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Abstract: Prion diseases are fatal neurodegenerative dis-
eases which occur as sporadic, genetic, and transmissible
disorders. A molecular hallmark of prion diseases is the
conformational conversion of the host-encoded cellular
form of the prion protein (PrP°) into its misfolded patho-
genic isoform (PrP*). PrP% is the main component of the
pathological and infectious prion agent. The study of the
conversion mechanism from PrP¢ to PrP5¢ is a major field
in prion research. PrP¢is glycosylated and attached to the
plasma membrane via its glycosyl phosphatidyl inositol
(GPI)-anchor. In this study we established and charac-
terised the expression of fully posttranslationally modi-
fied mammalian Syrian golden hamster PrP¢ in the yeast
Pichia pastoris using native PrP¢-specific N- and C-termi-
nal signal sequences. In vivo as well as in vitro-studies
demonstrated that the signal sequences controlled post-
translational processing and trafficking of native PrP¢,
resulting in PrP¢ localised in the plasma membrane of
P. pastoris. In addition, the glycosylation pattern of native
PrP¢ could be confirmed.
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Introduction

Prion diseases, in human and animals, are fatal neuro-
degenerative diseases that occur spontaneously, geneti-
cally caused or by infection. A molecular hallmark within
prion diseases is the conversion of the host-encoded cel-
lular form of the prion protein (PrP®) into its pathogenic
isoform, PrP%c. PrP5¢ is the main component of infectious
prions, the agent of prion diseases (Prusiner, 1998). The
conformational transition from PrP¢ to PrPS changes the
physicochemical properties of the protein and can be
regarded as a posttranslational refolding process without
any covalent modification (Cohen and Prusiner, 1998).
Elucidating this mechanism on the molecular level is a
major topic in prion research. To analyse this process
in vitro, many studies utilise recombinant PrP (recPrP),
expressed in Escherichia coli (Mehlhorn et al., 1996;
Makarava and Baskakov, 2008; Stohr et al., 2008; Abskha-
ron et al., 2012).

Native PrP¢ undergoes several posttranslational
modifications, including the addition of two N-linked gly-
cosylations at amino acid residue (aa) position N181 and
N197 (Endo et al., 1989; Prusiner, 1989; Weissmann, 1994)
and a C-terminal glycosyl phosphatidyl inositol (GPI)
anchor (Stahl et al., 1987), which do not occur in prokary-
otic expression systems. All modifications are guided
by an N-terminal endoplasmic reticulum import signal
sequence (22 aa) and a C-terminal GPI-anchor attachment
signal sequence (23 aa) (Hope et al., 1986; Bolton et al.,
1987; Turk et al., 1988). Like many other GPI-anchored
proteins, PrP¢ is enriched in specific cellular membrane
microdomains, so called lipid rafts (Naslavsky et al.,
1997; Critchley et al., 2004; Gilch et al., 2006; Taylor and
Hooper, 2006).

The conversion of non-infectious PrP¢ into infectious
PrP5¢ is suggested to take place at, or in close proximity
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to the outer cell membrane (Vey et al., 1996). The crucial
importance of membrane attachment via a GPI-anchor
was demonstrated by a prevented conversion of PrP¢ to
PrP5¢ attached to the membrane via transmembrane seg-
ments. In contrast to these, GPI-anchored PrP¢ could be
successfully converted into PrP5¢ (Taraboulos et al., 1995;
Kaneko et al., 1997; Resenberger et al., 2011).

In order to express fully posttranslationally modified
PrP¢, some eukaryotic expression systems were used, e.g.,
Chinese hamster ovary cells (Blochberger et al., 1997) or
N2a cells (Race et al., 1987; Butler et al., 1988). Moreover,
posttranslational modifications were added in vitro after
expression of recPrP in prokaryotic cells (Eberl et al.,
2004; Hicks et al., 2006; Breydo et al., 2007; Olschewski
et al., 2007; Chu and Becker, 2013). All of the previous
expression systems, however, have distinct disadvan-
tages, e.g. the systems are expensive, the protein yield
of expressed PrP is low [for instance in Chinese hamster
ovary cells 6-10 ug Chinese hamster ovary (CHO)-PrP¢/g
CHO cells (Elfrink and Riesner, 2004)], or in case of bac-
terial cells, native posttranslational modifications are
missing.

