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ABSTRACT: A central event in the formation of infectious prions is the conformational change of a host-
encoded glycoprotein, PrPC, into a pathogenic isoform, PrPSc. However, the molecular requirements for
efficient PrP conversion remain unknown. In this study, we employed the recently developed protein
misfolding cyclic amplification (PMCA) and scrapie cell assay (SCA) techniques to study the role of
N-linked glycosylation on prion formation in vitro. The results show that unglycosylated PrPC molecules
are required to propagate mouse RML prions, whereas diglycosylated PrPC molecules are required to
propagate hamster Sc237 prions. Furthermore, the formation of Sc237 prions is inhibited by substoichio-
metric levels of hamster unglycosylated PrPC molecules. Thus, interactions between different PrPC

glycoforms appear to control the efficiency of prion formation in a species-specific manner.

Much evidence supports the “protein-only” hypothesis that
conversion of a normal, host glycoprotein (PrPC)1 into a
protease-resistant, infectious isoform (PrPSc) is the central
pathogenic event in transmissible prion diseases such as
Creutzfeldt-Jakob disease (CJD) in humans, bovine spongi-
form encephalopathy (BSE) in cattle, chronic wasting disease
(CWD) in cervid species, and scrapie in ungulates (1, 2).
Although PrPC is highly conserved among mammals, small
differences in the PrPC amino acid sequence appear to cause

“species barriers”, which manifest as reduced rates of disease
transmission between different animal species (3, 4). Inter-
estingly, novel self-propagating “strains” of infectious prions
with distinctive clinical and neuropathological features can
arise when prions are inefficiently transmitted between
different animal species and can then be faithfully maintained
upon serial passage within the same animal species (5, 6).
Several studies have shown that prion strains are associated
with PrPSc molecules that possess distinctive biochemical
characteristics (7-11) and that some of these chemical
properties can be propagated in vitro (12). Species-dependent
transmission barriers and strain variation appear to be related
phenomena (13). Recent biophysical studies of model
proteins suggest that the formation of prion strains may be
governed by differences in the potential folding pathways
available to different protein substrates (14-17).

Mature PrP molecules possess glycans linked to asparagine
residues 180 and 196 and a C-terminal glycophosphatidyli-
nositol (GPI) anchor (18-20). The relative distribution of
di-, mono-, and unglycosylated PrPC glycoforms varies
between different animal species, and regional variations in
the stoichiometry of PrPC glycoforms have also been
identified within the brains of individual animals (21-23).
The ability of different prion strains to maintain distinctive
distributions of PrPScglycoforms upon serial passage suggests
that the N-linked glycans may play an important role in the
specificity of PrP conversion (9). Therefore, we decided to
investigate whether the glycosylation profile of PrPC mol-
ecules influences the species and/or strain specificity of prion
formation.

Other investigators previously studied this question by
either (1) inhibiting glycosylation in cells using tunicamycin
(24-26) or (2) expressing PrP molecules with mutant
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glycosylation sites in transgenic mice (27, 28). However,
such manipulations could potentially cause abnormal folding
and/or trafficking of PrP molecules during biosynthesis (27,
29-31), and polypeptide sequence dissimilarities between
mutant and wild-type PrPC molecules could also affect
transmission barriers and strain recognition in a manner
independent of glycosylation. Furthermore, pharmacologic
and genetic approaches cannot be used to study possible
functional interactions between different PrPC glycoforms.
Therefore, we used a direct biochemical approach to produce
and isolate natively processed, wild-type PrPC glycoforms
from hamsters and mice, two related species with different
native PrPC glycoform distributions. We then used the protein
misfolding cyclic amplification (PMCA) technique (32) to
test the ability of isolated PrPC glycoforms, alone and in
combination, to amplify and propagate purified proteinase
K-digested PrPSc (PrP27-30) molecules. The results of these
experiments revealed unexpected functional interactions
between PrPC glycoforms, which regulate prion formation
in a species-specific manner.

MATERIALS AND METHODS

Preparation of Crude Brain Homogenates.Either one
hamster brain or two mouse brains (Harlan Sprague Dawley,
Inc., Indianapolis, IN) were Potter homogenized in 10 mL
of ice-cold PBS (phosphate-buffered saline without calcium
or magnesium) containing Complete protease inhibitors
(Roche, Indianapolis, IN). The homogenate was centrifuged
at 200g for 30 s, and the postnuclear supernatant was
collected.

Preparation of NatiVe and Unglycosylated PrPC (UN, DI
f UN). We used a modified protocol to partially purify PrPC

