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In the present study, we used the cysteine-scanning spin-
labeling method to analyze the dynamics of recombinant
moPrP mutants that were singly labeled at 17 residues in
a-helix] (H1, codon 143-151), B-sheetl (S1, codon
127-130), and B-sheet2 (S2, codon 160-163). We
determined the locations of the pH-sensitive protein
sequences in the H1 and S2 regions.

Materials and methods

Materials. (1-Oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methane-
thiosulfonate (MTSSL) was purchased from Toronto Research Chemicals
(ON, Canada). Escherichia coli BL21(DE3)LysS and isopropylthio-B-p-
galactoside (IPTG) were from Invitrogen (CA, USA). Ni Sepharose 6 Fast
Flow was from Amersham Biosciences Co. (NJ, USA). The TSKgel
Phenyl-5PW RP column was from TOSOH (Tokyo, Japan). The Protein
Assay Lowry Kit was from Nacalai Tesque, Inc. (Kyoto, Japan). 2-[4-(2-
Hydroxyethyl)-L-piperazinyllethanesulfonic acid (HEPES) and 2-mor-
pholinoethanesulfonic acid, monohydrate (MES) were from Dojindo,
Lab. (Kumamoto, Japan). Other reagents were from Wako Pure Chemi-
cal, Co. (Tokyo, Japan).

Construction of moPrP mutants. cDNA encoding mouse PrP (residues
23-231) was cloned into BamHI/EcoRI sites of pRSETb as described
previously [22,23]. In the plasmid encoding moPrP, single amino acids at
H1, S1, and S2 were substituted for by cysteine residues (Fig. 1A). These
moPrP mutants were generated by the PCR-based site-directed muta-
genesis method [22,24]. Oligonucleotides used in the mutagenesis were
obtained from Sigma Genosys. The change of the target codons by cys-
teine residues was confirmed using a CEQS8800 automated sequencer
(Beckman Coulter, Inc.).

Expression and purification of recombinant moPrP mutants. The
expression and purification of recombinant moPrP mutants were modified
from those described previously [22]. The expression plasmids were
introduced into E. coli BL21(DE3)LysS. E. coli BL21(DE3)LysS with each
moPrP construct was grown overnight in 100 ml SOB liquid culture
medium containing 1% sucrose, 0.1 mg/ml ampicillin, and 0.05 mg/ml
chloramphenicol at 37 °C. Then 15 ml of overnight culture was added to
450 ml SOB medium with 1% sucrose, 0.1 mg/ml ampicillin, and 0.05 mg/
ml chloramphenicol and grown at 37 °C to an optical density at 600 nm of
0.7. Protein expression was induced by adding IPTG to a final concen-
tration at 0.5 mM. The culture was continued for 7 h and then bacterial
cells were collected by centrifugation. The bacterial pellets were suspended
in 6 M GdnHCl in 20 mM Na,HPO, (pH 7.8) and sonicated to completely
release the inclusion bodies from BL21(DE3)LysS transformed with
expression plasmids. Separated inclusion bodies in 6 M GdnHCl in
20 mM Na,HPO, (pH 7.8) were incubated with Ni*"-charged chelating
Sepharose for 1 h to purify the recombinant moPrP. The protein-bound
Sepharose was washed 2x with 8 M urea in 10 mM Tris/HCI and 100 mM
NaH,PO, (pH 6.2), and then loaded into the column. The recombinant
moPrP was eluted using 8 M urea in 10 mM Tris/HCl and 100 mM
NaH,PO, (pH 4.2). After dialysis against 10 mM acetate buffer (pH 4.0)
for 48 h, recombinant moPrP was purified by reverse-phase high perfor-
mance liquid chromatography (HPLC) using TSK gel Phenyl-SPW RP and
a 40-60% linear gradient of acetonitrile with 0.05% trifluoroacetic acid.
The purified recombinant moPrP was dialyzed against 10 mM acetate
buffer (pH 4.0) for 48 h, concentrated with a centrifugal concentrator
(Vivascience) to approximately a quarter of its original volume, and then
stored at —80 °C until use. The protein concentration was quantified with
the Lowry protein assay using BSA as a standard [25] The final protein
purity (>98%) was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie brilliant blue staining.

Spin-labeling of moPrP mutants. To label the moPrP mutants with
MTSSL, a 10-fold molar excess of MTSSL was added to each protein and
incubated overnight in the dark at 4 °C. The free MTSSL was removed
from the protein using a microdialyzer (Nippon Genetics). To confirm that
the a-helix content of spin-labeled moPrP mutants was similar to that of

wild-type moPrP, we used a far-UV CD spectropolarimeter (J-820, JAS-
CO) [22]. The sample was diluted to 0.3 mg/ml protein concentration and
scanned using a scan speed of 50 nm/min and a response time of 2 s. In all
mutants, the two minima (208 and 220 nm), typical of a mainly o-helix-
structure protein, were clearly observed and there were no differences in
the o-helix content between wild-type moPrP and spin-labeled moPrP
mutants [22.26].

ESR spectroscopy. Details of the ESR spectroscopy methods have been
published elsewhere [22]. The pH change of the sample solution was
carried out by dialysis of the sample against the three buffers, 10 mM
acetate buffer (pH 5.0), 10 mM MES buffer (pH 6.4), and 10 mM Hepes
buffer (pH 7.4). ESR spectra were recorded in a quartz flat cell (RST-
DVTO05; 50 mm x 4.7 mm x 0.3 mm, Radical Research) for spin-labeled
samples of 20 uM moPrP using a JEOL-RE X-band spectrometer (JEOL)
with a cylindrical TEO11 mode cavity (JEOL). All ESR spectra were
obtained at 20 °C, controlled by a temperature controller (ES-DVT4,
JEOL), under the following conditions: 5 mW incident microwave power,
100 kHz modulation frequency, 0.2 mT field modulation amplitude, and
10 mT scan range. The 1/6H, of the central component (M=0: “N
hyperfine) in the ESR spectrum of spin-labeled moPrPC was employed as a
mobility parameter and was further analyzed using a Win-Rad Radical
Analyzer System (Radical Research). To reveal the motional change upon
pH variation, we further examined the second moment <H?>, a measure
of spectral deviation due to the motional narrowing (or broadening) of
ESR spectra. The second moment was estimated numerically with the
Win-Rad System.

Results

Mobility change with pH: ESR spectral features from
moPrP€

Fig. 2A shows the ESR spectra from recombinant full-
length moPrP mutants in the H1 region at pH 7.4 at 20 °C.
Each ESR spectrum from the nine mutants in the H1 region
of moPrP showed a different line shape (Fig. 2A). In general,
the ESR spectra from H1 region indicate mobile signals with
small immobile contributions. The ESR spectra obtained
from E145R1 and Y149R1 showed line broadening as com-
pared with those of D143R1 or R150R1, indicating the
immobility of the nitroxide probe in E145R1 and Y149R 1.
To obtain detailed mobility information, we measured the
inverse of the peak-to-peak first derivative width of the cen-
tral resonance (1/6H,) in each ESR spectrum in the H1
region, since it has been reported by Hubbell et al. that
1/8H, from the ESR spectrum as a mobility parameter is
strongly correlated with the local environment of the protein
domain structure[17]. The values of 1/6H, obtained from the
ESR spectra of D143R1, R147R 1, R150R1, and E151R1
were approximately 4.07, 2.82, 3.50, and 3.35, respectively.
On the other hand, those obtained from the ESR spectra
of E145R1 and Y149R1 were approximately 2.19 and 2.75,
respectively. The plotted data of 1/8H, shown in Fig. 2B
indicate the periodical changes in the Hl region. In the S1
region, the ESR spectrum of M129R 1 was slightly narrower
than those of the other positions in S2 (Fig. 3A) and the
1/8H, (3.20) of the M128R 1 mutant was slightly higher than
those of Y127R1 (2.86), L129R1 (2.88), and G130R1 (2.84)
(Fig. 3B). In the S2 region, there were no differences in the
line shapes of the ESR spectra of V160R1, Y161R1,
Y162R1, and R163R1 (Fig. 4A), and the values of 1/6H,
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Fig. 2. ESR spectra of o-helix1 (H1) mutants and effects of pH on their line shapes. (A) ESR spectra of nine moPrP mutants at pH 7.4 (black line) and pH
5.0 (red line) were recorded using an X-band ESR spectrometer at 20 °C. (B) The pH-dependent changes in domain mobility of moPrP mutants. The
values of 1/6H obtained from the peak-to-peak central component (M;=0) in the ESR spectra of spin-labeled moPrP€ at H1 were plotted as a function of
pH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

