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Abstract

Transmissible Spongiform Encephalopathies (TSE), also called prion diseases are
infectious neurodegenerative disorders. The key molecular event in the pathogenesis
of prion diseases is the conformational conversion of a cellular prion protein, PrPS, into
a misfolded form, PrP*. The a>PB conformational transition leads to protein
aggregation and the formation of toxic amyloid fibrils. However, the mechanism of
protein misfolding and the pathogenic pathway are still unclear. In our lab’s previous
study, we found that the disulfide-deleted mouse PrP could undergo a spontaneous
structural conversion under native condition from the native a-helical structure to
B-oligomers, amorphous aggregate, even amyloid fibrils. Here, we made spin-labeling
on each of three helices of mouse prion protein individually and combined circular
dichroism spectroscopy and electron spin resonance (ESR) spectroscopy to investigate
the structural conversion process. Our study illustrated that helix 1 and helix 2 were
partially unfolded when converted into soluble B-structures. On the other hand, spin
labeled on helix 3 showed slow mobility, suggesting that the local environment of that
spin is in an ordered state. Moreover, when the helix3-labeled protein was transformed
into amyloid fibrils, the spin-labeled fibrils showed intermolecular spin interaction with
a distance of 10 A.

Keywords: Prion disease, misfolding, structural conversion

v



AD

APS

BSE

CD

CID

Ccv

CWD

DMSO

EDTA

EPR

ESI-TOF

ESR

FFI

FTIR

GdnHCI1

GPI

GSS

HD

HPLC

IMAC

IPTG

LB

Abbreviations

Alzheimer’s disease

ammonium persulfate

bovine spongiform encephalopathy
circular dichroism

Creutzfeldt-Jacob disease

column volume

chronic wasting disease

dimethyl sulfoxide
ethylenediaminetetraacetic acid

electron paramagnetic resonance
electrospray ionization - time of flight
electron spin resonance

fatal familial insomnia
Fourier-transform infrared spectroscopy
guanidium hydrochloride
glycosylphosphatidylinositol
Gerstmann-Striussler-Scheinker syndrome
Huntington’s disease

high performance liquid chromatography
immobilized metal affinity chromatography
isopropyl B-D-1-thiogalactopyranoside

lysogeny broth or Luria-Bertani broth



MS mass spectrometry

MTSSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate
NaOAc sodium acetate

NMR nuclear magnetic resonance

PBS phosphate buffered saline

PCR polymerase chain chain

PD Parkinson’s disease

PK proteinase K

PrP prion protein

PrP© cellular PrP isoform

PrP* pathogenic (scrapie) PrP isoform

RT room temperature

SDSL site-directed spin labeling

SDS-PAGE sodium dodecyl sulfate — polyacrylamide gel electrophoresis
SV-AUC sendimentation velocity — analytical ultracentrifugation
TB teriffic broth

TCEP tris(2-carboxyethyl)phosphine

TEM transmission electron microscope

TEMED N,N,N',N'-tetramethylethylenediamine

TFA trifluoroacetic acid

ThT thioflavin T

Tricine N-[tris(hydroxymethyl)methyl]glycine

TSE transmissible spongiform encephalopathy

uv ultraviolet
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Chapter 1 Introduction

1.1 Introduction to prion disease

Prion diseases (or transmissible spongiform encephalpathies, TSE) are a group of
fatal neurodegenerative disorders that affect numerous mammalian species, including
kuru, sporadic Creutzfeldt-Jakob disease (sCJD), familial CJD (fCJD), iatrogenic
CJD(@CJD), Gerstmann-Stra“ussler-Scheinker disease (GSS), fatal insomnia (FI), and
new variant CJD (vCJD) in human, bovine spongiform encephalopathy (BSE) in cattle,
scrapie in sheep and chronic wasting disease (CWD) in deer and elk (Table 1). The
neurodegenerative diseases contain Huntington’s disease (HD), Parkinson’s disease
(PD), Alzheimer’s disease (AD) and so on. A unique feature of prion diseases is that
they are transmissible and able to across species. After a protracted incubation period,
patients display clinical symptoms of progressive motor dysfunction, cognitive
impairment, and cerebral ataxia. @ The brains of diseased individuals show
characteristic spongiform degeneration, astrogliosis and accumulation of misfolded
protein deposits (Cobb & Surewicz, 2009; Prusiner, 1998). All forms of prion disease
are progressive and ultimately fatal. Currently, there are no treatments that have been

shown to halt progression or to reverse the disease.



Table 1 TSEs in different animals. (Imran & Mahmood, 2011)

Animal prion diseases

Disease  Host Etiology Year of Description
Scrapie Sheep, Goats  Infection with Prions of unknown origin 1732

TME Mink Infection with Prions of either sheap or cattle origin 1947

CWD Cenids Infection with Prions of unknown origin 1967

BSE (attle Infaction with Pricns of unknown origin 1986

EUE Nyala, Kudu Infection with Prions of BSE origin 1986

FE Gats Infaction with prions of BSE origin 1990

NHP Lemurs Infaction with Pricns of BSE origin 19%
Human prion diseases

Disease  Host Etiology Year of Description
Kuru Human Ritualistic Cannibalism or ‘Transumption’ 19005

2D Human Spontaneous PrP° —PiP* conversion or somatic mutation 1920

fcD Human Mutations in PANP 1924

GS5 Human Mutations in PRNP 1936

iCID Human Infaction with Prions of human origin by cadaveric comeal grafts, hGH or dura mater 1974

FFl Human PANP haplatype 178N-129M 1986

) Human Infection with Prions of BSE origin 199

sl Human Spontaneaus PP —PIP* conversion or somatic mutation 1999

VPSP Human Spontaneatss PrP° —PiP* conversion o somatic mutation 2008

The ancient prion diseases, sheep scrapie, had been reported since early eighteen

century in Great Britain. The name “scrapie” comes from the behavior of the infected

sheep which tend to scrapie their fleece against trees and bushes. In 1922, the term

“Creutzfeldt-Jakob disease” (CJD) was used to describe a human neurodegenerative

disease from earlier reports by Creutzfeldt and Jakob (Prusiner, 1998). In 1936, Culll]

and Chelle successfully transferred scrapie from sheep to goats, demonstrating that

scrapie was an infectious disease (Cuille & Chelle, 1939). Another human disease,

kuru, which was transmitted by ritualistic cannibalism was discovered at Papua New

Guinea in 1936 (Steadman, 1980). In 1959, Hadlow pointed out the analogies between



kuru and scrapie in clinical features and pathology (Hadlow, 1959). D. C. Gajdusek

confirmed that kuru can be transmitted to chimpanzees in 1966; 2 years later, Gibbs

proved the transmission of CJD (Gajdusek et al, 1966; Gibbs et al, 1968).

Since BSE (bovine spongiform encephalopathy, or “mad cow disease™) in cattle

was first reported in 1986 in the United Kingdom, it had rapidly evolved into a major

epidemic (Wells et al, 1987). More than 180,000 cattle were infected and 4.4 million

were slaughtered during the eradication program in Britain (Trevitt & Singh, 2003). It

is believed that feeding dairy cows with considerable meat and bone meal (MBM) is the

cause of BSE (Wilesmith et al, 1991). MBM is prepared from the offal of many

different resources and thus is possibly contaminated with scrapie or other prion

diseases. Approximately ten years after BSE epidemic, a new type of human TSE was

found in Great Britain and was called variant CJD (vCJD). Compared with sporadic

CJD (sCJD), the patients of vCJD were relatively younger, they manifested a

predominance of psychiatric symptoms instead of cerebellar ataxia or progressive

dementia (Will, 2003). Both epidemiologic and experimental studies indicated that

vCJD was resulted from exposure to the contaminated BSE cattle products (Bruce et al,

1997; Will et al, 1996). Figure 1.1 displays the statistical data about BSE and vCJD

from 1987 to 2010, showing some correlations between these two prion diseases.

3
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Figure 1.1 BSE and vCJD cases. (A) BSE cases reported in the United Kingdom.
(B) BSE cases worldwide excluding the United Kingdom. (C) vCJID cases reported in
the United Kingdom. (D) Cumulative vCJD cases in individual countries (current data
until July, 2012). Statistical data were obtained from The National Creutzfeldt-Jakob
Disease Research & Surveillance Unit (NCJDRSU) (www.cjd.ed.ad.uk). The third US
patient with vCJD was born and raised in Saudi Arabia and has lived permanently in the
United States since late 2005. According to the US case-report, the patient was most
likely infected as a child when living in Saudi Arabia. The case from Japan had
resided in the UK for 24 days in the period 1980-1996. (Ryou, 2011)

According to the statistical data until July 2012, there were 224 vCJD cases

reported in world-wide. Most of them had resided in U.K more than 6 months during

the BSE epidemic period between 1980 and 1996. Unfortunately, only two of the

patients had survived until now.



1.2 Protein only hypothesis

The word “prion” stands for “proteinaceous infection particle,” which was named
by Prof. Stanley Prusiner (Prusiner, 1982). Since the disease was discovered, there
had great debates about the pathogen of prion diseases. Until now, it has been widely
accepted that the infectious particles of prion diseases are misfolded proteins. At first,
people described the infectious agent as “slow virus” (Rogers et al, 1967). However,
Alper and co-workers demonstrated that ionizing radiation and UV did not destroy the
infectious material whose size was too small to be a virus (Alper et al, 1967; Alper et al,
1966). 1In 1967, Griffith proposed that the infectious agent might be a protein (Griffith,
1967). But few researches had been done to test the hypothesis until Prusiner purified
the scrapie agent and coined the term prion in 1982 (Prusiner, 1982). After that, more
and more researches supported the protein hypothesis. The gene encoding PrP (PRNP)
was identified in the mammalian genome and the familial prion diseases were all
resulted from PRNP mutations (Collinge, 2001; Oesch et al, 1985). Furthermore, the
strong evidence was provided from transgenic mice. Overexpression mutant PRNP in
mice produced a transmissible neurodegenerative disorder similar to prion disease
(Hsiao et al, 1990). The transgenic knocked out mice (PRNP'/ ) were resistant to
scrapie infection without any signs of the disease (Bueler et al, 1993). Moreover,

prion-similar infectious materials were generated in vitro with defined components

5



which further supported for the prion hypothesis (Castilla et al, 2005; Wang et al, 2010).

1.3 Prion infectious conversion

Prion diseases are caused by the misfolded isoform of the prion protein (PrP).
Prion proteins have a molecular weight of 33-35 kDa and exist in two isoforms: the
nonpathogenic, predominantly a-helical, protease-sensitive, cellular isoform form (PrPS,
C stands for “cellular”) and the pathogenic, protease-resistant scrapie-inducing isoform
(PrPSc, Sc stands for “scrapie”) that is high in B-sheet structure. PrP stimulates
native PrP€ to convert into infectious PrP and is further accumulated in the brain
which causes neurodegeneration. These two isoforms have identical primary sequence
and no different posttranslational modifications have found (Stahl et al, 1993). An
apparent decrease in a-helix content and a significant increase in -sheet content occur
during the PrP¢ to PrP* conversion (Pan et al, 1993). These findings are surprising
because they challenge the Affinsen’s dogma “one sequence, one structure”(Anfinsen,
1973). Compare to PrP, which is protease-sensitive and solubility, PrP® shows
limited proteinase-resistance and is insoluble in non-denaturing detergent. Limited
protease digestion of PrP* often produces a smaller, N-terminal-excision
protease-resistant core (approximately 142 amino acid), referred as PrP 27-30

(McKinley et al, 1983).



