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ABSTRACT

ABSTRACT

Prion diseases are a group of fatal neurodegewerdisorders, characterized by
the autocatalytic conversion of the normal cellyapn protein PrP into the
infectious PrB° isoform. Since the mechanism of PrPPrP° conversion still
remains unknown, growing evidence suggests a ¢aolmof oxidative stress
in the pathology of prion diseases. The site-speoikidative modification of
the surface exposed Met residues in the globulter@inal domain of PrP is
suggested to represent the initial event for ththalePrP—PrP° structural
conversion. Therefore, the effect of the surfacposed Met residues on the
oxidative-induced aggregation of PrP by MCO and UVadiation was
investigated in terms of the thesis presented.ef&ealed by circular dichroism
and dynamic light scattering measurements, therebdeoxidative induced PrP
aggregation follows two independent pathways: @inplete unfolding of the
protein structure associated with precipitation @) specific structural
conversion into distinct solublgoligomers. It has been revealed that the entire
replacement of the surface exposed Met-residue9Mu134, M154, M166,
and M213) in the folded C-terminal domain of hunkaR (residues 121-231) by
Ser residues resulted in: (i) enhancement of RaBllgy towards the oxidative-
induced aggregation by MCO (ii) inhibition af>f transition, but formation of
soluble a-oligomeric intermediates. Moreover, the site sfie@ubstitution of
Met 129 polymorphism by Thr showed significant é&se of the oxidative
aggregation rate of PrP induced by MCO and inldhitof a— transition,
suggesting that Met 129 represents one of the mygsirtant amino acids that
share a significant contribution to the cellularPRpPrP* conversion.
Moreover, the effect i-CD on thein vitro oxidative aggregation of mouse and
human PrP induced by MCO was investiga®@D gained attention in the
field of anti-prion compounds due to its ability ¢tear Pr° from infected cell
cultures. Here it was shown that the delaying eft#d3-CD on the structural

conversion of human PrP is rather due to the cagirmppper ions generated by

17



ABSTRACT

MCO than to a direct interaction with PrP. Moreqviite observed pathway
switch in the presence di-CD from unspecific denaturation to specific
oligomerization strongly supports the theory thggragation pathways are
determined by the population of specific intermésliatates. The results
obtained in this study provide new insights to usténd the mechanism of
prion conversion and the onset of associated negmtkerative disorders,

particularly of the sporadic form of CJD.
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Zusammenfassung

Zusammenfassung

Prion-Krankheiten umfassen eine Gruppe von schvegmeviden
neurodegenerativen Erkrankungen, welche auch astragbare spongiforme
Enzephalopathien (TSEs) bezeichnet werden. Siehierc sich durch eine
autokatalytische Umwandlung des normalen zellul&@gaon-Proteins (P18 in
eine falsch gefaltete infektiose Isoform (ByPaus. Der Mechanismus der
Konformationsénderung des Prion-Proteins ist bistwtestgehend unbekannt.
Es wird aber vermutet, dass zellularer oxidatiieess eine entscheidende Rolle
in der Pathologie von Prion-Erkrankungen spielsbesondere die spezifische
Oxidation von zuganglichen Methionin-Resten in defalteten C-terminalen
Domane der Prion-Struktur kann vermutlich signifikazu der tddlichen
Pr"—PrP*° Umfaltung beitragen. Deshalb sollte in dieser Arbder
spezifische Einfluss von Methionin-Resten auf digidativ-induzierten
Aggregation von Prion-Proteinen mittels Metall-kgsgerter Oxidation und
UVB-Strahlung systematisch untersucht werden.

Durch Kombination der Analyse der Sekundarstruktmittels CD-
Spektroskopie und dynamischer Laserlichtstreuungdeunachgewiesen, dass
die oxidativ-induzierte Aggregation von Prion- Rioen zwei unabhangigen
Mechanismen folgt. Dabei handelt es sich zum einen eine vollstandige
Strukturentfaltung mit nachfolgendem Ausfall desaterierten Proteins sowie
zum anderen um eine Prion-spezifische Konforma#indserung, die mit der
Bildung l6slicher Oligomere verbunden ist, welcherath einen hoherf-
Faltblattanteil charakterisiert sind. Ein direkteEusammenhang der
Aggregationstendenz mit der Anzahl der vorhandeviethionin-Reste in der
Prion-Struktur konnte durch Untersuchung eines em@n humanen Prion-
Proteins hergestellt werden, bei dem fiinf oberflébhlokalisierte Met-Reste
der C-terminalen Domane gegen Serin ausgetausaitiewuNach Expression
und Reinigung zeigte das vPrP 121-231 eine sigmfikerhOhte Stabilitat

gegeniber oxidativ induzierter Umfaltung mittelst®ekatalysierter Oxidation
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Zusammenfassung

(MCO). Zur Bestimmung der lokalen Beitrdge der elnegn Met-Reste muss
eine systematische Mutation erfolgen. Im Rahmesgedidrbeit wurde in einem
ersten Schritt gezeigt, dass das Methionin an iBosit29 einen signifikanten
Einfluss auf die Stabilitdt des Pion-Proteins gédpen der oxidativ-induzierten
Aggregation aufweist. Nach entsprechendem Austagegkn Threonin war die
Halbwertszeit des mutierten PrP im MCO-Test delutechdht. Anstatt einer
spezifischen o—f Konformationsdanderung wurde die vollstandige
Denaturierung der PrP-Moleklle nachgewiesen.

Zur Bestéatigung der direkten Korrelation der Artsdexidativ-induzierten
Umfaltungsmechanismus mit dem Ausmald der Oxidadien Proteinstruktur
des Prion-Proteins wurde der Einfluss vprCyclodexdrin p-CD) auf die
oxidative in vitro Aggregation von humanem und murinem PrP untersiieht
CD hat aufgrund seiner Fahigkeit, den ¥4®ehalt infizierter Zellkulturen zu
reduzieren, fir Aufmerksamkeit im Bereich der Widientwicklung zur
Behandlung von Prion-Erkrankungen gesorgt. In dervérringerte die Zugabe
von B-CD das oxidative Potential im MCO-Test, so dass \echsel des
Aggregationsmechanismus von vollstdndiger Denatumige zu spezifischer
Umfaltung unter Ausbildung oligomerer Strukturentettéiert wurde. Dieser
Effekt beruhte allerdings nicht auf einer in vongérbeiten postulierten
Interaktion vonB-CD mit den PrP-Molekilen, sondern auf der Kompexing
von freien Cu(ll)-lonen, die wahrend des MCO-Tagtbildet werden und zur
Entstehung freier Radikale signifikant beitragen.

Die Ergebnisse dieser Arbeit bekraftigen die Hyps#h dass die
unterschiedlichen Aggregationswege des Prion-Rretevon spezifischen
intermediaren Ubergangszustanden gesteuert weddean Existenz von der
Destabilisierung der Protein-Struktur durch Energiéhrung, in diesem Fall
durch Oxidation, abhangt. Ein derartiger detatiéer Einblick in die
Umfaltungsmechanismen ist zum Verstandnis der assen Prion-Krankeiten

zwingend erforderlich.
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Introduction

1 Introduction
1.1Protein misfolding and disease

Protein folding is the process by which a grobipmino acids of a synthesized
polypeptide chain folds into its unique three-disienal structure (1, 2). The
synthesized proteins can attain their native conédion as well as their
functions by the help of different cellular proteiknown as chaperones that are
usually localized in the endoplasmic reticulum (ERdrrectly folded proteins
are then transported to the Golgi apparatus anodrteg to the extracellular
compartment. On the other hand, incorrectly folgelypeptides are detected by
a quality control mechanism that results in ubigation for proteasomal

degradation in the cytoplasm (Fig. 1).

Ribosome .
-
Misfolded

Modification
%“"’_—'\ and folding

Correctly
folded

£ 4
\\_7 /\ /
D ded
protein .\ . 5
\ Vesicle

v

Golgi

- Iransport
Transport out n

Ubiquitin-
proteasome |

Fig. 1: The mechanism of protein folding. Synthedinascent polypeptides interact via their
N-terminal signal peptides with signal recognitiparticles (SRPs). The SRP drives
the whole complex (ribosome, RNA, and polypeptite)the ER membrane. The
folding of proteins occurs by the action of molesuthaperones and enzymes that are
involved in the regulation of this process. Incothe folded proteins are recognized
by a quality control system, tagged by multiple quiiin molecules, and finally
targeted for degradation by cytosolic proteasores (
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Introduction

According to the energy landscape theory protdiage to pass different
unfolded states that can be represented by foldingels to reach their native
conformation (Fig. 2). On the highest energy leyebteins do not comprise
ordered structures. However, proteins find thegrgyp minimum, as they gain
their completely native conformation characteribgda unique set of secondary

structure motifs (3, 4).

unfolided
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-~ | -\'\‘
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H_"""-.
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" native _Y-
# protein o &

Conformation -

Fig. 2. Energy states of protein folding. Foldingnhel illustrates many different folding
pathways that can be used by the unfolded proteireach the energy minimum
(native state) that is located at the bottom offthnel. Unfolded proteins possess a
high energy level and occupy the top of the fur{@gl

During the folding process a failure can occurult@sy in destabilization of the
peptide and the inability to adopt or retain itedtional conformational state.
This type of defects represents the basis of @tadf human diseases such as
cystic fibrosis (5). Furthermore, in certain casese partially unfolded protein
intermediates can assemble into oligomeric compglésowed by formation of
extremely stable and highly ordered fibrils calkedyloid. These amyloids are
considered to be pathogenic to the cell, whichaggmts the molecular basis of a
growing list of protein misfolding diseases, e.ginfan neurodegenerative
disorders and systemic amyloidosis (6-8). Amylads defined as extracellular
depositions of protein fibrils with characteristiappearance in electron
microscopic analysis, typical X-ray diffraction pah, and affinity for Congo

red dye with concomitant green birefringence (9ppBysical studies on the
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Introduction

structure of amyloid fibrils have shown that amgido not have universal
tertiary or quaternary structure, but their stroetoonsist of parallel (10,11) or
anti-parallelg-sheet conformation (12, 13).

Neurodegenerative disorders share common chastictdeatures concerning
the mechanism of disease initiation and progresdiiotein misfolding has
been considered to be the central aspect, clasgifyiese diseases as protein
conformational disorders (14, 15). Examples areAlzdeimer’s disease (AD),
transmissible spongiform encephalopathies (TSEsjabetes type 2,
Huntington’s disease (HD), and Parkinson’s dise@®@) (Tab. 1). Protein
conformational disorders display a high degreeiwilarity at the molecular
level, although they have different clinical mastigions. The causative agent is
well known to consist mainly op-sheet structure, representing a misfolded

isoform of the associated cellular protein.

Table 1: Conformational disorders and their assedidisease-causative proteins.

Disease Protein Type of Affected Proposed function of
associated aggregates organ normal cellular protein
Alzheimer | Amyloid-p/ Amyloid Brain Neurite outgrowth, synaptic
Tau plaques/oligomers vesicle transport
TSEs Prion protein | Oligomers/amyloid | Brain Signal transduction,
plaques antioxidant, copper binding
Huntington | Huntingtin Not detected Brain Transcriptional regulation
Parkinson | a-Synuclein | Lewy bodies Brain Regulation of membrane
stability or turnover

Within the pathogenesis of protein misfolding dess three steps are suggested
in the structural conversion and aggregation of #dssociated proteins, (i)
structural conversion (ii) a nucleus formation)(ai fibril extension. Although
the molecular mechanism of the conversion is stilgmatic, the native cellular
structure of the disease-associated proteins ckaimge ap-sheet enriched

structure via an energetically unfavourable tramsit(Fig. 3A). It has been
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isgociated proteins as well as

reported that specific mutations within the dis
interactions with other biological molecules redube free energy barrier,
facilitating the transition process (16-18). Thesioided proteins are finally
assembled into amyloid fibrils, however during toaversion process unstable
intermediates are supposed to be formed. When Eusiof suitable size is
formed (Fig. 3B), further addition of monomers toetnucleus becomes
energetically favourable, followed by a rapid esien of the amyloid fibrils

that obey a first order kinetic reaction (19, 20).

A: nucleus formation (energetically unfavourable)

unstable
intermediates

misfolded p-sheet

cytotoxic
species

barrier barrier

native proteins
00
0008

B: fibril extension (energetically favourable)

(minimal nucleus)

off MDD -
amyloid fibrils

Fig. 3: Protein misfolding, aggregation, and amyloid fibildrmation. (A) Transition of
natively folded proteins int@-sheet enriched disease-associated proteins via an
energetically unfavourable process. During the diteon reaction unstable
intermediates are supposed to be formed. Mutatwnsteractions of the proteins
with other cellular components facilitate the titioe process by reducing the free
energy barrier. (B) When a nucleus of suitable 8Zermed, further incorporation of
monomers into the nucleus becomes energeticallypufable followed by an
extension of the amyloid fibrils (21).

The aggregation state of the toxic protein ismfon neurodegenerative
disorders is still in discussion. The presenceigilly ordered amyloid fibrils in
the brains of affected patients led to the postuathat the amyloid fibrils are
the pathogenic agent. Moreover, thevitro preparation of the fibrillar amyloid-

B aggregates () associated with AD was observed to be toxic toroeal cell
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Introduction

cultures, resulting in initiation of membrane dep@ation and alteration of the
frequency of their action potentials (22, 23). Nma&al damage was also
demonstrated by injection offAfibrils into the cerebral cortex of aged rhesus
monkeys (24). However, recent studies suggestet sbmble oligomeric
intermediates formed on the pathway of amyloid lsgsis are the pathogenic
species that mediate cytotoxicity and cell damdde severe memory loss in
patients suffering from AD was found to be closedlated to the presence of
soluble oligomers and other low molecular weighecps of A (25, 26).
Transgenic mice exhibited a marked defect in cogniimpairment, cell
function, and neuronal plasticity before detectminsufficient quantities of
amyloid fibrils of A3 (27, 28). Similarly, it has been reported that anig ofo-
synuclein associated with the early-onset form &f fsulted in neuronal
degeneration without accumulation of lewy bodie®)(2Transgenic rats
overexpressing a-synuclein showed neuronal loss without detectioh o
intracellular deposits (30), and injection of ntnfiar a-synuclein deposits in
various brain regions exhibited substantial moteficencies and loss of
dopamenergic neurons in transgenic mice (31). Ahaeism by which the
soluble oligomers induce cell damage was propo&estuption of the cell
membrane via insertion of the oligomers into tipedlibilayer, alteration of the
normal ion gradients following loss of the intriodbiological function of the
native protein, and blocking the proteasome compisn®r association of

chaperone to the misfolded protein are supposedB®@?2

1.2 Prion diseases

Prion diseases, also called transmissible spomgiEncephalopathies (TSES),
comprise a group of fatal neurodegenerative digertieat affect both humans
and animals. Human forms of prion disease includeu2feldt-Jakob disease
(CJID), Gerstmann-Straussler-Scheinker syndrome YGd38&tal familial

insomnia (FFI), and kuru. Prion diseases affecangnals include scrapie in
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sheep and goat as well as bovine spongiform entmpdthies (BSE) in cattle
(34-36). The histopathological features of TSEs hsuas spongiform
degeneration of the brain, neuronal vacuolatiod, @strocytic gliosis, represent
the main consequences of the cerebral depositiothefmisfolding isoform
(PrP*) of the cellular prion protein (PYPinto amyloid plaques. Although both
isoforms share the same amino acid sequence, phgsical properties are
completely different. PfPis a mainlya-helical-folded monomer that shows
significant sensitivity towards Proteinase K (PKigabtion, whereas PP
resembles an assembled protein multimer charaeterizy an enhanced
resistance toward PK-digestion and an increased uamof p-sheet
conformation (37).

Prion diseases have been found to be infectrmasly resulting from feeding
animals with already scrapie-contaminated materfalwilial due to mutations
in the gene encoding the human prion proteRNP, and sporadic, arising
spontaneously without any apparent cause. Thetiafec origin has initially
been elucidated for kuru (38), an endemic diseffeetmg the fore people of
New Guinea that was found to be transmitted amoamen and children by
ritual cannibalism. In iatrogenic CJD (iCJD), timdeictious agent is transmitted
by Dura mater grafts, one of the outermost thrgerlanembranes covering the
brain, administration of cadaveric growth hormomaed the use of scrapie
contaminated equipments in neurosurgery (39). 1@61the first case of new
variant CJD (nvCJD) has been described, affectiogng people in United
Kingdom as a result of consuming beef or beef prtddeontaminated with
PrP° (40). More than 80% of all CJD cases reportedspogadic (SCJD), also a
few cases of GSS (41). Inherited or familial TSEpresent about 10% of all
CJD cases. In contrast, GSS and FFI are entir&dyeeto germline mutations
in thePRNPgene located on chromosome 20 (42).

The nature of the infectious pathogen in priogsedses is still a matter of

debate for approx. 20 years. The failure of inatton of the scrapie agent by
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UV irradiation together with the results of bioplog and biochemical studies
have immediately neglected the idea of the coaxtgt®f nucleic acids within
the infectious agent (43). This leads to the theébay the pathogenic agent is a
self-replicating protein that adopts an abnormalcstre and has the ability to
convert other proteins into the infectious isofor@). Stanley Prusiner
proposed this “protein only” hypothesis (45) afperification of the infectious
agent from scrapie-infected hamster brains. Sinbe infectivity was
significantly reduced by agents that denature prsidne named the pathogenic
agent “prion” (proteinaceous infectious particle$§). Consequently, the agent
responsible for the propagation of prion diseasehis post-translationally
misfolded isoform Pr® of the cellular prion protein PfPWhen Prfis formed
and introduced to the host cell, it convertsPr®lecules into the PrPisoform

in an elusive autocatalytic process (47).

Several experiments strongly support the validafy Prusiner’s prion
hypothesis to date. PtPhas been co-purified with infectivity and the
concentration of the protein correlated well withet infectivity titer.
Furthermore, the highly purified Ptffmolecules free from any other detectable
components have retained their activity (48). Bleleal (49) reported the
importance of PrP-expression in the host cell foe fpropagation of the
infectious agent and the development of diseaskadtbeen shown that mice
lacking the prion protein gene (PPMfipmice) were resistant to prion infection.
Strong evidence for the “protein only” hypothessulted from the observation
that most of the inherited cases of TSE are dyeellated to mutations within
the PRNP gene (35, 36). Overexpression of ABBNP gene carrying specific
mutation related to GSS syndrome in mice resuhetie onset of a scrapie-like
disease as well as some neurological signs likagfoym degeneration of the
brain and astrocytic gliosis (50). The propagatbmfectivity in neuroblastoma
cells (ScN2a) infected with brain homogenate comg the infectious

pathogen was also reported (51, 52).
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The reconstitution of infectivityn vitro is another great evidence for the
validity of Prusiner’s “protein only” hypothesis.eBarding the generation of
infectious Prf, two different strategies have been suggestedofiyersion of
PrP or recombinant prion protein (rPrP) into PYih the absence of nascent
PrP°, and (ii) template-assisted amplification of Brhe first strategy is only
related to the sporadic form of prion diseaseseratihian to the acquired forms.
Moreover, additional factors such as salts and tchpi@ agents (53-55),
pressure, (56), and heat (57) have been reportiedisce transformation of PrP
in different cell free conversion assays. The pobdormed in theses studies
exhibited a high similarity to the native PfRmolecule with respect to its
physical properties (58, 59). Most of the researchave detected an increase in
PK resistance an@-sheet conformation. Since the PrRemplate is absent
during the conversion process, the products posdesdarge diversity of-
sheet conformations, which acquired some, but hehe features of Pri. PrP
adopted different conformations depending on theesb conditions and the
cofactors supplemented in the reactions (60) andfeativity observed so far.

Considering the template-assisted amplificatidnPo™°, several protocols
have been developed. Recently, Sabeti@l (61) reported that PrPcan be
amplified similar to DNA when it is mixed with arlge excess of PfFollowed
by successive cycles of amplification and sonicatibhis method is called
“protein misfolding cyclic amplification” (PMCA). Ais approach indicated that
PrP° molecules generatdd vitro were able to catalyze the formation of new
PrP° molecules, supporting their autocatalytic progsttiHowever, the use of
the whole brain homogenate in PMCA to generatectiiidy raises the
possibility of the participation of some uniderddi cellular factors in the
conversion process. The intracerebral inoculatiain® synthetic amyloid fibrils
from the recombinant mPrP89-230 in transgenic mesallts in development of
neurologic dysfunction (62). The brain extract bete mice exhibited PK

resistance and transmitted the disease when inteduiato bothwild type and
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transgenic mice, suggesting the prion infectividgspite the prion hypothesis
elucidate the key role of PrP in TSEs, it has oadiqular weakness that has
long been used as a strong argument against tn Rnfection occurs via
different strains. These strains are characterigedifferent incubation times,
clinical features, and pathological profiles inimgée host, which are difficult to
reconcile with the “protein only” hypothesis (38)6 The presence of PiFin
the host cell is usually correlated with infecyw(B5, 48). However, it has been
reported that infectivity can be propagated in miogected with brain
homogenate from BSE infected cattle where>HsPabsent or barley detected in
the serial passage (64). In contrast, no or litie@ctivity was detected in
animals harbouring sufficient amount of PtPThis finding raises several
questions about the nature of the neurotoxic mdétecasponsible for the
widespread neuronal cell loss and spongiosis, warehthe hallmarks of prion
diseases. The conversion of PtB PrP° with involvement of nucleic acids or
other cellular factors has only been accepted bhyesof the researchers. Narang
(65) has isolated a viral single strand DNA (ssDNAm scrapie-infected
hamster brains. The DNA encodes a specific protemch is supposed to play
a role in the conversion of PrRo PrP° These results contradict the concept
that prion is deprived of DNA (43). In additiongtimteraction of RNA with PrP
and its involvement in the conversion of PtB PrPP° have been reported (66).