A B-sheet1 (S1)

—— pH5.0
pH7 .4

Y127R1 -——/—/\/\/»——
M128R1 —'/\/\F""

L120R1 A /| —
6130R1 —— S |~

f 2mT I
1 1 . ) 1
318 320 32 324 328

Field (mT)

B
~{3-pH5.0
B —x—pHE.4
4 —8—pH7.4
(=}
I
K
- 3 -
2

127 128 129 130
Position

Fig. 3. ESR spectra of B-sheetl (S1) mutants and effects of pH on their line shapes. (A) ESR spectra of four moPrP mutants were recorded at pH 7.4
(black line) and pH 5.0 (red line) at 20 °C. (B) The values of 1/6H, of the nitroxide probes of S1 mutants are plotted as a function of pH. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

from the ESR spectra of these four mutants ranged from 2.1
to 2.3, indicating that the nitroxide probesin S2 were strong-
ly immobilized in comparison with those in S1 (Fig. 4B).

pH-induced conformational changes in moPrP€

Since it has been suggested that acidic pH is involved in
the conformational transition from PrP to PrP% [7-9], we

examined the effects of pH changes on the line shapes of
ESR spectra of moPrP¢ as shown in Figs. 2A, 3A, and
4A. In the H1 region, each mutant showed a different pat-
tern for the variation of the ESR spectrum during the
reduction of pH. When pH in the solution decreased from
pH 7.4 to pH 5.0 at 20 °C, there was no significant change
in the ESR spectrum of D143R1, but the ESR spectrum of
E145R1 became narrow, indicating a pH-dependent
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Fig. 4. ESR spectra of B-sheet2 (S2) mutants and effects of pH on their line shapes. (A) ESR spectra of four S2 mutants at 20 °C and pH 7.4 (black line)
and pH 5.0 (red line). (B) The values of 1/6H of the nitroxide probes of S2 mutants are plotted as a function of pH. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

conformational change from a rigid to a flexible structure.
In contrast to this, the decrease of pH-induced line broad-
ening in the ESR spectra of R150R1 and R151R1. In the
B-sheet regions, no pH-dependent changes in the line
shapes of ESR spectra of S1 were observed (Fig. 3A). How-
ever, the decrease of pH-induced narrow line shapes in the
ESR spectra of V160R1 and Y161R1 in S2.

Figs. 2B, 3B, and 4B show the pH-dependent changes of
1/8H, from ESR spectra in various regions at 20 °C. In the
H1 region, the value of 1/8H, of D143R1 at pH 5.0 was
similar to that of pH 7.4. However the 1/6H,; of E145R1
increased from 2.2 to 2.5 when the pH in the solution
slightly changed from 7.4 to 6.4 and remained constant
at the high level of pH 5.0. The values of 1/6H, of
DI146R1 and R147R1 also slightly increased at pH 6.4 in
comparison with pH 7.4. In contrast, the values of 1/6H,
of R150R1 and E151R1 decreased when the pH in the solu-
tion decreased from 6.4 to 5.0. On the other hand, the pH-
dependent change in 1/8H, was not observed in the S1
region. The values of 1/6Hp of VI160R1, Y161R1,
Y162R1, and R163R1 in the S2 region increased when
pH in the solution decreased from 6.4 to 5.0, but the chang-
es in 1/8Hy of Y162R1 and R163R1 resulting from a
decrease of pH from 6.4 to 5.0 were relatively small.

Discussion

Structural studies by NMR of recombinant hPrP
(23-230) [13.27], moPrP (23-231) [28], and hamster PrP
(29-231) [29] revealed a highly flexible N-terminal octapep-
tide repeat region and C-terminal global region. Figs. 5B
and C shows global features of the refined NMR structure
of the C-terminal globular region, moPrP (121-231), as
reported by Riek et al. [30]. Prion proteins in the cell are

attached to the plasma membrane via a glycosyl phospha-
tidylinositol (GPI) anchor and localized in membrane lipid
rafts [1,31]. Lipid rafts, which are rich in spingolipids and
cholesterol, are associated with endocytosis. Endosomes
and lysosomes are typical acidic organelles [32], their lumi-
nal pH is formed by vacuolar type proton ATPase (V-
ATPase) and varies between 6.5 and 4.5 [33.34]. Many past
studies demonstrated the relationship between the pH of
intracellular acidic compartments and conversion from
PrP€ to PrP%° [7-16,35]. Recently, the in vivo conversion
of human brain PrP€ to a PrPSlike form was reported
to be enhanced at acidic pH [36] and biophysical studies
have shown that the free energy of unfolding of hPrP
(90-231) is lower at acidic pH than at neutral pH [10]. A
B-sheet-rich folding intermediate was observed for moPrP
(121-231) at low pH in urea but was also seen at neutral
pH [37]. The mechanism for pH-dependent structural
changes of prion protein was reported in molecular dynam-
ics (MD) simulation studies [14,15,38]. On the other hand,
experimental data about the pH-sensitive region of prion
proteins seem to be insufficient although there was one
report suggesting that the C-terminal end of Helix]1 and
161-164 of S2 have a larger tendency to unfold as revealed
by NMR with amide proton protection factor mapping of
the globular domain of PrP [16].

The SDSL-ESR technique can be used to analyze high
molecular weight proteins for which NMR spectroscopic
and X-ray crystallographic methods are not generally
applicable [17-20]. In the present study, we employed the
SDSL-ESR technique to obtain experimental information
on pH-sensitive regions of recombinant moPrP€. Hubbell
et al. first used the inverse of peak-to-peak first derivative
width of the central resonance (1/6Hy) of the ESR spec-
trum as a mobility parameter [17]. We also measured the
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Fig. 5. The dependency of the mobility parameters of the ESR spectrum on the 3D structure of PrP and identification of pH-sensitive regions of PrP. (A)
The general relationship between the mobility of the nitroxide side chain and salient features of the moPrP. The inverse spectral second moments (1/<H2>)
and the inverse central linewidths (1/8H) for the R1 side chain at 17 sites in moPrP are expressed as semiempirical parameters of mobility. The
topographic regions of moPrP were classified into four protein folding categories; i.e., the helix surface site, the helix tertiary contact site, S1 (the surface
side), and S2 (the buried side). The light gray line shows the regression linear fitting between these two mobility parameters. The value, r=0.80 (n=17) of
Pearson’s correlation coefficient obtained from these two parameters, was greater than the 1% significance value, r=0.606 (n=17), indicating that the
reciprocal central linewidth was positively correlated with the inverse of the spectral second moments. (B) The variation of mobility obtained from ESR
spectra of recombinant moPrP mutants in physiological conditions (pH 7.4). Each o-carbon position indicated by graduated colors for relative mobility
was superimposed on the 3D structure of moPrP as reported by an NMR study (PDB entry 1AG2, [28]). (C) The 3D positions of pH-sensitive regions of
PrP. The magnitude of mobility change induced by a decrease from pH 7.4 to pH 5.0 was qualitatively evaluated. Each a-carbon indicated by graduated
colors for relative pH sensitivity was superimposed on the 3D structure of moPrP as reported by an NMR study [28]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

