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Prion infection

Seeded fibrillization or more?
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The prion infection is a conversion of host encoded prion
protein (PrP) from its cellular isoform PrPC into the pathological
and infectious isoform PrPS¢ the conversion process was inves-
tigated by in vitro studies using recombinant and cellular PrP
and natural PrPS¢. We present a brief summary of the results
determined with our in vitro conversion system and the derived
mechanistic models. We describe well characterized intermediates
and precursor states during the conversion process, kinetic studies
of spontaneous and seeded fibrillogenesis and the impact of the
membrane environment.

Introduction

The molecular key event in prion diseases is the conformational
change of the host-encoded prion protein, denoted as PrPC, into the
disease-causing isoform, PrPSe.! Because prions do not contain any
genetic information in the form of nucleic acid®? the information
for prions is enciphered in the structure of the pathological isoform.
In contrast to other neurodegenerative diseases like Alzheimer
disease, Huntington’s disease etc., prion diseases are not only of
spontaneous or hereditary etiology but are also transmissible. Prion
replication occurs by converting PrPC to PrPS; in the transmissible
case the process is induced by invading PrP5¢ and the pool of PrPC
is replenished by the cellular synthesis of PrPC. Several mechanistic
models have been proposed for this conformational transition. Most
experimental data support the model of seeded polymerization.* The
conformational change of PrPC into PrPS¢ results in a fundamental
change of its biophysical properties. PrPC is membrane-bound, rich
in o-helical secondary structure, soluble in mild detergents, sensi-
tive against Proteinase K (PK) digestion and noninfectious, whereas
PrPS¢ is B-sheet-rich, aggregated, after truncation of its N-terminal
segment (aa 23-89/90) resistant to further PK digestion and it is the
major or only component of the infectious particle.!

The eukaryotic PrPC is post-translationally modified; carrying
two N-glycosylations and a glycosyl phosphatidyl inositol (GPI)
anchor. The GPI anchor attaches PrP to the cell membrane.’
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Like many other GPI-anchored proteins, PrPC is enriched in specific
membrane-microdomains called rafts.® With only minor variation,
recombinant (rec) PrP of nearby all susceptible species exhibits a
C-terminal globular domain, consisting of three o-helices and a
small antiparallel B-sheet’”? whereas the N-terminus is highly flexible
without well-defined structure. The ID-NMR spectrum of natural
PrPC€ from bovine brain, carrying the two N-glycosylations but
lacking the GPI-anchor showed no significant structural differences
between anchorless PrP€ and recPrP in solution.!? PrPC in vivo is
anchored to the cell membrane. Therefore the effect of membrane
binding on the structure of PrP is of functional interest.

Synthetic prions were formed from amyloidic recPrl demon-
strating that conversion of purified recPrP is sufficient for the
generation of infectivity, albeit at very low titers.!!"!2 Prion infec-
tivity was also generated by protein-misfolding cyclic amplification
(PMCA)'3 in extracts from noninfected animals.!!"14 To investigate
the molecular mechanism of prion formation, we pursued two
different strategies. In one approach, the spontaneous conversion
of PrP€ into a PrPSlike form was investigated, which is a model
for the sporadic form of prion disease. In another approach, the
PrPSC-dependent conversion of PrP, which simulates exogenous
prion infection, was studied. The conformational transitions of PrP
were induced by solvent conditions, particularly by lowering the
concentration of SDS; in the absence of NaCl polymorphic aggre-
gates were formed, and in the presence of NaCl amyloidic fibrils.
We compared spontaneous and seeded fibrillization, analyzed the
structure of intermediates during fibrillization and could describe
the kinetics of fibril formation in terms of a theoretical descrip-
tion published earlier.’> Since in vivo PrPC is anchored to the
membrane and is presented in this form for the contact with PrPSe,
we analyzed the structure of PrPC in the membrane-anchored state
and could describe this structure as particularly prone to the conver-
sion into PrPSe,

Basics of the Conformational Transitions of the Prion Protein

The mechanism of spontaneous prion protein conversion
was studied systematically with recPrP. Our in vitro conversion
system!© is based on the solubilization of PrP in low concentrations
(0.2% w/v) of sodium dodecyl sulfate (SDS) under otherwise
physiological conditions. Most extended and systematic studies were
carried out with recPrP (90-231), i.e., without the N-terminus,
corresponding to the amino acid sequence of hamster prions PrP
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27-30;17 similar results were obtained
with the natural SHa PrP 27-30.1°
Varying the SDS concentration (from
0.2% SDS down to 0.0001%) at neutral
pH and room temperature, different

could be established.

