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Although the protein-only hypothesis proposes that it is the conformation of abnormal prion protein (PrP5¢)
that determines strain diversity, the molecular basis of strains remains to be elucidated. In the present study,
we generated a series of mutations in the normal prion protein (PrP€) in which a single glutamine residue was
replaced with a basic amino acid and compared their abilities to convert to PrPS¢ in cultured neuronal N2a58
cells infected with either the Chandler or 221 mouse-adapted scrapie strain. In mice, these strains generate
PrPS° of the same sequence but different conformations, as judged by infrared spectroscopy. Substitutions at
codons 97, 167, 171, and 216 generated PrP€¢ that resisted conversion and inhibited the conversion of
coexpressed wild-type PrP in both Chandler-infected and 22L-infected cells. Interestingly, substitutions at
codons 185 and 218 gave strain-dependent effects. The Q185R and Q185K PrP were efficiently converted to
PrP5¢ in Chandler-infected but not 22L-infected cells. Conversely, Q218R and Q218H PrP were converted only
in 22L-infected cells. Moreover, the Q218K PrP exerted a potent inhibitory effect on the conversion of
coexpressed wild-type PrP in Chandler-infected cells but had little effect on 22L-infected cells. These results
show that two strains with the same PrP sequence but different conformations have differing abilities to convert

the same mutated PrP€.

Transmissible spongiform encephalopathies (TSE), or prion
diseases, are lethal neurodegenerative diseases that include
Creutzfeldt-Jakob disease in humans, scrapie in sheep, and
bovine spongiform encephalopathy in cattle. The infectious
agent, termed prion, is unique in that no agent-specific nucleic
acid is detectable. The protein-only hypothesis proposes that
this agent consists solely of an abnormal form of prion protein
(PrP5¢), which is produced by the conversion of the normal
cellular prion protein (PrP€) and accumulates primarily in the
lymphoreticular and central nervous system during the course
of prion disease (41, 56). PrP<, a host-encoded glycoprotein
anchored to the cell membrane by a glycosyl-phosphatidylino-
sitol moiety, is expressed mainly in the central nervous system.
PrP€ is detergent soluble and proteinase K (PK) sensitive,
whereas PrP5¢ is detergent insoluble and partially PK resistant
(35). These different biophysical properties are thought to be
due to different conformations of the two isoforms. PrP€ is
highly a-helical, but PrP5¢ has a large proportion of B-sheet
structure (14, 38).

Various TSE strains with distinct biological characteristics
have been identified in several mammalian species. These
strains are characterized by different incubation periods and
histopathological changes (9, 10). Generally, the phenotypic
characteristics are maintained upon repeated passages in the
same species with the same PrP amino acid sequence. In ad-
dition, previous reports showed that strain-specific biological
characteristics remain unchanged after passages in cell cultures
(2, 8). In contrast, changing to a species with a different PrP
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sequence often results in the emergence of a new strain (28,
29). The existence of multiple strains signifies that the infec-
tious agent carries some form of strain-specific information
that determines each strain’s characteristics. One possibility
is that this information stems from the distinct PrPS¢ confor-
mation of each strain. Differences in the electrophoretic mo-
bilities of PK-resistant PrP5¢ core fragments among strains are
well documented (7, 16, 50). These different-sized PrP5¢ frag-
ments are likely a consequence of differing conformations and
thus different PK cleavage points. Conformational differences
in B-sheet structures between strains have also been demon-
strated by infrared (IR) spectroscopy (13, 52). Furthermore,
Syrian hamster (SHa) PrPS¢, when denatured, binds more anti-
PrP antibody than when it is in its native form, and each strain
can have distinct denatured versus nondenatured binding ra-
tios (44). In addition, some Syrian hamster TSE strains are
reported to differ in the extent of their PK resistance after
partial denaturation with guanidine hydrochloride (39). These
findings support the hypothesis that TSE strains have distinct
PrP5¢ conformations. Moreover, cell-free conversion experi-
ments have shown that different forms of PrPS¢ can induce
strain-specific conformational changes in PrP€ (6), and Jones
and Surewicz recently reported that artificial amyloid fibrils of
PrP23-144 from different species revealed strain-like behavior
in vitro (25). Nevertheless, much remains to be learned about
the mechanistic relationship between PrPS¢ conformational
differences and the molecular basis of TSE strains.

Studies using transgenic mice and congenic mice have shown
that several TSE strains differ in incubation periods in the
same host (11, 23, 32). The molecular basis of this remains
unresolved, but the conformation of PrPS¢ could influence
incubation periods by affecting the efficiency and location of
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PrPS¢ formation. However, to date, there are little data on the
influence of PrP mutations on PrP5¢ formation in vitro.

