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ABSTRACT

The cellular prion protein (PrP®) is a ubiquitously expressed protein of currently
unresolved but potentially diverse function. Of putative relevance to normal
biological activity, PrP® is recognized to undergo both o- and B-endoproteolysis,
producing the cleavage fragment pairs N1/C1 and N2/C2, respectively. Experimental
evidence suggests the likelihood that these processing events serve differing cellular
needs. Through the engineering of a C-terminal c-myc tag onto murine PrPC, as well
as the selective use of a far-C-terminal anti-PrP antibody, we have identified a new
PrP¢ fragment, nominally ‘C3’, and elaborating existing nomenclature, ‘y-cleavage’
as the responsible proteolysis. Our studies indicate that this novel y-cleavage event
can occur during transit through the secretory pathway after exiting the endoplasmic
reticulum, and after PrPC has reached the cell surface, by a matrix metalloprotease.
We found that C3 is GPI-anchored like other C-terminal and full length PrP° species,
though it does not localize primarily at the cell surface, and is preferentially cleaved
from an unglycosylated substrate. Importantly, we observed that C3 exists in diverse
cell types as well as mouse and human brain tissue, and of possible pathogenic
significance, y-cleavage may increase in human prion diseases. Given the likely
relevance of PrP® processing to both its normal function, and susceptibility to prion
disease, the potential importance of this previously underappreciated and overlooked

cleavage event warrants further consideration.
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INTRODUCTION

The cellular prion protein, PrP¢, is a ubiquitously expressed
glycosylphosphatidylinisotol (GPI) anchored cell surface glycoprotein, with highest
levels found in neurons and central nervous system tissues [1-4], and is causally
linked to the group of fatal neurodegenerative disorders known as prion diseases.
Surprisingly, engineered PrP gene ablated (knockout) mice were initially reported
as normal with no overt phenotypic abnormalities [5], which at the time suggested
the prion protein could be functionally redundant. Subsequent studies however
demonstrated various deficits and implicated PrP® in a diverse range of biological
activities, with increasing evidence for roles in important cellular processes such as
neuroprotection [6-9], cell signaling [10-13], neurological development and
neuritogenesis [14,15], and synaptic function and plasticity [16-20]. Further, prion
proteins from different mammalian species show high sequence identity, especially
in the far C-terminus, with several post-translational modifications and structural
features conserved across species [21-25], supporting the likely significant

evolutionary and biological importance of this protein.

Like many other proteins, PrP° is subject to constitutive and selective proteolytic
processing, producing several membrane-bound and soluble fragments of different
sizes and features. PrP® may be cleaved at its GPl-anchor, allowing shedding of PrP®
species from a cell by both protease and phospholipase mediated mechanisms [26-
28]. PrP¢ is also subject to two well described internal cleavage events known as o-
and B- cleavage [29]. The dominant PrP® processing event, o-cleavage, occurs at the

start of the hydrophobic core region (after residues 111/112, human PrP numbering)
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[30], producing the C-terminal C1 fragment and corresponding N-terminal N1
fragment. Adding complexity, a recent study suggests a-cleavage may actually be
multifaceted, with multiple neighboring cleavage sites targeted by different proteases
[31]. B-cleavage, predominantly associated with prion disease and misfolded prion
protein conformers (PrP*%) [30,32], but also reported to befall PrP® in uninfected
cells and tissues [30,33-36], involves ‘ragged’ cleavage at the end of the metal-
binding octapeptide repeat region, around residue 90, producing the C2 and N2
fragments [35,34]. The precise biological reasons for PrP¢ proteolysis are not
entirely elucidated, although PrPC proteolytic fragments, especially the C-terminal
fragments, are abundant in cells and tissues, and there is increasing evidence for
separate roles for the different PrP molecular species [29]. In addition, the influence
of PrP® proteolytic processing on disease transmission susceptibility, pathogenesis

and toxicity is recognized [33,37,38].

Herein we report the discovery of a novel small PrP¢ C-terminal fragment, ‘C3’,
observed in various cultured cell lines, as well as in murine and human brain
extracts. Our primary aim was to characterize the basic cellular biology of this
previously unrecognized PrP¢ endoproteolytic event, which based on an elaboration
of existing nomenclature, we have named ‘y-cleavage’. This aim was achieved
through the uncovering of intrinsic C3 features, as well as identification of a time-
line for y-cleavage in relation to the normal PrP¢ lifecycle within the cell and the
likely cellular location of proteolysis, the approximate PrP¢ vy-cleavage site, the
family of proteases responsible, and potential links to human prion disease. These
findings increase our understanding of PrP¢ cell biology and add further complexity

to the multi-faceted PrP® proteolytic processing pathways.
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MATERIALS AND METHODS

Animal and human tissue (ethics)

The animal brain tissue utilized herein was obtained during a previous study [39],
where all animal experiments were carried out with approval from the University of
Melbourne Animal Ethics Committee (AEC #04154). The detection of C3 in human
brain tissue occurred during routine surveillance and classification activities carried
out by the Australian National Creutzfeldt-Jakob Disease Registry (ANCJDR) [40],
under contract to the Australian Government Department of Health, and with the
approval of The University of Melbourne Human Research Ethics Committee (HREC
#1136882.2). All human control tissue was purchased from the Victorian Brain Bank
Network (VBBN), and sporadic Creutzfeldt-Jakob Disease (CJD) tissue was supplied

by the ANCJIDR.

Cell culture

The cell lines used in this study were mouse neuroblastoma cells, N2a (#CCL-131),
human neuroblastoma cells, SHSY5Y (#CRL-2266), both purchased from the ATCC
biological resource centre, human embryonic kidney (HEK) cells obtained from the
European Collection of Cell Cultures and the rabbit kidney epithelial cell line, RK13,
a kind gift from Dr Victoria Lawson, The University of Melbourne. All cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM; Lonza) containing 10%
(v/v) foetal bovine serum (FBS; Bovogen), in a humidified incubator in 5% CO. and

at 37°C, unless otherwise indicated.

