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conversion of prion protein

2 Michael B. Coulthart °, Aru Balachandran ©
Avi Chakrabartty 9, Neil R. Cashman **

2 Brain Research Centre, Division of Neurology, Department of Medicine, University of British Columbia and Vancouver Coastal Health,
UBC Hospital, 2211 Wesbrook Mall, Vancouver, BC, Canada V6T 2BS
b Prion Diseases Program, National.Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, Man., Canada R3E 3R2
¢ National Reference Laboratory for Scrapie and CWD, Animal Diseases Research Institute, Canadian Food Inspection Agency,
3851 Fallowfield Road, Nepean, Ont., Canada K2H 8P9
¢ University Health Network, Department of Medical Biophysics, University of Toronto, Toronto, Ont., Canada M5G 1L7

LiLi

Received 6 October 2007
Available online 25 October 2007

Abstract

Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy that can affect North Amierican cervids (deer, elk, and
moose). Using a novel in vitro conversion system based on incubation of prions with normal brain homogenates, we now report that
Prpc¥P of elk can readily induce the conversion of normal cervid PrP (PrP€) molecules to a protease-resistant form, but is less efficient
in converting the PrP€ of other species, such as human, bovine, hamster, and mouse. However, when substrate brain homogenates are
partially denatured by acidic conditions (pH 3.5), PrPCWD-mduced conversion can be greatly enhanced in all species. Our results dem-
onstrate that PrP€ from cervids (including moase) can be efficiently converted to a protease-resistant form by inicubation with elk CWD
prions, presumably due to sequence and structural similarities between these species. Moreover, partial denaturation of substrate Prp¢

can apparently overcome the structural barriers between more distant species.

© 2007 Elsevier Inc. All rights reserved.

Keyword.:.: CWD;" PrPC; PrP%; In vitro conversion‘; Species barrier

Chronic wasting disease (CWD) is a cervid form of
transmissible spongiform encephalopathy-(TSE) or prion
disease. CWD’s rapid spread from’ Colorado to other
states [1,2], to Canhadian' provinces (Alberta Saskatche-
wan) [1] and to Korea [2,3] has raised concerns about ifs
species tropism [4-6). CWD has been transmitted to cattle
via intracerebral inoculation [7], and to other animals,
including ferrets, mink, and goats [8,9]. Reports document-
ing CWD prions in the muscle [10,11], blood, .and saliva
[12] of infected cervids, have heightened interest in the dis-
ease by public health agencies {13].

- CWD and other TSE:s are believed to be due to the tem-
plate-directed accumulation of disease-associated prion

* Corresponding author. Fax: +1 604 822 7299. .
E-muail addréss: Neil.Cashman@vch.ca (N.R. Cashman).
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protein, generically designated PrP%. PrP¢ in brain
homogenates can be converted to a protease-resistant form
by incubation with PrP%° “seeds” which are thought to
recapitulate the template-directed misfolding of prion pro-
tein in disease [14,15], including protein misfolding cyclic
amplification (PMCA) {15} We have previously reported
that partially denatured human brain PrP¢ (which may
mimic a PrP conversion intermediate [16]) is a superior sub-
strate for-templated in vitro conversion compared with
untreated PrPC in an incubation-shaking assay that does

.not utilize PMCA sonication [17]

Materials and methods

Reagents and antibodies. Proteinase' K (PK) was purchased from
Invitrogen. Mouse monoclonal ‘antibody 6H4 was from Prionics Co.
(Ziirich, Switzerland). Horseradish peroxidasé-conjugated sheep anti-
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mouse antibody. was purchased from Amersham Biosciences. All other
chemicals were purchased from Sigma unless specified otherwise.

Brain tissues and homogenate preparation. All brain samples were
obtained from the disease control and surveillance programs of the
Canadian Food Inspection Agency (CFIA) and were harvested within
24'h of death. The normal brain tissue was determined to be free of
neurological disorders on the basis of neuropathological examination. The
presence of PrPS in brain tissue from an elk with clinical chronic wasting
disease (CWD) was. confirmed by immunohistochemistry and PK resis-
‘tance on immunoblotting analysis. All tissues were frozen immediately
after collection and stored at —80 °C.. Ten percent (w/v) brain homoge-
nates were prepared in lysis buffer (100 mM NaCl, 10 mM EDTA, 0.5%
Nonidet P-40, 0.5% sodium deoxycholate, and 10 mM Tris-HCI, pH 7.5)
as previously described [17].

