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Abstract

A nine-octapeptide insertion in the prion protein (PrP) gene is
associated with an inherited form of human prion disease.
Transgenic (Tg) mice that express the mouse homolog of this
mutation (designated PG14) spontaneously accumulate in
their brains an insoluble and weakly protease-resistant form of
the mutant protein. This form (designated PG145P°") is highly
neurotoxic, but is not infectious in animal bioassays. In con-
trast, when Tg(PG14) mice are inoculated with the Rocky
Mountain Laboratory (RML) strain of prions, they accumulate
a different form of PG14 PrP (designated PG14"MY) that is
highly protease resistant and infectious in animal transmission
experiments. We have been interested in characterizing the
molecular properties of PG145P°" and PG14™M-, with a view
to identifying features that determine two, apparently distinct
properties of PrP aggregates: their infectivity and their path-
ogenicity. In this paper, we have subjected PG145°°" and
PG14™ML {0 a panel of assays commonly used to distinguish

Prion diseases are fatal neurodegenerative disorders of
humans and animals characterized by dementia, motor
dysfunction, and cerebral amyloidosis. A great deal of
evidence indicates that the key event underlying all forms of
prion diseases is the conformational conversion of the
cellular prion protein (PrP%) into an infectious isoform
(scrapie isoform of PrP, PrPS°) that has a high content of -
sheet (Prusiner 1998; Weissmann 2004). PrP%° accumulates
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infectious PrP (PrPS°) from cellular PrP (PrP°), including
immobilized metal affinity chromatography, precipitation with
sodium phosphotungstate, and immunoprecipitation with
PrP®- and PrPSC-specific antibodies. Surprisingly, we found
that aggregates of PG145P°" and PG14"M" behave identically
to each other, and to authentic PrPS°, in each of these bio-
chemical assays. PG145P°" however, in contrast to PG147M-
and PrPS°, was unable to seed the misfolding of PrP€ in an in
vitro protein misfolding cyclic amplification reaction. Collec-
tively, these results suggest that infectious and non-infectious
aggregates of PrP share common structural features
accounting for their toxicity, and that self-propagation of PrP
involves more subtle molecular differences.
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in the CNS of affected individuals in an aggregated and
protease-resistant form that is believed to propagate itself by
impressing its conformation onto PrP¢ substrate molecules.
Prion diseases can be infectious, sporadic, or genetic in
origin. About 10% of the cases of Creutzfeldt-Jakob disease
and all cases of Gerstmann-Striussler syndrome and fatal
familial insomnia are inherited in an autosomal dominant
fashion, and are linked to insertional and point mutations in
the PrP gene on chromosome 20 (Kong et al. 2004). The
insertional mutations consist of 1-9 additional copies of a
peptide repeat (P(H/Q)GGG(-/G)WGQ) which is normally
present in five copies. These mutations produce a phenotype
which displays features of both Creutzfeldt-Jakob disease
and Gerstmann-Striaussler syndrome. Disease-associated
mutations in PrP are presumed to favor spontaneous
conversion of PrP¢ into PrPS¢ without the necessity for
contact with exogenous infectious agent.

Although the basic mechanism of prion propagation has
now been established, much less is known about how prions
kill neurons and cause neuropathology (Chiesa and Harris
2001; Westergard et al. 2007). In particular, there is consid-
erable uncertainty regarding the molecular identity of the PrP
species that are directly responsible for prion-induced
neurodegeneration. Although it has commonly been assumed
that PrPS¢ is pathogenic, several pieces of evidence call this
assumption into question. For example, some inherited cases
of prion disease are not transmissible to laboratory animals,
and are not associated with accumulation of conventional
forms of protease-resistant PrPS° (Brown et al. 1994; Tateishi
and Kitamoto 1995; Nazor et al. 2005; Piccardo et al. 2007).
These and other data argue that alternative forms of PrP,
distinct from both PrP¢ and PrPS°, may be the primary
neurotoxic species in some prion diseases. We have referred
to such pathogenic molecules as PrP'°* to distinguish them
from infectious PrPS¢ (Chiesa and Harris 2001). It remains
uncertain, however, what structural features distinguish
PrP'¥i¢ and PrPS°.

Clues to the molecular distinction between neurotoxic and
infectious forms of PrP have emerged from studies of
Tg(PG14) mice (Chiesa et al. 1998, 2000). These mice
express the mouse PrP homolog of a nine-octapeptide repeat
insertion that is linked to an inherited prion dementia in
humans (Owen et al. 1992; Duchen et al. 1993; Krasemann
et al. 1995). Tg(PG14) mice accumulate in their brains a
form of mutant PrP that exhibits some of the biochemical
properties of PrP%, including protease resistance and
propensity to aggregate. However, this form differs from
PrP5¢ because it fails to transmit disease when inoculated
intracerebrally into host mice (Chiesa et al. 2003). In
addition, the mutant PrP exhibits considerably less protease
resistance than conventional PrPS® (Chiesa ef al. 1998). As
PG14 PrP aggregates accumulate, Tg(PG14) mice develop a
progressive, ultimately fatal, neurological disorder charac-
terized by ataxia, Bax-dependent apoptosis of cerebellar
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granule cells, and Bax-independent loss of synaptic mark-
ers (Chiesa ef al. 1998, 2005; Biasini ef al. 2006). As
PG14 PrP in Tg(PGl4) mice is pathogenic but not
infectious, it represents an example of PrP'*® (Chiesa and
Harris 2001).

When Tg(PG14) mice are inoculated with scrapie prions,
they accumulate a form of PG14 PrP that is resistant to high
concentrations of protease, and that is infectious upon serial
passages (Chiesa et al. 2003). Thus, this scrapie-seeded form
of PG14 PrP displays profoundly different biological and
biochemical properties from the spontaneously generated,
non-infectious form which is found in uninoculated
Tg(PG14) mice. We have designated the spontaneous form
as PG14°"°" and the prion-seeded form as PG14*M" (after
the RML strain of scrapie used for inoculation) (Chiesa et al.
2003).

We have argued that understanding the molecular differ-
ences between PG145P°" and PG14™™" will provide impor-
tant insights into the nature of PrP'™° and the features
that endow PrP with infectivity. In a previous study, we
undertook a preliminary characterization of these differences
(Chiesa ef al. 2003). We found that PG145P°" and PG14"M-
both displayed conformationally masked antibody epitopes
in the central and octapeptide regions of the protein, similar
to PrPS. However, we observed that these two forms differed
in their oligomeric states, with PG14®™" aggregates being
larger and more resistant to urea-induced dissociation. Based
on these data, we suggested that differences in polymeriza-
tion state (quaternary structure) could explain the disparity in
protease resistance and infectivity between the two forms.

In this paper, we present a more exhaustive characteriza-
tion of the properties of PG1457°™ and PG14™™", by applying
a panel of biochemical assays commonly used to distinguish
between PrP¢ and PrPSC. Surprisingly, PG14"°" and
PG14®™" behave similarly in each of these assays, which
include immobilized metal affinity chromatography (IMAC),
sodium phosphotungstic acid (NaPTA) precipitation, and
recognition by PrP¢- and PrPS°-specific antibodies. As part
of this work, we have identified a soluble (non-aggregated)
form of PG14 PrP that we refer to as PG14°°! PG145”
displays the biochemical properties of PrP®, and is likely to
represent a precursor to aggregated forms of both PG14°P°"
and PG14®™E Finally, we show that PG14™™" but not
PG1457°" is infectious, based on several in vitro tests,
including the ability to seed conversion of wild-type (WT)
PrP substrate in a protein misfolding cyclic amplification
(PMCA) reaction (Saborio et al. 2001).