Generation of Myc-tagged wild-type and mutant PrP constructs



O©CoO~NOOTA~AWNE

To generate wild-type murine Prnp (WTPrnp) from a 3F4-epitope tagged murine
Prnp (3F4Prnp) in pIRESneo template [41], primers 3F4-WT-F and 3F4-WT-R and
the Quikchange®Il XL Site-Directed Mutagenesis kit (Stratagene) were utilized,
following the manufacturer’s instructions. Insertion of the c-myc tag with repetition
of murine Prnp codons 226 to 230 into WTPrnp to produce “PrP-myc”, as well as
EcoRI (5’) and BamHI (3”) restriction sites for ligation into the plasmid pIRESneo,
was Vvia a three-stage modified overlap extension PCR process, previously shown to
be useful for generation of a chimeric gene [42]. First, WTPrnp was used in two
separate PCR reactions (A) and (B), with these two PCR products purified (QlAquick
PCR Purification Kit, Qiagen) to remove leftover primers from the solution. Next, a
‘fusion’ PCR reaction (C) was carried out, combining PCR products (A) and (B) as
template DNA and no additional primers. Lastly, the primers EcoPrPF and BamPrPR
and PCR product (C) as template were utilized in a final PCR to generate the full PrP-
myc open reading frame (D). PCR product (D), as well as empty pIRESneo vector,
were subject to a double restriction digest with EcoRI-HF and BamHI-HF (both NEB)
for two hours at 37°C, and the digested vector was also treated with antarctic
phosphatase to prevent re-ligation of vector ends. The digested DNA was resolved on
a 1% agarose gel, purified (QlAquick Gel Extraction Kit, Qiagen) and ligated to form
a circular PrP-myc in pIRESneo plasmid, which was then transformed into XL1-Gold
Ultracompetent bacteria (Stratagene). Ampicillin resistant colonies were selected and
myc-tag insertion was confirmed by sequencing. The above multi-step process was
also carried out using 3F4Prnp as a template, to produce 3F4-myc. To generate
D177NMyc, E199KMyc and V209IMyc, site directed mutagenesis with the
Quikchange®Il XL Site-Directed Mutagenesis kit (Stratagene) was carried out with

the appropriate primers and PrP-myc in pIRESneo as the template DNA, following
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the manufacturer’s instructions. All primer sequences and PCR cycling conditions are
listed in supplementary material (Online Resource 1 and 2, respectively). PCR
reactions included a final concentration of 0.2mM dNTP mix, ImM MgSO4 and 1.25
Units (0.5ul) of Platinum Pfx polymerase (all Life Technologies), except the ‘fusion’
PCR (C), where double the dNTPs (0.4mM) and Platinum Pfx polymerase (2.5 Units)

was added.

Transfection of mammalian cells.

Transient transfections and the RK13 cells stably expressing PrP-myc (MycRK) were
created using Lipofectamine 2000 (Life Technologies), following the manufacturer’s
instructions. Transient transfections were all approximately 72 hours. All other stable
cell lines were created by electroporation of appropriate cDNA as described

previously [43].

Live cell treatments

Cells were treated in culture with compounds (all Sigma) or the compound diluent as
controls, for the length of time and concentrations as indicated in figure legends. All
treatments were carried out in OptiMEM (Life Technologies) containing 10% FBS
unless otherwise indicated. Briefly, E64d treatment was at a final concentration of
40ug/ml for 72 hours, with reagent added fresh every 24 hours. Prinomastat and
Brefeldin A (at indicated concentrations), and Tunicamycin (10ug/ml final
concentration) treatments were for 24 hours. PIPLC treatment (0.05U/ml final

concentration) was for 1 hour in serum free OptiMEM.

Temperature block experiments
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MycRK cells were seeded into 12-well plates and grown to confluence. Cell
monolayers were washed gently with 1X PBS, and then incubated for 4 hours in 1ml
of OptiMEM with or without 10% (v/v) FBS. All incubations were carried out in non-
humidified conditions, at ambient O./CO,: 37°C and 15°C incubations were constant

and regulated in incubators; 20°C incubation was at room temperature.

Cell lysate and brain homogenate preparation and treatments.

Tga20 mouse brain tissue (half brain, sectioned sagittally), and approximately 50mg
of human brain tissue taken from the occipital cortex of six sporadic Creutzfeldt-
Jakob disease patients and six age-matched non-neurological controls, were prepared
as a 10% (w/v) homogenate in 1X PBS as described previously [44]. Where indicated,
human brain homogenates were proteinase K (PK) digested (100ug/ml final PK
concentration, one hour at 37°C, as described [44]) prior to PAGE and western blot
analyses. Cell monolayers were washed with 1X PBS, prior to either harvesting
(scraping into PBS and pelleting at 1000xg for 3min) and lysing, or lysing directly in
wells. Cells were lysed in ice-cold lysis buffer (25mM Tris/HCI, pH7.5, 150mM
NaCl, 5mM EDTA, 1% (v/v) Triton X-100) containing a final concentration of 1X
Complete Ultra protease inhibitors (Roche) as described previously [45]. Post-nuclear
supernatants were assessed for total protein content using a bicinchoninic acid protein
assay (Pierce). Where required, cell lysates were treated for 2.5 hours at 37°C with
0.02U final concentration PIPLC or PIPLC treated and then PNGaseF [46] digested,

as described previously.

PAGE and immunoblotting.
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Samples were mixed with the appropriate PAGE sample buffer containing a final
concentration of 3% p-mercaptoethanol, and resolved on either 4-12% acrylamide
NuPAGE (Life Technologies) or 15.5% acrylamide tricine SDS-PAGE gels, then
electrotransferred to Hybond-P polyvinylidene difluoride membrane (PVDF). PVDF
membranes were blocked for 1-2 hours at room temperature in PBS containing 0.05%
Tween-20 (PBST) and either 5% (w/v) skim milk powder, or 2% (w/v) ECL blocking
reagent, prior to incubation with the indicated primary antibody overnight at 4°C (as
indicated in figure legends). Online Resource 3 summarises relevant antibody
information. After washing off non-specifically bound primary antibody with PBST,
membranes were incubated in peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies (GE), before further washes with PBST and detection using
enhanced chemiluminescence (Pierce ECL substrate; Thermo Fischer Scientific, or
ECL Advance; GE Healthcare). Where necessary (i.e. when quantifying a difference
in total PrPC expression), to assess and correct for protein loading, membranes were
stripped at low pH (1% (v/v) aqueous HCI) for approximately 30 minutes, re-blocked
and probed with an anti-p-tubulin or -actin antibody and the secondary antibody
described above, or were stained with Coomassie blue solution (50% (v/v) methanol,
10% (v/v) acetic acid, 0.25% (w/v) Coomassie Brilliant Blue R-250 (BioRad)) for 1
minute and de-stained (40% (v/v) methanol, 10% (v/v) acetic acid) for 10 minutes
prior to quantification. All chemiluminescent and digital images were captured by a

Fujifilm LAS-3000 Intelligent Dark Box.

