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Summary

Prion proteins (PrPs) contain 2 N-linked glyco-
sylation sites and are present in cells in 3 differ-
ent forms. An abnormal isoform of prion protein
(PrP5°) has different glycoform patterns for differ-
ent prion strains. However, the molecular basis of
the strain-specific glycoform variability in prions
has remained elusive. To understand the molecular
basis of these glycoform differences, we analyzed
PrP¢ in 2 lines of transgenic mice (MHM2 and
MH2M with PrP null background) that expressed
a chimeric PrP. Our result indicated that PrP 131-
188 (substitutions at 1139M, Y155N, and S170N)
contributed to both PrPS and PrP5¢ glycoform
ratios. Furthermore, the PrP¢ glycoform pattern
within these transgenic mice showed a subtle dif-
ference depending on the inoculated prion. This
study indicated that the PrP¢ glycoform ratio
was influenced by both host PrP¢ and the prion
strain.
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Introduction

Transmissible spongiform encephalopathies (TSEs),
also called prion diseases, are fatal neurodegener-
ative diseases that include scrapie in sheep and
goats, bovine spongiform encephalopathy (BSE),
and Creutzfeldt-Jakob disease (CJD) in humans
[13]. The nature of the infectious agent prion has
not been fully elucidated. The central event in prion
pathogenesis is the conversion of the cellular iso-
form of a prion protein (PrP%) into an abnormal
isoform of the prion protein (PrP>%). PrP*¢ is the
only known disease-specific marker and is closely
associated with infectivity. Conformational differ-
ences are observed between PrP¢ and PrP%¢. PrP>°
has a large number of B sheets and a diminished
a-helical content compared with PrP¢ [5, 10, 15];
hence, PrP>° is relatively resistant to protease di-
gestion. The protease resistance of PrP>¢ has been
widely accepted as the physico-chemical basis for
distinguishing between PrP¢ and PrP*°.

PrPC is a glycoprotein and contains 2 N-linked
glycosylation sites. It is present in cells in 3 differ-
ent glycosylated forms (diglycosylated, monogly-
cosylated, and unglycosylated forms). It has been
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reported that PrP>° has different glycoform patterns
with different ratios of 3 bands for different prion
strains [6]. Analysis of the PrP*° glycoform ratio has
been used to discriminate prion strains and has
become increasingly important in the differential
diagnosis of human prion diseases. However, the
molecular basis of strain-specific glycoform varia-
bility in prions has remained elusive. Clarifying
the prion protein (PrP) glycosylation mechanism
might lead to the understanding of prion strain var-
iations. It has been proposed that the PrP© glycoform
ratio differs according to the brain regions, and the
differential targeting of neurons by prion strains
results in the differences in the PrP¢ glycoform ratio
[7, 17]. Furthermore, different scrapie prions can
induce the formation of different PrP>¢ glycosyla-
tion patterns in the same cell line [3, 19]. These ob-
servations have raised the possibility that the direct
influence of a prion strain on the posttranslational
glycosylation modification of PrP€ or on PrP>¢ itself
dictates the strain-specific glycosylation [3, 17, 19].

In this study, we examined the PrP>¢ glycoform
transition that changes the PrP5° glycoform ratio,
which depends on the adaptation of prions in inter-
species transmission. The PrP%¢ glycoform ratio
was altered depending on the shortening of incuba-
tion periods. To understand the molecular basis of
this phenomenon, we analyzed mice and hamster
chimeric PrP expressed by transgenic mice. The
result obtained by using these mice indicated that
PrP 131-188 influences the PrP< and PrP5¢ glyco-
form patterns. Furthermore, the PrP5 glycoform
ratio was also modified by the prion strain.