1/8H, in ESR spectra at pH 7.4 and 20 °C. Figs. 2B, 3B,
and 4B show the values of 1/8H, obtained from the cys-
teine-scanning SDSL-ESR data of H1, S1, and S2, respec-
tively. In the H1 region, a periodical change of 1/6H, was
observed. In comparison with the 3D structure of moPrP
as estimated by NMR data, shown in Fig. 5B, highly
mobile residues of the nitroxide probe in DI143R]1,
R147R1, and R150R1 were located on the outer surface
of H1, whereas low mobility residues such as E145R1
and Y149R1 were in the inner contact residues of HI.
These variations of mobility in the nitroxide probe were
well correlated with the 3D helix structure of moPrP. On
the other hand, the fluctuation in the values of 1/6H, of
the S1 region in neutral pH solution of moPrP was small,

although the value at M128R 1 was observed to be relative-
ly high (Fig. 3B). Furthermore, the values of 1/8H, of the
S2 region were lower than those of the S1 region (Figs. 3B
and 4B). The 3D structure of moPrP identified by NMR
(Fig. 5B) showed that the S2 region was located in the bur-
ied structure close to H2 and H3, whereas the S1 region
was located in the relatively outer side of moPrP. The dif-
ference of mobility between S1 and S2 regions can proba-
bly be explained by the difference of the tertiary structure
of moPrP. To define the relationship between structure
and mobility, with the aid of 1/8H,, it is convenient to
employ a further semiempirical parameter for mobility
reflected in ESR spectra: namely the spectral breadth,
which is represented by the spectral second moment
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(<H?>) [39]. The numerical values of these quantities are
mainly determined by the degree of averaging of magnetic
tensor values. As the frequency of nitroxide rotational
motion is lowered, the second moment and the line width
increase. Fig. SA shows a plot’ of the reciprocal second
moment (1/<H?>>) versus the reciprocal central line width
(1/8Hy) for the spectra of R1 side chains representing the
helix surface, helix tertiary contact, and two B-sheets (S1
and S2). As shown in Fig. 5A, the mobility was consistent
with the tertiary fold of moPrP and there was a linear cor-
relation between these two parameters. These results indi-
cated that these parameters were related to the 3D
structure of PrP.

Since recent reports [7-16,35] showed that exposure of
prion proteins to low pH in endosomes was essential for
the conversion from PrP€ to PrP%, we tried to identify
pH-sensitive regions by using the cysteine-scanning spin-la-
beling technique as described above. In the H1 region, we
observed increases of 1/6Ho at E145R1, DI146R1, and
R147R1 when pH was decreased from 7.4 to 6.4 (Fig, 2).
The values of R150R1 and E151R1 at pH 6.4 were similar
to those at pH 7.4, but these values suddenly dropped when
the pH in the solution changed from pH 6.4 to pH 5.0 as
shown in Fig. 2B. In B-sheet regions of PrP, as shown in
Fig. 3B, the mobility of S1 was conserved against a
decrease of pH. However, the values of 1/6H, at all four
residues of S2 increased when pH was decreased from 6.4
to 5.0 (Fig. 4B). In particular, the region containing two
N-terminal residues of S2, V160R1, and Y161R1 was iden-
tified as a more pH-sensitive region than that of C-terminal
side residues of S2. Thus, the pH-sensitive domains, includ-
ing the N-terminal tertiary contact site of H1 and the C-ter-
minal ends of Hl and S2 regions, were identified in
recombinant moPrP as shown in Fig. 5C. It is noteworthy
that a slight decrease from pH 7.4 to 6.4 induced confor-
mational changes in the N-terminal tertiary contact resi-
dues of H1 (E145R1, D146R1, and R147R1) though
conformational changes in the C-terminal end of Hl
(R150R1 and E151R1) and N-terminal residues of S2
(V160R1 and Y161R1) required a large change from pH
7.4 to 5.0. These findings led us to speculate that the con-
formational change from the tertiary contact structure to
a more flexible structure in N-terminal residues of HI
was the first step for unfolding of PrP, followed by second-
ary conformational changes of S2 and the C-terminal end
of HI.

In a previous NMR study of the globular domain (121-
231) of hPrP [16], two domains, the C-terminal ends of the
HI1 and S2 regions, were identified as the pH-sensitive
regions for acid-induced unfolding leading to a B-sheet rich
structure. In addition to these two sites, the present SDSL—
ESR study clearly demonstrated that the N-terminal region
(E145, D146, and R147) of H1 was also a pH-sensitive
region. The N-terminal tertiary contact region of H1 may
be important for conversion from PrP€ to PrP% in acidic
conditions, since the structural change in this region easily
occurred in a mildly acidic condition (pH 6.4) in compari-

son with the other two pH-sensitive regions. According to
recent studies using MD simulations for PrP, histidine at
186 and asparagic acid at 177 of PrP were reported to be
candidates for the amino acid residues that trigger the con-
version to B-sheet-rich PrP [38.40]. This conversion model
was based on the 3D structural changes due to disruption
of a salt bridge with protonation of their amino acid resi-
dues caused by a decrease of pH. It is unclear whether these
amino-acid residues were actually associated with pH-de-
pendent conformational changes in H1 and S2 as observed
in the present study. Further experiments to clarify this are
now in progress.

In summary, the present cysteine-scanning SDSL-ESR
study for H1, S1, and S2 of moPrP provided experimental
evidence for three pH-sensitive sites, (1) the N-terminal ter-
tiary contact site of H1, (2) the C-terminal end of H1, and
(3) the S2 region. In particular, the present identification is
the first report on a conformational change in the N-termi-
nal tertiary contact site of H1 induced by mildly acidic con-
ditions. This conformational change may be the first step in
conversion of PrP€ to the pathogenic PrPS structure in
intracellular acidic organelles.
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Abstract

The major cause of infection in animal prion diseases is thought to be con-
sumption of prion-contaminated stuff. There is evidence that the enteric
nerve system (ENS) and gut-associated lymphoid tissues (GATL) are involved
in the establishment of prion infection through alimentary tract. To elucidate
the initial entry port for prion, we inoculated prion to alymphoplasia (aly)
mice showing a deficiency in systemic lymph nodes and Peyer’s patches. The
aly /aly mice were susceptible to prion infection by intra-cranial inoculation
and there were no differences in incubation periods between aly/aly mice and
wild-type C57BL/6J mice. Incubation periods in aly/aly mice were about 20
days longer than those in C57BL/6J mice with the intra-peritoneal inocula-
tion. The aly /aly mice were completely resistant to prion infection by per os
administration, while C57BL/6J mice were sensitive as they entered the ter-
minal stage of disease around 300 days post inoculation. PrP* were detected in
the intestine and spleen of C57BL/6J mice inoculated with prion intra-
peritoneally or orally ; however PrP* was not detected in the spleen and intes-
tine of aly/aly mice. Prion infectivity was detected in the intestines and
spleens of prion-inoculated C57BL/6J mice, even after the early stages of ex-
posure, while no infectivity was detected in these tissues of prion-inoculated
aly /aly mice. No apparent differences were observed in the organization of
the enteric nerve system between wild-type and aly /aly mice. These results
indicate that GALT rather than ENS acts as the primary entry port for prion
after oral exposure.
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Introduction

Transmissible spongiform encephalopa-
thies (TSEs or prion diseases) are a group of
fatal neurodegenerative diseases that include
scrapie in sheep and goats, bovine spongiform
encephalopathy (BSE) in cattle, chronic wast-
ing diseases (CWD) in deer and elk, and
Creutzfeldt-Jakob disease in humans. Prion
diseases have a long asymptomatic incubation
period followed by a relatively short clinical
phase, and they are characterized by the accu-
mulation of disease-specific , protease-
resistant isoforms of prion protein (PrP), des-
ignated PrP-res or PrP¥, in the central nerv-
ous system (CNS). PrP¥ is post-trans-
lationally generated from the mnormal ,
protease-sensitive isoform of PrP, designated
PrP-sen or PrP°, which is expressed in many
tissues and is particularly strongly expressed
in the CNS. Although PrP* is derived from
host gene-encoded normal host protein, PrP°,
a line of evidences suggests that PrP* is a ma-
jor component of the TSE agent.