Cell surface biotinylation and NeutrAvidin precipitation
Cell surface proteins were biotinylated for 30 minutes at 4°C with the Pierce® Cell

Surface Protein Isolation Kit as per the manufacturer’s instructions, with all solutions
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and reagents utilized scaled down to suit T25cm? flasks. Cells were harvested and
pelleted at 500xg for 3 minutes, immediately after biotinylation (TO) or were cultured
for a further 6 hours prior to collection of the cells (T6) and conditioned media
(T6M). Cell pellets were stored at -20°C overnight, and media proteins were
precipitated overnight at -20°C in 4X volumes of 100% methanol, and then pelleted at
4500xg max speed for 1 hour at 4°C. Cell and media pellets were lysed in 300ul lysis
buffer containing protease inhibitors as described above. Ten microlitres of lysates
mixed with 10ul of 2X NuPAGE sample buffer containing 100mM dithiothreitol
(DTT) (final DTT concentration of 50mM) were utilized for ‘input’ samples in PAGE
and western blotting. Lysates were diluted by mixing 150ul of lysate with a further
150ul of lysis buffer containing protease inhibitors, and then subjected to
precipitation using 200ul NeutrAvidin coated agarose beads, as per the Pierce® Cell
Surface Protein Isolation Kit instructions. Samples were eluted in 85ul of 1X
NuPAGE sample buffer containing 50mM DTT for 1 hour at room temperature, with

30yl of this preparation used for PAGE and western blotting.

Density gradient ultracentrifugation
MycRK cells were harvested, lysed and subjected to Nycodenz density gradient
flotation assay as described previously [39]. Fifteen microlitres of collected fractions

was utilized for PAGE and western blotting as described above.

Densitometry and statistical analysis
Densitometric semi-quantitative analyses were carried out using Image J v1.42q, and
routinely included background subtraction. C3 levels were always first adjusted for

the total PrPC detected within a lane/sample, and then expressed relative to control

10
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samples. When total PrPC expression levels were compared, these were normalised to
the relevant loading control (B-tubulin or Coomassie total protein, as indicated), and
then expressed relative to the control samples. Statistical analyses were performed in
GraphPad Prism v6.0d. All quantitative data is expressed as the mean £ SEM, with

the number of independent experiment replicates (n) as indicated in figure legends.

11
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RESULTS

PrPC is cleaved in the far C-terminus, producing a novel cleavage fragment, C3.

The addition of epitope tags into proteins is a commonly utilized and relatively simple
and effective way to study their cellular biology, exploiting the convenience of high
affinity antibodies, or intrinsic fluorescence of the tag. The introduction of epitope
tags into PrP¢ which is then expressed in cells or animal tissues, has been achieved
several times, with different tags, and into different regions of the protein [47-51].
The nucleotide sequence encoding the 10 residue human c-myc epitope
(EQKLISEEDLY), along with the sequence encoding PrP° residues 226-230 duplicated
immediately after the myc-tag, was engineered into murine PRNP immediately 5’ to
the GPI-anchor signal sequence, generating ‘PrP-myc’. This PrP-myc construct has
previously been shown to generate a PrP¢ fusion protein (MycPrP) with unaltered
cellular behaviour or function in vivo or in vitro, including glycosylation, proteolytic
processing, trafficking, localization, membrane anchoring, and incorporation into
PrPs¢ aggregates [52]. When whole lysates from the N2a cell line, transiently
transfected with the PrP-myc construct (see Figure 1a) were analyzed by PAGE and
western blotting, in addition to the expected full-length and truncated MycPrPC®
species, a small, less than 10kDa, myc-immunoreactive fragment was observed
(Figure 1b). This unexpected finding indicated there may be another PrP¢
endoproteolytic cleavage site towards the C-terminus, producing this small fragment,
nominally ‘C3’. The PrP-myc construct was stably transfected into three other
routine laboratory cell lines, human embryonic kidney (HEK), human neuroblastoma
(SH-SY5Y) and rabbit kidney epithelial (RK13), to determine whether this processing

was restricted to the N2a cells. In all cases, MycPrP® was also processed to C3

12
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(Figure 1b), indicating that cells derived from various mammalian species, and of
neuronal and non-neuronal origin are capable of what we have designated PrP¢ y-

cleavage’ and C3 production.

In order to establish whether this processing was an artifact of myc tag engineering,
lysates from naive N2a cells were analysed by PAGE and western blotting utilizing a
commercially available antibody, EP1802Y, raised against the PrP far C-terminus
residues 214-230 (Figure 1a). Once again, a small approximately 6-7kDa fragment
was observed (Figure 1c), but this fragment was not seen when utilizing an antibody
(ISCM18) directed against a comparatively more N-terminal region of the protein
(Figures 1a and 1c). To further confirm this observation, murine brain homogenates
were also analysed by PAGE and western blotting. Tga20 mouse brains were utilized
as they over-express murine PrP® approximately six fold, therefore increasing the
likelihood of detection of what appears to be a relatively low abundance fragment.
When mouse brain proteins transferred to PVDF membranes were probed with
antibodies to the PrP® N-terminus (SAF32) and mid-region (ICSM18), various PrP®
species are observed, including the a- and B-cleavage products N1 and N2 when
probing with SAF32 (Figure 1d). However, it was only probing with EP1802Y that
allowed detection of an approximately 6-7kDa C-terminal fragment in these mouse

brains (Figure 1d).