Preparation of acidlGdnHCl-treated PrP The preparation was fol-
lowed as previously described [17), in brief, 100 pl of 10% brain homog-
enate was mixed with an equal volume of 3.0 M guanidine hydrochloride
GdnHQ (final concentration of 1.5 M) in PBS at pH 7.4 or pH 3.5

_adjusted with 1 M HCI, and incubated for 5 h at room temperature with
shaking. After that, samples were precipitated with methanol and resus-
pended in 100 ul of PBS (pH 7.4) with 0.05% SDS, 0,5% Triton X-100.

In vitro conversion of acidlGdnHCl-treated PrPC In vitro conversion
was performed in a 50 ul volume of the appropriate test substrate material -
(49 p! of normal brain homogenate + 1 pl CWD brain homogenate in a

A ;

1:50 dilution as the prion template). The sample was then incubated in a
thermomixer at 37°C for 12h with shaking. After PK digestion and
boiling in the loading buffer, the samples were subjected to SDS-PAGE
and immunoblotting.

Proteinase K resistance and immunoblotting. To determine the PK-
resistance of the PrP, 20 pl of the sample was incubated with PK at 100 pg/
ml for 1 h at 37 °C, and the digestion reaction was terminated by addition
of PMSF to 2mM. of final concentration. Proteins were separated by
NuPAGE 4-12% pre-cast Bis—Tris gel (Invitrogen) and electrotransferred
onto PVDF membranes. 6H4 was used as primary antibody (1:5000) and
horseradish peroxidase-conjugated sheep anti-mouse IgG as secondary
antibody. The proteins were visualized by enhanced chemilumines-
cence + Plus (ECL + Plus, Amersham Biosciences), the blots were scan-
ned and were analyzed by Quantity One (Bio-Rad) software. At least eight
experiments were performed on each.species.

Results and discussion '
Sequence alignment of prion protein

CWD appears to be freely transmitted among suscepti-
ble species of cervids by direct or environmentally medi-

Fig. 1. Prion protein amino acid sequence alignment. (A) Prion protcm sequence alignment of canbou/remdeer (rangxfer) elk and moose. Protein
. sequences of PrPC in cervid group are highly conserved, except for one arnino acid polymorphism boxed in grey (B) Prion protein sequence ahgnment of

"elk and other spectes (hamster human, mouse, bovme and sheep) PrP is >90% conserved.

246

50 :
- Rangifer MVKSHIGSWI LVLFVAMWSD VGLCKKRPKP GGGWNTGGSR YPGQGSPGGN
Elk MVKSHIGSWI LVLFVAMWSD VGLCKKRPKP GGGWNTGGSR YPGQOGSPGGN
. Moose MVKSHIGSWI LVLFVAMWSD VGLCKKRPKP GGGWNTGGSR YPGQGSPGGN
, 51 . . L
Rangifer RYPPQGGGGWﬁGQPHGGGWGQ PHGGGWGQPH GGGWGQPHGG GGWG
Elk RYPPQGGGGW GQPHGGGWGQ PHGGGWGQPH GGGWGQPHGG
Moose RYPPQGGGGW GQPHGGGWGQ PHGGGWGQOPH GGGWGQPHGG
' 101 . : o 150
Rangifer QWNKPSKPKT NMKHVAGAAA AGAVVGGLGG YMLGSAMSRP' LIHFGNDYED
Elk QWNKPSKPKT NMKHVAGAAA AGAVVGGLGG YMLGSAMSRP .LIHFGNDYED
Moose QWNKPSKPKT NMKHVAGAAA AGAVVGGLGG YMLGSAMSRP LIHFGNDYED
C 151 o v 200: ...
Rangifer RYYRENMYRY PNQVYYRPVD QYNNQNTFVH DCVNITVKQH TVTTTTKGEN .
Elk RYYRENMYRY  PNQVYYRPVD QVYNNONTFVH DCVNITVKQH ;TVTTTTKGEN
Moose RYYRENMYRY PNQVYYRPVD QYNNQNTFVH DCVNITVKQH’TVTTTTKGENJ
: . 201 o S _ 250
Rangifer FTETDIKMME RVVEQMCITQ YQRESQAYYQ RGASVILFSS PPVILLISFL
Elk  FTETDIKMME RVVEQMCITQ YQRESQAYYQ RGASVILFSS PPVILLISFL -
Moose FTETDIKMME RVVEQMCITQ YQRESQAYYQ RGASVILFSS PPVILLISFL °
. 281 256
Rangifer IFLIVG’
Elk. IFLIVG .
Moose IFLIVG