Materials and methods

Scrapie prions and animals

The mouse-adapted scrapie prion Obihiro, and hamster-
adapted scrapie prion Sc237 were passaged in CD-1 mice
(SLC, Japan) and Syrian hamster (SLC, Japan), respectively
[21, 22]. Transgenic mice that expressed mouse and hamster
chimeric PrP (MH2M and MHM?2) were kindly provided by
Dr. S. B. Prusiner [16]. Amino acid substitutions at positions
L108M and V111M are present in the MHM2 mice. In
addition to these amino acid substitutions, another 3 substi-
tutions (I139M, Y155N, and S170N) are present in the
MH2M mice. These mouse lines have been maintained by
crossing with PrP0/0 mice [22] as PrP null background.
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Genotypes of the mice were determined by polymerase chain
reaction (PCR) analysis of DNAs prepared from tail samples
of the mice. The primers used were 5-TCGGACGACAA
GAGACAATC-3" and 5'-TAGGGGCCACACAGAAAACA-
3’ for chimeric PrP genes, and the primer combination was
as previously described for the mouse PrP genotype analysis
[22]. These transgenic mice (MH2M and MHM?2 with
PrP0/0 background) were also used for the transmission
experiment.

Transmission experiment

Brains were stored at —80°C, and brain homogenates (10%
w/v) were prepared in phosphate-buffered saline (PBS). The
homogenate was centrifuged at 3000rpm for 5min, and
20 uL of the supernatant was inoculated intracerebrally into
the animals.

Western blot

The brains (brain stem) were homogenized (10%, w/v) in
0.5% Nonidet P-40, 0.5% sodium deoxycholate, 100 mM
NaCl, 10 mM EDTA, and 10 mM Tris—HCI (pH 7.5) and then
centrifuged at 3000 x g for 5 min. The supernatant was incu-
bated with 50 pg/ml of proteinase K (PK) for 30 min at
37°C. The sample was incubated with 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride (Pefablock, Roche;
final concentration: 1 mM) for 5 min at 37 °C and then mixed
with an equal volume of sodium dodecyl sulfate (SDS) sam-
ple buffer. Western blot (WB) analysis was carried out as
described previously, and the mouse polyclonal antibody Ab.
Tg was used as the primary antibody [22]. PrP signal inten-
sity was calculated using Chemilmager (Alpha Innotech
Co.). For PrPC detection, the supernatant of the brain homo-
genate was subjected to WB without PK digestion, and
the detection was carried out with biotinylated Ab. Tg as
described previously [22].

Results

PrP glycoform in interspecies transmission

Mouse and hamster PrPS glycoforms were ana-
lyzed. The brain homogenates of normal mouse
and hamster were subjected to WB without PK
digestion. As shown in Fig. 1A, in addition to the
major band of diglycosylated PrP, 2 other bands
(monoglycosylated and unglycosylated PrPs) were
detected from the mouse brain homogenate. How-
ever, the diglycosylated PrP band was the main
band in hamster PrP< and the other 2 PrP bands
were either not observed or were of low intensity.
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Fig. 1. PrP glycoform analysis in interspecies transmission. A, Western blot (WB) analysis of PrP€ in mouse (Mo) and
hamster (Ha). Homogenates of cerebrum (7), cerebellum (2), and medulla (3) were subjected to WB without proteinase K
(PK) digestion. B, WB analysis of PrP5® in hamsters inoculated with mouse-passaged scrapie prion. / Obihiro-strain-
inoculated mouse brain; 2 Obihiro-strain-inoculated hamster brain (primary passage); 3 second-passaged hamster brain;
4 third-passaged hamster brain; 5 hamster passaged Sc237 strain inoculated hamster brain. The incubation periods of the
examined animals are indicated below. Molecular weights are indicated on the left

This result shows that PrP¢ glycoform differed de-
pending on the animal species. A difference in the
PrP€ glycoform ratio was not observed among the 3
brain regions that were examined (Fig. 1A).