based on the method described by Pan et al. (33). All steps
were performed at 4°C. Either six hamster or 12 mouse
brains were Potter homogenized in 40 mL of ice-cold buffer
A [20 mM MOPS (pH 7.0) and 150 mM NaCl] containing
Complete EDTA-free protease inhibitors. The homogenate
was initially centrifuged at 200g for 30 s; the postnuclear
supernatant was then removed and centrifuged at 3200g for
20 min. The resulting pellet was resuspended and Dounce
homogenized in 30 mL of buffer A and Complete EDTA-
free protease inhibitors. Four milliliters of a 10% DOC/Triton
X-100 detergent mixture was added to the homogenate, and
the mixture was incubated on ice for 30 min and centrifuged
at 100000g for 30 min. The solubilized supernatant was
applied to a pre-equilibrated 2 mL IMAC-CuSO4 column
(GE Healthcare, Piscataway, NJ). The column was washed
with 10 mL of IMAC-CuSO4-W [buffer A, 10 mM imidazole
in buffer A (pH 7.0), and 1% Triton X-100] and eluted with
10 mL of IMAC-CuSO4-E1 [20 mM MES (pH 6.4), 150
mM imidazole in buffer A (pH 7.0), 150 mM NaCl, and 1%
Triton X-100]. The IMAC-CuSO4 eluate was applied to a
pre-equilibrated 2 mL SP Sepharose cation exchange column
(Sigma, St. Louis, MO). The column was washed with 10
mL of SPW [20 mM MOPS (pH 7.0), 250 mM NaCl, and
1% Triton X-100] and eluted with 8 mL of SPE [20 mM
MOPS (pH 7.5), 500 mM NaCl, and 1% Triton X-100].

The N-linked glycans were removed from PrPC using
glycerol-free PNGase F (peptideN-glycosidase F) (New
England Biolabs, Beverly, MA) under nondenaturing condi-
tions; 50µL of glycerol-free PNGase F (∼25000 units) was

added to 500µL of SP eluate, and the mixture was incubated
for 24 h at 37°C. After the initial incubation, an additional
50 µL of PNGase F was added, and the mixture was
incubated for an additional 24 h at 37°C. The sample was
repurified using a pre-equilibrated 200µL IMAC-CuSO4

resin; all subsequent steps were performed at 4°C. Initially,
the sample was incubated on an end-over-end rotator with
the IMAC-CuSO4 slurry for 30 min in a capped column
support (Bio-Rad, Hercules, CA). The column was then
washed with 20 mL of IMAC-CuSO4-W and eluted with 500
µL of IMAC-CuSO4-E1. The eluate was loaded into a 3500
MWCO Slide-A-Lyser (Pierce, Rockford, IL) and dialyzed
overnight into buffer C [20 mM MOPS (pH 7.5), 150 mM
NaCl, and 0.5% Triton X-100] to yield the deglycosylated
PrPC product “UN”. The “Native” sample used in Figure
1A was incubated with PBS instead of PNGase F but
otherwise processed identically.

To generate “DIf UN”, 50 µL of “DI” (prepared as
described below) was incubated with 5µL of PNGase F
(2500 units) for 24 h at 37°C.

Preparation of Glycosylated PrPC (ALL, DI). A solubilized
supernatant from either mouse or hamster brain homogenate
was obtained as described in the preceding section. This
solubilized supernatant was first applied to a pre-equilibrated
2 mL IMAC-CuSO4 column. The column was washed with
10 mL of IMAC-CuSO4-W and eluted with 4 mL of IMAC-
CuSO4-E2 [20 mM MOPS (pH 7.5), 750 mM NaCl, 150
mM imidazole in buffer A (pH 7.0), and 1% Triton X-100].
This eluate was then applied to a pre-equilibrated 1 mL WGA
(wheat germ agglutinin) (Vector Laboratories, Burlingame,
CA) column. The flow-through fraction was collected and
dialyzed overnight into buffer C to yield a preparation of
PrPC containing all three glycoforms in an approximately
equal distribution (ALL).

Meanwhile, the WGA column was washed with 20 mL
of WGAW1 [20 mM MOPS (pH 7.5), 750 mM NaCl, and
1% Triton X-100], followed by 5 mL of WGAW2 [20 mM
MOPS (pH 7.5), 150 mM NaCl, and 1% Triton X-100]. The
sample was eluted with 4 mL of WGAE (buffer B, 50 mM
N-acetylglucosamine, and 1% Triton X-100) and dialyzed
overnight into buffer C to yield the diglycosylated PrPC

substrate (DI).
Preparation of PrP27-30.PrP27-30 was prepared sepa-

rately from eight different scrapie strains [five mouse strains
(RML, 22A, 139A, C506, and Me7) and three hamster strains
(Sc237, 139H, and Drowsy)] kindly provided by S. B.
Prusiner (San Francisco, CA). Each scrapie-infected brain
was homogenized in 10 volumes (w/v) of PBS with a
disposable plastic homogenizer (Kendall, Mansfield, MA)
and centrifuged at 200g for 30 s. One hundred microliters
of postnuclear supernatant was diluted into 900µL of buffer
D (PBS and 1% Triton X-100) and then incubated with 10
µg/mL PK (proteinase K, specific activity of 30 units/mL)
(Roche Applied Science, Mannheim, Germany) for 30 min
at 20°C. Protease digestion was terminated by the addition
of 5 mM PMSF (phenylmethanesulfonyl fluoride, from a 0.3
M stock solution in methanol). The digested sample was
centrifuged at 4°C for 1 h at100000g, and the pellet was
resuspended in 200µL of ice-cold buffer D by two 30 s
pulses of an indirect sonicator set at output 6.5 [Misonix
(Farmingdale, NY) 3000-MPD sonicator with a microplate
horn]. An additional 800µL of ice-cold buffer D was added
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to the suspension, and the sample was then centrifuged for
30 min at 100000g and 4°C. The resulting pellets (with the
exception of 22A) were resuspended in 1 mL of buffer D as
described above. RML, 139A, Sc237, 139H, and Drowsy
were used in the amplification reaction at a 1:10 dilution;
Me7 and C506 were used in the amplification reaction at a
1:20 dilution. 22A was resuspended in 100µL of buffer D
by sonication and was used in the amplification reaction with
no dilution.