The central molecular event in prion diseases is the self-propagating
conformational conversion of PrP® to misfolded form PrP*. Despite the mechanism is
still unknown, two conceptually different models have proposed for this protein
replication process (fig. 1.2). Due to template assistance model, PrP* exists as
thermodynamically stable but kinetically inaccessible monomer. PrP*is a catalytic
template that assists PrP® to convert into more stable PrP® conformation and the
rate-determining step of the process is forming the heterodimer between PrP*¢ and PrP®
(Prusiner, 1991). While such a mechanism is plausible, there is no experimental
evidence for the existence of a stable PrP> monomer (Surewicz & Apostol, 2011). In
contrast, some reports indicated that aggregation process was intimately associated with
prion protein conversion (Morillas et al, 2001; Swietnicki et al, 1999). A much proper
model is nucleated polymerization mechanism (Jarrett & Lansbury, 1993). According
to this model, the conversion between PrP% and PrP¢ is reversible, but the PP
monomer is less stable. The critical step of structural conversion is forming the
oligomeric nucleus which can stabilize PrP*. Once the nucleus has been formed,
monomeric PrP¢ could efficiently be added to it and successfully becomes PrP*. The
nucleation step causes the lag time of spontaneous structural conversion which can be

bypassed by adding PrP*° seeds.



a Template Assistance Model
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Figure 1.2 Models of prion replication. (A) The template assistance model predicts
that a PrP*° monomer is more stable than PrPC, but is kinetically inaccessible. In the
rare event that PrP® monomer is created spontaneously (or provided exogenously), it
can template the misfolding of another PrP molecule by direct interaction. The
dashed line shows that the newly created PrP* monomer can act as another seed to
formation of PrP*. (B) The nucleation polymerization model predicts that barrier to
prion protein conversion is the formation of a nucleus in which the protein adopts a
PrP%“like structure. The formation of such a low order aggregate is not favored;
however, once it has formed, polymerization from a pool of PrP“ molecules can take
place efficiently. Fragmentation of the polymer increases the number of ends for the

recruitment of PrP® monomers. (Surewicz & Apostol, 2011)



1.4 The structural and biological aspect of Prp°©

PrPC is a glycoprotein which normally attaches to membrane by a glycosyl
phosphatidylinositol (GPI) anchor and is highly conversed between mammals. In
hamster, PrP is encoded as a 254 amino acids polypeptide. The signal sequences
including 22 amino-acids of N-terminal and 23 amino acids of C-terminal are removed
during posttranslational modification. Functional PrP¢ attaches to cell membrane
through a GPI anchor at Ser 231. PrP further contains one disulfide bond between
Cys 179 and Cys 214, and two N-linked glycosylation sites on Asp 181 and Asp197 (fig

1.3 A).

A highly flexible N-terminal domain and a structural C-terminal domain compose
the structure of PrP®. N-terminal domain contains octapeptide repeats which have the
binding ability to many materials such as Cu”", polyanions, oligonucleotides and nucleic
acids (Burns et al, 2002; Caughey & Baron, 2006). The PrP° structures of different
vertebrates including human, cows, sheep and mouse have been solved by Nuclear
magnetic resonance (NMR) (Lopez Garcia et al, 2000; Lysek et al, 2005; Riek et al,
1996). These studies reveal a consensus structure composed of three a-helices, two

antiparallel B-sheet and one disulfide bond between helices 2 and 3 (fig. 1.3 B).
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Signal OR PK-resistant fragment MA
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Figure 1.3 The structure of PrPC. (A) Scheme of the primary structure of the
cellular prion protein and its posttranslational modifications. A secretory signal
peptide resides at the extreme N terminus. The numbers describe the positions of the
respective amino acids. The proteinase K (PK)-resistant core of PrP* is depicted in
gray; the approximate cutting site of PK within PrP* is indicated by arrows. OR,
octapeptide repeats; CC (pink), charged cluster; HC (green), hydrophobic core; S-S,
single disulfide bridge; MA, membrane anchor region; GPI, glycosyl phosphatidyl
inositol; CHO, facultative glycosylation sites. (Aguzzi et al, 2007) (B) NMR structure
of mouse PrP C-terminal (121-231). 3D structure reveals three a-helices (H1, H2 and
H3), two anti-parallel B-sheets (S1 and S2) and one disulfide bond between helix 2 and
helix 3.

PrP® ubiquitously exists around peripheral tissues including lung, heart, kidney,

pancreas, testis, white blood cells and platelets (Bendheim et al, 1992; Perini et al,
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1996). But highly expression is found in neuron cells (Kretzschmar et al, 1986).
However, the function of PrP® is still unclear, although several studies propose that it
has variant functions. For example, PrPC is related to formation, maintenance and
functions of synapses (Collinge et al, 1994; Kanaani et al, 2005). PrP® is a membrane
glycoprotein, suggesting a role in cell signaling or adhesion (Malaga-Trillo et al, 2009;
Spielhaupter & Schitzl, 2001). Moreover, prion protein possesses Cu -binding ability,
indicating that it may play a role in copper homeostasis (Brown et al, 1997; Davies &
Brown, 2008). Interestingly, no obvious developmental or behavioral abnormality
were noted in PrP knockout mice (Bueler et al, 1992). However, recently works also
suggested that PrP-deleted adult mice displayed some hippocampal-dependent spatial
memory deficits and had impaired peripheral myelin maintenance (Bremer et al, 2010;

Criado et al, 2005).

1.5 Different models of PrP*

Determining the structural features that differentiate between PrP¢ and PrP*° will
provide an important insight into the pathogenic conversion mechanism and the therapy
of prion disease. Structural properties of PrP* remain poorly characterized despite
decades of research. Getting atomic structure by NMR and X-ray diffraction is very

difficult because PrP* is insoluble and easily aggregate. However, we found that the
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structural conversion from PrPto PrP* with decrease in o-helical secondary structure
(40%—30%) and striking increase in P-sheet contents (3%— 43%) as measured by

Fourier transform infrared (FTIR) and circular dichroism (CD) (Pan et al, 1993).

In the absence of direct experimental data, the structures proposed for PrP*° are
largely based on modeling efforts, which will be introduced in the following contents.
According to the electron density from electron micrographs of two-dimensional PrP
27-30 rods, B-helical model was proposed and shown in fig. 1.4 A (Govaerts et al, 2004;
Wille et al, 2002). B-helical model presumes that residues 89-175, which include
native B-stands and helix 1 of PrP“, are in left-handed B-helix conformation. The
B-helical domains of PrP associate into trimers, where the a-helices 2 and 3 are largely
preserved as in the native structure. And oligosaccharides decorate the outside of the
trimers. The B-helical trimers are stacking on each other to form an extended (-sheet
core of fibril. This model is compatible with the X-ray fiber diffraction of prion rods
(Wille et al, 2009), and is also consistent with the amyloid core structure of fungal prion
(Wasmer et al, 2008). However, we still lack of experimental data to demonstrate that
B-helical structure is indeed present in PrP*. Another is B-spiral model, which was
derived from molecular dynamics simulations using the PrP® monomer as a starting

point (DeMarco & Daggett, 2004). In this model, all three helices retain their native
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structures. During the structural conversion, a longer B-sheet is formed by two native
B-strands and two new B-strands coming from the loop between strand 1 and helix 1 (fig.
1.4 B). The B-spiral model proposes that the PrP can form intermolecular B-sheet by
these new B-strands during polymerization. In order to fit the electron density from
two-dimensional electron micrographs, the basic subunit is predicted as trimers. The
new B-sheets are “spiral” around fibril axis at 45° pitch in the stacked assembly of the
trimers becoming PrP protofibril. However, B-spiral model could not account for the
cross-p diffraction pattern found for PrP*, implying that this may be an intermediate
state in further transformation into PrP*-like amyloid (Surewicz & Apostol, 2011).
The third one is two-rung model, which is based on left hand B-helical model and is
further refined by molecular dynamics simulations and modeling. Two-rung model
suggests that PrP region with the highest B-helical propensity (residues 105-143) can
fold in just two rungs of a left-handed B-helix (Langedijk et al, 2006). The first B-helix
rung is composed of residues 125-143 and the second B-helix rung is composed of
residues 106-124 (fig. 1.4 C). The two rungs of B-helix can give the growing fibril in a
tight packing at the periphery of a trimeric B-helix. Compare to -helical model, both
models show trimeric B-helix, but all three a-helices are retained in the two-rung model.
The fourth model is domain-swapping model. This model results from the crystal

structure of human PrP 90-231 in dimer form at 2 A resolution (Knaus et al, 2001).
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The dimer is come from three-dimensional swapping of the C-terminal helix 3 and
rearrangement of the disulfide bond (fig. 1.4 D). Recently, another paper found that
only the disulfides that tethered subdomain BI1-H1-B2 to subdomain H2-H3 could
prevent PrP conversion in vitro (Hafner-Bratkovic et al, 2011). This report further

supported the domain-swapping model.

On the other hand, rPrP amyloid fibrils forming in vitro with different techniques
also provide some structural information. The parallel, in-register -structure has been
found experimentally for rPrP amyloid fibrils and is consistent with following
biophysical methods (fig. 1.5 A). In contrast to the models described above, the
parallel, in-register [B-structure indicates that C-terminal is involved in structural
transition and no native a-helices are present in PrP>® conformation. Amyloid fibrils
formed from human rPrP90-231 were combined with site-directed spin labeling (SDSL)
and electron spin resonance spectroscopy (ESR). The distance measurements by
SDSL revealed that residues within the ~160-220 core region forms single-molecule
layers that stacked on top of one another with a parallel and in-register alignment of
B-strands (Cobb et al, 2007). In addition, hydrogen/deuterium exchange coupled with
mass spectrometry (HXMS) was used to study amyloid core. This method is

particularly well suited for studying amyloid fibrils because the amide protons in the
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B-sheet core of fibrillar aggregates are resistant to the exchange. The most highly

exchange-protected region in huPrP 90-231 fibrils is starting from residue 169 and

extending to at least residue 213 (Lu et al, 2007). Therefore, the HXMS data

confirmed that C-terminal is involved in amyloid core. The parallel, in-register

B-structure is also confirmed by solid-state NMR experiments of recombinant Syrian

hamster PrP23-231 amyloid fibrils. Solid-state NMR showed that these fibrils contain

in-register parallel B-sheets and that the structurally ordered fibril core includes the

C-terminal segment, approximately residues 175-225, which includes the second and

third a-helices of monomeric PrP (Tycko et al, 2010). Moreover, recombinant huPrP

90-230 fibrils combined with solution NMR also showed consistent results. Solution

NMR data suggested that residues 145-223, including all three a-helices, forming the

rigid core of the fibrils (Kumar et al, 2010). Figure 1.5 B presents amyloid core

investigated by different experimental methods.