Over recent years, some studies were performed to
express PrP¢ in yeast systems like Saccharomyces cer-
evisiae (Ma and Lindquist, 1999; Schumacher et al.,
2010) or P. pastoris (Weiss et al., 1995; Riley et al., 2002).
The yeast S. cerevisiae was utilised for PrP¢expression
because of its ability to grow to high cell densities and to
perform glycosylation, folding and disulfide bond forma-
tion (Higgins, 2001; Daly and Hearn, 2005; Cregg, 2007).
Overcoming a drawback of S. cerevisiae — hyperglyco-
sylation (Malissard et al., 1999) — the yeast Pichia pas-
toris was identified to form an even more human-related
glycosylation pattern (Grinna and Tschopp, 1989; Daly
and Hearn, 2005). Furthermore, P. pastoris utilises the
tightly regulated alcohol oxidase (AOX) promoter (Ellis
etal., 1985; Malissard et al., 1999; Daly and Hearn, 2005),
resulting in up to 50-100 mg/1 PrP¢-fusion-protein (Riley
et al., 2002).

Within this study, we established the expression and
posttranslational processing of Syrian golden hamster
(SHa) PrP¢ including its native N- and C-terminal signal
sequences in the methylotrophic yeast P. pastoris under
the control of an AOX promoter. We confirmed a locali-
sation of glycosylated PrP¢ in the plasma membrane,
confirmed the posttranslational glycosylation pattern,
and compared the influence of deviating N- and C-ter-
minal signal sequences on posttranslational modifica-
tion and cellular localisation. To support our results, we
also utilised enhanced green fluorescent protein (eGFP)
as a soluble model protein bearing the same N- and
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C-terminal signal sequences in order to confirm the rec-
ognition, posttranslational processing and trafficking
within P. pastoris cells.

Results

Expression and cellular localisation of PrP¢
in P. pastoris

P. pastoris cells were transformed with a plasmid con-
taining the PRNP gene construct of the Syrian golden
hamster including both the native N- and C-terminal
signal sequences and a His-tag (PrP°-GPI) under control
of an AOX promoter [for details see the Materials and
methods section (Figure 8)]. The expression was induced
with methanol and its cellular localisation was analysed
with immunofluorescence imaging using the monoclonal
anti-PrP antibody SAF32 (Figure 1A-C). Any PrP-specific

Figure1 Expression and localisation of PrP-GPI in Pichia pastoris.
(A) Fluorescence image for cellular localisation of PrP¢-GPI
expressed in P. pastoris cells. Inmunofluorescence cell analysis
with anti-PrP antibody SAF32 and goat anti-mouse 1gG H&L (Cy2)
as secondary antibody. (B) Corresponding differential interference
contrast (DIC) image. (C) Overlay of immunofluorescence and DIC
images. Immunofluorescence cell analysis revealed the localisa-
tion of PrP%-GPI at the outer cellular rim. (D) Distribution of PrP¢-GPI
between soluble cytoplasm fraction (S), insoluble membrane
fraction (M), and cell culture medium (CM) visualised by immuno-
blotting with the anti-PrP antibody SAF32. PrP-specific bands were
detected in the insoluble membrane fraction.
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fluorescence signal was confined to the outer cell rim, sug-
gesting a localisation of PrP¢-GPI at the plasma membrane.
To analyse the distribution of PrP®-GPI between membrane
fraction, cytoplasm, and the cell culture media, samples
were subjected to subcellular fractionation by ultracentrif-
ugation using a membrane preparation protocol (Lerner-
Marmarosh et al., 1999) (see Materials and methods).
PrP¢-GPI was neither detectable in the soluble cytoplasm
fraction nor in the culture medium, but in the insolu-
ble membrane fraction (Figure 1D). Moreover, the typical
three-band pattern caused by the three PrP¢-isoforms, i.e.
un-, mono- and diglycosylated PrP¢, were detected.

