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Prions are aberrantly folded proteins that are able to self-propagate their abnormal
conformation using the normally folded protein as substrate. In mammals, the only known prion
protein is PrP. The misfolding of PrP is a key event underlying Transmissible Spongiform
Encephalopaties (TSEs), fatal neurological disorders that affect many mammalian species. A
self-propagating abnormally folded PrP is believed to be the essential component within the
infectious agent, in what is called the protein-only hypothesis. Although the fundamental role of
PrP in prion diseases has been settled after many years of research, the structural and mechanistic
details of the conversion process leading to the infectious PrP conformation (PrP*°) is not yet
elucidated. Moreover, the structure of the pathogenic entity is unknown and a crucial
involvement of accessory molecules within the infectious particle has recently gained strong
evidence. Prions have raised not only health-related concerns but also great interest from basic
science due to their unusual features as pathogenic infectious agents. In order to gain insights

into the molecular aspects featuring the PrP conversion process, I analyzed the role of PrP and



potential accessory molecules on the formation of prion-like molecules. Under close-to-
physiological conditions, I found that kosmotropic anions specifically modulate the formation of
PrP aggregates with features reminiscent of PrP*°. I also studied the role of accessory molecules
known to affect the conversion process. I found that the protease resistance of PrP aggregates, a
well known biochemical hallmark of PrP, was highly dependent on the presence of
hydrophobic and negatively charged molecules. Altogether, the results provide evidence toward
the idea that the formation of prions is a synergistic event in which both PrP and accessory

molecules are fundamental components.
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CHAPTER 1

INTRODUCTION

1.1 PRION DISEASES

Transmissible Spongiphorm Encephalopaties (TSEs) are fatal and infectious neurological
maladies in mammals caused by an atypical infectious agent termed “prion”. It was originally
described as a contagious disease under the name of “scrapie” which causes devastating motor
problems in sheep'. Later on, similar manifestations of symptoms started to be recognized in
other diseases such as “Kuru”, one of the human versions of prion diseases”. The failures
associated to the isolation of the infectious agent using conventional techniques aimed to identify
bacteria, viruses and other known pathogenic entities brought great interest from the scientific
community’. In the 90’s, an outbreak of prion diseases in cows destined for human consume
raised national alarms with the confirmation of several cases of prion-disease-infected humans.
From the pathological point of view, prion diseases are generally characterized by relatively long
incubation periods, extreme vacuolation in specific regions of the brains, serious motor
impairments and general neuronal degeneration. All prion-related diseases are fatal and no cure

has been so far developed.

1.2 MOLECULAR NATURE OF PRIONS

The difficulties in identifying the infectious agent underlying prion diseases, added to the
unusually high resistance to radiation, heat and other conventional sterilization techniques, led

John Griffith to the proposal that the prion agent is a self-propagating protein in an abnormal
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** _ The isolation of a protein

conformation, in what was later called the “protein only hypothesis
fraction from scrapie-infected animal brains that co-purified with infectivity enabled the
identification of a new protein termed PrP (prion protein), a glycosylated, GPI-anchored lipid
membrane protein that is mainly expressed in the brain > ¢ (Fig. 1.1). Further experiments
showing the absolute resistance to prion infection of PrP knock-out mice finally settled the
essential involvement of PrP in the disease’. In addition, large depositions of PrP in the form of
aggregates are typically observed in the brains of diseased animals®. These aggregates usually

exhibit structural features associated to “amyloids”, highly organized supra-molecular

arrangements of aggregated proteins with high content of b-sheets in their secondary structure’ "

NH, - 5 mmepse HEG

Figure 1.1: Prion protein at the cell surface. The 3D structure of PrP is represented in the di-

14, 15

glycosylated form and attached to the cell membrane though a GPI anchor . The N-terminal

natively unfolded domain is depicted in blue with copper ions bound to PrP highly basic N-



terminal four octarepeats. Helical regions (H1, H2 and H3) are colored purple whereas b-strands

(B1 and B2) are shown in yellow.

The currently accepted view about prions states that the infectious agent is primarily
composed of an aberrantly folded (misfolded) PrP in its prion state (PrP%°), which acquires self-
propagation features to induce the transformation of the normal PrP conformation (PrP®) into the
infectious form '®. The potential mechanism involved in prion propagation in vivo is believed to
be dependent of nucleation-polymerization'’. This mechanism proposes that small “seeds”
composed of the misfolded protein are able to recruit and convert normally folded proteins in a
process called nucleation. When a critical concentration of these nucleuses is reached, amyloid
fibrils start to grow and the system goes into elongation phase until most protein substrate is
converted > "7 1%,

Another intriguing feature of prions is the existence of different “strains” that as in the
case of viruses represent alternative variations of the agent '**2. As in other infectious diseases,

2224 Biochemical

these prion strains are usually associated to different pathological phenotypes
differences on PrP*° can also be observed between strains > *°. The fact that the same PrP
sequence can lead to a diversity of different prion strains have led some to postulate that
differences in prion protein conformation underlie the strain phenomenon®® *’. Others have
proposed that accessory molecules modulate the strain repertoire of a prion®, or even that a yet

29, 30

unidentified nucleic acid is responsible for the strain properties . Different PrP species also

exhibit differential susceptibilities to prion diseases, a phenomenon known as species barrier’ ">,
Some species are highly compatible and others are virtually impossible to cross-infect. It is
thought that species barrier is mainly controlled by the PrP sequence, though some other
molecular components interacting with PrP or “co-factors” have also been proposed *.

In vitro experiments using brain extracts from infected and uninfected animals have

shown that it is possible to harvest prions in the test tube and recapitulate most of the

biochemical and pathological events by the so-called PMCA (protein misfolding cyclic
3



h ****. This technique consists of cycles of amplification and sonication

amplification) approac
that allow the replication and amplification of small prion seeds, providing indirect evidence that
prion replicate through the nucleation-polymerization mechanism described above. Despite these
great advances, understanding the molecular details of the protein conversion mechanism
requires experimental setups relying on pure and defined components mimicking most of the
features associated to prion formation. Experiments using exclusively recombinant PrP (recPrP)
have so far failed to show infectivity in wild-type animals in a first passage *> *°. However,
highly infectious synthetic prions have been reported using mixtures of recPrP, lipids and mouse-
extracted RNA molecules submitted to PMCA *’. RecPrP aggregates with highly heterogeneous
infectivity were also achieved using modified PMCA experiments using reactions containing
recPrP and mixtures of detergents (SDS and triton) ** *°. The lack of transmissibility of
exclusively protein-only inoculates suggest that accessory co-factor molecules may be essential

. . .. . 40. 41
for prion infectivity in mammals ***',

1.3 RATIONALE OF THE STUDY

1.3.1. Background Problem

Although much study has been conducted to understand the biochemical aspects of prion
diseases, the molecular conversion mechanism and the structural details of the prion particles
remain elusive. This is mostly due to the physical properties of this unconventional infectious
agent, such as insolubility and heterogeneity, which make it virtually intractable for classical
biophysical techniques ». In vitro conversion systems and computational approaches emerge as
an alternative and indirect way of studying the phenomenon. In addition, more state-of-the-art
structural approaches such as solid-state NMR and spin-labeling assays may overcome some of
the difficulties in elucidating the molecular nature of prions***.

A key question in the field is whether the prion co-factors are needed for prion

replication. If so, the question is whether these molecules are involved in the initial misfolding

event and/or remains bound to the prion protein in its misfolded state as a necessary prosthetic-
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like group, or they only act as accelerators of a reaction that is intrinsically coded within PrP
structure and sequence (Fig. 1.2). In addition, co-factors may also be implicated in the prion
strain determination as mentioned above. The role of these accessory molecules have recently
raised great interest from the scientific community due to the multiples failures in generating
bona fide prions using protein-only material®> **. The fact that many other amyloid-associated
diseases such as Alzheimer’s and Parkinson diseases are traditionally considered non-infectious
diseases strengthens the idea that co-factors may play a key role in transmissibility of prions. A

detailed study of the role and identity of co-factors has not yet been reported.

Prp¢ =—=—== PrpP* A
PrP< + Cf === PrP°Cf === PrP>‘Cf === PrP5 + Cf B
PrP< + Cf === PrP°Cf === PrP*Cf | C
- Prp%¢
PrP¢ ===  PrP" == PrP*Cf ] b
of
Prpc ==  PrP’

PrPecf PrP*Cf — Prps

1l

Figure 1.2: Chemical background for the potential role of co-factors during prion formation.
The protein only hypothesis postulates that an abnormally folded PrP (PrP®) acquires self-
propagating capabilities and therefore infectivity®. Co-factor molecules are shown as Cf. PrP*
represents a misfolded PrP without any bound co-factor molecule. A) The simplest possible

chemical scenario for the protein only hypothesis. B) An enzyme-like role for the co-factor in a
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catalyzed conversion reaction. C) The co-factor, once bound to PrP, induces the conformational
change but remains bound to PrP in order to form a bona fide prion particle (PrP*%). D) A
conformational change into PrP* does not require co-factors but the infectious properties of PrP
arise when an accessory molecule binds PrP*. E) A combined scenario between C) and D)
provides two alternatives pathways to form PrP*.

1.3.2. Central hypothesis

Based on the current experimental evidence about prion formation, my working
hypothesis is that prion propagation is determined by the primary structure of PrP and
dependent on accessory molecules that modulate the process.

In order to test the hypothesis, two aims were designed:

1- Conversion and misfolding of recombinant PrP in the absence of organic co-factors.

Typical conversion protocols of recombinant PrP into prion-like forms reported in the
literature rely on far-from-physiological experimental setups and extreme conditions. I have
designed an experimental approach to modulate the misfolding of recombinant PrP only by
adding specific concentrations of kosmotropic salts in a more physiological conversion system.
This aim will test the effectiveness of a cofactor-less environment in producing prion-like
recombinant PrP aggregates.

2- Conversion and misfolding of recombinant PrP in the presence of organic co-factors.

Based on reported experimental protocols to convert recombinant PrP into prion-like
forms, I studied the effect of different non-PrP organic molecules on the modulation of the prion-
like features and their role in infectivity. These studies are aimed to provide support that

accessory molecules convey a primary role in the misfolding process of PrP.