Interestingly, prion peptides from disordered region could also form fibrils in vitro

and the amyloid core region investigated by solid state NMR was distinct from the

above experiments. For example, solid state NMR experiments indicated that the

ordered B-core in fibrils formed by C-terminally human PrP (huPrP23—144) mapped to

residue 112—-141 (Helmus et al, 2008). Another solid state NMR study revealed that
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human PrP(106—126) formed in-register parallel B sheets within the mature fibril (Walsh

et al, 2009). Hamster PrP 109-122 peptide could form amyloid fibrils as well, but

solid state NMR showed that the conformation was antiparallel B sheets (Lee et al,

2008). In addition, in-register parallel B-sheet was found from human PrP 127-147

fibrils and residue 137 may generate a twist between adjacent peptide strands (Lin et al,

2010). Furthermore, Eisenberg and coworkers have found that small peptides from

amyloidogenic proteins, including PrP, can form a variety of parallel and antiparallel

structures (Sawaya et al, 2007). These structures are arranged in tightly

self-complementing B-sheets and are called steric zippers (Nelson et al, 2005) (fig. 1.5

Q).
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Figure 1.4 Different models of PrP*. (A) The B-helical model. Residue 89-175 is

in left-handed B-helix conformation, while the a-helices 2 and 3 are largely preserved as

in the native structure. The B-helical domains of PrP associate into trimers. (Govaerts
et al, 2004) (B) The B-spiral model. Two native B-strands and two newly formed
B-strands comprise the amyloid core, while three a-helices retained. (DeMarco &
Daggett, 2004) (C) The two-rung model. Two P-helix rungs are composed of
residue 125-143 and residue 106-124, respectively. Amyloid core is left-handed
B-helix trimers and C-terminal a-helices are retained. (Langedijk et al, 2006) (D) The
domain-swapping model. The dimer came from the three-dimensional swapping of

the C-terminal helix 3 and rearrangement of the disulfide bond
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Figure 1.5 Different PrP* models from experimentally results. (A) The parallel,
in-register B-structure model. Human rPrP90-231 fibrils revealed residues 160-220
are the amyloid core region. Monomers stacked to form single-molecule layers so that
same residues could be perfectly aligned by the long fibrillar axis (arrow). (Cobb et al,
2007) (B) Schematic presentation of fibril core of recombinant prion hPrP90-230
amyloid fibrils as investigated by different techniques. The observed [-sheet
propensities are shown by black arrows. The charged cluster (CC), hydrophobic core
(HC), helices (H1, H2 and H3) and single disulfide bridge from native structure are
indicated. (Kumar et al, 2010) (C) The steric zippers model. Amyloid-like fibrils
formed by prion peptide show steric zippers structure. (Sawaya et al, 2007)



1.6 Electron spin resonance (ESR)

Structural analysis of protein folds is most often performed using Nuclear

Magnetic Resonance (NMR) spectroscopy or X-ray crystallography. However, large

molecular weight proteins and proteins that are highly dynamic in solution or uneasily

crystalized proteins are not always amenable to these high resolution techniques.

Furthermore, structures obtained by crystallography do not always represent the

biologically active conformation of the protein in solution (Cooke & Brown, 2011).

Electron spin resonance (ESR), or called electron paramagnetic resonance (EPR),

combines with site-directed spin labeling (SDSL) as pioneered by W. L. Hubbel and

co-workers offers a powerful method for the studying structure and dynamics of protein

(Hubbell & Altenbach, 1994).

This technique introduces a cysteine residue into the protein backbone and then it

is covalently attached with sulfydryl specific nitroxide spin label by formation of a

disulfide bond. Nitroxides are stable free radicals and contain an unpaired electron

required for ESR detection which is localized on the N-O bond. According to

quantum theory, the electron has a spin which can be understood as an angular

momentum leading to a magnetic moment. As the spins of the electrons paired on

molecular are compensated because of Pauli’s principle of exclusion, only unpaired
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electrons take part in the resonance phenomenon. Since many biological
macromolecules are diamagnetic, the nitroxide resonance on the specific cysteine
allows targeted analysis of protein structure. In the present of an external magnetic
field, the electron’s spin splits into two different energy states, parallel orientations
(mg = —%) (mg: the spin magnetic quantum number ) or antiparallel (mg =
+ %) relative to this field (fig. 1.6). This phenomenon is called Zeeman effect. ESR
spectroscopy is the technique for detection of the specific (resonant) absorption of
energy (usually microwave radiation), which matches the distance between the Zeeman
levels. The general principle can be described by the following formula:

AE = hv = gBH (eq. 1)
where AE is the energy of resonant absorption, /4 is Planck’s constant, v is microwave
frequency, f is Bohr magneton, a constant related to electron charge and mass, H is
magnetic field at which resonance occurs, and g is a spectroscopic factor (tensor) which
is a characteristic of a given paramagnetic center. The g factor can provide important
information on the electron density distribution and geometry of the paramagnetic
system. The general ESR spectrum comes from the absorption curve after the 1st
derivation (fig. 1.6). Since the source of an ESR spectrum is a change in an electron's
spin state, it might be thought that all ESR spectra for a single electron spin would

consist of one line. However, the interaction of an unpaired electron with nearby
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nuclear spins results in additional allowed energy states and multi-lined spectra. This

is called hyperfine interaction. For instance, the electron spin of MTSSL interacts with

nearby nitrogen and splits the ESR signal into three lines.

B 4 - Mgs=+1/2
A A
12 :
1 I hy = gfH
| hv =gf
'
i - M=-1/2
absorption : i P X
i Magnetic field (H)
1st derivative b

Figure 1.6 The general principle of electron spin resonance (ESR) spectroscopy.
The external magnetic field (H) interacts with electron magnetic moments resulting in
appearance of the energy difference between spin states and dividing electrons into two
groups (either parallel or anti-parallel to /). When the energy difference between the
spin states of paramagnetic system becomes equal to the microwave energy (/4v), the
absorption occurs. The details of spectral line bear important information on the
interactions of unpaired electrons; therefore, in order to allow phase sensitive detection,
the magnetic field is modulated (with modulation coils) resulting in the derivative

spectrum outcome. (Kleschyov et al, 2007)

The following information can be obtained from SDSL-ESR experiments: (1) side

chain mobility, (2) distances to other spin label, (3) solvent accessibility, and (4) the

environment of the spin-label. The important ESR parameters are the shape and the
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width of the spectral line, which are depended on spin mobility and inter-spin distance.
The mobility of a spin label is due to the movement of the entire protein and to an
ensemble of different local movements including local backbone fluctuations and
internal dynamics of the spin-labeled side chain. When the spin labels are able to
tumble rapidly in an isotropic way, magnetic interactions are completely averaged and
the ESR spectrum displays three narrow lines. As the motions are slower, the
magnetic anisotropy is no longer totally averaged, so the ESR signals become broader
(Longhi et al, 2011) (fig. 1.7). Furthermore, distance measurements by ESR are relied
on the dipole—dipole interactions between spins. The distance measurements which
can be observed by continuous wave (CW) ESR spectroscopy are in the range of 8-25 A.
This distance range can be further extended up to approximately 80 A using pulsed ESR

methods.
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Figure 1.7 ESR spectra of spin labels for nitroxides under various conditions of

rotational mobility. The effect of viscosity on the line shapes and rotational

correlation times T is shown. (Hammes, 2005)
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1.7 Previous study in our lab

In our previous study, we found that disulfide bond was important for PrP
structural stability. When dissolved in native condition (10 mM NaOAc, pH 7),
mPrP" was mainly a-helix structure, but disulfide bond removed PrP showed
predominant [-structure by circular dichroism spectroscopy (CD). Interestingly,
analytic ultracentrifugation (AUC) and transmission electronic microscopy (TEM)
suggested that this kind of B-PrP were oligomers. Furthermore, -PrP was sensitive to
proteinase K and showed high ThT fluorescence. Compare to previous reports which
prion oligomers were generated from denaturing or acidic conditions (Baskakov et al,
2002; Jackson et al, 1999), our B-PrP oligomers were produced under native condition.
Moreover, the structural transition process can be monitored by CD under lower salt
condition (0.5 mM NaOAec, pH 7). = The disulfide bond-deletion PrP was
spontaneously converted from a-helix structure to B-sheet predominant structure. In
addition, we used SDSL-ESR technique and found that residue 132 is still flexible when
mutant PrP becomes B-oligomers. Helix 2 may be partially unfolded in B-structure.
Overall, disulfide bond-deletion PrP is a useful model for studying structure conversion

of prion protein under the native condition.
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1.8 The aim of the thesis

Until now, we have limited understanding about prion disease because the PrP™
structure and prion misfolding mechanism are still unclear. Since high resolution
structure of PrP*is hard to get from NMR or X-ray diffraction, we have to use indirect
approach to study prion structure. As seen in section 1.5, plenty of PrP* models have

been proposed, but none one of them could be widely accepted.

In this thesis, we attempted to investigate the structural conversion mechanism of
prion protein and which part of the protein was involved in this transition. Based on
the model which was established by our previous study, further details about structural
transition were achieved. We first designed more mutant position on prion protein
including all three a-helices for the purpose of getting more information from different
regions. Then we transformed mutant PrP into different structures, including
B-oligomers, spontaneous structural conversion and amyloid fibrils. The experiments
were combined with CD, TEM, SDSL-ESR techniques and so on. According to the
ESR spectra from different regions or different structures, we can explore the role of

three a-helices during the structural change.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Water

Water was distilled and deionized by Milli-RO PLUS 60 and Milli-QSP reagent

water system.

2.1.2 Chemicals

Chemicals

40% acrylamide/bis (29:1) solution

Absolute ethanol

Antiform 204

Acetic acid

Acetic acid, glacial

Acetonitrile

Agar (Bacteriological grade)

Agarose I (Biotechnology grade)

APS (ammonium persulfate)

Ampicillin, sodium salt

Bis-Tris

26

Sources

Bio-Rad

Riedel-de Haén

Sigma

Sigma

J.T. Baker

J.T. Baker

Amresco

Amresco

Amresco

Amresco

Sigma



Bromophenol blue

CelLytic B 10X reagent

Coomassie brilliant blue R-250

DMSO (dimethyl sulfoxide)

DNasel

Dpnl restriction enzyme

EDTA (ethylenediaminetetraacetic acid)

ethanol

Glutathione, reduced

Glutathione, oxidized

Glycerol

Glycine

Guanidine hydrochloride

Hydrochloric acid 37 %

IPTG (isopropyl B-D-1-thiogalactopyranoside)

LB medium

Magnesium chloride

MES [2-(N-morpholino)ethanesulfonic acid]

Methanol alchohol, ahhydrous
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Amresco

Sigma

Sigma

Amresco

Roche

Roche

J.T. Baker

J.T. Baker

Sigma

Sigma

Amresco

Amresco

Bionovas

Riedel-de Haén

Amresco

Aurora Biotech

Sigma

Sigma

Mallinckrodt



MTSSL

Pepsin

Potassium chloride

Peptone from caesin

PfuUltra high-fidelity DNA polymerase

PMSF (phenylmethanesulfonylfluoride)

Silica, mesostructured

SDS (sodium dodecyl sulfate)

Sodium acetate

Sodium chloride

Sodium hydroxide

Sodium phosphate monobasic

Sodium phosphate dibasic

T4 DNA ligase

TAE buffer (50X)

TCEP (tris(2-carboxyethyl)phosphine)

TEMED (N,N,N',N'-tetramethylethylenediamine)

TFA (trifluoroacetic acid) 99 %

ThT (thioflavin T)

Enzo

Sigma

J.T. Baker

Merck

Stratagene

Sigma

Sigma

Amresco

Sigma

Sigma

Sigma

Sigma

Sigma

Roche

Amresco

Sigma

Amresco

Acros

Sigma



Tris Amresco

Tris hydrochloride J.T. Baker
Urea Amresco
Yeast extract Merck

2.2 Methods

2.2.1 Expression construct and site-directed mutagenesis

Mutant prion protein constructs, including mPrP-CtoA, S132C, N181C and
S132C/N181C, were the previous work made by our lab. Two other new constructs,
D147C and Q217C, were generated from mPrP-CtoA plasmid by PCR-based strategy.
In the strategy, forward primers were designed according to the desired mutant; then
5’-phosphorylation was added to the forward primers for ligation. Reversed primers
were same as the original sequences. Wild-type mPrP (mPrP"") in pET101/D-TOPO
vector was derived from Ilia V. Baskakov (University of Maryland Biotechnology
Institute, USA). Primer sequences for the mutations were listed below: (mutation sites
were underlined.)

