin poly-HRP (CLB; Amsterdam). 3,5,30,50-tetramethylbenzidine 
(TMB; Sigma) at a concentration of 100 lg/ml in 0.11 M sodium acetate pH 5.5 containing 0.003% 
(v/v) H2O2 (100 ll final volume) was used as a substrate. Color development was stopped by 
adding an equal volume of 2 M H2SO4, after which the absorption at 450 nm was determined in a 
microculture plate reader (Titertek Multiscan; Flow labs). Detection limits of the ELISAs were 0.2 
and 1 pg/ml for IL-6 and TNF-a, respectively.  
 
Thioflavin S-Based Quantification of Aß Fibril Formation 
The extent of fibril formation of Aß1-42 peptides was determined in a thioflavin S-based 
microtiter plate test (Boshuizen et al., 2004). Aß peptides were mixed with either 50 mM 
phosphate buffer, pH 5 alone, or phosphate buffer containing SAP and C1q, or in combination 
with tetra- or minocycline. After incubation at room temperature for 1 h, mixtures were 
transferred to gelatin-coated wells of a 96F Maxisorb white microwell plate (Nunc, Roskilde, 
Denmark) and allowed to dry overnight at 37oC. Subsequently, 50 ll of a 0.2-mg/ml thioflavin S 
solution was added to each well and left to incubate at room temp for 90 min, after which the 
fluorescence signal was detected in a Wallac Victor 1420 Multilabel counter (Perkin-Elmer, 
Wellesley, MA) with the following settings: excitation 450 nm, emission 535 nm and lamp energy 
10,000 (arbitrary units). 
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Statistical Analysis 
SPSS (release 9.0.1) for Windows was used for statistical analysis. Analysis of variance (ANOVA) 
followed by Bonferoni’s test was used to determine significance of differences between levels of 
Aß fibril formation and cytokine release by microglial cells in control and treated groups. P-values 
of <0.05 were considered significant. 
 

Results 
Effects of Tetracycline and Minocycline on Human Microglial Activation in Vitro 
Similar to our previous results (Veerhuis et al., 2003), Aß1-42 (10 µM) on its own had minor 
stimulatory effects on microglial cells isolated from post mortem brain specimens, whereas 
addition of SAP and C1q to Aß led to a significant increase in secretion of the cytokines IL-6 and 
TNF-a. Now, we investigated the effect of tetracycline and minocycline, effective 
neuroprotective compounds known to interfere with Aß fibril formation, on Aß/SAP/C1q-
mediated cell activation of human microglia. To determine tolerable levels, isolated microglia 

Figure 1. Effect of tetracycline and minocycline on microglial toxicity. Microglial cells (2 x 104 cells/well) were 
incubated with various concentrations of tetracycline or minocycline (up to molar ratio 250:1 to Aß) at 37oC for 
24 h. Viability of the cells after exposure to different concentrations of tetracycline and minocycline was 
determined by measurement of LDH release and cellular capacity to reduce MTT activity. Viability was not 
impaired by minocycline at doses up to 80 µM, whereas tetracycline had no harmful effect up to 25 µM. Data 
are given as mean and SD of triplicate samples.  
 

were incubated with increasing concentrations of tetracycline and minocycline for 24 h and cell 
viability was assessed by LDH release and MTT assay. Neither compound had toxic effects on 
microglia at concentrations of ≤25 µM. In comparison with minocycline, toxic effects of 
tetracycline on microglia started at a lower concentration. An increase in release of LDH by 

200

150

100

50

0

2500

2000

1500

500

0

1000

200

150

100

50

0

5000

4000

3000

1000

0

2000

0
.2

5

2
.5 2
5

8
0

2
5

0

8
0

0

2
5

0
0

m
e

d
iu

m

µM

minocycline

tetracycline

M
T

T
 (

%
 m

e
d

iu
m

: 
  

  
  

  
 )

L
D

H
 (

%
 m

e
d

iu
m

: 
  

  
  

  
)



Minocycline inhibits human glial activation 

 74 

microglia was detectable upon incubation with tetracycline at concentrations of 80 µM and 
higher. Cytotoxic effects on incubation with minocycline were observed at concentrations higher 
than 250 µM (Fig. 1). Comparable results were obtained upon incubation of neuroblastoma cells 
with minocycline and tetracycline (data not shown). To measure the effect of these compounds 
on microglial activation, we incubated 10 µM Aß1-42 alone or in combination with SAP and C1q 
together with various amounts of tetracycline or minocycline up to 25 µM, a concentration that, 
based on the toxicity experiments, was considered nontoxic for the microglial cells (Fig. 1). 
Mixtures were pre-incubated for 1 h before incubation with cells to allow Aß1-42 peptides to form 
fibrils. To assess microglial activation, the levels of secreted stimulatory cytokines, IL-6 and TNF-a, 
in the cell supernatants was determined by ELISA. Co-incubation of tetra- or minocycline with 
Aß1-42 peptides alone did not affect cytokine release by microglia (data not shown). 

Figure 2. Effect of tetracycline and minocycline on Aß-mediated microglial activation. Aß alone or in 
combination with SAP and C1q was allowed to form fibrils in absence or presence of tetracycline or 
minocycline for 60 min at room temperature. At the end of pre-incubation the samples were incubated with 2 
x 104 microglia cells/well at 37oC for 24 h. The secretion of pro-inflammatory cytokines IL-6 and TNF-a to the 
supernatants of the cells were measured by ELISA . Both tetracycline and minocycline had inhibitory effects on 
microglial stimulation at the molar ratio 2.5:1 to Aß. At the lower dose (molar ratio 0.025:1 to Aß), only the 
production of TNF-a was decreased by these compounds. The data are given as mean and SEM of quantitative 
ELISA for IL-6 (7 independent experiments each in triplicate, n = 21) and for TNF-a (five independent 
experiments each in triplicate, n = 15). The amount of secreted TNF-a was below the ELISA detection limit for 
TNF-a in two experiments. *P < 0.05, **P < 0.01, ***P < 0.001. 
 
However, both compounds showed inhibitory effects on the microglial cytokine release induced 
by the complex of Aß, SAP and C1q. The secretion of IL-6 and TNF-a by microglia exposed to the 
combination of Aß with SAP and C1q was significantly reduced upon incubation with tetra- or 
minocycline at a concentration of 25 µM (molar ratio of 2.5:1 to Aß) (Fig. 2). A lower dosage of 
tetracycline or minocycline (250 nM), comparable to the molar ratio 0.025:1 to Aß, resulted only 
in reduction of TNF-a release. Microglial secretion of IL-6 did not change significantly (Fig. 2). 
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Assessment of Aß1-42 Fibril Formation Formation of Aß fibrils Using the thioflavin S-based 
fluorescence assay, we analyzed the formation of Aß1-42 fibrils. Compared with buffer alone, an 
increase in fluorescence levels, which indicates formation of Aß fibrils, was observed at 10 µM Aß 
and further increased at higher concentrations of Aß (data not shown).  

Figure 3. Measurement of Aß fibril formation by thioflavin S assay. The degree of fibril formation of Aß1-42 
peptide alone or in combination with SAP and C1q was determined by a thioflavin-based fluorescence assay. 
The levels of fluorescence reflect the amounts of Aß fibril formation. Addition of SAP and C1q to Aß enhances 
the fluorescence which indicates higher amounts of Aß fibrils. Data are expressed as mean and SD of arbitrary 
units from triplicate samples. ***P < 0.001. 
 

A concentration of 25 µM Aß1-42 was chosen for further studies on fibril formation, because of its 
acceptable signal to noise ratio (1.9 6 0.3; average 6 SD, n 5 12). Effect of SAP and C1q on Aß fibril 
formation. Next, Aß fibril formation in the presence of SAP and C1q was assessed by thioflavin S 
assay. Fluorescence levels significantly increased upon addition of SAP and C1q to Aß (Fig. 3). 
Incubation of SAP and C1q in the absence of Aß peptide did not significantly change the 
fluorescence signal, compared with buffer alone (data not shown). Inhibitory effect of 
tetracycline and minocycline.  

Figure 4. Inhibitory effect of minocycline on Aß fibril formation in thioflavin S-based fluorescence assay. Dose-
dependent inhibition of minocycline on fibril formation in a mixture of 25 µM Aß together with SAP and C1q in 
absence or presence of indicated amounts up to 200 µM (molar ratio 8:1 to Aß) is demonstrated. Data present 
average arbitrary unit of every sample after subtraction of the corresponding buffer background fluorescence 
(AU-CBG) 6 standard deviation of three wells. 
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To assess the effect of tetracycline and its derivative, minocycline, on Aß fibril formation, the 
generation of fluorescence signal by 25 µM Aß alone or together with SAP and C1q in the 
presence of increasing concentrations of tetracycline or minocycline was determined in our 
assay. Various concentrations of tetracycline or minocycline resulting in tetracycline/Aß or 
minocycline/Aß molar ratios of 0.025, 0.25, 2.5, and 8 were tested. In the titration experiment, 
inhibition of Aß fibril formation in the presence of SAP and C1q was observed upon co-incubation 
with minocycline at molar ratios of 8:1 and 2.5:1; i.e., 53% and 16%, respectively. At molar ratios of 
0.25:1 and 0.025:1 fluorescence levels corresponding to the degree of Aß fibril formation 
remained unchanged (Fig. 4). Therefore, further thioflavin S experiments were carried out using 
tetracycline and minocycline at molar ratios of 2.5:1 and 8:1 to Aß. Both tetracycline and 
minocycline were able to significantly inhibit fibril formation at the molar ratio of 8:1 to Aß. 
However, at molar ratio of 2.5:1 only minocycline also showed a significant inhibitory effect (Fig. 
5). 

Figure 5. Inhibitory effects of minocycline (A) or tetracycline (B) on fibril formation of 25 µM Aß in absence or 
presence of SAP and C1q. Both compounds inhibited formation of Aß fibrils. Inhibitory effect of minocycline on 
Aß fibril formation was significant at the molar ratios of 2.5:1 and 8:1 to Aß. In contrast, tetracycline had an 
inhibitory effect only at the higher concentration (1:8). Data are given as arbitrary unit (mean and SD) for the 
samples and corresponding backgrounds (the fluorescence measurement of every sample in absence of Aß as 
control). n = 9 (3 independent experiments performed each in triplicate). There was no significant difference 
between the fluorescence levels of corresponding backgrounds. *P < 0.05, **P < 0.01, ***P < 0.001. 

 
Discussion 
Although various animal studies have provided evidence for beneficial effects of minocycline in 
models of chronic neurodegenerative disorders, the exact mode of action of minocycline is 
unknown. A neuroprotective function via interaction with the apoptosis machinery such as 
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upregulation of expression of the anti-apoptotic protein, Bcl-2 and reduction in 
cleavage/activation of Bid has been suggested (Wang et al., 2004; Wang et al., 2003). Other 
studies point to an indirect neuroprotective effect for minocycline as a consequence of inhibition 
of microglial activation (Tikka et al., 2001,). Up to now, all studies investigating the effects of 
minocycline on microglial cells are performed on rodent microglia. In this study, we investigated 
the effect of minocycline on Aß-mediated activation of human microglial cells isolated from post 
mortem brain specimens. Because the isolation of human microglial cells yield a limited number 
of cells, selection of the most relevant dosages for tetracycline and minocycline to be tested on 
cultured microglial cells was essential.  
The administered dose of minocycline in animal studies varies between 20–100 mg/kg/day either 
intravenously (IV) or intraperitoneally (IP). Intravenous administration of minocycline of ≤25 
mg/kg was reported to be safe and did not alter the physiological parameters of the 
experimental animals (Colovic and Caccia, 2003; Xu et al., 2004; Blum et al., 2004). However, at 
doses exceeding 25 mg/kg, a reduction in body weight, as well as toxic effects such as skin 
irritation and a rise in the levels of hepatic enzymes, were observed (Bocker et al., 1991; Smith et 
al., 2003; Blum et al., 2004). Plasma levels of minocycline after IV administration of 20 mg/kg in 
rats reached a peak concentration of 28.8 mg/L (Fagan et al., 2004; Xu et al., 2004), which is 
equivalent to 60 µM of this compound. Diffusion of minocycline through the blood-brain barrier 
results in brain and cerebrospinal fluid (CSF) levels of ≤30–50% of that in the systemic circulation 
in both rat and human (Saivin and Houin, 1988; Smith et al., 2003; Colovic and Caccia, 2003; Fagan 
et al., 2004). Hence, the concentration of minocycline in the brain upon receiving 20 mg/kg IV can 
reach a maximum level of 20–30 µM. In the present study, no toxic effects on human microglial 
(Fig. 1) or neuroblastoma cells (data not shown) exposed to minocycline or tetracycline up to 25 
µM were observed, as determined by MTT assay and LDH release. Similar toxicity levels were 
observed in another in vitro culture model using the human gingival epithelioid S-G cell line 
(Babich and Tipton, 2002). Altogether, 25 µM minocycline is considered a nontoxic concentration 
that equals the attainable concentration in brain tissue. As a marker for glial activation, we 
determined the amounts of secreted pro-inflammatory cytokines, IL-6 and TNF-a, in the 
supernatants of microglial cells stimulated with Aß1-42. Similar to our previous study (Veerhuis et 
al., 2003), stimulation of human microglial cells with 10 µM Aß1-42, a dose that is not toxic for the 
cells, together with SAP and C1q, led to a significant enhancement in secretion of IL-6 and TNF-a. 
Simultaneous incubation of Aß, SAP, C1q, and 25 µM minocycline or tetracycline, corresponding 
to a molar ratio of 2.5:1 for minocycline or tetracycline to Aß, significantly reduced the secretion 
of both IL-6 and TNF-a (Fig. 2). Because inhibitory effects of minocycline on proliferation and 
activation of rat microglia could also be observed at a concentration of 200 nM (Tikka and 
Koistinaho, 2001), we also investigated the effects of tetracycline and minocycline at a 250 nM 
dosage on the Aß-induced cytokine release by human microglial cells, corresponding to a molar 
ratio of 0.025:1 to Aß. No inhibitory effects on Aß/SAP/C1q-mediated release of IL-6 was observed 
upon incubation with this dosage of either compound. However, at this dosage, tetracycline still 
significantly reduced the Aß/SAP/C1q-mediated secretion of TNF-a. Although not significant, a 
trend to decrease TNF-a levels was observed upon incubation with minocycline at 250 nM. Such a 
dissimilar effect of minocycline on TNF-a and IL-6 has also been shown before on other cell types 
(Celerier et al., 1996; Kloppenburg et al., 1996; Ledeboer et al., 2005). The different effects of 
minocycline and tetracycline on IL-6 and TNF-a secretion may be due to inhibition of different 
pathways involved in the production of cytokines by the activated glial cells. Several mechanisms 
may contribute to neuroprotective activities of minocycline such as inhibition of caspase 1 and 3 
expression, reduction in generation of inducible nitric oxide synthase (iNOS) and COX-2, and 
inhibition of p38 MAPK (Yrjanheikki et al., 1998; Yrjanheikki et al., 1999; Chen et al., 2000; Tikka et 
al., 2001). Another possible mode of action may be through inhibition of Aß fibril formation. 
Tetracycline and its derivatives, doxycycline and minocycline, have a tendency to bind 
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fibrillogenic structures such as synthetic peptides of human PrP and human Aß 1-42/Aß1-40 and 
via polar interactions reduce formation of amyloid fibrils (Tagliavini et al., 2000; Forloni et al., 
2001). In this study, we quantified the degree of fibril formation of Aß peptides using thioflavin S-
based fluorescence technique. As already seen with electron microscopy, Aß fibril formation 
significantly increased in the presence of SAP and C1q. Co-incubation of minocycline and Aß 
inhibited Aß fibril formation. Comparable inhibitory effects of minocycline on Aß fibril formation 
were observed in the absence or presence of SAP and C1q at a minimum molar ratio of 2.5:1 to 
Aß. In contrast, tetracycline did not inhibit Aß fibril formation at this molar ratio, although a 
significant inhibitory effect was observed at the higher concentration. Hence, minocycline exerts 
a dual inhibitory effects on microglial activation, a direct inhibitory effect at low dosage and an 
extra inhibitory effect by prevention of Aß aggregation at higher dosage. Nevertheless, the 
required concentration of minocycline for inhibition of Aß fibril formation in vitro is higher than 
the circulating concentration of minocycline upon administration. In human trials for rheumatoid 
arthritis, acne vulgaris, and Huntington’s disease, long-term treatment with minocycline of ≤200 
mg/day (comparable to 3 mg/kg) was reported to be safe and tolerable (Goulden et al., 1996; 
O’Dell et al., 1999, 2001; Bonelli et al., 2004). Recent human trials with this compound on chronic 
neurological disorders also pointed to beneficial effects of minocycline in amyotrophic lateral 
sclerosis, Huntington’s disease, and multiple sclerosis at similar dosages (Gordon et al., 2004; 
Thomas et al., 2004; Metz et al., 2004). Increased dosage of minocycline up to 400 mg/day was 
well tolerated by the majority of the patients, although a trend toward increased risk of 
gastrointestinal problems was observed (Gordon et al., 2004). In humans, peak plasma 
concentration of 6.2 mg/L is obtained after a 200 mg of IV minocycline (Saivin and Houin, 1988), 
which is comparable to 12.8 µM. Up to now, there are no data available on the plasma 
concentration upon administration of 400 mg/day, although with regard to the linear relation 
between peak plasma concentration and administered dose in animal experiments (Colovic and 
Caccia, 2003), a twofold increase in peak plasma concentration could be expected.Therefore, it is 
likely that inhibitory effects of minocycline on aggregation and/or fibril formation of Aß at higher 
administrated doses may contribute to prevention of AD plaque formation. Amyloid plaque 
formation and microglial activation proceed neurodegenerative changes in the pathogenesis of 
AD (Arends et al., 2000; Vehmas et al., 2003; Veerhuis et al., 2003). Since minocycline is able to 
prevent Aß fibril formation as well as Aß-induced microglial activation, this compound may act on 
initial stages of the disease process. 
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Abstract 
The misfolded conformer of the prion protein (PrP) that aggregates into fibrils is believed to be 
the pathogenic agent in transmissible spongiform encephalopathies. In order to find fibril 
interfering compounds a screening assay in solution would be the preferred format to 
approximate more closely to physical conditions and enable the performance of kinetic studies. 
However, such an assay is hampered by the high irreproducibility because of the stochastic 
nature of the fibril formation process. According to published fibril models, the fibrillar core may 
be composed of stacked parallel ß-strands. In these models positive charge repulsion may reduce 
the chance of favorable stacking and cause the irreproducibility in the fibril formation. This study 
shows that the charge compensation by polyanions induced a very strong fibril growth which 
made it possible to develop a highly reproducible fibril interference assay. The stimulating effect 
of the polyanions depended on the presence of the basic residues Lys106, Lys110 and His111. The 
assay was validated by comparison of the 50% fibril inhibition levels of peptide huPrP106-126 by 
six tetracyclic compounds. With this new assay, the fibrillogenic core (GAAAAGAVVG) of peptide 
huPrP106-126 was determined and for the first time it was possible to test the inhibition 
potentials of peptide analogues. Also it was found that variants of peptide huPrP106-126 with 
proline substitutions at positions Ala115, Ala120, or Val122 inhibited the fibril formation of huPrP106-
126. 
 