The presumed N-terminal fragment, N3, based on the apparent size of C3, is predicted
to be approximately 20kDa. In the Tga20 mouse brains there was no obvious
detection of N3 using the N-terminal PrPC antibody SAF32 with a short exposure,

however upon prolonged exposure, an immunoreactive fragment of this approximate

13
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size was apparent (Figure 1d, far right panel). Furthermore, the band attributed to C2
in the ICSM18 blot could potentially contain N3. Attempts to detect N3 in
conditioned media from cultured cells were unsuccessful (data not shown). To
increase the likelihood of detecting N3 in cell lysate, which may otherwise be rapidly
secreted and/or degraded, we utilized SH-SY5Y cells expressing a ‘double anchored’
(DA) murine PrPC€ [43] (Figure 1a), and wild type murine PrP® expressing cells as
controls. In the DA-PrP® construct, the N-terminal PrP® signal sequence has been
replaced with the uncleaved signal sequence and transmembrane domain of murine
aminopeptidase-A [43], thereby resulting in the tethering of the PrP¢ N-terminus to
the cell membrane. When whole cell lysates from the DA-PrP® expressing cells were
subject to PAGE and western blotting after PNGase digest to remove N-linked
glycans, immunoreactive fragments consistent with N3 containing the
aminopeptidase-A transmembrane domain (DA-N3), were detectable with all three
anti-PrP antibodies utilized (Figures 1a and 1e). N3 was not detectable in the control

wild type PrP¢ expressing cells consistent with rapid degradation of this fragment.

Collectively, these results strongly support that PrP y-cleavage is a bona fide PrP
processing event, prompting us to investigate further. Note, given MycPrP has been
shown to behave the same as untagged (wild-type) PrP [52], including, as shown in
Figure 1, undergoing endoproteolysis producing the various PrP fragments, for ease
of C3 detection we continued to utilize cells expressing MycPrP. From this point,
MycPrP and its truncated species are for simplicity referred to without the prefix

‘Myc’.

14
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PrPC y-cleavage occurs late in the secretory pathway, preferentially from an
unglycosylated substrate.

PrP¢ is a cell surface protein, and follows a typical pathway of trafficking and
endocytosis. In order to determine at which stage during this secretory pathway y-
cleavage occurs, we first carried out temperature block experiments [53,54], where
RK13 cells stably expressing PrP-myc (MycRK) were incubated for 4 hours at 15°C
(slowing protein traffic from the endoplasmic reticulum (ER)), 20°C (slowing protein
traffic from the Golgi apparatus) and 37°C, in the presence or absence (to slow cell
division and simulate oxidative stress) of serum. When compared to cells in
optimal/normal conditions (37°C + serum), cells where protein traffic was slowed
through the ER showed no change in C3, while under stressed conditions, when
protein traffic was held up in the Golgi network, there was a significant increase in C3
production, with a similar trend when cells were not stressed (Figure 2a). To further
investigate the cellular site of PrP® y-cleavage we treated MycRK cells for 24 hours
with brefeldin A, a reversible inhibitor of protein translocation from the ER to the
Golgi complex [55]. As predicted, given PrP¢ N-linked glycosylation starts in the ER
with attachment of high-mannose oligosaccharides, but continues in the Golgi with
modification of these to more complex sugars [56], brefeldin A treatment
dramatically altered the glycosylation pattern of PrPC (Figure 2b). Importantly, we

found that brefeldin A treatment significantly reduced C3 production.

The well-described PrP¢ C-terminal proteolytic fragments C1 and C2 are known to be
glycosylated like the full-length protein [36]. This can make interpretation of their
abundance difficult, as glycosylated but truncated PrP¢ may have the approximate

same molecular weight as unglycosylated full-length PrPC. Enzymatic removal of N-
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linked glycans from PrPC, through PNGaseF treatment of cell or tissue extracts is
routinely used to more clearly visualize these fragments. To this end, we used
PNGaseF to visualize all C-terminal PrP¢ fragments, including C3, in N2a cells
transiently expressing myc-tagged wild-type murine PrP®, or 3F4 epitope containing
murine PrP®, which is often utilized as a substitute wild-type murine sequence (Figure
1a). It is interesting to note that in this cell line, irrespective of which construct was
transfected, after PNGaseF treatment it becomes clear that there is very little full
length (compared to truncated) PrP¢, which has been described previously in some
cultured cells [33]. This is unlikely to be due to the cells expressing myc-tagged PrPC,
and rather reflects more the pattern of endogenous PrP® proteolytic processing in
these cells (Online Resource 4). As expected, there is an increase in detectable C1, as
glycosylated species have been reduced and all of C1 now migrates as a single band
(Figure 3a). However, there is neither the appearance of a smaller than the 6-7kDa
species that would indicate C3 had (prior to PNGaseF treatment) been glycosylated
and therefore was resolving slower in PAGE, nor is there an increase in intensity of
the 6-7kDa C3 band that would indicate some of the C3 present in cells is ordinarily
glycosylated and upon enzymatic deglycosylation becomes visible. Also of note, after
PNGaseF treatment, with prolonged exposures we can observe a previously
unrecognized faster moving species below C1 (closed arrow), which we have coined

C3.

From experience, and as evident in Figures 1, 2 and 3a, most PrPC species in cultured
cells and tissue extracts are heavily glycosylated. As C3 is not glycosylated and,
similar to unglycosylated PrPC, is in low abundance relative to other PrP® species, we

questioned whether C3 is cleaved preferentially from an unglycosylated source. When

16
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MycRK cells were treated with tunicamycin, a compound that blocks de novo N-
linked glycosylation, we observed a significant increase in relative C3 levels (Figure
3b). Interestingly, in the tunicamycin treated cells there is again evidence of a PrP¢
fragment which is a few kilodaltons smaller than C1, which we postulate is the same

C3’ fragment described in Figure 3a.

The C-terminal fragment C3 is GPI-anchored, but does not reside primarily at
the cell surface.