Although the CNS is the only site of
histopathologically discernible damage, the
port of entry for exogenous prion in animal
prion diseases such as scrapie, BSE, and
CWD is thought to be an alimentary tract.
The route of neuroinvasion of prion has been
well documented using prion-infected rodent
models ; there are at least two pathways for
neuroinvasion, one is retrograde along the
parasympathetic fibers of the vagus nerve to
the medulla oblongata, and the other is along
the sympathetic fibers of the splanchnic nerve
to the thoracic/lumbar spinal cord.'™ The
existence of the two pathways to CNS is also
confirmed by the extensive immuno-
histochemical analysis of naturally occurring
sheep scrapie. ® In the early stages of oral ex-

posure to prion, PrP* can be detected in the
nerve cells of enteric nerve system (ENS) and
follicular dendritic cells (FDC) of tonsil and
other submucosal lymphoid follicules in the
alimentary tract.®® These data indicate
that ENS and Gut-associated lymphoid tis-
sues (GALT) are the initial entry port for
prion infection. However, it is unclear which
of these is primarily important for the estab-
lishment of prion infection in the alimentary
tract and subsequent neuroinvasion..

The alymphoplasia (aly ) mutation in
mice is autosomal recessive and is character-
ized by a deficiency in systemic lymph nodes
and Peyer’s patches.” Recently, the aly al-
lele was found to carry a point mutation caus-
ing in amino acid substitution in the carboxy-
terminal of NF-,B inducing kinase (NIK).
Due to the lack of Peyer’s patches, aly mice

- provide a suitable model for analyzing the in-

volvement of GALT in the initial entry of
prion in the alimentary tract. To elucidate
the involvment of ENS and GALT in the es-
tablishment of prion infection, we analyzed
the prion susceptibility of aly mice with vari-
ous routes of infection. The results indicate
GALT is a key tissue for the establishment of
prion infection through the oral route.

Materials and Methods

Mice

ALY/Nscdcl-aly (aly/aly) mice and their
wild-type, C57BL/6J mice, were purchased
from CLEA Japan Inc. ICR mice for bioassay
were also purchased from CLEA Japan Inc.

Experimental inoculation

Mouse-adapted scrapie Obihiro strain
was propagated in ICR mice. After entering
the terminal stage of the disease, mice were
sacrificed under anesthesia and brains were
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collected. The brains were used as a source of
brain homogenate for experimental inocula-
tion. For intra-cranial (i.c. ) inoculation, 20 pl
of 1 % brain homogenate was injected into the
left hemisphere. Mice assigned to the intra-
peritoneal (i.p. ) inoculation group received
100 pl of 0.1% brain homogenate. Oral ad-
ministration (p.o.) was carried out as de-
scribed by Maignien et al.’’ Animals were
placed in individual cages equipped with a
liquid delivery system consisting of a 1.5-ml
Eppendorf tube with a 3-mm hole at the bot-
tom. Tubes were filled with 100 pl of a mix-
ture of Endolipid (20% soya oil, 1.2% egg leci-
thin, 2. 5% glycerol in water) and 20% brain
homogenate (Endolipid : brain homogenate
=1:1). Consumption of the infectious prepa-
rations was individually monitored.

Bioassay

During the course of experimental infec-
tion, 2 mice were sacrificed at each time point,
and their brains, spleens and intestines were
collected. Fifty milligrams of each tissue from
the two mice was pooled and homogenized in
PBS (10% w/w) a Multi-beads shocker
(Yasuikiki, Japan) at 2, 000 rpm for 1 min, fol-
lowed by sonication for 30 sec. ICR mice were
inoculated by i.c. route with 20 pl of the tissue
homogenates and were observed until they
exhibited the clinical symptoms of the termi-
nal stage.

Detection of PrP*

Samples were prepared as described pre-
» with minor modifications described
below. Minced tissues were homogenized in
about eight volumes of buffer consisting of
2 % (v/v) Zwittergent 3-12, 0.5% sodium de-
oxycholate, 100 mM NaCl, and 50 mM Tris-
HCL (pH7.5) . Homogenates were digested
with collagenase (0.5mg/100mg tissue) and
DNase I (40pg/100mg tissue) with constant

viously,

rotation at 37°C for 6 to 12 hr until lumps of
tissue were dispersed. Proteinase K (50 pg/
100 mg tissue) was then added, and the homo-
genates were further incubated for 1 hr. Pefa-
bloc was added at a final concentration of 2
mM to stop proteinase K digestion. Samples
were then centrifuged at 68,000 g for 40 min
at 20C. The pellets were then dissolved in
eight volumes (relative to the starting tissue
sample) of 6.25% Sarkosyl in Tris-HCI, pH
8.0. After incubation at 37°C for 30 min, the
samples were centrifuged at 12, 000g for 5 min
at 20C. Supernatants were a brought to 12%
(w/v) NaCl, and were centrifuged at 100, 000g
for 40 min at 4 °C. The resulting pellets were
dissolved in sodium dodecyl sulfate-
polyacrylaminde gel electrophoresis ( SDS-
PAGE) sample buffer (5% SDS, 4M Urea, 5%
2-mercaptoethanol, 10% glycerol, 0.02% bro-
mophenol blue, 62. 5 mM Tris-HCl, pH 6.8) .
Immunoblot was performed as described else-
where with some modifications.  SDS-PAGE
was carried out using 14% Bis-Tris gels (Invi-
trogen) according to the supplier’s instruction.
Western transfer to Immobilon-P transfer
membranes (Millipore) was carried out using
the Trans-blot mini cell (Bio-Rad) at 60 V for
2 hr. After transfer, membranes were blocked
for 1 hr at room temperature with 5% skim
milk in phosphate-buffered saline (PBS) con-
taining(. 1% Tween 20 (PBST) and were then
incubated for 1 hr with primary antibodies di-
luted in the 1% skim milk in PBST. Blots
were then washed with PBST and incubated
with secondary antibody for 1 hr. Blots were
visualized using an ECL Western blot detec-
tion kit (Amersham) .

Immunochistochemical (IHC) detection of
PrP* was carried out as described else-
where. ™ B103 polyclonal antibodies against
bovine PrP synthetic peptide were used for
detection. ™
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Staining of ENS

Tissues were fixed with 10% forma-
lin, 0. 2% picric acid in PBS, and wholemount
specimens or cryosections (20 pm) were
stained with antibodies against Protein Gene
Product 9.5. Antibody reactivity of the anti-
body was visualized using the avidin-biotin
complex method as described elsewhere. ™

Results

Susceptibility of aly /aly mice to prion via
various route of inoculation

In order to examine the susceptibility of
aly /aly mice to prion infection, we inoculated
aly /aly and C57BL/6J mice with brain homo-
genates of scrapie-infected mice via i.c., 1.p. or
p.o. route. Table 1 shows the incubation peri-
ods to reach the terminal stage of disease. No
significant differences were observed in the
incubation periods between aly/aly mice (159
days) and C57BL/6dJ mice (165 days) when
they were inoculated with prion via i.c. route,
and no apparent differences in clinical mani-
festation were seen between aly/aly and
C57BL/6dJ mice. Furthermore, no differences
were observed in the accumulation of PrP™ in
the mouse brains (Fig. 1) or in neuro-
histopathological findings (data not shown) ,
indicating that the aly phenotype, which is
caused by a point mutation in NIK, dose not
influence the neuropathogenesis of prion dis-
eases nor prion replication in the CNS.

In i.p. inoculation, the incubation period
in aly/aly mice was prolonged by 28 days , as

Brain Spleen
I I !
B A B A B A B A
ic ic ip ip ic ic ip ip

Fig. 1. Detection of PrP* in brain and spleen.