Introduction 
Transmissible spongiform encephalopathies (TSEs) or prion diseases, are infectious 
neurodegenerative diseases affecting various species, and include bovine spongiform 
encephalopathy (BSE) in cattle and Creutzfeldt-Jakob disease (CJD) in man. The etiological agent 
is thought to be a misfolded conformer of the prion protein (PrP) according to the protein only 
hypothesis [1]. Host-encoded cell surface bound prion protein (PrPC) can be transformed into a 
malignant conformation (PrPSc) with more ß-sheet content compared to PrPC. PrPSc can act as a 
template for this transformation and accumulates into insoluble aggregates and amyloid fibrils [1-
4].  
The ß-rich oligomers and protofibrils of PrPSc sequences are generally accepted to be the most 
infectious forms responsible for the neurodegenerative processes of prion diseases [5-7]. In 
general it was still speculative if fibrils were also causative for the prion diseases. It was 
suggested that the fibril depositions provide a relatively “harmless” storage form of the 
infectious ß-rich oligomers [7], but in a recent study the toxicity of fibrils of the full-length 
recombinant mammalian prion protein to cultured cells and primary neurons was comparable 
with the soluble ß-rich oligomers [8]. This suggests that both the ß-rich oligomers and the fibrils 
of the prion protein are involved in prion diseases, therefore understanding the process of fibril 
formation and the effects of fibril interfering compounds is important for the development of 
therapies for TSEs and other amyloid related diseases as well [9]. However the therapeutical 
effects in vivo of fibril interfering compounds identified by in vitro screening remain to be 
established.  In vitro studies for screening of fibril interfering compounds can be based on the 
prevention of PrPC to PrPSc conversion in cell cultures [10,11]. More convenient assays are based 
on cell-free systems in which the conversion into ß-oligomeric and amyloid forms was studied 
with full length and truncated recombinant PrP  [12-18], but also these recombinant materials 
require special safety measures. PrP fragments comprising the fibrillogenic core of the PrP 
protein were also used to study the fibril formation. [19-24]. The fibrillogenic peptides exhibit in 
vitro biochemical characteristics similar to PrPSc including the polymerization into amyloid-like 
fibrils and neurotoxic effects on cells  and the peptide fibrils induce overproduction of cytokines 
IL-1beta and IL-6 by microglial cells in vitro [3]. Peptides have several obvious advantages, e.g. 
easy to synthesize,  easy to use in a 96-wells format for high throughput screening. Examples of 
compounds which are able to inhibit in vitro the conformational conversion of either PrPC or 
synthetic peptides into a form with a higher ß-sheet content are: sulfated dyes like Congo red 
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derivatives [25], sulfated glycans like pentosan polysulfate [26], the core structure of N’-
benzylidene-benzohydrazide [27] tetracyclines [28,29] or synthetic prion peptides with 
substitutions of D-amino acids [30] or additional proline residues [31].  
 
Inhibition effects of tetracyclines were demonstrated with an in vitro screening assay based on 
thioflavin S staining of fibrils of synthetic fibrillogenic prion protein peptides comprising the 106-
126 region [24]. This was based upon immobilization of the peptides by drying in polystyrene 
microtiter plates, which results in reproducible fibril formation. However, in order to search for 
compounds that interfere with a protein folding disorder, the screening assay actually needs to 
be performed in solution. Unfortunately, in solution the fibril formation process is highly 
irreproducible due to the stochastic nature of this process. Therefore it is essential to eliminate 
the chance factor. 
 
Although an established model of the PrPSc fibril formation is yet unavailable, it was proposed 
that at least a part of the 82-146 region in huPrP may stack in parallel ß-strands [32-35]. In a fibril 
model that is composed of parallel ß-strands of short peptides, the fibrillization will result in the 
stacking of identical residues of the parallel peptide strands. The stacking of positively charged 
side chains will result in a charge repulsion which will hamper fibril growth. However, charge 
compensation by regularly spaced negatively charged moieties, like in a polyanionic compound, 
may improve the stacking of the basic residues [36]. The sugar units with negatively charged 
sulfate moieties in polyanions like sulfated glycosaminoglycans (GAGs) have exactly the same 
spatial distance as the rise of two stacked ß-strands [37] and are therefore good candidates to 
compensate the positively charged residues in the prion peptides used in this study. Several 
examples have been described in which polyanions facilitate the fibril growth of PrPSc and Aß 
[36,38-42]. Sulfated GAGs are typical polyanionic compounds and are known to bind to the N-
terminal region of PrP comprising residues 23-146 [43,44]. Two types of PrP-GAG binding are 
known: an interaction at basic pH values which involves lysines and arginines and an interaction 
with histidines of the octa-repeat region at acidic pH values [45,46]. Evidence is emerging that 
bivalent metal ions are involved in the folding behaviour of full-length N-terminal truncated prion 
protein, including shorter peptide sequences thereof, and in the interaction between GAGs and 
oligomeric prion protein complexes [46-51]. Although the contribution of metal ions was not the 
primary goal of this study this topic may needs further investigation. 
 
This study investigates the reproducibility of nucleation and maximization of the fibril formation 
in solution by coincubating polyanions with three synthetic PrP peptides, corresponding to the 
fibrillogenic region between residues 82-143 of human PrP. The fibril formation was quantified by 
thioflavin S staining. Morphological and structural aspects were studied by electron microscopy, 
circular dichroism and turbidometry. Also the residues in peptide huPrP106-126 involved in 
heparin binding were mapped. The fibril stimulating effects of heparin were used to develop an 
in vitro screening assay in solution, based on the synthetic prion peptide that was used to study 
fibril interfering compounds. Also the intrinsic fibril formation of huPrP106-126 analogs with every 
residue substituted by a proline was determined and peptides were investigated for inhibition of 
huPrP106-126 fibril formation. 
 

Materials and methods 
Peptides and polyanionic compounds 
Peptides  were synthesized by Fmoc chemistry and purified by reversed phase HPLC (Table I). 
The peptides were analyzed for identity by electron spray desorption mass spectrometry 
according to previously described methods [52,53]. The peptides were lyophilized three times 
from acetonitrile (50% (v/v) in water) and stored in dry aliquots at -20oC. Heparin (17-19 kDa), 
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chondroitin B, doxycycline hydrochloride, meclocycline sulfosalicylate salt, oxytetracycline 
hydrochloride, meclocycline, and rolitetracycline were purchased from Sigma (St. Louis, MO, 
USA), and tetracycline hydrochloride from Fluka (Buchs, Switzerland), dextran sulfate sodium 
salt (500 kDa, sulfer content 17 ± 1 %) from Pharmacia (Uppsala, Sweden), and sodium sulfate 
(water free) from Merck (Darmstadt, Germany). Pentosan polysulfate was obtained from 
Arthropharm pharmaceuticals (Ottawa, ON, Canada, courtesy of Prof. Dr. N. Sales and Dr. C. 
Lasmézas, CEA, Paris, France).  
 
Table I. Synthetic peptides used in this study 

Purity of peptides amounted to * 90-95%, † >75% and ‡ >65%. All peptides have free amino- and  
carboxy-termini. HuPrP, human prion protein sequence [52,62]. 
 

Seeding 
A 1000 µM stock seeding solution of pre-formed huPrP106-126 fibrils was prepared in phosphate 
buffer (50 mM, pH 5) with 0.02% NaN3 as a preservative. This solution was allowed to form fibrils 
for two months at 4oC. Seeding solutions of  0.1, 1 and 10 µM  huPrP106-126 were prepared from 
the stock seeding solution. Subsequently dry peptide huPrP106-126 was dissolved to a final 
concentration of 200 µM in aliquots of the seeding solutions. At three and 24 hours a 50 µl 
aliquot was taken and stained with thioflavin S as described below in this materials and methods 
section. 
 
Turbidometry 
Aggregation of peptides with polyanionic compounds was determined by turbidometry [22,54]. 
The polyanionic compounds heparin, dextran sulfate and pentosan polysulfate  were each 
dissolved in phosphate buffer (50 mM, pH 5) at concentrations ranging from 8100 µg/ml to 11.2 
µg/ml with a 3-fold dilution factor, and subsequently added to equal volumes of 200 µM solutions 
of peptides huPrP106-126, huPrP106-143, huPrP82-143 or huPrP106-126scrambled in buffer. After 
incubation (at 37oC for 1, 24 and 168 hours) the peptide-polyanion mixtures were briefly vortexed 
and an aliquot of 50 µl was transferred into low binder microtiter wells (Greiner Bio-One GmbH, 
Frickenhausen, Germany). These were briefly agitated and the turbidity was measured by 
attunuance (D) at 405 nm (Titertek Multiscan Plus®, Labsystems, Helsinki, Finland). The 
background signal of buffer with the corresponding polyanion concentration was subtracted 
from the peptide-polyanion mixtures. 
 
HPLC determination of non-aggregated peptides 
Equal volumes of peptide huPrP106-126 or huPrP106-126scrambled (200 µM) and 100 µg/ml 
heparin or phosphate buffer (50 mM, pH 5) were mixed. Likewise, equal volume mixtures were 
prepared from the peptides huPrP106-143 or huPrP82-143 (200 µM) and 300 µg/ml heparin or 

peptide

huPrP106-126*

sequence

KTNMKHMAGAAAAGAVVGGLG

huPrP106-126(Ala106)*

huPrP106-126(Ala110)†

huPrP106-126(Ala111)*

huPrP106-126(Ala106, Ala110)*

huPrP106-126(Asp106, Asp110)*

huPrP106-126(Glu106, Glu110)‡

huPrP106-126scrambled*

huPrP106-143*

huPrP82-143*

ATNMKHMAGAAAAGAVVGGLG

KTNMAHMAGAAAAGAVVGGLG

KTNMKAMAGAAAAGAVVGGLG

ATNMAHMAGAAAAGAVVGGLG

DTNMDHMAGAAAAGAVVGGLG

ETNMEHMAGAAAAGAVVGGLG 

NGAKALMGGHGATKVMVGAAA

KTNMKHMAGAAAAGAVVGGLGGYMLGSAMSRPIIHFGS

GQPHGGGWGQGGGTHSQWNKPSKPKTNMKHM

AGAAAAGAVVGGLGGYMLGSAMSRPIIHFGS
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buffer. After one hour and 24 hours of incubation at 37oC, 125 µl aliquots were taken and 
subsequently centrifuged for 10 min at 13000 g. The supernatant was removed and the 
concentration of monomeric peptide was determined by analytical HPLC using a C18 column 
Atlantis (Waters, Milford, MA, USA) with photodiode array detection at 215 nm. The gradient 
used was 5%(v/v) acetonitrile and 0.05% trifluoroacetic acid (TFA) in water with a 6%/min gradient 
to 65%(v/v) acetonitrile and 0.05%(v/v) TFA in water. The peptide concentration in the supernatants 
was calculated on the basis of a standard amount of 100 µM peptide huPrP106-126, huPrP106-143, 
huPrP82-143 and huPrP106-126scrambled. Before HPLC analysis an internal standard (261.8 µM of 
the non-prion related peptide (acetyl-CDGAVQPDGGQPAVRNER-NH2) was added to the 
supernatants and standard solutions of the PrP peptides. 
  
Detection of fibril formation by thioflavin S staining 
White microtiter plates with 96 flatbottom wells were used throughout this study (FluoroNunc 
LumiNunc polystyrene plates, NUNC, Roskilde, Denmark). The peptides huPrP106-126, huPrP106-
143, huPrP82-143 and huPrP106-126scrambled were dissolved at a concentration of 200 µM in 
phosphate buffer (50 mM, pH 5). Subsequently aliquots of 30 µl peptide solutions were mixed 
with an equal volume of buffer or three-fold dilution series ranging from 8100 to 11.2 µg/ml 
polyanions dissolved in phosphate buffer (50 mM, pH 5) and incubated for 1, 24 and 168 hours at 
37oC. Plates were kept covered with microtiter cover-tape (Costar plate sealers, Corning Inc., 
Corning, NY, USA) to minimize evaporation. To determine the thioflavin S specific fraction, 
peptide-heparin mixtures and peptide in buffer were centrifuged after 168 hours of incubation at 
37o C.  
 
For thioflavin S staining 50 µl aliquots were transferred into microtiter wells in which 5 µl of a 
thioflavin S solution (1.1 mg/ml in H2O; Sigma, St Louis, MO,  USA) was already present and the 
microtiter plate was agitated briefly. After 90 minutes the fluorescence signal was measured 
with a Wallac Victor 1420 Multilabel counter (Perkin Elmer, Wellesley, USA) using the following 
instrumental conditions: 0.1 second measurement time, normal emission aperture, excitation and 
emission wavelengths 450 nm and 535 nm respectively, lamp energy 10000 (arbitrary units). 
Background values were determined by thioflavin S staining of polyanion solutions in buffer. 
   
Circular Dichroism (CD) 
Changes in secondary structure were studied by circular dichroism measurements on a Jasco J-
600 spectropolarimeter with 0.02 cm quartz cells. The peptides were dissolved in polyanion 
solutions or in buffer, to final peptide concentrations of 100 µM. The measured values of the 
polyanionic compound solutions or buffer were subtracted from the peptide-polyanion complex 
spectra and peptide only spectra respectively. The appearance of a minimum at 220 nm and a 
maximum at 198 nm and a positive inflection between ~200 and ~205 nm indicated that ß-sheet 
content of the peptide-polyanion complex increased compared with peptides dissolved in buffer, 
with a predominant  random coil structure indicated by a minimum at ~195 nm. 
 
Electron microscopy 
Peptide samples  (100 µM final concentration) were dissolved in 150 µg/ml heparin or phosphate 
buffer (50 mM, pH 5.0), peptide huPrP82-143 was also dissolved in 1350 µg/ml heparin solution. 
Sample aliquots were taken after 1, 4, 24, 72, 120 and 168 hours of incubation at 37oC. At each 
time point, 5 µl of suspension was applied on formvar-carbon 200 mesh nickel grids for 5 minutes 
and negatively stained with freshly filtered uranyl acetate for ultra structural examination as 
previously described [20]. Samples were observed with an electron microscope (EM109 Zeiss, 
Germany) operated at 80 KV at a standard magnification of 30,000. The magnification was 
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calibrated using an appropriate grid. Two independent examiners (MM and GM) evaluated the 
presence and relative amount of amorphous aggregates, filamentous structures and fibrils. 
 
Inhibition of fibril formation 
For the study of tetracyclines the peptide huPrP106-126 was dissolved in polypropylene tubes at a 
concentration of 200 µM in phosphate buffer (50 mM, pH 5) or in solutions of the tetracyclines 
compounds in phosphate buffer in concentrations of 2500, 250 and 25 µM and incubated for one 
hour at 37oC. Next heparin was dissolved in phosphate buffer in concentrations of 1215, 405 and 
135 µg/ml. For the determination of the intrinsic fibrillogenicity, the proline substituted peptides 
were dissolved in phosphate buffer at concentrations of 100 and 300 µM. For the fibril inhibition 
study the peptide huPrP106-126 was dissolved in polypropylene tubes at a concentration of 200 
µM in solutions of the prolin substituted peptides (200 and 600 µM respectively) and incubated 
for one hour at 37oC.  
Equal volumes of a 100 µg/ml heparin solution and the peptide huPrP106-126 + inhibitor solution 
were mixed and subsequently incubated for another hour at 37oC. Subsequently, 50 µl of the 
peptide-inhibitor-polyanion mixture was transferred into microtiter wells and the fibril formation 
was measured by thioflavin S staining. Before calculating inhibition levels the background was 
subtracted. The background was measured by an equivalent sample but without the fibrillogenic 
peptide. Inhibition levels were calculated by the following formula: 
100*((Ph – Pih)/Ph) = percentage inhibition 
(Ph, peptide incubated with heparin, Pih, peptide incubated with inhibitor and heparin).  
 

Results 
In previous reports fibril formation was easily accomplished when the fibrillogenic peptides were 
dried onto a solid support for negative staining or thioflavin S staining [24,52,55]. However in 
solution initial efforts to establish an acceptable level of fibril formation with the synthetic 
peptide huPrP106-126 lead to a very variable degree of fibril aggregation, and often fibril 
formation did not even occur (Figure 1A).  

Figure 1. Levels and reproducibility of fibril formation in solution of peptide huPrP106-126 in the presence 
and absence of heparin. Fibril formation in solution, determined by ThS fluorescence, of huPrP106-126 
(indicated by 106-126) and huPrP106-126scrambled (indicated by scram) without heparin (A) and with 50 
µg/ml (B) or 150  µg/ml heparin (C). Data points (bars) are average values ± SD of at least 13 (A and B) or 8 (C) 
independent measurements. The distribution of the fluorescence values of peptide huPrP106-126 are 
indicated by arrowheads. 
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Variation coefficients amounted between 25 and 61% at peptide concentrations of respectively 
100 and 200 µM. For the screening of fibril inhibiting compounds this irreproducibility of the 
initiation of fibril growth and the amount of fibril formation was an unacceptable problem. A 
known technique for the initiation of fibril growth is seeding. In order to stimulate a reproducible 
fibril growth, a solution of huPrP106-126 was seeded with preformed fibrils of huPrP106-126, but 
no significant fibril stimulating effects were found (data not shown). Also the elongation of the 
incubation time up to 24 hours did not increase the reproducibility of the assay (data not shown).  
Polyanions and  fibril formation   
Because the basic residues may interfere with the stacking of parallel ß-strands in a growing 
fibril, the effect of polyanionic compounds on the fibril formation was investigated. Indeed, 
polyanions like salmon sperm DNA, short synthetic DNA oligomers and heparan sulfate were 
found to stimulate thioflavin S staining of huPrP106-126 dramatically (data not shown). The 
polymeric properties of the polyanions are essential, because addition of sulfate ions did not 
enhance the fibril formation (data not shown). Subsequently the influence of polyanions heparin, 
dextran sulfate, chondroitin B and pentosan polysulfate was studied for three fibrillogenic 
peptides (i.e. huPrP106-126, huPrP106-143, huPrP82-143). The addition of the polyanions gave a 
strong enhancement of the fluorescence signals of the fibrillogenic peptides by factors between 
9 and 19 (Table II).  
 