CHAPTER 2

MATERIAL AND METHODS

2.1 IN VITRO EXPERIMENTS

2.1.1 Full length recombinant mouse PrP (Mo-recPrP) cloning, expression and purification.
DNA primers (forward 5’-CTGTCTAGAATGAAAAAGCGGCCAAAGCCTGG-3’ and reverse
5’>-TTAGGATCTTCTCCCGTCGTAATA-3") were synthesized and used to amplify by PCR the
mouse prp gene 23-230 from C57 mouse genomic DNA extracted from tails. The products were
cloned into pET303/CT-His (Invitrogen®) plasmid and expressed in E. coli. For expression,
freshly transformed cells were grown in 5 ml of Terrific Broth medium supplemented with
carbenicillin (100 ug/ml) at 37°C for 6 h. The starter culture was then diluted into 50 ml of the
same medium and grown for another 6 h. This culture was finally diluted into 750 ml of the same
medium and grown until it reached 0.7 OD. One millimolar IPTG (isopropyl 0O-D-
thiogalactopyranoside) was then added, and the cells were induced for 5 h. The culture was
harvested by centrifugation and stored at -80°C. For purification, cell pellets were thawed and
resuspended in buffer A (50mM Tris-HCI, pH 8.0, ImM EDTA, and 100mM NacCl). Cells were
lysed by adding 0.5 mg/ml lysozyme and subsequently sonicated. The released inclusion bodies
were pelleted by centrifugation at 22,000 g and then washed twice with buffer A supplemented
with 0.05% (v/v) Triton X-100. The inclusion bodies containing recPrP were solubilized for 2 h

with buffer B (10mM Tris-HCI, 100 mM Na2HPO4, pH 8.0, 100 mM NaCl, 10 mM -
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mercaptoethanol, 6 M GdnCl) and then purified by using standard immobilized metal affinity
chromatography procedure. Briefly, the sample was bound to Ni Sepharose 6 Fast Flow resin
(GE Healthcare) in batch mode for 1 h at room temperature and then washed with buffer B.
RecPrP was on-column refolded for 6 h and eluted with buffer B supplemented with 500 mM
imidazole and without GdnCl. The main peak was collected and quickly filtered to remove
aggregates. The sample was buffer exchanged using Zeba desalting columns (Pierce®), further
concentrated to ~0.5 mg/ml, and flash-frozen at -80°C. Protease inhibitors (Complete® protease
inhibitor mixture from Roche) were used throughout the purification to minimize degradation.
The protein was confirmed to be monomeric and folded by SDS-PAGE, Western blotting, and
circular dichroism

2.1.2 Aggregation assays in the presence of salts. All reactions were carried out in 0.5 mL Lo-
Bind Eppendorf tubes (protease/nuclease free grade and further autoclaved). All reagents were of
highest available quality and protease-free grade when available. Protease-free nanopure water
was used to prepare all master solutions and reactions. Thawing of recPrP was followed by
filtration through 100 kDa-cutoff Microcon tubes (Millipore) to remove possible aggregates
formed upon thawing. Protein concentration was re-estimated upon filtration by
spectrophotometry. RecPrP (0.1 mg/mL final concentration) was mixed with 40 mM Hepes pH
7.2 and different concentrations of salts in 100 uL final volume reactions. pH was re-adjusted
upon salt addition. Aggregation experiments were conducted using a protocol adapted from
previous reports **. Unless specified, reactions were placed in an Eppendorf Thermomixer for 24
hrs at 37°C with cycles of 1 minute agitation at 1500 rpm and 1 minute incubation. Samples
were then treated with Proteinase K (PK) at a 1/10 molar ratio (PK/recPrP) for 1 h at 37°C (water
bath) unless specified differently. Analysis of digestion assays was performed by SDS-PAGE
followed by Western blotting and silver staining. Antibodies 6D11 and M-20 were used for the
analysis.

2.1.3 Aggregation assays in the presence of co-factors. Reagents and tubes were of the same

grade and quality as described above. Thawing of Mo-recPrP was followed by filtration through
8



100 kDa-cutoff Microcon tubes (Millipore) to remove possible aggregates formed upon thawing.
Protein concentration was re-estimated upon filtration by spectrophotometry. Mo-recPrP (0.1
mg/mL final concentration) was mixed with phosphate buffer saline (PBS), 0.1% triton and 0.1%
SDS in a 100 uL total volume reaction according to previous reports’™ *. Aggregation
experiments were conducted using a protocol adapted from the same reports: unless specified,
reactions were placed in an Eppendorf® Thermomixer for 24 hrs-round at 50°C with cycles of 1
minute agitation at 1500 rpm and 1 minute incubation. In serial passages experiments, 10 uL of
the first round were mixed with 90 ul of a fresh mixture and submitted to a new 24 hrs-round.
Samples were then treated with Proteinase K (PK) at a 1/40 molar ratio (PK/PrP) for 1 hrs at
37°C (water bath) unless differently specified. Analysis of digestion assays was performed by
SDS-PAGE followed by Western blotting. Antibodies 6D11 and M-20 were used for the
analysis.

2.1.4 Effect of co-factors on PK-resistance after aggregation. The aggregates formed after
serial amplification rounds as described above were centrifuged at 18000 x g for 30 min at room
temperature and then resuspended in an equivalent volume of PBS. This washing step was
repeated 4-5 times. The pellet obtained in the final washing step was resuspended in PBS
supplemented with different co-factors at different concentrations as specified in the figures. The
samples were then incubated at 37°C for 3 hrs and submitted to PK digestion assays (1 hrs
incubation at 37°C). The analysis of the digestion products was performed by SDS-PAGE
followed by Western blotting.

2.1.5 Thioflavin T binding assay. Highly pure thioflavin-T (Th-T) dye stock solution was added
directly to reactions to a final concentration of 10 uM in black-walled 96-well plates.
Fluorescence measurements of the samples were taken using a Microplate Reader Accessory
adapted to a Hitachi Fluorescence Spectrophotometer F-7000, using an excitation wavelength of
435 nm and recording in the emission range between 400 and 600 nm. A scan speed of 240
nm/min was used as standard for all readings. To reduce interference noise from excitation light,

a 475 nm emission cutoff filter was used.



2.1.6 Fourier-Transform  Infrared spectroscopy (FTIR). FTIR experiments were conducted
in an FT/IR-4100 spectrometer from JASCO. PrP* used in this work was obtained from RML-
infected mouse brains and was purified as follows: 10% brain homogenates containing 10%
sarkosyl were loaded onto a 20% sucrose cushion and centrifuged at 150,000 x g for 3 hrs. The
pellet was resuspended in Z3-14 zwitterion detergent, then loaded onto 20% sucrose cushion and
centrifuged at 150,000 x g for 3 hrs. This step was repeated twice. Pellet was finally resuspended
in 1X PBS buffer and washed twice using the same 20% sucrose cushion. The PBS-resuspended
pellet was shown to be highly pure by silver staining after electrophoresis (data not shown).
PrP%° concentration was estimated by software-based signal intensities calculation upon Western
Blotting based on known concentrations of soluble recPrP. Before measurements, PrP aggregates
were concentrated by ultracentrifugation at 150,000 x g for 1 h at 4C. Protein slurry was then
added on top of a diamond PRO450-S Attenuated Total Reflectance unit from JASCO adapted to
the FT/IR-4100 system. System parameters included 4.0 cm-1 resolution and an accumulation of
64 scans per sample. Data fitting and secondary structure calculations of samples were analyzed
by multi-component analysis through the Secondary Structure Estimation (SSE) software from
JASCO. Each sample measurement was optimized until the corrected experimental data and the
fitting curve gave minimum absorbance differences.

2.1.7 Negative staining-Transmission Electron Microscopy (TEM). RecPrP aggregates were
directly loaded on grids. Previously to TEM analysis, PrP* was partially purified using 10%
brain homogenates containing 10% (v/v) sarkosyl from RML-infected mice. Briefly, brain
homogenates were loaded onto a 20% (g/v) sucrose cushion and centrifuged at 150,000 x g for 3
hrs. The pellet was resuspended in Z3-14 zwitterion detergent, then loaded onto 20% (g/v)
sucrose cushion and centrifuged at 150,000 x g for 3 hrs. This step was repeated twice. Pellet
was finally resuspended in 1X PBS buffer and washed twice using the same 20% (g/v) sucrose
cushion. The PBS-resuspended pellet was shown to be highly pure by silver staining after
electrophoresis. Protein aggregates were directly put on FORMVAR—coated copper grids, air-

dried for 5 minutes followed by filter-paper-drying of reaction excess. Grids with samples were
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negatively stained with 1% uranyl acetate for 1 min, wick off excess and dry for another 5 min at
70C. Imaging was performed on a JEOL 1200 transmission electron microscope at 60 kV and
captured by 1kX 1k Gatan BioScan 792 CCD camera.

2.1.8 Cell Viability Assay. N2A cells were cultured in DMEM supplemented with 10% fetal calf
serum and antibiotics (10,000 U/ml Penicillin, 10 mg/ml streptomycin), at 37°C and 5% CO..
For cell viability analysis, cells were grown in collagen IV coated 96-well plates for 48 hrs in
cell culture medium containing 1% serum before addition of recPrP aggregates and control
reactions. Cell viability was quantified using 3-(4,5-dimethylthazol-2-yl)-5-3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine methosulfate (PMS) according

to the recommendations of the supplier (Roche).

2.2 IN VIVO EXPERIMENTS

2.2.1 Infectivity studies of recPrP on bioassays. All aggregated forms of recombinant PrP were
tested for their infectious properties in wilt-type mice. Five-microlitter samples containing
approximately 5-10 ug of protein were inoculated intra-cerebrally into 1-month old female mice

by stereotaxic injection into the hippocampal area. Ten animals were used per specific sample.
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CHAPTER 3

CONVERSION AND MISFOLDING OF PRION PROTEIN IN THE ABSENCE OF
ORGANIC CO-FACTORS

3.1 ABSTRACT

Prions are self-propagating proteins involved in transmissible spongiform
encephalopaties in mammals. An aberrant conformation with amyloid-like features of a cell
surface protein, termed prion protein (PrP), is thought to be the essential component of the
infectious particle, though accessory co-factor molecules such as lipids and nucleotides may be
involved. The cellular co-factors and environmental conditions implicated in PrP misfolding are
not completely understood. To address this issue, several studies has been done inducing
misfolding of recombinant PrP (recPrP) into classical amyloid structures using partially
denaturing conditions. In this work, I found that misfolding of recPrP into PrP*-like aggregates

can be induced by simply incubating the protein in the presence of kosmotropic salts at
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concentrations that are known to retain or increase the stability of the protein. I used a simple
experimental reaction (protein, buffer and salts) submitted to agitation/incubation cycles at
physiological temperature and pH. The formation of protease resistant-recPrP was time and salt-
concentration dependent and required the presence of kosmotropic anions such as F~ or SO,
The molecular weights of the protease resistant recPrP fragments are reminiscent of those found
in degradation assays of bona fide PrP*. The aggregates also exhibited amyloid-like features
such as high beta-sheet content and thioflavin-T positive signal. The formation of recPrP
aggregates with PrP>° biochemical features under conditions closer to physiological in the
absence of organic co-factor molecules provide a simple setup that may prove helpful to

understand the molecular mechanism of PrP misfolding.