Glycosylation analysis of PrP¢-GPI

To confirm that the three-band pattern in Figure 1D was
based on the presence of three differently glycosylated
PrP¢-isoforms, PrP¢-GPI samples were digested with the
enzyme peptide N-glycosidase F (PNGaseF), which spe-
cifically cleaves N-linked high mannose oligosaccha-
rides. Whereas a three-band pattern is observed without
PNGaseF treatment, both the supposedly di- and mono-
glycosylated PrP¢-GPI bands at 34 kDa and 31 kDa, respec-
tively, were found to be digested after 1 h and completely
vanished after 16 h of PNGaseF treatment (Figure 2). The
additional increase in immunoreactivity of the 27 kDa
PrPC-GPI band (unglycosylated) in the digested sample
confirms a native-like glycosylation of P. pastoris PrP¢-GPI
before PNGaseF treatment. The slightly different mobil-
ity of PNGaseF treated samples within the gel could be
explained with the increased protein amount in one band
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Figure 2 Glycosylation analysis of PrP¢-GPI expressed in

P. pastoris.

Cell lysates were incubated without PNGaseF for 16 h or with
PNGaseF for 1 h and 16 h, respectively, at 37°C to digest N-linked
glycosylations. Samples were analysed by Western blot analysis
using SAF32 as primary antibody.
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because of the additional protein amount of the digested
mono- and diglycosylated PrP¢ in the band of unglyco-
sylated protein.

Glycosylation pattern and processing of
PrP¢-GPI and PrP‘ASS

In order to investigate the influence of N- and C-terminal
signal sequences on processing and posttranslational
modification of PrP¢ in P. pastoris, we expressed a PRNP
gene construct lacking both N- and C-terminal signal
sequences (PrP°ASS), which are usually necessary for
posttranslational processing, glycosylation, and attach-
ment of the GPI-anchor. As already depicted in Figures 1D
and 2, PrP®-GPI is characterised by three glycoforms indi-
cating a recognition of the N-terminal signal sequence,
resulting in posttranslational processing of PrP¢ and the
localisation in the plasma membrane. In contrast, immu-
noblots of the PrP°ASS construct showed only one protein
band at a molecular weight of about 27 kDa (Figure 3),
indicating the absence of any glycosylation.

The absence of a C-terminal signal sequence and in
turn the GPI-anchor in PrP°ASS was expected to result in
soluble PrP. As depicted in Figure 3, however, PrP°ASS
was found to reside in the insoluble membrane fraction.
Immunofluorescence microscopy studies of PrPCASS
showed a different distribution of PrP¢ within the cell
compared to PrP¢-GPI. Most of the PrPASS seems to be
accumulated at one specific region of the cell close to
the outer cell membrane, resulting in a bright immu-
noreactive signal (Figure 4A-C). We therefore used a

PrPC-GPI PrPCASS
55 kDa
—
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I
27 kDa .
—
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Figure 3 Comparison of glycosylation pattern and cellular distribu-
tion dependent of the signal sequences.

PrP¢-GPI and PrP°ASS were compared in respect of glycosylation
pattern and localisation in the cell fractions: soluble cytoplasm

(S) and insoluble membrane (M) fraction. In contrast to PrP¢-GPI,
PrPcASS showed only one band.
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Figure 4 Expression and localisation of PrP‘ASS in P. Pastoris.

(A) Fluorescence image of cellular localisation of PrP€ASS expressed
in P. pastoris cells. Cells were analysed using anti-PrP antibody
SAF32 and goat anti-mouse IgG H&L (Cy2) as secondary antibody.
(B) Corresponding differential interference contrast (DIC) image. (C)
Overlay of immunofluorescence and DIC images showed PrP‘ASS
mainly accumulated at one specific cell compartment next to the cell
membrane.

soluble model protein with the same PrP-specific signal
sequences for a further proof for signal sequence process-
ing and GPI-anchor attachment.