Table II. Influence of polyanion on fibril formation by PrP peptides as measured by fluorescence detection due 
to thioflavin S binding. Optimal polyanion concentrations and the relative stimulation of 100 µM peptides 
huPrP106 126, huPrP106 143 and huPrP82 143. Data points are average values ± SD (n=3). Polyanion ranges 
investigated: 5.6 – 4050 µg/ml. 

* p/b = ratio of fluorescence signal of fibrillogenic peptide incubated with polyanion (p) or without (b). 
 

Most importantly, the reproducibility of the fibril formation in solution was improved 
considerably (variation coefficient: 8%), as was demonstrated with the thioflavin S staining of 
peptide huPrP106-126 incubated with heparin (Figure 1B). The control peptide, 
huPrP106-126scrambled, did not show any signs of fibril formation either with or without the 
addition of a polyanionic compound (Figure 1). The changes in secondary structure, as studied by 
circular dichroism agree with the increase of the fluorescence levels (Figures 2 and 3). The 
addition of heparin to the fibrillogenic peptides huPrP106-126, huPrP106-143 and huPrP82-143 
induced an increase of secondary structures. All peptides start with a random coil structure in the 
absence of heparin and in the presence of heparin they gradually adopt higher ß-sheet contents 
with an optimal heparin concentration for maximum fibril growth (Figure 2). At higher heparin 
concentrations the ß-sheet content (Figure 2) and the  fluorescence values (Figure 3) of all three 
peptides decrease. A plausible explanation is that the fibril growth is reduced by the 
stoichiometry of the peptide molecules and the excess of heparin molecules. At the perfect 
stoichiometry, all complexed peptides are still able to stack, while at higher heparin 
concentrations the chance for peptides to stack will be reduced. The increase in ß-sheet content 
was also dependent on the heparin concentration which was related to the peptide length. For 

huPrP106-126 huPrP106-143 huPrP82-143

µg/ml p/b ratio* µg/ml p/b ratio* µg/ml p/b ratio*

heparin

dextran sulfate

chondroitin B

pentosan
polysulfate

150

450

150

450

150
150

150

150

1350

450

≥1350

1350

15.30 0.05

19.1 0.4

11.3 0.7

9 1

11.9 0.4

10.53 0.11

11.7 0.3

9.9 0.4

13.3 0.2

8.54 0.13

12.7 0.2

9.4 0.9
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an increase of ß-sheet content the 62-mer peptide required a higher heparin concentration 
compared with the shorter ones. These results indicate that polyanions, like heparin, are useful in 
controlling the process of fibril formation of synthetic prion peptides, and that thioflavin S 
staining and ß-sheet formation are positively correlated.  

Figure 2. Influence of heparin on the ß-sheet content of fibrillogenic peptides. The ß-sheet content, 
determined by CD, of 100 µM peptide huPrP106 126, huPrP106 143 and huPrP82 143 incubated (1 h, 37oC) 
with heparin 50 (b), 150 (c), 450 (d) and 1350 (e) µg/ml. In buffer (a) the peptides adopted random coil 
structures. Curves are  averages of 5 accumulated scans. 
 

 
Figure 3. The correlation between aggregation and thioflavin S staining of three fibrillogenic peptides 
incubated with or without heparin. The aggregation (dashed lines with open circles) was determined by optical 
attenuation (D) at 405 nm, and the fibril formation (solid lines with solid circles) was determined by ThS 
fluorescence, of 100 µM huPrP106 126 (top panel), huPrP106 143 (middle panel) and huPrP82 143 (bottom 
panel) incubated (1 h, 37oC) with a heparin concentration series. Data points are average values ± SD (n=3) 
 

Peptide-polyanion aggregation 
In this study the incubation of the two longest fibrillogenic peptides with polyanions sometimes 
resulted in turbid solutions with incidental sedimentation. It was considered that possibly by this 
turbidity and sedimentation, the thioflavin S binds less to the fibrils and would consequently 
cause inaccuracies in fibril detection. Therefore, spectrophotometry was used to determine the 
state of turbidity of peptide-polyanion complexes. Turbidity was transient and after 24 hours 
sediments were observed while supernatants were clear; this remained stable up to 168 hours 
(data not shown). To obtain information on turbidity versus fibril formation, after 1 hour of 
incubation both turbidimetry and fluorescence measurements were performed on the same 
sample (Figure 3). In general, there was no inverse correlation between the turbidity and the 
thioflavin S staining. After 24 hours the insoluble aggregates were removed by centrifugation 
and the supernatants were stained with thioflavin S. Almost no fluorescence was found, 
indicating that structures specific for thioflavin S staining, like fibrils, were present in the 
sediments (data not shown). Also no peptide could be detected in the supernatant by using 
HPLC analysis. Without addition of heparin all peptides remained in solution for more than 90% 
(data not shown). Taken together these observations suggest that the thioflavin S staining of 
fibrils, also as polyanion-peptide aggregates, is undisturbed by turbidity and sedimentation. 
 
Fibril formation of huPrP106-126 and the relevance of basic residues. 
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Because the polyanions may bind to one or more basic residues in peptide huPrP106-126, the 
relevance of residues, Lys106, Lys110 and His111 was investigated. Therefore peptides were 
synthesized in which the basic residues Lys106 and Lys110 both were substituted by alanine, 
glutamic acid or aspartic acid (Figure 4). When the peptides contained two or more positively 
charged residues the fibril formation was stimulated by heparin. When His111 was substituted by 
Ala, the fibril formation of huPrP106-126 was 4-fold reduced compared to the reference peptide 
and heparin could not stimulate fibril formation. This indicates a pivotal role for residue His111 in 
fibril formation.  

Figure 4. Mapping study of basic residues in peptide huPrP106-126 involved in heparin binding. The fibril 
formation, determined by the signal to noise ratio of ThS fluorescence levels, of 100 µM huPrP106-126, 
huPrP106-126(Ala106), huPrP106-126(Ala111), huPrP106-126(Ala110), huPrP106-126(Ala106,Ala110), 
huPrP106-126(Glu106,Glu110) and huPrP106-126(Asp106,Asp110) incubated (1 h, 37oC) in phosphate buffer at 
pH 5.0 with 450 µg/ml heparin (black bars) and without (gray bars). Data points are average values ± SD (n=3) 
 

Electron microscopy  
Fibril formation and the development of higher ordered structures were studied by electron 
microscopy using solutions of peptides in the presence or absence of heparin. When dissolved in 
phosphate buffer, all peptides (huPrP106-126, huPrP106-143 and huPrP82-143) aggregated in long, 
straight, unbranched, 7-10 nm diameter fibrils; in addition, huPrP106-143 occasionally generated 
twisted fibrils. Although the ultra structural appearance of the straight fibrils was very similar for 
all peptides, the aggregation rate depended on the peptide length. In particular, the first fibrils 
were observed after 1 hour with huPrP106-126 (Figure 5A), between 4 and 24 hours with 
huPrP106-143 (Figure 5D) and between 24 and 120 hours with huPrP82-143 (Figure 5G). The 
addition of heparin accelerated fibril assembly and formation of higher ordered structures (e.g., 
dense meshwork) for all peptides. Again the aggregation rate remained dependent on peptide 
length, as peptides huPrP106-126 and huPrP106-143 developed meshwork of long fibrils within 1 
and 4 hours respectively (Figures 5B and 5E), while huPrP82-143 required up to 24 hours to 
generate fibrils (Figure 5H). Furthermore, the fibrils that formed in the presence of heparin 
showed a distinct morphology, in that they were thinner, more irregular and had high propensity 
to lateral aggregation, a feature that was particularly pronounced with huPrP82-143 (Figure 5H). 
In addition, twisted structures formed by two or more fibrils were observed frequently, 
especially with huPrP106-143 (Figure 5E). In the presence of heparin the average fibril length 
correlated positively with the peptide length: 106 ± 55 nm (avg ± sd, n=20) for the shortest 
peptide huPrP106-126, and 161 ± 111 nm (n=24) for huPrP106-143, and 250 ± 97 nm (n=6) for the 
longest peptide huPrP82-143 (respectively Figure 5C, F and I).  
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Figure 5. Electron micrographs of three PrP peptides in the absence or presence of heparin spanning 
incubation periods between 1 and 168 hours. Fibrils aggregates formed in the absence of heparin: huPrP106-
126 after 1 h (A), huPrP106-143 after 24 h (D) and huPrP82-143 after 120 h (G). Fibril aggregates formed in the 
presence of heparin (150 µg/ml unless otherwise stated):  huPrP106-126 after 1 h (B) and 120 h (C), huPrP106-
143 after 24 h (E) and 120 h (F) and  huPrP82-143 after 24 h (H) and 168 h (I) (1350 µg/ml).  The bar in figure 5I 
represents 100 nm and is applicable to all figures. 

Figure 6. Inhibition of the fibril formation of peptide huPrP106-126 by six tetracyclic compounds. The 
inhibition effects of six tetracyclic compounds on the fibril formation of 100 µM peptide huPrP106-126 
determined by fluorescence levels after thioflavin S staining. The six tetracyclic compounds are meclocycline 
(diamonds), rolitetracycline (squares), minocycline (triangles), doxycycline (crosses), tetracycline (asterisks), 
and oxytetracycline (circles). The horizontal line indicates the 50% inhibition level of the fibril formation. 
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For comparison, the fibril lengths of peptides huPrP106-126, huPrP106-143 and huPrP82-143 
correspond with an added total length of approximately 8, 12 and 18 heparin molecules 
respectively. When it is considered that heparin with a molecular weight of 17-19 kDa contains on 
average 27 glycosaminoglycan units of approximately 0.5 nm each, the length of one heparin 
molecule is therefore approximately 13.5 nm. Surprisingly, the fibrils generated by huPrP106-126 
and huPrP106-143 in the presence of heparin tended to be unstable over time, and underwent 
fragmentation with formation of short, irregular filaments after 120-168 hours of incubation 
(Figure 5C, F and I). Fragmentation was remarkably less pronounced with huPrP82-143. 
 
Fibril inhibition screening assay 
The inhibition of fibril formation in solution was validated by preincubation of peptide huPrP106-
126 with six different tetracyclic compounds (Figure 6) prior to incubation with heparin. The 
reduction of huPrP106-126 fibril formation was concentration dependent for all tested 
compounds, with 50% inhibition achieved by 59 µM meclocycline, 181 µM minocycline, 202 µM 
rolitetracycline, 378 µM doxycycline, 452 µM tetracycline, and 688 µM oxytetracycline. Although 
the inhibitory concentrations in the new assay is comparable with the previously published dry 
assay, the reproducibility was improved considerably, with a mean variation coefficient of 8% 
compared to 62% in the dry assay [24]. 

Figure 7. Mapping study of fibrillogenic site in peptide huPrP106-126 with single proline substitutions. The 
fluorescence levels after thioflavin S staining indicate the intrinsic fibril formations of 100 µM huPrP106-126 
(black bar), and the single proline substituted variations of huPrP106-126 (100 µM, light gray bars and 300 µM, 
dark gray bars), and the buffer background (white bar), in the presence of 50 µg/ml heparin. The single proline 
permutated residues in huPrP106-126 are indicated by single letter annotations. The fibril formation by 
original huPrP106-126 is indicated by a solid line and the background level by a dashed line. 
 

In order to find peptides that are able to inhibit the fibril formation of huPrP106-126, a set of 
peptide analogues was synthesized with a proline substitution for every residue in the huPrP106-
126 sequence. Proline was chosen because it has a large effect on protein folding and may 
therefore obstruct the fibril growth if it is able to bind to the fibrillogenic core. In order to be 
useful as a fibril growth inhibitor, the peptide should not have intrinsic fibril forming activity, but 
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should be able to bind at the growing fibrillar peptide template. Therefore, first the intrinsic fibril 
formation of the proline substituted variations of peptide huPrP106-126 were studied (Figure 7).  
With these peptides, the fibrillogenic core of the peptide huPrP106-126 was mapped. The fibril 
formation was completely reduced when residues 114 to 123 (GAAAAGAVVG) were substituted by 
proline residues. Subsequently, the peptides without intrinsic fibrillogenic properties were tested 
for fibril inhibiting properties (Figure 8). The largest inhibition (81%) of the fibril formation of 
huPrP106-126 is found with 300 µM of the peptide huPrP106-126(P122). When the inhibition levels 
of 100 µM proline substituted sequences were also considered, the peptides with proline 
substitutions at positions A115 and A116 were found to be the best inhibitors (42 and 30% 
respectively). While peptides with the proline substitutions at positions G119 and G123 reduced the 
fibril formation of huPrP106-126 marginally.  

Figure 8. Inhibition of the fibril formation of peptide huPrP106-126 by proline permutated peptides. The 
inhibition of fibril formation of 100 µM huPrP106-126 with non-fibrillogenic single proline substituted 
variations of huPrP106-126 (100 µM (gray bars) and 300 µM (black bars)) were measured by thioflavin S 
staining. The proline substitutions are indicated by single letter annotations and residue numbers referring to 
the corresponding position in the huPrP106-126 peptide. 
 

Discussion 
In this study the stimulating effect of polyanions was used to measure the fibril formation in 
solution of synthetic peptides comprising the 82-143 region of the human prion protein. In a 
recent publication it was shown that in vitro conversion of complete PrPC into PrPSc was also 
stimulated by the addition of polyanions [42], our choice for the polyanions was based on the 
possible repulsion of positive charges in the parallel stacks of peptide strands that can be 
neutralized optimally by polyanions like GAGs that have exactly the same spacing of negative 
charges (4.7 Å) as the distance between the stacks of ß-strands. The repulsion neutralizing effect 
could not be achieved by the addition of sulfate ions, which indicates that the stimulation is not 
just a charge shielding effect. In the complete native PrPC the 106-126 region is unstructured and 
it is transformed into a ß-sheet rich region when it misfolds in the PrPSc form. For peptides a 
comparable secondary structure transition is apparent. The flexible peptide that aligns by means 
of heparin, has a parallel ß-sheet arrangement reminiscent to PrPSc fibrils. 
The capacity of polyanions to enhance the fibril formation seems paradoxical to the observations 
in which polyanions are used as therapeutics [56,57]. By interaction with endogenous membrane 
bound sulfated glycosaminoglycans the PrPSc accumulates at the cell surface which results in 
amyloid plaque formation at the membrane [58]. It is possible that therapeutic polyanions 
compete with the membrane bound sulfated glycoaminoglycans, and therefore inhibit the PrPSc 

proline sustituted residues

0

10

20

30

40

50

60

70

80

90

G 114 A 115 A 116 A 117 A 118 G 119 A 120 V 121 V 122 G 123

in
h

ib
it

io
n

 (
%

)



 

 
93 

 

chapter Five

accumulation at the cell surface in vivo [35]. In cell-free systems, like this new assay, these 
pathways are absent and the polyanions can act as fibril formation stimulators. 
It is not yet known how much of the N-terminus of the prion protein is involved in the fibril 
formation. Several models have been proposed in which the fibrillar core consists of multimers of 
stacked parallel ß-strands [32,36,37]. The smallest known region of PrP with toxic and 
physiological properties of PrPSc that forms fibrils is peptide huPrP106-126  [20,52,59,60], but also 
flanking regions may contribute to additional formation of the ß-strands. The thioflavine S 
studies showed that at equal molar amounts  the 62-mer peptide huPrP82-143 exceeded the fibril 
formation level of the 38-mer peptide huPrP106-143 and 21-mer peptide huPrP106-126, by a factor 
of 1.6 and 2.4 respectively (not shown). The increased ß-sheet content for the longer peptides 
agreed with circular dichroism measurements (not shown). This indicates that flanking residues 
of the 106-126 region are involved in the fibril formation, however the exact contribution to the 
fibrillar ß-sheet structure needs further investigation [32]. The mapping study of basic residues in 
peptide huPrP106-126 showed the importance of these residues for the heparin binding (Figure 
4). This suggests a charge driven binding, as was proposed in heparin binding to PrPC by Gonzalez 
et. al. [46]. The presence of a charged His111 residue was critical for fibril formation of peptide 
huPrP106-126. When this residue was deprotonated (at pH 7.4, not shown) or substituted by 
alanine, fibril formation decreased considerably both in presence and absence of heparin. This 
emphasizes the pivotal role of His111 in fibril formation of peptide huPrP106-126 confirming 
previous observations [20].  
 
Because the addition of heparin not only dramatically enhanced the signal to noise ratio by 15-
fold (Table II), but also highly improved the reproducibility (variation coefficient: 8%) of the fibril 
formation (Figure 1B) a reliable screening assay in solution for fibril interfering compounds was 
developed, based on peptide huPrP106-126. The highly conserved 106-126 region has a pivotal 
function in the fibril formation of PrPSc [20,21,59] and is therefore very suitable as a model 
peptide for the screening of potential fibril interfering compounds in solution. Because the 
kinetics of some inhibiting compounds may be slow, and to reduce the effect of the polyanion on 
the inhibitor, the polyanion was added after the inhibiting compound in order to allow the 
compound to interact with the fibrillogenic peptide. In the case of the proline substituted 
peptides, that contained basic residues, the inhibiting effect was not due to the interaction of the 
inhibitory peptide with the heparin because the inhibition was independent of the amount of 
basic residues. Moreover, even reducing the amount of heparin by 50 %, only reduces the 
thioflavin S staining by 30 % (Figure 3). So even if the inhibitory peptides interact with heparin and 
influence the magnitude a clear inhibitory effect can still be measured. 
 
This screening assay in solution was validated by coincubation of the fibrillogenic peptide 
huPrP106-126 with six non-polyanionic fibril inhibiting tetracyclic compounds. These compounds 
were chosen because they inhibit the conversion of PrPC into PrPSc [28,29] and the fibril 
formation of synthetic prion peptides [24]. Although the heparin stimulation of the fibril 
formation reduced the sensitivity of the inhibition effects, the inhibition was nevertheless very 
well detectable with a good reproducibility (variation coefficient: 8%), which was an important 
improvement compared with the previously described assay [24] that required drying the 
samples and had a very high variation coefficient (62%).  
 