The conformations were characterized

conformations

with respect to secondary structure as
determined by CD spectroscopy and to
molecular mass, as determined by fluo-
rescence correlation spectroscopy and
analytical ultracentrifugation: o-helical
monomers, soluble o-helical dimers,
soluble but B-sheet rich oligomers of a
minimal size of 12-14 PrP molecules,
and insoluble amorphous aggregates of
B-sheet rich structure were observed. A
high activation barrier was found between
the o-helical dimers and the [B-sheet
rich oligomers.!” In the upper part of
Figure 1 the different structures are repre-
sented schematically together with their
CD-spectra and the EM picture of the
polymorphic aggregates. In 0.2% SDS
PrP is present in an O-helical and partic-
ular denatured conformation denoted
with a/R. For every state a well defined
number of SDS molecules bound to PrP
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Figure 1. Structures involved in the in vitro conversion of rec PrP(90-231) induced by lowering SDS
concentration. The structures analysed within the in vitro conversion system are summarized. Exemplarily
for the methods used to analyse these structures, beneath the different intermediates the CD-spectra are
shown. Next to the aggregated states the electron micrograph of these structures are shown. The upper part
represents the conversion without added NaCl, the lower part with added NaCl, respectively. Modified
according fo reference 18.

was determined as described in original

literature.!”

Structural Model of the PrP Dimer

Our studies described above but also studies from other laborato-
ries'??? have indicated a critical role of PrP dimers in the conversion
process. Consequently, we studied the structure of dimers in more
derail and have chosen for those investigation conditions which
stabilize dimers or drive the dimer-oligomer equilibrium completely
to the side of dimers, respectively.?! Rec PrP(90-231) in 0.06%
SDS 10 mM phosphoric buffer pH 6.8 without additional NaCl is
100% dimeric. As a structural approach we use covalent cross-links;
the crosslinker EDC  (1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide) forms inter- and intramolecular bonds between directly
neighbored amino groups and carboxyl groups. The bonds were
identified by tryptic digestion and subsequent mass spectrometric
analysis. Intra- and intermolecular cross-links between N-terminal
glycine and three acidic amino acid side chains in the globular part
of PrP were identified showing that the N-terminal amino acids
(90-124) are not as flexible as known from NMR analysis. When
the cross-linked sites were used as structural constraint, molecular
modelling calculations yielded a structural model for PrP dimer
and its monomeric subunit, including the folding of amino acids
90-124 in addition to the known structure (Fig. 2). Molecular
dynamics of the structure after release of the constraint indicated
an intrinsic stability of the domain of amino acids 90-124.2? The
structural model as shown in Figure 2 could be well in accordance
with anchoring the dimer to the membrane via the glycolipid
anchor. As demonstrated by arrows the two glycolipid anchors are
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directed to the lower side where the membrane would be present,
whereas the glycosyl groups and the N-termini are directed into the
water phase.

Mechanism of Fibril Formation

As shown in Figure 1, addition of 250 mM NaCl to the conditions
of a-helical dimers or B-sheet oligomers shifts PrP into a still soluble
state that allows, however, fibril assembly to proceed over several
weeks. Fibril formation was assayed by electron microscopy (Fig. 3),
and staining with gold particles linked to anti-PrP-antibodies (Fig.
3, left side, lower part) showed clearly that the fibrils were formed of
PrP. Fibril formation was achieved with a large variety of PrP as SHa
rec PrP 90-231, SHa rec PrP 23-231, with SDS solubilized SHa PrP
27-30 (prion rods), native SHaPrP€ purified from brain tissue and
full length bovine rec PrP (Fig. 3).2426 \When fibrils were formed
from SHa, either solubilized PrP 27-30, PrPC€ or rec PrP and were
bioassayed in transgenic mice overexpressing SHa PrP, infectivity
could not be detected, whereas amyloid fibrils formed of rec mouse
PrP(89-230) were infectious'! in transgenic mice and in the second
passage in wildtype mice. Possible reasons for these deviating results
are discussed in the original literature.24