Cellular processing of eGFP-GPI and
eGFPASS in P. pastoris

In order to prove that PrP¢-GPI is not enriched in the
insoluble membrane fraction because of its hydro-
phobic character but the C-terminal attachment of a
GPI-anchor, we analysed the cellular distribution of
the highly soluble enhanced green fluorescent protein
(eGFP). We designed constructs of eGFP with N- and
C-terminal PrP-specific signal sequences (eGFP-GPI) or
lacking these signal sequences (eGFPASS) and treated
P. pastoris cells in the same way as described for PrP.
For fluorescence imaging of the distribution of eGFP,
no further fluorescence labelling was needed because
of the inherent fluorescence character of GFP. Whereas
eGFP-GPI was observed to be predominantly located at
the outer rim of P. pastoris cells (Figure 5D-F), eGFPASS
was uniformly distributed within cells (Figure 5A-C).
The much higher fluorescence signal in eGFPASS com-
pared to eGFP-GPI also indicates a higher expression
level without signal sequences.

In agreement with PrP°-GPI, eGFP-GPI was only
located in the insoluble membrane fraction (Figure 6). In
contrast to PrPASS however, eGFPASS was only detected
in the soluble cytoplasm fraction. We therefore concluded
that (i) both N- and C-terminal signal sequences guide
the cellular location of PrP¢ and eGFP, (ii) cell membrane
attachment of eGFP and PrP¢ is mediated by the presence
of a C-terminal GPI-anchor, and (iii) PrPASS is enriched in
the insoluble membrane fraction because of its propensity
to aggregate.
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Figure 5 Cellular localisation of eGFP-GPI and eGFPASS in Pichia
pastoris.

(A) Fluorescence image of cellular localisation of eGFPASS
expressed in P. pastoris cells. (B) Corresponding differential inter-
ference contrast (DIC) image. (C) Overlay of fluorescence and DIC
images. (D) Fluorescence image of cellular localisation of eGFP-GPI
expressed in P. pastoris cells. (E) Corresponding differential inter-
ference contrast (DIC) image. (F) Overlay of fluorescence and DIC
images. An analysis of the inherent eGFP-fluorescence revealed an
even distribution of eGFPASS within the cytoplasm, whereas eGFP-
GPl is mainly localised in the outer cellular membrane.

PrP¢-GPI and PrP¢ASS proteolysis with
protinase K

In order to analyse whether the localisation of PrP‘ASS
is caused by some conformational change or a PrPS¢-like
structure, which was reported by Ma and Lindquist (1999)
previously, we also subjected both PrP¢-GPI and PrP¢ASS
to a proteinase K digestion. As shown in Figure 7, neither
PrP¢-GPI nor PrP°ASS show any resistance to proteinase K
digestion, resulting in complete digestion of PrP¢.

GFP-GPI GFPASS

35 kDa

27 kDa

S M S M

Figure 6 Comparison of the cellular distribution of eGFP-GPI and
eGFPASS in soluble cytoplasm (S) and insoluble membrane (M)
fractions.

Western blot analysis of eGFP-GPI and eGFPASS after differential
centrifugation. eGFP-GPI has been shown to be mainly localised
in the membrane fraction (M) whereas eGFPASS is localised in the
cytoplasm fraction (S).
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Figure 7 Proteinase K digestion of PrP¢-GPI and PrPASS.
Proteinase K digestion using 50 ng/ul proteinase K for 1 h at 37°C
resulted in a complete digestion of PrP¢-GPIl and PrPASS and
revealed the proteinase K sensivity of PrP¢ expressed in P. pastoris.

Discussion

Several key questions in PrP¢ metabolism still remain to
be answered such as: (i) Are there structural differences
between PrP¢ glycoforms? (ii) How is the molecular mecha-
nism of PrP¢-PrPS¢-conversion? (iii) Which structural and/
or mechanistic influence is caused by an attachment to the
cell membrane? One major pending milestone to answer
these questions on the molecular level is the production
and purification of high amounts of fully posttranslation-
ally modified PrP¢ and its GPI-anchor-mediated attach-
ment to the outer cell membrane.

Previously published methods analysing membrane-
bound PrP relied on the recombinant expression of PrP
in E. coli followed by covalent linkage to synthetically
generated posttranslational modifications, i.e., the thiol-
reactive lipid N-((2-pyridyldithio)-propionyl)-1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine (Eberl
et al., 2004; Hicks et al., 2006; Breydo et al., 2007; Ols-
chewski et al., 2007; Chu and Becker, 2013). However,
these approaches are afflicted with some challenges: (i)
they are based on the presence of free thiol groups at
the C-terminus of recPrP while the intrinsically disulfide
bond needs to remain intact, (ii) chemical ligation reac-
tions have to be performed in order to obtain chemically
modified recPrP while recPrP needs to be prevented from
aggregation, (iii) all of these modifications differ to the
physiological, natively attached GPI-anchor.