3.2 INTRODUCTION

Transmissible spongiphorm encephalopaties (TSEs) are fatal and infectious neurological
maladies in mammals caused by prions. The infectious agent is primarily composed of an
aberrantly folded glycosylated protein termed prion protein (PrP), which is mainly expressed in
the brain > °. Misfolded PrP in its prion state (PrP>%) acquire self-propagation features to induce

1% 1n vitro

the transformation of the normal PrP conformation (PrP®) into the infectious form
experiments using brain extracts from infected and uninfected animals have shown that it is
possible to harvest prions in the test tube and recapitulate most of the biochemical and
pathological events by the so-called PMCA (protein misfolding cyclic amplification) approach **
3% Despite these great advances, understanding the molecular details of the protein conversion
mechanism requires experimental setups relying on pure and defined components mimicking
most of the features associated to prion formation. Experiments using exclusively recombinant
PrP (recPrP) have so far failed to show infectivity in wild-type animals in a first passage >> *°.
However, highly infectious synthetic prions have been reported using mixtures of recPrP, lipids

and mouse-extracted RNA molecules submitted to PMCA *’. RecPrP aggregates with highly

heterogeneous infectivity were also achieved using modified PMCA experiments in reactions
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containing recPrP and mixtures of detergents (SDS and triton) 383 The lack of transmissibility
of exclusively protein-only inoculates suggests that accessory co-factor molecules may be
essential for prion infectivity in mammals ***"*.

Experimental approaches aimed to induce the conversion of recPrP into amyloid-like
aggregates with some of the features associated to PrP*° have classically relied on the use of
chemical and/or physical agents promoting partial or total protein denaturation such as guanidine
hydrochloride, urea, SDS, temperature, pH, etc. 38,4653 Most of these protocols yield recPrP
aggregates resembling typical amyloid fibrils. This is in agreement with the current hypothesis
that most, if not all, proteins have intrinsically the capability to be converted into amyloids '*.
Despite the fact that PrP isolates also show some amyloid-like features, it is unclear whether
the formation of large amyloid aggregates is necessary for infectivity. Indeed, PrP* typically
appears as amorphous aggregates with little presence of defined fibrils under the microscope >*
33, RecPrP has been converted into PrP“-like aggregates when combined with lipids under
physiological conditions and in the absence of denaturants *°. Interestingly, as mentioned above,
these same aggregates were later shown to be infectious in wild-type mice when RNA molecules
were added to the mixture that was then subjected to PMCA cycles *’.

Salts have been previously used as a more physiological way of inducing protein misfolding
and formation of amyloids *". It has been previously demonstrated that recPrP show a dual
behavior in the presence of stabilizing salts, which is characterized by an initial destabilization at
low concentrations followed by stabilizing effects at high concentrations according to the

. . 1
Hofmeister series °

. Sodium chloride can stimulate formation of recPrP amyloid in a
concentration dependent manner under non-physiological conditions including very low pH and
high temperatures >’. Here, I tested the effect of kosmotropic/stabilizing salts on the misfolding
pathway of full-length recPrP using strictly physiological temperature and pH. The results show

that kosmotropic anions specifically promote formation of PrP“-like aggregates in reactions

containing only protein as the main organic molecule.
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3.3 RESULTS

3.3.1. Kosmotropic salts induce formation of protease-resistant fragments of full length
recPrP. Prions composed of brain-derived PrP* are known to be partially resistant to
degradation by proteases °. I incubated recPrP in the presence of various salts to test the
formation of protease-resistant material. I focused The analysis on the kosmotropic/stabilizing
side of the Hofmeister series. Sodium fluoride (NaF) is a known kosmotropic agent that
promotes stabilization of structured states of most proteins, including recPrP at high salt
concentrations °'. Incubation of recPrP at different concentrations of NaF using
agitation/incubation cycles (see Experimental Procedures) led to the formation of a 17 kDa

1es

protease-resistant fragment (recPrP™") as shown by Western Blotting analysis (Fig. 1A). The salt

1es

concentration at which recPrP™ was first detected was around 400 mM. At lower concentrations
I did not observe any protease-resistant material. The main degradation fragment exhibited a 17
kDa molecular weight, which is in agreement with the sizes reported for unglycosylated GPI-less

PrP%¢ 3. 1 also noticed that at high concentrations of salt, the signal of undigested recPrP also

increased, which may be indicative of salting-out effects occurring during the reactions.
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Figure 3.1: Formation of protease-resistance recPrP (recPrP®). A-F. RecPrP was incubated
with different concentrations of NaF (4), (N(CH3)4)2SO4 (B,C), NaCl (D), NH4F (F) and
N(CH3)4Cl (F) as described in materials and methods, followed by Western Blotting (4,B, D-F)
or silver staining (C). Salts concentrations (mM) for the reactions were 0, 100, 200, 300, 400 and
500 for lanes 1, 2, 3, 4, 5 and 6, respectively. Undigested recPrP is shown on lane 7 for each
figure. G: Antibody mapping analysis of protease resistance fragments was performed using a
400 mM NH4F-based reaction incubated for 24 hrs. Duplicated samples at two different dilutions
(1/2 and 1/1 per left and right lane, respectively) were western-blotted using monoclonal
antibodies 6D11 and M-20. The arrow indicates the presence of oligomeric species. H: Time-
course experiments. RecPrP was aggregated in 400 mM NH4F for different times: 0 hrs (lane 1),
3 hrs (lane 2), 10 hrs (lane 3), 24 hrs (lane 4), 72 hrs (lane 5) and 144 hrs (lane 6) and the
recPrP™ product was analyzed by silver staining. PK signal is highlighted by the solid arrow.
The undigested recPrP signal is indicated by the dashed arrow. In all panels, samples were
digested using PK at 1/10 PK/recPrP ratio for 1 hrs at 37°C and then subjected to either western

blot or silver staining. Molecular weights markers (kDa) are shown on the left side of each panel.
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In order to analyze whether the observed effect caused by NaF was salt-specific, I studied the
effects of other known kosmotropic/stabilizing salts on the misfolding of recPrP. For this I used
another kosmotropic salt carrying both a highly stabilizing anion (SO4?) and cation (N(CHz)4").
Similar results were observed in terms of induction of salt concentration-dependent protease-
resistant recPrP (Fig. 1B). To study whether other protease-resistant aggregates not recognized
by the antibody used were being produced, I stained the gel using silver nitrate. The results show
that the 17 kDa is the most abundant protease resistant fragment with only very faint signal
associated to lower molecular weight fragments (Fig. 1C). To test whether the effect observed
was specifically due to kosmotropic/stabilizing salts, I studied the effect of sodium chloride
(NaCl), a rather neutral salt in terms of protein stability. Surprisingly, the formation of protease-
resistant fragments was virtually eliminated compared to those formed under the presence of
kosmotropic salts (Fig. 1D), suggesting that the formation of protease-resistant fragments
described above required kosmotropic salts.

I then asked whether this kosmotropic-dependent effect was dependent on the cation or
anion. For this purpose | used a salt that retains the stabilizing anion (F") and incorporates a more
stabilizing cation (NH,"). The effect was similar as those observed with NaF, i.e. partial protease
resistance which was concentration-dependent with similar molecular weights of the main
proteolytic fragments (Fig. 1E). However I noticed an increase in the signal of the protease-
resistant fragments compared to those formed in the presence of NaF (Fig. 1A). In addition, the
protease-resistant fragments appeared at lower salt concentrations compared to NaF. Next, I
tested (N(CHj3)4)Cl, a salt carrying a highly kosmotropic cation and Cl° as a neutral-to-
destabilizing anion. Notably, as it happened with NaCl, I did not observe the formation of any
protease-resistant fragment at any molecular weight size range (Fig. 1F), suggesting that a
stabilizing anion is key to promote the formation of protease-resistant fragments. In order to rule

out an adverse effect of the salts in the proteolytic activity of PK, I used BSA as a control and
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confirmed that PK retains its proteolytic activity even in the presence of relatively high
concentrations of kosmotropic salts (data not shown).

3.3.2 Antibody mapping of salt-induced recPrP™. PrP* degradation occurs at the N-terminal
region of PrP, implying that the protease-resistant material that retains infectivity properties is a
C-terminal truncated portion of PrP “***. In order to map the topology of the protease-resistant
bands observed after incubation with kosmotropic salts, I used two different antibodies. mAB
6D11 is known to target a region between 93-109 within PrP of different species, including
mouse. I also used the polyclonal antibody M-20 that recognizes an epitope near the C-terminus
of PrP. All the protease-resistant fragments gave positive signal with both antibodies, suggesting
that the products exhibit a similar mapping profile to that of PrP> (Fig. 1G).

3.3.3 Time-dependent formation of recPrP™. A time-course experiment was performed in order
to evaluate the progress of the reaction over time. I chose NH4F as the kosmotropic salt and
followed the reaction for several days by silver staining analysis in order to provide a full
spectrum of protease-resistant fragments. A master solution including recPrP and NH4F was
divided into 6 time-points reactions in order to decrease error. The formation of protease-
resistant fragments slowly increased and reached saturation after 4-6 days (Fig. 1H). I also
noticed that the intensity of the lower molecular weight protease-resistant species increased in
time in a similar way as those of higher sizes. Moreover, the signal of the band associated to
undigested full length recPrP also increased with a similar pattern. However, after several hours
of reaction, this signal remained steady, while the protease-resistant digested products kept
increasing, suggesting a more specific effect of the salt on the formation of the PrP-like
protease-resistant species.

3.3.4 Structural characterization of recPrP™ aggregates. To study whether the PK-resistant
aggregates had amyloid-like characteristics 1 tested their binding to Th-T, a well-known
amyloid-binding die **®. After 24 hrs of incubation in presence of NH,F, the aggregates gave a
Th-T positive signal which was approximately 14 times higher than the signal at time O,

suggesting the formation of amyloid-like aggregates (Fig 2A). In control experiments, I observed
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that high concentrations of NH4F had minimal effect on the bare Th-T signal (data not shown).
To study whether fibril formation followed a seeding-dependent kinetic typical of amyloids I
studied the Th-T signal as a function of time. The formation of Th-T positive aggregates
exhibited a classical sigmoideal behavior with a lag-phase of around 10 hrs, followed by a
exponential face, reaching a maximum at around 28 hrs (Fig. 2B) and then decay of the signal,
probably due to formation of Th-T-inaccessible clumps of aggregates.

1res

To study the ultrastructural features of salt-induced recPrP™ aggregates, samples were
analyzed by TEM. The results showed that the aggregates formed by recPrP in the presence of
NH4F were similar to those present in highly purified PrP*® obtained from the brain of prion
infected animals (Fig. 2C). In both samples, I observed rod-like aggregates which formed large
clumps of aggregates. Little or no classical amyloid fibrils were seen in any of the preparations.

To further study the structural features of these aggregates I analyzed salt-induced recPrP™
by FTIR spectroscopy and compared it to soluble recPrP and purified PrP*. Both recPrP™
aggregates and PrP%° showed a main absorbance peak at around 1639 cm™ which is indicative of
predominant beta-sheet secondary structure, while soluble recPrP exhibited high alpha-helical
content, peaking at around 1658 cm™ (Fig. 3A). A deconvolution analysis showed typical
secondary structure contents of alpha-helical proteins for soluble recPrP, with a large fraction of
random structure, which is most likely associated with the long natively-unfolded PrP N-termini

1res

region (Fig. 3B). Conversely both recPrP™ and PrP*® exhibited mainly beta-sheet structure with
some residual alpha helical content.