Protein Misfolding Cyclic Amplification (PMCA).PMCA
was performed by the method of Castilla et al. (34) using
the various PrPC substrate preparations described in preceding
sections. The total 111µL amplification reaction volume was
composed of 50µL of PrPC substrate, 25µL of Abl [10%
(w/v) Prnp0/0 brain homogenate], 1µL of 500 mM EDTA
(pH 8.0), 10µL of 500 mM imidazole in buffer A (pH 7.0),
0.75% Triton X-100, and 25µL of PrP27-30 (diluted as
described above). When present, recombinant PrP23-321

FIGURE 1: Strain-dependent conversion of various PrP substrates. (A) Western blot of PMCA reactions. Lanes 1-3 contained input substrates
not treated with protease; in lanes 4-12, each of the indicated substrates was subjected to PMCA in the absence (lanes 4-6) or presence
(lanes 7-12) of PrP27-30 template. Labels: Native, native PrPC; UN, unglycosylated PrPC; REC, recombinant PrP23-231; Abl, Prnp0/0

brain homogenate. (B) Western blot of PMCA reactions. Lanes 1-4 contained input samples not treated with protease; in lanes 5-9, each
of the indicated substrates was subjected to PMCA with PrP27-30 template in the presence of 2.5% Abl brain homogenate. Labels: ALL,
flow-though fraction of lectin column; DIfUN, unglycosylated PrPC prepared by deglycosylation of the DI preparation;+PK, digested
with proteinase K; Sc, negative control reaction mixture lacking PrPC substrate; Mouse, mouse substrates and RML template; Hamster,
hamster substrates and Sc237 template. The apparent molecular mass markers on all Western blots are at 40, 33, 24, and 17 kDa. Similar
results were obtained in three independent experiments.
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was expressed and refolded by two independent methods as
previously described (35, 36) and used at a final concentra-
tion of 4µg/mL, similar to the concentration of brain-derived
PrPC substrates used in the reactions. Reactions without
ablated brain homogenate had PBS substituted for Abl. The
mixtures were subjected to PMCA for 24 h using a Misonix
programmable sonicator equipped with a microplate horn
containing 350 mL of water, and set for 30 s bursts every
30 min at output 6.5. The temperature was maintained by
circulating heated water through a section of aluminum coil
to heat the air inside the acoustic chamber (Misonix), and
the microplate horn was covered with a sheet of plastic film
to minimize evaporation. Before each burst, the bath tem-
perature measured 41°C, and after each burst, the temper-
ature measured 42°C. Samples were mounted in a holder
that prevented lid opening and held the bottom of the PCR
tubes∼3 mm from the horn surface. In Figure 2, a small
aliquot of each sample was removed following incubation
and boiled for 10 min in an equal volume of 2× SDS sample

buffer, and 10µL of the resulting minus (-) PK samples
was loaded for electrophoresis. In Figures 1 and 3A,B and
Table S1 (Supporting Information), input substrate prepara-
tions were diluted 1:10 into PBS and boiled for 10 min in
an equal volume of 2× SDS sample buffer, and 20µL of
each resulting minus (-) PK sample was loaded for
electrophoresis. Meanwhile, the plus (+) PK samples were
treated with 25µg/mL PK and incubated for 30 min at 37
°C. The digested samples were then boiled in 2× SDS
sample buffer, and 80µL of each sample was loaded for
electrophoresis.

Serial in Vitro PrPSc Propagation Reactions and Cell
Infection. Serial in vitro PrPSc propagation reactions were
performed by the method of Castilla et al. (34) using the
PrPC preparations described above. The initial (day 1)
reaction mixture was composed of 100µL of PrPC, 50 µL
of 10% (w/v) Abl, 2µL of 500 mM EDTA (pH 8.0), 20µL
of 500 mM imidazole in buffer A (pH 7.0), 0.75% Triton
X-100, and 50µL of PrP27-30 (diluted as described above).

FIGURE 2: Functional interactions between PrPC glycoforms. (A) PMCA reactions using mixtures of PrPC substrates. Each of the indicated
substrates was subjected to PMCA with PrP27-30 template in the presence of 2.5% Abl brain homogenate. Abbreviations: Sc, no PrPC

substrate added; ALL, flow-though fraction of the lectin column; 3UN:1DI, 37.5µL of UN and 12.5µL of DI added to the PMCA reaction
mixture; 2UN:2DI, 25µL of UN and 25µL of DI; 1UN:3DI, 12.5 µL of UN and 37.5µL of DI. (B) PMCA reactions using a fixed
concentration of diglycosylated hamster PrPC and varying concentrations of unglycosylated hamster PrPC. Each of the indicated substrates
was subjected to PMCA with Sc237 PrP27-30 template in the presence of 2.5% Abl brain homogenate. All samples contained 20µL of
DI HaPrPC and varying amounts of UN HaPrPC. Labels: UN:DI, molar ratio of UN HaPrPC to DI HaPrPC in the substrate mixture;+PK,
digested with proteinase K; Sc, negative control reaction mixture lacking PrPC substrate. Similar results were obtained in three independent
experiments. Using Adobe Photoshop to quantitate signal intensities, and assuming molecular masses of 27 and 36 kDa for UN and DI
HaPrPC, respectively, we estimate that the 2UN:2DI samples have molar ratios of∼2.3 for mouse and∼0.8 for hamster.
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The mixtures were subjected to one round of PMCA for 24
h as described above. Half of the reaction mixture (day 1)
was PK digested as described above. Twenty microliters from

the completed reaction (day 1) was used to seed the next
200µL reaction mixture (day 2) containing a fresh substrate
mixture [100µL of PrPC, 50 µL of 10% (w/v) Abl, 2 µL of