Mouse and hamster brains that were inoculated
with host-adapted prion showed a different PrP>°
glycoform ratio (Fig. 1B, lanes 1 and 5); it was sim-
ilar to that of the host PrP€. In interspecies trans-
mission, the glycoform ratio of accumulated PrP5°
was analyzed after adaptation to another host. For
this purpose, mouse-adapted Obihiro prion was
transmitted intracerebrally into hamsters, and the
diseased hamster brain homogenate was subse-
quently inoculated into other hamsters. At primary
and secondary passages, the PrP>¢ glycoform ratio
was similar to that of the Obihiro-inoculated mouse
(Fig. 1B, lanes 1-3). In contrast, at the third pas-
sage, the PrP>° glycoform was altered and was
similar to that of the Sc237-inoculated hamster
(Fig. 1B, lanes 4 and 5).

. . S,
Incubation periods and PrP>° glycoform
correlation in interspecies transmission

Widely ranging incubation periods were observed
in interspecies transmission, particularly in the pri-
mary and secondary passage [9]. The relationship
between the PrP5¢ glycoform ratio and incubation

periods was examined. The incubation periods of
Obihiro-inoculated hamsters from primary to third
passages were classified into 3 groups — below 200
days, between 200 and 300 days, and over 300
days. PrP5° glycoform was compared among these
3 groups. As shown in Fig. 2, when the incubation
period was below 200 days, the PrP5° glycoform
ratio of the Obihiro-inoculated hamsters was simi-
lar to that of the Sc237-inoculated hamsters. In
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Fig. 2. Correlation between PrP%¢ glycoform and incuba-
tion periods. Obihiro-strain-inoculated hamsters (from pri-
mary to third passage) were categorized by their incubation
periods (X; 3 hamsters, below 200 days; 3 hamsters, be-
tween 200 and 300 days; and 14 hamsters, over 300 days).
Glycoform ratio of PrP5¢ was calculated. Means and SDs
are shown



606

A B

kDa 1 2 3 4 kDa 1 2 3
30 ) ! '
21-

T. Yokoyama et al.

Fig. 3. PrP glycoform analysis in mouse and hamster chimeric PrP expression mice. A, Western blot (WB) analysis of PrP©
in mouse (/), hamster (2), MHM2 mouse (3), and MH2M mouse (4). Brain homogenate of each animal was subjected to
WB without PK digestion. B, WB analysis of PrP5¢ in Obihiro- and Sc237-affected transgenic mice. / Mouse (Obihiro);
2 hamster (Sc237); 3 MH2M (Sc237); 4 Obihiro (MH2M); 5 MHM?2 (Sc237); 6 MHM2 (Obihiro). Molecular weight

markers are indicated on the left

contrast, in the case of the other 2 groups of longer
incubation periods, the PrP¢ glycoform ratios of
the Obihiro-inoculated hamsters were similar to
that of the Obihiro-inoculated mice. The PrP¢ gly-
coform ratio was altered depending on the prion
adaptation.

PrP glycoform ratio in transgenic mice

To understand the molecular mechanisms of glyco-
form transition with prion adaptation, we exam-
ined the PrP glycoform ratio in transgenic mice
that expressed mouse and hamster chimeric PrP
(MH2M and MHM?2). Three PrP bands were de-
tected in PrP¢ of MHM2 mice, and the glycoform
ratio of the MHM2 mouse PrP© was similar to that
of the mouse PrP¢ (Fig. 3A, lanes 1 and 3). In con-
trast, the glycoform ratio of MH2M mouse PrP© was

Table 1. Incubation periods in prion-inoculated mice and
hamsters

Animal PrPC Prion strain®

glycoform

Obihiro Sc237

Mouse Mo 146.0 £ 1.0° no transmission
MHM2 Mo 1647 £5.9 420.5+17.2
MH2M Ha 187.4+17.5 102.3+£3.6
Hamster Ha 3852+ 15.7 69.0+1.0
* Mice-adapted “‘Obihiro” strain or hamster-adapted

“Sc237” strain was intracerebrally inoculated.
® Incubation periods (days); Mean + SD.

similar to that of the hamster PrP© (Fig. 3A, lanes 2
and 4). This result showed that these transgenic mice
expressed different glycomodified PrP.