3.3.5 Citotoxicity of salt-induced recPrP™. 1 next sought to test whether the protease-resistant
fragments generated in the presence of salts acquire toxic features against neuroblastoma cells.
Initially I attempted performing the experiments adding directly the recPrP incubated with salts
onto the cells. However, NH4F per se was highly toxic to cells (data not shown). Thus, I first
removed the salt by extensive dialysis before adding the proteins to the cell cultures. Under these

conditions I observed high levels of toxicity of recPrP™ as measured by the MTT cell viability

assay (Fig. 4). The citotoxic activity occurred at very low concentrations of recPrP™ comparable
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to those produced by PrP* purified from the brain of prion infected animals. These
concentrations are 1000-times lower than those used with small PrP fragments polymerized into
amyloid fibrils®® ®. As expected, soluble recPrP and the dialysis buffer gave a near-to-zero

toxicity (Fig. 4).
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Figure 3.2: RecPrP™ forms aggregates with some but not all characteristics of amyloid fibrils.
A: RecPrP was incubated for 0 hrs (dashed line) or 22 hrs (solid line) with 400 mM NH4F and
then fluorescence emission spectra of samples in the presence of 10 uM Th-T was recorded. An
emission maximum was obtained at 491 nm when excited at 435 nm, typical of amyloid-like

aggregates. B: the kinetic of recPrP aggregation was evaluated by incubating the protein in the
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presence of 400 mM NH4F for different times. At indicated time points, Th-T emission was
measured at 491nm with excitation set at 435nm. C: To study the morphology of the recPrP
aggregates, samples were loaded onto EM grids, stained with silver nitrate and visualized under
transmission electron microscopy (TEM). Two representative images at different magnification

are shown for both PrP*® and recPrP™ aggregates. The bar corresponds to 200nm.
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Figure 3.3: Secondary structure of recPrP™® aggregates. A: Buffer and baseline-corrected FTIR

spectra of salt-induced recPrP™

aggregates (solid line) compared to those of soluble recPrP
(dashed line) and PrP* purified from the brain of mouse infected with RML prions (dotted line).
FTIR spectra were obtained using the conditions described in Materials and Methods. B: The
percentage of different secondary structure motifs on recPrP™ aggregates, soluble recPrP and

purified PrP* was estimated by deconvolution of spectra using the Secondary Structure

Estimation (SSE) software from JASCO.
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Figure 3.4: RecPrP’® aggregates are similarly neurotoxic as PrP. RecPrP™ aggregates were
produced by incubation for 24 hrs with 400mM NH4F. 100, 50 and 25 nM of dialyzed recPrP™
aggregates were added to the medium of 1x10° N2A neuroblastoma cells and cell viability was
measured after 24 hrs of incubation using the MTT assay. As a negative control, the same
volume of PBS was added to the well (control). Purified RML-PrP* (PrP*), soluble recPrP
(recPrP) and the reaction buffer without protein (buffer) were also assayed as controls. All
experiments were done in triplicate and the values correspond to the average + standard error.
The reduction of cell viability produced by addition of recPrP™ or PrP was highly significantly

(P<0.001) different from soluble recPrP and the buffer control, as determined by student t-test.

3.3.6 Infectivity of aggregated recPrP. Aggregated recPrP produced by incubating PrP for 24 hr
in the presence of 400 mM NH4F was intra-cerebrally inoculated into wilt-type mice to test the
self-propagation ability of salt-induced misfolded PrP in vivo. This experiment is currently

ongoing.
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3.4 DISCUSSION

PrP misfolding is a central event in the pathogenesis of prion diseases. The mechanism
responsible for the PrP® to PrP conversion and the potential role of accessory molecules in this
process are not completely understood *"*>°. Several in vitro models have been proposed to study
the mechanism of prion conversion. Among them extensive studies have been done using recPrP
forced to aggregate into amyloid fibrils by using partially denaturing conditions, including
chemical (guanidine hydrochloride, urea, SDS, etc.) and/or physical denaturants (temperature,
pH, pressure, etc.) >* *>* In some of these studies recPrP aggregates displayed various
biochemical and even infectious properties of PrP> *> % All of these experimental approaches
rely on the assumption that partially unfolding states of the protein are directly involved in the
amyloid formation pathway '*°®. In this work, I aimed to test whether recPrP can be folded into
a PrP%-like conformation by more physiological conditions, and in the absence of any organic
molecule, using exclusively stabilizing salts.

The results indicate that protease-resistance recPrP aggregates with some of the biochemical
features typical of PrP*® are readily formed in the presence of stabilizing, kosmotropic salts. The
protease resistance fragments exhibited an approximated size of 17 kDa, which is in agreement
with sizes reported for PrP27-30 (subtracting the weights associated to GPI anchor and glycans)
>3 Smaller fragments were also observed albeit at much lower ratios. Although the salts used in
this study are not considered denaturing agents, they may have some impact on the activity of the
protease used in The studies. To rule out any significant effect of the salt on the protease activity,
I did a control digestion assay of BSA in the presence of PK. I observed that PK degradation
ability was not affected by the salt concentrations used in the assay (data not shown). This is not
surprising considering that PK is completely active at high concentrations of NaCl ®. Additional
evidence to rule out an effect of the salt in protease activity comes from the  time-course
experiments. As showed in figure 1H at short times of incubation with salt only a faint signal of
protease-resistant recPrP is observed, despite the fact that the PK digestion conditions were the

1es

same as those in which a high quantity of recPrP™ was observed.
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The recPrP™ aggregates exhibited classical features associated to amyloids such as an
increase in Th-T fluorescence emission, sigmoideal time-dependent aggregation mechanism and
changes in secondary structure leading to higher contents of beta-sheet. However, I was not able
to observe formation of typically well-defined amyloid fibers by TEM analysis. Classical
amyloid fibrils are typically formed by using partially denaturing conditions, as it has been
shown for recPrP in various reports ® %30 70-71 'Op the other hand, bona fide PrP* isolated
from the brains of prion infected wild-type animals usually exhibits relatively low content of
amyloid fibrils (Fig. 2C) ** . Interestingly, the morphology of the aggregates consisting of
clumps of rod-like structures was very similar between PrP* and salt-induced recPrP™ (Fig.
2C). It is possible that kosmotropes-induced aggregates follow a different aggregation pathway
than those formed under partially denaturant conditions, by for instance retaining some native
like structure. Amyloids generated under non-denaturing conditions have been previously shown
to exhibit such features °. In this study, the aggregates were shown to primarily contain beta-
sheet structures, although some alpha-helix signal remained.

The mechanism by which kosmotropic salts induce PrP*-like properties in recPrP is not
known, but may involve a specific interaction with the protein promoting conformational
changes (Fig. 5). Salts have been previously shown to be required by PrP* in order to exhibit
full protease resistance features . One potential scenario for the PrP PK-resistance observed
upon incubation with kosmotropic anions may be simply due to electrostatic binding of ions to
the highly basic N-terminal region blocking the access to cleavage sites by the protease (Fig.
5A). However I consider this scenario unlikely since chloride ion did not exert a significant
effect (Fig. 1D). Moreover, positive charges are spread all over the N-terminal domain, which
should cause an overall, unspecific protection against degradation. I also rule out a high
specificity for the kosmotropic anion due to the high salts concentrations required to observe the
protease-resistant bands and the fact that different kosmotropic anions produce a similar result.
Accordingly, stabilizing salts may promote PrP misfolding by increasing the local concentration

of the protein through salting-out mechanisms (Fig. 5B). Under this scenario, folding
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intermediates or even PrP*-like particles originally present at very low concentrations would
increase their effective concentration, accelerating the nucleation and seeding processes.
However, salting-out by itself may not be the only mechanism involved, because kosmotropic
cations were not able to promote protease-resistance (Fig. 1F). Soluble recPrP is known to be
thermodynamically stabilized at high concentrations of kosmotropic anions such as fluoride and
sulfate, whereas chloride induces a rather destabilizing effect °'. In this work, these two
kosmotropic anions strongly stimulated formation of protease-resistant aggregates, whereas
chloride, even when bound to a highly stabilizing cation, did not have a detectable effect. Sulfate
and phosphate anions decorating the surface of certain macromolecules such as heparan-sulfate

2> 7274 Interestingly,

and polynucleotides have been proposed to play a role in PrP conversion
these macromolecules have also been proposed to serve as scaffolds that concentrate PrP
molecules on its surface in addition to providing structure-compatible negatively charged groups,
thereby acting as a potential catalyst for PrP formation > "%, This work is consistent with
those reports, suggesting that increased local concentrations may be critical for the conversion
process. In addition, the acquisition of protease-resistance in part of the natively unfolded N-
terminal domain may be a manifestation of disorder-to-order structural transitions within the
region that are induced and/or stabilized by the stabilizing anions (Fig. 5C). In the presence of

more kaotropic/denaturing anions as used in most conversion protocols for amyloid formation,

this natively unfolded region would be kept from acquiring any significant structure.
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Figure 3.5: Potential mechanisms for recPrP aggregation induced by kosmotropic salts. The
soluble monomeric recPrP is represented as a two-domain protein, C-terminal globular domain
(triangle) containing a large proportion of alpha-helical structure and the natively-unfolded N-
terminal domain (solid line). RecPrP with the dark gray horizontal rectangle (representing beta-
sheet secondary structure) corresponds to the misfolded protein. The kosmotropic anions are
represented by the blue circles. The dotted arrows indicate a misfolding process, while the solid
arrows represent the protease digestion reaction (PK). Three putative models to explain the effect

' are proposed. 4. Binding of kosmotropic anions

of the salt on inducing the formation of recPr
may occlude specific cleavage sites within the N-terminal domain. This model could explain the
protease-resistance, but does not account for the structural changes induced by salt. B: A salting-

out-like mechanism locally increases PrP concentration in a native-like conformation, followed
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by either an induction or acceleration of intermolecular beta-sheet formation leading to PrP-like
aggregates. C: A combined effect of high concentrations of kosmotropic anions that partially
salt-out recPrP in a close-to-native fold from the bulk solution, along with specific anion binding
and further stabilization of part of the N-terminal domain induce a protease-resistant recPrP
conformation with PrP*° features.