Cumulatively, our data demonstrate that, although
PG14%7°" and PG14®™" are markedly different in terms of
infectivity, they are strikingly similar in a number of
biochemical properties. Thus, infectious and non-infectious
aggregates of PrP are likely to share common structural
features, some of which may underlie their neurotoxic
activity. In contrast, infectivity may depend upon subtle
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molecular differences between the aggregates, perhaps
related to their pathway of oligomerization.

Materials and methods

Mice

Production of Tg mice expressing WT and PG14 mouse PrPs tagged
with an epitope for the monoclonal antibody (mAb) 3F4 has been
reported elsewhere (Chiesa et al. 1998). We used Tg(WT) mice of
the El line that express four times the endogenous PrP level and
remain healthy, and Tg(PG14) mice of the A3 line that express
PG14 PrP at a level equivalent to endogenous PrP. These Tg mice
were originally generated on a CS57BL/6J X CBA/] hybrid
background, and were subsequently bred with the Ziirich I line of
Prn-p”° mice (C57BL/6J X 129 background) (Biieler et al. 1992).
The resulting animals therefore express transgenically encoded but
not endogenous mouse PrP. For some experiments, we bred
Tg(PG14) mice to Tg(WT) mice to obtain doubly transgenic (Tg)
animals expressing both PG14 and WT PrP.

For studies involving RML-infected mice, the RML isolate of
scrapie was obtained from Byron Caughey and Richard Race
(Rocky Mountain Laboratories, Hamilton, MT, USA) and was
passaged repeatedly in CD1 (Swiss) mice. Ten percent (w/v)
homogenates of mouse brain were prepared in phosphate-buffered
saline (PBS) using sterile, disposable tissue grinders. After being
cleared by centrifugation at 900 g for 5 min, the homogenates were
diluted to a final concentration of 1% or 2.5% in PBS, and 25 pL
was injected intracerebrally into the right parietal lobes of 4- to
6-week-old recipient mice using a 25-gauge needle.

Transgenic mice expressing WT PrP-EGFP (line A) (Barmada
et al. 2004) were crossed with Tg(PG14) mice to produce bigenic
progeny expressing both WT PrP-EGFP and PG14 PrP. Tg mice
expressing PG14 PrP-EGFP will be described in a forthcoming
publication (A. Medrano, S. J. Barmada, E. Biasini, and D. A.
Harris; paper submitted).

Partial purification of PG14°°" and PG14™" by sequential
centrifugation

Fractionation of brain homogenates was performed as previously
described (Silveira e al. 2005). One mouse brain was cut in small
pieces, washed with 1X PBS, homogenized with 3 mL of 10%
sarcosine in 1X TEND (10 mmol/L Tris—HCl pH 8, 1 mmol/L
EDTA, 130 mmol/L NaCl, and 1 mmol/L dithiothreitol) plus
Complete® protease inhibitors (Roche, Indianapolis, IN, USA),
then incubated on ice for 1 h and centrifuged at 22 000 g for 30 min
at 4°C. The supernatant was incubated on ice, while the pellet was
resuspended in 1 mL of 10% sarcosine in 1X TEND, incubated for
1 hon ice, and centrifuged at 22 000 g for 30 min at 4°C. The pellet
(Po) was collected while the two supernatants were combined and
centrifuged at 150 000 g for 2.5 h at 4°C. The new supernatant (S)
was removed and collected for further analysis, while the pellet was
rinsed with 50 pL of 100 mmol/L NaCl, 1% sulfobetaine (SB)
3-14, 1X TEND plus Complete® protease inhibitors, resuspended in
1 mL of the same buffer, and centrifuged at 180 000 g for 2 h at
20°C. The supernatant (S;) was removed and collected, while the
pellet was rinsed with 50 pL of 1X TMS (10 mmol/L Tris—HCI pH
7, 5 mmol/L MgCl,, and 100 mmol/L NaCl) plus Complete®
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protease inhibitors, resuspended in 600 pL of the same buffer
containing 100 pg/mL Rnase A and incubated for 2 h at 37°C. The
sample was then incubated with 5 mmol/L CaCl,, 20 pg/mL Dnase
I for 2 h at 37°C to stop the enzymatic digestion, EDTA was added
to final concentration of 20 mmol/L, and the sample was mixed with
an equal volume of 1X TMS, 1% SB 3-14. The sample was
deposited gently on a small cushion of 1 mol/L sucrose, 100 mmol/
L NaCl, 0.5% SB 3-14, and 10 mmol/L Tris—=HCI pH 7.4, and
centrifuged at 180 000 g for 2 h at 4°C. The supernatant (S,) was
collected while the pellet was rinsed with 50 pL of 0.5% SB 3-14,
1X PBS, resuspended in 100 pL of the same buffer by 10 X 5 s
pulses of direct sonication with a Bandelin Sonopuls Ultrasonicator
(Amtrex Technologies, Saint-Laurent, QC, Canada) at 90% power,
and centrifuged at 180 000 g for 15 min at 37°C. The final
supernatant (S;) was collected while the pellet (P3) was resuspended
in 100 pL of 0.5% SB 3-14, 1X PBS. All the collected fractions
were then subjected to western blotting using mAb 3F4.

Separation of soluble and insoluble PG14 by one-step
ultracentrifugation

One mouse brain was homogenized in five volumes (w/v) of ice-cold
PBS with EDTA-free Complete® protease inhibitors using a Teflon-
glass homogenizer. The homogenate was centrifuged at 100 g for
30 s, and the post-nuclear supernatant was removed and centrifuged at
3200 g for 20 min. The pellet was then resuspended in 5 mL of
homogenization buffer (1X PBS, 1% sodium deoxycholate, and 1%
Triton X-100) plus EDTA-free Complete® protease inhibitors using a
Wheaton glass Dounce homogenizer (10 strokes with pestle B),
incubated on ice for 30 min, and further centrifuged at 180 000 g for
1 h. After centrifugation, the supernatant (soluble fraction) was
collected, while the pellet was resuspended in 5 mL of homogeniza-
tion buffer and sonicated (10 X 5s at 90% power) (insoluble or
aggregated fraction).

Immobilized metal affinity chromatography

The procedure we employed was a modification of one described
elsewhere (Deleault et al. 2005). All procedures were performed at
4°C. Brain homogenates or fractionated PrP samples were pre-
cleared with 200 pL of metal-free IMAC resin (Amersham
Biosciences, Piscataway, NJ, USA), and then incubated with
200 pL of Cu*'-IMAC resin on an end-over-end rotator for 2 h,
and centrifuged for 1 min at 1000 g. Unbound PrP in the
supernatant was precipitated with five volumes of methanol, and
the beads were washed twice in 1 mL of Cu?’-IMAC wash
buffer (20 mmol/L 3-[N-Morpholino]propanesulfonic acid, pH 7.0,
0.15 mol/L NaCl, 10 mmol/L imidazole, and 1% Triton) plus
EDTA-free Complete® protease inhibitors. Bound PrP was then
eluted twice from the resin with 500 uL of Cu>’*-IMAC elution
buffer (20 mmol/L 3-[N-Morpholino]propanesulfonic acid pH 7.5,
0.15 mol/L NaCl, 0.15 mol/L imidazole, and 1% Triton X-100)
containing EDTA-free Complete® protease inhibitors.

NaPTA precipitation

Brain homogenates or fractionated PrP samples were mixed with a
stock solution containing 4% NaPTA and 170 mmol/L MgCl, (pH
7.4), to obtain a final concentration of 0.2-0.3% NaPTA. Samples
were incubated for 16 h at 37°C on a rocking platform, and then
centrifuged at 13 000 g for 30 min at 25°C. Proteins in the pellet
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fraction and the supernatant fraction (after methanol precipitation)
were then subjected to western blotting.