B 1
Elk MVKSHIGSHI LVEE
Hamster .,MANLSYEL
Human . .MANLGCHM
Mouse . .MANLG
Bovine MVKSHIGSHI ¥
Sheep vm‘csumsgr

Elk
Hamster
Human
Mouse
Bovine
Sheep

Elk
Hamster
Human
Mouse
Bovine
Sheep

Elk
Hamster
Human
Mouse
Bovine
Sheep

Elk

L Hamster
s o e Human
) i '~ Mouse
Bovine

Sheep

Elk
Hamster
Human
Mouse
Bovine
Sheep

Fig. 1 (continted )

ated horizontal contact [5,9.18,19]). We aligned the amino
acid sequences from species of cervid species which were
used in the experiment: elk (Cervus elaphus; GenBank
Accession No. CAA70902) reindeer/caribou, (Rangifer

tarandus; GenBank Accession No. AAZ81477—reindeer -

is the European name for wild caribou), and moose (Alces

alces; GenBark Accession No. AAZ81479) (Fig. 1A). The

protein sequence of these three cervid species is highly
conserved, with only one amino acid polymorphism
reported in GenBank. We also aligned the amino acid
sequences of elk with other species, such as hamster,
human, mouse, bovine, and sheep, which reveals that
the protein sequence of PrP® is more than 90% conserved
(Fig. 1B).

In vitro conversion of various species with CWD prion
template

Normal brain homogenates from elk, reindeer, moose,
caribou, human, hamster, mouse, bovine, and sheep, which
were incubated with CWD-affected elk brain “seeds’, were
tested for conversion to a protease-resistant PrP isoform
(Fig. 2) as previously described for human CJD in vitro
conversion [17). As a negative control, Prnp null mouse
brain showed no signal corresponding to PK-resistant
PrP> (Fig. 2, K/O mouse bar). Partial denaturation of nor-
mal brain homogenates induced by exposure to low pH
and guanidine enhanced in vitro conversion to PK-resistant
PrP> (Fig. 2) has been previously reported for the human_
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CWD- CWD+ elk reindeer moose caribou human hamstermouse K/O bovine sheep

pH 74 35 74 3574 35 74 35 74 35 7435743.5743574357435

PK -+ 4+ + o+ + o+ o+ 4+

34K

28K

17K
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"Fig. 2. In vitro conversion of treated PrP in the presence of PrP* from CWD elk brain. Immunoblots of the PK -resistant PrP isoforms with 6H4 antibody.
Samples were treated with GdnHCl and incubated in PBS (pH 7.4) with 0.05%.SDS and 0.5% Triton X-100, at 37 °C for 12 h with shaking in the presence
of trace amount of elk PrP%*. CWD—, normal elk brairi homogenate as control: — and + indicates the PK treatment. CWD-+, elk CWD brain homogenate
as a control. The rests are the amplification of PrP* in the different species, using elk CWD as seed, treated or untreated with acid (pH 7.4 or pH 3.5).