Because N2a58 cells overexpressing mouse PrP can be per-
sistently infected with the Chandler or 22L prion strain (37),
we chose to examine the strain-specific effect of PrP mutations
on PrPS¢ formation in N2a58 cell cultures infected with the
Chandler or 22L strain, designated Ch-N2a58 and 221.-N2a58,
respectively. Although little is known about which amino acid
residues of the PrP sequence correlate with the strain-specific
formation of PrP5¢, we noticed that mutations from glutamine
to arginine or lysine in the C terminus of the PrP were related
to the resistance of prion diseases (4, 47, 57) and inhibited the
conversion of coexpressed wild-type PrP in Chandler-infected
N2a cell cultures (26). In this study, we created a series of PrP
mutations in which a single glutamine residue was replaced
with an arginine residue and compared the effects of these
mutations on PrP5¢ formation in Ch- and 22L-N2a58 cells. We
demonstrated that specific amino acids residues in PrP€ can
allow or inhibit PrPS° formation in vitro for one strain but not
another even though the amino acid sequence of PrP5¢ is the
same in each strain. Our results suggest that each prion strain
can interact with PrP€ in a strain-specific manner, producing
PrPS¢ with a strain-specific conformation and unique biological
characteristics.

MATERIALS AND METHODS

Cell culture. N2a58 cells overexpressing mouse PrP (PrP-a genotype, codons
108L and 189T) were prepared as described previously (37). To create N2a58
cells infected with either the Chandler/RML or 22L strain (Ch-N2a58 and 22L-
N2a58), the cells were incubated with brain homogenates from ddY mice in-
fected with each strain. After subcloning by limiting dilution, several PrPSe-
positive clones were isolated. The cell clones producing the highest level of PrPS¢
were used for subsequent study. Both Ch-N2a58 and 22L-N2a58 cells stably
expressed PrPS¢ for over 50 passages. Morphological appearances and growth
characteristics of these prion-infected cells were indistinguishable from those of
N2a58 cells (data not shown). All cells were cultured in Opti-MEM (Invitrogen)
containing 10% fetal bovine serum and penicillin-streptomycin at 37°C in 5%
CO, and were split every 3 to 4 days at an 8- to 10-fold dilution.

Plasmid constructions. The open reading frames of Syrian hamster PrP (SHa),
human PrP (Hu), and mouse PrP containing the epitope for the 3F4 antibody
(Mo3F4) were amplified by PCR with mouse DNA, MHM2/Mo3F4 PrP trans-
genic mouse DNA, SHa PrP transgenic mouse (3) DNA, and human DNA,
respectively. Amplified fragments were inserted into the pcDNA3.1(+) vector
(Invitrogen) between the BamHI and Xbal sites. Mouse PrP (PrP-a genotype)
containing the epitope for the L42 antibody (MoL42) was introduced into mouse
PrP by PCR-direct mutagenesis.

Mo3F4 PrP differs from the mouse PrP-a genotype by two amino acids, L108M
and V111M, which are included in the epitope recognized by the 3F4 anti-PrP
monoclonal antibody (Dako). MoL42 PrP has one amino acid substitution,
W144Y, which is recognized by the L42 anti-PrP antibody (R-biopharm) (54).
Since neither antibody reacts with mouse PrP, transfected recombinant PrP is
distinguishable from endogenous mouse PrP.

Mo3F4 sequences with specific amino acid changes (Q90R, Q97R, Q159R,
Q167R, Q171R, QI85R, QI185K, QI185H, QI85E, QI85L, Q211R, Q216R,
Q218R, Q218K, Q218H, Q218E, Q218L, and Q222R) were generated by PCR
mutagenesis. The resulting PCR fragments were subcloned into the pcDNA3.1(+)
vector. To create MoL42 mutations with specific amino acid changes (Q185R,
Q218R, Q218K, and Q218H), BamHI-BstPI fragments of the corresponding
Mo3F4 mutants in the pcDNA3.1(+) vector were replaced by those of MoL42
PrP. The PrP sequences of all plasmids used in this study were confirmed by
using the ABI PRISM 3100 genetic analyzer (Applied Biosystems), and no
unexpected mutations were found.