The structure of the intermediated state PrP* (Fig. 1) is decisive
to switch aggregates formation from the polymorphic pathway into
the fibrillar pathway. Therefore, we called this state fibril precursor
state and characterized it by different methods; CD spectroscopy
(cf. lower spectrum in Fig. 1) showed a mixture of o-helical and
random coil secondary structure. We assume that the o-helical
part is identical or close to that which is also present in the fibrillar
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Figure 2. Model of the prion protein dimer. Stereo presentation of the model for the PrP dimer. The structure of segment 92-124 (blue) is the result of Kaimann
et al.,?2 the structure of segment 125-228 (cyan) is taken from the NMR analysis.2% Red arrows represent the glycolipid anchor; thick blue arrows, glycosyl
groups; and thin blue arrows, N-termini. Figure according to reference 22.

Figure 3. Fibrils formed of different PrP preparations by the in vitro conver-
sion system in presence of NaCl. Electron micrographs of fibrils formed of
different PrP preparations are shown. Recombinant (recPrP) as well as fully
translational modified PrP (reconstituted SHaPrP 27-30, natural full length
PrPC) with hamster (SHa) sequenz as well as full length recombinant bovine
PrP (bovine rec PrP 25-241) were used. Figure rearranged according to
reference 24 and 26.

structure. Studies with analytical ultracentrifugation demonstrated
a monomer-dimer equilibrium, and the crosslinking studies as
described above showed the same well defined intermolecular contact
site as in the stable dimer, but in lower concentration as expected
for the monomer-dimer equilibrium. In Figure 4 the mechanistic
model for spontaneous fibril formation is depicted. The fibril struc-
ture is taken from a model in the literature?” is underplayed, which
postulates a trimeric subunit. The trimeric subunit would be formed
by B-sheets of the flexible parts of the monomers and dimers which
exhibit then also intermolecular contacts. This trimer or even a stack
of two trimers would present a steady-state and only a stack of several
trimers would stabilize and drive the fibril formation.

Seeded Fibril Formation

aa. 'y - As a model for the infection process fibril formation was also
natural full length SHaPrP¢ bovine recPrP (25-241) studied when induced by seeds of PrPS¢, As seeds we used natural
PrP¢ purified from brain homogenate by PTA precipitation under
28 rec PrP was applied as

avoidance of any proteinase K digestion;
substrate. The fibrillization conditions were taken exactly from
the spontaneous fibrillization. Fibrillization of PrP without seeds
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PrP-fibrillization

takes up to several weeks, as described above, whereas seed-
enhanced fibrillization was achieved within hours to days

(Fig. 5). A lag phase is followed by exponential growth and
saturation. We monitored and quantitatively described the
kinetics of seeded fibril formation, including dependence
of the reaction on substrate and seed concentrations, using
the fluorescence increase of thioflavin T. In Figure 5 it also
shown nicely that fibrils are growing out of an amorphous

PrPSe aggregate.25

Kinetics of Prion Amplification

Figure 4. Mechanistic model of PrP fibrillization. A proposed mechanistic model

Seeded fibrillization serves as a model for prion amplifi-  depicts

cation and vice versa the kinetics of prion amplification was

the preamyloid state in a monomerdimer equilibrium, stationary state of

trimer, stable nucleus of two trimers, and a growing fibril. Figure according fo refer-

analyzed in the literature!® as a seed dependent fibrillization ence 25.

process. In Figure 6, the authors used parameters for seed-

dependent growth (reaction E), degradation (reaction D), 14000 -

and/or breakage of fibrils (reaction B), synthesis (A) and 5 12000 00000
degradation of monomeric PrP (3). Obviously, the calcula- g S

tions apply to homogeneous solution conditions only, i.c., g 10000 5 o

growth and breakage occur simultaneously as established in é g 9000 o 3

our experiments, whereas in PMCA the conditions are varied § & 6000 ¥, ° rec + PrP%
in a cyclic manner. The shape of our experimental curves is € 4000 .

in agreement with the scheme depicted in Figure 6. The lag =

phase followed by a steep increase is interpreted as an expo-

nential growth in which both growth and generation of new
seeds contribute to the curve; saturation is due to the limited
monomer supply and competing reactions. The incubation
time was defined as the duration required to create a well
defined number of infectious particles;' it corresponds to
the in vitro lag phase, which is in our experiments a fixed
low level of fluorescence intensity. For more details of the