1.3 Structure and function of the cellular prion protein (PrP)

The cellular human PfRs encoded bPRNPgene on chromosome ZBRNP
consists of two exons, whereBsnp gene in mice comprises three exons (67).
The entire open reading frame (ORF) is encodedh@exon (exon 2 in human
and exon 3 in mice). Human PrRs a highly conserved 253 amino acid
sialoglycoprotein, mainly expressed in neurons a@adial cells, but also
expressed in a variety of non-neural tissues (Bi8¢. first 22 N-terminal amino

acids encode a signal peptide that directs thesltveation into the rough
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endoplasmic reticulum (RER). PrRs anchored to the outer surface of the
plasma membrane via a glycosyl phosphatidylinos{itGPl) moiety after
cleavage of the C-terminal signal peptide. Nucl@agnetic resonance (NMR)
and two X-ray crystallographic studies revealedt @ N-terminal domain
comprising the amino acids 23-120 is highly flegilihd therefore considered to
be unstructured. Five octapeptide repeats with domsensus sequence
PHGGGWGQ, representing coordination sites of divameetal ions are located
between residues 50 and 90. The C-terminal domesidues 121-230) forms a
globular structure, containing threehelices (H1, H2, and H3) formed by
residues 144-154, 173-194, and 200-228, as wellvassmall antiparallep-
sheets (S1 and S2) at residues 128-131 and 16{Fig#A) (69, 70).Two N-
glycosylated moieties are attached to the aspragisielues Asn 181 and 197
and one disulfide bond is formed between cystegssdues Cys 179 and 214
that links H2 and H3 (Fig. 4B). The mature full ¢¢im human PrP(23-231)
contains nine Met residues, which are either sereagosed to the solvent (Met
109, Met 112, Met 129, Met 134, Met 154, Met 166d aViet 213) or
completely buried (Met 205 and Met 206) in the logdrobic core of the PrP
molecule (71).

253
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S 50 90 121 I 231
PHGGGWGH O CHO
N1B1 N197 — GPI
Cuvs S1  H1 82 lel H3
| b — A\ = MAA AN
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Unstructured Globular
N-terminal domain C-terminal domain

Fig 4: (A) Three-dimensional structure of the gl@puC-terminal domain (residues121-231)
of human PrP. Three-helices and two antiparall@tsheets are formed (PDB code.
1QM2, 50). (B) Scheme illustrating the primary stuire of human PrP before and
after maturation. The signal peptides at both termie trimmed and the GPI anchor
attaches the C-terminus to the surface of the gasmembrane. The mature PrP
possesses two CHO moieties at residues Asn 18JAandl97 and a disulfide bond
linking Cys 179 and Cys 214.
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Despite a high number of investigations, the fimmcof thePRNPgene within
mammalian species is still a matter of controvedsscussion. A study on
Prnp”™ mice did not reveal any neurological or behaviboh@nges. The mice
were viable and developed normally (72). In confr&uehiroet al (73)
detected motor dysfunctions accompanied by exterless of Purkinje neurons
in Prnp”® mice A third study reported th&rP antagonize the neuorotoxic effect
(loss of Purkinje cells and cerebellar ataxia) oppel protein (Dpl) ifPrnp”°
mice. Dpl is a 179 amino acid protein encoded ®find-gene that is located
16 kb downstream of thBrnp-gene. Dpl exhibits a high degree of structural
similarity to PrP. It mainly consists ofhelices, contains a disulfide bond, and
two N-glycosylation sites, however it lacks the ameptide repeat in the N-
terminal domain (74, 75).

The tendency of PrP to bind copper ions via Heihinal octapeptide repeats
suggested an involvement of PrP in copper homdssths this context, a
decrease in the copper content as well as an smdesusceptibility to oxidative
stress was observed Prnp”™ mice. The same research group reported that
copper-bound PrP exhibits superoxide dismutase {S€i2yme activity and
plays a role in the defence mechanism againstlaelixidative stress (76-78).
In contrast, Waggonesat al. (79) stated that copper content of the brainthed
enzymatic activity of Cu-Zn SOD is not affected nmce that either lack or
overexpress PrP. Considering the localisation oP Bn the presynaptic
membrane, a role of PrP in the regulation of thesymaptic copper
concentration and of the synaptic transmissionldes postulated (80). It was
also demonstrated that PrP could participate ikcedl adhesion and in the
development of the central nervous system (CNShkibging to the neuronal
adhesion molecule N-CAM as a signalling receptaraaroblastoma (N2a) cells
(81). Furthermore, PrP was found to play a rolesignal transduction in
neuronal cell cultures by phosphorylation of theos$yne kinase Fyn (82).
Recently, it has been reported that PrP has a atiadt contribution to the
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suppression of apoptotic cell death (83-85). Nealraell culture deficient of
PrP-expression (PYP showed a high susceptibility to apoptosis, whighs
significantly decreased by the reintroduction d? Hrto the cells (86).

1.4 Mechanism of prion replication

Based on the “protein only” hypothesis in which Perves as a template for
the conversion of PfPinto the infectious isoform, three models for telf
replication mechanism have been proposed. Follovilng heterodimer or
template assisted (TA) model (87, 88) the convarsib PrP into PrP° is
kinetically controlled. Pr® occupies a higher energy minimum than PrP
Therefore, the formation of PtPis associated with the overcome of a high
energy barrier, which is the rate limiting step.c®tthe Pr® molecule is formed
it binds to a PrP molecule to produce a heterodimer that is subsgtue
converted into a homodimer (Fig. 5). The homodimedergoes dissociation
into two PrP° molecules to catalyse further conversion. Accagdinthis model
highly ordered oligomers are formed in the courkaggregation followed by
exponential propagation of the infectious pathogdihe assistance of
chaperones or specific mutations within the priootgin gene sequence is

proposed to facilitate the overcoming of the highvation energy barrier (75).

Heterodimer Homodimer

———> |PrP* @ PrP%| —">[PrP*|PrP**
Slow Fast Fast

-

Fig. 5: Schematic diagram of the heterodimer méateprion replication (87). The process of
conversion is kinetically controlled. The presentea high activation energy barrier
between both isoforms prevents the spontaneousecsion. Binding of Pr¥® to the
PrP molecule induced a conformational change thatltesn formation of Pri*.
Chaperones and specific mutations have been seggestower the energy barrier for
the transition into th@-sheet conformation.
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The nucleation-dependent polymerization model PNy Lansbury (90)
stated that PfP exists in a thermodynamic equilibrium with PtPThe
formation of a Prf® oligomer of suitable size is the rate limiting st& his
oligomer serves as a nucleus that can promotentieeioration of further PP
molecules into the oligomer. Nucleation starts Wyfting the equilibrium
towards the formation of PPP resulting in a rapid propagation by further

addition of Pre®into the growing nucleus (Fig. 6).

nX|prp® Iprps=

PrP"’“IPrPs': : 3 PrPs"IPrPsn PrPs PrPS

= —— PrPSc
— Dt LT LT T i P2 AAPER IPrPs': F’rF'S“IPrPS“ PrpS9
Fast Slow Slow £ Fast PrPS"IPrPs" PrP51PrP5° Prps

IPrPs" PrPS

Fig. 6: Schematic diagram of the NDP model for prieplication (90). PfPand PrB° exist
in a thermodynamic equilibrium. P¥Hs stabilized when it forms an oligomeric stock
(nucleus) like seed. Once the seed is formed fufnE™® molecules are incorporated
into the oligomer, resulting in the formation ofga aggregates.

The NDP model offers a simple explanation for ginepagation of different
scrapie strains due to the formation of infectiseed in a crystallization-like
process. Therefore, it has been proposed that #réous Prf° strains
presumably consist of PrP molecules packed tog&thardifferent orientation,
arising from nuclei of different sizes (91).

The basic concept of a third model, known asdingerization model (92) is
that two PrB° molecules form a dimer, stabilized by two interewilar
disulfide bridges. The recruitment of a PrRlimer that formed native
intramolecular disulfide bridges is the rate limiistep of the Pr®replication
(Fig. 7). The binding of the PPPdimer partially unfolds the native structure of
the PrP® dimer and destabilizes its intramolecular disdflatidges. As a result,
a transient complex is formed followed by rearranget of the disulfide
bridges into intermolecular orientation. Finallgettransient complex undergoes

rapid conformational changes into tesheet enriched scrapie isoform that
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either diffuses to catalyze another conversionti@aor remains in the complex
to serve as a nucleus for association into amykimictures. This model
combines thermodynamic and Kkinetic parameters friiva two models
previously described. For instance the Préimer is supposed to exhibit a
catalytic character as a monomer in the TA modé| §8). On the other hand,
the binding energy and the intermolecular disulfid&lges achieve a state of
stabilization on the scrapie form, which is a chseastic feature of amyloid

formation following the NDP model (90).

Prp°
\ g &
Prp* PrP*PrP* PrP;*
1 Ky |

Fig. 7: Replication of Pr® based on dimer formation and rearrangement offitieubonds
(92). The lowered energy barrier resulting from Hieding of the Pr® dimer to a
PrP dimer induces structural changes within the “Pdimer. Subsequently, the
disulfide bonds are rearranged into an intermobectdrm. The transient complex
diffuses to catalyze further conversion reactionsemains to serve as a nucleus for
the formation of amyloid aggregates.

1.5 Polymorphism of the PRNP gene
Familial forms of prion disease are associateth wiutations in thd®RNP

gene on human chromosome 20. The huR&NP is characterized by the
presence of two polymorphic alleles at codon 12@ émcode either Met or Val
(93-95). This polymorphism plays a central roletle determination of the
genetic susceptibility of humans to prion diseadaesividuals affected by
familial CJD (fCJD) possess Met homozygotes (Met)Mat position 129,
whereas hetero- and homozygote Val are rarely fq@d¢d 96). Moreover, the

polymorphic site in the PRNP gene is suggested to influence the
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neuropathologic pattern and the mechanism of lefsionation in sporadic CJD
(sCJID). In this context, the formation of amyloihques in sCJD patients is
strongly associated with the presence of Val aitipos129 (97, 98). Transgenic
mice that express Met homozygotic human PrP arevishim be prone to
develop variant CJD (vCJD). In contrast, mice egpireg Val homozygotic
human PrP are resistant towards this disease E@yession of PrP carrying
the pathogenic mutation D178N and Met at positia8 desults in FFI, whereas
the same mutation with Val at the polymorphic sitestrongly associated with
fCJD (100). Val 129 homozygotes carrying the F1888ation are considered
to be the main cause of Indiana Kindred variantG&S (101). In addition,
Dermautet al. (102) observed a significant correlation betweea Yal 129
homozygotes and the early onset of AD. The molecanalysis of some sCJD
cases indicated a tight connection between Val lzggutes at codon 129 and
the deposition of the monoglycosylated prion spedigoe 1). Furthermore, the
results also illustrated that codon 129 polymonphend the physicochemical
properties of protease resistant PrP are the nugtarminants of the clinical
phenotypic variability in sCJD cases such as atamthmyoclonus (103).
Despite strong efforts to understand the consempsee of codon 129
polymorphism in terms of disease susceptibility pathogenesis, the molecular
mechanism by which these effects are mediated rsiiflains unknown. The
substitution of Met at position 129 against Valtire C-terminal domain of
recombinant mPrP(121-231) did not affect its thedymamic stability (104). An
NMR study on PrP mutant revealed that changesaimyldrogen bond pattern at
residues Tyr 128 and Asp 178 induced by the mutdlid78N, which is linked
to GSS, are influenced by the polymorphism at pmsit29 (105). Recently, the
effect of polymorphism on th@-oligomer ¢°) formation and the type of
interaction were investigated. The results revedted the core region of PrP
(residues 127-228) is involved in the formatiorfdf The ability to form stacks

and the number of oligomers was reduced if Varésent at position 129 (106).
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A molecular dynamics simulation on the effect of jpduced PrP conformation
indicated a contribution of the Met 129 side chiairthe formation of-sheet
structures at low pH. The interaction of Met 129hwWal 122 results in the
contribution of N-terminal amino acids for the erp@n of -sheet structure
(107). Moreover, Met at position 129 increasestémency of PrP to forrf-
sheet rich oligomers compared to Val, which direBt$® to a-helix rich
monomers. The maturation of oligomer structures ¥easd to be a time-
dependent process that proceeds with a higheifritet is present at position
129 (108). A mixture of oligomers containing botllelec forms significantly
decreases the rate of amyloid formation compared tmmogenous oligomer

preparation of each allele (109).

1.6 Oxidation of prion protein

It has been reported that elevated levels oftirea®xygen species (ROS)
during oxidative stress, aging, and in certain @lagpcal cases have a
significant impact on the oxidative modification @foteins (110-112). In
oxygenated biological systems the superoxide radi€a,) is present in
equilibrium with its protonated form, the hydropeybradical (OH). These
radicals are produced by ionizing radiation anckdgas from the electron
transport chains of mitochondria, chloroplasts, &Ed. O, is relatively
unreactive in comparison with many other radicélst it has the ability to
convert into more reactive species such as per§0O), akoxyl (RO), and
hydroxyl (OH) radicals (112). Several studies (110-114) repotteat OH
radicals are the most reactive species resporible oxidative modification
of proteins. Then vivogeneration of OHradicals is considered to be associated
with the decomposition of hydrogen peroxide,@) by redox active metals
such as iron (Fe) and copper (Cu), which is thacbesncept of Fenton’s
reaction. The reaction is initiated by the reductid the redox active metal by
O7, radical followed by the oxidation of its dismutati product HO, by the
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reduced metal (115, 116). Okadicals can oxidize the side chains of certain
amino acids and can oxidize the back bone of tiyopptide chain that leads to
protein fragmentation (117). The oxidative damafyproteins is an irreversible
process. Although oxidized proteins can be elinaddby the normal cellular
proteolytic pathways, the heavily oxidized protelvescome more resistant to
proteolytic degradation. The protease resistantepr® undergo structural
perturbation followed by aggregation and accumaitain the target organ (110,
118).

All amino acids in the peptide chain of proteare vulnerable to oxidation,
particularly sulphur-containing Cys and Met as wadl aromatic amino acids
[tryptophan (Trp), histidine (His), tyrosine (Tyrphenylalanine (Phe), and
proline (Pro)]. The sulphur-containing amino acigsfrticularly Met, are of
significant importance due to their high sensiyivitowards oxidative
modification. Met residues are easily oxidized e tmore hydrophilic Met-
sulfoxide (MeSO), which can be reversely reducedtly enzyme MeSO
reductase. Along with Cys oxidation this is theyoakidative modification of
proteins that can be repaired. Met residues astinface of proteins are more
susceptible to oxidation, resulting in a more hydibc protein. In contrast,
partially or totally buried Met residues are lessnot susceptible to oxidation
(119, 120). Consequently, Met residues have beewrsiio act as endogenous
antioxidants in the protein structure to protebieotvital residues from oxidation
(110, 120). It has been reported that oxidativeesstris increasing with
increasing age (116). Furthermore, the proteosdnmaltion responsible for the
degradation of oxidized proteins and the enzymattvity of the cellular
antioxidant system are decreased with age (121).

Considering the number of Met residues in the fAdkecule, it represents an
excellent target foin vitro oxidation investigation by ROS, resulting in drifat
structural conformations that depend on the appigsiem (116). Severah
vitro oxidation assays (116, 122, 123) have been apfieshderstand the role
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of Met residues in the PrP molecule and their éfbecits structural conversion.
The refolding of recombinant mouse and chicken iRrthe presence of Cu(ll)
induced a selective Met oxidation, resulting innaque structural conformation
compared to PrP refolded in the absence of CullP4). Oxidation of the
surface exposed Met residues of recombinant Sym@mster prion protein
rSHaPrP(29-231) by #D, was investigated. Mass spectroscopy analysis showe
a high susceptibility of Met 109 and Met 112 lochte the non-structured N-
terminal region towards oxidation. Additionally ettoxic fragment of PrP(106-
126) and the polymorphic site Met 129 were alsocepisble to oxidation
followed by extensive aggregation and precipitat{@@2). Oxidation of His
residues in the octarepeat region of rSHaPrP(29-@32-oxohistidine by metal
catalyzed oxidation (MCO) followed by extensive eggation was also reported
(123). Furthermore, it has been observed that isiedime enriched octarepeat
region of rmPrP(58-91) has a protective role byrelasing Cu-catalyzed
oxidation of the accessible residues in the C-teamntlomain (125). Breydet
al. (126) stated that oxidation of Met residues BPHin the central region of
rSHaPrP(90-140) inhibit the formation of amyloithrfis that adopt Pritlike
conformation. The influence of MCO on the vitro aggregation and the
structural conversion of recombinant human prioatgn rhPrP(90-231) has
been analysed (116). The oxidation process was toredi by mass
spectroscopy. The results showed a distinct ineraaghe molecular mass of
the peptides due to the incorporation of oxygem iHis and Met residues,
resulting in the formation of 2-oxohistidine and ¥@. The oxidized PrP
molecule is rapidly converted intofasheet enriched conformation. Moreover,
two distinct oligomers consisting of 25 and 100 wmmeric PrP molecules were
detected, which are similar in size to those tratehbeen reported to induce
infectivity in brain tissues of hamsters (127). dzed Met residues have also
been found at high levels in the senile plaqueADfpatients. Raman spectral
analysis in the same study indicated the bindinmofll) and Cu(ll) to His
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residues in the senile plaques. This binding has Ibeversed by addition of the
chelator ethylenediaminetetraacetate, resultinghen disappearance of tige
sheet features of the senile plaques (128). Colashlad (71) reported applying
molecular dynamic simulations that the replacen@ntlet 213 in helix-3 of
hPrP(125-229) with MeSO (i) destabilizes the nastate of the molecule, (ii)
increases the flexibility in specific regions, &g increases the probability to
acquire alternative conformations, which is requiiréor the pathogenic
conversion. Recently, the impact of Met-oxidationtbe conversion of PrP was
investigated by replacing the nine Met residueshef full length rhuPrP (23-
231) completely with two chemically stable non-ozable amino acid
analogues norleucine (Nle) and methoxinine (MoxX)e Tesults revealed that
PrP mutants containing the more hydrophobic Nleehan increased-helix
content and possess high resistance to sodium dagéeionduced oxidative
aggregation and a structural transition intg3-aheet enriched isoform was
inhibited. Conversely, PrP mutants containing theremhydrophilic Mox
showed an increaseflsheet content and exhibited proaggregation festure
(129).

1.7 Therapeutic approaches against TSEs

At present, there is no effective therapy to trgation diseases. However,
several compounds have been tested for their aoti-@ctivity using scrapie
infected neuroblastoma (ScN2a) cells as a modetesys(130). These
compounds are distinguished and classified by thezhanism of action.

Some of these compounds prevent the propagafiétr®B° by binding PrP
such as Congo red (131), quinacrine, chloropronea¢i®2), as well as several
polyanionic glycans like dextran and pentosan selfentosan sulfate also
prolongs the incubation time in scrapie infectedimah models (133).
Furthermore, it reduces the amount of Pdn the surface of N2a cells by

stimulating its endocytosis. This results in a s&thution of the protein from

39



Introduction

the plasma membrane to the cell interior, thus emérg the formation of P
(134). Suramin inhibits the formation of BfRn infected animal models by
inducing a posttranslational misfolding of Brénd bypassing the route of the
protein to the acidic compartment. Consequently,diotein does not reach the
surface of the plasma membrane, where the conwersiesumably occurs
(135).

Another group of compounds are known as chenalcaperones, which have
the tendency to stabilize the native conformatidnPoP~. Therefore, the
incubation of ScN2a cells with protein stabiliziagents like dimethylsulfoxide
(DMSO), glycerol, and trimethylamine n-oxide (TMAQIJd not affect the
amount of pre-existing PP However, these compounds inhibited the
formation of PrB° from freshly expressed PrR136). In contrast, cationic
lipopolyamines bind to P on the surface of ScN2a cells and stimulate its
degradation via an unknown mechanism (137). Regdhittyclodextrin $-CD)
was categorized as an efficient anti-prion compo(i88). It has the ability to
clear the pathogenic isoform PfRo undetectable levels in ScN2a cell culture
within two weeks of treatment. Additionall$CD has also been reported to
inhibit the toxic effect of the amyloifi- peptide (8 1-40) known to be
associated with AD in cell cultures (139).

Another strategy of TSE treatment is the inhiitiof PrP° replication by
synthetic peptides that are designed to bind anstabilize Prfin cell free
conversion systems (140-142). A novel therapeugipr@ach is theB-sheet
breaker peptide, a conserved amino acid sequeneePothat is involved in the
formation of the abnormal isoform PfP This peptide has been shown to
reverse Pr® formation into PrPlike molecules (143). Moreover, the
treatments with monoclonal anti-PrP antibodies @m@dmbinant Fab fragments
have shown a marked effect in P¥Replication in ScN2a cell cultures. Since

PrP is an endogenous protein, there is no immune nsspagainst both PrP
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and PrB° isoforms, which represents the main impedimerthéxdevelopment
of suitable vaccines against the infectious isof¢idd, 145).

One of the major obstacles in the treatment &3S By anti-prion compounds
Is the low ability of these compounds to crosshitoed brain barrier (BBB) that
renders their accessibility to the CNS. In additioost of these compounds did
not exhibit any therapeutical effect when admimedeafter the appearance of
neurologic signs into animal model (125). Therefotlee development of

optimized and effective therapies against TSEsgently needed.