D147C forward: 5’-TGCCGCTACTACCGTGAAAACATG-3’

D147C reversed: 5’-CTCCCAGTCGTTGCCAAAATGGAT-3’

Q217C forward: 5’-TGCTACCAGAAGGAGTCCCAGGCC-3’
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Q217C reversed: 5’-GGTGACGGCCATCTGCTCCACCAC-3’

PCR-amplified products were treated with Dpnl to digest parental plasmids.

DNA purification was done by QIAquick Nucleotide Removal Kit (QIAGEN, USA)

and ligation was done by Rapid DNA Ligation Kit (Roche, USA). Then ligated

plasmids were transformed into DHS5a™ competent cells (Invitrogen, USA) and

purified with QIAprep Spin Miniprep Kit (QIAGEN, USA). The positive clones

were selected and checked by ABI 3730 Sequencer. Vector NTI (version 9.1.0,

Invitrogen) program and its component, AlignX, were used to align DNA sequences

and to generate mPrP construct maps.

2.2.2 Small-scale protein expression

Transformed BL21 Star™ (DE3) competent cells (Invitrogen,USA) were

inoculated into LB medium with 100 pg/ml ampicillin and incubated overnight at 37 C,

250 rpm. About 0.5 mL overnight culture was subcultured into 4.5 mL LB/ampicillin

medium and incubated at 37 “C, 250 rpm for 1 hr. In order to induce protein

expression, ImM IPTG was added into cell culture and it was incubated for 8 hr at 37

‘C, 250 rpm. Then the cell culture was centrifuged at 16,000 g for 1 min and the

supernatant was removed. The pellet was resuspened by 300 pL lysis buffer (50 mM
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Tris-HCI, 100 mM NaCl. pH 8.0). Cell lysis was done by adding 0.5 X CelLytic B,

0.15 mg/mL lysozyme, 25 pg/mL DNasel, 7 mM MgCl,, and 1 mM PMSF. Then the

expression efficiency was checked by SDS-PAGE electrophoresis.

2.2.3 Large-scale protein expression, purification, and identification

2.2.3.1 Glycerol cell stock preparation

Transformed competent cells were prepared as glycerol stock for the purpose of a

stable quality of expression yield and convenience of storage. About 0.5 mL overnight

cell culture was added into 3.5 mL LB/ampicillin medium and was incubated for 3 hr at

37 °C, 250 rpm. Then cell culture was mixed with 0.8 mL sterile glycerol and kept at

-20 °C overnight. Cell culture was finally stored at -80 ‘C for long term storage.

Typically, 200 uL glycerol stocks were used for 1.2 L culture protein expression.

2.2.3.2 Expression of recombinant mouse PrP in E. coli and cell lysis

For 2.4-liter culture expression (each 600 mL medium in a 2-liter flask), 400 uL

cell stocks were added to 48 mL LB/ampicillin medium and were incubated overnight at

37 ‘C, 250 rpm. Then cell culture was subcultured into 2.4 L fresh TB/ampicillin

medium and was incubated for 3 hr at same condition. Protein expression was induced

by 1 mM IPTG at 37 °C for 5 hr. Cell pellet was collected by centrifuging at 1,900 g
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for 10 min at 4 “C. Typically, we can get about 20 g cell pellets from 2.4 L cultured
medium. The cell pellet was resuspended by lysis buffer (50 mM Tris, 100 mM NaCl,
pH 8.0), and cell lysis was done by adding 0.5 X CelLyticB, 0.15 mg/mL lysozyme, 25
pg/mL DNasel, 7 mM MgCl,, and 1 mM PMSF. The final volume of cell lysate
should be 8.7 mL per gram of cell pellet. Then the cell lysate was stirred for 30 min at
room temperature and centrifuged at 6,000 g for 30 min at 4 ‘C. Because recombinant

prion protein was existed in the inclusion body, we discarded the supernatant and keep

the pellet at -30 C.

2.2.3.3 Immobilized metal-ion affinity chromatography (IMAC)

The cell pellet was resolved by fresh IMAC A buffer (8 M urea, 100 mM Na,HPOy,,
10 mM Tris-HCI, 1 mM TCEP, pH 8.0) with rotating for 2 hr at room temperature.
Supernatant was collected by centrifuging at 18,000 g for 20 min at 4 “‘C and then was
applied to the pre-packed column with Ni*-charged Chelating Sepharose Fast Flow
(GE healthcare, USA). In order to enhance the specific binding, column was shaking
for 30 min at 4 ‘C. After that, the column was washed with 5 column value (CV)
IMAC A buffer for removing the non-specific binding materials. The target protein
was eluted by 5 CV IMAC A buffer supplemented with 20 mM EDTA. For mPrP"

purification, TCEP was replaced by 10 mM reduced glutathione as the reducing agent.

32



2.2.3.4 Desalting and disulfide bond formation for mPrP™

mPrP" was desalted to remove the reducing agent before oxidation to form
disulfide bond. For the desalting step, XK-16 column, pre-packed with Sephadex
G-25 Superfine (GE Healthcare, USA), was used on AKTAprime™ plus FPLC system
(Amersham Biosciences, USA). Desalting buffer (6 M urea, 0.1 M Tris-HCI, pH 7.5)
and the samples should be filtered by 0.45 um Millipore syringe filter. About 10 mL
sample was injected into pre-equilibrated column with the flow rate at 2 mL/min.
Proteins were eluted about 10 mL (retention volume) prior to the elution of small
molecules. Disulfide bond formation was done by incubating protein overnight at RT

with 5 mM EDTA and 0.2 mM oxidized glutathione.

2.2.3.5 HPLC purification and protein identification

IMAC eluent, which was for mutant mPrP, or oxidized sample, which was for
mPrP", was directly applied to reversed-phase C5 column (Discovery BIO Wide Pore
C5, 10 pm, 25 cm x 10.0 mm, Supelco, USA) with Jasco (Japan) or Agilent (USA)
HPLC system. Buffer A (94.9 % water, 5 % acetonitrile, 0.1 % TFA), Buffer B (99.9
% acetonitrile, 0.1 % TFA) and protein sample were filtered by 0.45 pm Millipore
syringe filter before purification. The purification condition was as below: The B

buffer concentration was raised from 29 to 47 % in gradient within 30 min at the flow
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rate of 3 mL/min. Mutant mPrP was typically eluted at 31-33 %. About 10 mg
mutant proteins were accessible after the HPLC purification from 2.4 L TB/ampicillm
medium. Protein can be long-term preserved as powder at -30 °C after lyophilized

(MAXI dry lyo, Heto, Denmark).

Protein purity and identification can be examined by SDS-PAGE or mass
spectrometry (MS). For SDS-PAGE, protein sample was mixed with sample buffer
(50 mM Tris-HCI1 pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM
EDTA, 0.02 % bromophenol blue) and was heated at 100 C for 10 min.
Electrophoresis was performed in 12 % SDS-PAGE under 120 V for 120 min. The gel
was stained by coomassie brilliant R-250 solution. Then destained by
water/methanol/acetic acid mixture (6:3:1). For ESI-TOF MS, QSTAR XL system
(Applied Biosystems) or Q-TOF Ultima API Mass Spectrometer (Macromass) was used

and combined with nanospray method.

Protein concentration can be measured by Beckman DU 800 UV-Visible
spectrophotometer (Beckman Coulter, Inc., USA) or ND-1000 Spectrophotometer
(NanoDrop Technologies Inc., USA) at UV 280 nm absorption. Molar extinction

coefficient (g) for mPrP"' and mutants was 80143.
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2.2.4 Secondary structure analysis by circular dichroism and CDPro

Far-UV Circular dichroism (CD) is a powerful technique to study protein

secondary structure. For CD experiment, sample concentration was above 0.1 mg/mL

and 0.1 cm path-length quartz cuvette (HELLMA) was used. CD signal was measured

by Jasco J-715 spectropolarimeter at the wavelength from 195 nm to 250 nm with a

band width of 2.0 nm. Scan speed was 20 nm/min and response time was set to 0.125

sec. CD signal was performed as mean residue ellipticity (MRE) and further smoothed

by OriginPro 8 SR1.

CDPro  software package  consisted of three popular programs,

(SELCON3, CDSSTR, and CONTIN), they were used for analyzing the protein CD

spectra for determining the secondary structure fractions. Another program, CLUSTER,

was used for determining tertiary structure class. For secondary structure analysis, the

unit of CD signal data was transformed into Ag by CRDATA program and deconvoluted

by CDSSTR algorithms.  Reference set SP43 was used in the fitting. NRMSD

values were better less than 1.00.

2.2.5 Analytical ultracentrifugation (AUC)

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiment was
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carried out by using Beckman Coulter Analytical Ultracentrifugation XL-A. Sample
was loaded into Beckman AUC sample cells with 12-mm optical path two-channel
centerpieces, with the matched buffer in the reference sector. And then cells were
loaded into a AnTi-60 rotor and spun at 60,000 rpm. Scans were acquired using
absorbance at 280 nm at 10-min intervals over a period of 5-6 hr. Partial specific
volume (V), buffer density, and viscosity were calculated from the amino acid sequence
by SEDNTERP software (version 1.09). For D147C and Q217C, the partial specific
volume was 0.7095 and 0.7091.. The buffer density and viscosity for 10 mM NaOAc
were 0.99883 and 0.010043. The sedimentation profiles were analyzed and fit by

SEDFIT (version 12.1b).

2.2.6 Fibril formation and ThT (thioflavin T) binding assay

In order to generate amyloid fibrils, protein was dissolved in 6 M GdnHCI with the
concentration at 130 uM. Then protein/GdnHCI solution, water, and fiber formation
buffer (6 M urea, 2 X PBS) were mixed by the ratio of 1:2:3, resulting in the final
protein concentration at 22 uM. 1 X PBS (phosphate buffered saline) composes of 10
mM phosphate buffer (pH 7.4), 137 mM NaCl and 2.7 mM KCIl. After that, the
sample was incubated in 37 ‘C incubator with 250 rpm shaking for several days until

fibrils forming. ThT (thioflavin T) binding assay was used to detect the process of
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fibril formation. ThT is a benzothiazole dye which nonspecifically binds p-sheet
structures. Fluorescence emission will dramatically increase to around 490 nm when
the wavelength was excited at 420 nm after ThT binding.
Hsf‘\@: FHa
+ 1 \:Hs
ClI™ CH,

Figure 2.1 Structure of Thioflavine T (ThT).