In contrast, eukaryotic cell culture systems such as
CHO cells or neuroblastoma (N2a) cells offer the advan-
tage of native posttranslational modifications. However,
they are time consuming, expensive, and suffer from low
protein yields (Blochberger et al., 1997). An expression
system able to overcome these limitations is the yeast
system, e.g., P. pastoris and S. cerevisiae. Yeast cells are
known for fast expression of high amounts of proteins
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because of the usage of strong promoters, e.g., the metha-
nol-induceable AOX promotor. Utilising yeast expression
systems also allow studying proteins comprising their
native posttranslational modifications. In one study,
Syrian golden hamster PrP¢ was expressed and secreted
by P. pastoris cells utilising an N-terminal signal sequence
of acid phosphatase. No C-terminal GPI-anchor-specific
signal sequence was used for attachment of a GPI-anchor
and trafficking to the cell membrane. Furthermore, only
yields below 0.1 mg/1 cell culture medium were reported
(Weiss et al., 1995). In order to transport nascent PrP¢ into
the endoplasmic reticulum for glycosylation, mouse PrP
was expressed in S. cerevisiae with and without the N-ter-
minal signal peptide sequence of Kar2 (Ma and Lindquist,
1999). Without the signal sequence, PrP was detected in
an insoluble fraction. The insoluble PrP aggregates were
described as PrPsc-like. With the signal sequence, gly-
cosylated PrP was detected, together with unprocessed
unglycosylated PrP, still comprising the signal sequence
(Rose et al., 1989; Ma and Lindquist, 1999). Riley et al.
exploited human PrP¢ with specific N- and C-terminal
signal sequences and expressed FLAG-tagged human
PrP¢ and human PrP¢ dimers covalently connected by a
FLAG peptide in P. pastoris. The FLAG peptide was used
as an epitope tag for detection and purification. However,
the FLAG peptide interrupted the PrP¢ sequence at posi-
tion 227 close to the C-terminal signal sequence resulting
in a non-natural form of full length human PrP¢ (Riley
et al., 2002). Recently, human PrP was expressed in S.
cerevisiae using the N-terminal signal sequence of Kre5p
and the C-terminal signal sequence of Gaslp. Success-
ful trafficking to the plasma membrane because of the
attached GPI-anchor was shown using immunofluores-
cence microscopy (Schumacher et al., 2010).

Within this study, we established the expression of
Syrian golden hamster PrP¢ in the yeast P. pastoris, exploit-
ing native Syrian golden hamster PrPC¢-specific signal
sequences in order to obtain native-like PrP¢. In presence
of native N- and C-terminal signal sequences, PrP¢ was
demonstrated to contain both N-linked glycosylations and
localisation at the cell membrane. The presence of all three
PrPC glycosylation isoforms, i.e., di-, mono-, and unglyco-
sylated PrP¢, was confirmed by PNGaseF-digestion, sup-
ported by the observation that a PrP construct lacking
N- and C-terminal signal sequences does not show any
glycosylations. The presence of a covalently linked GPI-
anchor was deduced from the localisation at the cell mem-
brane. A protein construct comprising the soluble eGFP
flanked by the same N- and C-terminal signal sequences of
PrP¢ was demonstrated to be located at the cell membrane
and to be enriched in the insoluble membrane fraction
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after differential centrifugation. In contrast, in the absence
of N- and C-terminal signal sequences, eGFP was confined
to the soluble cytoplasm fraction and showed an even dis-
tribution within P. pastoris cells.

Like Ma et al. we also observed an insolubility of
PrP°ASS but we explained the localisation of PrP°ASS in
the membrane fraction with the high natural aggrega-
tion tendency of PrP, especially at high concentrations
in consequence of AOX promoter-driven expression. This
assumption is also affirmed by immunofluorescence
results where PrP°ASS seems to be accumulated within a
distinct cell area in the cell. In contrast to Ma et al., using
the yeast S. cerevisae we observed a proteinase K sensitiv-
ity of PrP¢, leading to the conclusion that PrP expressed in
P. pastoris did not show any PrP%¢-like character.