These studies demonstrate that recPrP aggregates exhibiting PrP*“-like biochemical
properties can be readily formed using stabilizing salts. Synthetic infectious prions have been
achieved using recPrP, lipids and mouse-derived RNA molecules (7). Highly variable infectivity

38,44 The formation

was also reported using recPrP in a mixture of detergents and saline buffer
of prions made out of strictly protein in buffer without organic additives has not been achieved
so far. Here I present a system in which recPrP misfolding with features associated to PrP*® can
be induced only by varying the concentration of kosmotropic anions in a close-to-physiological

experimental setup. Infectivity studies with these samples are currently ongoing. If these studies

show the generation of infectivity, salts may represent the simplest “co-factor” molecule
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CHAPTER 4

CONVERSION AND MISFOLDING OF PRION PROTEIN IN THE PRESENCE OF
ORGANIC CO-FACTORS

4.1 ABSTRACT

Prion diseases are infectious neurological maladies transmitted by an unconventional
“proteinaceous” agent. The prion protein (PrP) is thought to be an essential structural component
of the infectious unit, though the involvement of other accessory molecules is still not clear. The
details about the molecular nature of prions are not known as well as the precise mechanism of
prion propagation. One of the main biochemical hallmarks of prion is their high resistance to
protease degradation. In order to obtain insights about the potential role of non-PrP molecules on
the molecular properties of prions, I studied the in vitro effect of different co-factors molecules
on the acquisition of protease-resistance. I found that the extent of resistance to protease-
degradation of PrP seems to be mediated by electrostatic forces as well as by the nature of the
accessory molecule. Moreover, the effect of all molecules studied was highly reversible,

suggesting that co-factors modulate the protease-resistance feature of prions.

4.2 INTRODUCTION

The prion hypothesis states that the infectious agent underlying prion diseases is a
misfolded form of PrP*. This abnormally folded conformation is believed to provide PrP with
self-propagation capabilities that will enable it to recruit normally folded PrP inside the brain

into the infectious form (PrP°%), which will bring as a consequence neuronal degeneration and
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finally deat . PrP is known to be an essential component of the prion particles, as has been

37,25, 81, 82 The absolute resistance of PrP knock-out

experimentally demonstrated many times
mice to prion infection as well as the PrP-dependent infectivity of protein extractions from prion-
infected brains has settled most doubts about the involvement of PrP in prion diseases® .
However, the efforts to prepare infectious particles using only PrP have so far failed®> .
Moreover, the involvement of accessory molecules as essential components of the infectious
particle has recently gained great interest”> .

A key event during PrP misfolding is the acquisition of partial resistance to protease
degradation®. Some other prion and amyloids have also exhibited partial protease-resistance,
though in those cases the extent of resistance is much less compared to mammalian prions®* .
The region within PrP*® that acquires protease-resistance is a C-terminal fragment spanning from
residues ~90 to 230, as opposed to all other prions and amyloids in which the whole protein
becomes resistant to degradation. Although the structural details accounting for protease-
resistance have not been elucidated, it is believed that at least in part, the formation of stable
aggregates with highly ordered stacks of b-sheets causes stabilization of the prion conformation
and occludes cleavage sites™ *. The fact that PrP* is not entirely protease-resistant suggests that
only part of the protein acquires a prion-compatible misfold, with sizes in the range between 15
and 20 kDa’. Moreover, in vivo experiments using transgenic mice expressing truncated PrPs
demonstrated that the minimal and necessary fragment required for prion infection starts from
around residue 90*”*°.

Infectious prions using pure, defined components were first achieved using reactions
containing brain-derived PrP, co-purifying lipids and RNA molecules”. PrP*-like species were
formed spontaneously after submitting the mixture to several cyclic rounds of amplification
through PMCA. It was later shown that the RNA molecules were being selectively incorporated
into the prion particle and acquired partially nuclease-resistance upon incubation with PrP’®. In a

recent report, highly infectious recombinant PrP was obtained when a similar mixture containing

synthetic lipids (POPG), mice-derived total RNA and recombinant PrP was subjected to PMCA
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rounds®. Lipids molecules were later shown to exert a combined effect of electrostatic and
hydrophobic interactions affecting the acquisition of protease-resistance of recombinant PrP’".
Therefore, the role of co-factors seems to be essential in modulating some of the most important
features of bona fide prions, e.g. misfolding and infectivity. On the other hand, recombinant PrP
converted into classical amyloids lacks of any detectable infectivity in wild-type animals as well

. . 2
as significant protease-resistance®> % °

. However, in a recent report, misfolded recombinant PrP
acquired variable infectivity and incomplete attack rates when subjected to PMCA in the
presence of a non-denaturing detergent (Triton X-100) and a denaturing anionic detergent
(SDS)¥. Although this misfolded PrP showed some biochemical similarities with PrP> such as
aggregation and self-propagation properties, the proteolytic fragments upon protease-degradation
exhibited heterogeneous sizes, indicating a potential difference in the conformation compared to
bona fide prions”.

With the aim of gaining insights into the molecular mechanism underlying PrP
misfolding, I tested in vitro the role of several molecules on the misfolding of recombinant PrP
and further acquisition of protease resistance. I showed that the protease resistance property is
reversibly modulated by synthetic accessory organic molecules in a specific fashion. These

samples were also injected into wild-type mice in order to correlate infectivity with biochemical

properties regarding the role of co-factor on prion propagation.

4.3 RESULTS

4.3.1 Spontaneous formation of protease-resistant recombinant PrP in the presence of
detergents. The formation of PrP fragments spanning from residue 90 through 230 represents a
key hallmark in prion biochemistry®. It has been reported that reactions containing hamster-
derived recombinant PrP supplemented with 0.1% Triton and 0.1% SDS generate protease-
resistant fragments of PrP when the reactions are seeded with small amounts of bona fide
hamster PrP* **. These C-terminally truncated fragments exhibited sizes of around 10, 12 and 16

kDa, being the latter reminiscent of that observed upon digestion of PrP*. In a follow-up work it

30



was shown that in the absence of prion seeds, small amounts of lower molecular weight
fragments (between 10-12 kDa) formed spontaneously in a temperature-dependent manner™. 1
adapted this protocol to use it with mouse recombinant PrP and found a similar phenomenon
(Fig. 4.1). However, I observed that at higher temperatures and using different reactions tubes,
the formation of the prion-related degradation band was clearly enhanced (Fig. 4.1B). At 37°C,
the frequency of spontaneous generation of protease resistant species was lower than that at
50°C. (Fig. 4.1A). More importantly, I observed that the reactions incubated at 37°C promoted

the formation of lower molecular weight fragments in the range between 10-14 kDa.
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Figure 4.1: Temperature-dependent spontaneous formation of protease-resistant recPrP. recPrP
was incubated for 24 hrs at 37°C (A) and 50°C (B) as described in methods. Samples were
digested with proteinase K for 1 hr at 37°C and western-blotted using mAb 6D11. The
experiments were run in triplicate (lanes 1, 2 and 3) to test for sampling. Undigested recPrP is
shown in lane 4.

4.3.2 The formation of spontaneous protease-resistant PrP is time-dependent. 1 next tested
whether the formation of protease-resistant PrP followed a time-dependent mechanism. I
performed serial passages of 24-hrs-rounds of reactions as described in methods. Since the
formation of species resistant to protease degradation exhibited a stochastic fashion, I used
several replicates on each round. Upon serial passages of the initial material, the intensity of the

bands associated to protease-resistant recombinant PrP fragments increased significantly (Fig.
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4.2). At the 22™ passage, the intensity was much higher than that observed in initial passages,
and the 16 kDa fragment remained the main species observed after digestion when using

monoclonal antibody 6D11 (Fig. 4.2A).
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Figure 4.2: Time-dependent formation of protease resistant recPrP. recPrP was incubated for 24
hrs at 50°C as described in methods and then subjected to 22 cycles of amplification by using
1/10™ of the previous reaction as seeding material for the next round of amplification. Samples
were digested with proteinase K for 1 hr at 37°C and western-blotted using mAb 6D11. Six
replicates were prepared in each round. Rounds 1%, 6™, 12™ and 22" are shown in A. Combined
rounds of one of the replicates are shown in B. Undigested recPrP is shown in the last lane (A

and B).

4.3.3 The main proteolytic products are C-terminal recombinant PrP fragments. PrP* is
known to exhibit protease-resistance from residues ~90 to the very end of the C-terminal region

of PrP> ®_ In order to perform a molecular profiling of the spontaneously-generated recPrPres, I
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used a monoclonal antibody that reacts against a region within the C-termini of PrP (M-20). The
16 kDa band reacted positively with both 6D11 and M-20 antibodies, confirming that this
proteolytic product is a C-terminal fragment (Fig. 4.3). However, I also observed several lower
molecular weight bands using the M-20 but not the 6D11 antibody (Fig. 4.3A). These bands have
approximate molecular weights ranging between 10-12 kDa and appeared in lower amounts than
the 16 kDa fragments. These bands were also reported in the work mentioned above upon
conversion of hamster recPrPs, though in that case the 16 kDa band was barely identifiable*. In
order to further study the time-dependent formation of these proteolytic fragments, a time-course
experiment of conversion of recPrP was analyzed by using M-20 antibody (Fig. 4.3B). These
results revealed that the lower molecular weight bands started forming in earlier passages,
whereas the 16 kDa band exhibited a more time-dependent behavior achieving increasing

amounts upon passages.
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Figure 4.3: Antibody mapping of protease resistant recPrP. recPrP was incubated for 24 hrs at

50°C as described in methods. Samples were digested with proteinase K for 1 hr at 37°C. A)
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Samples were western-blotted using two different antibodies: 6D11 (region 95-105) and M-20
(C-terminal mAb). Triplicates of the reactions were digested at a PK/recPrP ratio of 1/5 (lanes 1
and 4) and 1/40 (lanes 2, 3, 5 and 6) respectively. Undigested recPrP is shown in lane 7. B)
Time- course experiment for spontaneous formation of recPrPres followed by M-20 mAb.

Undigested recPrP is shown in last lane.