1.8 Aim of this work

Up to now the molecular mechanism by which the atiéeis isoform of the
prion protein Pr® is formed and propagated still remains unknownweicer,
Oxidative stress has been reported to play a dentein the pathogenesis and
transmission of prion diseases via oxidative modtfon of specific amino acid
residues such as Met, His, Tyr and Trp (116, 1223, 1129), particularly
oxidation of the surface exposed Met residues @nRhP molecule by ROS is
supposed to significantly contribute to this patag process. The human prion
protein contains nine Met residues, most of them surface exposed and
localized in the folded C-terminal domain (resid@24-230). Oxidative damage
of PrP inducedn vitro structural conversion, which is similar in physico
chemical properties to the Pfsoform. Therefore, the aim of this study was to
identify the key amino acids within the surface @sgd Met residues that have a
significant contribution to the oxidative conversiand aggregation of prion
proteins. In the study the C-terminal domain of sand human prion proteins
was analyzed, which share 90% of overall sequedeatity and the same
number of Met residues; however the localization Mét residues differs
slightly, enabling the investigation of the impaof the local structure
environment to the oxidative conversion. Followicigning and recombinant

expression irkE. coli, the oxidative induced aggregation of both prateivas
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investigated by MCO and irradiation using UV liglhe structural changes that
occur in the course of aggregation were charae@rizy circular dichroism
(CD) spectroscopy, dynamic light scattering (DL8nhd PK-resistance. To
investigate the effect of Met residues on the axeaconversion, the entire
surface exposed Met residues (M129, M134, M154, M&& M213) were
mutated into Ser residues by site directed mutegenef the human PrP
domain. After cloning, recombinant expression, &rtcharacterization of the
human PrP mutant, the oxidative aggregation bebhavias analyzed by MCO
and compared to itsvild type form. To assign the observed effect to the
individual Met residues, stepwise substitution lbMet was finally required. In
this study the systematic replacement starts \Wehmutation of Met 129 against
Thr. Met at position 129 is the site of polymorphisn several species and
therefore of specific interest. Following mutatiozipning, and recombinant
expression of mouse and human PrP domains, theatowad aggregation
behaviour of the variant proteins was analyzed @atpve towards thevild
type form and the human PrP mutant lacking the entirdase exposed Met
residues. The obtained results provide new insigiais understand the
mechanism of prion conversion induced by oxidatlaenage and therefore will
reveal the impact of cellular oxidative stress e pathological transition of
PrP, particularly for the sporadic forms of priaeeases.

On searching for ideal candidates for the treatnoé TSEsSB-CD has been
reported to remove the infectious isoform of primmotein (PrE9 in scrapie
infected neuroblastoma (ScN2a) cell cultures (138grefore, the effect di-
CD on the oxidativen vitro aggregation of the recombinant mouse and human
prion protein domains induced by MCO was charanteriand the binding
affinity of B-CD was analyzed by small angle X-ray scatteringX{S) and
surface plasmon resonance (SPR) measurements.e$uktsrare supposed to

support the development of new lead structure3 & drugs.
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2. Materials and Methods

2.1 Materials
2.1.1 Chemicals

Company

Chemicals

Applichem Darmstadt,

Germany

DTT, EDTA, glycine, glycerol, glucose, guanidine
hydrochloride, imidazole, nickel (1) sulphate hbydrate,
IPTG, TEMED, tryptone, yeast extract, 2x YT-medium

Fluka Taufkirchen,

Agar, chloramphenicol, copper metal

Germany
Ammonium sulfate, calcium chloride dihydrate, dismd
Merck Darmstadt, hydrogen phosphate, ethanol, hydrochloric acid haretl,
Germany potassium dihydrogen phosphate, proteinase K, SDS,
sodium acetate, sodium hydroxide
Qiagen Hilden, Factor Xa protease, Ni-NTA agarose affinity
Germany chromatography resin

Roth Karlsruhe,

Germany

Acetic acid, agarose, ampicillin, dipotassium hygno
phosphate, sodium citrate dihydrate, sodium chéoridis-

hydrochloride

2.1.2 Enzymes and kits

Company

Enzymes and Kits

Fermentas St. Leon, Rot

Germany

BanHl, EcaRl, Dpnl, CIA phosphatase, T4 ligase,

Taq polymerase

Macherey Nagel, Diuren

Germany

NucleoSpin Extarct Il kit

PeglLab Erlangen ,

Germany

PeqgGold plasmid miniprep kit I, peqGold gel

extraction kit

Stratagene, Heidelberg

Germany

Pfuturbo® DNA polymerase, site directed

mutagenesis kit
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2.1.3 Instruments

Instrument

Source

Autoclave VX-120

Systec GmbH, Wettenberg, Germany

Balance CP224S-OCE

AG Sartorius, Gottingen Germany

Centrifuges:
Sorvall RC-5B Plus

Bench Centrifuge 5801
Bench Centrifuge 5415 R

Kendro Laboratory Products,
Lagenselbold, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

CD-Spectroscopy:

Jasco J-715 spectropolarimeter

Jasco, Germany

Electrophoresis equipment:
Agarose gels

Polyacrylamide gels

PegLab, Erlangen, Germany
Hoefer Inc, USA

ElectroporatoE. colipulser

Bio-Rad Munich, Germany

ELISA-GENIios plate reader

Tecan, Crailsheim, Gerynan

GE-FPLC

Pharmacia Biotec, Freiburg, Germany

Gel documentation system

Intas, Gottingen, Germany

Incubators:
Incubator

Incubator shaker Innova 4330

Heraeus, Hanau, Germany
NewBrunswick Scientific, Nurtingen,

Germany

Mastercycler personal

Eppendorf, Hamburg, Germany

NanoDrop ND-1000

PeglLab, Erlangen, Germany

pH-meter

Mettler-Toledo, Schwarzenbach,

Switzerland

Power supplies:

Agarose gelelectrophoresis

Polyacrylamide gelelectrophoresis

Bio-Rad, Munich, Germany

PegLab, Erlangen, Germany

Sonifier 250

Branson, Danbury, CT USA

Spectroscatter 201

Molecular Dimension, UK

44




Materials and Methods

2.1.4 Oligonucleotides

All oligonucleotides were purchased from Metabiblartinsried, Germany

Oligonucleotide

Sequence (57-"3)

mPrPBanHI-Xaf

AAGGATCCATCGAGGGAAGGGGTGTAGTGGGGGCCTT
GGT

mPrPEcoRIr

AAGAATTCCTAGGATCTTCTCCCGTCGTAATAGG

hPrPBanHI-Xaf

AAGGATCCATCGAGGGAAGGGGTGTGGTGGGGGGCCT
T

hPrPEcoRIr AAGAATTCCTACGATCCTCTCTGGTAATAGGCC
mPrPM129T GGGCCTTGGTGGCTACACGCTGGGGAG

mPrP M129F CTCCCCAGCGTGTAGCCACCAAGGCCC

hPrP M129T GGCCTTGGCGGCTACACGCTGGGAAG

hPrP M129T CTTCCCAGCGTGTAGCCGCCAAGGCC

hPrPBanH| start

AAGGATCCATCGAGGGAAGGGGTGTGGT

hPrPEcaRI stop

AAGAATTCCTACGATCCTCTCTGGTAATAGGCCTGAGA
TTC

hPrP-M134% TCAAGCAGGCCCATCATACATTTCGGCAGTG

hPrP-M134% Pho-GGCACTTCCCAGCATGTAGCCGC

hPrP-M154% TCACACCGTTACCCCAACCAAGTGTACTACAG

hPrP-M154% Pho-GTTTTCACGATAGTAACGGTCCTCATAGTC ACT

hPrP-M166% TCAGATGAGTACAGCAACCAGAACAACTTTGTGCAC

hPrP-M166$% Pho-GGGCCTGTACACTTGGTTGGGGTAAC

hPIP-M213§ TCATGTATCACCCAGTACCAGTACGAGAGGGAATCTCA
G

hPrP-M213% Pho-CTGCTCAACCACGCGCTCCATCATCTT

hPrP-M129% GATCCATCGAGGGAAGGGGTGTGGTGGGGGGCCTTGG
CGGCTACTCACTGGGAAGTGCC

hPrP-M129% Pho-GGCACTTCCCAGTGAGTAGCCGCCAAG

GCCCCCCACCACACCCCTTCCCTCGAT
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2.1.5 Plasmid

PRSETA plasmid (Invitrogen) is a pUC-derived exgres vector designed for
high level protein expression and purification. Eegsion of the gene of interest
is controlled by the strong phage T7 promoter anovides an ampicillin
resistance gene. In addition, the DNA inserts amated downstream and in
frame with a sequence that encodes an N-termisariyeptide. This sequence
includes an ATG translation initiation codon, aofdf polyhistidine tag that
functions as a metal binding domain in the traeslaprotein, a transcript
stabilizing sequence from gene 10 of phage T7 Xjpress™ epitope, and the
enterokinase cleavage recognition sequence (Fig. 8)

amH |
Hind 111

[o]
o

535858,
LAXZE /
w [RBS| ATG 6xHis Xpress™ Epitope EK MCS @

B.

Xho |
Sac I
Bgl Il
Pvu ll
EcoR |
BstB |

Fig. 8: Vector map of pRSETA

2.1.6 Constructs

PRSETA-hPrP/Ct (121-231): Coding for the C-termidaimain of
human prion protein (residues 121-231).
PRSETA-hPrP/Ct M129T: Coding for the C-terminal domof

hPrP (121-231) in which methionine at
position 129 mutated into threonine
(M2129T7).
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pPRSETA-hPrP/Ct M129S, M134S,

M154S, M166S, M213S: Coding for the C-terminal domain of
hPrP (121-231) in which methionine at
position 129, 134, 154, 166, and 213

was mutated into serine (S).

PRSETA-mPrP/Ct (120-230): Coding for the C-termidaimain of
mouse prion protein (120-230).
PRSETA-mPrP/Ct M129T: Coding for the C-terminal domof

mPrP (120-230) in which methionine at
position 129 was mutated into threonine
(M129T).

2.1.7Escherichia colistrains

All E. coli Strains were purchased from Invitrogen, Karlsribermany

Strain Genotype

F ompT gal dcm lon hs@d@®s mg) A(DE3 [lacl
lacUV5-T7 gene 1 ind1 sam7 nin5])

F ompT gal dcm lon hs@@s" mg) A(DE3)
pLysS(cnf).

F- mcrAA(mrr-hsdRMS-mcrBCp80lacZAM15

TOP 10 AlacX74 nupG recAl araD13%ara-leu)7697 galE15
galK16 rpsL(Stf) endA1x.

BL21 (DE3)

BL21 (DE3) pLysS

2.1.8 DNA and Protein Markers

pUC mix marker,8

PageRuler” unstained protein ladder Fermentas, St. Leon, Rot, Germany

Unstained protein Mw marker

1 kb DNA ladder Invitrogen Karlsruhe, Germany
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2.1.9 Media

2x YT-medium (1L)

16 g trypton, 10 g yeast extr&cty NaCl

LB-Broth medium

10 g trypton, 5 g yeast, 10 g NaCl

Agar medium (1L)

10 g trypton, 5 g yeast extrabtgINacCl, 15 g agal

Expression medium (1L)

10 g trypton, 5 g yeast extract, 7.7 4RO, 2 g
KH,PQ,, 2 g (NH,).SO;, 1 g sodium citrate (pH 7.5

2.1.10. Buffers and solutions

Purification of recombinant prion protein

Binding buffer

10 mM Tris-HCI (pH 8.0), 100 mM N&IPQ,, 10

mM reduced glutathione

10 mM Tris-HCI (pH 8.0), 100 mM N&lPO,,

Buffer A 10 mM reduced glutathione, 4 M guanidine
hydrochloride (Gu-HCI)
Buffer B 10 mM Tris-HCI (pH 8.0), 100 mM NEHPO,
10 mM Tris-HCI (pH 8.0), 100 mM N&PQ,, 50
Buffer C

mM imidazole

Elution buffer

10 mM Tris-HCI (pH 8.0), 100 mM N&PQ,,
150 mM imidazole

Factor Xa cleavage buffe

20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM
r
CacCl,

Protein preserving buffer

5 mM sodium acetate (P&} 5

Agarose gelelectrophoresis

50x Tris-Acetic acid
EDTA (TAE) buffer

2 M Tris-HCI (pH 8.0), 5.7%W\V) acetic acid, 50
mM EDTA
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Polyacrylamide gel electrophoresis (PAGE)

0.5 M Tris-HCI (pH 6.8), 30%w/v)
Sample buffer (2x) glycerol, 10% W/v) SDS, 0.5%W/V)

bromophenol blue

10x Electrode buffer (1L) 30.3 g Tris-HCI, 144 yghe, 10 g SDS

_ o _ 450 ml methanol, 100 ml acetic acid,
Coomassie staining solution o
1 g coomassie brilliant blue

Coomassie destaining solution (1L) 200 ml acetid ac

For the SDS-PAGE analysis of the C-terminal domafinboth recombinant
mouse and human (rmPrP120-230 & rhPrP121-231) pparsieins 15%
resolving gels and 4% stacking gels were prepared.

- Resolving gel 15% (10 ml):
5 ml 30% acryl-bisacrylamide solution

2.5ml 1.5 M Tris-HCI pH 8.8
0.1 ml 10% SDS

5 ul TEMED

50 ul 10% APS

2.4 ml HO

- Stacking gel 4% (10 ml):
1.3 ml 30% acryl-bisacrylamide mixture

2.5 ml 0.5 M Tris-HCI pH 6.8
0.1 ml 10% SDS

5 ul TEMED

50 pl 10% APS

6.1 ml O
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2.2 Methods

2.2.1 Generation of electrocompetertt. coli cells

E coli cells were grown overnight in 3 ml LB-medium at 87 and 220 rpm.
200 ml LB-medium were inoculated with 2 ml from theernight culture and an
appropriate amount of the required antibiotic. Thacterial culture was
incubated at 37 °C and 220 rpm up to an opticakitienf 0.3-0.4 at 600 nm
wavelength (Olgyg). Following 10 min. incubation on ice, the cultunas
centrifuged for 15 min. at 4300 rpm and 4 °C. Aftards the pellet was
suspended in 200 ml ice-cold water (d@H and then centrifuged at 4300 rpm
for 15 min. at 4 °C. The pellet was again suspendedd0 ml ddHO and the
centrifugation step was repeated. The cells weshed two times with ice-cold
10% glycerol followed by centrifugation at the sapunditions. Finally, the
cells were suspended in 1 ml of 10% glycerol and iDaliquots were frozen

immediately in liquid nitrogen and stored at -80 °C

2.2.2 Transformation of E. coli cells by electroporation

A 100 pul aliquot of electrocompetekt coli was thawed on ice for 30 min. and
then mixed with ~1-2 pg of plasmid DNA carrying tgene of interest in an
electroporation cuvette. The cell suspension wasstormed by electroshock
using elctroporation device (Bio-Rad, Munich). Tdedl suspension shocked by
1800 V and then 900 ml of LB-medium were added ichiadely followed by
incubation at 37 °C and 220 rpm for 1h. Finally tell suspension was plated
on LB-agar plate containing the appropriate antibiand incubated overnight
at 37 °C.

2.2.3 Cloning of Hig-tagged C-termini of both wild type mouse (mPrP120-
230) and human (hPrP121-231).prion proteins

The open reading frame (ORF) of mPrP120-230 andP1Pr-231 PrP genes

were amplified by polymerase chain reaction (PGBINfpRSETA vectors that
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encode for the cDNAs of both mPrP89-230 and hP/EHO-PrP genes,
respectively. The primers mPBanHI-Xaf, mPrPEcdARIr, hPrPBanHI-Xaf,
and hPrPEcaRIr carrying engineered restriction sites as well dsaator Xa
protease cleavage site as indicated were usedrik the appropriate PrP gene
sequence. To perform PCR, a 50 pl reaction mixttag set up in a 0.5 ml tube
containing DNA template (20-50 ng), 1 ul dNTPs rti2.5 mM), 1 ul forward
and reverse primers (100 nM), 10x DNA polymeraséfebu(10% of total
volume), Taq DNA polymerase (5-10 units), and the requirddme of ddHO.
The PCR amplification was performed on a masteerypersonal (Eppendorf,

Hamburg, Germany) using the following cycling cdiadhs:

Denaturation 96 °C 2 min.

Denaturation 96 °C 30 see—

Annealing 54 °C 1 min. —— (30 cycles)
Elongation 72°C 1min

Final extension 72 °C 5 min.

2.2.4 Agarose gelelectrophoresis

Agarose gel electrophoresis is a method used taratp DNA fragments
according to their sizes. PCR products were segai@t 2% agarose gels using
gel chamber filled with 1x TAE buffer. To prepareetgel, the appropriate
amount of agarose is suspended in 1x TAE bufferaaded in microwave oven
until the agarose is completely dissolved. Aftex slolution had cooled down to
~ 40 °C, 5 ul ethidium bromide (10 mg/ml) solutiwas added and the solution
was transferred to a gel cast tray provided witlormb to create slots for loading
DNA samples on the gel, and then the agarose asvedl to solidify. The gel
was run under constant voltage (90 V) using a paupply in order to separate
DNA fragments. After electrophoresis, the DNA wasualized by UV-light and
analysed in a gel documentation system (Intas,ig@&n, Germany).
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2.2.5 Purification of DNA from agarose gel
Bands were excised from the gel and purified usiegpeqGold gel extraction

kit (PegLab, Erlangen, Germany) according to thauffecture’s procedures.

2.2.6 Restriction digestion of DNA fragments

The amplified DNA fragments as well as the pRSETecter were digested
using 2 units of botiBanHI and EcaRl restriction endonucleases per ug DNA
and the recommended buffer in final volume of 50 Tihe reaction was
performed at 37 °C for 3h.

2.2.7 Dephosphorylation of plasmid DNA

After digestion, the pRSETA vector was dephosplated by addition of 1 pl
calf intestinal alkaline phosphatase (CIAP) follalngy incubation at 37 °C for
1h, while the digested DNA fragments were storedi@®m The digestion
products were purified using the nucleospin extiadtit (Macherey-Nagel,
Duren, Germany) following the PCR product purifioat protocol of the

supplier.

2.2.8 Ligation

Plasmid vector and DNA fragments were ligated usingolecular ratio of 1:5
by T4 ligase (2 units) and 10x ligation buffer irntcaal volume of 40 pl. the
reaction mixture was incubated overnight at 18 A@erwards the ligation
mixtures were directly transformed into TOP 10 gmmompetenk. coli cells.
The cells were plated out onto an agar plates oontp100 pg/ml ampicillin,

The plates were incubated overnight at 37 °C.

2.2.9 Isolation of plasmid DNA
Following an overnight incubation at 37 °C, 10 cods (5 of each construct)

were picked from the plates and 3ml overnight ecelluwere inoculated. For
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isolation of plasmid DNA, peqGold plasmid minipr&p (PeglLab, Erlangen)

was used according to the manufacturer’s instrostio

2.2.10 DNA sequencing

DNA sequencing was carried out by dideoxynucleota®in termination

method. 250-500 ng of plasmid DNA was mixed withl3of big dye reaction

mixture, 5 ul of big dye buffer, and 1 ul (100 nbf)the sequencing primer to
result in a final volume of 20 ul. The sequenciegation was performed in

thermal cycler using the following cycling condis

Denaturation 96 °C 30 see—
Annealing 54 °C 15 sec. > (30 cycles)
Elongation 60 °C 4 mio—|

Following amplification the sequencing mixture wadjusted to 100 pl with
ddH,O. The DNA was precipitated by addition of 300 fHamol (96%) and 10
ul 3 M sodium acetate (pH 5.2) and then centrifugtetB000 rpm for 30 min. at
4 °C. The supernatant was discarded, the DNA petethed with 500 ul ice-
cold 70% ethanol, and then centrifuged at 13000 figui5 min. at 4 °C. The
supernatant was again discarded and the DNA pe#stdried at 37 °C for 30
min.. Sequencing analysis have been performed &yristitute of Pathology,

University Hospital Eppendorf (UKE), Hamburg, Genya

2.2.11 Mutagenesis

2.2.11.1 Site directed mutagenesis

Site directed mutagenesis was carried out to repkhe surface exposed
methionine at position 129 in the C-terminal domain mPrP120-230 and

hPrP121-231 by threonine. Two primers were desigioeceach mutation to

change the methionine coding base pairs into timeocoding base pairs. The
total length of each primer is recommended to loeiraat 30 base pairs, ending

with a GC-rich sequence. The amplification reactreas performed usingfu
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DNA polymerase to reduce the risk of undesired oamdmutations. The

reaction mixture was setup as follows:

10x reaction buffer 5 ul
Plasmid DNA 5-60
Primer (sense) ha5
Primer (anti-sense) 185n
dNTPs (12.5 mM) 1 pl
Adjusted to 49 pl with dd O

pfu DNA polymerase 1 pl

The primers mPrP-M129T mPrP-M129T, hPrP-M129T, and hPrP-M129T
were used to induce point mutation as well as tpléynthe whole plasmid
including the mutated genes using the followingliogcconditions:

Initial denaturation 95 °C 30 sec.

Denaturation 95°C 30 see—
Annealing 55°C 1 min. —— (12-18 cycles)
Elongation 68 °C 2min

Afterwards the PCR product was digested with 1 [nl restriction
endonuclease for 1h at 37 °Opnl only removes methylated parental DNA,
while the newly PCR generated DNA comprising theumed mutation
remained. The mutated DNA was transformed iGtocoli TOP 10 cells and
incubated overnight at 37 °C. The resulting colsriieat carry the mutated

plasmid DNA were verified by DNA sequencing.

2.2.11.2 Site directed mutagenesis of non-overlagtension

Mutation of the entire surface exposed methioniesidues (M129, M134,
M154, M166, and M213) in the hPrP/Ct(121-231) is@wine residues has been
performed by the PCR-based method of non-overlagneion. The linearized
plasmids pRSETA-hPrP121-28anHl and pRSETA-hPrP121-23#edRl
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served as a template to introduce site specificatiut by PCR using the

following cycling conditions:

Initial denaturation 95 °C 2 min.