Transfection and Western blotting. N2a58, Ch-N2a58, and 22I1.-N2a58 cells
were transiently transfected with various plasmid constructs (1 or 2 ng DNA per
6-cm dish) using the Effectene transfection reagent (QIAGEN) according to the
manufacturer’s instructions. To evaluate dominant-negative inhibition of PrPS¢
formation, cotransfections of two different PrP constructs were performed with
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a DNA ratio of 1:1 or 1:2. Indirect immunofluorescence of PrP and fluorescence
imaging of pEGFP-C1 (Clontech) revealed that transfection efficiencies were
around 40 to 60% and that the rate of the overlapping expression of two plasmids
cotransfected was more than 90%.

After 72 h of transfection, cells from a 6-cm dish were lysed in 0.5 ml of lysis
buffer (150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 0.5% Triton X-100, 0.5%
sodium deoxycholate, and 1 mM EDTA). After cell debris and nuclei were
removed by low-speed centrifugation, the protein concentration of the superna-
tant was measured by the BCA protein assay (Pierce). To detect PrPS¢, the
protein concentration of the supernatant was adjusted with lysis buffer to 1
mg/ml. Samples of equal protein concentrations and volumes were digested with
20 pg/ml of proteinase K at 37°C for 45 min, and the digestion was stopped by
adding phenylmethylsulfonyl fluoride (2 mM). After 60 min of centrifugation at
20,400 X g, the pellet was dissolved with sample buffer (4 M urea, 4% sodium
dodecyl sulfate, 100 mM dithiothreitol, 10% glycerol, 0.02% bromophenol blue,
and 50 mM Tris-HCI [pH 6.8]), boiled, and then loaded onto a 15% polyacryl-
amide gel. Proteins were transferred onto a membrane (Immobilon P; Milli-
pore). 3F4-positive PrPs were detected with 3F4 antibody, L42-positive PrPs
were detected with L42 antibody, and total PrP was detected with mouse poly-
clonal anti-PrP antibody (designated SS). Immunoreactive bands were visualized
using the ECL detection system (Amersham Biosciences). The expression level
of transfected PrP in cell lysates (30 pg of total protein per lane) was also
estimated by immunoblotting. Densitometric analysis of the film was performed
using NIH Image software. The conversion efficiency of Mo3F4 was assigned as
100%, and the level of PrPS¢ formation in each 3F4-positive mutant was calcu-
lated relative to this value. In some experiments, the cell lysates with proteinase
K treatment were digested with PNGase F (New England Biolabs).

IR spectroscopy of PrPS¢. PrPS¢ was isolated from the brains of mice affected
by either 221, Chandler, or 87V scrapie and treated with PK as described
previously (13). For IR analysis, ~3 ul of pelleted slurries containing at least 10
mg/ml PrP5 in a solution containing 20 mM sodium phosphate, 130 mM NaCl
(pH 7.5), and 0.5% sulfobetaine was applied to a Golden Gate Single Reflection
Diamond Attenuated Total Reflectance unit purged with dry air and covered to
prevent sample evaporation. Data collection was performed using a System 2000
IR instrument (Perkin-Elmer). Test conditions were as follows: 20°C, 4.00-cm ™"
resolution, 2-cm/s optical path difference velocity, 1,000 scans, and 0.5-cm ™! data
interval. The detector was an nbl MCT detector cooled by liquid nitrogen.
Primary spectra were obtained by subtracting the spectra of the corresponding
buffer or buffer with additives and water vapor and by adjusting the baseline and
normalizing for comparable absorbance of different concentrations of PrP. Sec-
ond-derivative spectra were calculated from the primary spectra using 13 data
points. The software used for spectral analyses was Spectrum v2.00 (Perkin-
Elmer).

RESULTS

Mo3F4 PrP converts to PrPS¢ with similar efficiency in Ch-
N2a58 and 221.-N2a58 cells. Prior to creating PrP mutants, we
first confirmed that our starting Mo3F4 vector could convert to
PrP5° in cells persistently infected with the Chandler or 22L
mouse-adapted scrapie strain (Ch-N2a58 and 22L-N2a58 cells,
respectively). The presence of endogenous mouse PrP5¢ in the
Ch-N2a58 and 22L.-N2a58 cells was confirmed by immunoblot-
ting with the mouse polyclonal anti-PrP SS antibody. Similar
amounts of endogenous mouse PrP%¢ accumulated in Ch-
N2a58 and 221.-N2a58 cells, while none was detected in unin-
fected N2a58 cells (Fig. 1A). In the transfected cells, PK-
resistant PrPS¢ derived from Mo3F4 PrP was distinguished
from endogenous mouse PrP%¢ by immunoblotting with the
monoclonal anti-PrP 3F4 antibody (Fig. 1B). PK-resistant
PrP%¢ core fragments from Ch-N2a58 and 22L-N2a58 cells
were treated with PNGase F to remove asparagine-linked gly-
cosylation and immunoblotted with either SS or 3F4 antibody.
No differences in gel migration patterns were seen (Fig. 1C).