4.3.4 The formation of the 16 kDa but not the smaller protease-resistant PrP fragment is
reversible. In order to gain more insights about the nature of the protease-resistant PrP
fragments formed spontaneously upon incubation, I proceeded to analyze the role of the solution
components on the recPrP features. Due to the insoluble nature of misfolded recPrP, the
aggregates formed upon passage 22" were centrifuged and washed with PBS in the absence of
any other additive. This step was repeated until no visible signs of detergents were observed.
After final resuspension in PBS, I submitted the samples to protease-degradation assay.
Surprisingly, the 16 kDa fragment was barely visible after the washing steps (Fig. 4.4A lane 3).
However, at lower protease concentrations, the fragment reappeared with a stronger signal (Fig.
4.4A lane 1). When the washed samples were probed with the M-20 antibody, I observed the
same phenomenon with the 16 kDa fragment, but the lower molecular weight fragments
remained unaffected by the washing steps (Fig. 4.4B lanes 1 and 2). Once the detergents were
added back to the washed pellets, the recovery in signal of the 16 kDa fragment reached similar
levels as those shown initially (Fig. 4.4A lanes 2 and 4, Fig. 4.4B lanes 3 and 4). Interestingly,
upon detergent addition only one band at around 12 kDa was observed in addition to the 16 kDa
band. Altogether, these results suggest that the 16 kDa fragment is modulated by the presence of

the reaction additives, e.g. SDS and triton, as opposed to the lower molecular weight fragments.
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Figure 4.4: Protease resistance of PBS—washed PrP aggregates. recPrP was spontaneously
converted into recPrPres as described in Fig 4.1. Aggregated recPrP from round 22 was
exhaustively washed with saline buffer (PBS) to remove reaction detergents, as described in
methods. A) recPrP pellet was resuspended in PBS (-) or PBS plus reaction detergents (0.1%
Triton X-100 and 0.1% SDS, (+)), incubated at 37°C for 1 hrs and then protease-digested for 1
hrs at 37°C at 1/10 (lanes 1 and 2) and 1/40 (lanes 3 and 4) PK/recPrP ratios. Samples were
western-blotted using 6D11. B) recPrP pellet was resuspended in PBS (-) or PBS plus reaction
detergents (0.1% Triton X-100 and 0.1% SDS, (+)), incubated at 37°C for 1 hrs and then
protease-digested for 1 hrs at 37°C at 1/10 (lanes 1 and 3) and 1/40 (lanes 2 and 4) PK/recPrP

ratios. Samples were western-blotted using M-20.
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4.3.5 Effects of different detergents on the formation of the 16 kDa protease-resistant PrP
fragment. 1 previously observed that detergents seem to modulate the formation of the 16 kDa
fragment. As a next step I checked the individual effect of SDS and Triton on the washed pellets.
Interestingly, none of these detergents were able to recover the 16 kDa band upon addition to the
pellets (Fig. 4.5A). As it was shown, the combination of both seems the only way to retrieve the
original levels (Fig. 4.4B lanes 3 and 4). In addition, the lower molecular weight fragments were
observed throughout all the experiments. In order to further dissect the role of detergents, two
additional anionic detergents were tested. I first tried deoxycholic acid, a negatively charged
non-denaturing detergent broadly used to solubilize membrane proteins. Upon addition to the
pellets, deoxycholic acid was not able by itself to recover the 16 kDa-associated signal, even at
high concentrations (Fig.4.5B). Next I tried Sarkosyl, a negatively charged detergent similar in
chemical structure to SDS but without protein-denaturing effects (Fig.4.5C). Surprisingly, the 16
kDa band associated to protease-resistant recPrP was fully recovered. Moreover, the effect of
Sarkosyl followed a clear concentration-dependence trend, increasing the amount of the fragment
to much higher levels than that initially observed (compare Fig. 4.4B lanes 3 and 4 with Fig.4.5C
lanes 3-6). Different PK concentrations had minimal effect on the intensity associated to the 16
kDa band. In addition, this band was evidently the main species remained upon digestion. When
I tried even higher ratios of PK/recPrP (1/1), the band remained completely visible whereas the
lower molecular weight fragments disappeared (Fig.4.5A lane 4). As a comparison, I performed
the same experiment but using SDS instead. Though not so chemically distant in structure, SDS
was not able to stabilize this band against degradation (Fig. 4.5A lane 6). These results suggest
that a negatively charged polar head is not enough to recover the PrP>*-like protease resistant
feature. In order to fully test that, I incubated the washed pellets at high concentrations of NaCl.

Again, the 16 kDa was not visible (Fig.4.5D).
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Figure 4.5: Effect of detergent co-factors on recPrP protease-resistance. recPrP was
spontaneously converted into recPrPres as described in Fig. 4.1 and the aggregates from round
22 were exhaustively washed with saline buffer (PBS) to remove reaction detergents, as
described in methods. RecPrP pellet was resuspen

ded in different detergents or co-factors, incubated at 37°C for 1 hrs and submitted to protease
digestion assay, followed by Western blotting and visualized by using C-terminal mAb M-20. A)
Effect of resuspension in PBS plus: 1% Triton X-100 at PK/recPrP ratio of 1/10 and 1/1 (lanes 1
and 2), 1% Sarkosyl at PK/recPrP ratio of 1/10 and 1/1 (lanes 3 and 4) and 1% SDS at PK/recPrP
ratio of 1/10 and 1/1 (lanes 5 and 6). B) Effect of different concentrations of deoxycholate
detergent at PK/recPrP ratio of 1/40 (lanes 1, 3 and 4) and 1/10 (lanes 2 and 5). C) Effect of
different concentrations of Sarkosyl detergent at PK/recPrP ratios of 1/40 (lanes 1, 3 and 5) and
1/10 (lanes 2, 4 and 6). D) Effect of NaCl (0.75M) compared to PBS resuspension at PK/recPrP
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ratios of 1/40 (lanes 1 and 3) and 1/10 (lanes 2 and 4). Undigested recPrP is shown in lanes 8
(A), 7(B), 6 (C), 7 (D) and 5 (E).

4.3.6 Effect of poly-adenine (Poly-A) RNA on the aggregation of recombinant PrP . 1t has been
reported that poly-anions, particularly large fragments of RNA poly-adenine molecules strongly
stimulate formation of PrP® "> **. Moreover, brain-purified PrP was spontaneously converted

73 78, as well

into an infectious form when a mixture containing poly-A plus co-purifying lipids
as mouse recombinant PrP when combined with mouse-extracted total RNA and synthetic lipids,
was submitted to cyclic amplifications rounds (PMCA)®. Using washed pellets of previously
converted recPrP, I tested the effect of synthetic poly-A in the restoration of the protease-
resistant 16 kDa fragment. RNA alone was not able to recover the signal (Fig.4.6A lane 7).
However, when combined with Triton X-100, the signal reached similar levels to those initially
observed (Fig.4.6A lanes 5 and 6). RNA combined with Sarkosyl did not increase further the
signal obtained with the detergent alone (data not shown). In order to gain more insights about
the role of RNA (poly-A), I added poly-A molecules during the conversion of recPrP from the
first round. As controls, I also included other polyanionic molecules in separate reactions:
polyglutamate (poly-E) and polyvinyl-sulfate (poly-S). Surprisingly, after 18 rounds of reaction I
observed an intense signal associated to the 16 kDa fragment in the reaction supplemented with
poly-A, but not in those with poly-E or poly-S (Fig.4.6B). Moreover, the signals of the lower
molecular weight fragments were much weaker compared to that of the 16 kDa fragment, and

also compared to the fragments obtained in reactions without poly-A (compare Fig. 4.3A with

Fig.4.6B lanes 1 and 2).
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Figure 4.6: Effect poly-anions on spontaneous formation of recPrPres. A) Effect of resuspension
of washed recPrP aggregates in: PBS at PK/recPrP ratio of 1/40 and 1/10 (lanes 1 and 2),
reaction detergents (0.1% Triton X-100 and 0.1% SDS plus PBS) at PK/recPrP ratio of 1/40 and
1/10 (lanes 3 and 4), reaction detergents without SDS plus RNA (0.1% Triton X-100) at
PK/recPrP ratio of 1/40 and 1/10 (lanes 5 and 6) and PBS plus RNA at PK/recPrP ratio of 1/40
(lane 5). Undigested recPrP is shown in lane 8. B) recPrP was incubated for 24 hrs at 50°C and
subjected to 18 cyclic amplification rounds as described in methods, in the presence of different
poly-anionic molecules: poly-adenine RNA (poly-A), poly-glutamate (poly-E) and poly-vinyl-
sulfate (poly-S). Protease-digested samples at PK/recPrP ratios of 1/40 (lanes 1, 3 and 5) and
1/10 (lanes 2, 4 and 6) were Western-blotted using mAb M-20. Undigested recPrP is shown in

lane 7.
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4.3.7 Protease-resistance analysis of RNA-induced conversion of recombinant PrP. In order to
gain more insights into the role of RNA in the increased formation of protease-resistant, PrP°-
like recPrP fragments, as described above, I further analyzed their protease-resistance features by
conducting a PK concentration-dependence experiment using RNA-induced and non RNA-
induced misfolded recPrP. As shown previously, lower PK/recPrP ratios gave protease-resistant
fragments mainly around 16 kDa, specially for RNA-induced conversion reactions, whereas
lower molecular weights species appeared in lower proportions (Fig.4.7A and 4.7B). On the
contrary, the intensity of the 16 kDa band formed in the absence of RNA showed a higher
sensitivity against PK (Fig. 4.7C and 4.7D). The lower molecular weight bands clearly increased
with higher PK/recPrP ratios (Fig.4.7D). A side-by-side analysis about the extent of protease-
resistance of both RNA and non-RNA generated recPrPres exhibited clear differences (Fig.
4.7E). The non RNA-induced reactions gave aggregates with an increased sensitivity to higher
PK/recPrP ratios, with the 16 kDa band almost disappearing at the highest PK concentrations
(Fig.4.7E). The similar intensity of the 16 kDa bands at PK/recPrP ratios of 5/1 and 4/1 for
RNA-induced and non-RNA induced reactions respectively enabled me to estimate that RNA-
induced reaction products are at least 20 times more protease-resistant than those in the absence
of RNA. Interestingly, the lower molecular weight bands exhibited some RNA-dependent size
differences (Fig. 4.7E). In order to further confirm this, I run the same samples in higher-
concentration acrylamide gels (12%) to fully resolve the band separation. As shown in Fig.4.7F,
the RNA-induced products clearly contained a larger proteolytic fragment than that of the non-
RNA-induced reaction (besides the 16 kDa fragment). In both reactions, the lower molecular
weight fragments started increasing in signal when higher PK/recPrP ratios were used,
suggesting a potential involvement in the formation and/or proteolytic processing of the larger,

16 kDa protease-resistant species (Fig.4.7E).
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Figure 4.7: Comparison between RNA-dependent and RNA-independent spontaneous formation
of recPrPres. recPrP was incubated for 24 hrs at 50°C and subjected to cyclic amplification

rounds as described in methods, in the presence or absence of poly-adenine RNA, followed by
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Western-blotting and analyzed by mAb M-20. A and B) Amplification rounds from 18-23 in the
presence of poly-A are shown at PK/recPrP ratios of 1/40 (A) and 1/10 (B). C and D)
Amplification rounds from 14-20 in the absence of poly-A are shown at PK/recPrP ratios of 1/40
(C) and 1/10 (D). E) Aggregated recPrP formed in the presence (+RNA) or absence (-RNA) of
poly-A RNA from round 20 was protease-digested at PK/recPrP ratios of 1/90 (lanes 1 and 6),
1/40 (lanes 2 and 7), 1/10 (lanes 3 and 8), 1/1 (lanes 4 and 9) and 5/1 (lanes 5 and 10). F)
Protease-digested aggregated recPrP at PK/recPrP ratios of 1/10 in the presence (+RNA) or
absence (-RNA) run in 12% acrylamide SDS-PAGE followed by Western-blotting. The solid
arrow indicates the lower molecular weight size fragment (~13-14 kDa) of the RNA-induced
recPrPres compared to the non-RNA recPrPres fragment of around 12 kDa (dashed arrow).

Undigested recPrP is shown in the last lane of all figures.