Immunoprecipitation using PrP°- and PrP*>-specific antibodies

To prepare agarose beads coated with mAbs 8H4 or 3F4, 400 pL of
a 50% slurry of ImmunoPure Immobilized Protein A Plus (Pierce,
Rockford, IL, USA) was incubated for 2 h with purified mAb
(16 pg of IgG/uL of packed resin). Beads were recovered by
centrifugation at 1000 g for 1 min, and washed twice with 1 mL of
200 mmol/L triethanolamine, pH 8.0. Antibodies were cross-linked
to the beads by incubation for 30 min in 1 mL of 10 mmol/L
dimethyl pimelimidate hydrochloride, 200 mmol/L triethanolamine,
pH 8.0. The reaction was quenched by the addition of 50 pL of
1 mol/L Tris, pH 8.0, and beads were recovered by centrifugation at
1000 g for 1 min. Beads were then washed three times, once in 1X
PBS, 1% Triton X-100, and twice in 1X PBS. Beads were
resuspended in 200 pL of 1X PBS and stored at 4°C.

Immunoprecipitation of PrP with 3F4- or 8H4-coated beads was
based on modification of a method described by Deleault et al.
(2005). Brain homogenates or fractionated PrP samples were
incubated with either 8H4- or 3F4-coated protein A-agarose beads
prepared as above (50 pL of a 50% slurry), incubated end-over-end
for 2 h, and centrifuged for 1 min at 1500 g. The supernatant
containing the non-bound proteins was removed and proteins
precipitated by methanol. The beads were washed once with 2 mL
of Immunopure Gentle Ag/Ab Binding Buffer (Pierce), transferred
to a clean microcentrifuge tube, and washed again in 1 mL of the
same buffer. PrP was eluted from the washed beads with 200 pL of
Immunopure Gentle Ag/Ab Elution Buffer (Pierce).

For immunoprecipitation assays involving mAb 15B3 (Prionics,
Zurich, Switzerland), we followed the directions of the manufac-
turer, using the buffers supplied by them. 15B3 antibody was bound
to magnetic Dynabeads coated with rat anti-IgM (Invitrogen,
Carlsbad, CA, USA).

Protein misfolding cyclic amplification

Although the principle of PMCA remains the same as in the original
publication (Saborio et al. 2001), we used a new, automated version
of the assay (Saa et al. 2006). Tg(WT) brains were used as the
source of PrPC substrate. Ten percent (w/v) brain homogenates were
prepared in conversion buffer (PBS containing NaCl 150 mmol/L,
1.0% Triton X-100, 4 mmol/L EDTA, plus EDTA-free Complete®
protease inhibitors). The samples were clarified by centrifugation at
300 g for 30 s in a tabletop centrifuge. PG145P°" or PG14"ME
samples (either brain homogenates, or semi-purified P fractions, see
above) were mixed (1 : 200) with Tg(WT) brain homogenate and
loaded into 0.2-mL PCR tubes. Tubes were positioned on an adaptor
placed on the plate holder of a microsonicator (Model 3000;
Misonix, Farmingdale, NY, USA). The sonicator was programmed
to perform cycles of 30 min of incubation at 37°C followed by a
40 s pulse of sonication at 60% power. Tubes were incubated
without shaking, immersed in the sonicator bath, and the entire
microplate horn was kept inside an incubator at 37°C.

After completion of the PMCA reaction, 10 pL of each sample
was diluted 1 : 10 in proteinase K (PK) digestion buffer (Tris—HCl
50 mmol/L pH 8.5, 150 mmol/L NaCl) and incubated with 10 pg/
mL of PK at 37°C for 1 h on an end-over-end rotator prior to
western blotting with anti-PrP antibody 8H4.
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Western blotting

Total protein content in each sample was determined by bicinch-
oninic acid assay (Pierce). Protein samples were resuspended in 2X
Laemmli sample buffer, heated at 95°C for 5 min, and resolved by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis using a
12% discontinuous gel. Proteins were electrophoretically transferred
to polyvinylidene fluoride membranes, and the membranes were
blocked for 10 min in 5% (w/v) non-fat milk in Tris-buffered saline
containing Tween 20. After incubation with appropriate primary and
secondary antibodies, signals were revealed using enhanced
chemiluminescence (Amersham Biosciences), and were visualized
by exposure to X-ray film. Anti-PrP antibodies 3F4 (Bolton et al.
1991) or 8H4 (Zanusso et al. 1998) were used to develop western
blots, as indicated in the figure legends. In some cases, protein
samples were enzymatically deglycosylated prior to western blotting
by treatment with PNGase F (New England Biolab, Ipswich, MA,
USA) for 16 h at 37°C following the manufacturer’s instructions.

Brain sections from Tg(PrP-EGFP) mice

Animals were perfused intracardially with 60 mL of PBS followed
by 40 mL of 4% paraformaldehyde 0.1 mol/L sodium phosphate
buffer (pH 7.2). Brains were removed, immersed in the same
fixative solution for 2 h, then transferred to 0.1 mol/L sodium
phosphate buffer (pH 7.2) and stored at 4°C. Sagittal sections
(60 um) were cut using a vibratome (The Vibratome Company, St
Louis, MO, USA), and were mounted on glass slides using Gel/
Mount (Biomeda, Foster City, CA, USA). Sections were imaged
using an LSM 510 META confocal microscope (Zeiss, Wetzlar,
Germany).

Cultures of primary neurons from Tg(PrP-EGFP) mice

Cerebellar granule neurons were derived from 4-day-old pups
according to methods described previously (Miller and Johnson
1996). Neurons were plated onto glass-bottom Petri dishes (Mattek,
Ashland, MA, USA) using basal medium Eagle’s containing 10%
dialyzed fetal bovine serum, 25 mmol/L KCI, 2 mmol/L glutamine,
and 50 pg/mL gentamycin. After 4 days in culture, cells were
imaged in the living state using an LSM 510 META confocal
microscope.

Results

Aggregated PG14°*°" and PG14"™" can be separated from
soluble PG14 PrP by differential centrifugation
To characterize the biochemical properties of PG14°*" and
PG14™™ we sought to purify these forms from the brains of
uninoculated and RML scrapie-infected Tg(PG14) mice,
respectively. For this purpose, we adopted a differential
centrifugation procedure (Fig. 1a) that is typical of the ones
used to purify PrPS¢ aggregates from scrapie-infected brain
(Silveira et al. 2005). For comparison, we also applied the
same procedure to brains from uninfected and RML-infected
Tg(WT) mice.

We found that substantial amounts of PG14 PrP were
recovered in the final pellet fraction (P3) from both
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Fig. 1 Aggregated PG14%°°" and PG14"V can be separated from
PG14%° by differential centrifugation. Brain homogenates from the
following types of mice were fractionated by the scheme shown in (a):
uninoculated transgenic (Tg)(PG14) (b); RML-infected Tg(PG14) (c);
uninoculated Tg(wild-type, WT) (d); and RML-infected Tg(WT) (e)
Fractions were subjected to western blotting using anti-PrP antibody
3F4. Soluble PG14 (PG145°) is found in the S, fraction from both

uninfected and RML-infected Tg(PG14) brains (Fig. 1b and
c; lane 6). Similarly, most of the PrP in RML-infected
Tg(WT) brain was found in the P; pellet (Fig. le, lane 6).
Based on silver staining of sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis gels, we estimate that the
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-

1 2 3 4

RML-infected Tg(WT)

5 6

uninoculated and RML-infected Tg(PG14) brains (lane 2 of panels b
and c), aggregated PG145°" in the P5 fraction from uninoculated
Tg(PG14) brain (lane 6 of panel b), and aggregated PG14"Mb in the P4
fraction from RML-infected Tg(PG14) brain (lane 6 of panel c).
Molecular size markers are given in kilodaltons. In this and all sub-
sequent figures, results have been reproduced in at least three inde-
pendent experiments, each using a different mouse brain.

differential centrifugation procedure significantly enriched
both PG14%°°" and PG14*™" aggregates, with the final level
of purity in the P; fraction being 20—40% for both samples
(data not shown). We noted that a small proportion (< 5%) of
the PrP from the brains of uninoculated Tg(WT) mice was
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recovered in the P; fraction (Fig. 1d, lane 6), in agreement
with previously published results (Yuan et al. 2006).