FIGURE 3: Generation and characterization of selectively glycosylated PrPSc molecules. (A) Serial propagation of PrPSc molecules in vitro.
The indicated substrates were used to propagate prions in vitro for 5 days as described in Materials and Methods. In lane 1, diglycosylated
PrPC not subjected to protease is shown for size reference; in lane 2 is shown the input substrate used for propagation not subjected to
protease, and in lanes 3-8 are shown aliquots taken after each round of PMCA treated with protease. Label: Mock, Sc237 template mock
propagated without PrPC substrate. (B) Seeding specificity of in vitro-generated unglycosylated RML and diglycosylated Sc237 PrPSc. Each
PrPSc template was used to seed various PrPC substrates, as indicated. Lanes 1-4 contained input substrates not subjected to protease; lanes
5-9 contained substrates subjected to PMCA with brain-derived PrP27-30 template, and lanes 10-14 contained substrates subjected to
PMCA with in vitro-generated PrPSc templates. (C) Western blot of cell lysates infected with serially propagated, in vitro-generated PrPSc

molecules. Lanes 1 and 2 contained protease-digested, in vitro-generated PrPSc inocula; lanes 3-10 contained cell lysates of N2aPK1 cells
infected with indicated inocula. Labels: PrP27-30, brain-derived PrP27-30 template; Sc, negative control sample containing no PrPC

substrate.
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500 mM EDTA (pH 8.0), 20µL of 500 mM imidazole in
buffer A (pH 7.0), 8µL of PBS, and 0.75% Triton X-100].
This process was repeated for a total of 6 days to complete
six propagation rounds. Every 2 days, the bath water was
changed to prevent accumulation of residue in the sonicator
horn.

The final (day 6) samples were titrated between 10-4 and
10-6 using OptiMeM (Invitrogen, Carlsbad, CA), 10%
bovine growth serum (Hyclone, Logan, UT), and 1%
penicillin/streptomycin as a diluent and applied to highly
infectable PK1 neuroblastoma cells (37). Following 5× 1:8
splits, cell infectivity was measured by assaying 20 000 cells/
sample, as previously described using the scrapie cell assay
in end-point titration format (37). Wells were considered
positive if the “spot” count was greater than the average
background (three spots) value plus 5 times the standard
deviation (six spots), i.e.,g32 spots. The average number
of infectious particles (m) in each sample was calculated
using the Poisson formulaP(o) ) e - m, whereP(o) is the
probability that a well is not infected, i.e.,P(o) ) noninfected
wells/total wells. Therefore,m ) ln(total wells/noninfected
wells). In parallel, infected cells were assayed for PrPC and
PrPSc content as follows. For each sample, a confluent 10
cm plate was washed with 2× 5 mL of PBS, lysed with 2
mL of ice-cold lysis buffer [50 mM Tris (pH 8.0), 150 mM
NaCl, 0.5% sodium deoxycholate, and 0.5% Triton X-100],
and centrifuged briefly (<5 s) to remove debris. SDS sample
loading buffer (2×) was added to a 100µL aliquot of the
supernatant and the mixture was boiled for 10 min, and 2
µL of each sample was loaded for electrophoresis of the
minus (-) PK sample. Meanwhile, for plus (+) PK samples,
900 µL of the supernatant was treated with 20µg/mL PK
for 30 min at 37°C. PK digestion was stopped with the
addition of 5 mM Pefabloc (Roche), and the mixture was
concentrated by centrifugation for 1 h at100000g and 4°C.
The resulting pellet was resuspended in 100µL of lysis
buffer, and 2× SDS sample loading buffer was added. The
sample was boiled for 10 min, and 50µL of each sample
was loaded for electrophoresis.

Electrophoresis and Immunoblotting.SDS-PAGE was
performed on 1.5 mm 12% acrylamide gels with an acryla-
mide:bisacrylamide ratio of 29:1. Following electrophoresis,
the proteins were transferred to a methanol-charged, buffer-
equilibrated polyvinylide difluoride (PVDF) membrane (Mil-
lipore Corp., Bedford, MA) using a Trans-blot SD Semi-
Dry Transfer Cell (Bio-Rad) set at 2 mA/cm2 for 35 min.
The membrane was treated with 3 M GdnSCN (Roche) for
30 min. Then, the membrane was rinsed with TBST [10 mM
Tris (pH 7.2), 150 mM NaCl, and 0.1% Tween 20] and
blocked for 1 h in skim milk (Hood, Chelsea, MA) with
TBST. The blocked membrane was incubated overnight at
4 °C with 3F4 mAb diluted 1:5000 in TBST (Signet
Laboratories, Inc., Dedham, MA) for detection of hamster
PrP or D13-humanized Fab diluted 1:3000 in TBST (kindly
provided by S. B. Prusiner) for detection of mouse PrP.
Following this incubation, the membrane was washed for 3
× 10 min in TBST and then incubated for 1 h at 4°C with
either a HRP (horseradish peroxidase)-labeled anti-mouse
IgG secondary antibody conjugate (diluted 1:5000 in TBST)
(GE Healthcare) for 3F4 or a HRP-labeled anti-human Fab2
conjugate (diluted 1:30000 in TBST) (Pierce) for D13. The
membrane was washed again for 4× 10 min with TBST;