4.3.8 Infectivity of aggregated recPrP in the presence of different co-factors. In order to test the
self-propagation and infectivity of the aggregated recPrP described in the previous sections, I
inoculated these samples intra-cerebrally into wilt-type mice as described in Table 1. The starting
material was aggregated recPrP in the presence of 0.1% SDS and 0.1% Triton in PBS, as
described in methods and shown in figure 4.1. Then, I exhaustively washed these aggregated
recPrP sample using PBS, as described previously and in methods. The washed aggregates were
resuspended in different buffers, checked for PK-resistance and then injected into animals, as
described in Table 1. For a second group of injections, I resupended the washed pellets in the
original buffer (0.15 SDS and 0.1% Triton in PBS) and then incubated the suspension with
several “inorganic” material that are known to affect prion propagation in vivo: stainless-steel
wires and nitrocellulose”’. These samples were directly inoculated into mice. The infectivity

studies with these samples are currently ongoing.
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Mice group Inoculums injected intra-cerebrally

1 PBS

0.1% SDS + 0.1% Triton X-100 in PBS

0.5% Sarkosyl in PBS

0.1% SDS + 0.1% Triton X-100 + poly-A in PBS

0.1% SDS + 0.1% Triton X-100 in PBS — Stainless steel wires

A [ N (W N

0.1% SDS + 0.1% Triton X-100 in PBS — Nitrocellulose

Table 1: Description of samples inoculated intra-cerebrally into wild-type mice. RecPrP was
aggregated as shown in Fig. 4.1 and exhaustively washed against PBS. The pellets were
resuspended in different solutions as specified in the second column followed by overnight
incubation at 37°C. The resulting samples were intra-cerebrally injected into the hippocampal
brain region. Ten mice per group were inoculated. Solutions devoid of PrP were also injected as

experimental controls.

4.3.9 Surface electrostatic potential of a putative PrP* structural model. As mentioned in
chapter 1, high-resolution structural data of bona fide PrP* is not yet available. Therefore,
several theoretical models have been proposed based on experimental data’™'%. Of those, the
most accepted in the field was reported in 2001 and proposes a b-helix arrangement for the
minimal structural PrP*® unit (Fig. 4.8C, with permission from Holger Wille)”. Since my
previous results suggest altogether that negatively-charged molecules play an important role on
the conversion of recPrP, I run surface electrostatic potential calculations on the b-helix model
for mouse PrP*° (Fig.4.8). Interestingly, the results showed a major spatial rearrangement of both
positive and negative charges in the region corresponding to the b-helix (residues 90-145)
compared to soluble recPrP structure'* (Fig.4.8). Moreover, the positively-charged face seems to

expose a considerably larger electrostatic area than the negatively-charged face, suggesting a
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possible role for the involvement of negatively-charged molecules on PrP conversion studied

here.

Figure 4.8: Surface electrostatic potential of PrP. Calculations of electrostatic potential for
different PrP structures at physiological pH and temperature was performed using MolMol
software’s surface potential application. A and B) Electrostatic surface potential front side (A)

and back side view (B) of normally folded mouse PrP X-ray structure (PDB access 1AG2). C)
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Trimeric model of PrP* minimal structural unit provided by William Holgergz. D and E)
Electrostatic surface potential front side (D) and back side view (E) of trimeric PrP* model

shown in C.

4.4 DISCUSSION

Accessory molecules have recently gained attention due to their potential role in the
misfolding process of PrP into PrPS’> 7> ¥ The generation of infectious prions using brain-
derived PrP”* and recombinant PrP* has provided strong evidence against an exclusively-protein
hypothesis about the formation of prions. However, the role of these co-factor molecules is not
yet clear. Lipids and RNA have consistently shown to promote prion-like features, suggesting a
role for negatively charged groups and hydrophobic interactions®® "', In a recent report,
prion-like particles with highly heterogeneous infectivity and incomplete attack rates were
generated using only synthetic detergents and cyclic amplification™, blurring even further the
role of these co-factors. In that work, aggregated recPrP seeded with bona fide PrP* was shown
to be infectious upon intra-cerebral injection into wilt-type hamsters. The reaction conditions
used in that work included 0.1% SDS and 0.1% Triton in PBS*. In this chapter, I studied the
effect of these and other detergents as well as several poly-anionic molecules on the formation of
protease-resistant recPrP in unseeded reactions, e.g. recPrPres formation de novo, which has the
advantage of avoiding brain-derived contamination. These samples were further bioassayed in
wild-type mice to correlate the findings in vitro with results in vivo.

Co-factor mediated in vitro conversion of PrP. I initially found that a partially protease-
resistant PrP species with features of PrP™ is spontaneously generated upon incubation in a
mixture of detergents submitted to amplification cycles (Fig. 4.1). The formation of these
particles was time and temperature dependent with a relatively linear correlation, probably
reflecting a kinetically constrained process as has been suggested previously™ (Fig. 4.2). A
mayor protease-resistant 16 kDa band, reminiscent of GPI-anchor-less, unglycosylated PrP>¢ >

appeared after several rounds of amplification (Fig. 4.1B). At 37°C, smaller molecular weight
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bands were also visible (Fig. 4.1A). These bands were positive when using the monoclonal
antibody 6D11, which reacts against an epitope located at 95-105 in PrP. When comparing the
expected size for a fragment containing that epitope (Fig. 4.10), these results indicate that the
protease degradation occurred at both the C-termini and the N-termini, as opposed to what is
seen with PrP°®*®, On the other hand, the reactions submitted at 50°C gave only a protease-
resistant band weighing around 16 kDa by using the same antibody, and a C-terminal antibody
(Fig. 4.3A), suggesting that at this temperature the PrP>-like fragments are clearly enhanced
(Fig. 4.1B and Fig. 4.10). In further experiments, I found that the 50°C generated recPrP species
also exhibited PK-resistant fragments of lower sizes, which were reactive against the C-terminal-
directed antibody M-20 as opposed to the smaller fragments formed at 37°C (Fig.4.3A). The
sizes of these fragments suggest that degradation of PrP went further down residue 90, leaving
smaller fragments resistant to proteases (Fig. 4.10). These fragments are not usually observed
with bona fide PrP%, though some variants of Creutzfeld-Jacob disease and Scrapie have clearly
exhibited C-terminally truncated PrP% '%'% In the present study, a previously reported
experimental protocol was adapted to enhance the spontaneous rate of PrP**-like particles™. In
that report, the same bands were also observed. It is not yet clear whether the formation of these
bands is related to a further processing of the 16 kDa, PrP**-related species, or rather a separate
population. However, the fact that degradation occurs all the way up to residues surrounding the
folded C-terminal domain (Fig. 4.10) may be indicative of destabilization of a protease-
resistance conformation acquired upon misfolding of this originally natively unfolded zone 90-
135. Ongoing experiments are aimed to distinguish these possibilities.

The yield of spontaneous formation of recombinant PrP fragments resistant to proteases
was relatively low compared to total PrP in the reaction (data not shown). This means that only a
small fraction of recombinant PrP is converted to a PrP>-like species. I observed some visible
aggregation and sometimes precipitation of protein after 1 round reaction (data not shown). This
is consistent with a scenario in which most PrP follows aggregation pathways, but only a fraction

acquires protease-resistance features reminiscent of bona fide prions™. I found that the relative
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amounts of the 16 kDa protease-resistant fragment were highly dependent on the presence of
detergents (Fig. 4.4). Though neither SDS nor Triton X-100 was able to individually recover the
formation of these bands after exhaustively washing the recPrP aggregates, a combination of
both regained the initial levels (Fig.4.4 and 4.5A). When Triton X-100 was combined with RNA,
a similar recovery was obtained (Fig. 4.6A), whereas Sarkosyl by itself recovered not only the
initial levels, but also acted in a concentration-dependent manner, reaching higher levels of
protease-resistance (Fig. 4.5C). An alternative explanation is that Sarkosyl and other detergents
may inhibit protease activity. However, proteinase K (PK) is known to be fully active in Triton
X-100 (up to 1%), SDS (up to 1%) and also Sarkosyl (up to 1%)(see proteinase K datasheet from
QIAGEN and SIGM-ALDRICH ). These results suggest that a molecule containing a negatively
charged group and a hydrophobic moiety are at least required to achieve a PrP*-like conversion,
which is consistent with recently reported data’’. The fact that SDS and RNA did not have
significant effects when used separately but only when combined with Triton X-100 suggests
that they may convey a similar role, probably by providing negative charges required for a
putative conformational change, whereas Triton X-100 may provide a hydrophobic environment.
Triton and lipids have shown to exhibit complementary effects on PrP conversion before™. On
the other hand, Sarkosyl may convey both requirements in a single chemical setup. Interestingly,
Sarkosyl is routinely used in purification and enrichments protocols of PrP* fractions at even
very high concentrations, suggesting that PrP> is clearly Sarkosyl-compatible **. Moreover,
Sarkosyl molecules are normally found on highly purified extracts of PrP* even after thorough

washing steps, suggesting high affinity binding to the infectious form'®

. Though not
significantly different in structure than SDS, Sarkosyl is usually regarded as a non-denaturing
detergent, which may be a key difference in the opposite effects both detergents exhibited (Fig.
4.9). The hydrophobic requirement in PrP conversion may be related to an increase in the

aggregation state of the protein, as proposed before®® !

. The hydrophobicity of SDS molecules is
either incompatible in promoting PrP aggregation in the levels that Triton X-100 promotes, or its

chain may exert more detrimental effects on PrP conversion such as excessive denaturation than
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in presence of Triton X-100 are partially counteracted by an aggregation-directed stabilization of

PrP aggregates.

SDS:

Sarkosyl :

Deoxycholate :

Figure 4.9: Chemical structure of detergents. Structures were taken from Wikipedia.org.

When RNA was included in the reaction since the first passage, I observed the formation
of seemingly larger amounts of protease-resistance fragments compared to those in the absence
of RNA at the same PK and total protein concentrations (Fig. 4.7A and 4.7B compared to 4.7C
and 4.7D). At least three possible scenarios are possible: 1) a different, more protease-resistant
species 1s formed when RNA is included in the initial reaction; 2) RNA itself makes the recPrP
aggregates more protease-resistant; 3) RNA significantly increases the amount of PrP-like

protease-resistant fragments, e.g. yield of the reaction. It is yet unclear which scenario is correct.
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However, the fact that the lower molecular weights fragments generated upon PK treatment
(~10-12 kDa) migrated slightly slower compared to non-RNA incubated reactions (Fig. 4.7E and
4.7F), provides evidence that a different processing and consequently PrP misfolded form might

be taking place.

GQGGETHNQWNKPSKPKTNLKHVA GAAAAGAVVGCLCCYMLESAMSRPMIHFGNDWEDRYYRENMYRYPNQVYYRPYDQYSNQNNFVHDCVNITIKQHTVT TTTKGENF TE TOVKMMERVVEQMCVTQYQKESQAYYDGRRS
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Figure 4.10: Sequence analysis of PrP. The different regions of PrP from residues 90-230
(minimal fragment required for infectivity®”) are described. The globular C-terminal domain
spanning from residues 134-230 is represented in light blue. Residues 90 to 134 are structurally
disordered in normally folded PrP'* ''°. A hydrophobic set of residues (11-134) is highlighted in
yellow-to-red gradient. A positive cluster of lysines is depicted in dark blue. The arrows

represent the estimated linear molecular weight size of the respective region.