We also consistently recovered a proportion of the PG14
PrP from both infected and uninfected brains in the S,
fraction (Fig. 1b and c; lane 2). The S, fraction is where most
(~95%) of the PrP¢ from uninfected Tg(WT) brains was
found (Fig. 1d, lane 2), and where a small proportion
(10-20%) of the PrP from RML-infected Tg(WT) brains was
also recovered (Fig. le, lane 2). The proportion of PG14 PrP
in the S, fraction was generally higher in uninfected than in
infected brains (~40% vs. ~20%). These observations
indicate that a subpopulation of PG14 molecules in both
kinds of brains remain soluble. We will refer to this soluble
form as PG145°!, to distinguish it from the aggregated forms
found in the P; fractions which we will continue to designate
as PG14%"°" and PG14™™L. PG145°' shows the same
sensitivity to PK digestion as PrP¢ from Tg(WT) brain (data
not shown).

The evidence to be presented below indicates that PG14°°!
from both uninoculated and scrapie-infected brains has the
biochemical properties of WT PrPC. In contrast, PG145P°"
and PG14™¥ possess many of the biochemical properties of
PrP5¢. For these experiments, aggregated forms of PG145P°"
and PG14®™" were separated from PG145% by a one-step
ultracentrifugation procedure in which brain lysates were
spun at 180 000 g. The supernatant fraction (containing
PG14%°") and the pellet fraction (containing aggregated
PG1457°" and PG14"™") were then analyzed separately. We
obtained similar results when we utilized the purification
scheme outlined in Fig. la in which PG14%°' was recovered
in the So fraction and PG14%*°" and PG14™" in the P,
fraction (data not shown).

PG14>°, but not aggregated PG14°*°" or PG14"M", bind

to Cu?*-IMAC resin

It has been reported that PP, in contrast to PrPC, is unable
to bind copper immobilized on a chromatography matrix
(Shaked et al. 2001). To test the copper binding of different
forms of PG14 PrP, samples prepared from infected and
uninfected brain were incubated with Cu*"-IMAC resin,
followed by western blot analysis of PrP in the bound and
unbound fractions.

We found that insoluble aggregates of PG14°*°" and
PG14™ML like PrPS° from infected Tg(WT) mice, are unable
to bind efficiently to the Cu®"-IMAC resin, and are recovered
predominantly in the unbound fraction (Fig. 2, compare
lanes 3—4, 7-8, and 15-16). In contrast, soluble PG14 PrP
(PG14S°1) from both infected and non-infected animals
bound efficiently to the resin, as did soluble PrP¢ from
uninfected Tg(WT) brain (Fig. 2, compare lanes 1-2, 5-6,
and 9-10). Because the octarepeat region of PrP makes an
important contribution to binding of copper ions (Stdckel
et al. 1998; Kramer et al. 2001; Millhauser 2007) these
results indicate that the extended octarepeats in PG14%P°" and
PG14™E are likely to be sterically masked, as is the case for
PP,

Aggregated PG14°"°" and PG14"M" are precipitated by
NaPTA

Sodium phosphotungstic acid has been found to be relatively
selective in precipitating PrPS°, but not PrP® (Safar et al.
1998). This phenomenon has been used to concentrate PrPS°
from tissue samples for western blotting (Wadsworth et al.
2001). We found that insoluble PG145P°" and PG14*™" are
efficiently precipitated by NaPTA, similar to PrPS¢ from

(a) (b)
Uninoculated RML-infected
Tg(PG14) Tg(PG14)

Soluble Insoluble | Soluble Insoluble
U E|U E U E|U E

28-

1 2 3 4 5 6 7 8

Fig. 2 PG14%° but not aggregated PG14%P°" or PG14"M- pind
to Cu®*-immobilized metal affinity chromatography (IMAC) resin.
Soluble and insoluble fractions of PrP were obtained by one-step
ultracentrifugation of brain homogenates from the following mice: (a)
uninoculated transgenic (Tg)(PG14) (lanes 1-4); (b) RML-infected
Tg(PG14) (lanes 5-8); (c) uninoculated Tg(wild type, WT) (lanes
9-12); (d) RML-infected Tg(WT) (lanes 13-16). Soluble fractions
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(c) (d)
Uninoculated RML-infected
Tg(WT) Tg(WT)
Soluble Insoluble | Soluble Insoluble
U E U E U E|U E
9 10 11 12 13 14 15 16

(lanes 1, 2, 5, 6, 9, 10, 13, and 14) and insoluble fractions (lanes 3, 4,
7, 8, 11, 12, 15, and 16) were incubated with Cu?*-IMAC resin. The
supernatant containing unbound proteins was then collected (U lanes),
and the beads were eluted with buffer containing 0.15 mol/L imidazole
(E lanes). PrP in each sample was detected by western blotting with
anti-PrP antibody 3F4.
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(a) (b) (c) (d)
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Fig. 3 Aggregated PG145°°" and PG14™\ are precipitated by
NaPTA. Soluble and insoluble fractions of PrP were obtained by one-
step ultracentrifugation of brain homogenates from the following mice:
(a) uninoculated transgenic (Tg)(PG14) (lanes 1-4); (b) RML-infected
Tg(PG14) (lanes 5-8); (c) uninoculated Tg(WT) (lanes 9-12); (d)
RML-infected Tg(WT) (lanes 13-16). Soluble fractions (lanes 1, 2, 5,

infected Tg(WT) brain (Fig. 3, compare lanes 3—4, 7-8, and
15-16). In contrast, PG14% from both infected and unin-
fected brain was not precipitated as effectively, as was the
case for PrP¢ from uninoculated Tg(WT) brain (Fig. 3,
compare lanes 1-2, 5-6, and 9-10). These results indicate
that, in terms of their propensity to be precipitated by
NaPTA, PG14%P°" and PG14*™" aggregates resemble PrP*°,
while PG14%°' resembles PrPC.

Aggregated PG14°P°" and PG14"™" are not recognized by
antibodies 8H4 and 3F4

Antibody epitopes in several regions of the PrP molecule are
known to become inaccessible upon conversion from PrP€ to
PrPS¢ (Safar er al. 1998; Pan et al. 2004). To determine the
epitope availability of different forms of PG14 PrP, we tested
the binding of two PrP-specific mAbs, 8H4 and 3F4, whose
epitopes encompass PrP residues 175-185 and 108-111,
respectively (Bolton et al. 1991; Pan et al. 2004). Samples
were incubated under non-denaturing conditions with protein
A-agarose beads cross-linked to either 8H4 or 3F4 antibod-
ies, and PrP in the bound and unbound fractions was revealed
by western blotting with 3F4 antibody.