the blot was developed with ECL reagent (Pierce), sealed in
plastic covers, and exposed to Super RX film (Fujifilm,
Tokyo, Japan). Exposed films were developed automatically
in a Kodak M35A X-Omat film processor. Relative molec-
ular masses of 40, 33, 24, and 17 kDa are based on migration
of prestained standards (Fermentas, Hanover, MA) and are
indicated at the right of each panel. Where indicated,
quantitative densitometry was performed on nonsaturated
film exposures using Adobe Photoshop.

RESULTS

ConVersion of Specific PrPC Glycoforms into PrPSc in
Vitro. We performed reconstituted PMCA reactions by
mixing various PrPC-containing preparations, PrPSc, and
crude Prnp0/0 (Abl) brain homogenate, which provides
essential cellular cofactors for the formation of both mouse
and hamster PrPSc molecules in vitro (38) and in vivo (3).
Using Cu2+ affinity and ion exchange chromatography, we
partially purified PrPC ∼50-fold from either mouse (Mo) or
hamster (Ha) brains to produce a native preparation of the
normal distribution of PrPC glycoforms in whole brain for
each species (Figure 1A, lane 1). Because the reconstituted
reaction mixtures contain crude Abl brain homogenate, we
reasoned that it was not necessary for the purposes of this
study to purify PrPC to homogeneity. As expected, in the
presence of Abl brain homogenate, the native preparation
of MoPrPC successfully amplified PrPSc molecules derived
from RML ∼4-fold, and the native preparation of HaPrPC,
which contains little mono- or unglycosylated PrPC, amplified
PrPSc molecules from Sc237∼12-fold (Figure 1A, lanes
7-9). We also produced an unglycosylated PrPC substrate,
designated UN, by enzymatically deglycosylating the puri-
fied, native PrPC preparation withN-glycosidase F (PNGase
F) under nondenaturing conditions and then repurifying the
digested product (to remove the PNGase F prior to addition
of Abl brain homogenate) (Figure 1A, lane 2). In PMCA
reactions, the unglycosylated MoPrPC substrate successfully
amplified the RML PrPSc template in the presence of Abl
brain homogenate (Figure 1A, top panel, lane 11), indicating
that N-linked glycosylation of PrPC is not required for RML
prion conversion. In contrast, the unglycosylated HaPrPC

substrate did not amplify Sc237 PrPSc template under similar
conditions (Figure 1A, bottom panel, lane 11). This unex-
pected result indicates that the ability of unglycosylated PrPC

molecules to undergo prion conversion is either species- or
strain-dependent.Escherichia coli-expressed,R-helical, re-
combinant PrP molecules (REC) lacking post-translational
modifications did not form protease-resistant PrPSc products
when mixed with either RML or Sc237 prions and subjected
to PMCA in the presence of Abl brain homogenate (Figure
1A, lanes 12 and 13). It is unclear why bacterially expressed
PrP is not an efficient PMCA substrate, but its inefficiency
may be due to either the lack of a GPI anchor or a subtle
difference in protein structure compared to native PrPC.

Next, we sought to test the ability of other PrPC glyco-
forms, either alone or in combination, to convert into PrPSc

by PMCA in the presence of Abl brain homogenate. To
prepare PrPC substrates with various glycoform profiles, we
applied the native PrPC preparation of each species to an
immobilized lectin column in the presence of 0.75 M NaCl.
The flow-through fraction of the lectin column, designated
“ALL”, was relatively depleted of diglycosylated and
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enriched in unglycosylated PrPC molecules, compared to the
native PrPC preparations (Figure 1B, lane 2). Subsequent
elution of the column withN-acetylglucosamine yielded a
preparation of predominantly diglycosylated PrPC molecules,
which we termed DI (Figure 1B, lane 3). We then used
PNGase F to deglycosylate the DI sample, producing an
unglycosylated PrPC preparation directly derived from DI,
which we termed “DIfUN” (Figure 1B, lane 4). Remark-
ably, isolated DI MoPrPC substrate failed to amplify the RML
PrPSc template (Figure 1B, top panel, lane 8), but deglyco-
sylation of this preparation rescued the ability of DIfUN
MoPrPC substrate to convert into RML PrPSc, which indicates
that the procedure used to prepare DI MoPrPC did not
generate or isolate an intrinsically inactive substrate (Figure
1B, top panel, lane 9). The inability of the DI MoPrPC

preparation to amplify RML PrPSc template indicates that
the presence of unglycosylated MoPrPC molecules within the
native MoPrPC preparation is required for conversion of the
glycosylated isoforms. This surprising conclusion was con-
firmed by the observation that the ALL substrate containing
all three MoPrPC glycoforms successfully formed RML
PrPSc, including an isoform corresponding to diglycosylated
PrPSc (Figure 1B, top panel, lane 7). In marked contrast,
isolated diglycosylated HaPrPC substrate successfully ampli-
fied Sc237 PrPSc template, showing that the presence of
unglycosylated HaPrPC molecules is not required for Sc237
PrPSc amplification (Figure 1B, bottom panel, lane 8).
Furthermore, the ALL substrate containing all three HaPrPC

glycoforms, including unglycosylated HaPrPC, did not am-
plify the Sc237 PrPSc template efficiently, suggesting that
unglycosylated HaPrPC molecules might competitively inhibit
Sc237-induced conversion of glycosylated HaPrPC molecules
(Figure 1B, bottom panel, lane 7).