Q218K PrP does not convert and inhibits PrP5¢ formation
from coexpressed Mo3F4 PrP in Ch-N2a58 but not in 22L-
N2a58 cells. In order to compare the consequences of changes
in the PrP primary structure between Ch-N2a58 and 22L-
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FIG. 1. Formation of Mo3F4-derived PrP5¢ in Ch-N2a58 and 22L-
N2a58 cells. (A) Western blot using polyclonal anti-PrP antibody SS in
N2a58, Ch-N2a58 (Ch), and 22L-N2a58 (22L) cells without (=) or
with (+) PK treatment. (B) Expression levels of Mo3F4 PrP (left
panel) and detection of Mo3F4-derived PrP5° (right panel) were mea-
sured by Western blot using monoclonal antibody 3F4. Mock, untrans-
fected cells. (C) After consecutive treatments of PK and PNGase F,
untransfected (left panel) and Mo3F4 PrP-transfected cells (right
panel) were analyzed by Western blotting using SS and 3F4 antibodies,
respectively. Molecular mass markers are indicated in kilodaltons on
the left side of each panel.

N2as58 cells, we first examined the PrP5¢ formation of two
heterologous PrPs, Syrian hamster (SHa) and human (Hu)
PrPs, and two Mo3F4 mutated PrPs with a single amino acid
substitution at codon 218, Q218K and Q218E, in the infected
cells transfected with the corresponding expression vectors.
The 3F4 antibody detected SHa, Hu, and Mo3F4 mutated PrPs
expressed in Ch-N2a58 and 221.-N2a58 cells at a level similar
to that of wild-type Mo3F4 PrP (Fig. 2A, lower panels). SHa,
Hu, Q218K, and Q218E PrP did not convert to PrPS¢ in Ch-
N2a58 (Fig. 2A, upper panel, lanes 3 to 6) and 22L-N2a58 (Fig.
2A, upper panel, lanes 9 to 12) cells.

To evaluate the inhibitory effect of these heterologous and
mutated PrPs, each expression vector was cotransfected with
that of Mo3F4 PrP at a DNA ratio of 1:1 or 1:2. As seen
previously (26), in Ch-N2a58 cells, Q218K PrP completely in-
hibited the accumulation of PrPS¢ derived from Mo3F4 PrP
even at a DNA ratio of 1:1 (Fig. 2B, upper panel, lanes 8 and
9). SHa, Hu, and Q218E PrP also revealed a dose-dependent
inhibitory effect but to a lesser extent (Fig. 2B, upper panel,
lanes 3 to 6, 10, and 11). In remarkable contrast, in 22L.-N2a58
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FIG. 2. Strain-dependent inhibitory effect of Q218K mutation on
PrP5¢ formation of wild-type Mo3F4. (A) Conversion to 3F4-positive
PrPS¢ (upper panels) and expression of Mo3F4, SHa, Hu, Q218K, and
Q218E (lower panels) were measured by Western blot using 3F4 an-
tibody. The 3F4 epitope was present in all these constructs. (B and C)
The inhibitory effect of the constructs was determined by cotransfec-
tion with Mo3F4 in the DNA ratio of 1:1 or 1:2. The blots were probed
with 3F4 antibody. Mock, untransfected cells; +vector(1:2), cotrans-
fection of Mo3F4 and pcDNA3.1(+) at a 1:2 ratio.

cells, Q218K PrP had little effect on Mo3F4 PrPS° accumula-
tion (Fig. 2C, upper panel, lanes 8 and 9). The inhibitory effect
of Q218E PrP in 221.-N2a58 cells was also very weak (Fig. 2C,
upper panel, lanes 10 and 11). Conversely, SHa PrP inhibited
Mo3F4-derived PrP5¢ formation to a greater extent in 22L-
N2a58 cells than in Ch-N2a58 cells (Fig. 2C, upper panel, lanes
3 and 4). These results were reproduced in three independent
experiments (Table 1). These data suggest that the inhibition
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TABLE 1. Summary of results
Chandler 221
Mutations
Conversion® Inhibition” Conversion® Inhibition”
SHa - + - 2+
Hu - + - +
QY90R + NA + NA
Q97R - 2+ - 2+
Q159R + NA + NA
Q167R - 2+ — +
Q171R - 2+ — 2+
Q185R + NA - 2+
Q185K 2+ NA - 2+
Q185H + NA +/—- +
QI185E - + — +/—-
Q185L +/—= + +/—- +
Q211R + NA + NA
Q216R - + - 2+
Q218R - 2+ + NA
Q218K - 2+ - -
Q218H - 2+ + NA
Q218E - + +/—- -
Q218L +/= + + NA
Q222R + NA + NA

@ PrPS¢ formation of each 3F4-positive construct was quantified by densito-
metric analysis. The percent conversion of Mo3F4 was assigned as 100%, and the
relative scores compared with Mo3F4 are shown. 2+ indicates >200%; + indi-
cates 50 to 200%; +/— indicates 10 to 50%; — indicates <10%. Each value
represents the mean of two or three replicates.