We found that aggregated PG145*°" and PG14™™" were
not efficiently immunoprecipitated by 8H4, similar to PrP>
from infected Tg(WT) brain (Fig. 4, compare lanes 3—4, 7-8,
and 15-16). In contrast, most of the PG145°' from both
infected and uninfected Tg(PG14) brain, as well as the
majority of PrP® from uninfected Tg(WT) brain, were
recognized by 8H4 (Fig. 4, compare lanes 1-2, 5-6, and 9—
10). Similar results were obtained using beads cross-linked to
3F4 antibody (data not shown). These results demonstrate that
epitopes in the C-terminal half and central region of PrP are
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6, 9, 10, 13, and 14) and insoluble fractions (lanes 3, 4, 7, 8, 11, 12,
15, and 16) were treated with NaPTA (0.2-0.3% final concentration).
After centrifugation, PrP in supernatant fractions (S lanes) and pellet
fractions (P lanes) was detected by western blotting with anti-PrP
antibody 3F4.

masked in PG14%7°" and PG14*™" as they are in PrP®¢. In
contrast, these epitopes are accessible in PG14%°' and PrPC.
Parallel to what we have observed in immunoprecipitation
experiments, 8H4 and 3F4 antibodies do not efficiently label
PG14%°" and PG14™™" in paraffin-embedded sections of
brain without antigen retrieval techniques (data not shown).
However, a low level of staining similar in distribution to
PrPC is detectable, presumably corresponding to the presence
of PG14%°". We have utilized the selective recognition of
PG14%! by 8H4 and 3F4 antibodies to immunopurify this
form from brain to ~75% purity (data not shown) using a
previously published procedure (Deleault ef al. 2005).

Aggregated PG14°P°" and PG14"M!, but not PG14%, are
recognized by mAb 15B3

To further characterize the structural properties of the
different forms of PG14 PrP, we performed immunoprecip-
itation assays with mAb 15B3, which has been reported to
selective recognize PrPS° and not PrP€ (Korth ef al. 1997).
As in the previous experiments, samples were first subjected
to ultracentrifugation to separate soluble and aggregated
forms of PG14 PrP.

First, we confirmed the specificity of 15B3 by demon-
strating its ability to immunoprecipitate PrP>® present in the
insoluble fraction from RML-infected Tg(WT) brain
(Fig. 5b, lane 4). Insoluble PG14™™" from scrapie-infected
brain was also precipitated by 15B3 (Fig. 5b, lane 8).
Surprisingly, however, the antibody also recognized insolu-
ble PG14°P°™ (Fig. 5b, lane 6), even though this form is
derived from uninfected brain and is not infectious like PrP5°
(see below). 15B3 was highly specific for aggregated forms
of PrP (Fig. 5a and b): it did not immunoprecipitate soluble
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Tg(PG14) Tg(PG14) Tg(WT) Tg(WT)

Soluble Insoluble| Soluble Insoluble] Soluble Insoluble | Soluble Insoluble
s IP|s P ) IP|SIP s|p|su> s IP|s P
37—
-

28— .

18—

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 4 Aggregated PG145°" and PG14™M are not recognized by
8H4 antibody. Soluble and insoluble fractions of PrP were obtained by
one-step ultracentrifugation of brain homogenates from the follow-
ing mice: (a) uninoculated transgenic (Tg)(PG14) (lanes 1-4);
(b) RML-infected Tg(PG14) (lanes 5-8); (c) uninoculated Tg(WT)
(lanes 9-12); (d) RML-infected Tg(WT) (lanes 13—16). Soluble frac-
tions (lanes 1, 2, 5, 6, 9, 10, 13, and 14) and insoluble fractions (lanes
3,4,7,8, 11,12, 15, and 16) were incubated with protein A-agarose

forms (even when present in large excess), including PrP€ in
uninfected brain (lane 1), PG14%° in both infected and
uninfected brain (lanes 5 and 7), and residual soluble PrP in
RML-infected Tg(WT) brain (lane 3).

Collectively, these results indicate that aggregated
PG14%°" is structurally distinct from PG14%°' and PrP€,
and shares conformational features with infectious PG14*M-
and PrP5°.

PG14"™M" but not PG14°P°", supports in vitro misfolding of
PrP¢ by PMCA

We previously showed that PG14*™™ but not PG1457°", is
infectious in animal transmission studies using Tg(WT) as
well as other host mice (Chiesa et al. 2003). To further assess
the ability of these forms to propagate their conformations to
WT PrP, we used PMCA technology (Saborio ef al. 2001;
Castilla et al. 2005; Saa et al. 2006). In this method, a brain
homogenate containing PrP¢ substrate is seeded with a
sample of PrP, and the mixture is then subjected to repeated
rounds of sonication and incubation, followed by PK
digestion and western blotting to assess the amount of
protease-resistant PrP generated.

Reactions were seeded with aggregated PG1 and
PG1457°" ¢ither in the form of the semi-purified P fraction
(see Fig. 1, lane 6; Fig. 6), or present in crude brain
homogenates (not shown). Seeds were diluted into Tg(WT)
brain homogenate and then subjected to 0, 10, or 40 cycles of
sonication. After amplification, each sample was digested

RML
4
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beads coated with MAb 8H4. PrP bound to the beads (IP lanes) and
remaining in the supernatant (S lanes) was then detected by western
blotting with anti-PrP antibody 3F4. A 26 kDa band, which is soluble
and immunoprecipitated by 8H4 in uninoculated Tg(PG14) brains
(lane 2), but is insoluble and non-reactive with 8H4 in infected
Tg(PG14) brains (lane 7), most likely represents the glycosylated C2
proteolytic fragment of PrP (see also Fig. 7b).

with 10 pg/mL of PK, and PrP was visualized by western
blotting using antibody 8H4. We observed that PG14*M-
seeded formation of protease-resistant PrP that was detectable
after 20 cycles, with the amount increasing further after
40 cycles (Fig. 6, lanes 7 and 8). In contrast, PG14°P°"
lacked detectable seeding activity, even after 40 cycles
(Fig. 6, lanes 3 and 4). Control reactions without sonica-
tion did not produce any protease-resistant PrP (Fig. 6,
lanes 2 and 6). These results demonstrate that aggregated
PG14™™" but not PG14%"°", is able to propagate its
conformation in vitro.

PG14°P°" does not co-aggregate with WT PrP or the C2
fragment

Propagation of PrP*¢ is thought to involve two distinct steps:
binding of the PrP¢ seed to the PrP¢ substrate, followed by
conformational conversion of PrP© (Caughey 2001). To
determine whether the inability of PG145P°" to propagate its
conformation to WT PrP either in vitro (above) or in vivo
(Chiesa et al. 2003) is due to a defect in the binding step, we
analyzed co-aggregation of PG14 PrP with WT PrP in
uninfected, doubly Tg(PG14/WT) mice that express both PrP
forms. Brain lysates from these animals were subjected to
ultracentrifugation and the amount of WT and PG14 PrP in
the pellet and supernatant fractions was analyzed by western
blotting. We found that while PG14 PrP was partially
insoluble, WT PrP remained fully soluble, even in terminally
ill, older animals (Fig. 7a, lanes 1, 3, and 5). This observa-
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Fig. 5 Aggregated PG14%°°" and PG14™M but not PG14%° are
recognized by mAb 15B3. Soluble and insoluble fractions of PrP were
obtained by one-step ultracentrifugation of brain homogenates from
uninoculated transgenic (Tg)(wild-type, WT) mice (lanes 1 and 2),
RML-infected Tg(WT) mice (lanes 3 and 4), uninoculated Tg(PG14)
mice (lanes 5 and 6), or RML-infected Tg(PG14) mice (lanes 7 and 8).
Soluble fractions (S lanes: 1, 3, 5, and 7) and insoluble fractions (P
lanes: 2, 4, 6, and 8) were either (a) directly immunoblotted with 3F4
antibody; or (b) first incubated with 15B3 bound to anti-lgM-coupled
Dynabeads, after which proteins bound to the Dynabeads were sub-
jected to western blotting with 3F4 antibody.

tion indicates that PG145P°" aggregates are not capable of
binding to WT PrP.