Denaturation 95 °C 30.se—

Annealing 65 °C s —— (30 Cycles)
Elongation 72 °C &0s—

The corresponding internal mutagenic primers asl asl the forward and
reverse primers that have been used to perform sugdiation are listed in
section 2.1.4. To allow blunt end ligation of th€RP products, one of each
internal primer was modified by phosphate. The eespe ligated product was
served as a template for the next mutation. Auld34 was mutated into serine,
followed by M154, M166, and finally M213. The mutan129S was introduced
by ligation of a double stranded oligonucleotideryiag this mutation with the
PCR fragment that contained the other four mutatidi34S, M154S, M166S,
and M213S. The final product was cloned BaHI and EcoRI into pRSETA

vector. All mutations were confirmed by DNA sequiegc

2.2.12 Expression of the C-terminal domain of humaand mouse PrP

The expression and purification wfild type and all variant of mPrP/Ct(120-
230) and hPrP/Ct(121-231) followed the same pradtoco

Plasmid DNA containing the C-terminal domain of famor mouse PrP was
freshly transformed int&. coliBL21 (DES3) cells. The cells were grown on agar
plate containing 100 pg/ml ampicillin and 30 pg&hloramphenicol overnight.
A single colony was picked to inoculate 3 ml cudtdinat was grown for 8hrs at
37 °C and then kept at 4 °C up to the next morringl of the pre-culture was
transferred into 200 ml 2x YT-medium and the cel&se incubated at 37 °C for
4hrs. The 200 ml culture was used to inoculate bBthe expression medium
(final volume 2L) containing 100 pg/ml ampicilliB0 pg/ml chloramphenicol,
2 mM MgSQ, 0.2 mM Cad, and 0.1% glucose. Protein expression was
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induced at Olyo = 1.8 by addition of Isopropy-D thiogalactoside (IPTG) to a
final concentration of 0.4 mM. After induction tleells were incubated for 4h.
At the induction time and 2h after induction thélavere supplied with 20 ml
50% glucose, 20 ml 10% yeast extract, and 20 ml g9pton. Finally, the cells
were harvested by centrifugation at 6000 rpm fonii®. and stored at -20 °C.

2.2.13 Purification of the C-terminal domain of hunan and mouse PrP.

The C-terminal domain of human and mouse PrP wasnbinantly expressed
as inclusion bodies containing an N-terminal sikifdistidine tag and an
engineered factor Xa protease cleavage site. Fargation of the recombinant
proteins, the bacterial pellets were resuspende85iml binding buffer and
disrupted by sonification (12000 microns and 45%pot) for 10 min.. The
inclusion bodies as well as the cell debris werkefsal by centrifugation at
16000 rpm for 30 min. at 4 °C. The supernatantainimtg the solubld. coli
proteins was discarded. Afterwards the inclusiodié®were washed with 40 ml
buffer A diluted with binding buffer to a final coantration of 1 M Gu-HClI,
followed by homogenization in an ultrasonic bath $® min.. The inclusion
bodies were pellet down by centrifugation at 1668 for 15 min. at 4 °C and
solubilised in ~30 ml buffer A followed by homogeation as previously
mentioned. To get rid off cell debris, the protswmlution was centrifuged at
16000 rpm for 15 min. at 4 °C. The supernatant agdied onto a Ni-NTA
agarose resin pre-equilibrated with buffer A and ginotein was bound to the
resin by incubation at room temperature for 30 mihe resin was washed with
5 volumes of buffer A to remove unbound proteind aacleic acids. Oxidative
refolding of the protein was achieved via appl@atof linear 400 ml gradient
decreasing the Gu-HCI concentration gradually febil to O M by replacing
buffer A against B using an automated FPLC-syst@mwotéch, Freiburg,
Germany) with flow rate of 0.5 ml/min.. The resirasvwashed with 50 ml

buffer C containing 50 mM imidazole to remove impas and the soluble,
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readily folded prion protein was finally eluted wiglution buffer containing 150

mM imidazole.

2.2.14 Cleavage of histidine tag sequence by factda protease

The purified proteins were dialysed against factarcleavage buffer and the
protein concentration was adjusted to 0.25 mg/rk TRistidine tag sequence
was removed by overnight incubation in the presesfc20 units of factor Xa

(Qiagen, Hilden, Germany) per mg prion proteincaim temperature. Factor Xa
was removed according to the instruction manudhefsupplier. To remove the
cleaved histidine tag peptide the protein was dedyagainst 10 mM Tris-Hcl

pH 8.0 and then incubated with Ni-NTA agarose rgsgrequilibrated with the

same dialysis buffer at room temperature for 30.niline pure protein was
collected from the flow through, dialysed againshBl sodium acetate pH 5.0,
and finally stored at 4 °C.

2.2.15 SDS-Polyacrylamide gel electrophoresis (SIFRAGE)

The purity of the recombinant proteins was analykbedSDS-PAGE. Protein
samples (10-20 pl) were heated in the presencg saiple buffer at 95 °C for
5 min. and loaded on 15% polyacrylamide resolvie¢s. gA constant voltage
(120 V) was applied for separation of proteins adicq to their molecular
masses. The proteins were stained by coomassieririblue for 1h and

subsequently visualized by appropriate incubatmoadstaining solution.

2.2.16 Determination of protein concentration

The concentration of proteins was determined bylyamg the specific
absorption at a wavelength of 280 nm using NanoDrip-1000
spectrophotometer (PeqlLab, Erlangen). The correbpgn extinction
coefficients have been calculated toshg = 16,515 M* cmi* for hPrP121-231,
hPrP121-231 M129T, and hPrP121-231 M129S, M134S548]1 M166S,
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M213S as well as,go = 22,015 M* cmi* for both mPrP120-230 and mPrP120-
230 M129T.

2.2.17 Circular dichroism (CD) spectroscopy

Far-UV (190-260 nm) CD-spectra of the recombinanbrp proteins were
measured on a Jasco J-715 spectropolarimeter (Jascmany) using a 1 mm
path length quartz cell. Typically, a scanning raftdd00 nm/min. was applied.
Spectra of samples containing 0.1 mg/ml prion pnote 5 mM sodium acetate
buffer (pH 5.0) were recorded at 20 °C. Normallyin8ividual scans were
averaged per spectrum and the corresponding bagkdjispectrum of the buffer
was subtracted from the final spectra. The experiateesults were expressed
as molar ellipticity units (deg. cdmol?) by using the conversion formula:

[v]: ®/(100 C )

O: ellipticity (mdeg)

C: molar concentration (mol/l)

I: path length of the cuvette

2.2.18 Dynamic light scattering (DLS)

Dynamic light scattering measurements were caoigdising the spectroscatter
201 (Molecular Dimension, UK) containing a heliumem laser that operates at
a wavelength ok = 690 nm and a laser power of 10-50 mW. All meassunts
have been performed at 20 °C and a scattering ah@@® using 40 pl sample in
a quartz cuvette. An accumulation of 20 measuresnesit sample was recorded
by using the autopilot function. The theoretic loyaymamic radii and the
molecular mass of both monomeric and aggregated Rete calculated, as
previously described (146, 147) using the appro&onaor spherical proteins:

S \ 47N,
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A value of 0.73 crhg* was used for the specific particle volumé)( To
account for the hydrodynamic behaviour of globuydeoteins, a value of 0.35 g
H,0/(g protein)* was applied for the hydratioh)(of the prion proteins.

2.2.19 Conversion and aggregation of prion proteirby metal catalyzed
oxidation (MCO)

The aggregation process was initiated by aerolsicaation of 44 uM PrP in the
presence of 16 mg solid copper pellets’j@u5 mM sodium acetate buffer (pH
5.0) in a total reaction volume of 60 ul for dittat time periods at 37 °C. After
incubation the copper pellets were immediately needoand the aggregated
prion proteins were pelleted by centrifugation 3000 rpm for 45 min. at 4 °C.
The remaining concentration of soluble proteinsti® supernatants was
determined by the Bradford assay. Therefore, 1@fud 1:1, 1.5, and 1:10
dilution of each were mixed with 250 ul Bradforcgent in 96-well plate. The
developed blue colour was determined by measuifeg absorption of the
samples at 595 nm using an automated ELISA reatflecaq, Crailsheim,
Germany). Additionally, the concentration of pratiin the supernatants was
determined by analysis of specific absorbance @trt8. Values were referred
to control samples that did not contain copper gill To investigate the
inhibitory effect ofp-cyclodextrin $-CD) on the MCO-induced conversion and
aggregation of PrP, the described assay was pextbimthe presence gftCD

at 10-fold excess.

2.2.20 Proteinase K (PK) digestion

Proteinase K resistance was assayed by incubatamgple aliquots of
monomeric and aggregated Prion proteins in 20 mid-ACI (pH 8.0) for
different time periods (30 and 60 min.) at 37 °Ghia presence of PK. The PrP-
PK ratio was adjusted to be 3:W/{J). Digestion reaction was terminated by
addition of 2x SDS sample buffer and subsequenthation at 95 °C for 5 min..
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2.2.21 Conversion and aggregation of prion proteinby ultra violet (UV)
radiation
UV radiation at a wavelength of 302 nm was gendratng an argon-ion laser
(2085 “Beamlok”; spectra physics, Mountain View A4SA) with a laser tube
optimized for application in the UV range. The lagas adjusted to approx 60
mW output power that was attenuated to ~10 mW Imeuatral density filter
(optical density 0.3; Newport Crop, Mountain Vie®@A, USA) positioned
behind the laser. As the diameter of the laser b&as12 mm, the illuminated
sample volume was 16 pl (approx 3.2% of the totahge volume at the
beginning of each measurement). During all measemnésnthe direct beam
intensity behind the cuvette was measured usirager [power analyzer system
(Ultima LabMaster; Coherent, Santa Clara, CA, USAh a high-sensitivity
thermal sensor (LM-1; Coherent). Between the measeants the laser beam
was redirected by a movable mirror at a positiorframt of the cuvette into
another sensor (LM-2; Coherent). The values of Betisors were recorded by a
computer in 1-s intervals. All measurements wengie out in a clean room
with constant temperature (22.0 £0.5 °C) and humidiO £3%).
Before and after individual measurements, the bgewer was rescaled without
a cuvette, with any empty cuvette, and with a deviited with water (each for
1 min.) to obtain reference values for subsequ&ridardization. All power
measurements were normalized to the mean valuean$rissions through a
cuvette filled with HO before and after measurement. Samples (500 ul) of
various mouse and human PrPs (44 uM) buffered im&Osodium acetate (pH
5.0) and 20 mM sodium phosphate (pH 7.4), respelgtiwere UV irradiated
for up to 4 h. Generally, the sample solutions weeasured under aerobic
conditions in a Suprasil cuvette (dimension 33.5.8 x 7.5 mn} Helma
GmbH, Mulheim, Germany). Continuous stirring engutke homogeneity of
the solution and the maintenance of the dissolvedi@n concentration, which
was afterward verified by the Winkler method (148lter the desired periods
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of time (5, 15, 30, 60, 90, 120, 180, and 240 mialiquots of 40 ul were

removed for detailed analysis. Because the sampleime accordingly

decreased after each period, corrected incubatimestwere calculated for the
reduced volumes, resulting in measurement perib8s 16.9, 33.7, 73.7, 117.3,
167.3, 282.7, and 419.1 min.. These values wergeapihroughout the entire
study.

Moreover, the PrPs were irradiated in the presaddbe free oxygen radical
scavengers dimethyl sulfoxide DMSO (200 mM), sodamde (200 mM), and

ascorbic acid (20 mM), as well as in absence ofjery Anaerobic conditions
were established by using degassed buffers in Eedseavette, which was
extensively flushed with argon. Aliquots were remdwnder continuous argon
flow. To compare power transmission values andh®adcal analysis the mean
power value of the last 15 s per period was plotigainst the irradiation time.
For the evaluation of the observed aggregate foomgaitradiated samples were
centrifuged at 20.800 g for 45 min. at 4 °C, and tlemaining protein

concentration in the supernatants was determin@t) s coomassie protein
assay reagent (Pierce, Rockford, IL, USA) and bglymis of the specific

absorbance at 280 nm. The obtained values wenggdfeo control samples that

had not been irradiated.

2.2.22 Small angle X-ray scattering (SAXS)

The synchrotron SAXS data were collected on the #&8era of the EMBL at
DESY (Hamburg, Germany). Data were recorded usiMA®345 image plate
detector at a sample detector distance of 2.7 naamavelength of =0.15 nm,
covering the range of momentum trans&rffom 0.08 to 5 ni. The data were
reduced, processed and the overall parameters wemgputed following
standard procedures using the program package PRI\49). The molecular
mass of the proteins were computed by scaling ag#we scattering of bovine

serum albumin (BSA) as a reference solution. Pnataimples were buffered in
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10 mM Tris-HCI (pH 8.0). To investigate the impaut -CD on the PrP
structure, B-CD was added in a 10-fold excess to the protempsss as

indicated. The following samples have been analyseédthe depicted

concentrations:
_ Concentration
Protein
(mg/ml)

2.0

hPrP121-231 3.3
5.0
1.8

hPrP121-231 ’g

in the presence @-CD '
3.9
1.5

mPrP120-230 3.6
5.5
1.5

mPrP120-230 31

in the presence @-CD 4'3

2.2.18 Surface Plasmon Resonance (SPR)

The SPR experiments were carried out using Biaddi@0 device (Biacor,
Germany) equipped with CM5 sensor chip. The meaguehip is coated with a
layer of dextran matrix that used for immobilizatiof the target protein. For the
measurements, the enclosed buffer HBS-N (20 mM HERBO0 mM NacCl, pH
7.4) was used according to the instructions ofthygplier. In this experiment the
binding affinity of B-CD to hPrP121-230 was determined. To investighée t
binding specificity of3-CD to PrP, the binding affinity of other relatedgars
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such asa-cyclodextrin @-CD) and cellobiose to hPrP121-231 was also
determined. Before immobilization, the surface bé& tmeasuring chip was
activated by EDC/NHS solution (ratio 1:1) with avil rate of 10 pl/min. for 15
min.. For immobilization the prion proteins stoc&lgion was diluted with
sodium acetate buffer (pH 5.0) to a final concearneof 1 uM. Afterwards 5 pl
of 1 uM proteins were passed over the activatedralexnatrix with a flow rate
of 5 pl/min.. To block the free binding sites oéthctivated dextran matrix, both
the flow cell carrying the protein and the contbhnnel were capped with 1 M
ethanolamine for 15 min. using a flow rate of 10muh.. The flow cells were
washed with HBS-N buffer pH 7.4, until a stable ddae was obtained.
Approximately 218 fmol [3810 RU (response unitt hPrP121-231, which
was covalently attached to the sensor chip surfac®rial concentration of the
sugars was prepared using the commercial HBS-Nebuwff Biacore (pH 7.4).
For absorption, the dissolved sugars were applethe measuring chip for 300
s with a flow rate of 10 pl/min.. Dissociation tietligands can occur up to 300
s after the end of the injection. Therefore, trgereeration of the measuring chip

IS not necessary.
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3. Results

3.1 Oxidative induced conversion of the C-terminatlomain of mouse and
human prion proteins

The C-terminal domain represents the folded parthef prion protein that

contains most of the surface exposed methioning)(Msidues. Moreover, the

structural differences between the infectious isofdPrP° and the normal

cellular prion protein PfPare restricted to the C-terminal part, which adept

helical fold in Prf® and displays a high contentftheet structures in PR71,

129).

3.1.1. Cloning and recombinant expression

To clone the C-terminal domain of both mouse andhdu PrP genes, the
corresponding DNA sequences coding for mouse (mX2B0) and human
(hPrP121-231) prion proteins were amplified by Pi@®n plasmids harbouring
the respective cDNAs of mPrP89-230 and hPrP90-2%dn pproteins. The
primers mPrBanHI-Xaf, mPrPEcadRIr, hPrPBanHI-Xaf, and hPrHR=caRlIr
have been used to amplify both fragments, intratyut¢he required restriction
sites and an engineered factor Xa protease cleasigeas indicated. The
expected size of the amplified DNA fragments wasifieel by agarose gel

electrophoresis (Fig. 9).

bp

501
331

190

Fig. 9: Gel electrophoretic analysis of the PCR #mauon of mouse and human PrP gene
sequences coding for the C-terminal domain usingag#rose gels. (1) DNA ladder.

pUC mix. (2) mPrP120-230 DNA (333 bp). (3) hPrP121-231 DISAQ bp).
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The amplified fragments were cloned in frame withNtterminal six-fold His
tag viaBanH| and EcaRl restriction sites into the prokaryotic expressu@ctor
PRSETA (Invitrogen). The resulting bacterial exgiea plasmids pRSETA-
hPrP/Ct(121-231) and pRSETA-mPrP/Ct(120-230) contiae PrP genes under
the control of the T7 promoter. Following the ATtrs codon, the six-fold His
tag and the factor Xa site are connected to therihal part of the respective
PrP sequence. After cleavage of the N-terminal tdgp by factor Xa, one
additional glycine remains attached to the protelie correct sequence of the
cloned genes was confirmed by dideoxy-mediatedncteamination sequencing
method.

The cloned DNA-sequence coding for the C-termimathdin of both mouse and
human prion proteins was expressed in the cytoplaisi coli BL21 (DE3)
cells. To avoid toxicity due to promoter leakades torresponding expression
vector was always freshly transformed idaoli cells. Based on the existing
expression protocol for other PrP constructs (116§ specific conditions
including temperature, IPTG concentration, andetkgression time were varied.
An initial analysis of the expression efficiencyosled that the C-terminal prion
protein constructs completely formed insoluble uisan bodies. Best results in
terms of quantity have been obtained after expsassiduced by 0.4 mM IPTG
for 4h at 37 °C (Fig. 10). After expression thdselere disrupted by sonication
and the inclusion bodies were dissolved in 4 M giliae hydrochloride
solution. Matrix-assisted refolding using Ni-NTAsre finally resulted in
soluble and pure proteins. The elution of the cefdl prion proteins from Ni-
NTA resin was optimised from the already existingifoication protocol (116,
147) by using serial concentrations of imidazole0t600 mM) in the elution
buffer. Complete elution of both proteins was acbcewith 150 mM imidazole.
The N-terminal His-tag was removed by factor Xaawwid interference of the
additional residues with the oxidative induced amsion process. Usually an

amount of approx. 20 mg protein was obtained frdmo® cell culture. The
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purity and the completeness of the proteolytic \ége of both mouse and
human proteins were analyzed by SDS-PAGE. Pureeiprdiands appeared at
the expected molecular weight of approximately IDakincluding the N-
terminal His-tag (Fig. 11A) and 13 kDa, which resmets the mature
recombinant PrPs (Fig. 11B). Protein concentratioveye determined by
absorbance at 280 nm using the calculated molamatxin coefficiente,gg =
22,015 M" cmi* for mPrP120-230 angbg, = 16,515 M" cri* for hPrP121-231.
The secondary structure of the recombinant proteias assessed by far UV
(190-260 nm) circular dichroism (CD) spectroscopypimM sodium acetate at
pH 5.0 (Fig. 12). The results revealed that theicttire of both proteins
predominantly consist ofi-helices characterized by two distinct negative
minima at 208 nm and 222 nm. Therefore, the foldihthe recombinant prion
proteins corresponds to the reported RstPucture (150).

M Oh 1h 2h 3h 4h

(A) kDa

5C

3C

20

15 <«— hPrP121-231 including

His tag (17 kDa)

10

M  Oh 1h 2h 3h 4h
(B) kDa

5C

30

20

15

<«— mPrP120-230 including
His tag (17 kDa)

10

Fig. 10: Non-reducing SDS-PAGE analysis of the nelgimant expression of the C-terminal
domain of (A) hPrP121-231 and (B) mPrP120-231 Bdmples of the crude. coli
extract were separated using a 15% SDS gel. (Mg Radgr unstained protein marker.
The time of expression is indicated above the gel.
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(A) kba M 1 2 kDa M1 2 (B)
116 16%6 posc
66 =
45 —
45 e
35 —
35
- 25 -
— 18 =
18

14

Fig. 11: (A) Non-reducing SDS-PAGE (15%) analydighe purification of the recombinant
C-terminal domain of mouse and human PrP (A) indgdhe N-terminal His tag
(~17 kDa) and (B) after cleavage of the N-termiHa tag (~ 13 kDa). (M): Page
ruler unstained protein marker. Lane 1. mPrP120-22Me 2: hPrP121-231. All
proteins have been stained by coomassie dye.

— hPrpP121-231
- - mPrP120-230

[©] x 10° (deg cm” dmol™)

= 3 I I I I I I 1

190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 12: Far-UV CD spectra of the recombinant CQrieal domain of mPrP120-230 and
hPrP121-231 PrP. CD-spectra were recorded on sanguataining a protein
concentration of 0.1 mg/ml in 5 mM sodium acetateffdy (pH 5.0). All
measurements were carried out at 20 °C in a 0.1lpatm length cuvette using a
scanning rate of 200 nm/min..
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3.1.2 Structural conversion by metal catalyzed oxation (MCO)

It is already known that oxidative modifications sfecific residues are able to
induce the structural conversion of PiiRto an isoform that shares its physico-
chemical properties with PTP(151). Particularly MCO has been shoinrvitro

to result inp-sheet enriched and aggregated isoforms of rec@anbiarP (123,
125). Therefore, a novéh vitro cell-free conversion assay based on MCO that
has recently been established in our group (116) apgplied to investigate the
effects of the oxidative damage on the C-termimmahdin of mouse and human
PrP. The assay mimics the physiological conditiohsellular oxidative stress
by aerobic incubation of the recombinant PrP ingresence of the redox active
copper metal (C) in slightly acidic buffer. This results in gengoa of
hydrogen peroxide (30,) and the corresponding copper ions. A combined
mechanism of oxidative protein damage is proposetliding direct oxidation
by H,O, as well as secondary oxidation by ROS that arenddr by Ca'-
catalyzed HO, disproportionation.