The fibril inhibiting effects of peptides based on the 115-122 region of PrP (AAAAGAVV) was 
demonstrated by Soto et. al. [31]. Instead of introducing additional prolines between the original 
residues of huPrP106-126, we substituted all residues by a proline to maintain good stacking to 
the fibril template but stop the growth. The proline substitutions in the hydrophobic region 115-
123 abolished the fibril formation of huPrP106-126 completely, clearly identifying the fibrillogenic 
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site of huPrP106-126 (Figure 7). The proline mutations limit the structural flexibility of the peptide 
backbone and that can have an effect on the stacking of another peptide on the growing fibril. 
Monomers of the proline substituted peptide may still bind to the growing ß-sheet formation of 
huPrP106-126 oligomers, but a subsequent stacking of the next monomeric huPrP106-126 is 
blocked and as a consequence the fibril elongation is terminated. The identified fibrillogenic core 
overlaps the previously described fibrillogenic core which was identified by the substitution of 
residues 115-118 and 121-122 by serines in model peptides comprising residues 106-126 of the 
human prion protein [22]. Because the serine residues are polar, the mutations affected possible 
hydrophobic interactions that could be a strong driving force for fibrillization. The study with the 
serine mutations and this study with the proline mutations suggest that both hydrophobic 
interactions and structural “constraints” determine fibrillization. According to a ß-helical model 
of the prion fibril, residues Ala115, Ala120 and Val122 are inward pointing and especially Val122 is 
structurally important [32], because the Val122 side chain forms an important internal side chain 
stack. The proline substitution will change the backbone structure and will eliminate the 
favorable side chain stack that is important for fibril growth.  
 
The electron microscopic study shed some light on the process of aggregation and fibril 
formation, even if the negative staining experiments have to be performed on dried samples and 
therefore do not guarantee to represent the real state of aggregation and fibrillization in 
solution. The observations further support the fibrillar state of the peptides used in this study. In 
general, the co-incubation of the peptides with heparin accelerated fibrillogenesis and formation 
of higher ordered meshwork-like structures. Noteworthy was the appearance of twisted fibrils 
with the peptides huPrP106-126 and huPrP82-143, and coiled fibril structures with the peptide 
huPrP106-143, which resembled the twisted bundles generated by a peptide homologous to 
residues 109-122 of Syrian hamster PrP [61]. When heparin was used, extensive lateral 
aggregation was observed. Perhaps the charge neutralization of the fibril allows the lateral 
association of fibrils. These wide bundles of parallel fibrils resembled the structures build up by 
huPrP106-126 when incubated with the non-sulphated GAG hyaluronic acid [59]. The addition of 
the polyanion heparin not only accelerated the formation of fibrils and higher ordered structures, 
but the formed fibrils tended to fragment after 120-168 hours. This fragmentation might be 
caused by weaker parts in the fibril where the polyanionic scaffold is lacking while the peptide 
fibril part continues. Alternatively, the polyanion polymer may continue and fold back over the 
top of the fibril and therefore causing fibril growth inhibition. Alternatively the polyanion 
polymer continues while the fibril ends and a new fibril starts intermittently to the extending 
polyanion part, also introducing a weaker part in the scaffold-fibril structure.  
 
In conclusion polyanions induce and accelerate the formation of ß-sheet content and the fibril 
formation of synthetic peptides comprising residues 82-143. The fibril stimulating effect was used 
in the development of a reliable screening assay for fibril interfering compounds in solution, 
based on the incubation of the fibrillogenic peptide huPrP106-126 with heparin. The assay was 
used for the determination of the fibrillogenic core of peptide huPrP106-126. Also peptides with 
proline substitutions in the 115-123 region of PrP were identified as huPrP106-126 fibril formation 
inhibitors.  
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Abstract 
Fibrils play an important role in the pathogenesis of amyloidosis, however the  underlying 
mechanisms of the growth process and the structural details of fibrils are poorly understood. 
Crucial in the fibril formation of prion proteins is the stacking of PrP monomers. We previously 
proposed that the structure of the prion protein fibril may be similar as a parallel left-handed 
beta-helix. The beta-helix is composed of spiralling rungs of parallel beta-strands and in the PrP 
model, residues 105 – 143 of each PrP monomer can contribute two beta-helical rungs to the 
growing fibril. Here we report data to support this model. We show that two cyclized human PrP 
peptides, corresponding to residues 105-124 and 125-143, based on two single rungs of the left-
handed ß-helical core of the human PrPSc fibril, show spontaneous cooperative fibril growth in 
vitro by heterologous stacking. Because the structural model must have predictive value, 
peptides were designed based on the structure rules of the left-handed ß-helical fold that could 
stack with prion protein peptides in order to stimulate or to block fibril growth. The stimulator 
peptide was designed as an optimal left-handed ß-helical fold that can serve as a template for 
fibril growth initiation. The inhibiting peptide was designed to bind to the exposed rung but 
frustrate the propagation of the fibril growth. The single inhibitory peptide hardly shows 
inhibition but the combination of the inhibitory with the stimulatory peptide showed complete 
inhibition of the fibril growth of peptide huPrP106-126. Moreover, the unique strategy based on 
stimulatory and inhibitory peptides seems a powerful new approach to study amyloidogenic fibril 
structures in general and could prove useful for the development of therapeutics. 
  

Introduction 
Transmissible spongiform encephalopathies (TSEs) are neurodegenerative disorders in a wide 
range of mammalian species, including Creutzfeldt-Jacob disease (CJD) in man, scrapie in sheep 
and bovine spongiform encephalopathy (BSE) in cattle. The deposition of aggregated prion 
protein fibrils on and in neurons is regarded to be the source of these neurodegenerative 
diseases and is frequently associated with occurrence of Congo-red positivity  (1-3). The fibrils are 
formed by the conformational change of the prion protein (PrPc) into the scrapie form (PrPSc). 
The misfolded conformer of the prion protein (PrPSc) is considered as the causative agent in 
these diseases according to the protein-only hypothesis (4). Studies have shown the toxicity of 
fibrils of the full-length recombinant mammalian prion protein as well as soluble ß-rich oligomers 
to cultured cells and primary neurons (5).  
 
It is still unknown how much of the whole PrPSc molecule is involved in the fibril growth. It is 
shown that the N-terminal part of PrP, specifically residues 112-141, can go through 
conformational changes involving ß-strand formation which subsequentially triggers fibril growth 
(6-8) and solid-state NMR studies showed that residues 112-141 are part of the highly ordered core 
of huPrP23-144 (9). It was previously shown that peptides based on the 89-143 region of the 
human PrP protein can form fibrils rich in ß-sheet structure, which are biologically active in 
transgenic mice (10). Within this region, it is the huPrP106-126 peptide that is the smallest known 
region of PrP that forms fibrils that are toxic and resemble the physiological properties of PrPSc 

(11-16). The formation of PrPSc is considered to be a two-step event: first there is the binding 
between PrPc and PrPSc and subsequentially the conformational conversion from PrPc into PrPSc 
occurs. Mutation studies in a prion infected neuroblastoma cell line showed that in mouse PrP 
the regions 101-110 and 136-158 are crucial for the binding and conversion events, respectively 
(17). Because prevention of fibril growth is the prime therapeutic target, detailed structural 
knowledge of the fibril is essential for understanding the mechanism of fibril growth. However, 
structural analysis of amyloid fibrils is hampered by insolubility, isomorphism, and aggregation. X-
ray diffraction of several amyloid fibrils revealed a so-called cross-ß diffraction pattern which 
indicates that the fibrils contain ß-strands perpendicular to the fibril axis and hydrogen bonds in 
parallel (18,19). Thus for fibril growth the ß-strands have to stack on top of each other. Several 
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structures have been  suggested to explain the structure of the stacked ß-strands. E.g. a parallel 
in register organization of stacked beta hairpins (20), or the comparable dry steric zipper 
structure (21). Previously, we and other groups suggested that the ß-sheet structures in the PrPSc 
fibril may be similar to the topologically most simple class of ß-sheets: the parallel left-handed ß-
helix (Fig. 1A) (6,22,23). The left-handed β helix is formed by triangular progressive coils (rungs) 
of 18 – 20 residues. Each rung is formed by three hexapeptide motifs, which results in an 
approximate 3-fold symmetry. 

Figure 1 A. Theoretical model of the fibrillogenic core of PrPSc. In the PrPSc model based on the left-handed ß-
helix structure each PrPSc monomer contributes two stacked rungs to the fibril (different shade for each 
monomer). The protofibril is formed by consecutive stacking of the two windings. The stack of two rungs 
provides enough elevation to accommodate the remaining part (residues ~146-253) of the PrPSc molecule (22). 
B. The left-handed ß-helix structure of LpxA based on X-ray crystallography. In the left-handed ß-helix 
structure of LpxA (PDB ID code 1LXA) rungs 6 and 7 are indicated that were used for the heterologous stacking 
studies. Linear and cyclized peptides based on rung 6 and rung 7 were modified to satisfy the ideal left-handed 
ß-helix motif (see text in results “LpxA peptides”) and tested for their intrinsic and cooperative fibrilgenicity. C. 
Left-handed ß-helical rung based on rung 6 of LpxA. The rung is formed by three hexapeptide motifs, which 
results in an approximate three-fold symmetry. A left-handed ß-helical rung can be cyclized by a disulfide 
bridge, after the introduction of a cysteine at position 2 of the first hexapeptide and position 1 of the fourth 
hexapeptide (according to the numbering used for the hexapeptide repeats in the left-handed ß-helix). 
 

Backbone-backbone hydrogen bonding and stacking of the side chains in adjacent rungs 
contribute to the folding of ß-helical rungs. We suggested that each PrPSc monomer contributes 
two left-handed ß-helical rungs to the fibril, comprising residues 105-124 and 125-143 (Fig 1A). This 
two-rung structural model was recently confirmed for amyloid fibrils of the HET-s prion by NMR 
analysis (24). In contrast to fibrils which are composed of homologous stacks of identical 
peptides, e.g. the Aß peptide  (20), the PrPSc fibril is more complex because it is composed of 
heterologous stacks of at least two peptides. For homologous stacking of two identical peptides, 
the complementarity issue is relatively simple, because the identical side chains are in register 
(e.g. Ile-Ile, Val-Val stacking and Asn ladders). However, in the case of heterologous stacking, the 
side chains of the additional heterologous peptide needs to be complementary with the other 
peptide to allow fibril growth.  
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To investigate whether the suggested rungs 105-123 and 125-143 from human PrP could be 
complementary (22), we studied the homologous stacking and the heterologous stacking of 
linear and cyclized prion protein peptides comprising the huPrP105-143 region 
(KTNMKHMAGAAAAGAVVGGLGGYMLGSAMSRPIIHFGS). Qualitative and semi quantitative 
analysis were done by electron microscopy and Congo red staining. The quantification of the 
fibril formation was assessed by thioflavin S staining, in which addition of polyanions (e.g. 
heparin) enhance the ß-sheet formation of peptides comprising the 82-143 region of PrP and 
improve the reproducibility of the fibril growth (25). This study provides first evidence of 
heterologous stacking by two isolated putative ß-strand layers (or rungs) of the human prion 
protein with fibril formation as a result. The left-handed ß-helix structure provided insight for the 
“stack-and-stop” approach. With this approach a mix of a stimulatory peptide and an inhibitory 
peptide could completely block fibril formation. The stimulatory peptide was based on the 125-
143 region that was optimized to serve as a folding template for the consecutive stacking of the 
106-126 peptide. This cooperative fibril growth was completely inhibited by the inhibitory peptide 
based on peptide 106-126 with strategic D-amino acid and/or proline substitutions. The findings in 
this study support models in which the sequential strands in a fibril must somehow spiral up- or 
downwards along the fibril axis, e.g. like the hypothetical left-handed ß-helical structure of PrPSc 
fibrils (22). Furthermore, it allows the development of well defined small protein modules which 
can be used for structure studies of the 82-143 domain of PrPSc and the development of 
therapeutics. 
 

Experimental procedures 
Peptides  
Peptides were synthesized by Fmoc chemistry and purified by reversed phase HPLC. For the 
peptide-peptide interaction studies some peptides were N-terminally biotinylated by Fmoc 
chemistry via an aminohexanoic acid (Ahx) spacer. The peptides were analyzed for identity by 
electron spray desorption mass spectrometry according to previously described methods (26,27). 
Peptides were cyclized by oxidation of the C- and N-terminal cysteins. For the disulfide oxidation 
0.1 mg/ml peptide was incubated overnight at 4o C in an ammoniumcarbonate solution (0.1 %). 
The oxidation reaction was monitored by HPLC/MS analysis. When the cyclization was complete 
the product was purified by reversed phase HPLC and analysed by HPLC/MS. All cyclized peptides 
yielded a purity of > 95% based on UV detection at 215 nm. After completion of the cyclization 
reaction TFA (10% in H2O) was added until the pH was < 4. The peptides were lyophilized three 
times from acetonitrile (50% (v/v) in water) and stored at minus 20oC in 1.4 ml polypropylene tubes 
(Micronics, Lelystad, the Netherlands) in dry aliquots corresponding with amounts that make up 
a peptide concentration of 200 µM when dissolved in a 120 µl volume. All cooperativity 
experiments were performed in 50 mM phosphate buffer pH 5.0 and 10 mM borate buffer pH 
8.5. In general similar results were found for experiments performed in pH 5.0, but cooperativity 
effects were more pronounced in the pH 8.5 buffer. 
 
Detection of fibril formation by thioflavin S staining and cooperativity calculations 
The peptides were dissolved just before the start of each experiment, at a concentration of 200 
µM in phosphate buffer (50 mM, pH 5.0) or borate buffer (10 mM, pH 8.5) and kept on ice. For 
the cooperativity studies equal volumes of the peptide solutions were mixed. Subsequently the 
peptide solutions were incubated for 1 hour at 37oC. For thioflavin S staining 50 µl aliquots were 
transferred into microtiter wells (FluoroNunc LumiNunc polystyrene plates, NUNC, Roskilde, 
Denmark) in which 5 µl of a thioflavin S solution (1.1 mg/ml in H2O; Sigma, St Louis, MO,  USA) was 
already present and the microtiter plate was agitated briefly. Plates were kept covered with 
microtiter cover-tape (Costar plate sealers, Corning Inc., Corning, NY, USA) to minimize 
evaporation. After 90 minutes the fluorescence signal was measured with a Wallac Victor 1420 
Multilabel counter (Perkin Elmer, Wellesley, USA) using the following instrumental conditions: 0.1 
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second measurement time, normal emission aperture, excitation and emission wavelengths 450 
nm and 535 nm respectively, lamp energy 10000 (arbitrary units). Before the cooperativity 
calculation the background signals of the corresponding buffers were subtracted from the 
peptide samples. Background values were determined by thioflavin S staining of the buffers. The 
cooperativity factor was calculated by the following formula: measured cooperativity / 
theoretical cooperativity. Measured cooperativity is the fluorescence signal of the mixture 
(peptide 1 + peptide 2) and the theoretical cooperativity is the average fluorescence signal of the 
individual peptides: (peptide 1 + peptide 2)/2. Cooperativity is considered to be significant if the 
measured cooperativity was significantly higher than the theoretical cooperativity and the 
fluorescence signal of the peptides individually.  
 
HPLC analyses of dimerization studies 
Equal molar amounts of peptide huPrP125-143-(E)4C and huPrP105-126-(R)x-C or huPrP106-126-
(R)x-C (C = Cys, E = Glu, R = Arg, x = 2, 3 or 4) were mixed and incubated for 1, 6 and 24 hours at 
37oC in borate buffer pH 8.5. Subsequently samples for HPLC/MS analysis were taken and the 
dimerization reaction was stopped by the addition of 3 µl TFA (10% v/v in water) to 50 µl sample. 
The formation of dimers was studied by HPLC analysis (Alliance, Waters Corporation, Milford, 
MA, USA) with a C18 reversed phase column and detected simultaneously with a photodiode 
array detector and mass spectrometry detector. Eluentia H2O + 0.05% TFA and acetonitril + 0.05% 
TFA. Gradient: 2 %/min 5 to 65% ACN. All reagents were at least HPLC grade. 
 
Electron microscopy and Congo red staining 
Peptide PrP107-123, PrP127-142 and cyclized peptide rung 6 and rung 7 alone or in equimolar 
mixture were dissolved in borate buffer(200 μM final concentration). Peptide suspensions were 
incubated at 37°C for  1, 24, and 48 h. At each time point, sample aliquots were analyzed by light 
and electron microscopy. For light microscopy, 10 µl of suspension were air-dried on poly-L-lysine-
coated slides (Bio-Optica, Milan, Italy), stained with Congo red and viewed under polarised light, 
(Nikon Eclipse E-800, Japan). For ultrastructural examination, 5 µl of suspension were applied to 
formvar-carbon 200-mesh nickel grids for 6 min, negatively stained with uranyl acetate and 
observed with an electron microscope (EM109 Zeiss, Oberkoken, Germany) operated at 80 kV at 
a standard magnification (30.000x), calibrated with an appropriate grid. The samples were 
evaluated for the presence and relative amount of oligomers, amorphous aggregates, 
filamentous structures and fibrils, by two independent operators. 
 
Peptide-peptide interactions 
Peptide-peptide interactions were measured using pepscan analysis (28). Biotinylated peptides 
were incubated with peptides which were synthesized on a solid phase polypropylene support 
(minicard). The credit card sized minicard contains 455 wells in which peptide arrays of 
overlapping linear and cyclized 18-mer, and linear 22-mer peptides based on the PrP 97-150 region 
were synthesized as previously described  (29). Prior to use the wells with the solid phase 
peptides were washed with PBS-Tween (7,5 mM phosphate, 0,14 M NaCl, 0,5% Tween80, pH 7,4)) 
for 30 minutes. Next, the wells were blocked with 5% BSA+HS (5% bovine serum albumin, 5% horse 
serum, 1% Tween 80 in PBS) for one hour at 25 ˚C to reduce aspecific binding. Subsequently the 
weels were washed three times for five minutes with 1% Tween 80 in PBS. The biotinylated PrP 
peptide 106-126 was dissolved in  water, heated for 20 minutes at 90 ˚C and immediately kept on 
ice to minimize aggregation prior to the incubation with the solid phase peptide arrays. After 
cooling of the biotinylated 106-126 peptide and shortly before use a BSA solution (10% bovine 
serum albumin, 1% Tween 80 in PBS) was added until a final concentration of 1% BSA. The solid 
phase peptide arrays on the wells were incubated with the biotinylated peptide 106-126 solution 
(3 µl per well) for one hour at 25 ˚C. After the wells were washed they were incubated for one 
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hour at 25 ˚C with streptavidine-HRP (1/1000) diluted in 5% BSA + HS for the detection of bound 
biotinylated 106-126 peptide. Next, the wells were washed and the background signal of the wells 
was measured with a charge-coupled device (CCD) camera. Subsequently the wells were washed 
once (0.1 % Tween 80 in PBS) and than incubated for one hour at room temperature with 
substrate (0.5 g/l 2,2’-azino-di[3-ethyl-benzthiazolinesulfonate(6)]diammonium salt (ABTS), 
0.006% H2O2 in 0.18 M Na2HPO4, 0.22 M citric acid was added until pH 4). The colour development 
was detected at 405 nm with de CCD camera. 
 