We also studied the binding of PG14 PrP aggregates to an
endogenously produced, C-terminal fragment of PrP desig-
nated C2 (Chen et al. 1995). This fragment, which is cleaved
near residue 90 by endogenous proteases, corresponds to the
protease-resistant PrP 27-30 fragment that is produced
experimentally by digestion with PK. Of relevance here,
the C2 fragment has been found to co-aggregate with PrPS°
in the brains of Creutzfeldt-Jakob disease patients (Chen
et al. 1995). Brain lysates from uninfected and RML-
infected Tg(PG14) mice, as well as uninfected Tg(WT)
control mice, were subjected to ultracentrifugation. Super-
natant and pellet fractions were then treated with PNGase to
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remove N-linked oligosaccharides, and so facilitate separa-
tion of full-length PrP and the C2 fragment. As expected, in
Tg(WT) brains both full-length PrP© (27 kDa) as well as C2
(20 kDa) were present entirely in the supernatant fraction
(Fig. 7b, lanes 1 and 2). In both uninfected and scrapie-
infected Tg(PG14) brains, full-length PG14 PrP (33 kDa)
partitioned mainly into the pellet, with a small amount
(corresponding to PG145°") in the supernatant (Fig. 7b, lanes
3 and 4, and 5 and 6). Significantly, however, the C2
fragment was found entirely in the supernatant in uninfected
Tg(PG14) brain, but entirely in the pellet in RML-infected
Tg(PG14) brain (Fig. 7b, lanes 3 and 6). As the C2 fragment
lacks the N-terminal half of PrP, including the expanded
octapeptide repeats, these results demonstrate that aggregates
of PG14°*°" are unable to bind proteolytically derived PrP
molecules lacking the repeat domain. The presence of both
full-length PG14 PrP and C2 in the pellet fraction from
infected brains may indicate that PG14™™" aggregates bind
to C2 as part of the conversion process.

PG14°°" does not co-aggregate with EGFP-tagged WT PrP
in brain sections and cultured neurons

We have shown recently that a PrP-EGFP fusion protein
expressed in Tg mice specifically binds to and labels deposits
of PrP>° derived from co-expressed endogenous PrP (Bar-
mada and Harris 2005). To test whether PrP-EGFP can also
interact with PG145P°" aggregates, we analyzed brain
sections and cultured cerebellar granule neurons from doubly
Tg mice co-expressing PG14 PrP and WT PrP-EGFP. As
controls, we also examined samples from singly Tg mice
expressing either WT or PG14 versions of PrP-EGFP.

As reported previously (Barmada et al. 2004), cerebellar
sections from Tg(WT PrP-EGFP) mice show a diffuse
fluorescent signal throughout the molecular layer and in
islands corresponding to glomeruli in the granule cell layer
(Fig. 8a). In cultured granule neurons derived from these
animals, fluorescence is uniformly distributed on the surface
of neurites (Fig. 8d). In contrast, PG14 PrP-EGFP in both
brain tissue and cultured neurons are distributed in a much
more punctuate fashion, reflecting the propensity of this
protein to aggregate (A. Z. Medrano, S. J. Barmada, E.
Biasini and D. A. Harris; paper submitted). Cerebellar
sections from Tg(PG14 PrP-EGFP) mice show prominent
puncta of fluorescence, particularly in the molecular layer
(Fig. 8b). Cultured granule neurons from these mice display
numerous, discrete aggregates of fluorescence along their
neurites, with little surface fluorescence (Fig. 8¢). Signifi-
cantly, in brain sections and granule neurons from doubly
Tg(WT PrP-EGFP/PG14) mice, the PrP signal was mainly
diffuse, similar to the situation in singly Tg(WT PrP-EGFP)
mice (Fig. 8¢ and f). These results indicate that WT PrP-
EGFP does not bind to and label PG145P°" aggregates in the
same way as it does PrPS¢ aggregates in scrapie-infected
mice (Barmada and Harris 2005).
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Fig. 6 PG14°ML but not PG145P°", supports in vitro misfolding of
PrP® by PMCA. Partially purified aliquots of PG145P°" (1-4) or
PG14"ML (5-8) present in the P; fraction (see Fig. 1, lane 6) were
mixed with transgenic (Tg) (wild-type, WT) brain homogenate. Mix-
tures were either rapidly frozen (lanes 1 and 2, and 5 and 6), or were
subjected to 20 cycles (lanes 3 and 7) or 40 cycles (lanes 4 and 8) of
sonication/incubation. Samples were then subjected to proteinase K

We previously reported that expression of WT PrP-
EGFP in Prn-p+/+ mice significantly prolonged the
incubation time after scrapie inoculation, compared to
non-Tg Prn-p+/+ mice (Barmada and Harris 2005). This
phenomenon reflects a dominant-negative effect of PrP-
EGFP or formation of PrPS¢ derived from endogenous PrP.
In contrast, we observed that the presence of PrP-EGFP
did not alter the age at symptom onset in Tg(WT PrP-
EGFP/PG14) mice, compared with Tg(PG14) mice lacking
PrP-EGFP (321 £ 21 days vs. 317 =28 days, respec-
tively). This result provides additional evidence that
PG14%°", unlike PrP%¢, does not physically interact with
WT PrP-EGFP.

Discussion

This study was undertaken with the aim of further charac-
terizing the biochemical properties of PG145"°" and
PG14™ two forms of mutant PrP with a nine-octapeptide
repeat insertion found in uninoculated and scrapie-infected
Tg(PG14) mice, respectively. PG145P°" is weakly PK-
resistant, but it is not infectious and is therefore distinct
from PrPS, PG14™™" s highly PK-resistant and infectious,
and so is equivalent to PrPS,

Strikingly, we find that although PG14%P°" and PG14*M"
differ markedly in terms of infectivity, aggregates of these
proteins behave similarly in a variety of biochemical tests
that assay protein conformation or oligomeric state (Table 1).
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(PK) digestion (lanes 2—4 and 6-8), or were left undigested (lanes 1
and 5). Lanes 9 and 10 show PK digestion of the partially purified
PG145P°" and PG14™ML samples added to the PMCA reaction (10X
larger amounts than used in lanes 1-8), provided to illustrate the
digestion pattern of the seeds. All samples were subjected to western
blotting with 8H4 antibody.

In contrast, PG14S°', a soluble form of PG14 PrP found in
both uninoculated and RML-infected Tg(PG14) brains,
exhibits properties of PrP¢ in these assays (Table 1).
Although PG14°"°" and PG14™™" are biochemically similar,
we show here that only PG14"™" is capable of propagating
its conformation to WT PrP in an in vitro PMCA reaction,
consistent with its infectivity in animal bioassays (Chiesa
et al. 2003) (Table 2). In addition to being catalytically
inactive in the PMCA assay, PG14%P°" is unable to bind WT
PrP or the C2 fragment in co-sedimentation experiments,
or to re-distribute PrP-EGFP in fluorescence microscopy
experiments (Table 2).

Taken together, these results further refine our understand-
ing of the molecular properties of toxic and infectious forms
of PrP, and they prompt a re-interpretation of assays designed
to detect PrPS° based exclusively on biochemical properties
or specific antibody reactivity.