Mouse- and hamster-adapted scrapie prions were
inoculated intracerebrally into both transgenic mice.
The incubation periods of these mice are shown in
Table 1. The MHM?2 mice, which expressed the
mouse-type PrPS, were susceptible to the Obihiro
prion; on the other hand, the MH2M mice, which
expressed the hamster-type PrP®, were susceptible
to the Sc237 prion. The PrP*° glycoform ratio of
these transgenic mice was analyzed. As shown in
Figs. 3 and 4, a difference in the unglycosylated
PrP band ratio was observed between the MH2M
and MHM2 mice. In the MHM?2 mice, there was a
resemblance in the PrP5° glycoform ratio between
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Fig. 4. Glycoform ratio of PrP%¢ in transgenic mice.
Western blot (WB) signal intensity of diglycosylated,
monoglycosylated, and unglycosylated PrP bands are indi-
cated. Means and SDs are shown
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Fig. 5. Glycoform ratio of PrP%° in animals were plotted
with their means and SDs. O, Hamster (Sc237); [J, MH2M
(S¢237); A, MHM2 (Sc237); @, hamster (Obihiro) (first
passage); @, MH2M (Obihiro); A, MHM2 (Obihiro); and
©, mouse (Obihiro). X-axis, diglycosylated PrP band ratio;
Y-axis, unglycosylated PrP5¢ band ratio

the Obihiro strain and the Sc237 strain. In the
MH2M mice, the PrP%® glycoform ratio changed
depending on the prion strain (Fig. 4). Subse-
quently, the unglycosylated and diglycosylated
PrP5° ratio of each mouse was plotted. The ratio
of unglycosylated PrP5° increased in the following
order: hamster, MH2M, MHM2, and mouse. In the
MH2M and MHM2 mice, the unglycosylated PrP>
ratio was constant irrespective of the prion strains.
However, the diglycosylated PrP*¢ ratio changed
depending on the prion strain, and this characteris-
tic was obvious in the MH2M mice (Fig. 5).

Discussion

Prion infection in interspecies transmission has
caused a phenomenon of “species barrier.” Amino
acid substitution in the host PrP and the resulting
conformational differences between the invading
PrP5¢ and host PrP is thought to be an explana-
tion for this phenomenon. Different PrP glycoform
ratios among host species and strain variations may
be due to different PrP conformations. To clarify
the relationship between scrapie susceptibility and
PrP glycoform ratio, hamsters were intracerebrally
inoculated with mouse-passaged scrapie prions.
The PrP5¢ glycoform transition was observed de-
pending on the degree of prion adaptation (Figs. 1, 2).
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In early passage, the PrP>° glycoform ratio was
similar to that of PrP5¢ in the inoculum, and the
glycoform ratio gradually shifted to that of the
prion-acquired host PrP with prion adaptation. This
result indicated that the PrP>° glycoform ratio was
influenced by both the host PrP amino acid se-
quence and by prion strain characteristics. In early
passage, prion characteristics (inoculum) pre-
dominantly influenced the PrP%¢ glycoform ratio.
Following subsequent passages, the glycoform ratio
was altered to match the host PrP profile with short-
ening of the incubation periods. PrP%¢ in primary
passaged animals might retain most characteristics
of the original prion strain.

PrP5¢ glycosylation profiles may be indicative of
the PrP glycoform pattern of the brain area in
which PrP*¢ is formed. PrP€ and PrP*° showed dif-
ferent glycoform patterns depending on the tissue
differences [14]. However, our result also showed
a similar PrP¢ glycoform ratio in different brain
regions (Fig. 1). To prevent any unexpected influ-
ence in different brain areas, we used the medulla
region in this experiment.