Inhibition studies 
The inhibition studies were performed as previously described (25).  In short, fibril formation of 
the linear peptide huPrP106-126 was measured individually and in combination with a stimulating 
or inhibiting peptide or a mix of the stimulating and inhibiting peptides. The fibril formation of 
the stimulator and inhibiting peptides were also measured individually. Linear human prion 
protein peptides were dissolved in 30 μl phosphate buffer (50 mM, pH 5), at a concentration of 
200 μM. Also, the stimulator peptide and each inhibiting peptide was dissolved in phosphate 
buffer at a concentration of 200 μM or 400 μM. For the combination of the huPrP106-126 peptide 
with one stimulator or inhibiting peptide, the linear huPrP106-126  peptide was dissolved in 30 μl 
200 μM stimulator or inhibiting peptide solution, resulting in a final concentration of 200 μM of 
each peptide. For the combination of huPrP106-126 peptide with a mix of the stimulator peptide 
and an inhibiting peptide, peptide huPrP106-126 was dissolved in 17.5 μl (400 μM) stimulator 
peptide solution plus 17.5 μl (400 μM) inhibiting peptide solution. This resulted in a final 
concentration of 200 μM of each peptide. Subsequently, the peptides with or without inhibiting 
peptide were incubated for one hour at 37 ˚C. Next, 30 μl heparin was added to the huPrP106-126 
peptide until a final concentration of 50 μg/ml to optimize the fibril growth. This resulted in a 
final concentration of 100 μM for each individual peptide. Peptides were put in the incubator at 
37 ˚C for another hour. Next, a thioflavin S staining was performed. All measurements were 
performed in triplicate and corrected for background. Negative values after background 
correction were set at zero, as fluorescence measurements cannot be below background. The 
effect of the fibrillogenic peptide on the fibril growth was expressed as inhibition percentages 
and was calculated as follows:  
 
Fibrillogenic peptide with inhibiting peptide: 
Inhibition (%)  =  (p+i-c)/(p+i) * 100. In which the fluorescence values (AU) are given for: 
fibrillogenic peptide (p), inhibiting peptide (i) and the combination of fibrillogenic peptide with 
the inhibiting peptide (c). 
 
Fibrillogenic peptide with stimulator peptide and inhibiting peptide: 
Inhibition (%) = (p+s+i-c)/(p+s+i) * 100. In which the fluorescence values (AU) are given for: 
fibrillogenic peptide (p), stimulator peptide (s), inhibiting peptide (i) and the combination of 
fibrillogenic peptide with the stimulator and inhibiting peptide (c)  
 

Results 
In order to determine how much of the 82-143 region of the human prion protein is involved in 
fibril growth, peptides comprising residues 106-126 (21-mer), 106-143 (38-mer) and 82-143 (62-mer) 
were compared for the amount of fibril growth at equal molar concentrations. Compared with 
the 21-mer peptide the fibril growth of the 62-mer and the 38-mer were approximately 2.4 fold 
and 1.5 fold higher respectively (Fig. 2). The higher signal with the longer peptides suggest that 
also residues adjacent to the 106-126 region participate in the fibril growth and contribute at least 
one extra rung to the growing fibril. In our proposed left-handed ß-helix model (22) this would 
suggest that the minimal fibrillogenic core of the PrPSc molecule is formed by two stacked rungs 
(Fig. 1A).  
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LpxA peptides 
Because it was not known whether cooperative stacking of isolated peptides from a ß-helical 
structure was feasible, we used a known natural left-handed ß-helix structure of the enzyme N-
acetylglucoseamine-1-phosphate uridyltransferase (LpxA) as a model system. Based on regular 
rungs of LpxA (Fig. 1B) (30) we optimized two peptides (rung 6 and rung 7) to increase the 
probability of heterologous stacking. Because the rungs are taken out of the structural context 
and to satisfy the ideal left-handed ß-helix motif, mutations were introduced in rung 6. The Met 
on position 6 was replaced by a Gly being the most prevalent residue at that position in ideal left-
handed ß-helices (31). The Asn at position 3 of rung 6 forms a hydrogen bond with a residue from 
rung 5 which is not a part of the structure anymore, therefore it was replaced by Thr an ideal 
alternative at this position. The Cys at position 15 of rung 6 was replaced by Thr and in rung 7 the 
Cys at position 3 was replaced by Ala.  In rung 7 the Leu at position 11 was replaced by Ile to 
improve the stacking with rung 6. 

Figure 2. Fibril formation of three linear prion protein peptides at equimolar concentrations. Levels of the fibril 
growth of 12.5, 25 and 50 µM of linear peptides huPrP106-126 (white bars), huPrP106-143 (light gray bars), 
huPrP82-143 (dark gray bars) and 25 µM negative control peptide huPrP106-126scrambled 
(NGAKALMGGHGATKVMVGAAA) (black bar) determined by thioflavin S staining and subsequent fluorescence 
measurements. Data points are average values +/- SD of triplicate measurements. 
 

The Asp at position 18 of rung 7 was replaced by an Ala to avoid disturbance with the polyionic 
extensions. For further reference in this paper the two peptides which are used for the 
cooperativity studies are coded rung 6 and rung 7. It was shown that peptides rung 6 and rung 7 
can indeed bind thioflavin S and form fibrils (Fig. 3). The homologous stacking of rung 7 (intrinsic 
fluorescence) was approximately 3.8 times higher than the intrinsic fluorescence of  rung 6 (Fig. 
3A). To enhance the probability of stacking, polyanionic (five glutamic acid residues) and 
polycationic (five arginine residues) extensions were added at the C-terminus of the peptides, for 
further reference the polyionic extensions are denoted as  “neg” and “pos” respectively. 
Theoretically the probability of a potential stack of two peptides will be increased by the 
attraction of the opposite charged extensions. Indeed the addition of the polyionic extensions 
increased the homologous stacking of rung 6 by a factor of 2.5 (rung 6-pos + rung 6-neg) (Fig. 
3A) and of rung 7 by a factor of 5 (rung 7-pos + rung 7-neg) (Fig. 3B).  
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Figure 3. The intrinsic and cooperative fibril growth of linear and cyclized peptides mimicking two rungs of a 
left-handed ß-helix based on  rungs 6 and 7 of LpxA. The levels of fibril growth of the individual peptides 
corresponding to rung 6 (A) rung 7 (B) and mixtures of rung 6 and 7 (C and D). Peptides are tested for intrinsic 
fibril growth (black bars) and cooperative fibril growth of peptide mixtures (gray bars). Cooperativity is 
apparent when fibril growth of the mixture (gray bar) is higher than the sum of the individual peptides 
(hatched bars). Polyionic extensions (Arg)5 and (Glu)5 are indicated by pos and neg respectively. All data are 
average values +/- SD of triplicate measurements. 
 

In order to facilitate the folding of rungs 6 and 7, cyclized versions of the peptides were 
synthesized (Fig. 1C). The cyclizations limit the flexibility of the peptides and allow the type of 
stacking similar to the typical rungs of a left-handed ß-helix. Peptide c-rung 6 showed no 
fluorescence at all (Fig. 3A), but  the addition of polyionic extensions did increase the 
homologous stacking of c-rung 6 spectacularly by a factor of 12 compared with the linear rung 6 
without polyionic extensions (Fig. 3A). In contrast to c-rung 6 the cyclized version of rung 7 
(without polyionic extensions) was found to be much more fibrillogenic than its linear form as 
was shown by the four-fold higher fluorescence level (Fig. 3B). In contrast to rung 6, the addition 
of polyionic extensions reduced the fluorescence level of the individual c-rung 7, but when the 
positive and negative charged c-rung 7 peptides were mixed, the homologous stacking was a 
factor of 3.5 higher than expected (Fig. 3B). 
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Figure 4. Ultrastructural analysis of cyclized LpxA and cyclized prion protein peptides. Electron micrographs of 
protofibrils formed in borate buffer pH 8.5 after 48 hours incubation at 37oC.The LpxA peptide c-rung 6 neg (A) 
formed filamentous material, protofibrils and some short fibrils, c-rung 7-pos (B) formed long unbranched and 
sometimes paired fibrils mixed with protofibrils, and the combination of both (C) formed a dense meshwork of 
long unbranched often paired fibrils. Individual prion protein peptide c-127-142-neg (D) formed long 
unbranched and sometimes twisted fibrils, c-107-123-pos (E) formed very short and sometimes paired fibrils, 
and the combination of both (F) formed a meshwork of long, unbranched and sometimes paired fibrils. The 
bar in figure 4C is applicable to all figures. 
 

In contrast to heterologous sequences the ability of homologous sequences to stack in a parallel 
fashion has a higher probability because identical residues in the parallel strand will stack 
perfectly (unless they are charged). A Val-Val stack or an Asn-ladder are well known examples 
(32). However, in the case of rung 6 and 7, a heterologous combination of two different peptides 
is required. For heterologous stacking there are obviously more constraint, because a successful 
parallel alignment of the strands depends on the perfect complementarity of the side chains of 
both peptides. Although it is known that rungs 6 and rung 7 interact in the native protein, the 
actual experimental proof through in vitro stacking is difficult to achieve. Although heterologous 
cooperative effects of linear versions of rung 6 and rung 7 were not observed, the introduction 
of polyionic extensions resulted in a small heterologous cooperation of linear rung 6-neg 
combined with linear rung 7-pos (cooperativity factor = 2) (Fig. 3C). Similar results were found for 
the cyclized versions of rung 6 and rung 7: without the aid of polyionic extensions heterologous 
stacking was not observed, but most interestingly a heterologous cooperation was found for c-
rung 6-neg with c-rung 7-pos (Fig. 3C). Also heterologus cooperativity was found with the 
combination of c-rung 7-neg with linear rung 6-pos and the combination of linear rung 7-pos with 
c-rung 6-neg (Fig 3D). The observed heterologous cooperativity was confirmed with 
ultrastructural examination.  
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Figure 5. Semi-quantitative analysis of amyloid formation of cyclized LpxA and cyclized prion protein peptides 
by Congo red staining. Congo red staining of amyloid formation in borate buffer pH 8.5 after 1, 24 and 48 hours 
incubation at 37oC of the individual LpxA peptides (A) c-rung 6-neg (dotted line with open diamonds), c-rung 
7-pos (dashed line with open squares), and the combination of both (solid line with open triangles). The prion 
protein peptides (B) c-107-123-pos (dashed line with solid squares), c-127-142-neg (dotted line with solid 
diamonds) and the combination of both (solid line with solid triangles). Two independent observers (MM and 
GM) evaluated the amount of amyloid formation semi-quantitatively by the observation of birefringence and 
is expressed in arbitrary units: 0-10: few little birefringent aggregates, 11-20: some little aggregates, 30-40: 
many little and some large aggregates, 40-70: many large aggregates. 
 

Peptide c-rung-7-pos formed thin filamentous structures within 1 hour of incubation, developing 
into few fibrils after 24 hours increasing in amount after 48 hours. Peptide c-rung 6-neg showed a 
similar development like c-rung 7-pos, however the amount of fibrils was less. The mix of both 
peptides formed thin filamentous material after 1 hour, but the fibrils grew faster (24 h) and a lot 
of fibrils often organized in dense meshwork was observed after 48 hours of incubaton 
compared with the peptides individually (Fig. 4A-C). The formation of amyloidogenic fibril 
aggregates was confirmed by Congo red staining. The semiquantitative analysis of the amount of 
birefringence after Congo red staining showed  that the mix of c-rung 6-neg and c-rung 7-pos 
formed more and faster birefringent aggregates than the peptides individually (Fig. 5). Our 
results show for the first time that peptides based on rungs of a natural left-handed ß-helix are 
able to form fibrils with the tinctorial properties of amyloid, i.e. birefringence under polarized 
light after Congo Red staining.  
 
Prion protein peptides 
Dimerization of two prion protein peptides determined by HPLC/MS analysis 
After the cooperativity studies with the idealized rung 6 and rung 7 peptides similar studies were 
done with peptides corresponding to the two rungs of the hypothetical human PrPSc fibril 
structure (105-124 and 125-143). To investigate the inter-peptide disulfide bridge formation in 
heterodimers of stacked PrP peptides, we analyzed the dimerization reaction using HPLC/MS. 
The different peptides were synthesized with a polyionic extension and a free cysteine that 
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would allow inter-peptide disulfide formation when the peptides would form a correct 
heterologous parallel alignment. The tendency to heterodimerize was studied with linear 
peptides 125-143-(E)4-C, 105-126-(R)x-C, and 106-126-(R)x-C (C = Cys, E = Glu, R = Arg, x = 2, 3 or 4). 
HPLC/MS analysis showed heterodimerization of peptide 125-143-(E)4-C and 105-126-(R)4-C without 
the formation of homodimers (Fig. 6C). Peptide 105-126(R)4 can slowly homodimerize with itself 
(Fig. 6B), but the heterodimerization with 125-143(E)4 was preferred (Fig. 6C). The rate of 
heterodimerization of 125-143-(E)4-C with 106-126-(R)x-C and 105-126-(R)x-C (x=2-4) depended on 
the number of arginine residues in the C-terminal extension (data not shown). 
The heterodimerization was time dependent, ranging from 3 to 14 % after one hour and increased 
after six hours incubation (21 to 73%) and 24 hours (61 to 88%) (data not shown). The dimerization 
experiments indicated that, with the appropriate C-terminal extensions, linear prion protein 
peptides comprising regions 105-126 and 125-143 are able to heterodimerize within one hour 
without the formation of homodimers.  

Figure 6. Heterodimerization of peptides huPrP125-143(E)4C and huPrP105-126(R)4C. HPLC analysis at 215 nm 
of the individual linear peptides huPrP125-143(E)4C (top panel), huPrP105-126(R)4C (middle panel) and the 
mix of both peptides (bottom panel) after six hours incubation in borate buffer pH 8.5 at 37oC. The peaks were 
identified by mass spectrometry. 
 

Cooperativity of two prion protein peptides  
To investigate the possibility of the heterologous stacking by prion protein peptides from the 
regions 105-123 and 124-143, based on the two rung model (22), these peptides were tested for 
thioflavin S staining which is a measure for the amount of fibril growth. Peptides based on the 
106-124 and 125-143 regions were cyclized by a disulfide bond to mimic the typical rungs of a left-
handed ß-helix (Fig. 1C), but also other models in which some kind of spiralling of the parallel ß-
strand is essential. Interestingly, the fluorescence level of the c-106-123 was much higher (3-fold) 
than its linear version (Fig. 7A). Also a cyclized version of the 127-143 region showed some 
increase in the fluorescence level compared with its linear form (Fig. 7B). Similar to the 
experiments with rung 6 and 7 of LpxA, also the linear and cyclized versions of the PrP peptides 
did not show cooperativity without the help of polyionic extensions. 

rt (min)
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The addition of polyionic extensions to peptides comprising the PrP regions 105-123 and 124-143 
reduced the fluorescence levels two- to six-fold compared to the peptides without an extension 
(data not shown). However, the addition of polyionic extensions resulted in a significant 
heterologous cooperativity as was observed between linear peptides 105-124-pos and 124-143-neg 
(cooperativity factor = 1.6) (Fig. 7C). The heterologous stacking improved spectacularly 
(cooperativity factor = 6) when a combination of polyionic extensions and cyclizaton was used 
(Fig. 7D). 

Figure 7. Intrinsic and cooperative fibril growth of linear and cyclized prion protein peptides comprising 
residues 106-123 and 127-142. The fibril growth of linear and cyclized peptides comprising the 106-126 (A) and 
126-143 regions (B) of PrP and the heterologous cooperation of linear (C), cyclized (D) and linear with cyclized 
(E) peptides based on PrP regions 106-126 and 126-143. The measured fluorescence levels are indicated by 
gray bars and the theoretical fluorescence levels of the heterologous cooperations are indicated by hatched 
bars. Polyionic extensions (Arg)5 and (Glu)5 are indicated by pos and neg respectively. All data are average 
values +/- SD of triplicate measurements.  
 

A significant heterologous cooperativity (cooperativity factor = 2) was also found between linear 
105-123-pos and c-127-142-neg, while c-107-123-pos combined with linear 124-142-neg showed some 
cooperativity (cooperativity factor 1.5) (Fig. 7E). Control experiments with peptides unrelated to 
prion protein sequences (acetyl-CDGAVQPDGGQPAVRNER-amide and FITC-ahx-
LEDKIEELLSKIYHLENEIARLAAAIRRR-amide) showed no significant cooperative fluorescence 
levels with any of the linear or cyclized versions of prion protein peptides with polyionic 
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extensions based on regions 105-124 and 124-143 (data not shown). The ability to form amyloid 
fibrils was studied by electron microscopy and Congo red staining for the peptides which 
displayed the highest cooperativity (Fig. 7D) were studied. Peptide c-127-142-neg formed round 
shaped structures (oligomers) and filamentous structures within 1 hour of incubation, after 24 
hours filamentous material and protofibrils were found, while fibril aggregates were found after 
48 hours of incubation. Peptide c-107-123-pos showed dense amorphous structures, while after 
24 hours filamentous structures were found and after 48 hours of incubation also some fibrils 
were evident. The mix of both peptides formed protofibrils, amongst round shaped structures 
(oligomers) and thin filamentous structures after 1 hour incubation. After 24 hours,  the mix 
formed few short amyloid fibrils while after 48 hours aggregates of fibrils (no oligomers) were 
found in the mix in a much higher density than the individual peptides (Fig. 4D-F). Furthermore, 
the presence of amyloid fibril was confirmed by Congo red staining. The semiquantitative analysis 
of the amount of birefringence after Congo red staining showed  that the mix of c-107-123-pos 
and c-127-142-neg not only formed more amyloidogenic fibril aggregates than the peptides 
individually, but also faster (Fig. 5). In contrast to the EM and Congo red analysis the thioflavin 
staining is maximal within 2.5 hours of incubation (including 1.5 hours thioflavin staining). This 
indicates that probably the number of thioflavin staining sites remain equal when oligomers 
aggregate into protofibrils and mature fibrils (data not shown). 
 