In any case, the results I found reflect that the formation of a PrP>“-like protease-resistant
fragment is highly dependent on the electrostatic and hydrophobic character of the surroundings,
which is in agreement with the requirement of lipids and RNA to obtain infectious synthetic

-8 My observations that the appearance of the 16 kDa, PrP*-like protease-resistant

prions
fragment, and not the smaller fragments, is reversibly controlled by the molecules studied here,

suggest at least two possible mechanisms: 1) this species is always present in the reaction even
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after thorough washes but its stability against degradation is mainly controlled by the properties
of the co-factor molecules and their affinity to PrP aggregates; 2) the acquisition of protease-
resistance in the region between ~90-140 which mostly contributes to the extension of the PrP
protease-resistance core starting at the C-termini is related to a reversible conformational change
primarily controlled by the co-factor molecules. I am currently testing these hypotheses. In
summary, the fact that PrP**like features are modulated by other molecules after thorough
washing steps of the pellets, provides evidence for a very tight molecular relationship between
PrP* and accessory co-factors.

In vivo studies and implications. All of the samples described in this chapter were intra-
cerebrally inoculated in wild-type mice in order to test the in vivo ability of recPrP-co-factor
aggregates to self-propagate. Though these experiments are currently ongoing, several scenarios
can be envisioned. As suggested in chapter 1 and in a recent report*', an accessory molecule can
be essential in driving the misfolding of PrP (Fig. 1.2 B, C and E). Biochemically, I described in
this chapter that several detergents and negatively charged groups can reversibly modulate the
formation of a PrP**-like protease-resistance fragment. The reversibility of this process is more
in agreement with the aforementioned driving of PrP misfolding. However, infectivity studies are
required to confirm this. Previous studies have shown that stainless-steel and nitrocellulose can
have effects on prion infectivity when combined with brain homogenates containing cellular
PrP” ?7. These co-factors can be considered unspecific carriers of prions. I also tested this
scenario by combining aggregated recPrP with both materials followed by bioassays (Table 1). If
significant infectivities are found with these inoculates, then the role of co-factors will be more
related to a stabilization of aggregated recPrP upon inoculation rather than conformational

induction, as depicted in Fig. 1.2D.
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CHAPTER 5

GENERAL CONCLUSION

The elucidation of the molecular basis driving the conversion of a normally folded
protein into an infectious, pathological form has constituted a long-sought aim in the field of
prions. The unconventional character of such an unusual infectious agent has brought interest not
only from the epidemiological point of view but also from the basic science. Before prions were
identified, the smallest infectious particles known were viruses, which still exhibit classical
infectious mechanisms and constitute highly ordered, defined macromolecular assemblies. The
radical idea that a protein conformation rather than a nucleotide-based pathogenic agent can
become infectious and be fatal in mammals has deeply shaken the foundations of microbiology
and protein sciences.

Despite decades have passed since the first case reports and the identification of PrP, the
exact molecular nature of prions is still elusive, as well as the toxic species causing neuronal
death. Most efforts aimed to uncover the structural aspects of prions have so far failed in
providing high resolution details. The main problems to overcome are related to the very nature
of prions, such as high insolubility, heterogeneity and large size. One of the crucial questions to

address is the identification of the minimal structural unit that is required to cause infection.
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Viruses are known to be discrete particles of defined structure composed of protein shells
covering nucleotide molecules that are injected into target cells by protein-based motors. There is
growing evidence that prions propagate through a nucleation-polymerization mechanism
characterized by template-directed misfolding of normally folded PrP'”> '''. However, the
minimal particle required to convey such devastating process is still unknown. Most of the
problems are related to the continuous failures in creating exclusively protein-only inoculates
that cause infections in wild-type animals®> *°. Reconstitution experiments of prion infectivity
using defined components have so far able to achieve bona fide prion infectivity only when

lipids and RNA molecules are present in the inoculate™ ®

, or variable infectivity with
incomplete attack rates when different detergents are used”. The clear differential effects
observed in both works argue that accessory molecules may be key modulators in prion-like
infectivity.

In order to gain more insights about the molecular nature of prions, I designed two different

approaches:

1) Conversion of recombinant PrP into PrP*-like forms using salts: I showed that
kosmotropic/stabilizing salts are able to induce formation of protease-resistant recPrP in a
concentration and time-dependent manner exhibiting features reminiscent of bona fide
prions, such as molecular weight of the proteolytic fragments, amyloid-like nature of
aggregates and high content of b-sheet structure, all in a close-to-physiological
experimental condition. The fact that simply salts can form PrP species mimicking most
biochemical features of prions at physiological pH and temperature suggests that prions
are manifestations of protein-related changes. Infectivity studies are ongoing.

2) Conversion of recombinant PrP into PrP**-like forms using organic co-factors: By
modifying previously reported protocols aimed to misfold recPrP using detergents and
cyclic amplification, I found that spontaneous formation PrP>*-like forms in the absence

of any seed was significantly enhanced in a temperature and time-dependent fashion.
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Moreover, the detergents present in the reactions exhibited a critical role in the formation
of PrP%like proteolytic fragments by specifically modulating their molecular weights as
well as the level of resistance against protease-mediated degradation. Altogether, these
results clearly suggest that a tight relationship between negatively charged molecules
combined with specific hydrophobic environment is essential in the misfolding process.

Infectivity studies of these samples are ongoing.

Altogether, the results exposed in this thesis work provide support to the idea that prions and
their biochemical and pathological features of prions are manifestations of a specific
arrangement of PrP and accessory molecules. The fact that recombinant PrP exhibits PrP*-like
biochemical features only when exogenous components are included in the misfolding reactions
as shown in chapters 3 and 4 suggests that prion formation requires either a specific
physicochemical environment from which conversion into infectious forms can successfully
occur, or specific non-PrP molecules needs to be essentially incorporated within the prion unit in
order to form an infectious complex. If salt-induced recPrP aggregates are equally or comparable
infectious to those formed in the presence of detergents and negatively charged molecules, then
the requirement for co-factor molecules to produce infectious units can be largely relaxed, as
depicted in Fig. 1.2B. On the other hand, if significant co-factor dependent effects are observed
in vivo regarding infectivity, then the role of accessory-molecules will gain importance, in
agreement with the scenarios depicted in Fig. 1.2C-E. Based on the biochemical findings
reported in chapters 3 and 4, exogenous molecules seem to convey a critical role in controlling
prion formation, in a way that resembles those shown in Fig. 1.2C-E. Further experiments are

currently ongoing to discriminate which pathway underlies prion formation.

5.1 A new model for prion formation. The data provided in this thesis work allowed me to
hypothesize a new model for prion formation which is also consistent with recently reported

findings ®. The bases for the model are as follows:
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Molecular aspects of the model:

A) The acquisition of structure in the 90-145 region is encoded within the primary

B)

structure of PrP. The role of cofactor molecules is to further stabilize these strands
(Fig. 6.1). The protease-resistance exhibited within the natively unfolded 90-145

region upon PrP misfolding is most likely due to acquisition of a degradation-resistant

structure in the form of a b-sheet-like arrangement. The PrP 106-126 segment as well

as larger fragments spanning residues within this region has been shown to readily

form amyloid-like aggregates in vitro with high content of b-sheet signal when

expressed separately from the rest of the protein®® ''*1¢

The absence of protease resistance within the 90-145 region in exclusively protein-

46-49, 117

only aggregates (Fig. 4.4) along with the key modulating role of co-factor

molecules in mediating this feature in vitro (Fig. 4.5) suggest that the acquisition of

structure within this PrP segment requires further stabilization by non-PrP elements in

order to self-sustain. Interestingly, certain lipids such as POPG have been shown to

form PrP"-like protease resistance PrP species just by short incubation at 37°C % °',
The hydrophobicity-level of PrP itself does not explain the high insolubility of PrP*,
since monomeric, native PrP remains monomeric at the same concentrations.
Consequently, 1 propose that both non-denaturing hydrophobic environments and
negative charges are required to convey protease-resistance (Fig. 4.5). The molecular
involvement of accessory molecules is in the form of specific hydrophobic contacts
and negatively charged groups. Negative charges are involved in the stabilization of
surface-exposed positive charges upon acquisition of structure within the 90-145
region. The hydrophobic interactions proceed through further stabilization of the
PrP%-conformation by providing a layer-like arrangement of aliphatic groups on the

surface of PrP (Fig. 6.1A).
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0)

D)

The combination of both hydrophobic and negative (non-denaturing) groups is
sufficient to stimulate prion like PrP conformations. However, the role of polyanion
molecules, especially poly RNA, is not so clear. It has been shown to act as a scaffold
of prion formation® 7> ”®. Surprisingly, it was recently shown that photo-cleavage of
nucleotides bound to PrP* did not alter the infectivity, suggesting that once PrP*° is
formed and the polyanion partially incorporated, it is not longer needed by the prion
to convey infectivity''*. Therefore, polyanionic molecules promote in the model a 2D
environment for efficient encounter between seed and substrate, most likely through
the electrostatic attractions between the negative charges and the highly basic natively
unfolded region within monomeric PrP. Hence, the role of polyanions is primarily a
catalytic one.

During in vitro replication, large stacks of misfolded protein are broken up in pieces

by external forces such as sonication® ">

. In the presence of polyanionic
molecules, small seeds can contact monomers in a surface-based catalytic process,

accelerating the propagation of prions (Fig. 6.1B).
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Figure 6.1: A4 new model for prion formation and propagation. A combined role of
hydrophobic and negative charges provided by non-PrP components are proposed as
essential in the generation of bona fide prions. PrP C-terminal domain is represented as circle
(native form) or triangle (misfolded form) while the N-terminal domain (90-145) is depicted
as a straight line (natively unfolded) or wavy line (structured form). The N-terminal domain
positive side chains are shown in blue whereas the main chain negative charges are shown in
red. Lipid-like molecules are shown as red ball-sticks. The red straight line represents a poly-
anionic molecule. A) The formation of a prion proceeds through the acquisition of structure
within the b-prone-prone 90-145 region as well as partial or total refolding of the C-terminal
region that is further stabilized by interaction with lipid-like molecules. This intermediate-
like state makes the whole particle highly insoluble causing rapid aggregation. Aliphatic
chain interactions arranged in a layer-like fashion on the surface of the prion further stabilize
the complex. B) Large complexes of lipid-stabilized misfolded PrP are broken into smaller
seeds upon shredding forces such as sonication. The seeds can therefore expose hidden
positive charges that are attracted by poly-anionic molecules along with the positives charges
of monomeric, native PrP. This bi-dimensional molecular encounters accelerate

incorporation of new monomers into the seeds and causes propagation in vitro.
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