Investigating the PrP5° glycoform ratio in pri-
mary passaged animals might provide important
information regarding prion strain diversities [6].
It has also been reported that MH2M mice inocu-
lated with Sc237 generated a different PrP>® con-
former, resulting in the emergence of a new prion
strain [12]. Our result also showed that subsequent
passages altered the PrP5¢ characteristics. In the
case of BSE, pandemic occurrence was observed,
and the BSE prion may already have several pas-
sage histories among cattle populations. Therefore,
it might be difficult to determine the origin of BSE
using the PrP5¢ glycoform ratio. It has been re-
ported that there were no significant differences
among PrP>¢ glycoforms of natural scrapie, but that
was apparently different from that of BSE in cattle
and experimentally BSE-affected sheep [18]. In
contrast, 2 different prions, scrapie strain CH1641
and BSE, showed similarities in the PrP* glyco-
form ratio, indicating that it has a limited useful-
ness in strain differentiation in natural hosts [8].
Many types of amino acid polymorphisms exist
among sheep PrP, and some of them have been
linked to scrapie susceptibility [1]. PrP¢ conforma-
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tional differences, which depend on the amino acid
substitutions, also have to be considered while ana-
lyzing the PrPS¢ glycoform ratio in sheep scrapie.
Recently, an atypical BSE, which showed the accu-
mulation of a different glycoform of PrP%¢ with
a different molecular weight of PK-resistant PrP,
has been reported [2, 4, 20]. To investigate the dif-
ferent phenotype of BSE, it is necessary to clarify
the PrP>° glycomodification mechanisms. In addi-
tion, successful transmission is expected to clarify
whether these different PrPS¢ glycopatterns are
linked to the different BSE prion strains.

To clarify the molecular basis of glycoform tran-
sition, transgenic mice (MHM?2 and MH2M with
PrP0/0 background) were used. As reported pre-
viously [16], scrapie prion susceptibility was influ-
enced by the third subregion of PrP (131-188). A
high-molecular-weight band was predominantly
observed in both mouse and hamster PrP“s. How-
ever, mouse PrP¢ showed 3 different bands; in con-
trast, almost no unglycosylated band existed in
hamster PrP¢. MHM2 mice, which have amino acid
substitutions in PrP at L108M and V111M, ex-
pressed PrPS with a mouse-type glycoform ratio,
and these mice were susceptible to the mouse-
adapted prion. In contrast, MH2M mice, which
have 3 other amino acid substitutions (I139M,
Y 155N, and S170N) in addition to those of MHM?2
mice, expressed PrP¢ with a hamster-type glyco-
form ratio and were susceptible to the hamster-
adapted prion (Table 1). Analysis of transgenic
mice revealed that 3 amino acid substitutions lo-
cated at the subregion of PrP 131-188 may contri-
bute to both prion susceptibility and PrP glycoform
ratio.

Glycosylation is initiated in the endoplasmic
reticulum (ER). In the ER, glycans play a common
role in promoting protein folding, quality control
and cellular trafficking, and individual glycosyla-
tion patterns; these processes are important for spe-
cific functions of the mature glycoproteins that are
subsequently processed in the Golgi complex [11].
According to the protein-only hypothesis, the con-
version of PrP® to PrP>¢ occurs at lipid rafts on the
plasma membranes, where PrP¢ has already been
glycomodified in the host tissue. The host-adapted
prion generates PrP>¢ in a pattern that is similar
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to host PrP® glycosylation and requires shorter
incubation periods. It may be the result of efficient
conversion of PrP® to PrP5¢, and glycoform simi-
larity might indicate the degree of prion adaptation.
Furthermore, there is a possibility that PrP> may
directly influence the PrP® glycomodification. Clar-
ifying the mechanisms involved in altering the
PrP5¢ glycoform ratio might provide insights into
the conversion process in vivo.

Although PrP%¢ of the Obihiro strain showed a
similar ratio of diglycosylated PrP*¢ within the ex-
amined rodent species, the ratio of unglycosylated
PrP5¢ changed in different animal species. In con-
trast, in the case of the hamster-passaged prion
Sc237, the molecular ratios of both diglycosylated
and unglycosylated PrP>s changed depending on
the host species (Fig. 5). This difference in the
PrP*° glycoform pattern in these transgenic mice
also revealed the prion strain diversity.
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