ThT was prepared as 2 mM stock in ThT dilution buffer (140 mM KCl, 100 mM
sodium phosphate buffer, pH 7.5). Working solution was freshly prepared before used
by adjusting the final concentration to 200 uM. 30 pl aliquots of each sample were
withdrawn at different time points and mixed with equal volume of 200 uM ThT
solution. Fluorescence measurement was carried out by Jasco FP-750
spectrophotometer using a 3-mm path-length rectangular cuvette. The excitation
wavelength was set to 420 nm. The fluorescence spectrum was recorded between 450
and 600 nm. The excitation and emission slits were set to 10 nm and 5 nm,
respectively. The scanning speed of 125 nm / min with a data pitch of 1 nm was

employed.

2.2.7 Transition electron microscopy (TEM)

A drop (15 pL) of sample was loaded on a carbon-only coated 300-mesh copper
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grid and left for adsorption for 3 min. Then it was washed with 100 uL. DI water and

negatively stained with freshly filtered 2 % uranyl acetate for 3 min. After washed

with 50 uL DI water, the grid was dried overnight. For oligomer sample, all the

washing steps were escaped. The sample was viewed by Hitachi H7000 electron

microscope operated at 75 kV.

2.2.8 Spin-labeling & purification

For  ESR experiments, mutant  proteins were labeled  with

(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate spin  label,

abbreviated as MTSSL (Alexis biochemicals, San Diego, CA). The experiment

procedure was shown as follows: First, 2 mg mutant protein was dissolved in 477 uL

DMSO. Then 500 pL 50 Mm Tris (pH 7.5.) and 20 uL. TCEP (in DMSO) were added;

typically this process would perform on ice because DSMO, which was mixed with

water, would generate heat. This was followed by the addition of 2.7 uLL MTSSL and

overnight incubation with shaking at RT in the dark. (MTTSL compound should always

be sheltered from light.) The molar ratio of per cysteine residue to MTSSL was 1:10.

To remove free radicals and unlabeled protein, the spin-labeled protein solution was

purified by reversed-phase HPLC. The methods for HPLC purification and protein

identification were the same as above whereas the gradient used in HPLC was set to
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29-41 %B in 40 min.
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Figure 2.2 Spin labeling. MTSSL reacts with thiol groups of cysteine and then
produces the nitroxide side chain designated R1. (Cooke & Brown, 2011)

2.2.9 Electron spin resonance (ESR)

The pre-treatment of ESR experiments for variant samples were different. For

B-oligomers, protein samples were dissolved in 10 mM NaOAc firstly and concentration

was about 0.45 mM. Then 20 pL protein samples were mixed with 20 uL 80 %

sucrose. For spontaneous structural conversion experiments, protein samples were

dissolved in 0.5 mM NaOAc and the concentration was also 0.45 mM. But 20 uL

protein samples were added in 12 mg nanopore materials (Silica, mesostructured,

Sigma). For fibril samples, the supernatant was removed after centrifugation; then 20

puL DI water was added to resuspend the fibrils, and the samples were mixed with 20 uL.

80 % glycerol. In ESR measurements, liquid samples were loaded into two 0.8 mm

(O.D.) capillaries; each was about 20 pl, and the ends of capillaries were sealed with

parafilm. Two capillaries totally contained 40 pL samples were introduced into a 4

mm (O.D.) quartz ESR tubes which also sealed with parafilm. For nanopores and
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fibril samples, they were directly loaded into 4 mm (O.D.) quartz ESR tubes. ESR

spectra were measured by Bruker ELEXSYS ES580 CW/Pulse spectrometer. The

CW-ESR experiment was performed at an operating frequency of 9.4 GHz and 1.5 mW

incident microwave power. The swept magnetic range was 200 Gauss. For different

temperature scans, the spectrometer was equipped with an ER 4131VT variable

temperature accessory.

2.2.10 Pepsin digestion assay

To investigate the amyloid core of fibril, pepsin was selected to digest fibril

samples. Experimental procedure was modified from a previous report (Frare et al,

2006). The spin-labeled fibril samples were first measured by ESR to get spectra of

undigested fibrils. And then directly added following materials into ESR tubes.

Pepsin (sigma) was added at an E : S ratio of 1:15 (w/w). Additional 10 puL. 80%

glycerol can maintain the viscosity. According to pepsin property, about 5.4 puL 100

mL HCI was necessary for providing acid condition. The digested reaction must carry

out for more than 30 min at room temperature. Finally ESR was used to measure the

spectra of digested fibrils.
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Chapter 3 Results (I)

3.1 Design and expression of mutant mouse prion protein constructs

To investigate the prion protein, we used full-length mouse prion protein (mPrP
23-231) as a model and constructed variant mutant. The mPrP"' construct was derived
from Ilia V. Baskakov’s group, University of Maryland, U.S.A. In our lab’s previous
work, we have made several mutants including mPrP-CtoA, S132C, N181C and
S132C/N181C. mPrP-CtoA was a mutant which mutated all cysteine to alanine, so the
disulfide bond was removed. Based on this disulfide-deleted variant, S132 (in the loop
between Strand 1 and Helix 1) and N181 (in Helix 2) were individually or doubly
mutated to cysteine, generating S132C, N181C, and S132C/N181C. Moreover, in
order to study different domains, we selected another two mutation sites, D147 (Helix 1)
and Q217 (Helix 3). On the purpose of spin labeling, we mutated the selected site to
cysteine. D147C and Q217C were made by site-directed mutagenesis form
mPrP-CtoA  construct. All the mutant PrP sequences were carried by
pET101/D-TOPO expression vector, which was shown in fig 3.1, and transformed into
DHS50™ competent cells for proliferation. DNA sequences were confirmed by DNA

sequencing. Figure 3.2 shows different mutation site of the mouse prion protein.
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Figure 3.1 pET101/D-TOPO expression vector. The mPrP gene and variant mutants
were inserted into pET101/D-TOPO expression vector.

mPrP-CtoA

124 128 131 224 226

5132 D147 N181 Q217

Figure 3.2 Different mutation site of mPrP. C179 and C214 were replaced by
alanine to remove disulfide bond. Residue S132, D147, N181 and Q217 located on
different regions and were substituted to cysteine (the residue number follows hamster

PrP sequence).
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3.2 Small-scale expression analysis

Expression pattern of mutant PrP was determined by small-scale expression test.

Expression vectors with mutant PrP sequence were transformed into BL21 Star™ (DE3)

competent cells. As shown in fig 3.3, D147C (MW=22987) expression level was

obviously induced by adding ImM IPTG. Furthermore, mutant protein was existed in

pellet after cell lysis and centrifugation. This result suggested that recombinant prion

protein was in inclusion body. Q217C and D147C showed similar expression pattern.

170

Figure 3.3 Small-scale expression of D147C. Lane 1: cell lysate from uninduced
culture. Lane 2: cell lysate from 1 mM IPTG induced culture. Lane 3: supernatant of
cell lysate after centrifugation. Lane 4: pellet of cell lysate after centrifugation. The
black arrow indicates the PrP position.
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3.3 large-scale expression

To get enough amount of mutant protein for experiments, we harvested

transformed competent cell in large scale. Escherichia coli is a well-known model and

is used to produce recombinant protein. However, the expression efficiency of prion

protein was low and easily degraded. Therefore, we developed a fast, reliable method

based on the protocol from Baskakov’s group (Makarava & Baskakov, 2008) for

expression and purification of wild-type and mutant PrP. At first, we prepared glycerol

stock with transformed competent cells and stored it at -80 ‘C, ensuring constant

protein expression for every batch. For large-scale expression, overnight E. coli

culture was cultured in 2.4 L TB medium and then induced protein expression by adding

I mM IPTG. After cell lysis and centrifugation, we resolubilized cell pellet by IMAC

A buffer which contained 8 M urea. Figure 3.4 shows the highly resolubilized

efficiency of Q217C.
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Figure 3.4 Resolubilization of Q217C from large-scaled expression culture. Lane
I: 1 mM IPTG induced cell lysate. Lane 2: supernatant of cell lysate after
centrifugation. Lane 3: pellet of cell lysate after centrifugation. Lane 4: pellet of 8§ M
urea resolubilization. Lane 5: supernatant of 8 M urea resolubilization. Black arrow

indicates the PrP position. Most of PrP can be resolubilized in 8 M urea.

3.4 Purification by immobilized metal-ion affinity chromatography (IMAC)

According to the characteristic of prion protein, metal-ion affinity chromatography
(IMAC) was used as the first step of purification. IMAC is a practical method to
purify target proteins which possess metal-ion binding ability. Sometimes targeted
proteins need extra His-tag to amplify the binding affinity. But prion protein contains
octapeptide repeat regions which can bind to metal-ion (M.P. Hornshaw, 1995). Here,
Ni*"-charged column was used to purify resolubilized PrP. Wash step was able to

remove unbound proteins while PrP was retained. As shown in fig 3.5, PrP was eluted
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out by 20 mM EDTA. However, the protein purity was not satisfied and further HPLC

purification was applied.

170
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Figure 3.5 IMAC was used for Q217C purification. Lane 1: PrP samples before
IMAC purification. Lane 2: Flow through fraction of IMAC. Lane 3: Wash fraction
of IMAC. Lane 4: Elute fraction of IMAC. Black arrow indicates the PrP position.

3.5 Desalting and disulfide bond formation for mPrP™

For mPrP" purification, desalting and cysteine oxidation were additional steps
after IMAC. Generally, native PrP® contains one intramolecular disulfide bond in
eukaryotic cell. Therefore, constituting the disulfide bond in recombinant wild type

PrP was necessary. The desalting step was used to separate the protein from reduced
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glutathione, ensuring that the following oxidation reaction was not affected by reduced
glutathione. Desalting was completed by size-exclusion chromatography with FPLC
system. Protein was eluted prior to salts and could be detected by UV absorption at
280 nm. After desalting step, disulfide bond formation was done by incubating protein

overnight at RT with 5 mM EDTA and 0.2 mM oxidized glutathione.

3.6 High-performance liquid chromatography (HPLC) purification
High-performance liquid chromatography (HPLC) was the final step to purify
mPrP" and mutant variants. HPLC is a powerful technique for separating the
individual components from mixtures. According to the hydrophobic interaction
between PrP and alkyl group, reverse phase HPLC with C5 column was chosen to
purify PrP. HPLC has high resolution and can clearly separate reduced form mPrP"'
and oxidized form mPrP"™. On the other hand, mutant PrP refolded itself into native
structure by removing urea during HPLC. Typically, PrP was eluted at 33 %
acetonitrile with slightly variant among different mutant PrP. Each mutant PrP showed
single peak in HPLC chromatogram (fig. 3.6), suggesting that a high-purity protein was

obtained.
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Figure 3.6 HPLC chromatograms of mPrP"" and variant mutants. UV absorptions
at 280 nm of HPLC purification are shown. The B buffer gradient for mPrP"" was
increased from 22 % to 40 % in 30 min. The B buffer for mutant prion proteins were

increased from 29 % to 47 % in 30 min. The black arrow indicates the PrP position.