Functional Interactions between PrPC Glycoforms Regu-
late PrPSc Formation.Our results led us to hypothesize that
the stoichiometric composition of PrPC glycoforms controls
the conversion efficiency of prion conversion and that
species- and/or strain-specific interactions between different
PrPC glycoforms could modulate PrPSc formation. To test
this hypothesis directly, we mixed isolated diglycosylated
and unglycosylated PrPC molecules together at various
stoichiometric ratios and then tested the ability of these
mixtures to serve as substrates in PMCA reactions. These
reconstitution experiments confirmed that unglycosylated
MoPrPC molecules are required for amplification of RML
PrPSc template; even a 1:3 UN:DI molar ratio was sufficient
to drive formation of both PrPSc glycoforms (Figure 2A, top
panel, compare lanes 9 and 13). This result also provides
additional evidence that our protocol for preparing DI
MoPrPC did not create or isolate an intrinsically inactive
substrate. In contrast, diglycosylated HaPrPC molecules were
required for the amplification of Sc237 PrPSc template. An
approximately equimolar ratio of UN to DI HaPrPC mol-
ecules was required for formation of Sc237 PrPSc in vitro
(Figure 2A, bottom panel, lane 12). Paradoxically, increasing
levels of unglycosylated HaPrPSc could be detected as the
UN:DI ratio was decreased, indicating that diglycosylated
HaPrPC molecules are capable of recruiting small amounts
of unglycosylated HaPrPC molecules into Sc237 prions
(Figure 2A, bottom panel, lanes 12 and 13). At the same
time, the presence of substoichiometric levels of unglyco-
sylated HaPrPC appeared to inhibit the formation of Sc237

HaPrPSc (Figure 2A, bottom panel, compare lanes 9 and 13).
The inhibition of HaPrPSc formation by unglycosylated
HaPrPC in reconstituted reaction mixtures containing digly-
cosylated HaPrPC (Figure 2A, bottom panel, lanes 11-13
vs lane 9) supports our hypothesis that the poor conversion
of the hamster ALL substrate (Figure 2A, bottom panel,
compare lanes 8 and 9) is most likely caused by unglyco-
sylated HaPrPC in the ALL substrate acting as a competitive
inhibitor. To investigate the isolated effect of unglycosylated
HaPrPC molecules on the formation of Sc237 PrPSc mol-
ecules, we performed an experiment in which a fixed
concentration of diglycosylated HaPrPC substrate was mixed
with increasing concentrations of unglycosylated HaPrPC.
These results confirmed that unglycosylated HaPrPC mol-
ecules potently inhibited the formation of diglycosylated
Sc237 PrPSc molecules in a dose-dependent manner, even
at substoichiometric ratios (Figure 2B). Furthermore, this
reconstitution experiment suggests that the inability of the
hamster ALL substrate to form Sc237 PrPSc molecules cannot
simply be attributed to selective enrichment of an incom-
petent diglycosylated HaPrPC subspecies during lectin chro-
matography, since even competent DI HaPrPC substrate can
be inhibited by addition of unglycosylated HaPrPC.

The PrPScGlycoform Profile Does Not Affect ConVersion
Specificity.Having established that the stoichiometry of PrPC

glycoforms in the substrate mixture regulates the efficiency
of PrPSc formation in a species- and/or strain-specific manner,
we next sought to examine whether the glycosylation state
of PrPSc molecules in the template might also influence the
specificity of PrPSc formation. To perform such experiments,
it was first necessary to obtain isolated PrPSc glycoforms.
To do this, we used a serial propagation protocol described
by Castilla et al. (34) to generate isolated RML and Sc237
PrPSc glycoforms in vitro. Briefly, specific PrPC substrates
were initially mixed with PrP27-30 PrPSc template and Abl
brain homogenates and subjected to PMCA for 24 h.
Following this incubation, one-tenth of the reaction volume
was then used to seed a new sample containing fresh PrPC

substrate and Abl brain homogenate. This process was
repeated for five rounds, and samples from each round were
assayed for PrPSc. The results show that unglycosylated RML
PrPSc and diglycosylated Sc237 PrPSc molecules were suc-
cessfully generated and propagated in vitro (Figure 3A). As
expected, the ALL preparation of HaPrPC [which contains a
higher proportion of the inhibitory unglycosylated glycoform
compared to native brain homogenate and which does not
amplify Sc237 PrPSc (Figure 1B, bottom panel, lane 7)] did
not serially propagate Sc237 prions, whereas the ALL
preparation of MoPrPC successfully propagated RML prions
(Figure 3A, top panels). An additional sample, “Mock”, was
prepared in which input PrP27-30 was mock propagated
without substrate (Figure 3A, bottom panels) for use in
subsequent PMCA and cell culture infection assays as a
negative control to confirm that six rounds of serial propaga-
tion sufficiently diluted out the original PrP27-30 input
template.