Because the left-handed ß-helix model predicted a complementary stack of two peptide rungs it 
was investigated whether the influence of specific mutations in rung 1 (c-107-123-pos) and rung 2 
(c-127-142-neg) could change the observed cooperativity. As a positive control a variant of rung 1 
was synthesized in which Ala115 was substituted to valine. A better cooperative stacking was 
expected from a valine mutation of Ala115, because the inside of the rung is better filled by a 
valine residue at this position according to the model. Indeed the heterologous cooperativity of 
rung 2 with rung 1 in which Ala115 was substituted for valine showed an increase in fluorescence 
(Fig. 8).  

Figure 8. Heterologous cooperative fibril growth of mutated cyclized prion protein peptides comprising regions 
107-123 and 127-142 of the prion protein. The heterologous cooperative fibril growth of wildtype rungs of 
cyclized peptides comprising the 107-123 (rung 1) and 127-142 (rung 2) regions of PrP combined with mutated 
rungs rung 1 A115V (CTNMKHMAGVAAAGAVVGC-pos), rung 2-scrambled (CAGYLHIGRMPSSIGFMC-neg) and 
rung 2-small (CLGSAMSRPIIC-neg). All peptides are cyclized by a disulfide bond. The measured fluorescence 
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levels are indicated by gray bars and the theoretical fluorescence levels of the heterologous cooperations are 
indicated by hatched bars. All data are average values +/- SD of triplicate measurements. 

 
Two variants of rung 2  were synthesized as negative controls: one variant comprising a 
scrambled 127-142 sequence (rung 2 scrambled) and one variant in which the size of the rung 2 
was reduced by six residues (rung 2-small: c-130-139-neg). As expected the heterologous 
cooperativity between rung 1 and rung 2 dropped from a cooperativity factor 3 to 1.5 when the 
size of rung 2 was reduced by six residues (rung 2-small) or when the sequence of rung 2 was 
scrambled (Fig. 8).  
 
Peptide-peptide interaction studies 
To investigate which residues are involved in the heterologous stacking of prion protein 
peptides, binding studies were performed with peptides comprising the 97-150 region of the 
human prion protein. Biotinylated peptides huPrP106-126 (5 µg/ml) and huPrP106-126-pos (0.5 
µg/ml) were tested for reactivities with all overlapping linear (18-mer and 22-mer) and cyclized 
(18-mer) peptides of the PrP central domain (97-150) and as negative control peptides based on 
the LpxA protein (biotinylated rung 7-pos), peptide KIAALKEKIAALKEKIAALKE, scrambled 
huPrP106-126 (NGAGKAGMVGLYGAHGATAKVSLVGALA, and DGAVQPDGGQPAVRNER a peptide 
derived from canine parvo virus (CPV)) were used. 

Figure 9. Peptide-peptide interaction of linear 106-126 peptide  with peptides corresponding to the region 97-
150 of PrP. Biotinylated linear peptide 106-126 (0.5 µg/ml) was incubated with an array of 33 solid-phase 
overlapping 22-mers of the PrP 97-150 region that were synthesized on a solid polypropylene support 
(minicard). Residues corresponding to rung 1 and 2 are indicated in cyan and blue respectively. The shared 
residues in the homologously reactive regions are shown in red and the shared residues for the heterologous 
reactive region is shown in pink. The reactive regions are indicated in the left-handed ß-helical models with 
the same color coding. 
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In the linear 22-mer peptide array the linear peptide biotin-106-126 (rung 1) showed homologous 
binding with the (AV)VGGLG region and showed heterologous binding with 
GYMLGSAMSR(PIIHFG) which is a large part of rung 2 (Fig. 9). Because the binding stretches 
show overlap, it is not possible to exactly determine the hotspots for binding. For example in the 
case of the highest binding peptide in the 22-mer peptide array (AAAAGAVVGGLGGYMLGSAMSR), 
the binding contribution can be the result of the homologous binding to the sequence 
AAAAGAVVGGLGG or of the heterologous binding to YMLGSAMSR and most likely both. Similar 
binding interactions were found with biotin-106-126 and with biotin-106-126-pos in the linear 18-
mer and cyclized 18-mer peptide arrays. However, these data were even more difficult to 
interpret because the binding stretches showed even more overlap (data not shown). No 
significant binding was observed with the negative control peptides (data not shown). 
 
Inhibition of fibril growth of linear prion protein peptide huPrP106-126 
To find additional support for the hypothetical  left-handed ß-helical structure of human PrPSc, 
peptides were designed based on the structure of the left-handed ß-helix that could stack with 
prion protein peptides in order to stimulate or to block fibril growth. 

Figure 10. Stimulation and inhibition of the fibril growth of linear prion protein peptide 106-126. Peptide 
huPrP106-126 was incubated with the stimulatory peptide (peptide 1) based on rung 2 of PrP that can serve as 
a template for fibril growth of huPrP106-126 or inhibitory peptides (peptides 2-5) based on PrP region 106-126 
containing Pro (bold capitals) and/or D-amino acid residue mutations (bold lower case letters) at strategic 
positions. Next peptide huPrP106-126 was incubated with a mix of the stimulatory (peptide 1) and inhibitory 
(peptides 2-5) peptides. The final concentration of each peptide was 100 µM. The fibril growth was 
determined by thioflavin S staining and the stimulation and inhibition percentages were calculated as 
described in the Experimental procedures. All data are average values +/- SD of triplicate measurements. 
 

A stimulator peptide should have an optimal left-handed ß-helical fold that can serve as a 
template for fibril growth initiation. The inhibitor peptide should be able to bind to the exposed 
rung but frustrate the propagation of the fibril growth. A proline is hardly ever present in the left-
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handed ß-helical rung except for position 1 at the corner of the triangle where the occurrence is 
very high. Especially at the top or bottom rung the occurrence of the proline at position 1 is high 
because it decreases the conformational entropy and facilitates folding of the ß-helical structure 
(33). Therefore, a ß-helix stimulator peptide (peptide 1 Fig. 10) was designed with a proline at the 
first position of the middle hexapeptide motif of rung 2 (Gly131Pro). Because optimized rung 2 
(stimulator) has a proline at both corners of the triangle (positions 131 and 137) this peptide has a 
higher chance of the triangluar arrangement (Fig. 12B).  
 
Indeed, a strong cooperative fibril growth was observed (47%) when rung 1 (106-126) was mixed 
with the optimized rung 2 (peptide 1 with the Gly131Pro mutation, Fig. 10). This is the first example 
of heterologous cooperative stacking without the aid of cyclization or polyionic extensions. 
Subsequently, several attempts were made for the design of inhibiting peptides based on rung 1 
with D-amino acid substitutions at positions His111, Met112, Ala117, Ala118 and proline substitutions of 
Ala115 and Val122. The proline substitution of the residues at the fifth position of the middle and 
last hexapeptide of rung 1 frustrates the ideal fold of a ß-helical rung and the introduction of D-
amino acids in rung 1 would clash with the side chains of rung 2 and therefore, a reduced fibril 
growth cooperativity of rung 1 and rung 2 was expected. Indeed, the inhibiting peptides based on 
rung 1 (peptides 2-4 in Fig. 10) showed no or a low inhibition of fibril growth of rung 1, but when 
the stimulator peptide based on optimized rung 2 was combined with the inhibiting peptides 
based on rung 1, a complete inhibition of fibril growth was observed (Fig. 10). Furthermore the 
inhibition level was inhibitor concentration dependent (Fig. 11). These results confirm the role of 
cooperativity of the heterologous chains.  

Figure 11. The efficiency of  fibril growth inhibitor peptide huPrP106-126 with D-amino acid substitutions at 
positions His111, Met112 and Ala116. 100 µM peptide huPrP106-126 was incubated with 100 µM stimulatory 
peptide based on rung 2 of PrP (peptide 1 in Fig. 10) and the inhibitor peptide (peptide 4 in Fig. 10) which was 
titrated from 100 to 5 µM. The fibril growth was determined by thioflavin S staining and the inhibition 
percentages were calculated as described in the Experimental procedures. Subsequently the inhibition levels 
were standarized relative to the maximimum inhibition level.  All data are average values +/- SD of duplicate 
measurements. 
 

Discussion 
PrPc consists predominantly of alpha helix structures, while the conversion into PrPSc involves an 
increase of ß-sheet content. This conformational change promotes the fibril formation. Although 
it is still unknown how much of the whole PrPSc molecule is involved in the fibril growth, solid-
state NMR studies showed that residues 112-141 are part of the highly ordered core of huPrP23-
144 (9). It is well accepted that the region comprising residues 89-143 can form fibrils rich in ß-
structures (12,14,15). X-ray diffraction studies of amyloid fibrils in general suggest a parallel ß-
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strand organization (18,19). Previously, we and others proposed that the PrPSc fibril may fold as a 
parallel left-handed ß-helix (6,22,23) and that each PrPSc monomer contributes two left-handed ß-
helical rungs to the fibril, comprising residues 105-124 and 125-143 (Fig. 1A). This two-rung 
structural model was recently confirmed for amyloid fibrils of the HET-s prion by NMR analysis 
(24).  
The smallest known region of PrP that forms fibrils is peptide huPrP106-126. These fibrils are toxic 
and resemble the physiological properties of PrPSc (11,16,27,34). The left-handed ß-helix model 
predicts however  that the elevation of one PrPSc monomer requires at least two ß-helical rungs 
of heterologous sequences (22). Since in this model the 106-126 region can only make up one 
rung, the next rung need to be formed by residues C-terminal to the first rung. Support for this 
was obtained with the thioflavin S staining studies with the longer peptides that showed that 
flanking regions are also involved in the parallel ß-sheet structure of the fibrils (Fig. 1). 
Subsequently we studied whether continuous heterologous stacking of the two regions would 
result into fibril growth. Therefore, peptides based on the 105-126 and 127-143 regions were 
assayed for their individual and heterologous fibril growth. Here we report experimental results 
supporting the model by the heterologous stacking in vitro of two peptides comprising the 105-
126 and 127-143 regions of the human prion protein. 
 
Heterologous stacked prion protein peptides are realistic mimics of the theoretical left-handed ß-
helix 
Using a similar approach as for LpxA we studied the heterologous stacking of linear and cyclized 
prion protein peptides comprising the PrP region 105-143. Because peptides comprising residues 
105-124 and 125-143 have been suggested to form a heterologous stack in the left-handed ß-helix 
model of PrP (22), the heterodimerization of both regions was studied with HPLC/MS analysis 
(Fig. 6). As expected, the electrostatic attraction of the charged polyionic extensions at the C-
termini favoured the heterodimerization and disulfide bridge formation, favouring a parallel 
organization of the peptides that may facilitate parallel stacking. Also, thioflavin S staining 
showed that the polyionic extensions increased the heterologous cooperative fibril growth of 
linear peptides comprising regions 105-123 and 124-143 (Fig. 7C). Irrespective of the hypothetical 
nature of the left-handed ß-helical model, the sequential strands in a fibril must somehow spiral 
up- or downwards along the fibril axis, reminiscent to e.g. a left-handed ß-helix. Therefore, also 
for PrP the cyclized peptides are more realistic mimics of the putative spiralling rungs in a fibril 
than the linear ones. It was found that c-106-123 was 3.2-fold more fibrillogenic than its linear 
version 106-126 (Fig. 7A). Furthermore, a striking 6-fold heterologous cooperativity was observed 
with peptides c-107-123-pos and c-127-142-neg (Fig. 7D), which is convincingly supported by the 
electron microscopy analysis (Fig. 4D-F) and Congo red staining (Fig. 5) both indicating a faster 
and more intense aggregation of amyloidogenic fibrils compared with the individual peptides. 
Also linear peptides can stack better with the cyclized heterologous peptide than with the linear 
version (Fig. 7E and C respectively) suggesting that a conformationally stabilized peptide 
increases the chance of heterologous stacking by serving as a template that can initiate fibril 
formation. The prion protein peptides showed even higher heterologous stacking then the 
positive control peptides (rung 6 and 7) derived from the known left-handed ß-helix LpxA (Fig. 
7D and Fig. 3D respectively). A positive control for heterologous stacking of rung 1 and rung 2 
was the mutation of Ala115 into valine which is located at the fifth position of the hexapeptide 
motif that is expected to fill the inside of the rung better then alanine and therefore would 
increase the stacking and fibril growth. As predicted, the Ala115Val mutation showed high 
thioflavin S staining with the wildtype rung 1 (Fig. 8). A negative control was the scrambled 
version of rung 2 including a proline at the unfavourable fifth position of the hexapeptide motif. 
Another negative control was a rung 2 variant which was reduced in size by six residues (c-130-
139-neg), by which the complementary stacking with rung 1 is hampered. As predicted, compared 
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with the wild type rung 2 both negative controls showed less heterologous cooperative fibril 
growth with rung 1 (Fig. 8). The peptide-peptide interaction studies (Fig. 9) show that peptide 
106-126 interacts homologously with sequences comprising the 106-126 region of PrP, which 
agrees with the known fibril growth of huPrP106-126. More importantly it was shown that the 
peptide 106-126 also interacts heterologously with the 125-143 region of PrP (Fig. 9). Both regions 
agree perfectly with the proposed adjacent rungs in the left handed ß-helix model which agrees 
with the forecasted stacking on top of each other (Fig. 9) (22).  
 
The structural details of the left-handed ß-helical rungs could assist the design of peptides that 
could block fibril formation by a strong binding to the exposed rung of the growing left-handed 
ß-helix. Moreover, designs of inhibiting peptides based on the rungs of the left-handed ß-helix 
model can also give support to this model. The left-handed ß-helical fold of the PrPSc model can 
probably be optimized because the left-handed β-helical PrPSc conformation is not a preferred 
fold for PrP but occurs only under particular circumstances and preferably with the aid of a pre-
existing “inoculate” PrPSc β-helix that can act as a template. Especially initiation of the fold may 
be stimulated by a conformationally restricted version that can act as a template, while in the 
absence of such a template alternative packing arrangements may also occur (35). The tolerance 
of the left-handed ß-helical fold for sequence variation may allow the PrP sequence to misfold 
into a left-handed ß-helix but the sequence can probably be optimized in order to satisfy the 
positional preference in the hexapeptide motif even better. This knowledge was used to 
optimize the folding of rung 2. The left-handed ß-helical rungs don’t allow any proline residues, 
except for position 1 of the hexapeptide where it actually has a high preference because it 
promotes the formation of the turn in the triangular rung. Therefore, the biggest structural 
impact was expected by a proline mutation of Gly131 in the first turn position of the second 
hexapeptide motif at the corner of the triangle (Fig. 12B).  

Figure 12. Representation of stimulated fibril growth by a proline mutation of Gly131 and inhibited fibril 
growth by the introduction of D-amino acid residues. A. Normal unmodified prion protein peptides 
corresponding to rung 1 (dark) and rung 2 (light) have a low tendency to grow fibrils. B. A proline-stabilized 
rung 2 peptide (light rung with the extra P131) is a stimulator that acts as a template for the folding of rung 1, 
resulting in fibril growth. C. When the stimulator (proline stabilized rung 2) is mixed with an inhibiting peptide 
(dark rung with protruding D-amino acid side chains), the binding of the next rung is hampered. 
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When this optimized rung 2 Gly131Pro peptide was mixed with rung 1 peptide a very strong 
stimulation of fibril formation was observed. Apparently, the optimized peptide serves as a good 
template and increases the fibril growth of the mixture spectacularly (stimulator peptide 1 in Fig. 
10). This is the first example of spontaneous heterologous cooperative stacking without the aid 
of cyclization or polyionic extensions. Together with the previous data this again agrees with the 
left-handed ß-helix model. In order to inhibit fibril growth an extra element is needed that binds 
on the folded dimer or oligomer and blocks the binding of new rungs to the growing fibril. For 
that reason, a modified rung 1 was designed that would fit on rung 2 Gly131Pro, but would not 
allow binding of the next rung. Rung 1 analogues were made with D-amino acids and prolines at 
various positions that can bind one rung 2 but the side chain orientation of the D-amino acid or 
the conformation of the proline would block binding of the next rung (Fig. 12C). Indeed, mixing 
the stimulatory template rung 2 Gly131Pro with the inhibitory peptides, showed a dramatic 
inhibition of fibril formation that is higher than any other compound we have ever tested with 
comparable molar concentrations in our in vitro assay (Fig 10) (25).  
 

Conclusions 
The spontaneous fibril growth in vitro by heterologously stacked human PrP peptides based on 
PrP regions 105-124 and 125-143 and the determination of the interacting regions provides first 
experimental support that human PrPSc may form a spiralling parallel ß-strand resembling the 
left-handed ß-helix structure. The cooperativity studies allowed the development of a fibril 
stimulating peptide based on the PrP region 125-143 which most likely acts as a template for the 
heterologous binding with peptide huPrP106-126. The fibril growth of peptide huPrP106-126 was 
completely inhibited when it was incubated with a mix of the stimulating peptide and an 
inhibiting peptide based on sequences of the PrP region 106-126 containing D-amino acid and 
proline substitutions at strategic locations. The inhibiting peptide may act as a “stopper” rung 
inhibiting the fibril growth. The “stack-and-stop” approach,  in which an optimized rung 2 is used 
as a stabilizing template and a modified rung 1 peptide is used as a stopper rung (Fig. 12C), may 
be used to design small protein modules with a limited number of stacked peptides. Such well 
defined protein modules may be used for the development of a therapeutic strategy for the 
reduction of PrPSc fibril formation. Whether the inhibition of fibril growth will also inhibit toxicity 
remains to be proven. Furthermore, the defined protein modules may also be used to study part 
of the structural details of the 82-143 domain of the PrPSc protein by NMR or crystallography.   
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General discussion 
Proteins are essential building blocks for all life forms. Depending on genetic blue prints, coded 
by DNA or RNA, they can have a large number of functions including cellular signaling, 
mechanical actions, transportation units, messaging and provide the biochemical basis for more 
complex tissues. To form their native state proteins naturally adopt three dimensional structures, 
either by sponteneous folding or assisted by chaparone molecules. The structures of proteins are 
normally optimized by evolutionary processes for specific functions. Nevertheless, sometimes 
proteins may adopt malformed conformations resulting in the formation of fibrils which are 
deposited as amyloid plaques (1-5). The replication of the aberrant conformation is caused by 
both presence of low level polymeric aggregates rather than the larger fibrils as well as 
occasional breakage of fibrils leading to fragments which act like seeds (6, 7).  
 
In Alzheimer’s disease (AD) the enzymatic proteolysis of amyloid precursor protein (APP) by ß- 
and γ-secretase leads to Aß peptides which form fibrils. These fibrils spontaneously aggregate 
into amyloid plaques which damage and stress neurons. Due to the resulting neuronal stress the 
tau protein inside neurons is hyperphosphorylated and forms additional pathogenic fibrils: tau 
tangles. The process of fibril formation, plaque formation, neuronal stress and finally tau 
entanglement is known as the amyloid cascade (8). In prion diseases, like BSE and CJD, the first 
onset of the conformational change of the prion protein is unknown. Particular (cellular) 
environmental conditions may induce spontaneous conversion of the benign PrPC into the 
fibrillogenic malignant PrPSc form (9).   
 