Mice exhibiting symptoms of the terminal
stage of disease were sacrificed and exam-
ined for PrP*. B, C57BL/6J mice ; A, aly/
aly mice. i.c., inoculated by intra-cranial
route ; i.p., inoculated by intra-peritoneal
route. Molecular mass markers are in kilo
Daltons.

compared with C57BL/6J mice, but all mice
developed the typical clinical symptoms of
scrapie. Although PrP* levels in the brain
were the same, there was a striking difference
in the accumulation of PrP* in spleen ; PrP*
was not detected in the spleens of scrapie-
affected aly /aly mice (Fig.1). The severe
combined immunodeficiency (SCID) mouse
spleen did not support prion replication due to
the lack of mature FDC, and SCID mice were
found to be resistant to prion when low doses
of prion were administered i.p. In contrast,
SCID mice developed clinical symptoms with-

Table 1. Susceptibility of aly/aly mice to prion exposure via various routes.

Route  Comcentration, amount  Infectious dose” Period to terminal stage (days, mean = SD)
of homogenate (LD:w) C57BL/6J (Attack rate) aly/aly (Attack rate)
ic. 10%,20 pl 10° 165£5(4/4) 15948 (4/4)
ip. 0.1%,200 ul 10° 2519 (6/6) 279+6 (4/4)
p-o. 10%, 100 ul 5x 10° 3077 7/7) >700 (0/5)

YInfectious doses were expressed as 50% lethal dose (LDw).
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out any PrP accumulation in the spleen when
moderate doses of prion were administered i.
p., although the incubation periods were
longer than in wild-type mice. ™ This dif-
ference can be explained by direct spreading
to the CNS from peripheral nerves. The pro-

longed incubation periods in aly /aly mice in-

oculated with prion via i.p route, without ac-
cumulation of PrP* in spleen, could thus be
explained by the same mechanism.

Obvious differences in susceptibility were
observed when mice were challenged by p. o.
route ; all of wild-type mice entered the ter-
minal stage within 307 7 days post infection
(dpi) , however, none of the aly /aly mice
showed clinical symptoms and remained
healthy throughout the experimental period
(700days) . IHC analysis showed that PrP*
was present in the GATL of C57BL/6J mice at
the terminal stage of the disease but was not
present in that of aly /aly mice at the end of
the experiment (Fig.2). These results indi-
cate that aly /aly mice are susceptible to prion
replication in the CNS, but that neuroinva-
sion did not take place via oral consumption.

Prion infectivity in alimentary tract and
spleen

In an effort to determine whether uptake
and replication of prion occur in the alimen-
tary tract of aly/aly mice, prion infectivity in
the intestine was analyzed by bioassay. In the
p.o. group, two mice from each mouse strain
were sacrificed at 19, 43, and 83 dpi and tis-
sue homogenates were inoculated i.c. into ICR
mice for bioassay. Infectivity was detected in
the intestines of C57BL/6J mice at each time
point, however, no infectivity was detected in
the intestines of aly/aly mice (Table 2 ), sug-
gesting that prion did not replicate in the in-
testine of aly /aly mice. Infectivity was not
detected in the spleens of aly /aly mice inocu-
lated p.o., while considerable amounts of in-

¥ -
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Fig. 2. Immunohistochemical detection of PrP* in
the ileum.

The ilea of mice inoculated p.o. were exam-
ined for PrP*. (A) C5BL/6J mice at 309 dpi.
(B) aly/aly mice at 700 dpi.

fectivity were detected in the spleens of the
corresponding C57BL/6J mice at 80 dpi. Fur-
thermore, traces of infectivity were detected
in the spleens of aly /aly mice, even after i.p.
inoculation ; one of five mice manifested the
terminal stage of the disease at 381 dpi (Table
2 ) and the brain of this mouse was positive
for PrP* (data not shown) , indicating that the
lymphoid tissues of aly /aly mice did not sup-
port prion propagation.

Organization of ENS in aly/aly mice

Data described above suggested that
GALT is essential as an initial entry port for
prion infection, however, no information was
available regarding the influence of NIK mu-
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Table 2. Prion infectivity in spleen and ileum.

& i C57BL/6J ‘ aly /aly
roup P Spleen Tleum Spleen Tleum
i 246436 (6/6) Y
19 NT? 6.3 10° NT >300 (0/5)
.0. 22018 (4/4)
po 43 NT riy o NT >425 (0/5)
176 +4 (5/5) 307421 (5/5)°
83 8.9x 10° 6.2 102 >450 (0/5) >450 (0/5) ¥
. 188431 (4/4) >450(0/4)
Lp. 80 2.0% 10° NT 381 (1/5) NE

Spleens and/or ilea were collected from C57BL/6J or aly /aly mice at indicated days post infection.
“Not tested.

?Upper column shows incubation periods (days, mean + SD) and attack rates (in parenthesis) of mice used for
bioassay, while lower column shows estimated infectivity (LDx/g tissue) from the incubation periods.
“Ileum homogenates of the group were treated at 60°C for 30 min before inoculation to mice for bioassay.

tation on the organization of ENS. Therefore, C57BL/6
we analyzed the organization of ENS by im-  f4=5f % Xy 7E
munohistochemistry with protein gene prod- DES L D
uct 9. 5 as an ENS marker (Fig. 3) . No obvious
deficiency in organization of nerve fibers, or
submucosal and intramuscular plexus was ob-
served in aly /aly mice, supporting the idea
that GALT is a primary target for prion entry
via oral consumption.

Discussion

Although the pathway of invasion into
CNS is well characterized, **® it remains un-
clear how prion enter the host, particularly
under natural circumstance. The major route
of infection in naturally occurring prion dis-

eases in animals is believed to be oral con- &
sumption of the infectious agent. Accumulat- . B i 4 = & 'x’,
ing evidence suggests that the ENS and k‘ s g {' e = 54 § s i
GALT are the primary target sites for prion f P, ,"l {\ i s ; = \f}'
entry and replication in peripheral tis- ook \":7: L‘ s o T & ;"’f ,g:‘:rf
sues."** We therefore attempted to address \"J-';./ oty ?:' f’ N | A
the question of whether the ENS or GALT is 3 % i =
important in the establishment of prion infec- Fig. 3. Organization of enteric nerve system.

tion via the oral route. Our results demon- Extended intestine specimens were stained
strated that GALT is essential for initial up- with enti-protein gene produst 1.5 antibod:

. . ies. Arrowheads indicate submucosal plexus,
take of prion from the gut lumen to the ali- whereas arrows indicate intra-muscular

mentary tract. No differences were observed plexus. Bar : 50 um
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in the organization of ENS between aly /aly
and C57BL/6J mice, suggesting that prion ad-
sorption via the epithelial cells of digestive
tract and subsequent entrance into peripheral
nerve fibers or blood stream is unlikely.

The follicle-associated epithelium (FAE)
that covers the dome of Peyer’s patches or
submucosal lymphoid follicle contains villus
and M cells. M cells act as major ports of en-
try for enteric pathogens via trans epithelial
transport', and Heppner et al. reported that
prion could be transported from the apical to
the basolateral compartment in an in vitro
model comprising epithelial cells morphologi-
cally and functionally resembling M cells. © It
was reported that functional B cells are re-
quired for the development of the FAE,
Payer’s patches and M cells.” B cells of aly/
aly mice are functionally impaired so that aly
/aly mice may have reduced M cell numbers
and/or functionally impaired M cells in FAE.
Mice deficient in B lymphocytes (UMT mice) ,
both B and T lymphocytes (RAG-1"/" mice) ,
or in tumor necrosis factor and lymphptoxin-a,
in which the number of Peyer’s patches is re-
duced, were resistant to oral prion chal-
lenge.” In contrast, B7 integrin-deficient
mice, in which B cells in Peyer’s patches are
severely reduced, which also possess normal
numbers of Peyer’s patches, were sensitive to
oral prion infection.® The difference in prion
susceptibility among those B cell-deficient
mice following oral inoculation may be ex-
plained by the numbers of Peyer’s patches
and M cells.® The aly/aly mice were highly
resistant to oral prion infection, similar to
RAG-17" and uMT mice, and thus it is of in-
terest to determine whether the presence of M
cells and M cell function in aly /aly mice are
involved in the initial entry of prion into the
gastro-intestinal tract.