PrP*

corresponding experimental and calculatory parameters see
Stohr et al.?> The calculations' imply that the lag-phase
t; depends on the concentration of seeds (Cp,pg) and the
concentration of monomeric PrP (Cp,p), respectively, as:

Figure 5. Seeded fibril formation. RecPrP (80 ng/ul) seeded with purified PrPSc
(diamonds) forms amyloid fibrils readily compared with controls: recPrP + uninfected
1.6 x 104 brain equivalents per ul (x); recPrP alone (triangles); purified PrPS¢ alone
(dashes). Fibril formation was monitored by using the ThT fluorescence assay. Electron

micrographs: PrPS¢ aggregates after NaPTA precipitation, recPrP + PrPSc after seeding

L= C] X In Cm-Sc + Cz \ Cl’rl’ = C3 + g

d

Cl1, C2, C3 and C4 are constants that are not further evaluated
here. The experimental data could well be interpreted in terms of
the formulas given above and confirmed the fibrillization scheme
in Figure 6 in respect to the three features: exponential growth,
dependence on Cp, ¢, and dependence on C,,, The limited set
and accuracy of the data did not allow us to evaluate parameters like
growth rate, degradation rate, etc. It is not possible to extrapolate the
in vitro lag phase to the typical incubation time in hamster that is 10°
times longer for the equivalent ID,. If one considers, however, lower
effective PrPC levels (10x) and a clearance factor of PrP5¢ of 100,22 in
hamster, one would expect similarly long incubation times. Also the
saturation levels could not be interpreted quantitatively since degra-
dation and denaturation of PrP, degradation of fibrils and formation
of polymorphous aggregates compete with fibril formation.

It was not the scope of this work but it should be noted, that
seeded fibrillization can be applied as a sensitive diagnostic method
cf also.3°
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assay. Figure rearranged according to reference 25.

Towards In Vivo Conditions

However, natural PrPC is post-translationally modified and carries
two N-glycosylations and the natural GPI-anchor. We have isolated
such PrP¢ from transfected CHO-cells and studied the thermody-
namics of insertion of PrPC into raft-like domains of the membrane
and analyzed secondary structural changes when bound to the
membrane via its GPI anchor. With surface plasmon resonance it was
determined that PrPC binds with an equilibrium constant of above
10° M- and can form close coverage in form of a monolayer on the
membrane. In cooperation with the group of K. Gerwert we estab-
lished a similar set-up, i.e., membrane anchored PrP® for structural
studies and carried out FTIR measurements in the attenuated total
reflection mode.?! We observed that native PrPC after membrane-
anchoring assumed the same structure as in solution but above a
threshold concentration of PrPC on the membrane a folding of the
prion protein with intermolecular -sheets was induced (Fig. 7).
Such transition has never been observed in solution and is membrane
specific. Earlier studies on PrP-membrane interaction could not
observe such transition, most probably, because the quasi-native
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Figure 6. Reaction scheme of seeded fibrillization. For parameter, see fext.

Figure according to reference. 25.

Figure 7. Model of the structural transition of PrPC on the membrane above a certain threshold of PrPC concentration.

setup of raft like lipid membrane and PrP® anchored via the GPI
anchor was not used. The membrane anchoring is thought to be a
crucial event in development of prion diseases.

Synthetic and Natural Prions

Synthetic mammalian prions consist solely of recombinant PrP
which was expressed in E. coli and had never been in contact with
any animal.!' Consequently, prion infectivity was generated in
vitro, but it was low if compared on an IDg/PrP basis with natural
prions. Much higher infectivity could be generated with the PMCA
method, when natural prions were amplified in a cellular extract
as source for the substrate PrPC. At present it is not known which
cellular factors are crucial for the effective prion amplification.
Even in the absence of prion seeds but with the potential cellular
factors present and PrP€ as substrate infectivity could be generated
by PMCA spontaneously. As described above membrane anchoring
of PrPC might predispose the PrPC molecules for B-sheet rich
intermolecular contacts, possibly as the first step for the conver-
sion. Furthermore it is known that prions contain a polyglucose
scaffold3? which might favour infectivity. In summary, prions can
be generated in vitro from isolated prion protein without any other
factors. One has to assume, however, that in vivo infectivity is raised
substantially by cellular factors including membrane and polymetric
sugar contacts.
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