Quantification of fibril formation 
Fibril formation is a key event in all amyloidoses. The initial generation of oligomers as well as 
mature fibrils and their aggregation into plaques are considered to be the cause of a number of 
neurodegenerative diseases. Therefore, development of fibril interfering compounds is of great 
therapeutic interest. Quantification of fibril formation is essential for the evaluation of the 
therapeutic potentials of fibril interfering compounds. A number of techniques are available for 
the detection of fibrils. However, none of them are suitable for the quantification of fibrils. For 
instance ultra structural details of the fibrils and the effects of interacting compounds can be 
detected by electron microscopy (EM) and atomic force microscopy (AFM), but these techniques 
are extremely time consuming and quantification of the fibril formation is impossible. 
Furthermore, fibrils can be detected with amyloid specific dyes including iodine (10), acridine 
orange, acriflavin, Congo red and thioflavin (11, 12), but no robust and reproducible high 
throughput assays based on these dyes have been developed. Poor reproducibility is a major 
problem for fibril detection in vitro, e.g. large intra assay variations were found in a thioflavin 
staining assay for amyloid light chain proteins (13). The irreproducibility is probably caused by the 
stochastic nature of the fibril formation process. The fibril formation of a fibrillogenic protein or 
peptide can be initiated by a gradual increase in concentration as a consequence of evaporation 
of the solvent, reminiscent to a crystallization process. At a threshold concentration the fibril 
formation is triggered. A maximum amount of fibrils is formed when the sample is completely 
dried. The screening assay described in chapter two uses this phenomenon for the reproducible 
quantification of fibril formation of different synthetic amyloid derived peptides and the study of 
fibril interfering compounds. The screening assay was used to determine the fibrillogenicity of 
different peptides comprising regions 105-132 and 106-141 of murine and human PrP respectively 
and the Alzheimer’s disease-associated peptide Aß1-42. For the first time the  Aß1-42 and prion 
peptides were tested in the same assay and it was found that the Aß1-42 peptide is more than 
2.5-fold more fibrillogenic than the prion protein derived peptides. Furthermore, it was shown 
that a free C-terminus is essential for a high fibrillogenicity of the prion derived peptides (chapter 
two, fig. 3) which concurs with our electron microscopy observations and extended the 
observations reported for the 21-residues long 106-126 peptide (14) to longer sequences 
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containing the palindromic AGAAAAGA domain of PrP (chapter two, table 1). The assay was 
further used to screen fibril interfering compounds. Six tetracyclic compounds showed a dose-
depended inhibition of fibril formation of this peptide (chapter two, fig. 4). This is in accordance 
with the fibril inhibiting properties of tetracyclic compounds described previously (15-19). In 
conclusion, the presented in vitro screening assay based on thioflavin S staining of fibrillogenic 
prion protein peptides and the Alzheimer’s disease related Aß1-42 peptide is the first robust and 
reproducible assay and can be readily applied to measure quantitatively compounds that affect 
fibril formation. 
 
Fibrils and related pro-inflammatory responses in neurodegenerative diseases 
Microglial cells are the immunological sentinels of the brain. When microglial cells are activated 
they induce an inflammatory response which is considered to be a driving force in the etiology of 
neurodegenerative diseases (20-22). It is known that PrP damaged neurons are killed by 
microglial cells  by the release of pro-inflammatory cytokine mediators IL-6, tumor necrosis factor 
(TNF)-alpha and to a lesser extend IL-1ß (23-27). The pro-inflammatory IL-6 and TNF-alpha 
responses by mouse and adult human microglial cells may require a certain degree of fibril 
density as suggested by in vitro experiments (28, 29). Both in Alzheimer’s disease and prion 
diseases, so-called amyloid associated factors like serum amyloid P (SAP) and complement factor 
C1q co-localize with extracellular fibrillar plaques (30-33). Therefore, these amyloid associated 
factors are considered to be important in pathogenesis through microglia activation (20, 34).  
 
In chapter three we studied whether SAP and C1q influence the fibril formation of prion peptide 
human PrP 106-126 and its murine homolog PrP 105-132. Subsequently, the correlation between 

Figure 1. Complement factor C1q binds to oligomers of PrPSc and enhances the fibril formation. The C1q-PrPSc 
complex is stabilized by serum amyloid P (SAP) binding and subsequently the fibril formation is further 
increased. C1q in the C1q-SAP-PrPSc fibril complex attracts microglial cells (35) which are then activated and 
secrete cytokines including IL-6 and TNF-alpha. Uncomplexed fibrils only activate, but do not attract the 
microglial cells. 



General discussion 

 122 

the fibril formation and its stimulatory effects on isolated human microglial cells was studied 
(measured by IL-6 and TNF-alpha production). It was found that the fibril formation of prion  
peptide 106-126, determined by the thioflavin S staining assay and EM observations, dramatically 
increased by co-incubation with SAP and C1q (chapter three, fig. 5). Furthermore, also the 
microglia activation was clearly increased by co-incubation of human PrP peptide 106-126 with 
SAP and C1q;  this activation was significantly lower than when tested with each compounds 
separately (chapter three,table 2). Similar results were obtained with the mouse variant PrP 
peptide 105-132. Interestingly not all mouse PrP peptide 105-132 batches exhibited an equal level 
of fibril formation as reflected by differential microglial cell activation levels (chapter three, fig. 
1). A possible mode of action is the binding of C1q to acidic residues (Asp143, Glu145, Asp146 and 
Glu151) in the 141-159 region of mouse PrPSc , but not PrPC (36). Before C1q can bind to PrPSc and 
enhance the fibril formation, a certain amount of fibrils is required (37, 38). Furthermore, C1q can 
also bind to SAP molecules (39, 40) which provide stabilization of the C1q-PrPSc complex leading 
to an even higher increase of the fibril formation and subsequent activation of microglial cells 
(fig. 1).  
 

Tetracyclic compounds inhibit Aß1-42 fibril formation and related pro-inflammatory responses 
Tetracyclic compounds, including tetracycline, minocycline and doxycycline, are well-known 
antibiotics (41) which readily cross the blood-brain-barrier. These compounds are therefore 
interesting potential therapeutics for the treatment of neurodegenerative diseases like 
Alzheimer’s disease and prion related diseases. In chapters two and four it was demonstrated 
that tetracyclic compounds inhibit fibril formation of fibrillogenic peptides and decrease the 
associated microglial cell activation. 
 
The exact mode of action of tetracyclic compounds, which is of great interest for the 
development of therapeutics, is unknown. Forloni et.al. suggested a structural analogy of 
tetracycline with Congo red, iododoxorubicin and anthracyclines containing an extended 
hydrophobic core which permits interaction with lipophylic residues of the fibrillogenic proteins 
and peptides. Furthermore, the extended hydrophobic core of the tetracyclic compounds 
contain aromatic moieties with hydrophilic substituents permitting  hydrogen bonds with the 
fibrillogenic proteins or peptides (16, 18). This sterically hinders the binding of monomers to the 
growing fibril and possibly interferes with the intermolecular interactions between intertwining 
(proto)fibrils. The C-terminus of the Aß1-42 peptide has a predominantly apolar nature capable 
for hydrophobic interaction with the core of tetracyclic compounds. Furthermore, hydrogen 
bonds can be formed by the charged residues predominantly located at the N-terminus of Aß1-42 
and the hydrophilic moieties of the tetracyclic compounds.  
 
It was found that tetracycline and minocycline inhibit in a dose-dependent fashion the (SAP and 
C1q stimulated) Aß1-42 fibril formation (chapter four, fig. 4 and 5) and subsequent inhibit human 
microglial cell activation measured by the pro-inflammatory cytokines IL-6 and TNF-alpha 
(chapter four, fig. 2). Minocycline inhibits the SAP/C1q stimulated Aß1-42 fibril formation more 
efficiently than tetracycline (tetracyclic compound:Aß1-42 molar ratios of 2.5:1 en 8:1 
respectively). Interestingly, both tetracyclic compounds significantly reduced the IL-6 and TNF-
alpha secretion by the microglial cells at a 2.5:1 molar ratio to Aß1-42, while at a 100-fold lower 
molar ratio (0.025:1) only the TNF-alpha secretion was significantly reduced by tetracycline and a 
trend of TNF-alpha decrease was found with minocycline. These results agree with similar effects 
in other cell types (42-44) and may be caused by inhibition of the different cytokine production 
pathways in the activated microglial cells. Furthermore, besides the direct interference with the 
fibril formation, alternative mechanisms may contribute to the neuroprotective effects of the 
tetracyclic compounds. The alternative mechanisms my include the inhibition of caspase 
expression, reduction of inducible nitric oxide synthase and p38 mitogen-activated protein kinase 
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(45-47). Thus, minocycline and tetracycline efficiently decrease the SAP/C1q enhanced Aß1-42 
fibril formation and the IL-6 and TNF-alpha secretion of activated microglial cells. Small 
therapeutic effects of tetracyclic compounds were found in in vitro studies with synthetic 
fibrillogenic human prion peptide 106-126 (15) and in survival studies in Syrian hamsters which 
were infected with PrPSc (48). Therefore, it is expected that tetracyclic compounds reduce the 
cytotoxic and neurodegradation effects of fibril formation. Further refinements and application 
of these compounds can create a therapeutic window for the treatment of neurodegenerative 
diseases like Alzheimer’s disease (AD) and the prion related diseases like Creutzfeldt-Jacob 
disease (CJD).  
 
Polyanionic compound scaffolds for reproducible fibril formation in solution 
The inhibition of fibril formation of prion peptides and Aß1-42 by tetracyclines was successfully 
measured with an assay in which the mix of fibrillogenic peptide and inhibitor were dried 
(chapters two and four), nevertheless a screening assay in solution would be prefered because it 
resembles more closely the physiological conditions. Unfortunately existing solution assays 
turned out to be highly irreproducibily, most likely due to the stochastic nature of the fibril 
formation.  
Inspired by theoretical molecular models of PrPSc a more reproducible assay in solution was 
developed based on peptides from the 82-146 region of human PrP and polyanionic compounds 
acting as fibril promoting scaffolds (chapter five). In these models a part of the 82-146 region 
was proposed to stack in parallel ß-strands to form the fibrillic core of PrPSc (49-52). The assumed 
fibril formation by identical peptides (e.g. 106-126)  results in the stacking of identical residues of 
the parallel peptide strands, leading to the stacking of positively charged residues. These 
positively charged residues will cause a charge repulsion hampering the fibril formation. The 
charge repulsion is compensated with polyanionic compounds which provide a scaffold of 
regularly spaced negatively charged moieties for the stacking of the parallel peptide strands thus 
enhancing the fibril formation of fibrillogenic peptides (chapter five, fig. 3). Furthermore, the ß-
sheet content of the fibrillogenic peptides is dramatically increased by the polyanionic 
compounds (chapter five, fig. 2) which suggests a more pronounced ß-strand stacking of the 
peptide molecules compared with the fibril formation without polyanionic stimulation. 
Polyanionic compounds are also known to stimulate the formation of amyloid fibril depositions 
of PrP and Aß1-42 (53-55), but interestingly, are also used to prevent or to reverse the PrPC to 
PrPSc conversion and as therapeutics in CJD patients (56-64). The use of a polyanionic compound 
as fibril stimulating agent and as a therapeutic agent seems paradoxal, but it has been suggested 
that the administered polyanionic compound may compete with the membrane bound sulfated 
glycoaminoglycans for PrP binding. Therefore, the amyloid depositions remain in circulation 
which may help the clearance of the amyloid (49, 56, 64). 
 
Structure of the fibril core 
The precise site in PrP that is involved in the fibril formation process is not yet known, however 
emerging evidence suggests a major involvement of the N-terminal region between residues ~80 
and ~150 (65-71). Theoretically the PrPSc molecules may fold and stack into a right- or left-handed 
ß-helix of triangular shaped rungs comprising approximately 18 residues each (51, 72-74). 
Supporting evidence for a left-handed ß-helical PrPSc structure is recently presented by Choi et.al. 
(75). They showed that the natural left-handed ß-helix structure of the enzyme N-
acetylglucoseamine-1-phosphate uridyltransferase (LpxA) is preserved when the mouse 104-143 
region is grafted on two consecutive rungs of the LpxA molecule, which indicates a sufficient 
plasticity of the left-handed ß-helix to accommodate the 40-residues long PrP sequence. 
Furthermore the left-handed ß-helix structure has been proven by a NMR study of the HET-s 
prion protein which is produced in the filamentous fungus Podospora anserina (76). 
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In the theoretical models of PrPSc the ß-helix is made up by the N-terminal region 82-175 or a part 
thereof. It has been shown that PrPSc region 106-147 is crucial for the fibril formation (77) and 
region 112-141 is involved in the highly ordered core of PrPSc (78).  Furthermore, the PrP region 
106-126 is the smallest peptide which can readily form fibrils with physical properties resembling 
the fibril of the complete PrPSc protein. However, this region of 21 residues can make up just one 

Figure 2. The left-handed ß-helix model of PrPSc (51). In the conformational change process of PrPC into PrPSc 
part of the random coiled N-terminus adopts a ß-helical structure (A). According to Govaerts et.al. model (50) 
(B) each PrPSc monomer contributes four right- or left-handed ß-helical rungs to the protofibril, comprising 
residues 89-175. In the model of Langedijk et.al. (C) a stack of two rungs, comprising residues 105-124 and 125-
143, provides enough elevation to accommodate the remaining part (residues ~146-253) of the PrPSc molecule. 
 

rung of the ß-helical core of the fibril which is not enough to accommodate the rest of the 
protein in the periphery of the fibril. Therefore a larger part of the PrPSc N-terminus has to be 
involved in the fibril formation. Govaerts et.al. predicted a 4-rung stack comprising region 89-176 
(50), whereas Langedijk et.al. showed that two rungs are enough to accommodate the rest of 
the PrPSc molecule (51) (fig. 2). The theoretical left-handed ß-helical model raised the question 
whether consecutive regions comprising 105-123 and 124-143 could actually satisfy the conditions 
for a heterologous stack. For a mimic of the theoretical left-handed ß-helix a heterologous 
stacking of two sequentially different peptides is a pre-requisite. However, fibrillogenesis is a 
stochastic process and while homologous stacking is therefore  difficult to achieve, spontaneous 
heterologous stacking is even more challenging. Therefore, the peptides expected to mimic the 
two rungs were provided with charged extensions (polyarginine and polyglutamic acid) to 
promote the heterologous stacking (fig. 3). A small amount of heterologous fibril formation was 
found with linear peptides from region 106-124 and 124-143, but cyclized versions were found to 
be more fibrillogenic (chapter six, fig 6C and D). Furthermore, linear peptides stack 
heterologously better with cyclized peptides then with linear peptides (chapter six, fig.6E and C, 
respectively). Taken together, heterologous stacking  increases when conformationally stabilized 
(cyclized) peptides are used in contrast to linear versions. Cyclized peptides apparently function 
as a folding template for the linear peptides, reminiscent to the induced folding of PrPC 
monomers on the PrPSc template. Furthermore, the peptide-peptide interaction sites of 
huPrP106-126 with large parts of the 127-143 region (chapter six, fig. 8) agree with the PrPC - PrPSc 
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binding sites comprising regions 98-110 and 136-140 (79). According to the 2-rung left-handed ß-
helix model other interaction sites, e.g. the “helix-1 region” (80, 81), may interact in the periphery 
of fibril structure. Thus experimental proof is found for the heterologous stacking of two cyclized 
PrP peptides supporting  the ß-helical organisation, which could be the two rung left-handed ß-
helix fibril core model (51). 

Figure 3. Fibril formation is a stochastic process, therefore the heterologous stacking of two sequentially 
different linear (A) or cyclized (B) peptides is difficult to achieve. The heterologous stacking is facilitated by the 
electrostatic attractions of the polyionic extentions (C and D). 
 

Peptides interfering with the fibril formation 
The mode of action of fibril formation interfering agents is most likely the binding to PrPSc 
oligomers and mature fibrils thus hindering the conformational change and subsequent binding 
of PrPC. This may be achieved with non-peptidic agents e.g. tetracycline compounds (chapter 
four), but also with peptides designed for a selective binding to the growing PrPSc fibril or 
oligomer. 
At least 8 of the 231 residues of mature  PrP are indispensible for the PrPC to PrPSc conversion, 
these crucial residues are located at positions 113-120 comprising the hydrophobic palindrome 
AGAAAAGA (82). When one of these residues is replaced by a proline the fibril formation of 
peptide huPrP106-126 is completely abolished (chapter five, fig. 7), most likely caused by the 
structural limitations in the backbone of the stacked parallel ß-strands. The proline substituted 
non-fibrillogenic versions of peptide 106-126 inhibited the fibril formation of the fibrillogenic 
peptide 106-126 (chapter five, fig. 4). The limitation of the structural flexibility was also the basis 
for the design of so-called ß-breaker peptides. These peptides are based on human PrP 115-122 
peptide with added prolines, and were used to reverse the PrPSc conformation to PrPC (83).   
 
The structural details of the heterologous stacking of left-handed ß-helical rungs were used to 
develop a unique ‘stack-and-stop’ strategy to inhibit the fibril formation of peptides comprising 
the 106-126 region of PrP (chapter six). The study of fibril inhibiting peptides requires controlable 
fibril growth, therefore a stimulator peptide (proline stabilized peptide 125-143 Gly131Pro) was 
designed as an optimal left-handed-beta-helical fold that serves as a template to initiate the fibril 
formation of peptide 106-126. Subsequently, the fibril formation is terminated by binding of a 
stopper rung (hence ‘stack-and-stop’) based on a 106-126 peptide containing D-amino acid 

_ _ _+ + +
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residues and proline substitutions (chapter six, figs. 9 and 11). The fibril inhibition is based on the 
concept of hampered binding due to hindrance of the stacking of consecutive peptides. Instead 
of using a separate stimulating and stopper peptides it would be interesting to investigate a 
combination of both properties united in one peptide. Furthermore, the therapeutic potential of 
the ‘stack-and-stop’ approach remains to be investigated. Another interesting aspect of the 
‘stack-and-stop’ strategy is the potential to design small protein modules with a limited number 
of stacked monomers. These small protein modules may be more accessable for NMR or 
crystallography studies to obtain structural details of the fibril core than the PrPSc fibril which is 
difficult to investigate due to the compact fibril structure.  
 