We then used these novel PrPSc molecules formed by serial
propagation to test whether isolated PrPScglycoforms retained
the templating characteristics of the native prion strains from
which they were derived. To do so, we performed PMCA
reactions using various PrPC preparations as substrates with
either brain-derived PrP27-30 or specific PrPSc glycoforms
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as templates. The results of this comparison show that both
unglycosylated RML PrPSc and diglycosylated Sc237 PrPSc

templates induced the prion conversion of various PrPC

substrates in a manner indistinguishable from that of the
native RML and Sc237 PrP27-30 templates, respectively
(Figure 3B). Parallel reactions seeded with the negative
control sample Mock showed no PrPSc formation, confirming
that our in vitro-generated PrPSc templates were not con-
taminated with the original input PrP27-30 (data not shown).
To confirm these in vitro findings, we infected cultured N2a
PK1 cells with samples of in vitro-propagated RML prions
containing either all three glycoforms (propagated ALL) or
only unglycosylated (propagated UN) PrPSc molecules (37).
Using the scrapie cell assay (SCA) in end-point titration
format, we first confirmed that the propagated ALL and UN
samples were infectious, while the Mock propagation control
sample contained no detectable infectivity at the dilutions
that were assayed. Specifically, these measurements indicated
that the propagated ALL sample contained 4.6× 106

infectious particles/mL, the UN sample contained 6× 105

infectious particles/mL, and the Mock sample contained<103

infectious particles/mL (Table S1 of the Supporting Informa-
tion). These results confirmed that (1) 5× 10-fold serial
dilutions were adequate to reduce input infectivity to a level
below detection by SCA and (2) unglycosylated MoPrPC is
a competent substrate for forming infectious prions as well
as PrPSc. When analyzed by Western blot, lysates of N2a
cells infected with only unglycosylated PrPSc molecules were
found to contain all three PrPSc glycoforms (Figure 3C, lane
10), confirming the results of the PMCA assays (Figure 3B,
top panel, lane 11). As expected, no PrPSc was detected in
cells infected with the Mock propagation control sample

(Figure 3C, lane 6). Taken together, the results of our
experiments with isolated PrPSc glycoforms indicate that the
minimal and essential PrP entity of RML prions is ungly-
cosylated MoPrP, which has the ability to recruit mono- and
diglycosylated MoPrP molecules (Figure 3B, top panel, lanes
11 and 12, and Figure 3C, lane 10). In contrast, Sc237 prions
consist mainly of diglycosylated HaPrP molecules, which
are unable to recruit un- or monoglycosylated HaPrP
isoforms efficiently (Figure 3B, bottom panel, lane 12).

Effects of PrPC Sequence on the Formation of Isolated
PrPSc Glycoforms. The different glycoform preferences
observed in hamster versus mouse PMCA reactions could
theoretically be due to either (1) differences in amino acid
sequence between HaPrPC and MoPrPC molecules or (2) the
different strain-specific templating properties of Sc237 versus
RML prions. To distinguish between these two possibilities,
we assessed the conversion of specific HaPrPC and MoPrPC

glycoforms in PMCA reactions driven by other hamster and
mouse prion strains. The results show that two additional
strains of hamster prions successfully converted DI HaPrPC,
but not UN HaPrPC (Figure 4, top panel). Four additional
strains of mouse prions did not convert DI MoPrPC, and two
of these strains successfully converted UN PrPC (Figure 4,
bottom panel). Taken together, these results suggest that the
PrP sequence is the dominant factor in determining the
preferred PrPC glycoform substrate. However, the relatively
poor ability of mouse prion strains C506 and 22A to convert
UN PrPC substrate suggests that strain properties of the PrPSc

template may also influence PrPC glycoform preference
(Figure 4, bottom panel, compare lanes 10 and 15 to lane
5).

FIGURE 4: Seeding specificity of various scrapie strains. PrP27-30 template prepared from two hamster strains (139H and Drowsy) and
four mouse strains (139A, C506, 22A, and Me7) were separately incubated with different preparations of PrPC (Native, ALL, DI, and UN)
and subjected to PMCA in the presence of 2.5% Abl brain homogenate, as described in Materials and Methods. All samples were subjected
to proteinase K digestion. Label: Sc, negative control sample containing no PrPC substrate. Note that the characteristic difference in
electrophoretic mobility between proteinase K-digested 139H and Drowsy PrPSc molecules cannot be easily appreciated in this blot because
a short gel was used, and the samples were not deglycosylated prior to electrophoresis.
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The transmission of infectious prions between mice and
hamsters is inefficient, and this species barrier is recapitulated
in cell-free PrPSc formation assays (39). Previous transgenic
mouse studies have established that amino acid sequence
similarity between PrPC and PrPSc molecules is the most
important factor in determining species-dependent transmis-
sion barriers (3, 4). However, since the glycoform profiles
of PrPC molecules differ significantly between hamsters and
mice (native HaPrPC is relatively enriched with diglycosy-
lated PrPC), we investigated whether differential PrP glyco-
sylation might also contribute to the transmission barrier
between these two species. Using PMCA, we tested whether
DI MoPrPC and UN HaPrPC substrates could propagate DI
Sc237 PrPSc and UN RML PrPSc templates, respectively. The
results showed that no PrPSc propagation was detected with
either of these cross-species substrate-template combina-
tions, whereas intraspecies control samples produced suc-
cessful PrPSc propagation (Figure 5). Thus, PrPC glycosyla-
tion does not appear to contribute significantly to species
barriers in vitro.