In summary, we conclude that only the presence of
both N- and C-terminal signal sequences results in a native
posttranslational processing of PrP¢ in P. pastoris includ-
ing glycosylation and covalent linkage of a GPI-anchor and
consequently to an attachment to the outer cell membrane.

Our results provide a simple, fast, and powerful tool
for analysing PrP trafficking as well as interaction studies
of PrP¢ in a close natural membrane environment. It also
can serve for expression and subsequent purification of
fully posttranslational modified PrP¢.

Materials and methods

Expression vectors

The nucleotide sequence coding for Syrian golden hamster prion
protein (SHaPrP) was amplified via PCR. A plasmid containing the
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nucleotide sequence coding for PrP aa 23231, which served for PrP

expression in E. coli, was used as a template. N- and C-terminal signal

sequences were added using the following oligonucleotides:

—  Forward: 5" ATT GAA TTC ATG GCG AAC CTT AGC TAC TGG CTG
CTG GCA CTC TTT GTG GCT ATG TGG ACT GAT GTT GGC CTC TGC
CAT CAT CAT CAT CAT CAT CAC GGA AAG AAG CGG CCA AAG
CCT GGA GGG TGG AAC AC 3’

—  Reverse: 5 GAT CGG GCC CTC ATC CCA CCA TCA GGA AGA TGA
GAA AGG AAA TGA GGA GGA TCA CAG GAG GGG AGG AGA ACA
GCA CCG CGC TGG ACC TTC TTC CAT CGT AGT AGG CCT GGG
ACTCCTTC3

The PCR product was cloned into the P. pastoris expression vector
pPICzA (Zeocin resistance, AOX1 promoter) (Invitrogen, Carlsbad,
USA) using the restriction sites EcoRI/Apal, resulting in pPICzA-PrP.
The sequence was verified by Sanger sequencing. For construction of
Syrian golden hamster prion protein construct, PrP aa 23-231 lacking
N- and C-terminal signal sequences (PrPASS) the plasmid pPICzA-PrP
served as template. The sequence was amplified using the primers:
—  Forward: 5" GAT TGA ATT CAT GCA TCA TCA TCA TCA TCA TCA
CGG AAA GAA GCG GCC AAA GCC TGG AGG GTG GAA CAC 3
—  Reverse: 5" GAT CGG GCC CTT AGG ACC TTC TTC CAT CGT AGT
AGGCC3

The PCR product was cloned into the expression vector pPICzA using
the same restriction sites resulting in pPICZA-PrPASS. Primers were
synthesised by MWG eurofins, Ebersberg, Germany. Restrictions
enzymes were ordered by Fisher Scientific, Schwerte, Germany.

The enhanced GFP (eGFP) gene including Syrian golden ham-
ster prion protein N- and C-terminal signal sequences was synthe-
sised by GeneArt life technologies (Invitrogen, Darmstadt, Germany).
The eGFP gene sequence was cloned directly out of the synthesised
vector into the expression vector pPICzA using the restriction sites
EcoRI and Apal resulting in pPICzA-eGFP-native.

For the eGFPASS construct the plasmid pPICzA-eGFP-native
served as a template. Using the primers 5" GAT CGA ATT CAT GGT TTC
CAA GGG TGA AGA GTT 3’ and 5" GAT CGG GCC CTT ACT TGT ACA ACT
CGT CCA TAC CCA AAG TGA TA 3’ the new sequence was amplified
via PCR and cloned into the vector pPICzA using the same restriction
sites. All sequences were verified by Sanger sequencing. The result-
ing constructs are shown schematically in Figure 8.

A

N-terminal

signal sequenc Prion protein sequence

C-terminal
signal sequence

Prion protein sequence

B

N-terminal

signal sequence eGFP sequence

C-terminal
signal sequence

eGFP sequence

Figure 8 Scheme of PrP/eGFP constructs.