® Relative inhibitory effect on PrPS¢ formation of conversion-defective mu-
tated PrPs was assessed. 2+ indicates >80% inhibition of Mo3F4 PrP5¢ forma-
tion (in the DNA ratio of 1:1); + indicates 50 to 80% inhibition (1:1); +/—
indicates <50% inhibition (1:1) and >50% inhibition (1:2); — indicates <50%
inhibition (1:1 and 1:2). Each value represents the mean of two or three repli-
cates. NA, not applicable.

of PrP5¢ formation by some of these PrP molecules, especially
Q218K, is strain specific.

Q185R PrP converts to PrP5¢ in Ch-N2a58 but not 22L-
N2a58 cells. To further analyze the strain-specific effect of PrP
mutations on PrP5¢ formation in Ch-N2a58 and 221.-N2a58
cells, we generated nine 3F4-positive mutated PrPs with a
single arginine substitution for each glutamine residue in the
C-terminal half and examined their conversion efficiencies in
the infected cells (see Fig. 6). The Q90R, Q159R, Q211R, and
Q222R PrPs readily converted to PrPS° in Ch-N2a58 and 22L-
N2a58 cells (Fig. 3A, upper panels), whereas the Q97R,
Q167R, Q171R, and Q216R PrPs failed to convert in both cell
lines (Fig. 3A, upper panels). These conversion-defective mu-
tated PrPs potently inhibited the accumulation of wild-type
Mo3F4-derived PrP*¢ in both cell lines (Fig. 3B, upper panels).
Interestingly, Q185R PrP efficiently converted in Ch-N2a58
cells but not in 22I.-N2a58 cells (Fig. 3A), where it actually had
an inhibitory effect (Fig. 3B, upper panel, and Table 1).

Substitutions of various amino acid species at codons 185
and 218 differentially affect PrPS° formation between Ch- and
22L-N2a58 cells. To further examine the effect of amino acid
substitutions at codons 185 and 218, where strain-specific ef-
fects were observed, we replaced each glutamine residue (Q)
with various amino acid species, including basic amino acids
(R, K, and H), an acidic amino acid (E), and a hydrophobic
amino acid (L). As shown in Fig. 4A and Table 1, Q185K,
Q185H, and Q185R PrP readily converted to PrPS¢ in Ch-
N2a58 cells. Interestingly, the amount of Q185K-derived PrPSc
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accumulation in Ch-N2a58 cells was higher than that of
Mo3F4-derived PrPSc, suggesting a more efficient conversion
of these mutated PrPs in the cells. In contrast, in 221.-N2a58
cells, little PrPS¢ derived from Q185R, Q185K, and Q185H PrP
accumulated. Q185E and Q185L PrP minimally converted to
PrP5° in both Ch- and 221.-N2a58 cells.

The introduction of substitutions at codon 218, including
basic amino acids (R, K, and H), resulted in the loss of con-
version in Ch-N2a58 cells (Fig. 4B). Conversely, in 22L-
N2a58 cells, Q218R, Q218H, and Q218L efficiently con-
verted to PrP%¢, Q218K PrP did not convert in either cell
line (Fig. 4B) and failed to inhibit wild-type Mo3F4 PrPS°
formation (Fig. 2C).

To determine whether different cellular localizations of the
mutated PrPs might be the cause of the different conversion
effects, we examined the mutated PrPs with indirect immuno-
fluorescence using the 3F4 antibody. Mo3F4, Q185R, Q218R,
and Q218K all localized to the cell surface of Ch-N2a58 and
221.-N2a58 cells (data not shown). In addition, phosphatidyl-
inositol-specific phospholipase C treatment removed the mu-
tated PrPs from the cell surface (data not shown). These re-
sults demonstrate that the localization of the mutated PrPs
cannot account for their strain-specific properties.