system [17]). All samples of normal brain contairicd PP,

which was sensitive to PK digestion (elk shown in Fig. 2,
other species not shown). Five microliters of CWD brain
homogenate was barely visible after PK digestion
(Fig. 2), which was 25-fold greater than the dilution-
adjusted CWD seed used in conversion system, excluding
artifact from input PrP. Bands of the PK-resistant PrPS
form were present at- ~21 kDa in all the species under
acidic conditions (pH 3.5), except for the Prup null mouse
(Fig 2). However, PK-resistant PrP* was poorly generated
in some species in which the brain homogenates. were

treated under neutral conditions (pH 7.4), such as in: )
human, hamster, mouse, bovine, and sheep. For homoge--

nates treated at neutral pH (pH 7.4), the progression from
most  susceptible to least susceptible was: elk,
reindeer > moose > caribou > hamster > human, bovine,
sheep > mouse, with no detected conversion in Prap null
mouse brain.

PrP conversion efficiency enhancement by partial
denaturation

Treatment of substrate brain with acidic pH (pH 3.5)
enhanced PrP““P.induced conversion of all species, except
Prap null mice. as expected (Fig. 3A). If the conversion of
partially denatured PrP can be considered to be the maxi-
mum -achievable conversion, the ratio of conversion of
brain -homogenates treated at pH 7.4 relative to pH 3.5
. may provide a “conversion efficiency ratio” (CER) for that
species. The: comparative CER within different species is’
shown in Fig. 3B. Notably, some cervid species showed

.-variability in crude conversion efficiency of native and -

denatured substrate, despite similar (or even identical)
- PrP amino - acid sequences (e.g., caribou and reindeer)..
Although individual assays might vary for trivial reasons
such as slightly differing concentration of brain homoge-
nate, the adjusted CER seems to indicate all cervids display
similar -substrate conversion efficiency as expected from
their evolutionary proximity. The CER analysis also

CpH 7.4
. 1754 ElpH 3.5

B

Relative conversion (%)

T T T ¥ T
0\*. Q,é 09'0 OO\) 0(\ "&‘
S o & o@ &
& & S

Fig. 3. {A) The immunoblots as in Fig. 2 were examined by.densitometry -
to determine’ the ratio of neutral (pH 7.4) and acidic (pH 3.5): forms of -
PrP* using Quantity One software (Bio-Rad).-(B) Consen-“dtion efficiency -

ratio of native and denatured PrP substrate. »

appéars to show that hamster‘ségregatm with the cervids.
Although Syrian hamsters were initialty deemed resistant

to CWD, a recent publication demonstrates that CWD

can be transmitted and adapted to hamsters [20}
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Measurement of species barriers by in vitro conversion
assay's

A number of studies have been published on the PrPSe-
induced conversion of PrP¢ [14.15,21-25) However, in
these assays require molecular cloning to obtain recombi-
nant PrP of different species, derived from cells in culture
that may not possess brain-specific PrP posttranslational
modifications, and/or brain molecules which may facilitate
PrP isoform conversion. Furthermore, it now appears that
PMCA may trigger stochastic generation of PrP> de novo
[15], which may render this technique unsuitable for deter-
mining species barriers of prion infection.

Substrate denaturation and human health

We confirm with multiple species that acid/GdnHCI-
treated brain PrP€ is a superior substrate for in vitro con-
version than untreated PrP®, possibly by overcoming con-
formational barriers in partial denaturation of substrate
PrP€. PrP conversion in scrapie-infected neuroblastoma
cells is believed to occur in endosomes, a low-pH and
reducing environment [26] The non-ruminant stomach
possesses a low pH lumen, and PrP€ is expressed in this
organ [27} Such acidic (denaturing) organ or cellular
organellar environments might also promote CWD trans-
mission to non-cervid species, including humans.
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High Titers of Transmissible Spongiform Encephalopathy
Infectivity Associated with Extremely Low Levels of

PrP>in Vivo™®
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Diagnosis of transmissible spongiform encephalopathy (TSE)
disease in humans and ruminants relies on the detection in post-
mortem brain tissue of the protease-resistant form of the host
glycoprotein PrP. The presence of this abnormal isoform (PcPS)
in tissues is taken as indicative of the presence of TSE infectivity.
Here we demonstrate conclusively that high titers of TSE infec-
tivity can be present in brain tissue of animals that show clinical
and vacuolar signs of TSE disease but contain low or undetect-
ablelevels of PrP5<. This work questions the correlation between