To investigate the effect of MCO on recombinant RE20-230 and hPrP121-
231, both proteins (44 uM) buffered in 5 mM sodiacetate (pH 5.0) were
incubated at 37 °C in the presence of fu different time periods (1-180 min.
for mPrP120-230 and 1-60 min. for hPrP121-231).ldvohg separation of
precipitation and high molecular weight aggregalss centrifugation, the
remaining concentration of soluble PrP molecules determined as a marker
for the rate of conversion and aggregation (Fig. TBe results revealed that
hPrP120-23 aggregated at a higher rate than mP/ER20The corresponding
half life of hPrP121-231 at the applied conditiaves determined to be,J= 3
min., while the half life of mPrP120-230 was sigeantly increased by approx.
5-fold to T» = 15 min.. In the absence of Two aggregation has been
observed. The monomeric PrP molecules remainedestalnl soluble up to 60
and 180 min. for hPrP121-231 and mPrP120-230, céispdy. In the course of
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hPrP121-231 aggregation heavy precipitation wagmbs, whereas only light
precipitation was formed during the aggregatiom&rP120-230.

—s— hPrP121-231 (+ Cf) —=— mPrP120-230 (+ CP
140 5 = 8~- hPrP121-231 (- Cf) -2~ mPrP120-230 (- CY

120
100 - = —— 0
80
60
40 -

20

% of protein remaining in solution

T T T T T T T .
0 20 40 60 80 100 120 140 160 180

Time (min)

Fig. 13: Time-resolved monitoring of the vitro aggregation of the recombinant C-terminal
domain of mPrP120-230 and hPrP121-231 PrP indugel®O. Protein aliquots
(44uM) buffered at pH 5.0 were incubated in thespnee and in the absence
(control) of C{ at 37 °C for the indicated time periods. After oxal of copper
pellets, the protein samples were centrifuged aedé¢maining concentration of the
PrP in the supernatants was determined. Errorrbpresent the standard deviations.

The protein aggregates formed by MCO and isolatecdntrifugation have

been used for structural characterization afteasgwn from the supernatants.
Initial non-reducing SDS-PAGE analysis of the h”YR231 aggregates showed
the persistence of a dominating monomeric PrP ladted 60 min. of incubation

(Fig. 14A). After a few minutes of MCO, additiondands appeared,
characterized by molecular weights of approx. 12 k6 kDa, and 26 kDa. The
latter was attributed to a dimeric form of PrP telabwed stability against heat
denaturation in the presence of SDS, while the 4@ 46 kDa bands are
supposed to result from alternative conformatiomd/@ denaturation states of
the monomeric molecule. High molecular weight aggtes of approx 39 kDa

and more than 116 kDa have been initially deteafesr 60 min. of incubation.
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The 39 kDa protein band was ascribed to a trinferim of PrP. Under reducing
conditions (Fig. 14B) the dimers as well as thehhigolecular weight
aggregates dissociated into the monomeric formkQ28). Consequently, the
stability of the formed aggregates increases Withihcubation time, obviously
due to the continual formation of intermoleculauliide bonds.

Incubation time MCO
(A) :
assay (min.)

M C 1 5 10 20 3060
kDa

116 <« High MW. aggregates

66 -
45

35 =

<« Trimer 39 kDa

<« Dimer 26 kDa
25 e

18 ' ) <« 16 kDa
14 - e -._!;4— Monomer 13 kDa
: . — —~ <« 12 kDa

Incubation time
(B) MCO assay (min.)

M C 30 60
kDa

116

45

35

25 ==

18

14 W . ¥ & <« Monomer 13 kDa

<«— Dimer 26 kDa

NR R NR R

Fig. 14: Non-reducing (A) and reducing (B) SDS-PA@HRalysis (15%) of hPrP121-231
aggregates formed by MCO after incubation for iathd time periods. The
aggregated proteins were pellet down by centrifogaand resuspended in 5 mM
sodium acetate pH 5.0. An appropriate amount ofstiepension was mixed with
sample buffer and incubated at 95 °C for 10 mM): Page ruler unstained protein
marker. (C): hPrP121-231 incubated for 60 min.hi@ absence of copper (control).
(NR) non-reducing conditions and (R) reducing ctinds. The incubation time of
the MCO assay is indicated above the gel.
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It has also been revealed that the aggregatedimifisasoform of prion proteins
(PrP9 showed a partial resistance to proteinase K (figgstion due to the
strong interactions within thp-sheet structure of the aggregates, compared to
the normal cellular form PFR(45, 152). Therefore, proteinase K resistance was
assayed by incubating sample aliquots of monomand MCO-aggregated
forms of human PrP121-231 for different time pesi@d 37 °C in the presence
of PK. The corresponding SDS-PAGE analysis (Fig) févealed that the
monomeric recombinant PrP is highly sensitive to, BKown by complete
digestion after 60 min. of PK incubation. In costraafter 1 min. of MCO, a
weak monomeric PrP band persisted after 30 and @anin. of PK treatment
that significantly increased in intensity after 6@in. of MCO-induced

aggregation, indicating the increase of PK resistarlecules.

Incubation time MCO

assay (min.)

kDa M Control 1 30 60

116

66 -

45

35

25 ——

18

14 w & R

PK: -+ + + o+ + ++
Digestion time (min): 60 60 3060 30 60 30 60

Fig. 15: Non-reducing SDS-PAGE analysis (15%) tHasng the PK-resistance of hPrP121-
231 aggregates formed by MCO. Sample aliquots afom@ric and aggregated PrP
isolated by centrifugation buffered in 20 mM Tri€HpH 8.0 were incubated with
PK at 37 °C for the indicated time periods. The-PKPratio was adjusted to be 3:1
(w/w). (M): Page ruler unstained protein marker. Thediéstion time is indicated
below the gel. The incubation time of the MCO assagdicated above the gel.
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The change in the secondary structure of recombimaiRrP120-230 and
hPrP121-231 during MCO was monitored by CD-spectpg. For the isolated
high MW aggregates of the proteins, no CD specén&ebeen obtained since
these aggregates formed insoluble precipitatiorcamtrast, the CD spectra of
the soluble fractions of mPrP120-230 exhibited pid® o-helical dichroic
signal characterized by two distinct negative meniat 208 nm and 222 nm up
to 10 min. of MCO (Fig. 16A). The intensity of tl€D signal significantly
decreased during MCO. After 20 min. of incubatialmost no CD signal was
detected due to the strongly reduced concentrati@oluble PrP (Fig. 12). An
increase of th@-sheet specific signal was not observed in thebselfractions.
In contrast, within the first minute of incubatidhe CD spectra of hPrP121-231
significantly changed. The typicathelical signal transformed into a flattened
curve with a characteristic single minimum at 218, nypical for ap-sheet
structure (Fig. 16B). After 5 min. of incubationp ICD signal was detected
anymore, confirming the rapid progression of hPAR221 aggregation.
Dynamic light scattering (DLS) analysis revealedtthll prion proteins were
monodisperse in the reaction buffer at the begmroh the MCO reaction,
predominantly consisting in monomeric forms as ¢atkd by hydrodynamic
radii of 1.98+0.1 nm and 1.94+0.09 nm for mPrP130-2nd hPrP121-231,
respectively. These determined hydrodynamic radirresponded to the
theoretical values calculated from the moleculassea (1.80 nm for mPrP120-
230 and 1.78 nm for hPrP121-231), assuming a rguglobular shape of the
molecules. In the course of oxidative-induced agagtien, stable and
homogeneous soluble oligomeric forms have not lukgacted by DLS. Only
high molecular weight aggregates of more than 1®0im radius appeared in
solution, which showed a high degree of heteroggendihese aggregates
disappeared immediately after centrifugation of tteresponding solutions
resulting in appearance of the monomeric signattersoluble fraction of both

proteins.
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Fig. 16: Far-UV CD spectra monitoring the seconddrycture change of (A) mPrP120-230
and (B) hPrP121-231 on the pathway of MCO. Aliqud M) buffered at pH 5.0
were incubated with Cuat 37 °C for different time periods. After remowdlthe
copper metal, the samples were centrifuged andupernatants were analyzed by
CD spectroscopy. All measurements were performe20eftC using 0.1 mm path
length cuvette and 100 nm/min. scan speed.

3.1.3 Structural conversion by ultra violet (UV) radiation
The structural effects induced by UV radiation de C-terminal domains of

mouse and human prion proteins were additionallgiet. UV radiation is
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known to oxidize proteins directly or by generatmmROS in aerobic solution.
Since both proteins share a high degree (90%) efativsequence identity, the
observed differences in the effects caused by WNatmn can be referred to a
limited number of deviant amino acids. The measerdgmwere performed at
pH 5.0, which resembles the acidified conditionthwmi the endocytotic vesicles
and lysozymes, and the typical physiological pH7af. The selected buffers
were determined to be stable under UV irradiatAthough sodium acetate can
react with free radicals this buffer was reportedé appropriate for radiation
experiments at low pH values (153).

For all measurements, an incident photon energy.bieV (302 nm) was
selected, which is in the middle of the UVB spegtrciose to the highest solar
energy reaching the earth’s surface (154). A podependency study was
performed to estimate an appropriate measuremerg tising hPrP90-231,
which already exhibited structural sensibility tadation (116). Various values
of incident power ranging from 1 to 61.6 mW wereplagd. Initially, a
transparency of about 75 to 85% compared to thesmnession through pure
H,O was observed for all protein-containing sampkég.(17A). An increase in
the light transmission within the first 10 s candoglained by technical issues,
e.g. warming of the power sensor. However, becallsmeasurements were
consistently affected, this effect can be neglectBdring the course of
irradiation, distinct amounts of protein precip#at exhibiting an exponential
correlation between the protein concentration ramgi in solution and the
applied laser power (Fig. 17B). A comparable relatwas also detected
between the incident UV intensity afd, of the transmission caused by the
increasing turbidity of the solution (Fig. 17C).d@ise the exponential decrease
in both the protein concentration and the trangomssf the samples proceeded
on an appropriate time scale, the UV radiation powas adjusted to provide

8.6 mW within the cuvette for all subsequent measents.
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Fig. 17: Dependence of UV radiation power, sampédmission, and PrP aggregation.
Samples (250 pl) of hPrP90-230 (44 uM) bufferegtat7.4 were exposed to UV
radiation at room temperature for 15 min.. (A) Tresmission through the samples
was continuously recorded. (B) After irradiatiom ®or 15 min., aliquots of 40 pl
were removed and centrifuged and the remaining &wRcentrations in the
supernatants were determined. The radiation irtiengas normalized to sample
volume, irradiation time, and power. Error barsresgnt standard deviations. (C)
The calculated half lives of the transmission drergjly correlated to the incident
UV light intensity, following an exponential decssafunction.
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As expected from the investigations mentioned apthe C-terminal domain of
the mouse prion protein was strongly affected by t#Mdiation at 302 nm.
Within the first 10 min., the transmission of U\Wration through the samples
containing mPrP120-230 at pH 5.0 was reduced byoapp3% ([, = 3.6
min.), obviously caused by immediate protein priéaipn (Fig. 18A, inset).
The discrete edges within the transmission curv&samd 16 min. are due to the
interruption of data recording during the removlhbquots. After 20 min. of
irradiation, the UV light transmission was complgtelocked, apart from some
leaps within the curve progression caused by adhedithe precipitate into the
voluminous particles that only temporarily allowethransmission of UV
radiation, indicating a highly sticky nature of tfegmed aggregates. Although
the overall protein concentration in the samplss dlecreased in an exponential
manner, the time course was significantly extendgdg. 18B). The
corresponding half life was determined to be 10.rfon mPrP120-230 at pH
5.0. Complete protein precipitation was observeer d80 min. of irradiation.
Samples containing mPrP120-230 at pH 7.4 are ctemized by a decreased
aggregation rateT(, = 45 min.). Even after maximum irradiation a remiag
UV transmission of 8% Ty, = 7.8 min.) (Fig. 18A) and a solute protein
concentration of 15% were still detected (Fig. 18B)

The pathway of UV-light induced aggregation of hE2P-231 at pH 5.0 is
characterized by a similar aggregation rai®,(= 47 min.), which is
accompanied by immediate precipitation and complekecking of UV
transmission after 200 min. {J = 3.2 min.) (Fig. 19). Leaps in the curve
progression are as well indicative of the stickytuna of the precipitating
protein. In contrast, hPrP121-231 at pH 7.4 displayed tlghdst resistance
against UV radiation. Its soluble protein concetiraremained at 80% even
after 420 min. of irradiation (Fig. 19B). Only a rgmal precipitation was
observed, which was reflected by a significantlgre@ased half life of UV light
transmission of 182 min. (Fig. 19A).
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Fig. 18: Time-resolved monitoring of mPrP120-23@ragation induced by UV radiation.
Aliquots (44 uM) of mPrP120-230 buffered at pH %0 and pH 7.4 A) were
exposed to UV radiation of 302 nm wavelength atnrotemperature for the
indicated periods. (A) The transmission of UV raéidia was continuously recorded
behind the cuvette. The transmission curves ofirthial 35 min. of irradiation are
shown in detail (inset). (B) After irradiation, tlsamples were centrifuged and the
remaining amounts of PrP in the supernatants wetermined to estimate the
degree of aggregation in percentage. Error bargesept standard deviations.
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Fig. 19: Time-resolved monitoring of hPrP121-23ibpmrotein aggregation induced by UV
radiation. Aliquots (44 puM) of hPrP121-231 bufferadpH 5.0(m) and pH 7.4(A)
were exposed to UV radiation (302 nm) at room tawepee for the indicated
periods. (A) Again the transmission of UV radiatiams continuously recorded
behind the cuvette. The transmission curves forfitse 35 min. of irradiation are
shown in detail (inset). (B) After irradiation, tlsamples were centrifuged and the
remaining soluble fractions of PrP in the supemistavere determined to estimate
the degree of aggregation. Error bars represemtiatd deviations.

Monitoring the secondary structure content of theektninal domain of mouse
prion protein by CD spectroscopy revealed that PoP231 is characterized
by a predominant-helical fold at both pH values before irradiatigig. 20A),
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which represents the typical conformation of celtyrion proteins (35, 155). In
the course of aggregation, the CD spectra of mRFR2BP at pH 5.0 were
difficult to obtain, because the fraction of sokiljprotein rapidly decreased
during irradiation. The corresponding weak curvesrevdominated by a
minimum at 200 nm that is characteristic for randamil structures.
Contributions ofs-sheet structures have not been observed (datshoatn). In
contrast, both the intensity and the shape ofuthelical curve (minima at 208
and 222 nm) of mPrP120-230 at pH 7.4 significantipnged during UV-light
induced aggregation, resulting in flattened curveth a single minimum at
approx. 214 nm, typical fof-sheet structures (Fig. 20A). Time-dependent
monitoring of the ellipticity at a wavelength of 2Z2xm revealed that the
conversion reaction of mPrP120-230 was almost cetaglafter 30 min. (Fig.
200C).

At pH 5.0, the initial CD spectra of hPrP121-23#& aharacterized by distinct
minima at wavelengths of 208 and 222 nm, assignede high percentage af
helices within the protein (Fig. 20B). During irfation, the spectra significantly
changed, resulting in flattened curves showing an@unced minimum at
approx. 200 nm, a characteristic of random coudtres. The3-sheet content
remained comparatively low, whereas the percentaige helices notably
decreased. However, at pH 7.4 the typicdielical spectra of the monomeric
protein consistently converted into flattened csndominated by a single
minimum at around 215 nm, resembling spectra chematc for ap-sheet-rich
structure (Fig. 20B). Regarding the associated moBsP, the structural
conversion of hPrP121-230 at pH 7.4 was slightlgetierated as revealed by
time-dependent monitoring of the ellipticity at awelength of 222 nm (Fig.
20C). Almost complete refolding was observed dft¥rirradiation for approx.
120 min..
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Fig. 20: CD spectroscopy monitoring changes indbeondary structure content of the C-
terminal domain of (A) mPrP120-230 and (B) hPrP231- induced by UV
irradiation. Protein aliquots (44 uM) were exposted UV radiation at room
temperature. CD spectra of each sample were retamtmediately at the beginning
(0 min.) as well as after 419 min. of irradiati¢@) The time course of the structural
conversion was illustrated at a wavelength of 282 for mPrP120-230 and for
hPrP121-231 at pH 7.4.
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The appearance of soluble intermediates on thewagthof UV-induced
aggregation was also investigated by DLS measuresmBefore irradiation, all
solutions exhibited monodisperse behaviour, coimtgithe monomeric prion
proteins in solution. The corresponding hydrodyranaidii (1.98+0.1 nm for
mPrP120-230 and 1.94+0.09 nm for hPrP121-231) wer@ good agreement
with the theoretical values calculated from the evalar masses, assuming a
roughly globular shape of the molecules. Within fingt 30 min. of irradiation,
the monomeric peaks consistently disappeared fribreamples, because the
concentration of PrP monomers fell below the detadimit of the DLS device.
For mPrP120-230 and hPrP121-231 at pH 5.0, evidehapecific oligomer
formation was not obtained. Instead, high moleculaight aggregates (> 150
kDa) were detected by SDS-PAGE analyses that wavralently cross-linked.
However, an additional sharp peak appeared indhgiegns of mPrP120-230 at
pH 7.4, with a radius of 13.89+0.19 nm*{), indicating stable and soluble
oligomers. Within the first 15 min. of irradiationPrP120-230 (pH 7.4) formed
a second stable and soluble oligomer charactebiyem doubled hydrodynamic
radius of approx. 28 nm (€%s). Both 3%, and 3%} persisted in solution up to
420 min.. On the pathway of hPrP121-231 aggregatiqH 7.4, a single stable
and soluble oligomer was also detected?¥) within the first 30 min. of
irradiation. This oligomer persisted throughout @mgire incubation period and

Is characterized by a hydrodynamic radius of 8.33%@m.

Additional irradiation experiments were performedrvestigate and to separate
different mechanisms of UV-induced structural daemaghe contribution of
protein oxidation by ROS was evaluated by irradiaof the C-terminal mouse
prion protein domain under anaerobic conditions andhe presence of the
oxygen free radical scavengers dimethyl sulfoxid®$0) and sodium azide,
as well as ascorbic ac{d56-158) The most pronounced effects were observed

in the presence of ascorbic acid (Fig. 21), whikthoat completely prevented
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the aggregation and precipitation of mPrP120-230east up to 420 min. of
incubation (90.2+3.7%) in solution at pH 5.0. Mor@m molecules
characterized by the typicathelical PrP® fold persisted in the samples. An
enhanced stabilization of mPrP120-230 was obseatquH 5.0 when oxygen
was absent (79.2+4.6% in solution). This effect waainly attributed to an
inhibition of the oxidation process mediated byctea@ oxygen species, because
the addition of the specific scavengers sodiumeaaid DMSO also resulted in
a significantly increased stabilization of PrP. Hwer, inhibition of the indirect
oxidation did not affect the fundamental aggregatipathway. Protein
denaturation without formation of soluble oligomeras detected in the absence
of oxygen as well, even if the rate of precipitatiwas significantly reduced.
The UV-induced aggregation of human prion protasdollowed the same
fundamental mechanisms of oxidative protein dantage have already been

described for the mouse PrPs.
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Fig. 21: Influence of oxygen free radical scavesgand anaerobic conditions on the
aggregation rate of mPrP120-230 at pH 5.0.
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3.2 Oxidative induced conversion of hPrP121-231 (MBS, M134S, M154S,
M166S, M213S)

To specifically investigate the effect of Met rastd within the oxidative

induced conversion process of the prion proteihs, surface exposed Met

residues (M129, M134, M154, M166, and M213) in fiokded C-terminal

domain of human PrP were mutated into Ser resida@ssequently, the MCO-

induced conversion was investigated and compardtewild type hPrP121-

231 conversion.

3.2.1 Mutation, cloning, and recombinant expression

All mutations were stepwise introduced by the PCBthod of non-overlap
extension. Therefore, five successive site-directegtagenesis steps were
performed to mutate the selected Met residues Sstoresidues. The flanking
primers hPrBanHI-start and hPrREcoRI-stop were used in all reactions. In
the first step the M134 codon was mutated from ADGE CA, thus turning it
into a Ser codon. The specific primers hPrP-M134& hPrP-M134Swere
used to amplify two separated fragments of 42 a8l [, which have been
visualized by agarose gel electrophoresis (Fig.)224gation of the purified
PCR fragments resulted in one fragment that comprike desired mutation.
The successful insertion of a M134S mutation wasfiooned by sequence
analysis and the ligation product was used as @l&ento introduce further
mutations. In the second step amplification witd grimers hPrP-M154Sand
hPrP-M154% resulted in generation of two specific PCR fragteeat the
expected size of 99 and 231 bp, respectively, doicong a M154S mutation
(Fig. 22B). Mutation M166S was introduced using fireners hPrP-M16GS
and hPrP-M166f resulting in two specific fragments of 132 and 18 (Fig.
22C), while the fourth mutation M213S was perfornusthg the primers hPrP-
M213S and hPrP-M213S in the amplification reaction. Agarose gel

electrophoresis confirmed the expected size ofattmlified fragments of 54
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and 276 bp, which were purified and ligated (FigD2 Finally, M129 was

mutated into Ser. This mutation has been achiewedidation of double

stranded oligonucleotides (hPrP-M1298nd hPrP-M1293 carrying the

mutation M129S with a 288 bp PCR amplified fragmeainprising the other
four mutations M134S, M154S, M166S, and M213S. phmers hPrP-M134S

and hPrPEcoRI were used to amplify the 288 bp fragment. Theeeked size of
the fragment was confirmed by agarose gel electasns (Fig. 22E).

Following purification and ligation into the prokatic expression vector
PRSETA viaBanmHI and EcdRlI restriction sites, the insertion of all mutaton
was verified by dideoxy sequencing, resulting imfation of the corresponding
plasmid pRSETA-hPrP121-231.