DISCUSSION

In summary, our biochemical and cell culture studies
indicate that subtle changes in the stoichiometry of host PrPC

glycoforms can significantly impact prion conversion in a
species- and strain-specific manner. In particular, our experi-
ments show that a substoichiometric ratio of unglycosylated
MoPrPC molecules within a substrate mixture is required for
the formation of RML prions. In contrast, diglycosylated
HaPrPC molecules are required for, while unglycosylated
HaPrPC molecules inhibit, the formation of Sc237 prions.
The following hypothetical model could account for these
results. Assuming that prions consist of a multimeric complex

of PrPSc molecules (40), the intermolecular interaction
between HaPrP molecules in the assembly of Sc237 prions
may be stabilized by N-linked glycans. The assembly process
would therefore require the presence of glycosylated HaPrP
molecules, and binding of unglycosylated HaPrP molecules
would interfere with this process (Figure 6). In contrast,
N-linked glycans may cause steric hindrance for the assembly
of PrPSc molecules in RML prions, and an orderly arrange-
ment of different MoPrP glycoforms may be required to
assemble this prion strain (Figure 6). Potentially, our data
could also be explained by a model in which the substrate
for prion propagation is a multimeric PrPC complex com-
posed of different glycoforms, and the conversion of the
entire complex into PrPSc is initiated by the conversion of a
specific glycoform. This alternative model would provide a
simple explanation for the interesting observation that
alteration of the PrPC glycoform profile changes the glyco-
form ratio of the PrPSc molecules produced by prion-infected,
cultured cells treated with tunicamycin (26). However, no
heterogeneous, multimeric PrPC complexes have yet been
identified.

Because the PrPC amino acid sequence is highly conserved
between mice and hamsters, it is somewhat surprising that
PMCA reactions using PrP molecules isolated from these
two animals species should exhibit different glycoform
requirements. However, recent folding studies show that
recombinant HaPrP and MoPrP form amyloid fibers with
different morphologies in vitro, apparently via different
mechanisms of lateral assembly (41).

Previous studies have clearly demonstrated that radiola-
beled unglycosylated HaPrPC substrate could convert into a
protease-resistant conformation when incubated with a sto-
ichiometric excess of Sc237 PrPSc molecules in the cell-free

FIGURE 5: Sequence-dependent propagation barriers between isolated hamster and mouse PrP glycoforms. In vitro-generated PrPSc molecules
were serially propagated for 5 days using isolated PrPC glycoform substrates. For the top panel, unglycosylated RML was used as the initial
seed for either unglycosylated mouse or hamster PrPC substrate, as indicated. In the bottom panel, diglycosylated Sc237 was used as the
initial seed for either diglycosylated mouse or hamster PrPC substrate, as indicated.
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conversion (CFC) assay (24, 42). The model shown in Figure
6 also provides a reasonable explanation for those findings.
Although addition of unglycosylated HaPrP to Sc237 prions
may inhibit elongation by “capping”, this process would not
necessarily prevent conversion of substoichiometric amounts
of unglycosylated HaPrP caps into a protease-resistant
conformation. Protease-resistant HaPrP molecules formed in
this way could be specifically detected in the CFC assay
because only newly converted radioactive PrPSc molecules
and not template PrPSc molecules would produce autorad-
iographic signals. In contrast, no higher-magnitude Western
blot PrPSc signals would be expected in PMCA reactions
using unglycosylated HaPrPC, since capping would inhibit
PrPSc amplification.

The conclusions drawn from our biochemical experiments
are consistent with infectivity studies using transgenic mice
expressing selectively glycosylated MoPrPC molecules that
appear to traffic properly to the cell surface. Those studies
showed that diglycosylated MoPrPC is not essential for the
formation of infectious prions in vivo (28). Our conclusions
are also consistent with studies showing that Tg(HaPrP)
transgenic mice coexpressing endogenous MoPrPC and wild-
type HaPrPC are susceptible to Sc237 prions, because the
13A5 mAb-reactive HaPrPC glycoform profile of Tg(HaPrP)
mice is enriched for diglycosylated HaPrPC in a manner
similar to that of hamster brain (3). Unfortunately, no
infectivity studies using transgenic mice expressing selec-
tively glycosylated HaPrPC molecules have yet been reported.

While the data reported here provide evidence that the
composition of di-, mono-, and unglycosylated PrPC mol-
ecules within substrate mixtures regulates the efficiency of
prion formation, an even greater level of substrate diversity
could conceivably be generated by subtle variations in the
architecture of the branching oligosaccharide moieties at-

tached to individual PrPC molecules (43). The proposed
model, which includes the process of molecular selection
(i.e., distinct PrP glycoforms), and the data presented also
rationalize the species- and strain-specific patterns of PrPSc

glycosylation (9), which are maintained upon serial passage.
Finally, neurons in different brain regions express different,
characteristic ratios of PrPC glycoforms (21-23); therefore,
it is reasonable to hypothesize that individual prion strains
preferentially infect cells from specific brain regions because
only those cells contain the appropriate PrPC glycoform
stoichiometry required for assembly of specifically organized
aggregates of PrPSc molecules.
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