To further understand this PrP® y-cleavage event, we next aimed to characterize the
C3 fragment itself. 1t is well established that GPI-anchored proteins, such as PrP¢,
localise within lipid raft domains of cellular membranes [57]. In order to establish
whether C3 was also GPI-anchored, we subjected lysates from MycRK cells to a
floatation assay, whereby buoyant membranes (ie lipid raft domains) float to the top
of a density gradient, following an established protocol [39]. When fractions from the
MycRK cells were analysed by PAGE and western blotting, the C3 fragment was
localised predominantly in the more buoyant fractions where other PrP¢ species were
also enriched (Figure 4a), consistent with C3 containing a GPI moiety. The lipid raft
(Flotillin-1), ER (Bip) and mitochondria (Bcl2) marker proteins localised
predominantly in the lighter/buoyant (Flotl) and denser (Bip/Bcl2) fractions as
expected [39]. Next, lysates from HEK cells transiently expressing MycPrP were
reacted with bacterial phosphatidylinositol-specific phospholipase C (PIPLC), an
enzyme capable of catalysing hydrolytic cleavage of the phosphoric ester bond within
the GPI anchor. When the GPI anchor is enzymatically removed from a protein,
empirically on PAGE separation the GPI-minus protein resolves slower than its

undigested counterpart [58]. To this end, a small characteristic upward shift in PAGE

17
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mobility of the C3 fragment, as well as the other PrP¢ species, was observed in the

PIPLC and PNGaseF treated lysate (Figure 4b), indicative of GPI-anchor removal.

Treating cells in culture with PIPLC induces cleavage of GPl-anchored proteins from
the cell surface. When MycRK cells were treated for one hour with PIPLC, as
expected there was an increase in the detection of PrPC in the conditioned media,
however this was not observed for the C3 fragment (Figure 4c). Interestingly, levels
of C3 in conditioned media were in fact significantly decreased. To further confirm
whether C3 is localised at the cell surface, we carried out cell-surface biotinylation of
MycRK cells. Using NeutrAvidin coated agarose beads to bind and pull out all
labelled cell surface proteins from whole cell lysate or conditioned media, Figure 4d
shows that whilst the cell surface transferrin receptor and many PrPC species were
biotinylated, C3 was not. Online Resource 5 shows the full biotinylation experiment
result depicted in Figure 4d, including some relatively low level non-specific
NeutrAvidin pull down of unlabelled proteins (both PrP and transferrin receptor),
seen only on longer exposure, and no precipitation of biotinylated proteins from the
conditioned media. Online Resource 5 also shows that upon longer exposure, both C3
and C3’ can be detected in the whole cell lysate (input), but not in the NeutrAvidin

pull down samples.

A matrix metalloprotease is responsible for PrP¢ y-cleavage within the highly
conserved C-terminus.

The observations of C3 approximate molecular mass at 6-7kDa, and the C3/N3
immuno-reactivities, suggested that the y-cleavage site was in the far-C-terminus of

PrPC. Interestingly the C-terminus of PrPC is highly conserved in mammals [59], with
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substantial sequence identity in the various species listed in the National Center for
Biotechnology Information (NCBI) Conserved Domains Database [60] (Online
Resource 6). In order to define the sequence identity of C3 and clarify the y-cleavage
site, several attempts, including the use of size-exclusion and immunoprecipitation
techniques to increase relative detection/yield of Myc-C3 for downstream mass
spectrometry or Edman degradation analyses, as well as antibody affinity based
SELDI-TOF-MS, unfortunately all yielded negative or inconclusive results (data not
shown). Therefore we employed site-directed mutagenesis to potentially introduce
either slight structural/steric changes or loss of a protease consensus sequence motif,
in order to hinder and/or alter any interaction of PrPC with the responsible protease,
altering the efficiency of C3 production and narrowing down the putative region of
the y-cleavage site. Specifically, the murine equivalents of three inherited human
prion disease mutations which are spread across the far-C-terminus of PrP® were
created, with all containing the myc tag (see Figure 1a); MycD177N, MycE199K and
MycV209I. After transient transfection into RK13 cells, we observed a significant
reduction in C3 levels in cells expressing MycD177N and MycE199K compared to
wild-type MycPrP® (Figure 5a), whilst there was no significant difference seen for the

MycV2091 mutation.

A single previous report does identify and describe a small C-terminal PrP fragment
of similar apparent molecular mass, which the authors also referred to as ‘C3’ and
may be the same C3 described herein [50]. Taguchi and colleagues determined their
fragment to result from cysteine protease cleavage, as a 72 hour treatment with a pan-
cysteine protease inhibitor E64 inhibited its production. In order to test whether our

C3 was also generated by a cysteine protease, MycRK cells were treated for 72 hours
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with E64d, a more membrane permeable synthetic analogue of E64. Surprisingly the
MycRK cells had increased total PrP¢ expression after E64d treatment, and when
adjusted for the increase in PrP¢, C3 levels were also significantly increased (Figure
5b). We considered whether the increased C3 was due to E64d increasing the
proportion of a precursor fragment. Lysates from E64d treated and untreated cells
were PNGaseF digested prior to PAGE and western blot analysis, in order to clearly
see the relative levels of the different full-length and truncated MycPrPC species. As
seen in Figure 5c, there is no apparent change in proportion of the C1 fragment,
although there is again the appearance of a faster moving MycPrPC species with E64d
treatment. We believe this is consistent with C3’, observed in the various experiments

described above.

Having ruled out a cysteine protease as the likely enzyme involved in PrP¢ y-

cleavage, we utilized the MEROPS database (http://merops.sanger.ac.uk) [61] to

perform low stringency searches of residues around the highly conserved residues of
the PrPC far C-terminus. Numerous proteases were identified, and of interest were
several matrix metalloproteases (MMP), due to recent evidence that prion protein
fragments can be digested by membrane-type MMP proteases [62]. To investigate the
possibility of MMP mediated y-cleavage of PrPC, we treated MycRK cells for 24
hours with the MMP inhibitor Prinomastat, which is selective for MMPs-2, 3, 9, 13 &
14 [63]. We observed a significant decrease in relative C3 levels for all concentrations

of Prinomastat tested (Figure 5d), suggesting an MMP is involved in PrP° y-cleavage.