One of the interesting questions is why
ruminants appear sensitive to prion via oral

exposure. Anatomical and histological char-
acteristics might explain the susceptibility of
ruminants to prion. The ileal Peyer’s patches
are large organs in young lambs, extending
for up to 2. 5 cm, are estimated to contain over
100, 000 follicles,® and develop well in the
distal ileum. FEA of cattle was reported to
contain higher M cell or M cell-like popula-
tions than that of rodents. ®* These features
suggest that the intestines of ruminant pos-
sess more ports of entry for prion than those
of rodents. The scrapie susceptibility of sheep
is thought to decline with growth.® The in-
volution of the ileal Peyer’s patch at puberty
and the accompanying drastic reduction in
the number of follicles and FAE may contrib-
ute to the reduced susceptibility to prion that
is observed in older animals.

PrP* and prion infectivity can be readily
detected in the lymphoreticular tissues of
scrapie-infected sheep, in contrast, PrP* and
prion infectivity were scarcely detected in the
lymphoreticular tissues of BSE-affected cat-
tle.® However, PrP* has been detected in the
ENS of BSE-affected cattle (Iwata et al., sub-
mitted for publication) . Thus efficient repli-
cation of BSE agent in peripheral lympho-
reticular tissues may not be essential for the
neuroinvasion of BSE agent after oral expo-
sure. The aly/aly mice possess normal ENS
organization but are resistant to prion infec-
tion via the p.o. route, suggesting that the
ENS does not act as a port of entry for prion
after oral exposure.
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ABSTRACT. To assess relationships between nucleotide polymorphisms of the prion protein (PRNP) gene and susceptibility to bovine
spongiform encephalopathy (BSE), we investigated polymorphisms in the open reading frame (ORF) and 2 upper regions of the PRNP
gene from 2 Japanese cattle breeds: 863 healthy Holstein cattle, 6 BSE-affected Holstein cattle, and 186 healthy Japanese Black (JB)
cattle. In the ORF, we found single-nucleotide polymorphisms (SNPs) at nucleotide positions 234 and 576 and found 5 or 6 copies of
the octapeptide repeat, but we did not find any amino acid substitutions. In the upper region, we examined 2 sites of insertion/deletion
(indet) polymorphisms: a 23-bp indel in the upper region of exon 1, and a 12-bp indel in the putative promoter region of intron 1. A
previous report suggests that the 23-bp indel polymorphism is associated with susceptibility to BSE, but we did not find a difference in
allele frequency between healthy and BSE-affected Holstein cattle. There were differences in allele frequency between healthy Holstein
and JB cattle at the 23- and 12-bp indels and at the SNPs at nucleotide positions 234 and 576, but there was no difference in allele fre-
quency of the octapeptide repeat. We identified a unique PRNP gene lacking a 288-bp segment (96 amino acids) in DNA samples
stocked in our laboratory, but this deletion was not found in any of the 1049 cattle examined in the present study. The present results

provide data about variations and distribution of the bovine PRNP gene.

KEY WORDS: BSE, cattle, polymorphism, prion, PRNP.

Transmissible spongiform encephalopathies (TSEs) are a
group of fatal neurodegenerative diseases that include
Creutzfeldt-Jakob disease (CID), Gerstmann-Striussler-
Scheinker syndrome (GSS), Kuru and fatal familial insom-
nia (FFI) in humans, scrapie in sheep and goats, chronic
wasting disease (CWD) in deer and elk, feline spongiform
encephalopathy (FSE) in cats, transmissible mink encephal-
opathy (TME) in minks, and bovine spongiform encephal-
opathy (BSE) in cattle [26,27]. The hallmarks of TSE are
neuronal vacuolation, astrocytosis, and accumulation of a
pathogenic, abnormal and protease-resistant isoform of
prion protein (PrP), designated PrP%° or prion, in the central
nervous system. PrP%° is generated from the endogenous
cellular prion protein PrPC, encoded by the prion protein
gene (PRNP), by post-translational modification leading to
conformational changes {26, 27]. It has been hypothesized
that PrPC plays a role in copper metabolism [20, 32], but the
normal functions of PrP° in cells are unclear.

It is generally believed that BSE epidemics in cattle are
caused by ingestion of meat and bone meal contaminated
with PrP% [35]. BSE appears to pose a threat not only to
cattle but also to human public health, because the human
disease variant CJD (vCJID) is thought to be caused by
ingestion of meat or meat products contaminated with BSE
[3,30]. Genetic resistance to TSE is thought to be an impor-
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University, Gifu, 501-1193, Japan.
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tant factor in prevention of disease recurrence. In the open
reading frame (ORF) of the PRNP gene, amino acid poly-
morphisms associated with prion disease susceptibility and
incubation period have been found in humans [24], sheep [2,
4, 13] and mice {34]. Sheep with valine at codon 136 and
glutamine at codon 171 (V1**Q!"! animals) exhibit high sus-
ceptibility and short incubation period for scrapie, whereas
sheep with alanine at codon 136 and arginine at codon 171
(APSR!"! animals) exhibit resistance to scrapie [2, 13]. An
analysis of the ORF of the PRNP gene of cattle (Bos Taurus)
revealed several nucleotide substitutions including an
octapeptide repeat polymorphism, but it is unclear whether
the polymorphisms correlate with BSE [6, 12,14, 23, 28].

In Japan, the first BSE-affected animal was found in Sep-
tember 2001, and a total of 20 BSE-infected cattle have been
found at end of July, 2005. There have been few reports
about sequence variations in the PRNP gene of Holstein and
Japanese Black (JB) cattle, which are widely raised in Japan
[31]. The purpose of the present study was to examine vari-
ations of the PRNP gene in Holstein and JB cattle in Japan,
including estimation of the relationship between bovine
PRNP polymorphisms and occurrence of BSE.

MATERIALS AND METHODS
Animals and DNA samples: We examined 1049 healthy

cattle: 863 Holstein cattle from Hokkaido Prefecture in
Japan (489 cattle from 8 dairy farms, and 374 cattle from a
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slaughterhouse), and 189 IB cattle from 5 districts in Gifu
Prefecture. We also examined 6 BSE-affected Holstein cat-
tle, from Hokkaido (3 cases), Gunma (1 case), Kanagawa (1
case) and Wakayama (1 case) Prefectures (http://
www.mhlw.go.jp/topics/0103/tp0308-1.html). DNA was
isolated from blood samples from healthy Holstein and JB
cattle, and from meat or the medulla oblongata of BSE-
affected cattle, using the QIAamp DNA Blood Mini Kit
(Qiagen Science, Germantown, MD). Blood was also
directly used for polymerase chain reaction (PCR) with an
Ampdirect kit (Shimadzu biotech, Kyoto, Japan). The 52
DNA samples (15 samples from sporadic bovine leucosis, 6
samples from enzootic bovine leucosis, 5 samples from
tumor, 16 samples from the other diseases and 10 samples
from healthy cattle) stocked in our laboratory were exam-
ined in the present study.