PrP® level and the titer of infectivity and shows. that tissues

containing little or no proteinase K-resistant PrP can be infec-
tious and harbor high titers of TSE infectivity. Reliance on pro-
tease-resistant PrP>¢ as a sole measure of infectivity may there-
fore in some instances significantly underestimate biological"
properties of diagnostic samples, thereby undermining efforts
to contain and eradicate TSEs. - :

The transmissible spongiform encephalopathy (TSE)* dis-
eases (also known as prion diseases) are infectious, fatal neuro-
degenerative diseases of animals, which include Creutzfeldt-
Jacob disease (CJD) in humans and bovine spongiform
encephalopathy (BSE) in cattle. The true identity of the infec-
tious agent responsible for these diseases is not known. How-
ever, it has been proposed that TSE disease is caused by an
abnormal form of the host glycoprotein, PrP (1). The abnormal,
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“The abbreviations used are: TSE, transmissible spongiform encepha lopathy;
D, Creutzfeldt-Jacob disease; vCID, variant’ Creutzfeldt-Jacob disease;
PK, proteinase K; GSS, Gerstmann Straussler Scheinker; CDI, conformation-
dependent immunoassay; IP, immunoprecipitation; HC, immunohisto-
chemistry; mAb, monoclonal antibody; BSE, bovire spongiform encepha-
lopathy; PrP-res, PK-resistant PrP*S; sPrP%<, PK-sensitive form of PrP5< ELISA,
enzyme-linked immunosorbent assay; d/n, ratio of denatured to native
signal; Wt, wild-type.
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disease-associated form of the protein (PrP%°), is partially pro-
tease-résistant and detergent-insoluble unlike the normal cel-
lular conformer (PrP<), and is seen to accumulate in diseased
tissues. The prion hypothesis predicts that PrP alone is the
infectious agent of TSE and is able to induce the conversion of
endogenous PrP< into the abnormal form during disease (2).
Most human TSE diseases are familial or sporadic, but dis-
ease can also be acquired by surgical intervention (3) or blood
transfusion from infected individuals (4-9), or possibly from
the consumption of BSE-infected meat products; the presumed-
cause of variant CJD (vCJD) (10). The extent to which vCJD
infection in particular is present in the United Kingdom popu-
lation is unknown, but recent research has suggested there may
be a higher rate of subclinical or preclinical vCJD than previ-
ously thought in different human PrP genotypes (7, 11-13).
Although BSE is declining in the United Kingdom, cases have
now been observed in cattle in countries that have not previ-
ously reported BSE. It is also unknown whether the agent
responsible for BSE has re-entered the human food chain fol-
lowing transmission to sheep. For these reasons a high level of
active and passive surveillance of ruminants is required at
slaughter to monitor and prevent TSE-infected material from
entering the human food chain. The introduction of ante-mor-
tem surveillance in the human population is also critical to pre-

vent the human-to-human transmission of vCJD by blood .

transfusion or surgical procedures. This will be of particular
importance if subclinical disease proves to be a significant risk
in vCJD transmission (12, 13). »

Positive identification of TSE infectivity can only be demon-
strated conclusively by transmission of disease to laboratory
animals. Such assays are time-consuming, due to long incuba-
tion times, and expensive, and are therefore not suitable for the
rapid diagnosis of all ante- or post-mortem samples. Current
diagnostic tests instead rely on the detection of disease-associ-
ated PrP*¢ in samples taken from brain post-mortem. The

development of ante-mortem diagnostic tests is also being

based around more sensitive assays for PrP>“.-Several diagnos-
tic tests are available commercially, and most require protein-
ase K (PK) treatment of tissue homogenates to isolate disease-
specific PK-resistant PrP®¢ (PrP-res). It has not yet been
definitively proven that PrP> is the TSE infectious agent, and
whether it is present in dll infected tissues. Studies using 263K
hamster scrapie have shown a strong correlation between PrP-
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