Prion disease associated PrP conformers are also susceptible to y-cleavage.
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During a routine diagnostic characterization of PrP species detectable in a suspected
Creutzfeldt-Jakob disease (CJD) patient brain for the ANCJDR, a fragment consistent
with C3 was detected when utilizing the EP1802Y antibody, but not the mid-region
3F4 antibody (Figure 6a), which indicated the human prion protein may be
susceptible to y-cleavage. In order to further characterize this, and also address
whether prion disease associated PrP species are also subject to y-cleavage, we
assessed C3 production in non-neurological control and sporadic CJD patient brain
tissue. While we found no clear evidence of y-cleavage in control tissue, this was not
the case in CJD brains, with detection of C3 (2/6 cases) and C3’ (6/6 cases) (Figure
6b, top panels). Additionally, after high concentration PK treatment successfully
digested away all PrP¢ species, in addition to the typical profile of di- mono- and un-
glycosylated partially protease resistant (PrP™) species, C3 becomes readily
detectable in all the CJD brains (Figure 6b, bottom panels). Interestingly, C3’ is also
still detectable after PK digestion. Collectively this indicates that in the context of
disease-associated PrP misfolding, C3 represents a highly protease-resistant
unglycosylated fragment, with y-cleavage of disease associated PrP (PrP) occurring,
and the likelihood that the C3 seen in non-PK treated CJD brain tissue is resultant

from endoproteolysis of PrPS¢ rather than processing of the PrP® present.

21



O©CoO~NOOTA~AWNE

DISCUSSION

Prion protein endoproteolysis, a phenomenon observed in cultured cells as well as
human and various animal tissues, has been reported for many years, with a focus on
o- and B- cleavage and proteolysis at the GPI anchor resulting in shedding of PrP¢
from the cell surface [29]. Despite this, the biological or physiological significance of
PrP¢ proteolytic processing has not been entirely elucidated, with emerging, but
sometimes conflicting evidence of separate functions of the full length [64,65,14], and
different truncated PrP® species [66,6,10,67,68]. Importantly, there are often more
truncated PrPC species than full-length PrP present in cells and tissues [33,35,69],

underscoring the likely cellular requirement for these processes to occur.

Through the utilization of Myc-tagged PrPC expressed in cells we discovered a novel,
approximately 6-7kDa, Myc-tagged ‘C3’ fragment, and then confirmed the presence
of endogenous C3 in both human and animal brain tissue, indicating the fragment was
not produced as an artifact of epitope tag insertion, and thus the unequivocal existence
of a PrP® y-cleavage event. Extensive literature searching has found that the most
commonly utilized anti-PrP antibodies are directed to epitopes in the middle region of
PrPC, and unlikely to be within the C3 fragment. Furthermore, published western blot
images are often trimmed, underscoring the possibility that the occurrence of PrP¢
cleavage events, especially those producing small far-C-terminal fragments such as
C3, may be easily overlooked. The apparent approximate molecular weight of C3
seen on PAGE and western blotting, along with the significant reduction in C3
production with the mutation of two residues within the PrP¢ far C-terminus, are

highly suggestive of the y-cleavage site being within this region, potentially
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somewhere between residues 176 and 200. Interestingly the C-terminus of PrP¢ is
highly conserved in mammals [59], with 100% amino acid sequence identity in
residues 190-202 and 54% identity in the larger region spanning residues 170-230
(human PrP numbering) in the various species listed in the National Center for
Biotechnology Information (NCBI) Conserved Domains Database [60], including
humans and other primates, cervids, bovids, equids, felids, cetaceans, lagomorphs and
rodents, further pointing to the likely biological significance of y-cleavage.
Additionally, if our predictions of the y-cleavage site hold true, and when direct
cleavage to C3 occurs, the resulting potentially secreted N3 fragment could represent
approximately 70% of the span of previously described secreted GPI-anchorless PrP¢
species, including important structural features such as the copper binding octapeptide
repeat and the hydrophobic core (Figure 1a), which may have biological/functional

relevance [70-72].

After synthesis, the majority of immature PrP¢ produced may undergo post-
translational modifications en route to the cell surface, including addition of its GPI-
anchor in the ER, and simple, followed by more complex, glycosylation of one or two
asparagine (N) residues (codons 181 and 197 on human PrP®; 180 and 196 on murine
PrP) in the ER and Golgi respectively [56], resulting in predominantly highly
glycosylated PrPC species. Later in the secretory pathway, after transiting the Golgi
apparatus, a large proportion (in most cell types) of PrPC is subjected to the dominant
endoproteolytic processing event, a-cleavage, in the trans-Golgi network (TGN) [54].
Our results indicate that PrPC also needs to exit the ER for efficient y-cleavage, and
that this endoproteolyis occurs in the Golgi complex or TGN. Furthermore, our

observation of reduced cellular C3 levels in PIPLC treated cells is consistent with the
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phospholipase-induced loss of GPl-anchored PrP¢ species from the cell surface
diminishing an available substrate for y-cleavage. Collectively, this indicates y-
cleavage also occurs after PrP¢ has transited to the cell surface, perhaps during
endocytic recycling and/or retrograde transport of PrP¢ to the Golgi/TGN, trafficking
pathways that PrP isoforms are known to follow [73,74]. Our data also suggests the
C3 fragment itself is not glycosylated, and consistent with this, the protease
responsible for y-cleavage favours an unglycosylated substrate. Intriguingly, as the
appearance of another C-terminal fragment, apparently slightly smaller than C1,
sometimes coincided with increased C3 detection (for example after tunicamycin or
E64d treatment), we believe y-cleavage does not occur downstream of a-cleavage,
and that C3 may not always be cleaved directly from full length PrP€, but perhaps
sometimes from an intermediary or precursor fragment, which we have coined C3’.
Collectively these results may partly explain the apparently relatively low levels of
the C3 fragment observed; we propose that proportionately low levels of PrP¢ remain
unglycosylated, and/or escape either a- or - cleavage and remain full length, are not
shed or recycled back to the cell surface, and could therefore persist long enough to
be transported back to the Golgi/TGN where y-cleavage is then able to occur.
Importantly, as is the case with many other low abundance proteins, we believe the
relatively low levels do not militate against the potential importance of this fragment

or cleavage event.