DNA amplification: We examined 3 regions for nucle-
otide polymorphisms: a 23-bp indel polymorphism about
1.5 kb upstream of exon 1, a 12-bp indel polymorphism in
intron 1, and the entire ORF of exon 3. To determine DNA
sequences, 795 bp of the ORF of the bovine PRNP gene (nt
65579 to 66373 in accession number AJ298878 [9]) were
amplified using the primers BPrP3 (S’GCAGATATAAGT-
CATCATGGTG) and BPrP4 (5GAAGATAATGAAAA-
CAGGAAGG), as described by Gombojav ef al. [7] (Fig.
1). To assay the octapeptide PHGGGWGQ) repeat and the
288-bp deletion in the ORF of the bovine PRNP gene, we
directly amplified the N-terminal region (577 to 565 bp) of
the ORF using 0.7 4 of blood (863 Holstein and 186 IB cat-
tle) in 25 ul of Ampdirect buffer containing 1 unit of Taq
polymerase (Sigma Aldrich, St. Louis, MO), 10 pmol of the
primers BPrP3 and SP4 (S’CATTGGTCTTGTTGAAA-

Exonl a/b

Exon2
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CAC) and 2 mM dNTPs, according to the Ampdirect kit
instructions. To examine the 23-bp insertion/deletion
(indel) polymorphism in the upper region of exon 1 (4, 23-
bp indel in Fig. 1), we amplified 123 or 100 bp using the
primers PRNP47784 and PRNP47883R and DNA speci-
mens from 278 Holstein and 186 JB cattle [28]. For the 12-
bp indel polymorphism in intron 1 of the bovine PRNP gene
(B, 12-bp indel in Fig. 1), we amplified 414 or 426 bp using
the primers BPrP30 (5°CTTCTCTCTCGCAGAAGCAG)
and BPrP32 (§’CCCTTGTTCTTCTGAGCTCC) and DNA
specimens from 290 Holstein and 186 JB cattle. The ther-
mal cycling sequence of the amplification was as follows:
initial denaturation at 94°C for 10 min; 50 cycles of denatur-
ation at 94°C for 30 s, annealing at the annealing tempera-
ture of the specific primer pair for 30 s, and extension at
72°C for 1 min; final extension at 72°C for 7 min. All PCR
products were electrophoresed to assess yield and purity on
1.5% to 3.0% agarose gels, and were then photographed.
The PCR product for the 12-bp indel (414 or 426 bp) was
digested with Sacll enzyme and separated on 2% agarose
gel to assay for the presence of the 12-bp indel, because the
12-bp indel sequence contains a Sacll recognition site.

DNA sequencing: PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen) for DNA sequenc-
ing. Purified PCR products of the bovine PRNP gene were
directly sequenced using internal sequencing primers SP1
(5’TTGGTGGCTACATGCTGGGAAG) and SP4.
Sequencing was performed using an ABI 310 DNA
sequencer with an ABI PRISM BigDye Terminator v3.1
Cycle Sequencing Kit. Alignment of sequences was per-
formed using GENETYX-MAC software (Software Devel-
opment Co., Tokyo, Japan).

Exon3

ey -

A B

A 23 bp indel (47836))

B 12 bp indel (49729)
C 24 bp octapeptide repeat (65802)

D 288 bp deletion (6509 to 65896)

E G234A SNP (65812)

D 288 bp deletion

F C576T SNP (66154)

Fig. 1.

Diagram of genomic structure of the bovine PRNF gene. The 6 polymorphisms (3 indels, 1

deletion and 2 SNPs) found in the present study are indicated by arrows labeled with letters. The 3
PRNP exons are represented by black boxes, and the protein-coding region in exon 3 is shown as a
white area in the black box [11]. The hatched portion of the coding region indicates the octarepeat
region. The dotted portion of the coding region indicates the 96-amino-acid (288-bp) deletion from
nt 65609 to 65896 in reference sequence AJ298878 [9]. a) The numbers in parentheses indicate posi-

tions in reference sequence AJ298878.
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Statistical analysis: We used the y-square test to assess
the significance of associations between allele distribution
and BSE among Holstein and JB cattle.

RESULTS

Polymorphisms in the upstream region: Representative
results for the 23-bp indel are shown in Fig. 2A. Cattle
homozygous for the 23-bp deletion or insertion showed one
distinct band, at 100 or 123 bp, respectively (Fig. 24, desig-
nated by —/~ and +/+). Cattle heterozygous for the 23-bp
indel showed two bands: at 123 and 100 bp (Fig. 2A, +/-).
The majority of the Holstein cattle tested for the 23-bp indel
(62%) were homozygous for the 23-bp deletion, whereas the
majority of the JB cattle (61%) were heterozygous for the
23-bp indel (Table 1). For cattle homozygous for the 12-bp
insertion, the Sacll enzyme cleaved the PCR product (426
bp) into two fragments: 276 and 150 bp. Cattle homozygous
for the 12-bp deletion showed a single band at 414 bp. Cat-
tle heterozygous for the 12-bp indel showed three distinct
bands: 414, 276 and 150 bp (Fig. 2B, +/-). Most of the Hol-
stein cattle tested for the 12-bp indel were either heterozy-
gous or were homozygous for the 12-bp deletion, but 61%
of the JB cattle were heterozygous.

Among the 6 BSE-affected cattle, 2 cattle were heterozy-
gous at both the 23- and 12-bp indels, and 4 cattle were
homozygous at both the 23- and 12-bp indels.

Polymorphisms of ORF in PRNP: In the present study, we
found a mutant with a 288-bp deletion (96 amino acids from

M -~ e e

M o s e e

Fig. 2.

it

A

5/6 6/6  6/6

codon 11 to codon 108) among 52 DNA samples stocked in
our laboratory (Fig. 1). The N-terminal region amplified
from the 288-bp-deletion mutant showed two bands: one
band containing 6 copies of the octapeptide repeat (575 bp),
and the other small band (287 bp) with the 288-bp deletion
(Fig 2D). None of the 1049 cattle tested carried the 288-bp
deletion in the PRNP gene. Among both Holstein and JB
cattle, the predomininat genotype of the octapeptide repeat
was homozygosity for the 6-copy allele (575 bp in Fig. 2C,
designated as 6/6), followed by heterozygosity for 5 and 6
copies (Fig. 2C, 6/5) (Table 1). Only 4 Holstein cattle and
none of the JB cattle were homozygous for 5 copies of the
octapeptide repeat (Fig. 2C, 5/5). All BSE-affected cattle
had 6 copies of the octapeptide repeat. We detected 2 sin-
gle-nucleotide polymorphisms (SNPs) at G234A and
C576T in 232 Holstein and 186 JB cattle (Table 1). At the
C576T SNP, none of the Holstein cattle were homozygous
for thymine, but 28 of the JB cattle were homozygous for
thymine.

Statistical analysis of nucleotide polymorphisms: Allele
frequencies of nucleotide polymorphisms at the 2 indels (23
and 12 bp), the octapeptide repeat and 2 SNPs (nt 234 and
576) are shown in Table 2. There was no significant differ-
ence between healthy and BSE-affected Holstein cattle at
any of the nucleotide polymorphisms. At the 23- and 12-bp
indels and the G234A and C576T SNPs, there were signifi-
cant differences in allele frequency between healthy Hol-
stein and JB cattle (Table 2).

{23bp
106bp

414bp

276bp
375bp
SR % 287bp
S51bp

Genotyping of insertion or deletion polymorphisms by agarose gel electrophoresis. A) Genotypes of 6 different cattle are indicated

as presence (+) or absence () of 23-bp insertion. B) Genotypes of Sacll-digested PCR products from 6 different cattle are indicated as
presence (+) or absence (-) of 12-bp insertion. C) Genotypes of octapeptide repeats (homozygote 5/5, heterozygote 5/6 and homozygote 6/
6). D) Genotypes of N-terminal region of PRNP gene amplified using primers BPrP3 and SP4: lane 1, PCR product from 6/6 homozygote;
lane 2, PCR product from 288-bp-deletion mutant. M, 100-bp DNA size marker.
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Table 1.  Genotype frequency of polymorphisms among healthy Holstein, healthy JB cattle and BSE-affected Holstein cattle

Breed and 23-bp indel® 12-bp indel Octarepeat® G234A9 C576T9

location ND +H+ A - - - 6/6  6/5 5/5 G/G G/A A/A c/cC CT T/T

Healthy

Holstein A 15 1 8 6 2 8 5 13 2 0 6 7 2 15 0 0
B 27 3 12 11 4 16 6 23 4 0 17 7 3 27 0 0
C 168 0 36 127 0 45 117 148 19 1 59 11 4 72 2 0
D 74 10 34 30 11 37 26 61 13 0 ~ - - - - -
E 13 - - - 4 4 5 10 3 0 7 2 4 13 0 0
F 51 - - - - - - 47 4 0 32 10 9 51 0 0
G 125 - - - - - - 109 14 2 43 9 0 52 0 0
H 16 - - - - - - 14 2 0 - - - - - -
I 374 - - - - - - 340 33 1 - - - - - -

Total healthy

Holstein 863 14 90 174 21 110 159 765 94 4 164 46 22 230 2 0

Healthy JB®
J 37 329 5 3 26 8 37 0 0 6 25 6 13 20 4
K 37 7 24 6 10 22 5 30 7 0 i1 19 7 18 14 5
L 31 0 11 20 0 13 18 28 3 0 16 15 0 4 16 11
M 40 4 22 14 6 24 10 37 3 0 13 21 6 17 20 3
N 4 5 28 8 5 28 8 41 0 0 10 27 4 15 21 S

Total healthy

B 186 19 114 53 24 113 49 173 13 0 56 107 23 67 91 28

Total healthy

Holstein and

healthy JB 1049 33 204 227 45 223 208 938 107 4 220 153 45 297 93 28

BSE-affected

Holstein 6 0 2 4 0 2 4 6 0 0 4 1 1 6 0 0

a) The 23-bp indel polymorphism in the upper region of exon 1 in Fig.1.
b) The 12-bp indel polymorphism in intron 1 in Fig.1.