Conclusion 
In this study two new in vitro assays are developed and applied to study PrP and Aß peptide fibril 
formation. Both assays depend on reproducible fibril formation. This is achieved either by drying 
the peptides prior to fibril specific staining or the addition of polyanionic compounds which act 
as fibril promoting scaffolds. The assays allowed us to study the fibril interfering properties of 
tetracyclic compounds and ß-breaker peptides and the fibril promoting activity of C1q and SAP. 
Most likely these assays are more widely applicable for other fibrillogenic proteins and peptides. 
Furthermore, the assays helped to validate the theoretical two-rung left-handed ß-helix model of 
the PrPSc core with fibril formation studies of heterologous stacked cyclized peptides based on 
the two-rung model. Based on this model a unique “stack-and-stop” strategy was developed to 
find peptides that inhibit the fibril formation. Moreover, the “stack-and-stop” strategy can be 
used in general for the design of small protein modules with a defined number of stacked 
monomers useful for e.g. structural studies of the fibril core. 
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Summary 
Transmissible spongiform encephalopathies (TSEs) or prion diseases are serious neurological 
ailments, in which the brain tissue deteriorates by progressive loss of brain cells which results in 
the loss of a wide variety of brain functions, including memory, speech and locomotion. Similar 
conditions can be observed in patients with Alzheimer’s disease (AD). While prion diseases occur 
rather infrequently, Alzheimer’s disease is a major health problem. In TSEs, Alzheimer’s disease, 
and some more protein folding diseases a key factor in the pathogenesis is the deposition of 
aggregated aberrant proteins, often accompanied by amyloid fibril formation. In prion diseases 
the pathogenic particle is a malformed version of the prion protein (PrP) in which the 
endogenous prion protein (PrPC) is transformed into a malformed pathogenic version (PrPSc) 
with a higher ß-sheet content compared with PrPC. The conformational change of PrPC into PrPSc 
is caused by an other PrPSc molecule which functions as a folding template that forces the PrPC 
into the PrPSc form. The malformed PrPSc accumulates in amyloidogenic fibrils which form 
insoluble aggregates. Fibril formation plays a major role in the development of 
neurodegenerative diseases like CJD, but also in Alzheimer’s disease in which fibrils are formed 
by the Aß protein.  
 
The study of the fibrillogenic core of the prion protein and the search for therapeutic compounds 
is hampered by the unpredictable, and therefore irreproducible, fibril formation in vitro. The 
irreproducible fibril formation is probably caused by the stochastic nature of the fibril formation 
process. The irreproducibility can be minimized by increasing the concentration of the 
fibrillogenic agent. This concept has lead to the development of a high throughput in vitro 
screening assay for the reproducible quantification of fibril formation and can be readily applied 
to measure quantitatively compounds that affect the fibril formation of PrP and AD related 
peptides (chapters two-four). Nevertheless a screening assay in solution would be preferred, 
because it resembles more closely the physiological conditions and enables the performance of 
kinetic studies. Based on the hypothetical two-rung model of the PrPSc fibril we speculated that 
special derived peptides could mimic the core of the fibril. According to this model at least part 
of the 82-146 region of human PrP folds in parallel ß-strands of short peptides which results in 
stacking of identical residues of the parallel ß-strands. These stacks form the core of the fibril and 
we showed that this can be mimicked by synthetic peptides. Still, the stacking is hampered by 
charge repulsion caused by the positively charged side chains adjacently positioned in the 
stacked parallel ß-strands obstructing fibril growth. Charge repulsion can be compensated by e.g.  
polymeric macromolecules like SAP and C1q (chapter three and four), and in theory even better 
by simple polyanionic polymers like GAGs or dextransulfate. Especially because the distance of 
negatively charges on these polyanions is exactly the same distance as the distance between two 
ß strands in a ß-sheet based fibril. This principle is used for the development of an in vitro assay in 
which the fibril formation can be quantified in solution (chapter five). Thus providing a new tool 
for the study of fibril inhibiting compounds and structural properties of the fibrillogenic core of 
PrPSc.  
 
The structural details of the prion fibril core and the underlying mechanisms of the fibril growth 
process is poorly understood due to the insolubility, isomorphism, and aggregation of the prion 
fibrils. Peptide 106-126 is the smallest known region of PrP with toxic and physiological properties 
of PrPSc that forms fibrils. The new in vitro assays allowed us to generate data that shed new light 
on te fibril growth process including the identification of the crucial domain 114GAAAAGAVVG123 as 
the sequence responsible for the fibril formation of human prion peptide 106-126. Although this 
fibril determining region is essential for the fibril formation, it is still unknown how much of the 
remaining part of the whole PrPSc molecule is involved in the fibril growth. It is known that the N-
terminal part of PrP, specifically residues 112-141, can go through conformational changes 
involving ß-strand formation which subsequentially triggers fibril growth in accordance with 
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solid-state NMR studies which showed that residues 112-141 are part of the highly ordered core of 
human PrP 23-144. This part of the protein refolds into a structure rich in ß-strands and a 
hypothetical model suggests that the ß-strands are organized in a left-handed ß-helix. Each PrPSc 
monomer can contribute two ß-helical rungs (105-124 and 125-143) to the fibril. In this thesis, data 
is presented to support this model (chapter six). It is shown that two cyclized human PrP 
peptides, corresponding to residues 105-124 and 125-143, based on two synthetic single rungs of 
the left-handed ß-helical core of the human PrPSc fibril, show spontaneous cooperative fibril 
growth in vitro by heterologous stacking. The unique approach of stacking two different 
peptides was also used to develop peptide-based therapeutics. The strategy, coined as “stack-
and-stop”, is based on a combination of a fibril stimulating peptide and a fibril stopper peptide. 
The study of fibril inhibiting peptides requires controlable fibril growth, therefore a stimulator 
peptide (125-143 with Gly131Pro mutation) was designed as an optimal left-handed-beta-helical 
fold that serves as a template for fibril growth initiation of linear peptide 106-126. Subsequently, 
the fibril formation is terminated by binding of a stopper peptide containing D-amino acid 
residues and proline substitutions. The stopper peptide fits perfectly at the top of the 
preorganized stacked peptides, but is unable to serve as a template for the next incoming 
peptide. This is caused by the specific mutations in the stopper peptide that clashes with the 
incoming peptide evidently inhibiting further fibril elongation. The strategy of heterologous 
stacking of fibrillogenic units can be used further to study the effect on fibril growth of point 
mutations with known biological relevance and to solve the strain specific behavior of infectious 
prions. 
 
Conclusion 
In this study two new in vitro assays are developed and applied to study PrP and Aß peptide fibril 
formation. Both assays depend on reproducible fibril formation. This is achieved either by drying 
the peptides prior to fibril specific staining, or the addition of polyanionic compounds which act 
as fibril promoting scaffolds. The assays allowed us to study the fibril interfering properties of 
tetracyclic compounds and ß-breaker peptides and the fibril promoting activity of C1q and SAP. 
Most likely these assays are more widely applicable for other fibrillogenic proteins and peptides. 
Furthermore, the assays helped to validate the theoretical two-rung left-handed ß-helix model of 
the PrPSc core with fibril formation studies of heterologous stacked cyclized peptides based on 
the two-rung model. Based on this model a unique “stack-and-stop” strategy was developed to 
find peptides that inhibit the fibril formation. Moreover, the “stack-and-stop” strategy can be 
used in general for the design of small protein modules with a defined number of stacked 
monomers useful for e.g. structural studies of the fibril core. 
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Samenvatting 
Transmissible spongiforme encephalopathieën (TSEs) zijn ernstige neurologische aandoeningen 
bij diverse zoogdiersoorten waarbij hersenweefsel verloren gaat door het voortschrijdend verlies 
van hersencellen. Dit proces resulteert in de brede uitval aan hersenfuncties zoals 
geheugenverlies, verminderde spraakvaardigheid en een gestoorde motoriek. Van deze groep 
aandoeningen is de meest bekende de prionziekte bovine spongiforme encephalopathie (BSE) in 
runderen, in de media beter bekend als de “gekke koeien ziekte”. Deze naamgeving is afkomstig 
van het afwijkende gedrag en de ernstig gestoorde bewegingen van door de ziekte aangetaste 
dieren. Bekende voorbeelden van TSE-aandoeningen bij mensen zijn de ziekte van Creutzfeldt-
Jakob (CJD) en de ziekte van Alzheimer (AD) waarbij de voortgaande aantasting van het 
hersenweefsel leidt tot aantasting van een breed scala aan hersenfuncties, zoals 
geheugenverlies, verminderde spraakvaardigheid en een gestoorde motoriek. Prion ziekten 
komen vrij weinig voor in tegenstelling tot de ziekte van Alzheimer wat een groot 
gezondheidsprobleem is. Een belangrijke oorzaak voor TSEs, de ziekte van Alzheimer en andere 
eiwitvouwings ziektes is de afzetting van geaggregeerde, afwijkende eiwitten welke vaak 
gepaard gaat met de vorming van amyloide fibrillen. Bij prion ziektes  is het ziekteverwekkend 
deeltje een verkeerd gevouwen versie van het prion protein (PrP) dat ontstaat doordat een 
lichaamseigen eiwit (PrPC) omgevormd wordt tot een ziekteveroorzakend, foutief gevouwen 
eiwit (PrPSc). Vergeleken met PrPC bevat de PrPSc vorm een grotere hoeveelheid ß-sheet 
structuur. De verandering van vorm van PrPC naar PrPSc wordt veroorzaakt door een ander, al 
aanwezig  PrPSc molecuul dat als een matrijs functioneert. Het verkeerd gevouwen PrPSc 
accumuleert in amyloide fibrillen die onoplosbare aggregaten vormen. Fibrilvorming speelt een 
belangrijke rol bij de ontwikkeling van neurodegeneratieve ziekten zoals de ziekte van 
Creutzfeldt-Jacob (CJD), maar ook bij de ziekte van Alzheimer waarbij de fibrillen worden 
gevormd door het Aß eiwit. 
 
Het bestuderen van de fibrillaire kern van het prion eiwit en de ontwikkeling van therapeutica 
wordt bemoeilijkt door de onvoorspelbare, en daardoor irreproduceerbare, fibrilvorming in vitro. 
De irreproduceerbare fibrilvorming wordt waarschijnlijk veroorzaakt doordat de fibrilvorming 
een kansproces is. De irreproduceerbaarheid kan worden verminderd door de concentratie van 
de fibrillaire verbinding te verhogen. Deze eigenschap is toegepast in de ontwikkeling van een 
test waarmee de hoeveelheid fibrilvorming reproduceerbaar kan worden bepaald. De test kan  
worden ingezet om stoffen te testen die de fibrilvorming beinvloeden (hoofstukken twee – vier). 
De voorkeur gaat echter uit naar een test-in-oplossing, omdat een dergelijke test de natuurlijke 
omstandigheden beter benadert en er kinetische studies mogelijk zijn. De PrP peptiden die 
gebruikt zijn voor de test-in-oplossing zijn gebaseerd op een hypothetisch model van de PrPSc 
fibril. Volgens dat model vouwt minstens een deel van de 82-146 regio van het humane PrP eiwit 
in parallelle ß-strands bestaande uit korte peptiden, wat resulteert in de stapeling van identieke 
aminozuren. Deze stapels vormen de kern van de fibril en kunnen met synthetische peptiden 
worden nagemaakt. Echter, de stapeling wordt belemmerd door afstoting door de aanwezigheid 
van positief geladen zijketens van aminozuren in de boven elkaar gelegen ß-strands waardoor de 
fibrilvorming wordt verhinderd. De ladingsafstoting kan worden gecompenseerd door 
bijvoorbeeld polymere macromoleculen zoals SAP en C1q (hoofdstuk drie en vier), maar gaat 
zelfs nog beter met simpele polyanionen (negatief geladen polymeren) zoals 
glucosaminoglycanen (GAGs) of dextraansulfaat. In het bijzonder, omdat bij deze polyanionen de 
afstand tussen de negatieve ladingen precies even groot is als de afstand tussen twee ß-strands 
van de ß-sheets in een fibril. Dit principe is gebruikt voor de ontwikkeling van een in vitro test 
waarmee de hoeveelheid fibrilvorming in een oplossing reproduceerbaar kan worden bepaald 
(hoofdstuk vijf). De ontwikkelde test in oplossing voorziet daarmee in een nieuwe toepassing om 
fibrilremmende verbindingen te testen en om de structurele eigenschappen van de fibrillogene 
kern van het PrPSc eiwit te bestuderen. 
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Er is weinig bekend over de structurele details van de fibrilkern van het prion eiwit en de 
onderliggende mechanismen van het fibrilgroei proces. Dat wordt veroorzaakt door de 
onoplosbaarheid, het isomorfisme en het aggregatiegedrag van de prion fibrillen. Het peptide 
106-126 is het kleinste bekende deel van PrP met de toxische en fysiologische eigenschappen van 
het fibrilvormende PrPSc. Met de nieuw ontwikkelde in vitro testen is vastgesteld dat het stukje 
sequentie bestaande uit aminozuren 114GAAAAGAVVG123 verantwoordelijk is voor de fibrilvorming 
van het human prion peptide 106-126. Hoewel de fibrilvorming afhankelijk is van de 106-126 regio, 
is het nog onbekend hoeveel van het hele PrPSc eiwit daarbij betrokken is. Het is bekend dat het 
N-terminale deel van PrP, in het bijzonder aminozuren 112-141, een vormverandering kan 
doormaken die de fibrilvorming start. Verder is bekend uit NMR studies dat in fibrillen van 
humaan PrP 23-144 de aminozuren 112-141 deel uitmaken van de geordende fibrilkern. Dit deel van 
het eiwit hervouwt in een structuur met veel ß-strands en volgens een hypothetisch model 
organiseert het eiwit zich in een links-handige ß-helix. Volgens dat model kan elke PrPSc 
monomeer twee ß-helixvormige ringen (105-124 en 125-143) bijdragen aan de fibril. In dit 
proefschrift wordt data gepresenteerd als experimentele ondersteuning van dit model. Er wordt 
aangetoond dat twee cyclische PrP peptiden (105-124 en 125-143), die gebaseerd zijn op losse 
ringen van het linkshandige ß-helix model van het humane PrPSc fibril in vitro spontaan samen 
heteroloog stapelen en fibrillen vormen. De unieke benadering om twee verschillende peptiden 
te laten stapelen is ook gebruikt om een therapie te ontwikkelen op basis van peptiden. Deze 
zogenaamde “stack-and-stop” strategie is gebaseerd op de combinatie van een fibril stimulerend 
peptide en een fibril remmend peptide. De ontwikkeling van fibril remmende peptiden vereist 
een controleerbare fibrilvorming. Dit wordt bereikt wordt door het toepassen  van een speciaal 
ontworpen peptide dat de fibrilvorming inititeerd. Vervolgens kan het effect van het fibrilgroei 
remmende peptide getest worden. De fibril formatie van lineair peptide 106-126 (wat 
overeenkomt met ring 1) wordt gestimuleert door een proline-gestabiliseerd peptide (125-143 
met een Gly131Pro mutatie) wat als matrijs functioneert voor een heterologe binding met 106-
126. Vervolgens wordt de fibrilformatie beëindigd door de binding van een stop-peptide die D-
aminozuren en proline substituties bevat. Het stop-peptide past perfect op het uiteinde van het 
ge-preorganiseerde stapeltje peptiden, maar het kan niet als matrijs dienen voor het volgende 
peptide wat moet binden. De oorzaak zijn de specifieke mutaties in het stop-peptide waarvan de 
zijketens botsen met de zijketens van het nog te binden volgende peptide met als gevolg dat 
verdere fibrilgroei wordt geremd. De strategie van heterologe stapeling tot fibrillogene units kan 
worden gebruikt om het effect te bestuderen van biologisch belangrijke punt mutaties op de 
fibrilvorming of het verklaren van stamspecifiek gedrag van infectieve prionen.  
 
Conclusie 
In deze studie zijn twee nieuwe testen ontwikkeld en toegepast om de fibrilvorming van PrP en 
Aß peptiden te quantificeren. In beide testen is een reproduceerbare fibril cruciaal, dit wordt 
bereikt door de peptiden te drogen of door polyanionen toe te voegen die de fibrilgroei 
bevorderen. Deze testen maken het mogelijk om de fibril remmende eigenschappen van 
tetracyclines en zogenaamde ß-breaker peptiden en de fibril bevorderende eigenschappen van 
C1q en SAP te bestuderen. Waarschijnlijk zijn de testen ook toepasbaar op andere eiwitten en 
peptiden die fibrillen kunnen vormen. Verder hebben de nieuwe testen bijgedragen aan de 
validatie van het theroretische twee-rings links-handige ß-helix model van de fibrilkern van PrPSc. 
Hiervoor is de fibrilvorming bestudeerd door heteroloog gestapelde gecycliseerde peptiden die 
gebaseerd zijn op het twee-rings model. Met behulp van dit model is vervolgens een unieke 
“stack-and-stop” strategie ontwikkeld om peptiden te detecteren die de fibrilformatie kunnen 
remmen. Bovendien kan de “stack-and-stop” strategie algemener worden toegepast voor het 
ontwerpen van kleine eiwit modules die bestaan uit een gedefinieerd aantal gestapelde 
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monomeren. Deze modules kunnen bijvoorbeeld gebruikt worden voor structuurstudies van de 
fibril kern. 
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Moleculaire Herkenning van Prof. Dr. Rob Meloen. Daar werkte hij als assistent-onderzoeker bij 
Dr. Jan Langeveld aan de ontwikkeling van synthetische peptide vaccins tegen o.a. het canine 
parvo virus en aan de toendertijd relatief nieuwe runderziekte bovine spongiforme 
encephalopathy (BSE).  In 1999 is hij begonnen aan de deeltijd HLO opleiding aan de Hogeschool 
van Utrecht afdeling Institute of Lifesciences and Chemistry met als afstudeerrichting medische 
biotechnologie/moleculaire biologie welke werd afgerond met het behalen van het diploma in 
2002. In de tussentijd is de afdeling Moleculaire Herkenning in 2001 als zelfstandig  spin-off bedrijf 
verder gegaan onder de naam Pepscan Systems B.V. en sindsdien is de schrijver van dit 
proefschrift daar werkzaam als onderzoeker. Hij werkte o.l.v. Dr. Hans Langedijk aan de 
kwantificering en karakterisatie van de fibrillaire structuren die kenmerkend zijn voor prion 
gerelateerde aandoeningen wat uiteindelijk leidde tot dit proefschrift. Verder wordt er door hem 
gewerkt aan de ontwikkeling van anti-kanker therapieën gebaseerd op synthetische peptiden. 
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