Similarities between PG14°*°" and PG14"M-

One of the principal conclusions to emerge from this work is
the striking similarity between PG14°P°" and PG14*M-
aggregates in their biochemical properties and immunolog-
ical reactivity (Table 1). In contrast to PrP¢ and soluble
PG14 (PG14%"), both PG14%7°" and PG14*™M" fail to bind to
Cu?"-IMAC resin, and both are precipitable by NaPTA. In
addition, both PG14%P°" and PG14™" react poorly in the
native state with several different monoclonal antibodies
recognizing distinct parts of the PrP molecule, including 3F4
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Fig. 7 PG14%"°" does not co-aggregate with WT PrP or the C2
fragment. (a) Brain homogenates from bigenic Tg(PG14/WT) mice
were separated into soluble (S lanes) and insoluble fractions (P lanes)
by one-step ultracentrifugation. Proteins in each fraction were degly-
cosylated with PNGase F prior to western blotting to facilitate sepa-
ration of PG14 from WT PrP. Blots were developed with N terminally
directed antibody P45-66, which detects full-length (FL) forms of both
PG14 and WT PrP (indicated by the arrows to the right of lane 6). (b)
Brain homogenates from transgenic (Tg)(WT) mice (lanes 1 and 2),
uninoculated Tg(PG14) mice (lanes 3 and 4) and RML-infected
Tg(PG14) mice (lanes 5 and 6) were separated into soluble (S lanes)
and insoluble fractions (P lanes) by one-step ultracentrifugation.
Proteins in each fractions were then subjected to PNGase treatment
followed by western blotting using 3F4 antibody, which detects both FL
WT and PG14 PrP, as well as the C2 fragment (indicated by arrows).

and 8H4 (this work), as well as P45-66 (Chiesa et al. 2003).
Finally, both forms are efficiently recognized by 15B3, a
mADb that recognizes PrPS¢ but not PrP€.

These shared operational properties are likely to reflect
common structural features of PG14°°" and PG14"M,
Cu”*"-IMAC binding depends, at least in part, on accessibility
of the histidine-containing octapeptide repeats in the N-
terminal half of PrP (Stockel et al. 1998; Kramer et al. 2001;
Millhauser 2007). NaPTA precipitation is thought to involve
electrostatic interactions between anionic polyoxometalate
complexes and a positively charged cleft present in aggre-
gated PrP molecules (Lee et al. 2005). Lack of reactivity
with 3F4, 8H4, and P45-66 presumably reflects inaccessi-
bility of the corresponding linear epitopes (residues 108—111,
175-185, and 45-66, respectively). Reactivity with 15B3
has been reported to depend on a conformational epitope
comprised of three non-contiguous segments of the PrP
sequence (residues 142—148, 162170, and 214-226) (Korth
et al. 1997). Of note, 15B3 has been found to recognize
weakly PK-resistant, aggregated PrP from the brains of Tg
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mice expressing a Gerstmann-Striussler-Scheinker disease-
related P101L mutation (Nazor et al. 2005), similar to the
situation for PG145P°",

Taken together, our results indicate that there are important
structural similarities between PG145P°" and PG14"ML,
despite the fact that latter is infectious while the former is
not. What are these similarities? One feature shared by these
two forms is that both are aggregated. Thus, oligomeric
forms of PrP, whether or not they are infectious, may display
common conformational motifs that distinguish them from
monomeric PrP€. For example, oligomerization could create
new structural interfaces and/or obscure existing epitopes,
resulting in altered recognition by antibodies, as well as by
ligands such as NaPTA and Cu®" ions. In fact, our own
recent studies suggest that antibody 15B3, as well as motif-
grafted antibodies (Moroncini et al. 2004; Solforosi et al.
2007), recognize common conformational epitopes in
multiple aggregated forms of PrP, both infectious and
non-infectious (E. Biasini, M. E. Seegulam, B. N. Patti, L.
Solforosi, A. Z. Medrano, H. M. Christensen, A. Senatore, R.
Chiesa, R. A. Williamson and D. A. Harris; paper submitted).

Another conformational feature that is likely to be shared
by both PG14%7°" and PG14*™" is an increased proportion
of B-sheet structure. It is well known that experimentally
induced conversion of PrP from o-helical to B-sheet-rich
forms is accompanied by oligomerization of the protein
(Swietnicki et al. 2000; Baskakov et al. 2002; Surewicz
et al. 2006; Baskakov and Breydo 2007). Thus, PG145P°"
and PG14"™" may both represent P-rich oligomers or
polymers, with the B-sheet structure endowing these assem-
blies with similar reactivities in the biochemical assays we
have employed here.

Differences between PG14°*°" and PG14"M-
The primary property that distinguishes PG14°P°" from
PG14"™" is the infectivity of the latter, as defined in both
animal transmission experiments and in vitro assays. In
addition, PG14™" is significantly more protease resistant
than PG145P°", What, then, are the structural features that
distinguish PG1457°" from PG14™™" and endow the latter
with infectivity? In an earlier study, we reported that
aggregates of PG14"™" were larger than those of PG14°P°"
based on sucrose gradient centrifugation, and were less
readily dissociated by urea (Chiesa ef al. 2003). Based on
these observations, we suggested that PG14°"°" and
PG 14" differed in the quaternary structures characterizing
the organization of the subunits within these two kinds of
aggregates. Thus, RML inoculation may seed the growth of
PG14 PrP polymers that have a different size or morphology
compared with those that form spontaneously in uninfected
brain.

Silveira et al. (2005) have recently identified what they
refer to as the most infectious units of PrPS°, corresponding
to an oligomer composed of 14-28 PrP molecules. Strik-
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Fig. 8 PG145P°" does not co-aggregate with EGFP-tagged WT PrP in
brain sections (a—c) and cultured neurons (d—f). (a) Cerebellar section
from a mouse expressing WT PrP-EGFP shows a relatively uniform,
diffuse fluorescence in all layers of the cerebellum, with the exception
of some auto-fluorescent dots in the Purkinje cell layer. (b) In contrast,
a cerebellar section from a mouse expressing PG14 PrP-EGFP
displays bright, fluorescent puncta throughout the molecular layer and
to a lesser extent in the granule cell layer. (c) Cerebellar section from a
mouse co-expressing WT PrP-EGFP and PG14 PrP displays a

ingly, this is the same oligomer size that we have previously
reported for non-infectious PG145P°™ (Chiesa et al. 2003).
This comparison suggests that differences in size alone may
not fully explain why PG14*™" aggregates are infectious
while PG145P°" aggregates are not. Consistent with this
conclusion, there are several reports of ‘protease-sensitive’
forms of PrPS® that have a smaller oligomeric size than
conventional, protease-resistant PP, but which are never-
theless infectious (Safar ef al. 1998; Tzaban et al. 2002;
Pastrana et al. 2006). Thus, a relatively small particle size
and low protease resistance are not incompatible with
propagation of infectivity.

It has also been reported that in both yeast (Tanaka et al.
2006) and mammals (Legname et al. 2006) there is an
inverse correlation between the efficiency with which a prion
strain propagates and its structural stability (as measured, for
example, by resistance to shearing or denaturation by
guanidine hydrochloride). In these studies, less stable prion
strains were found to propagate more rapidly, possibly
because their polymers were more easily fragmented.
However, this correlation would also not explain the lack
of infectivity of PG14°P°", whose oligomeric structure
appears to be less stable than that of PG14™™E, as judged
by greater susceptibility to disruption by chaotropic agents
(Chiesa et al. 2003).
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uniform, diffuse distribution of fluorescence, similar to panel (a)
Abbreviations in panel (a) are: ML, molecular layer; PC, Purkinje cell
layer; GCL, granule cell layer. Cerebellar granule neurons were
cultured from mice expressing WT PrP-EGFP (d), PG14 PrP-EGFP
(e), or both WT PrP-EGFP and PG14 PrP (f). WT PrP-EGFP uniformly
coats the surface of neurites (d), while PG14 PrP-EGFP is distributed
in aggregates within the neurites (e). Cultures co-expressing WT PrP-
EGFP and PG14 PrP (f) show a uniform pattern of fluorescence,
similar to (d). Scale bar in (a) (applicable to all panels) = 20 pm.