(A) (B) (©

M1 2 M 1 2
1018
506 1018
29¢ <+231 bp 50¢€
29¢
<+ 99 bp <198 bp
+13Zbp
(E)
M 1
bp bp
101¢
Eoc 101¢
54 bp 29¢ 288 bp

Fig. 22: Gel electrophoretic analysis of the PCRolenation of the hPrP121-231 PrP gene
carrying the mutations M129S, M134S, M154S, M166 &#1213S, using 2%
agarose gels. (A) M134S, (B) M154S, (C) M166S, M?13S and (E) M129S.
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The expression as well as the purification of théamt hPrP121-231 (M129S,
M134S, M154S, M166S, M213S), subsequently refetoedsv-hPrP121-231,
was performed according to the established prototahe wild typehPrP121-
231. Strong protein bands with an apparent molecwgght of approx. 17 kDa
appeared after 2h of expression at 37 °C (Fig. 2B#wever, the refolding
process o¥-hPrP121-231 failed using the optimized conditiohghewild type
protein. Moreover, the application of other refalgliprotocols that depend either
on stepwise removal of the denaturant by dialydiS9) or addition of a
stabilizing agent, which prevents the aggregatibmproteins during refolding
such as arginine (160) and-cyclodextrin (161) was also not successful.
Investigating the secondary structure of the rewyltprotein by CD
spectroscopy revealed that the PrP mutant stilhiypaionsists of random coil
structures characterized by a single minimum atraatd®00 nm. Finally, a slight
change in the flow rate from 0.5 to 0.2 ml/mintled linear gradient that remove
guanidine hydrochloride following theild type refolding protocol resulted in
successful refolding of the mutant PrP. The puaitg the complete proteolytic
cleavage of the N-terminal His tag using factor Was confirmed by SDS-
PAGE analysis (Fig. 23B), resulting in a pure proteharacterized by a
molecular weight of approx. 17 kDa, correspondinghte His-tagged protein,
and 13 kDa, representing the mature recombinanantaPrP. The protein
concentration was determined by absorbance at B8Wsing the calculated
molar extinction coefficient,g, = 16,515 M cm* for v-hPrP121-231.
Investigating the secondary structure of matureldelv-hPrP121-231 by CD
spectroscopy (Fig. 24) showed two distinct minirha avavelength of 208 and
222 nm, characteristic far-helical structures (130). Compared to téd type
protein, the CD spectrum of the variant human Rréctire exhibited a slight
decrease in the totathelical content, associated by an increase ofam@ncoil
structure, which can be attributed to the subsbitubf all surface exposed Met

residues by hydrophilic Ser residues.
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Fig. 23: (A) Non-reducing SDS-PAGE analysis of theombinant expression ethPrP121-

231. Samples of the crude coli extract were separated using a 15% SDS gel. The
time of expression is indicated above the gel.NBh-reducing SDS-PAGE (15%)
analysis of the purification of recombinanrhPrP121-231. Lane 1-hPrP121-231
including the N-terminal His tag (~17 kDa). LanevhPrP121-231 after cleavage
of the N-terminal His tag (~13 kDa). (M): Page rulmstained protein marker. All
proteins were stained by coomassie dye.
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Fig. 24: Far-UV CD spectra of recombinarhPrP121-231 anaild typehPrP121-231. CD-

spectra were recorded for samples containing aiprabncentration of 0.1 mg/ml
in 5 mM sodium acetate buffer (pH 5.0). All measneats were carried out at 20 °C
in a 0.1 mm path length cuvette using a scannitega100 nm/min..
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3.2.2 Structural conversion by metal catalyzed oxation (MCO)

The effect of the substitution of all surface exgbsMet residues of the
recombinantv-hPrP121-231 was investigated applying the oxigatnduced
aggregation by MCO. Protein samples (44 uM) buffere 5 mM sodium
acetate (pH 5.0) were incubated at 37 °C in thsgmee as well as in the
absence of Cufor different time periods. After separation okpipitation and
high molecular weight aggregates by centrifugatiba,remaining concentration
of soluble PrP molecules was determined to analyseate of conversion and
aggregation (Fig. 25). As expected, a significaritamcement in the stability of
v-hPrP121-231 towards oxidative-induced aggregdtias been observed. The
variant PrP aggregated at a lower rate comparediltb type hPrP121-231,
resulting in approx. 8-fold increase of the hdk lof the variant PrPT(, = 24
min.) compared to that of theild typeprotein {1, = 3 min.). In the absence of
CW, no aggregation has been observed. The monom&timBlecules remained
stable and soluble up to 60 and 90 min. Wold type and the variant PrP,

respectively.
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Fig. 25: Time-resolved monitoring of the vitro aggregation of recombinawhPrP121-231
andwild typehPrP121-231 induced by MCO. Protein aliquots (43oMffered at
pH 5.0 were incubated in the presence and in teerate (control) of Cuat 37 °C
for the indicated time periods. After removal oftlcopper pellet, the protein
samples were centrifuged and the remaining PrPettrations in the supernatants
were determined. Error bars represent the stardbavidtions.
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The aggregates of the variant human PrP formed IOMhat have been
isolated from the supernatant by centrifugation eversed for structural
characterization. Non-reducing SDS-PAGE analysiscated the persistence of
the monomeric PrP band even after 24h of incubatteg. 26A). Within the
first 5 min. of MCO, an additional band appearedrabterized by a molecular
weight of approx. 26 kDa, corresponding to the dimérm of the variant PrP
molecule. High molecular weight aggregates inclgdn39 kDa fraction and
molecules of more than 116 kDa have been initiddliected after 6h and 16h of
MCO, respectively. The 39 kDa band attributed te thmeric form of the
variant PrP. To investigate whether copper iondrarelved in the dimerization
of the variant PrP, the reaction mixture was teareth EDTA to a final
concentration of 10 mM at the end of each inculbaperiod. However, the
dimer formation was not affected by the additiore®TA (Fig. 26A). Applying
reducing conditions (Fig. 26B) all high moleculagight aggregates dissociated
into monomeric PrP molecules (13 kDa) except thmeedi The high stability
against reducing heat denaturation indicates a rdiomnation via covalent
cross linking rather than via intermolecular digldfbonds, as it is suggested for
the high molecular weight aggregates.

Monitoring the MCO-induced secondary structure ¢gesnofv-hPrP121-231
andwild typehPrP121-231 on the pathway of aggregation appli¢ing
spectroscopy revealed that all proteins exhibitggaral a-helical secondary
structure characterized by two pronounced minin20&nm and 222 nm before
aggregation. In the coursewhPrP121-231 aggregation, the CD signal
corresponding ta-helical fold did not change up to 30 min. of MCO,
confirming the enhanced stability of the variardgtpm (Fig. 27). After 30 min.

of MCO, no CD signal was detected. Also the inceea$-sheet specific signal
was not observed. In contrast, within the first mdénof MCO the CD spectra of
thewild typehPrP121-231 significantly changed into a flatteoed/e

characterized by single minimum at 215 nm, typioal -sheet structure.
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Fig. 26: Non reducing (A) and reducing (B) SDS-PA&talysis (15%) of the-hPrP121-231
aggregates formed by MCO. The aggregated proteiese wellet down by
centrifugation and resuspended in 5 mM sodium &zqiéd 5.0. An appropriate
amount of the suspension was mixed with sampleebuaifiid incubated at 95 °C for
10 min.. (M): Page ruler unstained protein mark€j: v-hPrP121-231 incubated for
the indicated time periods in the absence of cofqmarttrol). (E): EDTA.
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Fig. 27: Far-UV CD spectra monitoring the secondsdrycture change othPrP121-231 and
wild type hPrP121-231 on the pathway of MCO. Aliquots (44)Mffered at pH
5.0 were incubated with at 37 °C for different time periods. After remowélthe
copper metal, the samples were centrifuged andubernatants were analyzed by

CD spectroscopy. All measurements were performe20DatC using 0.1 mm path
length cuvette and 100 nm/min. scan speed.
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The DLS analysis of-hPrP121-231 revealed that the variant PrP possesse
monodisperse behaviour in the reaction buffer Ieefoaggregation,
predominantly consisting of its monomeric form, asdicated by a
hydrodynamic radius of 1.69+0.48 nm. The determihgdrodynamic radius
was in a good agreement with the theoretical vata&ulated from the
molecular mass, assuming a roughly globular shdpieo molecule. During
aggregation, particularly within the first minuté iacubation,v-hPrP121-231
formed a soluble oligomer with a hydrodynamic radafi 17.3 £ 2.68 nm. This
oligomer persisted in the reaction mixture up to 8. of incubation. The
recorded CD spectra of the soluble oligomer in@dati-helical fold
characterized by double distinct negative minim2@8 and 222 nm (Fig. 27).
Conversely, thevild typehPrP121-231 aggregated without formation of s@ubl
oligomeric intermediates. Instead, high molecularght heterogenic aggregates
of more than 100 nm in radius appeared in solutibhese aggregates
immediately disappeared by centrifugation, resgltin appearance of the

corresponding monomeric peak.

3.3 Oxidative induced conversion of hPrP121-231 M®4 and mPrP120-230
M129T

To assign the observed reduced MCO-induced aggoegé&ndency ofv-
hPrP121-231, carrying the mutations M129S, M13435486, M166S, and
M213S to specific Met residues, the stepwise sulistn of the surface exposed
Met residues is finally required. In this study #estematic replacement starts
with the mutation of M129 against Thr in both hunzard mouse prion proteins,
followed by an investigation of the oxidative-indacconversion of the M129T
mutant. Met at position 129 is the site of polyntogmn in several species and

therefore of specific interest.
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3.3.1 Mutation, cloning, and recombinant expression

Mutation of Met at position 129 into Thr was perfad by site directed
mutagenesis of the recombinant C-terminal domaihurhan and mouse PrP.
The primers hPrP-M129T and mPrP-M129T were contdudo induce a
specific point mutation in the PrP gene. The exgubohutation was generated at
an annealing temperature of 55 °C and 12 cyclesyp$u DNA polymerase for
high fidelity amplification. Sequencing the DNA frothree selected colonies of
each construct identified two plasmids.with theuregd mutation (pRSETA-
hPrP121-231-M129T and pRSETA-mPrP120-230-M129T).

Expression and purification of hPrP121-231 M129d anPrP120-230 M129T
were performed according to the established proéticithe associatedild type
prion proteins. Again only insoluble inclusion besliwere obtained. Strong
protein bands with an apparent molecular weighamdrox. 17 kDa appeared
after 2h of expression at 37 °C (Fig. 28). Thetgwand the complete proteolytic
cleavage of the N-terminal His tag using factor Was confirmed by SDS-
PAGE analysis. Pure protein bands appeared atxjpected molecular weights
of approx. 17 kDa, representing the His tag pret@nd 13 kDa, corresponding
to the mature recombinant PrPs (Fig. 29). Protemmcentrations were
determined by absorbance at 280 nm using the edézllmolar extinction
coefficiente,g = 16,515 M cmi* for hPrP121-231 M129T angg, = 22,015 M*
cm* for mPrP120-230 M129T.
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Fig. 28: Non-reducing SDS-PAGE analysis of the nelsmant expression of (A) hPrP121-231
M129T and (B) mPrP120-230 M129T. Samples of thederd. coli extract were
separated using a 15% SDS gel. (M) Page ruler imestgrotein marker. The time of
expression is indicated above the gel. All protéiage been stained by coomassie dye.
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Fig. 29: Non-reducing SDS-PAGE (15%) analysis @& furification of (A) hPrP121-
231 M129T and (B) mPrP120-230 M129T. Lane 1: redoart His tag PrP
(~17kDa). Lane 2: the recombinant mature PrP afemavage of the N-terminal His
tag (~ 13 kDa). (M): Page ruler unstained proteisrkar. All proteins have been
stained by coomassie dye.

The secondary structure of the recombinant vapasteins was investigated by
CD spectroscopy (Fig. 30). The results showedlib#t proteins predominantly
consist ofa-helices characterized by two negative minima & 8t and 222

nm, highly similar to the spectra of the associatéd typeproteins.

6 - —  wt-hPrP121-231
5 e - - hPrP121-231 M129T
4 - \ \\_ —  wt-mPrP120-230
3 v - - mPrP120-230 M129T

[O] x 10° (deg cm® dmol™?)
|_\

-2* %’m ‘&m-//

190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 30: Far-UV CD spectra of recombinant hPrP121-M129T and mPrP120-230 M129T
compared to thewild type proteins hPrP121-231 and mPrP120-230. CD-spectra
were recorded on samples containing a protein cdraten of 0.1 mg/ml in 5 mM
sodium acetate buffer (pH 5.0). All measurementsevearried out at 20 °C in a 0.1
mm path length cuvette using a scanning rate ofib@®nin..
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3.3.2 Structural conversion by metal catalyzed oxation (MCO)

The effect of the mutated surface exposed Met wesidt position 129 of
hPrP121-231 M129T and mPrP120-230 M129T in termsexadative-induced
aggregation was investigated by MCO. Protein sas@ld uM) buffered in 5
mM sodium acetate (pH 5.0) were incubated at 3ih%8e presence of Cior
different time periods (1-90 min. for hPrP121-231 24T and 1-180 min. for
mPrP120-230 M129T). Following a separation of pwation and high
molecular weight aggregates by centrifugation, rdm@aining concentration of
the soluble PrP was determined as a marker forrdte of conversion and
aggregation (Fig. 31). The results indicated that?121-231 M129T displayed
a significant resistance towards oxidative aggtiegafFig. 31A). hPrP121-231
M129T aggregated at a lower rate than Wikl type protein resulting in an
increased half life of approx. 3-fold’y(, = 8 min.) at the applied conditions
compared to that ofvild type hPrP121-231 Ty, = 3 min.), indicating a
significant impact of Met 129 to the oxidative aggation of human PrpP.
Compared to the aggregation rate \ehPrP121-231 T;», = 24 min.), the
aggregation rate of hPrP121-231 M129T was obviouslseased by approx. 3-
fold. Moreover, MCO of hPrP121-231 M129T was accamed by formation
of only marginal precipitation. In the absence aof Qcontrol), no aggregation
has been observed. The monomeric PrP moleculesmednstable and soluble
up to 60 and 90 min. fowild type hPrP121-231 and hPrP121-231 M129T,
respectively. Surprisingly, no difference in theyegation rate of mPrP120-230
M129T and itswild typeform was observed (Fig. 31B). The correspondinf ha
life times at the applied conditions were determiteebeT;, = 15 min. for both
proteins. In the absence of Tuno aggregation has been observed. The
monomeric PrP molecules remained stable and solybk® 180 min. for both
mPrP120-230 M129T analild typemPrP120-230 PrP.
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Fig. 31: Time-resolved monitoring of the vitro aggregation of (A) recombinamiild type
hPrP121-231, hPrP121-231 M129T, antdPrP121-231, as well as (Bjild type
mPrP120-230 and mPrP120-231 M129T induced by MGGel aliquots (44uM)
buffered at pH 5.0 were incubated in the presemckia the absence (control) of
CW® at 37 °C for the indicated time periods. After oxal of the copper pellet, the
protein samples were centrifuged and the remaiftng concentrations in the
supernatants were determined. Error bars représestandard deviations.
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The aggregates of hPrP121-231 M129T and mPrP120vA®T formed by
MCO and isolated from the supernatants by centiiog were used for
structural characterization. Non-reducing SDS-PA@aalysis showed the
persistence of the dominating monomeric PrP bapds 60 min. of incubation
for both hPrP121-231 M129T (Fig. 32A) and mPrP130-81129T (Fig. 32C).
Within the first 10 min. of MCO, additional bandppeared characterized by
molecular weights of approx. 26 kDa and 39 kDa amwde than 116 kDa. The
26 kDa and 39 kDa protein bands are attributedh& dimeric and trimeric
forms of the variant proteins. Again the dimer thgpd a high resistance
against the reducing conditions of the SDS-PAGEwad as against heat
denaturation (Fig. 32B and D). However, the triraed the high molecular
weight aggregates dissociated into the monometit (BB kDa), indicating a
covalent cross-linking mechanism rather than intdecular disulfide bonds for
dimer stabilization. The latter is suggested fa thmeric form and the high
molecular weight aggregates of the variant proteisreover, under reducing
conditions additional band appeared characterized lmolecular weight of
approx. 15 kDa, which is attributed to the alten@tconformations and/or
denaturation states of monomeric PrP molecules.

Monitoring the MCO-induced secondary structure gesnof hPrP121-231
M129T and mPrP120-230 M129T on the pathway of aggjren revealed that
all proteins exhibited a typical-helical secondary structure characterized by
two pronounced minima at 208 nm and 222 nm befgggemation. Within the
first minute of MCO the CD spectra of tisld typehPrP121-231 significantly
changed resulting in a flatteneptsheet curve characterized by specific
minimum around 215 nm (Fig. 33A). Conversely, withhe first minute of
MCO the shape of the CD signal corresponding-keelical fold of hPrP121-231
M129T did not change, however the intensity waghsly decreased (Fig. 33B).
After 5 min. of MCO, no CD spectra have been obseror bothwild typeand
variant human PrP. Interestingly, in the course naPrP120-230 M129T
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aggregation (Fig. 34A), the dichroic signal corsging toa-helices at 208 nm
and 222 nm did not change up to 10 min. of MCOit &gas also observed for

the

wild typeprotein (Fig. 34B). Contributions of flasheet specific signal were

not revealed, confirming the resistance of moude ®wards MCO-induced
aggregation. After 20 min. of MCO, almost no CDmsibhas been detected for

both proteins.
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Fig. 32: Non-reducing (A/C) and reducing (B/D) SBPAGE analysis (15%) of hPrP121-231

M129T (A/B) and mPrP120-230 M129T (C/D) aggregdtmsned by MCO. The

aggregated proteins were pellet down by centrifogat separated from the
supernatant and resuspended in 5 mM sodium acptat®.0. An appropriate

amount of the suspension was mixed with sampleebuaifiid incubated at 95 °C for
10 min.. (M): Page ruler unstained protein marke): hPrP121-231 M129T and
mPrP120-230 M129T incubated for 60 min. in the abseof copper (control).
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Fig. 33: Far-UV CD spectra monitoring the secondsrycture change of (A) hPrP121-231
M129T and (B)wild typehPrP121-231 on the pathway of MCO. Aliquots (44)uM
buffered at pH 5.0 were incubated with®Gu 37 °C for different time periods. After
removal of the copper metal, the samples were ibegesd and the supernatants
were analyzed by CD spectroscopy. All measuremenet® performed at 20 °C
using 0.1 mm path length cuvette and 100 nm/memn speed.

DLS analysis at the beginning of MCO-induced aggtegq confirmed the

monodisperse behaviour of the variant prion prastam the reaction buffer,

predominantly consisting of molecules characteriagchydrodynamic radii of

1.90£0.1 nm and 1.86+0.26 nm for hPrP121-231 M1a8d the mPrP120-230
M129T, respectively. These radii were close tottledretical values calculated
from the molecular masses (1.78 nm for both hPrR2A1 M129T and

mPrP120-230 M129T), assuming a globular shapeeoirblecules.
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During MCO, both hPrP121-231 M129T and mPrP120-R3POT aggregated
without formation of soluble oligomeric intermediat Like theirwild type

proteins, heterogenic high molecular weight aggegaf more than 100 nm
were present in solution that immediately disappe@aafter centrifugation

followed by appearance of the monomeric peaks.
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Fig. 34: Far-UV CD spectra monitoring the seconddrycture change of (A) mPrP120-230
M129T and (B)wild typemPrP120-230 on the pathway of MCO. Aliquots (44)uM
buffered at pH 5.0 were incubated with®Gu 37 °C for different time periods. After
removal of the copper metal, the samples were ibegesd and the supernatants
were analyzed by CD spectroscopy. All measuremenet® performed at 20 °C
using 0.1 mm path length cuvette and 100 nm/mem speed.
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3.4 Effect of p-cyclodextrin on the oxidative induced conversion of the C-
terminal domain of mouse and human prion proteins.

B-cyclodextrin (3-CD) has been successfully used by the pharmaeéutic
industry with respect to its complex-forming awl{tL62). This ability is due to
the structural orientation of the glucopyranosetayniwhich generate a
hydrophobic cavity that can facilitate the encagsah of hydrophobic moieties.
Recently, a non-cytotoxic concentration ®CD has been reported to remove
the infectious PrP isoform in scrapie infected neuroblastoma (ScN&l)
cultures (138). In additior§-CD has the ability to reduce the toxic effectpof
amyloid protein (residues 1-40) associated withhAlmer's disease in cell
cultures (139). Therefore, the impacts€D on thein vitro oxidative-induced

conversion of PrP was investigated.