Similar to full length PrPC, the a- and B- cleavage C-terminal fragments C1 and C2
are known to be GPIl-anchored [30]. After treatment of cells with the bacterial
enzymes PIPLC and PNGaseF, a subtle size shift characteristic of GPI-anchor

removal was observed in C3, along with the other PrP° species expressed in the cells.
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It is unclear why PIPLC treatment alone did not result in this same discernable shift,
though this may be related to the GPIl-anchor attachment residues and PIPLC
cleavage recognition motif being more accessible once the substrate protein has been
denatured, which does occur during the conditions of PNGaseF digestion. These
results, along with the detection of C3 in buoyant density gradient fractions suggest
that C3 does retain its GPl-anchor. However, the lack of an observed C3 increase in
conditioned media after PIPLC treatment of live cells, coupled to the lack of detection
of labelled C3 after cell surface biotinylation, together indicates this fragment is
unlikely to reside predominantly at the cell surface. These results are also consistent
with y-cleavage occurring after retrograde transport to the Golgi or TGN, but do not
exclude contributions from nascent PrP¢ coming directly from the ER. The
possibility that the C3 fragment itself does not contain enough lysine residues, with
amine side chains to react with the biotin, is unlikely given the predicted y-cleavage

region, although this cannot be excluded.

A single report does identify and describe a PrP® derived C-terminal fragment which
we originally hypothesized may be the same C3 described herein [50]. The fragment
described by Taguchi and colleagues was discovered during the development of a
biarsenical cell surface protein labeling technique, using PrP as the model protein.
This, along with our conflicting finding that y-cleavage was not reduced by inhibition
of cysteine proteases using E64d, collectively indicates the C3 fragment we have
characterised is in fact not that which has been described previously, and further
highlights the complexity of proteolytic processing of the prion protein far C-
terminus. Whilst this study has ruled out the involvement of a cysteine protease in y-

cleavage, we have elucidated that a member/members of the matrix
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metalloproteinases (MMP) family of proteases are involved. Interestingly a recent
report describes the proteolysis of various synthetic PrP fragments with MMP7,
MMP14 (membrane-type MMP1, or MT1-MMP) and MMP16 (MT3-MMP), with
some of the reported cleavage sites mapping to the far C-terminus of PrP¢ between
residues 169 to 192 [62], consistent with the region we predict to contain the y-
cleavage site. The determination of which specific MMP/s are involved is the subject

of ongoing investigations.

Although prevalence of PrP¢ y-cleavage is not high, the lack of C3 seen in human
control brain tissue was surprising. One explanation may be that y-cleavage does not
occur in cells of the brain region we sampled from, as cleavage profiles have been
shown to vary in different tissues and regions [69]. Alternatively, C3 may be below
the limits of detection by PAGE and western blotting. Whatever the explanation, our
results indicate that whilst human cells are capable of accommodating y-cleavage of
murine PrP¢ (e.g. the HEK and SHSY5Y cells in Figure 1b), in vivo human PrP® is
perhaps less susceptible to this cleavage event compared to murine PrPC.
Surprisingly, PK resistant C3 and C3’ species were relatively abundant in CJD brain,
indicating PrP%® may be more susceptible than PrP® to y-cleavage. Small,
approximately 7-15 kDa, PK resistant fragments have previously been detected in
human prion brain tissue (and as illustrated by Figure 6a), particularly in the
inherited Gerstmann-Straussler-Scheinker (GSS) disease cases [75,76], although
these are typically characterized as both N- and C-terminally truncated, and are
therefore not the C3 species we describe. There is published evidence of small far-
C-terminal PK resistant fragments in sporadic CJD, but not control brain tissue [77],

which the authors designate as PrP-CTF12/13 to reflect their approximate size.
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Similar to our PrP¢ derived C3, PrP-CTF12/13 are also GPl-anchored. Moreover, the
N-terminus of the PrP-CTF12 fragment mapped to residues 162 and 167, which is
consistent with our estimates of the y-cleavage site, and which based on amino acid
sequence alone (i.e. codons 162-230 and 167-230) are predicted to result in C-
terminal fragments of approximately 8.3kDa and 7.6kDa respectively (excluding the
GPl-anchor, which when attached should actually result in slightly faster than
expected resolution [58]). With PAGE protocol differences (e.g. acrylamide
concentrations) and the inherent inexact nature of molecular weight standard
alignment for predicting actual protein size (especially when the smallest marker is
larger than the protein of interest) accounting for discrepancies, we believe these
PrP-CTF12/13 species may be the same PrP¢ derived PK resistant C3 and perhaps

also C3’ that we have detected.

In the context of prion disease pathogenesis, experimental evidence has proven that
expression of the normal cellular prion protein, PrP¢, is an absolute requirement
[78,79], where it aberrantly folds to the disease associated prion protein isoforms
(PrP*%). Although the mechanisms underlying initiation of PrP¢ misfolding are not
understood, convention proposes the continued hetero-dimeric interaction,
templating and conversion of PrP® to PrPS¢ with eventual propagation of sufficient
neurotoxic and infectious species ultimately causing cell death and
neurodegeneration. Whilst it is known that the N-terminus of PrP® is not required for
production of PrP%¢ [80], we and others [81,82,33,37,38] have linked reduced
susceptibility to prion infection or efficiency of conversion/misfolding, to PrPC¢
cleavage/truncation, probably due to the depletion of full-length PrP¢ which is the

optimal substrate for conversion to PrP%. Interestingly, a recent report has also
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linked decreased expression and activity of MMPs 2 and 9 to increased prion
propagation [83]. Given the likely involvement of MMPs in PrP¢ y-cleavage, it
remains possible that y-cleavage may be relevant in cellular mechanisms of
susceptibility to prion propagation. Indeed, the apparent increase in y-cleavage as
indicated by the proportionally higher amounts and the PK resistance of C3 and C3’
in the brains of CJD patients, may reflect increased and ultimately failed cellular
attempts at managing the ongoing prion propagation through efforts to cleave and

therefore degrade PrP*c,

Many areas of prion biology remain enigmatic, with considerable conflicting data
published, perhaps in part due to the under-appreciation of processes such y-
cleavage. The primary objective of this study was to characterize the cellular biology
of this novel PrP® y-cleavage processing, and further contribute to the understanding
of currently incompletely answered questions in prion research. Whilst the exact
biological and/or pathophysiological significance of y-cleavage remain to be
determined, the results we have presented herein, along with mounting evidence of
the relevance of prion protein cleavage to both its normal function, and the important
influence exerted in susceptibility to prion disease, underscore that this previously

un-appreciated cleavage event warrants further investigation.
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FIGURE LEGENDS