¢) Octarepeat polymorphism of the coding region.

d),e) Polymorphism at nt 234 and 576 in the ORF, respectively.

) Number of samples collected.

g) JB, Japanese Black.

Table 2. Allele frequency of nucleotide polymorphisms among healthy Holstein, healthy JB cattle and BSE-affected Holstein cattle

Nucleotide polymorphisms

Breed 23-bp insertion 12-bp insertion Octarepeat® G234A C576T

n® 9 pd n + - p n 6 5 p n G A p n C T P
Healthy 278 0.21 0.79 290 0.26 0.74 863 0.94 0.06 232 0.81 0.19 232 1.00 0
Holstein
BSE 6 0.17 0.83 nsP 6 0.17 0.83 ns 6 100 0 ns 6 075 025 ns 6 100 O ns
Holstein
Subtotal 284 0.21 0.79 296 0.27 0.74 869 0.94 0.06 238 0.80 0.20 238 1.00 O

Healthy 186 0.41 0.59 <0.01 186 0.43 0.57 <0.01 186 0.97 0.03 ns 186 0.56 0.41 <0.01 186 0.60 0.40 <0.01
JB

Healthy 464 0.29 0.71 476 033 0.67 1049 0.95 0.05 418 0.71 0.29 418 0.82 0.18

JB and Holstein

a) n, number of cattle examined.

b) +, 23-bp or 12-bp insertion.

¢) —, 23-bp or 12-bp deletion.

d) p<0.01, significant difference among the compared values.
¢) Five or 6 copies of octapeptide repeat.

f) n.s, not significant.
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DISCUSSION

PRNP polymorphisms are associated with variation in
susceptibility to prion disease in humans [24], sheep [2, 4, 5,
13] and mice [34]. There have been many studies of rela-
tionships between PRNP polymorphisms and susceptibility
to BSE in cattle [8, 12, 14, 22, 25, 28, 29, 31, 33]. However,
few studies have found significant relationships between
PRNP polymorphisms and occurrence of BSE [28]. The
number of BSE-affected animals tested in the present study
(6 cattle) was too small for reliable estimation of genetic
relationships between bovine PRNP polymorphisms and
occurrence of BSE, and we found no evidence of such rela-
tionships.

In the present study, we assayed for PRNP polymor-
phisms in 863 healthy Holstein cattle and 186 healthy JB
cattle. The only polymorphism caused amino acid substitu-
tions in the ORF was the octapeptide repeat. We observed
only 2 SNPs, at G234A and C576T; these SNPs have fre-
quently been observed in other studies [8, 10, 13, 17, 28,
31]. Only 2 of the 863 Holstein cattle were heterozygous for
the C576T polymorphism, whereas 91 of the 186 JB cattle
were heterozygous at C576T (Table 2). Similar differences
in allele frequencies between the 2 cattle breeds were found
at the 23- and 12-bp indels and the G234A SNP. These dif-
ferences may be due to inherent properties of the cattle
breeds or differences in the breeding systems used for Hol-
stein and JB cattle. The allele frequencies of the bovine
PRNP gene observed in the present study for JB cattle sug-
gest a breeding system in which a limited number of bulls is
used. Takasuga ef al. [31] found 13 SNPs (including 2
amino acid substitutions) in indigenous Indonesian cattle,
which carry more mutations than Holstein and JB cattle. It
is generally thought that artificial insemination, which is
widely used to breed dairy and beef cattle, decreases genetic
variation and produces uniform genetic properties at the
DNA level. Holstein and JB cattle raised in Japan appear to
have fewer mutation sites in the PRNP gene than indigenous
breeds such as indigenous Indonesian cattle [31].

Several cattle breeds have been shown to have octarepeat
polymorphisms in the ORF of the PRNP gene [5, 22, 25,
33], and 3 alleles of the octapeptide repeat (5, 6 and 7 cop-
ies) have been reported. In the present study, none of the
cattle had 7 copies of the octapeptide repeat, and the fre-
quency of the 5-copy allele was very low (Tables 1 and 2).
The predominant genotype of the octapeptide repeat in the
present Holstein and JB cattle was homozygosity of the 6-
copy allele. Variability of the octapeptide repeat has not
been found to correlate with incidence of BSE in cattle [5,
14, 23], and no BSE-affected cattle have been found to be
homozygous for the 5-copy allele. We found no significant
differences in the genotype distribution of the SNPs or octa-
repeat polymorphisms between healthy and BSE-affected
Holstein cattle (Table 2).

In the present study, we investigated DNA polymor-
phisms in 2 regions upstream from the ORF: a 23-bp indel
in the upper region of exon 1, and a 12-bp indel in intron 1

(Fig. 1). The available evidence suggests that polymor-
phisms in these regions affect transcription of the PRNP
gene [15, 18, 21]. In a previous study, the 23-bp insertion
was found to occur more frequently in healthy cattle than
BSE-affected cattle [28]. Among Holstein cattle in Japan,
the 23-bp insertion has been found to have a lower allele fre-
quency than the 23-bp deletion. We speculated that poly-
morphism of the 12-bp indel might affect expression levels
of the PRNP gene, because the indel is in the promoter
region of intron 1 and contains a putative Spl-binding con-
sensus sequence [9, 15, 18, 19]. It has been reported that a
GC-rich region and Spl-binding sequence upstream of exon
1 are both important factors in PRNP transcription [1, 15,
18], but the effects of this Spl sequence in intron 1 are
unclear. Further research is needed to clarify the effects of
the12-bp indel on expression of the PRNP gene.

In the present study, we identified a PRNP gene mutant
with a 288-bp deletion in the ORF (Figs. 1 and 2D), in a
specimen from our DNA stock samples. A prion protein
with such an internal deletion may confer resistance to prion
disease infection or act as a dominant-negative mutant that
inhibits prion propagation in the cell [17, 36]. Accurate
determination of the distribution of this deletion could help
clarify whether it has a preventive effect against prion dis-
ease. However, we did not detect this 288-bp deletion in the
PRNP gene of any of the present 1049 cattle. Our stock
DNA specimen with the 288-bp deletion in the PRNP gene
was obtained from a calf (C928) with the calf form of spo-
radic bovine leucosis (SBL) [16]. SBL appears to be caused
by a somatic mutation in immature pre-B cells, and it is
unclear whether the malignant process of SBL is related to
an internal deletion in the PRNP gene. If the internal dele-
tion in the PRNP gene found in specimen C928 is caused by
a somatic mutation that is related to the malignant transfor-
mation of SBL, it is unlikely that such a deletion would be
found in healthy cattle. We examined the bovine PRNP
gene from the other 7 specimens of SBL calves, but none of
those specimens had the same deletion (data not shown).

In conclusion, we found an extremely small number of
PRNP polymorphic sites in the 2 cattle breeds examined in
the present study, and we found no association between
these polymorphisms and BSE. Because the number of
BSE-affected animals tested was small, further genetic
investigations using many samples from BSE cattle can be
useful for assessment of the risk of BSE in Japan.
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