Studies of the folding and aggregation characteristics of
purified, recombinant PrP provide a precedent for the
existence of multiple types of PrP oligomer which differ in
their degree of infectivity. In particular, Baskakov et al. have
shown that PrP can adopt, in addition to its native, o-helical
monomeric form, two non-native, B-rich forms: a -oligomer
and an amyloid fibril (Baskakov et al. 2002; Baskakov 2004;
Baskakov and Breydo 2007). The B-oligomer consisted of
approximately eight PrP molecules, while the amyloid fibril
was much larger and displayed a variety of fibrillar
morphologies in electron micrographs. Kinetic data sug-
gested that B-oligomers were not on the pathway of amyloid
formation and were not a substructure in the assembling
fibrils. It has been reported recently that a subpopulation of
amyloid fibrils formed from recombinant PrP are infectious,
based on their ability to seed polymerization of monomeric
PrP in vitro (Baskakov 2004) and to induce disease
upon inoculation of Tg mice expressing high levels of
PrP (Legname ef al. 2004). In contrast, B-oligomers are
considered to be non-infectious, although they are toxic to
cultured cells (Novitskaya et al. 2006). An intriguing
possibility is that PG14°P°" represents an aggregation state
similar to the B-oligomer, while PG14*™" is comparable to
an amyloid fibril. This suggestion is compatible with the
sizes we have measured previously for PG14%*°" and
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Table 1 Biochemical properties of PG14
forms, PrPC, and PrPSc. The cartoon at
the top of table shows a schematic of the
hypothetical structure of each species. We
envision that PG14%°' serves as a common
precursor to both PG145P°" and PG14°ML,
In uninoculated mice, PG14%° spontane-
ously aggregates into small oligomers; in

infected mice, RML PrPS¢ seeds formation of
larger polymers

RML-seeding
88—
= - —
m ™ "L
i = =
PrP¢ PG145° PG14Spon PG14RML Prpse
Aggregated (detergent- No No Yes Yes Yes
insoluble)
. N >100 >100
PK resistance No No 5 pg/mL ug/mL’ ugimL
Cu?*-IMAC binding Yes Yes No No No
NaPTA precipitation No No Yes Yes Yes
PrP¢ epitopes masked
(3F4, 8H4, P45-66 *) No No Yes Yes Yes
Recognized by ‘PrPSc-
specific’ Abs (15B3, No No Yes Yes Yes

motif-grafted T)

PK, proteinase K; IMAC, immobilized metal affinity chromatography; NaPTA, sodium phos-
photungstic acid; Abs, antibodies; PG 14, nine-octapeptide insertional mutation in prion protein
(PrP); PrPC, cellular PrP; PrPSC, scrapie isoform of PrP; PG145°, soluble (non-aggregated)
form of PG14 PrP; PG145P°" spontaneously generated form of PrP carrying the PG14
mutation; PG14"M- Rocky Mountain Laboratory strain of scrapie (RML)-seeded form of PrP
carrying the PG 14 mutation.

*Chiesa et al. 2003

ftMoroncini et al. 2004; Solforosi et al. 2007 and E. Biasini et al., paper submitted.

Table 2 Infectivity of PG14 forms and PrPS°

PG145pon

PG14°M- Prpse

Animal transmission

Seeding activity in PMCA reaction No
Co-aggregation with WT PrP or C2 fragment ~ No
Co-aggregation with WT PrP-EGFP No

No (Chiesa et al. 2003)

Yes (Chiesa et al. 2003)  Yes

Yes Yes (Castilla et al. 2005)
Yes Yes (Caughey 2001; Chen et al. 1995)
NT Yes (Barmada and Harris 2005)

PG14, nine-octapeptide insertional mutation in prion protein; PrPS°, scrapie isoform of prion protein; PG145°°", spontaneously generated form of
PrP carrying the PG14 mutation; PG14"™" Rocky Mountain Laboratory strain of scrapie (RML)-seeded form of PrP carrying the PG14 mutation;
PMCA, protein misfolding cyclic amplification; WT, wild-type; NT, not tested.

PG14%ME particles (Chiesa ef al. 2003). In this scheme,
PG14%°" would be equivalent to the monomeric, o-helical
form of PrP, and would represent a common precursor to
both PG145P°" and PG14*M! aggregates (see cartoon in
Table 1). In an alternative scenario, PG14°P°" could represent
a non-infectious, intermediate state on the pathway
that leads from PG14%°' to infectious PG14*™". Intermediate

© 2007 The Authors

folding or oligomeric states of recombinant PrP have been
described (Apetri et al. 2006; Bocharova et al. 2006).

To gain further insight into the structural differences
between PG14%7°" and PG14*™ it will clearly be necessary
to purify these forms to homogeneity and to characterize
them using spectroscopic, electron microscopic, and chem-
ical modification techniques. Such methods have previously
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been applied to oligomeric assemblies generated from
recombinant PrP (reviewed in Refs Baskakov and Breydo
2007; Surewicz et al. 2006). We anticipate that a similar
analysis of PG14P" and PG14™™" particles will be
particularly fruitful, as these PrP species are derived from
brain tissue, and their toxic and infectious properties have
been defined in vivo.

Implications

Our studies of Tg(PG14) mice suggest that in some prion
diseases, toxic, non-infectious forms of PrP such as
PG14%°", rather than PrP>°, may be the proximate cause
of neurodegeneration. This conclusion is consistent with a
growing body of evidence that the infectivity of prions may
be an epi-phenomenon that is not directly related to the
mechanisms by which prions induce pathology (Chiesa and
Harris 2001; Harris and True 2006). For example, we have
suggested that the pathogenicity of PG145P°" results from
gain of a neurotoxic activity that targets synapses, in
conjunction with loss of a neuroprotective activity that
affects survival of granule neurons (Chiesa et al. 2005; Li
et al. 2007). The identification and characterization of
PG145°" and other forms of PrP* is important from a
therapeutic standpoint, as these species represent attractive
drug targets. Indeed, compounds that block propagation of
PrP°, without reducing the amount of PrP**° or restoring its
biological activity, may be ineffective in ameliorating the
disease process.

Our results also highlight important similarities between
prion diseases and other protein misfolding disorders. A
number of human diseases have been found to involve
conformational changes in a specific cellular protein, leading
to deposition of protein aggregates in brain or other organs
with subsequent development of tissue pathology. These
disorders, which are not infectious in the conventional sense,
include neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases, as well as more than
20 different peripheral amyloidoses (Pepys 2006). PG145P°"
shares key similarities with the protein aggregates found in
these other diseases, which are typically characterized by an
increase in B-sheet content, alterations in epitope accessibil-
ity, and partial resistance to proteolysis. Accumulation of
small B-rich oligomers that cause synaptic dysfunction or
degeneration may be a common theme in many neurode-
generative disorders because of protein misfolding (Haass
and Selkoe 2007).

The results reported here also have implications for the
interpretation of analytical tests designed to detect PrPS¢ in
clinical or laboratory samples. These tests typically rely upon
operational properties such as detergent insolubility, protease
resistance, loss or gain of reactivity with PrP-specific
antibodies, or NaPTA precipitation to distinguish PrP>° from
PrP€ (Soto 2004). This study demonstrates that many of the
biochemical properties exhibited by PrPS° are also found in

© 2007 The Authors

non-infectious aggregates of PrP. Thus, the development of
truly PrPS-specific assays will require additional techniques
for selectively recognizing these different PrP species.
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