Fig. 1 A far C-terminal PrP fragment, C3, in cells and tissues of neuronal and non-
neuronal origin. (&) Schematic representation of the constructs and alignment of the
antibodies utilized in this study. Wild type murine PrP (WT-PrP), containing the C-
terminal Myc epitope-tag (Myc-PrP), the 3F4 epitope tag (3F4-Myc-PrP), the sites of
three murine equivalents of familial CJD mutations D177N, E199K, V209l (Mut-
Myc-PrP), the N-terminal anchor (NTM) in double anchored PrP (DA-PrP), the
expected endoproteolytic cleavage sites (o, B, v), and some key conserved features
(octarepeat and hydrophobic domains, N-linked glycans, GPIl-anchor), are depicted.
PAGE and western blotting, with the anti-Myc (b) and anti-PrP (c-e) antibodies as
indicated, of: (b) lysates from different cell lines (N2a, HEK, SHSY5Y, RK13)
transfected with PrP-myc (Myc), the empty vector (Neo), wild type mouse PrP (WT),
or those left untransfected (UN); (c) lysate from untransfected N2a cells; (d) PBS
brain homogenate from Tga20 (WT murine PrPC over-expressing) mice; (e) PNGaseF
digested (+) or undigested control (-) lysates from SHSY5Y cells expressing wild-
type (PrP) or double-anchored (DA) murine PrPC. The different full length (FL) and
truncated PrP species are indicated, with the products of y-cleavage highlighted with
closed arrows, and all other cleavage events with open arrows. Membranes in (b)
were stripped and re-probed with p-actin (Act) or B-tubulin (Tub) as indicated by the

small arrows.

Fig. 2 y-cleavage occurs after PrP¢ has exited the ER, in the Golgi/TGN.

Representative PAGE and western blot with an anti-Myc primary antibody (left

panels) and C3 quantification (right panels) of cell lysates from: (a) MycRK cells
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incubated in the presence (+) or absence (-) of 10% v/v foetal bovine serum for 4
hours at the temperatures indicated (n=4); (b) duplicate wells of MycRK cells treated
with Brefeldin A, at the concentrations indicated (100ng/ml and 10ug/ml n=3; 1ug/ml
n=2), or diluent only controls (CTL). Statistical analyses were by one way ANOVA
with (a) Tukey’s multiple comparison post-test of all groups and (b) Dunnett’s
multiple comparison post-test of each treatment to the control. *p<0.05, **p<0.01,

*Hxx0<0,0001

Fig. 3 C3 is not glycosylated and is preferentially cleaved from an unglycosylated
substrate. (a) Lysates from N2a cells transiently transfected with wild-type or 3F4-
epitope myc-tagged PrP construct as indicated, were left untreated (-) or digested
with PNGaseF (+) prior to PAGE and western blotting with an anti-Myc antibody.
The bottom panel is the same blot as the top panel, after a longer digital exposure time
to enable visualisation of additional cleavage fragments as indicated. (b)
Representative PAGE and western blot with the anti-Myc antibody and re-probe with
anti-B-tubulin antibody (top panel) and quantification (bottom panel, n=4) of relative
total PrP® and C3 levels in duplicate wells of MycRK cells treated with tunicamycin
(TM), compared to diluent only controls (CTL). The various full length
unglycosylated (FLUG) and truncated PrP® species are indicated. Statistical analyses

by paired t-test. *p<0.05, **p<0.01

Fig. 4 C3 is GPl-anchored, and does not localise primarily at the cell surface.
Representative PAGE and western blot with anti-Myc antibody of: (a) Density
gradient fractionated lysate (fractions numbered 1-10) from MycRK cells, also probed

with the marker protein antibodies (Flotl, Bip, Bcl2) as indicated; (b) Lysates from
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HEK cells transiently expressing MycPrP, left untreated, digested with PIPLC, or
PIPLC and PNGaseF. PrP¢ species (full length (FL) and truncated) with the GPI-
anchor successfully removed are indicated with the dashed arrows; (c) Cell lysate
(Ce) and conditioned media (Me) from triplicate wells of live MycRK cells exposed
to PIPLC or diluent only (CTL), and total protein (Coomassie) stained PVDF
membrane (after completed western blotting), with quantification (bottom panel, n=3)
and statistical analyses by two way ANOVA with Bonferroni’s multiple comparison
post-test. ns = not significant, *p<0.05, ****p<0.0001; (d) whole cell lysate (Input) or
NeutrAvidin coated agarose bead precipitated (Avidin) proteins from cell surface
biotinylated MycRK cells, immediately (TO) or 6 hours (T6) after labelling, re-probed

for the cell surface transferrin (Trf) receptor protein.

Fig. 5 An MMP not a cysteine protease is responsible for y-cleavage within the
conserved PrP® far C-terminus. Representative PAGE and western blot with anti-Myc
antibody of: (a) lysates from RK13 cells transiently expressing wild type (WT) or
mutated, myc-tagged PrP¢, with quantification (right panel, n=4); (b) lysates from
MycRK cells treated for 72h with E64d or diluent only control (CTL), re-probed for
B-tubulin detection, with quantification of total PrP¢ levels and C3 levels adjusted for
PrPC (right panel, n=4); (c) PNGaseF digested whole cell lysates from duplicate wells
of E64d or diluent control (CTL) treated MycRK cells (as in b), with full length
unglycosylated (FLUG) and truncated PrP¢ species as indicated; (d) lysates from
Prinomastat (concentrations as indicated, 100pM n=2, 100nM n=3, 10uM n=4) or
diluent control (CTL) treated MycRK cells (in some cases in duplicate wells), with

quantification (bottom panel). Statistical analyses in (a) and (d) were by one way
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ANOVA with Dunnett’s multiple comparison post-test of each mutant or treatment to

the control, and in (b) were by paired t-test. *p<0.05, **p<0.01, ****p<0.0001

Fig. 6 C3 is present in human sporadic CJD brains. PAGE and western blot analysis
of human brain tissue utilizing the anti-PrP far C-terminal EP1802Y (a) and (b) or
3F4 (a) antibodies as indicated. Five microliters of 10% (w/v) CJD (a) and (b) or non-
neurological control (b) brain homogenate was utilized untreated ((a) and (b) upper
panel), or PK digested ((b) bottom panel), prior to analysis. The various full-length

and truncated PrP species detectable (PrP€, PrP™, C1, C2, C3, C3’) are highlighted.
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