Strain-specific properties of the PrP mutations are indepen-
dent of antibody epitopes. To assess whether the 3F4 epitope
can influence the strain-specific properties of the mutated
PrPs, we replaced the 3F4 epitope with the L42 epitope
(W144Y), because others have previously shown that MoL42
PrP, like Mo3F4 PrP, readily converted to PrPS¢ in ScN2a cells
(55). Expression of the L42-positive PrPs, MoL42, Q185R,
Q218H, Q218R, and Q218K PrPs, was confirmed by Western
blotting using the L42 antibody (Fig. 5A, lower panels). The
conversion efficiencies of these L42-positive mutated PrPs
were similar to those of 3F4-positive mutated PrPs (Fig. S5A,
upper panels). Moreover, as shown in Fig. 5B, Q218K PrP
again showed strain-dependent effects on MolL42-derived
PrP5¢, The data shown in Fig. 5 indicate that changing from a
3F4 epitope to an L42 epitope in the mutant PrPs does not
significantly affect their strain-specific effects on PrPS° forma-
tion.

22L and Chandler PrP5 have different conformations by IR
spectra. To assess whether there are any detectable differences
in structure between 22L and Chandler PrPS¢, we performed
IR spectroscopy. The amide I region (1,600 to 1,700 cm ') of
protein IR spectra is sensitive to differences in protein second-
ary structure. Although it is difficult to make complete and
unequivocal assignments of IR amide I bands, predominantly
a-helical and B-sheet proteins have absorption maxima of
1,653 to 1,657 cm ™! and 1,615 to 1,640 cm ™!, respectively, in
water-based (as opposed to D,O-based) media (see Fig. 7).
Unfolded or random-coil polypeptides tend to have absor-
bance maxima near 1,645 to 1,650 cm ™%, and turn structures
tend to absorb between 1,660 and 1,680 cm ™ '. Absorbance
maxima are represented by negative deflections in the second-
derivative spectra shown in Fig. 7. Previous studies have shown
that the infrared spectrum of PrP5¢ of different hamster TSE
strains can vary markedly despite being composed of PrP mol-
ecules of the same amino acid sequence (13, 52). Consistent
with that theme, PK-treated PrPS° isolated from the brains of
mice with 221 and Chandler scrapie differed in the IR spectral
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FIG. 3. Strain-specific effects of Q185R mutation on PrP5¢ formation. (A) Conversion to 3F4-positive PrP5° (upper panels) and expression of
Mo3F4, Q90R, Q97R, Q159R, Q167R, Q171R, Q185R, Q211R, Q216R, and Q222R (lower panels) were measured by Western blotting using 3F4
antibody. The 3F4 epitope was present in all these constructs. (B) Inhibitory effects of constructs that did not convert were determined by

cotransfection with Mo3F4 at a 1:1 or 1:2 DNA ratio. The blots were probed with 3F4 antibody.

region commonly ascribed to the B-sheet region (see Fig. 7).
For comparison, PrP5¢ from another mouse scrapie strain,
87V, is also shown to have a distinct infrared spectrum in the
B-sheet region. In contrast, hemoglobin, a highly a-helical pro-
tein, has very little absorbance in the B-sheet region. These
results provide direct spectroscopic evidence for differences in
conformation between 22L, Chandler, and 87V PrPc.

DISCUSSION

In this study, we found evidence that TSE strain character-
istics depend on their conformation. We showed that substitu-
tions at codons 185 and 218 resulted in strain-specific PrPS°
formation in cultured neuronal cells infected with two mouse-
adapted scrapie prion strains, Chandler and 22L. While others
previously demonstrated conformational differences between
strains (13, 39, 44, 52), and some strain-specific differences in
conformation have been observed in cell-free conversions (6),
synthetic amyloid fibrils (25), and purified recombinant Sac-
charomyces cerevisiae Sup35 (31, 49), our results are the first to
be obtained from a cell culture comparison of strain effects on
the conversion of a panel of mutant PrP® molecules.

The amino acid sequence of PrP can certainly influence the
efficiency of transmission of the infectious agent to a new host

species (45), but this “species barrier” cannot be explained on
the basis of sequence heterogeneity alone. Our results dem-
onstrate that TSE strains with the same sequence have var-
ious abilities to convert the PrP® mutants at codons 185 and
218, implying a sequence-independent cause of strain spec-
ificity. Although the most efficient conversions are expected
to occur between PrP¢ and PrP5¢ with identical sequences,
our Q185K mutation promoted PrP5¢ formation in Ch-
N2a58 cells at a rate higher than that of the homologous
wild-type PrP¢ (Table 1), indicating that sequence homology
between PrP¢ and PrPS° does not necessarily guarantee the
most efficient PrPS¢ formation.