3.7 Spin-labeling and purification
Adding a spin label on mutant protein is essential for electron spin resonance (ESR)
experiments. Mutant proteins were labeled with a 10-fold excess of a

(1-oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate spin label
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(MTSSL) (Alexis Biochemicals, San Diego, CA) per cysteine residue overnight in the

dark. The sulfydryl specific nitroxide spin label (MTSSL) can covalently attach via

the formation of a disulfide bond with a cysteine residue of mutant protein. The ESR

signals arise from the unpaired electron on the nitroxide group. The side chain with

the MTSSL probe was designated as R1. After overnight spin-labeled reaction, HPLC

was used to purify the spin labeled protein. To distinctly separate labeled proteins

from unlabeled proteins, the buffer gradient was set from 29 % to 41 % buffer B within

40 min. The labeling yield was slightly different for different mutant proteins but at

least 70 % proteins can be successfully labeled (fig. 3.7). =~ All mutant proteins showed

a very similar and high yield of labeling, indicating that the chosen labeling sites were

highly accessible to solvent.
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Figure 3.7 HPLC chromatograms of spin-labeled mutant proteins. UV
absorptions at 280 nm of HPLC purification were shown. The B buffer percentage
was increased from 29 % to 41 % in 40 min. The black arrow indicates the labeled

protein position. The previous peak was unlabeled protein.

3.8 Protein identification and storage

To ensure the molecular weight and protein identification, each mutant protein and

each spin-labeled protein was subjected to ESI-TOF MS after HPLC purification with

the use of nanospray method. Figure 3.8 shows deconvolution results of ESI-MS

spectra. After MTSSL-labeled, the PrP molecular weight would increase 184.3 Da.

Only after the molecular weight was confirmed, then we started the following

experiments. In 2.4 L cell culture, we could get about 10 mg of mutant proteins. All

the purified mutant proteins were lyophilized and stored at -80 C.
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Figure 3.8 ESI-TOF Mass spectra. Mass spectra of S132C, D147C, N181C, Q217C,
mPrP", S132R1, D147R1, N18IRI and Q217R1 were revealed. The corresponding
predicted mass for S132C, D147C, N181C, Q217C, mPrP™, S132R1, D147R1, N181R1
and Q217R1 were 23015.4, 22987.3, 22988.3, 22974.3, 23063.4, 23199.7, 23171.6,
23172.6 and 23158.6 Da, respectively. The mass results were coincided with predicted

mass.
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Chapter 4 Results (II)

4.1 Spontaneous structural conversion under native condition

In our previous study, the disulfide bond-removed PrP can spontaneously proceed
structural conversion in 0.5 mM NaOAc, pH 7. Therefore, two newly made constructs
including D147C and Q217C also carried out spontaneous structural transition under the
same condition. Either CD spectroscopy or ESR spectroscopy was used to monitor the
conversion process. Moreover, we found that structural transition rate was slower in a

more acidic condition.

4.1.1 CD spectra of spontaneous structural conversion

D147C and Q217C were dissolved in 0.5 mM NaOAc (pH 7.3) and protein
concentration was above 0.1 mg/mL. To monitor the structural conversion process,
samples were measured by circular dichroism (CD) spectroscopy for more than 2 weeks
at room temperature. In order to avoid anything artifact, samples were kept in the CD
cuvette and sealed with parafilm during the measurement. And the change of
secondary structural contents was analyzed by CDPro software using CDSSTR
algorithm. Compared with mPrP" which contains 29.6 % a-helix, initial CD spectrum
of D147C was more disordered and the a-helix content is only 7.6 % (fig. 4.1 A). This

indicated that substitution of negative charged aspartate by uncharged cysteine might
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destroy the N-capping effect in helix 1. Therefore, D147C was relatively unstable and
the structural conversion rate was faster than other mutant PrP. In CD spectra, D147C
became more coil-rich within 24 hours. Then it was further shifted to B structure after
100 hours and it finally showed the typical B structure signal on the 281th hour. On
the other hand, Q217C showed clearly three-state (a—coil—f) manner of structural
conversion (fig. 4.1 B). The secondary structure contents of Q217C were similar to
mPrP"™ in the beginning and then changed with time (fig. 4.1 D). CD signals of
Q217C were changed from a-helix structure to coil-rich structure within 24 hours and
were stabilized until 72 hours. The structure had transited to B structure on the 110th
hour and it finally became typical B structure on the 405th hour. Although the
conversion state of D147C and Q217C were different, they both spontaneously became
B structure under native condition.  Additionally, proteins aggregated into white

precipitations which were visible by eyes after long time incubation.
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Figure 4.1 Spontaneous structural conversions of D147C and Q217C. (A) D147C
and (B) Q217C were dissolved in 0.5 mM NaOAc (pH 7.3) and the structural

conversion was monitored by CD. Left panels are the CD spectra. Right panels are
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variation of secondary over time contents. Q217C showed clearly three state manners.
CD signals were deconvoluted by CDPro software using CDSSTR algorithm.
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4.1.2 Monitor the spontaneous structural conversion by ESR

After spin-labeling, the spontaneous structural conversion could also be observed

by ESR spectroscopy. Since spin motion is very fast, spin labeled sample must be

mixed with glycerol or sucrose to slow down the mobility traditionally, so ESR signal

can be comprehend. However, previously we found that disulfide bond-removed PrP

immediately became f structure after mixed with 40 % sucrose. In order to measure

the process of structural conversion, mesoporous silica materials (nanopore) was used to

slow down the spin mobility. Nanochannels of mesoporous silica materials are useful

for reducing the tumbling motion of encapsulated protein while leaving the

biomolecular structure undisturbed (Chaudhary et al, 2008; Lisa Washmon-Kriel, 2000).

Moreover, human prion peptide 142-166, which can fold into either a helical or hairpin

structure, was studied by ESR within nanopore (Huang & Chiang, 2011). To study

spontaneous structural conversion, four different spin-labeled PrP including S132R1,

D147R1, N181R1 and Q217R1, were dissolved in 0.5 mM NaOAc (pH 7) and the

concentration was about 0.45 mM. And then 20 pL samples were mixed with 12 mg

nanopores and were finally measured by ESR spectroscopy for 2 weeks at RT.

Exceptionally, the concentration of S132R1 was only 0.27 mM, so we added 30 pL into

nanopores.
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To ensure that the PrP structure had changed within nanopores, we measured all

the samples initially and after 2 weeks by CD spectroscopy (fig. 4.2). S132R1 showed

a-helix signal at first and further became [ structure after 2 weeks within nanopores.

However, the CD spectra of other three mutant PrP showed hybrid signals, indicating

that some proteins had already been transformed into B structure at the beginning.

According to the CD intensity, the protein concentration of N181R1 should be lower

compared with other mutant PrP.  After 2 weeks, the CD signals were slightly different

and the intensity decreased. Nevertheless, ESR spectra showed obvious differences

after 2 weeks, suggesting that the structures were altered (fig. 4.3). ESR signals can be

divided into two components — fast and slow. The intensity of fast component in all

spin-labeled PrP had increased with time, indicating that the backbone of PrP was more

relaxed and the conformation dynamic had increased. Therefore, mutant PrP became

more flexible during the structural conversion under native condition (0.5 mM NaOAc,

pH 7). On the other hand, the slow component was correlated with environment of

spin-labeled residue. For ESR spectra of S132R1, slow component was not affected

by structural conversion, suggesting that this residue was not involved in the association

process. Slow component in N181R1 spectra was also unchanged, but we expected

that helix 2 was partially unfolded in B-oligomers structure. The total protein of

N181IR1 was less than others, so N181R1 may need more time for association.
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Moreover, the slow component of D147R1 increased after 250 hours, indicating that
residue 147 may involve in the structural conversion and the oligomers association
process. Interestingly, the Q217R1 spectrum showed inter-spin interaction at the
beginning and the interaction had increased gradually with time. Therefore, Q217R1
started to aggregate into oligomers in the beginning and residue 217 may locate at the

intermolecular association region.
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Figure 4.2 CD spectra of different spin-labeled PrP within nanopores. S132RI1,
D147R1, N181R1 and Q217R1 were dissolved in 0.5 mM NaOAc (pH 7) within

nanopores. CD spectra were measured initial (red) and after 2 weeks (black).
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Figure 4.3 Spontaneous structural conversions of ESR spectrum within nanopores.
The ESR signals of (A) S132R1, (B) D147R1, (C) N181R1 and (D) Q217R1 in 0.5 mM
NaOAc (pH 7) within nanopores. Left panels are ESR spectra initial and after 2 weeks.
Black arrows indicate fast component and slow component. Right panels show the

change of fast and slow components with time.

4.1.3 pH value can affect structural conversion rate

We found that mutant PrP in 0.5 mM NaOAc with different pH value caused
different structural conversion rate. D147C and Q217C were dissolved in an acidic
condition (0.5 mM, pH 5.6) at room temperature. However, spontaneous structural
conversion process became slower and even longer than one month (fig. 4.4).
Compare with fig. 4.1 (pH 7.3), D147C was more stable at pH 5.6 and the a-helix
content increased to 19.4 % at the beginning. Based on the CD spectra of D147C in
acidic condition, we observed that the transition time from a-helix to coil-rich structure
was delayed to 6 days and it required more than 40 days to convert into 3 structure. In
addition, Q217C also carried out slower transition rate under an acid condition. The
a-helix content gradually decreased in 23 days after incubation and then CD signal
changed to B structure on the 44™ days. In order to investigate this phenomenon,
double mutant PrP, S132C/N181C, was used because it has the fastest structural
conversion rate. S132C/N181C was dissolved in 0.5 mM NaOAc with different pH

values including pH 6.5, pH 5.9 and pH 5.3, and then was incubated within CD cuvettes
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at room temperature. The results of the time course from CD spectra were shown in

fig. 4.5. Obviously, the structure transformed slower in the acidic conditions and was

pH-dependent. For pH 6.5 condition, the structure was changed after 1 day and

a-helix content also decreased. Different from the pH 6.5 condition, in pH 5.9 and pH

5.3 conditions, the conversion rates were slower and a-helix content decreasing times

were prolonged to 2 days and 4 days, respectively. These results confirmed that pH

value was important for spontaneous structural conversion and this process was

pH-dependant.
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Figure 4.4 Spontaneous structural conversions of D147C and Q217C under acidic
condition. (A) D147C and (B) Q217C were dissolved in acid condition (0.5 mM
NaOAc, pH 6.5) and were monitored by CD. Left panels are the CD spectra. Right
panels are variation of secondary over time contents. Both showed slower structural
conversion rates. CD signals were deconvoluted by CDPro software using CDSSTR

algorithm
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Figure 4.5 Spontaneous structural conversion of S132C/N181C under different
condition. S132C/N181C was dissolved in 0.5 mM NaOAc with different pH value.
(A) pH 6.5. (B) pH 5.9. (C) pH 5.3. Left panels were CD spectrum by time.

Right panels were deconvoluted by CDPro software using CDSSTR algorithm. More
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acid, the structural conversion rate was slower.

4.2 Soluble B-PrP

According to our previous study, disulfide bond-removed PrP dissolved in higher

salt concentration buffer (10 Mm NaOAc) can immediately transit to B-structure. In

addition, analytic ultracentrifugation (AUC) and transmission electron microscopy

(TEM) both showed that B-PrP was oligomers. D147C and Q217C were dissolved in

10 mM NaOAc and we also used AUC and TEM to assure that they can form

B-oligomers. And then, we measured the spin-labeled B-PrP by ESR spectroscopy.