(A) PrP<-GPI, Syrian hamster prion protein construct with N- and C-terminal native hamster PrP signal sequences (1-254), auxiliary a His7-
tag. (B) PrP°ASS, Syrian hamster prion protein construct without N- and C-terminal native hamster PrP signal sequences (23-231), auxiliary
a His7-tag. (C) eGFP-GPI, Enhanced green fluorescent protein construct with N- and C-terminal native hamster PrP signal sequences. (D)
eGFPASS, enhanced green fluorescent protein construct without native hamster PrP signal sequences.
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Transformation in P. pastoris

Plasmid DNA (10 pg) was transformed into freshly prepared elec-
trocompetent P. pastoris X-33 cells (Invitrogen) following the manu-
facturer’s instructions. Transformed cells were plated on yeast
extract peptone dextrose medium (YPD) (1% yeast extract, 2%
peptone, 1% dextrose) plates supplemented with 1 M sorbitol and
200 ug/ml Zeocin (Invitrogen) and incubated at 30°C for 3-7 days
until colonies grew. Ten clones were selected for small-scale test
expression

Small-scale test expression in P. pastoris

Twenty milliliter YPD medium supplemented with 200 pg/ml Zeocin
was incubated overnight at 30°C and 200 rpm (Infors HT Multitron
Standard). After 12-24 h, cells were pelleted by centrifugation at
2000 g for 10 min at 4°C and resuspended in 20 ml minimal expres-
sion medium (MMY) (1.34% YNB; 4x10%% biotin; 0.5% methanol)
and further incubated for 24 h.

Large-scale expression

Fifty milliliter YPD including 200 ug/ml Zeocin was inoculated
with a single colony from a plate and incubated over night at 30°C
and 200 rpm (Infors HT Multitron Standard). The desired volume
of YPG (1% yeast extract, 2% peptone, 1% glycerol) medium was
inoculated to an 0D, =1.0 and incubated for 48 h at 30°C and
200 rpm in baffled flasks. Cells were harvested and resuspended
with MMY and incubated at 30°C and 200 rpm for further 24 h (Vil-
latte et al., 2001). Cells were harvested at 5000 g for 5 min at 4°C,
washed once in phosphate buffered saline (PBS), centrifuged again
and cell pellets were snap frozen in liquid nitrogen and stored at
-80°C until use.

Cell lysis and isolation of yeast whole cell
membranes

Cell pellets of 50 ml cultures were resuspended in 6 ml ice-cold
breaking buffer (50 mm NaH,PO,, 1 mm EDTA, 5% glycerol, pH
7.4). Glass beads were added and cells were disrupted using a
bead beater (FastPrep 24; MP Biomedicals, Eschwege, Germany)
five times for 30 s at 4°C. The cell lysate was centrifuged at 3000
g for 5 min at 4°C. One milliliter of supernatant was centrifuged
at 10 000 g for 20 min at 4°C. Five hundred microliter of this su-
pernatant was used for the membrane preparation by separating
insoluble and soluble fraction by a 100 000 g spin for 1 h at 4°C
using a Beckman Optima™ ultracentrifuge. The resulting pellet
contained the insoluble membrane fraction whereas the cytosolic,
soluble fraction remains in the supernatant (Wang et al., 2006).
The membrane pellet was solved in SDS sample buffer (70 mm Tris/
HCl pH 6.8; 0.05% bromphenolblue; 5% glycerol; 2% SDS; 5% f3-
mercaptoethanol) and analysed by SDS-PAGE (12% polyacrylamide
gel) and Western blotting.
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Glycosylation analysis

To elucidate the glycosylation pattern of PrP expressed in P. pastoris,
an enzymatic digestion with amidase PNGaseF (New England Bio-
labs, Ipswich, USA) was used. Directly after the 10 000 g spin, super-
natant was transferred to one new tube. From this stock solution for
each reaction sample, 9 ul cell suspension were incubated with 1 ul
PNGaseF (500 U/pl) referring to the manufacturers protocol (37°C) or
without PNGaseF for the negative control. Reaction was stopped after
1h or 16 h by adding SDS sample buffer. Analysis was performed us-
ing SDS-PAGE and Western blotting.