The locations of residues 185 and 218 within the secondary
structure of PrP may explain why mutations at these sites
revealed strain-specific differences in conversion. The nuclear
magnetic resonance structure of mouse PrP contains three
a-helices comprised of residues 144 to 154, 175 to 193, and 200
to 219; two B-strands containing residues 128 to 131 and 161 to
164; and a disulfide bridge between C178 and C213, linking
helices 2 and 3 (42). Amino acid 185 is in helix 2, and residue
218 is in the C-terminal portion of helix 3 (Fig. 6). Helices 2
and 3 and their disulfide bridge are crucial for PrPS° formation
(22, 36), and many point mutations associated with familial
human prion diseases are located within or adjacent to these
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FIG. 4. Strain-specific PrP% formation of Q185R, Q185K, Q218R,
and Q218H mutated PrP. (A) Conversion to 3F4-positive PrPS° (upper
panels) and expression of Mo3F4, Q185R, Q185K, Q185H, QI185E,
and Q185L (lower panels) were measured by Western blot using 3F4
antibody. The 3F4 epitope was present in all these constructs.
(B) Western blotting of Mo3F4, Q218R, Q218K, Q218H, Q218E, and
Q218L was done as in A.
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two helices (41). One such mutation, D178N, is seen in two
clinicopathologically distinct diseases, fatal familial insomnia
and Creutzfeldt-Jakob disease, the phenotype being deter-
mined by the methionine-valine polymorphism at codon 129 of
the same mutant allele (21). The striking influence of codon
129 on the D178N mutation phenotype suggests that there may
be a modifiable electrostatic interaction or hydrogen bonding
between residues 129 and 178 in human PrP (1, 43). Of note,
anti-PrP antibody binding studies have revealed that the main
conformational differences between PrP¢ and PrP5¢ actually lie
toward the N-terminal region in residues 90 to 120, while the
C-terminal regions, including helices 2 and 3, remain accessible
to antibody in both forms of PrP, implying that their confor-
mation is not significantly altered during conversion (40). This
is also consistent with the maintenance of significant a-helical
secondary structure content in PrP5° (13, 14, 38). In addition,
a conformation-dependent immunoassay has localized the pri-
mary structural differences among PrP5° strains to their N
termini (44). Such observations suggest that helices 2 and 3
may be involved in intra- or intermolecular interactions with
the N-terminal domain during PrP5¢ formation and may influ-
ence the ultimate conformational change of the N terminus,
perhaps through an altered B-sheet structure. In keeping with
this, our IR spectra detected a difference in B-sheet structures
between 22L-PrPS¢ and Chandler-PrP5° (Fig. 7). If these dis-
tinct N-terminal domains had differing interactions with heli-
ces 2 and 3, particularly around residues 185 and 218, then our
mutations may have created structural changes that were com-
patible with only one of the strains. For example, the introduc-
tion of Q185R into helix 2 of mouse PrP¢ may have interfered
with the conformational change of its N-terminal domain into
22L-PrP®¢ via steric hindrance and/or electrostatic incompati-
bility while still allowing its conversion into Chandler-PrPSc,
These strain-specific interactions between the N-terminal do-
main and helices 2 and 3 are likely quite localized, as mutations
at other sites did not reveal any strain differences.

In addition to the location of the mutant residues, the nature
of their amino acid change may have contributed to our ob-
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FIG. 5. Strain-specific effects of L42-positive mutated PrPs on PrPS¢ formation. (A) Conversion to L42-positive PrPS° (upper panels) and
expression of MoL42, Q185R, Q218H, Q218R, and Q218K (lower panels) were measured by Western blot using L42 antibody. The L42 epitope
was present in all these constructs. (B) Inhibitory effects of SHa, Hu, and Q218K were determined by cotransfection with MoL42 at a 1:1 or 1:2
DNA ratio. The blots were probed with the 142 antibody. Molecular mass markers are indicated in kilodaltons on the left side of each panel.
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FIG. 7. Comparison of 22L, Chandler, and 87V PrP5¢ by infrared
spectroscopy. Second-derivative Fourier transform IR spectra are
shown for PK-treated PrPS° samples isolated from the brains of mice
affected by either 22L, Chandler, or 87V scrapie. Spectral differences,
especially in the B-sheet region of the spectrum, provide evidence that
PrPS¢ proteins associated with these murine-adapted scrapie strains
have distinct conformations. For comparison, a highly a-helical pro-
tein, hemoglobin, gives strong absorbance (represented by a negative
deflection) at ~1,657 cm ™!, with only minor absorbance in the B-sheet
region. Similar results were obtained from at least two independent
preparations of each strain of PrPSc.