The ESR spectra from different regions may provide some structural information about

B-PrP.

4.2.1 CD spectra of B-PrP

D147C and Q217C were dissolved in 10 mM NaOAc (pH 7) and the concentration

was about 0.1 mg/mL. Although CD spectra were slightly different from D147C and

Q217C, they both showed typical B signals which had negative signals around 218 nm

(fig. 4.6). The results were consistent with that the disulfide bond-removed PrP can

form B-structure under native condition in higher salt concentration.
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Figure 4.6 B-PrP can form in 10 mM NaOAc. D147C and Q217C were dissolved in
10 mM NaOAc (pH 7) and the concentration was about 0.1 mg/mL. Far-UV CD

spectra revealed a predominant 3-sheet pattern.

4.2.2 Particle size determination

Then we examined the aggregation propensity of [-PrP by analytic
ultracentrifugation (AUC). DI147C and Q217C were freshly prepared in 10 mM
NaOAc buffer (pH 7) and were subjected to sedimentation velocity analytic
ultracentrifugation (SV-AUC). The sedimentation coefficient distributions showed
that B-PrP did not sediment as a single species but as a mixture of oligomers (fig. 4.7).
AUC spectra suggested that D147C and Q217C still contained some monomer with a
sedimentation coefficient of ~2 S, but the oligomers distribution were different. The
major peaks of D147C corresponded to 15-16 mer and 25 mer, respectively. In
contrast, the major peaks of Q217C corresponded to 10-11 mer, 21-22 mer and 33-34

mer, respectively. AUC results confirmed that D147C and Q217C did formed
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B-oligomers. Interestingly, the intervals of different population oligomers were all

about 10 mer.
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Figure 4.7 Analytical ultracentrifugation. Continuous c(s) distribution characterizes
the sedimentation coefficient of D147C and Q217C in 10 mM NaOAc buffer (pH 7.0).

Scans were acquired using absorbance at 280 nm.

4.2.3 TEM image and ThT assay of p-PrP

The B-PrP morphology of D147C and Q217C were visualized by transmission

electron microscopy (TEM). They were dissolved in 10 mM NaOAc buffer (pH 7) as

well but with lower protein concentration (0.08 mg/mL). We found that this
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concentration promoted oligomers formation. TEM images of D147C and Q217C
both showed bead-like morphology (fig. 4.8). The bead-like morphology is the
characteristic of oligomers. As same as the AUC results, we can found different sizes
of beads. Therefore, either AUC results or TEM images disclosed oligomer formation

under native condition with higher salt concentration.

(A)D147C (B)Q217C

Figure 4.8 TEM images of D147C and Q217C oligomers. D147C and Q217C
oligomers were negative-stained by using 2 % (w/v) uranyl acetate. TEM images

revealed bead-like morphology. The bar represents 100 nm.

In previous study, B-PrP oligomers showed high intensity on thioflavin T (ThT)
binding assay. ThT is a well-used indicator of amyloid fibrils. Its non-specific
binding emits fluorescence around 480 nm under excitation at wavelength of 420 nm.
As shown in fig. 4.9, D147C and Q217C B-PrP oligomers displayed high fluorescence

signals similar to previous construct S132C/N181C. This indicated that B-PrP formed
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a plenty of ThT-binding B-sheet.
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Figure 4.9 ThT binding assay of different mutant PrP. Mutant PrP oligomers were
formed in 10 mM NaOAc buffer (pH 7) and mixed with ThT solution. p-PrP
oligomers showed high intensity. Fluorescence was detected with excitation at 420 nm.

DI water was mixed with ThT solution for control.

Interestingly, the B-PrP oligomers became fibril structure after long time

incubation at room temperature without shaking. After one month, B-PrP samples

were examined by TEM again. However, TEM images revealed fibrils morphology

(fig. 4.10). This finding suggested that disulfide bond removed PrP can form amyloid

fibrils under native condition without any denaturant agents. Moreover, ThT intensity

did not increase after fibril formation (data not shown). The possible explanations are

that the fibrils concentration is not enough to be detected or the fibrillization process

started from [B-oligomers is unable to form more ThT-binding B-structures. These

results indicated that oligomers may be the precursor of fibrils and they gradually form
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fibril after long time incubation.

(A)D147C (B)Q217C

100 nm

Figure 4.10 TEM images revealed fibrils after long time incubation. D147C and
Q217C oligomers were incubated more than one month at room temperature.
Negative-stained was done by using 2 % (w/v) uranyl acetate. TEM images revealed

fibrils morphology. The bar represents 100 nm

4.2.4 ESR spectra of p-PrP

To further investigate the structural details in B-PrP aggregation, different mutant
PrP were labeled with MTSSL and were measured by ESR spectroscopy. D147R1 and
Q217R1 were dissolved in 10 mM NaOAc buffer (pH 7) and the concentration was 0.45
mM. And then, samples were mixed with 40 % sucrose and measured at 300 K. The
results were shown in fig. 4.11 and were combined with previous data, S132R1 and
N181RI1. For S132R1, which spin-labeled site on loop, the ESR signal indicated that
residue-132 in soluble B-PrP remained highly flexible. In the native structure, residue

D147, N181 and Q217 are located at helix 1, helix 2 and helix 3, respectively.
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According to the ordered structure of helix, their ESR signal should present slow

motion.

However, the ESR signals of D147R1 and N181R1 contained slow and fast

ESR spectral components, indicating that helix 1 and helix 2 were partially unfolded

during the B-PrP formation.

mobility, suggesting

On the other hand, spin labeled on helix 3 showed slow

that the local environment of that spin is in an ordered state.

Moreover, the dipole-dipole interaction between two spin labels is insignificant,

suggesting that the inter-spin distance is greater than the upper limit of CW-ESR (~2

nm).
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Figure 4.11 ESR spectra of p-PrP. The labeled proteins (0.45 mM) were measured
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in 10 mM NaOAc buffer (pH 7.0) containing 40 % sucrose under 300K. Four
different spin-labeled region of mutant PrP are shown. S132R1 and N181R1 results
come from previous study. The arrow with F denotes the fast component in spectrum,

and the arrow with S denotes the slow component.

4.3 Amyloid fibrils

In vivo, PrP*° aggregates in brain tissues and shows amyloid fibril-like structure.
Therefore, fibrillization process and amyloid fibril structure are important aspects for
PrP*¢infection. Many reports have proposed that recombinant mPrP can form amyloid
fibrils under denaturing condition in vitro and the morphology is similar to native fibrils
(Bocharova et al, 2005). In our study, fibrils were produced from different mutant PrP
under denaturing condition and the process was detected by ThT binding assay. TEM
revealed the morphology of different amyloid fibrils. —Moreover, ESR spectroscopy

and pepsin digestion assay were used to further study fibril structure.

4.3.1 ThT binding assay and TEM images of mutant PrP

Under partially denaturing condition (1 M GdnHCI, 3 M urea, PBS, pH 7), mutant
PrP was transformed into amyloid fibrils and the process can be detected by the ThT
binding assay. The protein concentration was about 22 uM and incubated in 37 C
incubator with 250 rpm shaking for several days. The emission fluorescence intensity

of ThT was measured by excitation at wavelength of 420 nm with time. All mutant
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PrP were visible to the eyes when they reached the equilibrium state. Fig. 4.12
showed the time course of fluorescence intensity at 487 nm of the following proteins,
S132C, D147C, N181C, Q217C and mPrP"™. Every disulfide bond-removed PrP had
shorter lag time than wildtype PrP. According to nucleation model, the disulfide
bond-removed PrP was unstable and easily formed amyloid seeds. Besides, the mutant

PrP had slightly faster elongation rate, except Q217C, which had slower elongation rate.
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Figure 4.12 Fibrillization process of different mutant PrP. 22 uM mutant PrP was
keep in partially denaturing condition (I M GdnHCI, 3 M urea, PBS, pH 7) and
incubated in 37 ‘C incubator with 250 rpm shaking. Samples were measured by ThT
assay until reached the equilibrium state. Different colors represent different mutant
PrP. Fluorescence was detected with excitation at 420 nm. Y axis represents the

normalized results of emission intensity at 487 nm.

In addition, the morphology of every mutant PrP fibril was visualized by

transmission electron microscopy (TEM). The length of amyloid fibrils can be longer
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than 1 pm. The morphology of these fibrils was similar except Q217C which showed

more twisted fibrils (fig. 4.13).

(A)S132C (B)D147C

(C)N181C = (D)Q217C o

100 n 100

Figure 4.13 TEM images of different fibrils. Under partially denaturing condition (1
M GdnHCI, 3 M urea, PBS, pH 7), the mutant proteins were transformed into amyloid
fibrils. Negative-stained was done by using 2 % (w/v) uranyl acetate. Morphology

of these fibrils was similar except Q217C showed twisted structure. The bar
represents 100 nm.
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4.3.2 Fibrils formed from Spin-labeled PrP

Spin-labeled PrP can form amyloid fibril under a partially denaturing condition as

well. The same fibrillization procedure was used and the time course data of different

MTSSL-labeled PrP was monitored by ThT binding assay (fig. 4.14). The lag time of

different spin-labeled PrP was similar to fig 4.12, indicating that the spin-label probe

did not affect the amyloid seed formation. Interestingly, the N181R1 had the slowest

elongation rate, implying that the R1 group on residue 181 might interfere with the

association between monomer and existing fibrils.
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Figure 4.14 Fibrillization process of different spin-labeled PrP. 22 puM different
mutant PrP were dissolved in partially denaturing condition (1 M GdnHCI, 3 M urea,
PBS, pH 7) and incubated in 37 °C incubator with 250 rpm shaking. Samples were
measured by ThT assay until reached the equilibrium state. Different colors represent
different mutant PrP. Fluorescence was detected with excitation at 420 nm. Y axis

represents the normalized results of emission intensity at 487 nm.
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Spin-labeled fibrils were observed by TEM likewise. As shown in fig. 4.15,

spin-labeled fibrils had similar morphology as fig 4.14. This suggested that the fibril

structure is not affected by MTSSL labeling. In the same manner, the morphology of

these fibrils was similar except Q217R1, which showed clearly twisted structure. No

matter Q217C or Q217R1 showed more twisted fibrils, suggesting Q217 plays a role on

association.

(A)S132R1 (B)D147R1

(C)N18IR1 ™~ (D)Q217R1 ™~

100 m 100 ne

Figure 4.15 TEM images of spin-labeled fibrils. Under partially denaturing

condition (1 M GdnHCI, 3 M urea, PBS, pH 7), the spin-labeled PrP were transformed
into amyloid fibrils structure. Negative-stained was complete by using 2 % (w/v)
uranyl acetate. The morphology of these fibrils was similar except Q217R1 showed
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clearly twisted structure. The bar represents 100 nm.