3.4.1 Structural conversion induced by metal cataked oxidation (MCO)
Protein samples aokild typemPrP120-230 and hPrP121-231 (44 uM) buffered
in 5 mM sodium acetate (pH 5.0) were incubatedhenpgresence and absence of
CW at 37 °C for different time periods (from 1-180nmior mPrP120-230 and
from 1-90 min. for hPrP121-231), partly supplemeéniath 3-CD. The ratio of
PrPB-CD was adjusted to be 1 to 10. Following a separaif precipitation and
high molecular weight aggregates by centrifugatiba,remaining concentration
of soluble PrP in the supernatant was determined asarker for the rate of
conversion and aggregation. The results showedirthtite presence di-CD
both mPrP120-230 (Fig. 35A) and hPrP121-231 (FigB)3displayed a
significant enhanced stability against oxidativdtioed aggregation by MCO.
The corresponding half life times of both proteimshe presence @-CD (T,
increased by approx. 3-fold (frof,, = 15 min. toTy = 45 min. for mPrP120-
231 and fromTy, = 3 min. toTy)* = 10 min. for hPrP121-231). In the absence of
Cu, no aggregation has been observed. The monomé&imBlecules remained
stable and soluble up to 180 and 90 min. for mPOFP23D and hPrP121-231,
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respectively. During MCO of hPrP121-231 marginakgppitation has been
observed, whereas the solution of mPrP120-230 wWwassa clear during the
entire incubation period.
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Fig. 35: Time-resolved monitoring of the effect D on thein vitro aggregation of the
recombinant C-terminal domain of (A) mPrP120-23d &8) hPrP121-231 induced
by MCO. Protein aliquots (44uM) buffered at pH #&€re incubated in the presence
and in the absence (control) of Cat 37 °C for the indicated time periods. The ratio
of PrPB-CD was adjusted to be 1 to 10. After removal giper pellets, the protein
samples were centrifuged and the remaining PrPecdrations in the supernatants
were determined. Error bars represent the stardbavidtions.
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The change in the secondary structure of the mRR2BR and hPrP121-231
induced by MCO in the presence as well as in theemde off-CD was
monitored by far-UV CD spectroscopy. At the begngnall proteins exhibited a
mainly a-helical fold also in the presence®fCD, characterized by two distinct
minima at 208 nm and 222 nm. Since the isolatedeproaggregates are
insoluble, no CD spectra have been obtained. Thiblgofractions of mPrP120-
230 showed in the presence€D a significant enhancement in thdelical
content. The CD spectra typical fethelical structures (minima at 208 and 222
nm) did not change and persisted up to 30 min. QM After 60 min. of
incubation thetypical a-helical signal significantly changed resultingairweak
flattened curve characterized by a specific simgl@mum at approx. 200 nm, a
characteristic for random coil structures (Fig. 36owever, n the absence of
B-CD, thea-helical signal of the soluble fraction of mPrP 1280 persisted only
up to 10 min. of incubation (Fig. 36B). The intdépsof the CD spectra of
mPrP120-230 was markedly decreased after 60 miklG®D in the presence of
B-CD as well as after 20 min. of MCO in the absepn€g-CD. A B-sheet
specific signal was not observed.

In contrast, thei-helix CD signal of the soluble hPrP121-231 fractpersisted
up to 1 min. of MCO in the presence®BCD. Within the first 5 min. of MCO,
both the shape and the intensity of the CD spesigaificantly decreased
resulting in a flattened curve, which is assigneé tmixture ofa-helix andp-
sheet structures (Fig. 37A). After 10 min. of inatibn, no CD spectra have
been detected. However, in the absenc@-6D, particularly within the first
minute of MCO, the typicak-helical signal transformed into a flattengdheet
curve characterized by a specific minimum at 215(fig. 37B), indicating a
slight stabilization effect of-CD in terms ofa—f structural conversion of
human PrP induced by MCO.
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Fig. 36:Far-UV CD spectra monitoring the secondary strectirange of mPrP120-230 (A)
in the presence and (B) in the absenc@-@D on the pathway of MCO-induced
aggregation. Aliquots (44 uM) buffered at pH 5.0revincubated with Cliat 37 °C
for different time periods. The ratio of PBRCD was adjusted to be 1 to 10. After
removal of the copper metal, the samples were ibegexd and the supernatants
were analyzed by CD spectroscopy. All measurememrt® performed at 20 °C
using 0.1 mm path length cuvette and 100 nm/memn speed.
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Fig. 37:Far-UV CD spectra monitoring the secondary strctirange of hPrP121-231 (A) in
the presence and (B) in the absencg-GD on the pathway of MCO. Aliquots (44
M) buffered at pH 5.0 were incubated with®@m 37 °C for different time periods.
The ratio of Pri-CD was adjusted to be 1 to 10. After removal eftbpper metal,
the samples were centrifuged and the supernatamie vanalyzed by CD
spectroscopy. All measurements were performed 4C20sing 0.1 mm path length
cuvette and 100 nm/min. scan speed.

103



Results

DLS analysis revealed that in the presencg-GD the monodisperse behaviour
of the prion proteins is not affected. However ktyelrodynamic radii of both
proteins significantly increased by approx. 1.5f@rom 1.98+0.1 to 2.4+0.31
nm for mPrP120-230 and from 1.94+0.09 to 2.81+MB8for hPrP121-231). In
the course of MCO, hPrP121-231 aggregated withoutndtion of soluble
oligomeric intermediates. Only high molecular weigbterogenic aggregates of
more than 1 uM were formed in solution during thieole incubation period.
These aggregates immediately disappeared from dhetion mixture after
centrifugation, resulting in appearance of the nmo@ac peak. In contrast,
within the first minute of incubation mPrP120-23firhed a soluble oligomer
characterized by a hydrodynamic radius of 4.57+®86(0?%) that persisted
in solution up to 20 min. of MCO. Subsequentlyeamd soluble oligomer with
a hydrodynamic radius of 28.03+6.28 nm'{%) appeared within the first 30
min. of MCO. 3% persisted in the reaction mixture up to 60 minMgO.
Investigating the secondary structure of theseoalgrs by CD spectroscopy
revealed that these molecules consist of a mixa@rehelices and random coil
structures (Fig. 36A).

3.4.2 Characterization off-CD binding to prion proteins

To analyze the molecular basis of the inhibitofgetf of 3-CD on the oxidative-
inducedin vitro aggregation of PrP and to obtain first structumaight into the
formed complex, recombinant mPrP120-230 and hPrR2B21was investigated
in the presence and in the absenc@-@D using small-angle X-ray scattering
(SAXS) techniques. The ratio of PBRCD was again adjusted to be 1 to 10. In
the absence ¢f-CD the radius of gyration (JRof the monomeric PrP molecules
was determined to be 1.83+0.02 nm and 1.80+0.0ZarnmPrP120-230 and
hPrP121-231, respectively. The determinggdaRd the associated molecular
masses (13 kDa) of the proteins were in good ageaemvith those that have
been obtained from DLS measurements (1.98£0.1 mmmierP120-230 and
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1.94+0.09 nm for hPrP121-231). In the presencf-GD, the recorded SAXS
curves significantly deviate from the samples ia #tosence ¢-CD (Fig. 38),
indicating differences in the overall shape anthm size of the molecules. The
corresponding Rof the recombinant proteins slightly decreasedultag in
values of 1.66+0.01 nm for mPrP120-231 and 1.6&-0u® for hPrP121-231.
This effect could indicate that the structure offbproteins is more compact in
the presence op-CD. However, also a co-existence of free unbofrdD
together with the prion proteins in solution is gibke, which would result in a

reduced averagey;Ralue.

Log |

PrP + B-CD

Monomer

1.0 2.0 3.0 4.0 [9]

Fig. 38: Comparison of small-angle X-ray scattermgves of the C-terminal domain of
human PrP in the presence as well as in the abseh@CD using protein
concentration of 2.9 mg/ml buffered in 10 mM Tri&HoH 8.0. The ratio of PrB/
CD was adjusted to be 1 to 10. Data were recordauguMAR345 image plate
detector at a sample-detector distance of 2.7 maandvelength ok = 0.15 nm
covering the range of momentum trans&fom 0.08 to 5 nm.

Table 2: R values of both mPrP120-230 and hPrP121-231 resuftem SAXS
measurements in the presence and in the absefie€bf

Protein R (nm)
mPrP120-230 1.83+0.02
mPrP120-230 ($-CD) 1.66+0.01
hPrP121-231 1.80+0.02
hPrP121-231 (8-CD) 1.66+0.03
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Since the SAXS technique is not appropriate tordetes, whether a complex is
formed in solution, the binding affinity ¢f-CD to the recombinant hPrP121-
231 was analyzed by surface plasmon resonance (3RR)related sugars:-
cyclodextrin ¢-CD) and cellobiose have been included in this stigation to
analyze the binding specificity of different sugdos PrP. The recombinant
protein (1 uM) buffered in 5 mM sodium acetate (M) was immobilized on
the surface of a CM5 sensor chip by binding toatievated layer of the dextran
matrix. The free binding sites of dextran that weat occupied with proteins
have been blocked with ethanolamine. Analysis ef 3R data revealed that
hPrP121-231 did not specifically bifidCD (Fig. 39). The dissociation constant
(Kp) of B-CD was determined to be 19 mM for hPrP121-231. il8iiy,
Cellobiose showed non specific binding to the reoiolent protein (i = 16
Mm), whereas no affinity foa-CD to hPrP121-231has been observed.
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Fig. 39: Binding off-CD to the immobilized recombinant C-terminal domaif hPrP121-
231. Protein (1uM) buffered in 5 mM sodium acetalte 5.0 was immobilized on
the surface of CM5 sensor chip by binding to thievated layer of dextran matrix
using a flow rate of 20 pl/min.. The unoccupiecefl@nding sites of dextran were
saturated with 1 M ethanolamine for 15 min. usirilp@a rate of 10 pl/min..
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3.5Summary and comparison of the obtained results

The results obtained for the oxidative induced eggtion of the recombinant
C-terminal domain and specific mutants of mouse laumdan prion proteins by
MCO as well as by UV radiation are summarized ibl&a3. The mutanv-
hPrP121-231 showed the highest stability againstOMi@luced aggregation,
which is accompanied by formation of soluble oliggm intermediates
dominated bya-helical fold. In contrast, hPrP121-231 was the tmabile
protein characterized by rapid aggregation ane3 structural conversion. At
pH 7.4 hPrP121-231 was the most resistant protgamnat oxidative damage
induced by UV radiation, only soluble oligomeri¢carmediates characterized by
a p-sheet dominated fold were formedild-type mPrP120-230 and hPrP121-
231 share about 90% overall sequence identity. Mewyen terms of residues
sensitive to oxidation, hPrP121-231 possesses ddiéiamal His compared to
mPrP120-231, while Trp is completely absent. Indberse of MCO mPrP120-
230 exhibited increased stability against oxidatnduced aggregation than
hPrP121-231. The aggregation of mPrP120-230 wasngmanied by the
persistence of the-helical fold in the soluble fraction. Conversefgy UV
irradiation at pH 7.4, mPrP120-230 was charactdrizg a rapid aggregation
rate compared to hPrP121-231, which was accompdnyetbrmation off-
oligomeric intermediates. The presencg3«€D increased the stability of both
mPrP120-230 and hPrP121-231 against MCO-induceceggtion by a factor
of approx. 3. While mPrP120-231 formed soluble aingric intermediates in
the presence of-CD, predominantly consisting of a mixture efhelix and
random coil structure, hPrP121-231 was directe®d ilsirge heterogeneous

aggregates.
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Table 3: Summary of the results obtained for oxwdainduced aggregation of hPrP121-231
and mPrP120-230 prion proteins as well as theiantst

Prion

wild type

hPrP121-231

v-hPrP121-231

wild type

mPrP120-230

hPrP121-231 M129T mPrP120-230 M129T
Numbgr of Met 7 6 2 7 6
residues
Numbt_ar of His 4 4 4 3 3
residues
Number of Trp
; - - - 1 1
residues
Number of Tyr 11 11 11 11 11
residues
Ty MO 3 min. 8 min. 24 min. 15 min. 15 min.
LN 47 min - - 10 min -
(pH 5.0) ' :
Ti UVirans p) ] ]
(pH 5.0) 3.2 min. - - 3.6 min. -
T, UV ag 80% remained
(l/f-| 7.4) at the end of - - 45 min. -
PR 7. irradiation time
T UV irans . .
(pH 7.4) 182 min. - - 7.8 min. -
T,,MCO B-CD 10 min. - - 45 min. -
cbMe@ B-sheet a-helix a-helix a-helix a-helix
cpYvpHs0 random coil - - random coil -
cpUveH74 B-sheet - - B-sheet -
mixture of a- heli d

CD McopcD helix andp- - - a-nelix and -

sheet random coil

Ry %™ (nm) 1.94+0.09 1.90+0.1 1.69+0.48 1.98+0.1 1.8860
hﬁ_terogenlc heterogenic high . (© heterogenic high| heterogenic high

MCO igh MW Sol. olig.

Ry (nm) agareqates > MW aggregates 17 3+2 68 MW aggregates| MW aggregates
99 h ogo > 100 R > 100 > 100
covalently covalentl

UV pH 5.0 cross-linked . y
Ry (nm) high MW - - cross-linked high -
aggregates MW aggregates
sol. olig. sol. olig.
Ry WYPHT4 (nm) 8.31+0.35 - - 13.89+0.19 -
27.73+5.29
heterogenic sol. olig
RyMOPFCP (nm) |  aggregates - - 4.75+0.55 -
>1uM 28.03+6.25
Rg (nm) of 1.80£0.02 - - 1.8320.02 -
monomer
Ry ¥ P (nm) 1.66+0.03 - . 1.66+0.01 -

®agg., aggregatioftrans., transmissiof’sol. olig., soluble oligomer.
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4. Discussion

4.1 Motivation

The aim of this study was the identification of tkey amino acids within the
surface exposed methionine (Met) residues that kasgnificant contribution
to the oxidative conversion and aggregation prooégsion proteins. Histidine
(His) residues were also reported to be susceptibleoxidation and are
suggested to participate in the transformation gsscby which PP is
converted to the infectious PfRsoform (116, 123). However, Met is reported
to be the most sensitive amino acid towards oagatty ROS (116, 129).
Oxidation of Met residues to Met-sulfoxides hasignificant impact on the
function, structure, assembly, and solubility obteins (110, 111). If Met
residues are impeded in the hydrophobic core optb&ein molecule, they may
be less or not susceptible to oxidation (119). drms of neurodegeneration
oxidized Met residues were detected in ®mRolecules deposited in the brain
(163) as well as in senile plagues consisting ofylait- peptide (48)
associated with Alzheimer’s disease (128). PrRoissitlered to be an excellent
target for oxidation with respect to the high numbkeMet residues, particularly
the surface accessible ones. Most of the surfagesexi Met residues of the PrP
molecule are localized in the folded C-terminal damMoreover, the structural
differences between PrRaind PrB° are only restricted to the folded C-terminal
part of the protein, which adopts arhelical structure in PfPand possesses a
multimeric p-sheet structure in PPP (71, 129). The formation op-sheet
enriched oligomers (116) as well as of extensivgregation of the recombinant
PrP followed by precipitation (122, 129) was alreattributed to the oxidation
of Met residues. However, the direct correlationtte Pr®—PrP>° structural
conversion to a site-specific Met oxidation was mstablished so far. To
investigate the role of the surface exposed Meatlues in the oxidative induced
conversion process of PrP, the C-terminal domaimadise (mPrP120-230) and
human (hPrP121-231) PrP have been cloned and recantly expressed.
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The detailed mechanism of the autocatalytic coneerof PrP into the
infectious Prf* isoform is still unknown. Oxidative stress hasrbéaplicated

in the prion pathogenesis (145, 146). Consequesdyeralin vitro oxidation
systems such as ,8, (122), sodium periodate (129), and metal-induced
oxidation (122, 164) were applied to study the akice aggregation behaviour
of PrP. In this study, two different methods haeerpbused. Ale novocell free
conversion assay has been established in our gimugtudy the oxidative
aggregation of PrP induced by metal catalysed twidaMCO). This assay
mimics the physiological increase of the cellulardative stress (116). On the
other hand, growing evidence for a connective ligkween cellular oxidative
stress and the pathological conversion of priortgimo(164) prompted us to
systematically investigate the impact of UVB raiat(302 nm) on PrP at pH
7.4 and pH 5.0. The general mechanisms of UV-indya®tein damage are
already well established and summarized in severaews (154, 165, 166).
Oxidation of a protein structure can be directlydméed via photoionization
processes subsequent to the absorption of theemiciight by protein side
chains. Moreover, additional indirect oxidative daa is frequently induced by
free oxygen radicals and singlet oxygé®.J molecules, which are formed as a
result of electron and energy transfer reactionexafted state species, referred
to as photosensitization mechanisms. Protein dnolsis)g, nonspecific
formation of carbonyl groups, and ring-opening tieas as well as cleavage of
covalent bonds are reported to be the usual chémiresequences of a huge
variety of radical reactions primarily proceedirighee side chains of the protein
structures.

An initial requirement for direct photo-oxidatios the presence of suitable
chromophores. At a wavelength of 302 nm, chromaphproperties can be
assigned only to the aromatic structures of Eg£317 cmi* M) and, to a
lesser extent, of Tyre{o,=41 cm* M™% and His é30,=8 cmi* M™) residues in

purified proteins (167). Because additional exogsnchromophores were not
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present, the structural changes are suggested éodomsequence of complex
intramolecular radical reactions primarily depemdian the amount of the
chromophoric residues and on the number and latadiz of residues highly
susceptible to oxidation, including Trp, Tyr, Pltéis, Met, and Cys residues
(153, 168, 169). Owing to its intriguing propertiegicluding unusual
hydrophilicity as well as intrahelical salt bridgdgelix H1 spanning residues
143 to 153 (in human PrP) has recently receivedntitin as a candidate
segment mediating PrP conversion (170, 171). Almivab-thirds of all
chromophoric amino acids and half of all Met and Hisidues that are present
in hPrP121-231 and mPrP120-230 are located witlimext to helix H1
(Fig.40). Therefore, significant UV light absorpticand subsequent radical
reactions take place in this part of the PrP stinegtcharacterizing this segment
as the predominant target for photo-oxidation. igknto account that the UVB
light penetrates the skin up to the upper dermi®)1a biological impact of
UV-light-induced PrP conversion cannot be ruled. denen if the affected
tissues are of course not the primary sites ofnppathology, they contain
peripheral nerves and muscle fibres that havedrbaen shown to be involved
in the pathways by which infectious prions invadw®oat and spread through the
organism (173). Consequently, a potential contitioutof photo-oxidation
induced by UV light to the formation of infectiob’sP seeds that may propagate
the disease along neuronal pathways has at leds tarefully considered, as
long as the pathogenic events that promote thet @fisporadic forms of TSE
are not identified.
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S1 H1
90 %100 110 120 130 150 160
HsPrP GGGGGTHEQWNKPSKPKT GAAAAGAVVGGLGGYMLGSAMSRPHIHF EDRYYRE RYPNQ
Mm PrP GQGGGTHRQWNKPSKPKT W/AGARAAGAVVGGLGGYMLGSAMSRPQTHFGYDEFDRYYRE RYPNQ
90 * 100 110 120 130 140 * 150
S2 H2 H3
180 190 200 210 220

Hs PrP WYRP'DE:;SNQNNFVHDCVNITIKQHTVTTTTKGENFTETDWMERVVEQMCITQ soayyR--RES
Mm PrP VYYRPD® SNQNNFVHDCV‘NITIKQHWTTTTKGENFTETDVMERVVEQMCWQ SQAY

180 190 200 210 220

Fig. 40: Sequence comparison of hPrP90-230 and &%2B1. Identical amino acids are
highlighted in black, homologous residues in gré&mino acids that exhibit
significant chromophoric properties at a wavelengit802 nm are shown in red.
Tryptophan residues, which represent the primargitiopms of singlet oxygen
generation within the protein structure, are addaily marked with asterisks.
Amino acids that are supposed to act as primagetarfor oxidative damage, e.g.,
histidine and methionine, are in blue. The locaiaf the secondary structure
elements derived from the 3D models of human (PBBec1QMO) and murine
(PDB code 1XYX) prion proteins are schematicallgioated above the sequences.

To investigate the impact of Met residues on th&atwe damage of PrP
induced by MCO and the subsequentp structural conversion, the all surface
exposed Met residues (M129, M134, M154, M166, arlLB) in the globular
C-terminal domain of human PrP have been subditui¢h amino acids that
are less susceptible to oxidation, such as seBee) (or threonine (Thr). Two
additional Met residues, M205 and M206, are preseat hydrophobic cluster
within the prion proteins and are conserved inmadlmmalian species (71).
Moreover, these residues represent a part of tdeopiiobic core of helix IlI
that stabilizes its structural integrity. Substntof Met residues at position 205
and 206 with hydrophilic amino acids such as seand arginine has been
reported to prevent tha vivo folding of the recombinant mutant PrP (129, 174).
Therefore, only the entire surface exposed Metues in the folded C-terminal
domain of human prion protein hPrP121-230 excluddZp5 and M206 have
been replaced with Ser by site directed mutagengkisough Ser is shorter and
chemically different from Met, it retains the helicpropensity as well as the
polarity of the sulfoxidized Met-residues (175, L7bhe detailed correlation of
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the proposed effects to the oxidation of a spebifet residue was planned to be
achieved by systematic stepwise replacement of siindace exposed Met
residues of PrP. In this study the replacementestanith residue Met 129 of
human and mouse PrP by Thr, since Met 129 is tieeodi polymorphism in

several species. This polymorphism affects botleqtsbility to the disease and
the onset of clinical symptoms, particularly foetacquired and sporadic form
of human prion diseases (93, 96). Most of the v@dvell as 80% of the sCJD
cases possess Met-homozygotes (Met/Met) at posit@® (174), whereas
individuals with either heterozygotes Val or Mete acharacterized by the

resistance to the sporadic and the acquired forpmioh diseases (129).