servations. Similar mutations have been studied to a great
extent in yeast, where the translation termination factor Sup35
can aggregate and self-propagate in a prion-like manner. The
introduction of point mutations into Sup35 often prevents its
aggregation and can block the phenotype of cells that contain
aggregated Sup35 (the yeast prion state or [PSI]) in a dominant
inhibitory fashion. Interestingly, random mutagenesis of Sup35
has revealed that most of these mutants have a glutamine or
serine replaced with an arginine (18). Likewise, our PrP mu-
tants, which contained an arginine instead of a glutamine,
frequently did not convert and also inhibited the conversion of
wild-type PrP. The large, charged arginine side chain most
likely has a disruptive effect on the protein-protein interactions
that are necessary for aggregation and/or conversion.

Another interesting relationship between our study and
those of Sup35 is that in both settings, select mutants have
shown strain-specific conversion or aggregation behaviors.
When Sup35 aggregates, various levels of translation through
premature stop codons can occur, which produces different
[PSI] phenotypes (53, 58). [PSI] strains are heritable and have
distinct biological properties that can be propagated in the
same yeast genetic background (20). A few Sup35 mutants that
displayed different levels of dominant inhibition of [PSI], de-
pending on the variant to which they were exposed, have been
discovered (19, 30), just as our codon 185 and 218 mutants
showed different conversion rates depending on the PrPs°
strain to which they were exposed. The analogous results
suggest that various prion types may share similar strain
determinants.

A second possibility that could account for the strain-specific
properties of our PrP mutations is that the alterations affected
interactions between PrP and a strain-specific agent or a host
factor. The heterodimer model of the protein-only hypothesis
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suggests that an as-yet-unidentified host factor, protein X, is
responsible for the behavior of a number of dominant inhibi-
tory forms of PrP¢ (26, 51). Interestingly, codon 218 is one of
the proposed binding sites for protein X; therefore, a mutation
at this site should result in similar conversion rates in cells from
the same line, which would have the same protein X. However,
in our study, there was a dramatic difference in Q218R and
Q218H mutant PrP5° formation in the same cell line infected
with either the Chandler or the 22L strain. Moreover, we and
others (55) have shown that PrP mutations with inhibitory
effects on conversion are not restricted to the proposed protein
X binding sites. There are several previous studies that dem-
onstrated the importance of sulfated glycosaminoglycans (5,
12, 46, 48, 59) and the laminin receptor in PrP5¢ formation
(33), and more recently, in vitro PrP5¢ formation experiments
using brain homogenates revealed that host-encoded RNA
molecules facilitated PrPS¢ formation (17). However, to fully
explain how the same mutant PrP° can convert differently when
exposed to two PrPS° strains, any invoked factor must be as-
sociated with the strain itself. For example, the virus or virino
hypothesis (15, 27, 34) proposes that agent-encoded nucleic
acids are the true determinants of strain diversity. Unfortu-
nately, evidence for such nucleic acids is lacking.

It should be noted that the strain-specific effects were not
related to cloning artifacts or the influence of introduced
epitopes. Our results were reproduced in other clones and
mass cultures prior to cloning (data not shown). In addition,
changing the epitope tag from 3F4 to L42 in the mutated PrPs
did not affect the strain-specific effects on PrP5¢ formation
(Fig. 5). This indicated that the properties observed were due
only to the codon substitutions.

The best explanation for our data lies with the seeding
model hypothesis, which proposes that mutated PrP¢, which is
unable to convert, forms a heteropolymer with wild-type PrP¢
and PrP5¢, which prevents the conversion of both wild-type and
mutated PrP¢. Cell-free conversion studies with purified mouse
and hamster PrP isoforms have revealed that heterologous
PrP¢, which itself cannot convert, can directly interfere with the
conversion of homologous PrP° into PrPS¢. Furthermore,
mouse PrP¢ can form heteropolymers with hamster PrP¢ and
PrP5¢ and vice versa (24).

In conclusion, we have shown that mutations at codons 185
and 218 in mouse PrP° reveal strain-specific effects on PrPSc
formation in cell culture. The conversion differences and IR
data suggest that distinct conformations underlie the charac-
teristics of these strains, although the presence of an uniden-
tified strain-specific cofactor cannot be excluded. Further study
of these mutants may lead to a better understanding of the
structure of PrPS¢ and the process by which it is formed. This,
in turn, will help advance the knowledge of the molecular basis
of TSE strains.
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