Proteinase K digestion

To analyse whether PrP¢ expressed in P. pastoris shows any protein-
ase K resistance, PrP¢-GPI and PrP°ASS was subjected to a protein-
ase K digestion (proteinase K, recombinant PCR grade, Roche Diag-
nostics GmbH, Mannheim, Germany). After cell disruption and the
10 000 g spin, supernatant was transferred to one new tube. From
this stock solution for each reaction, samples of 20 pl cell suspension
were adjusted to a final concentration of 0.002 M MgCl, and 1 pl Ben-
zonase (250 U/ul, Merck, Darmstadt) was added. Finally, proteinase
K was added to a final concentration of 50 ng/ul. The samples were
incubated at 37°C, 300 rpm for 1 h. Reaction was stopped by adding
SDS sample buffer and boiling for 10 min at 99°C. The samples were
analysed by SDS-PAGE and Western blotting.

Immunofluorescence microscopy

PrP was expressed in P. pastoris as described above. Para-formalde-
hyde was added to a concentration of 4% to 500 pl of cell culture and
incubated for 1 h at 30°C. Cells were pelleted for 5 min at 3000 g and
resuspended in 1 ml S-buffer (50 mm HEPES, 1.2 M sorbitol, pH 7.5) and
pelleted again. After resuspension in 500 ul S-buffer, 20 ul Zymolyase
100T (2.5 mg/ml) (MP Biomedicals) were added for cell wall digestion
and cells were incubated at 30°C for 45 min. After cell wall digestion,
cells were washed twice in S-buffer and finally resuspended in 100 pl
S-buffer. Twenty-five microliter were applied to poly-L-lysine-coated
cover slips and incubated for 10 min, followed by two washing steps
with PBS. Blocking was performed with 2% milk powder in PBS for
30 min. After another washing step the anti-PrP antibody SAF32 was
added for 1 h (BIONITY, SpiBio, Montigny-le-Bretonneux, France)
[5 ug/ml in TBST (50 mm Tris, pH 7.6, 150 mm NaCl, 0.05% Tween20)].
Cover slips were washed and the fluorescent labelled secondary goat
anti-mouse antibody IgG H&L (Cy2®) (Abcam, ab6944, 10 ug/ml) was
added for 1 h. After three additional washing steps the cover slips were
inverted on a glass slide containing ProLong Gold Antifade Reagent
(Invitrogen, P36934) and stored at 4°C.

eGFP was expressed in P. pastoris as described above. Para-
formaldehyde was added to a concentration of 4% to 500 pl of cell
culture and incubated for 1 h at 30°C. Cells were pelleted for 5 min at
3000 g and resuspended in 1 ml S-buffer, washed and pelleted again.
Cells were directly resuspended in 100 pl ProLong Gold Antifade
Reagent, 50 ul applied on a glass slide, covered by a cover slip and
stored at 4°C (Ellinger et al., 2013).

Fluorescent imaging was performed using the confocal laser-
scanning microscope Olympus FV1000 equipped with a 60x UPL-
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SAPO objective N.A. 1.35. The fluorescent labelled antibodies were
excited at 488 nm and emission detected at 500-600 nm.

SDS-PAGE and Western blot analysis

Samples were analysed on a 12% SDS-PAGE and subsequently trans-
ferred onto a PVDF membrane (PALL Life Sciences) using the TE70X
semi-dry transfer unit (Hoefer). The blot membrane was blocked for
1 h with 5% milk powder in PBST, washed three times with PBST,
incubated with either anti-PrP antibody (SAF32, 0.1 ug/ml), anti-GFP
antibody (mouse anti-GFP, Invitrogen, 1.5 pg/ml) or with anti-PrP
antibody 6H4 (mouse anti-PrP, Prionics, Wolfratshausen, Germany,
0.15 pug/ml) for the proteinase K experiment for 1 h. After three wash-
ing steps the membrane was incubated for 1 h with the secondary
antibody goat anti-mouse HRP conjugate (Jackson, Immuno Re-
search Inc., 0.1 ug/ml). Protein detection was performed, after three
additional washing steps with PBST, using a SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo Fisher Scientific, USA) and
visualised with a LAS 4000 (Fuji Film).
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