4.2 Impact of Met and His residues on the oxidativenduced aggregation of
prion proteins
Prion diseases have been reported to be assouwidatethetal-induced oxidative
stress that provokes conversion and significantexggion of the protein (123,
125, 177). Recent studies suggested that the oseddamage of PrP is mainly
mediated by Met and His residues (116, 122, 12#4)s Theory was clearly
confirmed within this study. In general, the raté axidative induced
aggregation strongly depends on the amount of tiaaacids Met and His. It
was revealed that the prion proteins were strutyuadfected depending on (i)
the applied conversion system, (ii) the pH valu¢hefreaction buffers, and (iii)
the sequence of the particular PrP construct. Twthvpays of structural
conversion and aggregation have been observedllyfinasulting in the
formation of solublep-sheeted PrP oligomers as well as in a complete
denaturation and precipitation of covalently crtisked prion proteins.
The results of MCO-induced conversion and aggregaif the recombinant C-
terminal domain of mPrP120-230 and hPrP121-231 werapared with the
already investigated prion proteins mPrP89-230 amdrP90-231 that

additionally comprise a part of the unstructuredeNminal domain. Both C-
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terminal domains aggregated at significantly higtse than mPrP89-230 and
hPrP90-231. Compared to hPrP90-231,(F 30 min.) and mPrP89-230 (J=
180 min.), the half lives of hPrP121-231, 4= 3 min.) and mPrP120-230 (I

= 15 min.) were decreased by approx. 10-fold andol® respectively. This
indicates that at least for the applied assay,NHerminal domain provides a
protective effect towards oxidative-induced aggtegaof PrP by MCO. This
protective effect could be established via oxidaid the surface exposed Met
(109/112) and His (96/111) residues in the unstmect N-terminal domain of
PrP by ROS generated in the MCO assay and subdggukstreasing the
oxidation of the accessible Met/His residues inftlded C-terminal domain of
PrP. These results were consistent with that rgceniblished by Nadakt
al.(125). Hydroxyl radicals generated by Cu(ll) canaded to the octarepeat
region (residues 58-91) of mouse PrP oxidized ddly 96/111 and Met
109/112 residues close to the site of copper bgndim contrast, Met and His
residues that are localized in the folded C-terindwamain were not affected.
Consequently, these results also suggested théZA+230) is more susceptible
to oxidation than PrP(90-230). The increased aggi@gy rate of hPrP90-231
compared to mPrP89-230 can be ascribed to thermresd# two additional Met
residues at positions 109 and 112 in the humansBgRence (Fig. 40). Along
with Met, His is one of the most sensitive aminmadn terms of oxidation. The
C-terminal domains hPrP121-230 and mPrP120-230asoit Met residues as
well as 4 and 3 His residues, respectively. Theegfihe reduced His content of
mPrP120-230 explains its lower aggregation ratepaoed to hPrP121-231. The
half life time of mPrP120-230 increased by a faabb compared to that of
hPrP121-231.

In this study, the structural damage of PrP moksly UV radiation was
assigned to contributions of both direct and indiggrotein oxidation including
photoionization mechanisms and ROS, respectivebywéver, the extent of the

respective mechanism significantly differed depegdin the applied pH value.
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If identical conditions have been applied during Wkadiation of mouse and
human PrP, only the reaction rate is affected leysgpecies. Two different pH
values were applied during UV irradiation of theteins, the physiological pH
of 7.4 as well as pH 5.0, which represents the ifeaid conditions within
endocytotic vesicles and lysosomes. Even if thectegabcellular structure of
PrP° formation is not clearly determined so far, presiostudies have
mentioned the importance of the late endocytic dgsmal compartment of
infected cells for the manifestation of neurodegaine diseases (178). At pH
5.0 significant contributions of ROS to the UV-ltghduced structural damage
were detected in this study in addition to the digghoto-oxidation mechanism.
ROS are powerful oxidants that can not only oxidiee side chains of specific
amino acids, particularly Trp, His, Tyr, Met, angyCresidues, but also can
oxidize the back bone of the polypeptide chain thedds to protein
fragmentation (117, 154, 166, 167). Therefore, fmmeration of ROS s
supposed to enhance the oxidative damage of thenBlétules. Consequently,
the significant increase of the aggregation ratan®fP120-230 compared to
hPrP121-231 at pH 5.0 can be ascribed to the presehadditional Trp at
position 144 in the mouse PrP sequence, which septe the primary position
of 'O, generation within the protein structure. At pH, odly contributions of a
direct photo-oxidation process are indicated, withanvolving ROS.
Consequently, the outstanding low aggregationohtéPrP121-231 at pH 7.4 is
proposed to be directly linked to the absence qf Tesidues, the major
chromophores at the applied wavelength (179). Tilesemce of an additional
Trp (W144) and Tyr (Y154) residue in the sequerfcmBrP120-231 obviously
increased the aggregation rate. This effect is cupep by the additional Met
residue at position 137, which has previously begslicated as species barrier
amino acid, identified between mouse and humaraBgPegation (122, 180).
The strong protective effect of ascorbic acid oe #tructural integrity of
mPrP120-230 at pH 5.0 was largely attributed tdutection as a competitive
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guencher of the incident UV light rather than toadical scavenging activity,
because ascorbic acid strongly absorbs UV radidfi8f). This is confirmed by
a completely blocked transmission of the laser bdhmugh the cuvette
containing a mixture of mPrP120-230 and ascorhit egen at the beginning of
the irradiation experiments.

Following replacement of the surface exposed Msidtes in the folded C-
terminal domain of human PrP with Ser residues, réfelding time ofv-
hPrP121-231 after recombinant expression was isetkdy a factor of 2.5
compared to that of theild type form. However, investigating the secondary
structure ofv-hPrP121-231 by CD spectroscopy revealed a hightylas, but
not identical secondary structure compared to tfathe wild type protein.
Serine, threonine, and to a lesser extent, aspamticglutamic acid as well as
their amides have been reported to affect the dedicucture of proteins due to
their tendency to access the surface of protei2)(IConsequently, the slight
decrease in the-helical content of-hPrP121-231 revealed by CD spectroscopy
compared to thewild type form can be assigned to the polarity of the Ser
residues. The high stability ofhPrP121-231 towards the oxidative-induced
aggregation by MCO is directly related to the medasurface exposed Met
residues. The halfe life of the variant protein,{ ¥ 24 min.) was increased by
approx. 8-fold compared to that of théld type protein (T, = 3 min.). Our
results are comparable with that of Wolscheeal (129). This group showed
that the replacement of the entire Met residueszcdbmbinant full length PrP
(residues 23-231) by the non oxidizable Met-anadogwrleucine (Nle)
exhibited significant resistance against oxidatma subsequent conversion by
periodate. The persistent ability athPrP121-231 to aggregate following
oxidation even after mutation of all surface expb#éet residues reflects the
importance of the other sensitive amino acids sashHis and Tyr for the
conversion process of PrP, which cannot be negle&es a result it can be
concluded thatv-hPrP121-231 represents a reliable model that wosfithe
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proposed important role of the surface exposed mdgidues in the oxidative
damage of PrP.

The presence of Met 129 polymorphism in human Rx® been linked to the
late onset of sCJD compared to patients exhibiglme at position 129 of the
PrP sequence by decreasing the conversion rateateddby ROS under
oxidative stress (126, 183). Conversely, Met 128 haen mentioned to be
located in a specific region of PrP that mediatsstriansformation into the
infectious Prf° isoform (122, 163). In this study it was shown tthiae
individual substitution of Met 129 with Thr in tl&-terminal domain of human
PrP (hPrP121-231 M129T) resulted in a significaatngof stability of the
variant protein against oxidative-induced aggregaby MCO. The half life of
hPrP121-231 M129T (J; = 8 min.) was 3 times higher than that of thid

type form (Ty, = 3 min.). The increased aggregation rate of hPIPZB1
M129T compared to that efhPrP121-231 is clearly correlated to the presence
of four additional surface exposed Met residues 3H1M154, M166, and
M213) found in the sequence of hPrP121-231 M129esE results lead to the
conclusion that Met 129 represents one of the hotssinvolved in the sporadic
conversion of cellular PfP Although mouse and human PrP share about 90%
sequence identity, no difference in the aggregabeinaviour of mPrP120-230
M129T and itswild type mPrP120-230 has been observed. One possible
explanation could be that mouse PrP is more resistavard individual Met
substitution oxidation due to the low His contehind®rP120-230 (3 His) than
hPrP121-231 (4 His) that reduces the susceptibiidy oxidative-induced
aggregation by MCO.
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4.3 Structural consequences of oxidative-induced ggegation of PrP by
MCO and UV radiation
The aggregates of mouse and humaitd(typeand variant) PrP formed during
oxidative induced conversion have been charactéraeidentify the type of
interactions as well as the structural changesdbaiir during the aggregation
process. Previous studies reported that the remfudf the disulfide bridge
induces the PfR>PrP* conversion (58, 78, 184). In contrast, PrRas been
reported to contain an intact intramolecular digeelfoond (185). Non-reducing
SDS-PAGE of hPrP121-231 aggregates formed by MQ@iraoed an increase
in the intensity of the dimeric state together witie formation of high
molecular weight aggregates with incubation timadér reducing conditions
the dimer and the high molecular weight aggregatese consistently
dissociated into the monomeric form of PrP. Consatly, the results of this
study strengthen the theory that a molecular ragement of the disulfide
bridge from an intramolecular to an intermolecwdtate takes place during the
structural conversion (92).
Dityrosine has been detected in a wide varietyxadatively modified proteins
such asu-synuclein (186) and oxyhemoglobin (187) resultimgn increase of
their stability. The C-terminal domain of both meweand human PrP contain 11
Tyr residues. Since the obserwetiPrP121-231 dimer did not dissociate under
reducing conditions, it is suggested that thBPrP121-231 aggregates are
stabilized via covalent cross-linking interactidmg dityrosine. Most likely the
decreased number of Met residues-imPrP121-231 resulted in an enhancement
of the oxidative damage of other amino acids seesib oxidation, such as His
and Tyr. The dimer formed by both hPrP121-231 M12®0 mPrP120-230
M129T is supposed to be stabilized by a similaihwaly. Covalently cross
linked aggregates characterized by high molecutaghis (>150 kDa) have also
been detected after UV irradiation of mPrP120-230 laPrP121-231 at pH 5.0.
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The formation of these aggregates was attributethéoenhanced oxidative
damage of protein by ROS in addition to direct phaxidation.

The conversion of the recombinant prion proteithim absence of PtRin a cell
free conversion system is closely correlated witd sporadic form of prion
diseases rather than with the acquired form (6Qwever, thein vitro
conversion of the recombinant PrP did not resulhfactious molecules so far.
Depending on the experimental conditions as well o&s the cofactors
supplemented in the conversion reactions, an iserea proteinase K (PK)
resistance of-sheet secondary structures was observed (45). iHeyeshown
that hPrP121-231 aggregates formed by MCO posseasesignificantly
increased resistance to PK compared to the mononferm, which is
completely sensitive to PK digestion. Moreover, @balysis of the soluble
fraction of hPrP121-231 revealed an increase Bisheet conformation.
Consequently, the MCO induced oxidative conversaminrecombinant PrP
mimics the sporadic conversion of human PrP irafhi@ied assay.

Partially unfolded structures are believed to repné monomeric precursor
states of amyloidogenic proteins that initiate tigomerization process (16).
Recently, intermediate states were indeed detemtethe pathway of folding
and misfolding of prion proteins, confirming a tbrstate model (188-190).
Following this emerging theory the folding pathwayst progressed during
MCO and photo-oxidation of PrP are proposed totlmngly determined by the
population and the stability of the associated rmegliate states. Specific
conversion and stepwise formation of the deteabdabte oligomers is favoured
only if the extent of structural damage of prioroteins independent of the
applied system closely resembles the partially ldefi state of the dedicated
precursor. Otherwise the introduced destabilizatieamds to the completely
unfolded state of PrP, as previously reported & €onversion in the presence
of denaturants (190). We show that MCO of mPrP120-&hd hPrP121-231 at

pH 5.0 resulted in complete denaturation withoutmiation of soluble
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oligomeric intermediates. This finding can be htited to the absence of the
aforementioned protective effect of the unstruaurd-terminal domain
encompasses Met (109/112) and His (96/111) residlibs results in an
enhanced oxidative damage of the surface exposediieHis residues in the
folded C-terminal domain of both proteins by ROS@ated during the MCO
assay. However, the detectBesheet CD spectroscopy signal in the soluble
fraction of hPrP121-231 gives a slight indicatiasr the presence of small
amounts of solubl@-oligomers. These oligomers could not be detecyeDlS
due to their low concentrations.

At pH 5.0 the structural damage of PrP by UV radmatwas found to be
enhanced in addition to the direct photo-oxidatimechanism due to the
contribution of ROS. These reactive species are @bbxidize specific amino
acid residues in the peptide chain of PrP moletkdeTrp, His, Tyr, Met, and
Cys (154, 166, 167). In contrast, all His residaes positively charged at
slightly acidic pH values due to protonation, whadmpletely abolished the UV
absorption at a wavelength of 302 nm and therefwexented direct photo-
oxidation reactions at His residues. Moreover, acraased conformational
mobility of the o-helical structure of PfPleading to significant structural
rearrangements was attributed to the protonatidti®ofesidues (191, 192, 146),
whereas recent studies demonstrated an enhandsliysta the corresponding
intermediate states at acidic pH values (188-1BK¢. degree of each stabilizing
and destabilizing contribution potentially affegtinthe UV-light-induced
aggregation of PrP remains to be elucidated. Howetlhee extremely fast
denaturation and precipitation of mPrP120-230 aRdPh21-231 at pH 5.0
without formation of soluble oligomeric intermediatcan be explained in this
context by a combination of enhanced oxidative dgpmand decreased
conformational stability of the PrPs. For mPrP8®-2ahd hPrP90-231, the
stabilization of the intermediate states and otlpatential stabilization

mechanisms are supposed to prevail over the enthaoxielative damage,
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because a pathway switch to specific PrP convemsasobserved although the
amount of chromophoric and oxidation-sensitivedess is increased compared
to the proteins comprising only the C-terminal domdhe identification of the
oxidation products is required to understand théemudar mechanisms of UV-
induced PrP conversion in detail.

The formation of solublgd-oligomeric intermediate of hPrP121-2304(R
8.31+0.35 nm) and mPrP120-2304(R 13.89+0.19 nm and 27.51+4.49 nm) at
pH 7.4 can be assigned to the only contributiothefdirect photo oxidation and
subsequent decrease of the structural damage lofppoteins, which is closely
resembles the stabilization state required toatatithe oligomerization process.
One additional factor is the absence of Trp residube sequence of hPrP121-
231, a major chromophore at the applied wavelegtB02 nm (171). The
presence of one Trp in the sequence of mPrP120-&10ts in an increase of
the oligomerization rate.

For UV irradiation of hPrP90-231 and mPrP89-23pHt7.4, a pathway switch
from specific PrP conversion to protein denaturatwas observed, mainly
attributed to the presence of a further Trp residugositions 99 and 89,
respectively. Consequently, it can be suggestet ttiea degree of structural
damage exceeded the level required for stabilizatibthe intermediate states
associated with oligomerization, resulting in aidagienaturation of the protein.
These data conclude that photo-oxidized PrPs deetalmligomerize into three
spherical species, with associated hydrodynamia @dRy ~7.5, ~14, and
~27.5 nm. A sequential formation is indicated. Rdo@ size, the oligomers
characterized in this study share a remarkably ligbgree of identity with
oligomeric species formed after structural desizddion of prion proteins by
heat (57), denaturants (109), and metal inducedatioin (116). Consequently,
PrP misfolding seems to be linked to well-definedthgvays resulting in

oligomerization and/or fibrillization, if the reqed partially unfolded state is
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formed, largely independent of the triggering methOtherwise the structural
impairment results in complete denaturation ofgratein.

The formation of a soluble-oligomericv-hPrP121-231 intermediate at pH 5.0
and subsequent inhibition e structural conversion can directly be assigned
to the absence of surface accessible Met residsiesed as to the reduced
oxidatie damage of thehPrP121-231 by MCO. Conversely, the aggregation of
hPrP121-231 M129T and mPrP120-230 M129T inducedviO at pH 5.0
without formation of soluble oligomeric intermediat can be related to the
enhanced oxidative damage due to presence of ftuitianal Met residues in
the sequence of both proteins. Moreover, the ifibibiof a—p transition for
hPrP121-231 M129T revealed by CD spectroscopy worfl the significant
impact of Met 129 to the oxidative-induced convamnsof human PrP by MCO.

4.4. B-cyclodextrin decreases the MCO-induced aggregatiorate of PrP by
complexation of Cuf*

On searching for an effective therapy against TSEsyclodextrin (3-CD)
gained attention in the field of anti-prion compdanp-CD was reported to
clear the infectious PrPisoform from scrapie infected neuroblastoma (SON2a
cell cultures (138). Moreovef}-CD has the ability to reduce the neurotoxic
effects of the amyloig- (Ap) protein (residues 1-40) associated with
Alzheimer’'s disease in cell cultures (139). An NMRidy showed thgt-CD
interacts with A(1-40) via encapsulation of the Phe residues atiposl9 and
20 in its hydrophobic cavity (193). So far the ugfhce of3-CD on thein vitro
aggregation behaviour of PrP was not investigatéerefore, the effect di-
CD on the oxidative damage as well as on the stralctonversion of the C-
terminal domain of both mouse and human PrP indbgadCO was analyzed.
The presence @i-CD did not affect the native conformation of PHawever,
the aggregation rate of both mPrP120-230 and hRrR232 was significantly

reduced by a factor of 3. This effect was attriduie a decreased rate @3
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transition, which implies two possible mechanisnigomtein stabilization (i)
direct interaction or (ii) reduction of the MCO-uncked oxidation. A compact
structure of PrP in the presence BCD observed by SAXS measurements
initially supported the first mechanism. HoweveRFS data unambiguously
confirmed that no significant binding affinity fCD was detected to hPrP121-
231. While a-cyclodextrin ¢-CD) and cellobiose were used to determine the
binding specificity of-CD to human PrP, no specific binding has also been
observed as well.

It is well established thdi-CD binds divalent metal ions like iron, cadmium,
manganese, calcium, magnesium, and also coppeij. (D2ding MCO assay
free Cd™-ions are formed in solution, which mediate theegation of ROS by
Fenton’s reaction. Complexation of Cions in a redox-inactive state PByCD
disable this mechanism, resulting in a significandduced amount of oxidative
protein damage. Since a direct interaction wasrigiealed out by SPR data,
this proposed mechanism explains the stabilizagibect of B-CD. It has been
reported that copper ions facilitate the refoldaighe partially denatured P¥P
(195). Copper as well as metal chelations werertegdo play a significant role
in altering the protease cleavage pattern ofHgBform (196), suggesting that
metal ions may direct PrP into a certain confororathat promote PfRP>PrP>°
conversion. Moreover, the injection of scrapie abéel mice with the copper
chelator D-(-)-penicillamine (D-PEN) delayed thesen of prion disease by
about 11 days (197B-CD was mentioned to be able to pass the blood brai
barrier (BBB) up to 4 mM (138). Taking all togeth#rcan be proposed that the
clearance of copper 3+CD from scrapie infected brain may reduce the odite
PrP* formation and can cause subsequent prolongatitimeedhcubation time of
the prion disease.

For mPrP120-230 the decrease in the oxidative damegyulted in a significant
change in the aggregation pathway. Stable and lsobligomeric intermediates
are formed by MCO in the presence D, whereas mPrP120-230 was
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directed into denaturation and precipitation34#CD is absent. A comparable
pathway shift was not observed for hPrP121-231¢lwkbntains one additional

His residue that increases the susceptibility idatwe damage.

4.5. Conclusions

Within this study, the direct link between oxid&igtress and PrP conversion
depending on different specific pathways was amalyand proven. Two
independent pathways were observed: (i) complefelding of the protein
structure associated with rapid precipitation ang ¢pecific structural
conversion into distincg-soluble oligomers. The choice of the pathway was
directly attributed to the chromophoric properties PrP species and the
susceptibility to oxidation. Replacement of allfase exposed Met residues of
hPrP121-231 enhanced the resistance of the varatgin towards oxidative-
induced aggregation by MCO. The initial detailedrastigation about the
contribution of the individual Met residues assigresignificant impact to Met
129. These results strongly supported the hypathbat oxidative modification
of the surface exposed Met residues representsitiad event for the sporadic
Pr”—PrP> conversion. The inhibitory effect CD on the oxidative induced-
aggregation of mouse and human PrP is rather duleetehelation of copper
ions generated by MCO than to a direct interactwath PrP. Although a close
correlation between amyloidogenesis and neurotiyxibias been reported
several times in the past (198-200), the solubipooters detected in this study
pave the way in terms of the ongoing search to nstaied the the molecular
mechanism of neurotoxicity in TSEs. The highestcBjmeinfectivity in TSE-
infected hamster brains was recently correlatefraotions solely containing
small spherical oligomers (198). Therefore, theestigations performed in
terms of the summarized thesis provide new insigiotsunderstand the
mechanism of prion conversion as well as to develey lead structures for
TSEs drugs.
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Hazardous Materials

7. Hazardous Materials (Gefahrstoffe)

Symbols of hazardous

UJ

Compound _ R-statements| S-statements
_ materials
(Verbindung) (R-Satze) (S-Satze)
(Gefahrstoffsymbole
_ 45-46-20/21-
Acrylamide
_ T 25-36/38-43- 53-45
(Acrylamid)
48/23/24/25-62
Ampicillin Xn 36/37/38-42/43 22-24-26-37
8-22-
APS O, Xn 36/37/38/- 22-24-26-37
42143
DMSO Xi 36/38 26
DTT Xn, Xi 22-36/38 36/37/39
EDTA-disodium Xn 22 | e
Acetic acid
_ C 10-35 23.2-26-45
(Essigsaure)
Ethanol F 11 7-16
22-26- 26-28.2-36/37-
EtBr T+
36/37/38-40 45
HCL C 34-37 26-36/37/39-4b
_ 11-38-48/20- | 9-16-29-33-
Imidazole F, Xn, N
51/53-62-65-67 36/37/-61-62
Methanol T 61 26-36/37-39-4
11-23/24/25-
NaOH F, T 7-16-36/37-45
39/23/24/25
Ni-NTA Agarose O, C 8-35 8-27-39-45
NacCl F, Xi 11-36-67 7-16-24/25-2
2-Propanol T 24/25-34 28.6-45
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Hazardous Materials

15

SDS C 34-37 26-36/37/39-4
TEMED Xn 22-36/38 22-24125
Tetracyclin Xi 36/37/38 26-36
Tris F,C 112012172235 020

36/37/39-45

7.1 Symbols of hazardous materials (Gefahrstoffsyntbe)

E Explosive (Explosionsgefahrlich)

C Caustic (atzend)

F+ Extremely flammable (hochentzindlich)
Xi Irritant (reizend)

Oxidizing (brandférdernd)

F Highly flammable (leichtentztindlich)
Toxic (giftig)
T+ Very toxic (sehr giftig)
Xn Harmful (gesundheitsschadlich)
N Hazardous to the environment (umweltgefahrlich)
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