4.3.3 ESR spectra of amyloid fibrils

Furthermore, spin-labeled fibrils were mixed with 40 % glycerol and were
measured by ESR spectroscopy at 200 K. The results were shown in fig. 4.16.
Compared to the ESR spectra in fig. 4.11, the ESR signals from fibrils sample were
much broader and had slower motion. The variation came from more compacted
structure of amyloid fibrils and from lower experimental temperature. The ESR
spectra of S132R1 and D147R1 showed flexible signals, suggesting that the residue 132
and 147 are in a flexible region in fibril structure. On the other hand, the ESR signals
of N181R1 and Q217R1 showed slow mobility, suggesting that residues 181 and 217
are in an order state while PrP becomes fibril structure. The ESR spectra of Q217R1
fibrils showed intermolecular spin interaction with a distance of 10 A. This is very
short distance and it indicated that there may be a regular space between residue-217s of

different PrP molecules.
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Figure 4.16 ESR spectra of MTSSL-labeled fibrils initial and after pepsin digestion.
The spin-labeled fibrils were mixed with 40 % glycerol and measured by ESR
spectroscopy at 200 K. S132R1 and D147R1 show flexible signals and change after
pepsin digestion. The ESR signals of N181R1 and Q217R1 showed slow mobility and

were not affected by pepsin digestion. Black lines represent the initial ESR spectra

and red lines represent the ESR spectra after pepsin digestion.

4.3.4 Pepsin digestion assay

To investigate which residue is involved in amyloid core, we digested the

spin-labeled fibrils by pepsin. Pepsin was chosen because of its broad specificity.

The cleavage sites are not dictated by the amino acid sequence, but by the

conformational and dynamical features of the polypeptide chain (Hooper, 1990).

Pepsin digestion has been used to identify the amyloid core of lysozyme fibrils (Frare et
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al, 2006). Additionally, pepsin has never been used for prion fibrils digestion, but

proteinase K has been used before (Bocharova et al, 2005). Our idea is that if the

residue is not involved in amyloid core, the residue can be cut off by pepsin and the

ESR signal will change. Therefore, spin-labeled fibrils were digested for more than 30

min at room temperature with pepsin at an Enzyme: Substrate ratio of 1:15 (w/w) in the

acidic condition (10 mM HCI). The ESR spectra were measured at 200 K and shown

in fig. 4.16. TEM images revealed that all fibrils became shorter after pepsin digestion

(fig 4.17). The ESR signals of S132R1 changed significantly after pepsin digestion,

suggesting that residue 132 might be cut out from amyloid fibrils by pepsin. Residue

132 might be either not in the amyloid core or in a loop. For D147R1, N181R1 and

Q217R1, the spectra were not significantly changed before and after pepsin digestion,

indicating that residue 147, 181 and 217 are in an ordered state and are not exposed.
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Figure 4.17 TEM images of. ‘spir;-labeled ﬁi)fils after pepsin digestion. The
spin-labeled fibrils were digested for more than 30 min at room temperature with pepsin
at an E:S ratio of 1:15 (w/w) at acid condition (10 mM HCI). Negative-stained was
done by using 2 % (w/v) uranyl acetate. The morphology of these fibrils became
shorter after pepsin digestion. The bar represents 100 nm.
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Chapter 5 Discussion

The conversion of natural prion protein (PrP®) into the p—sheet-rich, aggregated,
toxic and protease-resistant conformer (PrP*°) is the central event in the pathogenesis of
TSE. However, despite many years of research, the pathogenic mechanism of
structural change and which parts of prion participate in this conversion process are still
unclear. In our previous study, we found that the disulfide bond-removed PrP can
spontaneously proceed structural conversion under native condition and can
immediately become P structure in higher salt concentration. This finding provided an
ideal model for studying structure conversion of prion protein under the native
condition. The thesis here is aimed to explore the role of three alpha-helices on the
structural conversion of mouse prion protein. The results can be divided into three
parts: the structural information about spontaneous structural conversion, B-PrP

oligomers and fibrils, respectively.

In the first part, the disulfide bond-removed PrP, D147C and Q217C carried out
spontaneous structural conversion under native condition by CD spectroscopy (fig. 4.1).
By ESR technique with the usage of nanopores, we also observed the spontaneous
structural transition process of recombinant full-length prion protein with time (fig. 4.3).

These results further confirmed our previous notion that disulfide bond is essential to
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prion protein stability and reduction of disulfide bond may be important for structural

conversion in vivo. However, in order to provide ideal ESR signals, we used high

protein concentration (0.45 mM) which was 100-fold times higher than the

concentration used for CD experiments. Such high protein concentration may

accelerate protein conversion and parts of PrP would immediately become 3 structure

(fig. 4.2). Only S132R1 with lower concentration (0.27 mM) showed predominant o

structure. Despite this, we can still observe that ESR spectra changed after 2 weeks

measurements (fig. 4.3). In ESR spectra, fast component had increased with time,

indicating that conformation dynamic of PrP might increase during structural

conversion. In contrast, information about specific residue was imaged in slow

component. Slow component of S132R1 was not affected by time, suggesting that this

residue might not be involved in the conversion process. For DI147RI1, slow

component had slightly increased during the experiment, indicating that residue 147

might be partially involved in the structural conversion. Furthermore, Q217R1

showed inter-spin interaction at the beginning and the interaction had increased

gradually with time, implying that residue 217 may have involved in association process.

According to the high intensity of slow component, residue 217 is in a more ordered

state. All these data are consistent with the following ESR spectra of B-PrP oligomers.

However, the slow component of NI81R1 did not increase as the way we expected.
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N181R1 may need more time to aggregate. In addition, pH value is important to

structural conversion of disulfide bond removed PrP. The conversion rate slowed

down at a more acid condition (fig. 4.4 & 4.5). Even previous paper had suggested

that PrP oligomers formed immediately in an acid condition (Bocharova et al, 2005).

It should be noted that their PrP contained disulfide bond and was existed in a more acid

condition (pH < 5) with denaturant.

In the second part, D147C and Q217C can immediately become [ structure at a

higher salt condition (fig. 4.6). The same as the previous study, AUC results (fig. 4.7)

and TEM images (fig. 4.8) both confirmed that B-PrP was oligomers form, and the

B-PrP also showed high ThT-binding ability (fig. 4.9). = ESR spectra provided the

supporting evidence that the local environment of four different residues proceeded in

oligomerization.(fig. 4.11). The ESR spectra of S132R1 indicated that residue-132 in

soluble B-PrP remained highly flexibility, implying that it may not involve in the B-PrP

oligomers formation. DI147R1 and N181R1 both contained slow and fast ESR spectral

components, which indicated that helix 1 and helix 2 possibly become partially

unfolded during the B-PrP oligomers formation. Spin labeled on helix 3 showed slow

mobility, suggesting that the local environment of residue 217 is in an ordered state.

Moreover, no regular spin-spin distance could be found in the B-PrP by CW-ESR
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(distance detection range <20 A). Interestingly, PrP oligomers can further form
amyloid fibrils at RT without shaking (fig. 4.10). However, in all previous studies,
formation of amyloid fibrils was performed in denaturing agents; even the fibrils which
generated under native-like condition was incubated under acid condition (Cobb et al,
2008). We confirmed that the disulfide bond removed PrP can form not only
oligomers but also fibrils under the native condition without denaturant. Furthermore,
ThT intensity did not increased after forming amyloid fibrils. These results suggested

that our B-PrP oligomer may be an on-pathway intermediate for fibril formation.

In the third part, we transformed the mutant PrP into fibril structure under a
partially denaturing condition.  The lag time of mutant PrP was all shorter then mPrP"!,
suggesting that disulfide bond-deleted PrP are easier to form amyloid seed (fig. 4.12).
Furthermore, MTSSL-labeling did not affect the lag time and the fibrillization ability of
mutant PrP (fig 4.14). However, R1 group on residue 181 might interferes the
association between monomer and existing fibrils based on the prolonged elongation
rate. The morphology of different amyloid fibrils was similar except the mutant on
Q217 producing more twisted structure (fig. 4.13 and fig. 4.15). ESR technique
combined with pepsin digestion assay was used to study the amyloid structure. The

ESR spectra of fibrils formed from S132R1 and D147R1 were more flexible than from
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N18IR1 and Q217R1 which both showed broaden signals (fig. 4.16). Inter-spin
interaction disappeared in the spectrum of S132R1 fibrils after pepsin treatment,
suggesting that the residue 132 may exist in a flexible region in fibril structure. On the
other hand, the spectra of other sites remained to show substa ntial inter-spin
interactions after the pepsin treatment, indicating that these residues are not affected by
pepsin digestion and may not exposed in the fibril structure. However, residue 181 is
one of the N-glycosylation sites of PrPS in vivo, so it may not be involved in the
amyloid core. Based on ESR spectra and ThT assay, N181 is possible near the
amyloid core in the fibril structure. Moreover, the ESR spectra of Q217R1 fibrils
showed intermolecular spin interaction with a distance of 10 A. Therefore, helix 3
becomes regular arrangement with small intermolecular distance in amyloid fibril.
Our ESR spectra are consistent with the previous report which proposed that amyloid
core region is located at residues 160-220 (Cobb et al, 2007). However, we observed
that all fibrils became shorter not thinner after pepsin digestion (fig. 4.17). This was
not expectable because limited proteolysis should remove the peripheral residues
without interfering fibrils association. A recent report suggested that His residues
were protonated in an acidic condition and leaded to charge repulsion which further
caused the dissociation of prion fibrils (Qi et al, 2012). Therefore, pepsin is not the

ideal protease to study prion fibrils because it needs an acidic condition.
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Overall, residue 132 maintains its flexibility no matter in spontaneous transition,
B-PrP oligomers or amyloid fibrils, suggesting this residue may not participate in
structural conversion. Yet, the solid-state NMR of human prion peptide 124-147
proposed that this region became in-register parallel B-sheet (Lin et al, 2010).
Therefore, residue 132 may be located at the loop region between B-strands or this
region is not change during structural conversion. Helix 1 and helix 2 likely become
partially unfolded in B-PrP oligomers. And residue 147 is more exposed than residue
181 while forming amyloid fibrils. We suggested that residue 147 and 181 may not
involve in amyloid core. On the other hand, helix 3 is compactable in spontaneous
structural conversion, B-PrP oligomers and amyloid fibrils. And residue 217 has short
intermolecular distance (10 A) in amyloid fibril. Moreover, the fibril morphology
becomes differently according to the residue 217 mutation. These data indicate that
helix 3 may be important in association, but whether it is involved in the amyloid core

or still in helical structure remains further studies.
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Chapter 6 Future Works

In the future, there are many problems needed to be solved and required more
experiments to clarify the structural conversion mechanism of prion protein. For
example, the distance change during structural conversion can be measured by adding
two labels on helix 3 combined with ESR or FRET techniques. If the distance is
unchanged, which means that helix 3 is remained in helical structure and vice versa.
Alternatively, supposing that helix 3 is involved in amyloid core, fibrils formed from
helix 3 peptide should be able to seed wildtype prion protein by decreasing the lag time
of fibrillization and, wildtype fibrils should be able to seed helix 3 peptides as well. In
addition, more mutation sites are necessary for further study. For instance, spin
labeled on residue 135 or 137 can assure that whether regions 124-147 are involved in
amyloid core or not. Moreover, for limited limited proteolysis assay, proteinase K is a
better choice because of pepsin is not an ideal protease for prion fibrils. We also have
to further adjust ESR experiments about spontaneous structural conversion. ESR
experiment needs high protein concentration but this will accelerate PrP aggregation.
To solve this problem, we can dissolve PrP in a more acidic condition which slows
down the conversion rate, so we may get more proper information. On the other hand,
pulsed ESR technique may provide intermolecular distance for PrP samples which

cannot be detected by CW-ESR.
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