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*Laboratory of Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Hamilton, MT 59840; and †Department of Veterinary Public Health and Research Center for Protozoan Molecular Immunology, Obihiro University of
Agriculture and Veterinary Medicine, Obihiro, Hokkaido 080-8555 Japan

Edited by David S. Eisenberg, University of California, Los Angeles, CA, and approved March 27, 2000 (received for review December 2, 1999)

The self-induced formation of the disease-associated, protease-
resistant prion protein (PrP-res) from the normal protease-sensitive
isoform (PrP-sen) appears to be a key event in the pathogenesis of
transmissible spongiform encephalopathies. The amino acid se-
quence specificity of PrP-res formation correlates with, and may
account for, the species specificity in transmission of transmissible
spongiform encephalopathy agents in vivo. To analyze the mech-
anism controlling the sequence specificity of PrP-res formation, we
compared the binding of PrP-sen to PrP-res with its subsequent
acquisition of protease resistance by using cell-free systems con-
sisting of heterologous versus homologous mouse and hamster PrP
isoforms. Our studies showed that heterologous PrP-sen can bind
to PrP-res with little conversion to the protease-resistant state and,
in doing so, can interfere with the conversion of homologous
PrP-sen. The interference occurred with molar ratios of homolo-
gous to heterologous PrP-sen molecules as low as 1:1. The inter-
ference was due primarily to the inhibition of conversion, but not
the binding, of the homologous PrP-sen to PrP-res. The results
provide evidence that the sequence specificity of PrP-res formation
in this model is determined more by the conversion to protease
resistance than by the initial binding step. These findings also
imply that after the initial binding, further intermolecular interac-
tions between PrP-sen and PrP-res are required to complete the
process of conversion to the protease-resistant state.

Transmissible spongiform encephalopathies (TSEs) are fatal
neurodegenerative diseases which include scrapie in sheep and

goats, bovine spongiform encephalopathy (BSE) in cattle, and
Creutzfeldt–Jakob disease (CJD) in humans. TSEs have a long
asymptomatic incubation period followed by a relatively short
clinical phase. They are characterized by the accumulation of a
disease-specific, protease-resistant isoform of prion protein (PrP),
designated PrP-res or PrPSc, in the central nervous system. PrP-res
is generated posttranslationally from the normal, protease-sensitive
isoform of PrP (PrP-sen or PrPC) (1, 2). Despite the fact that PrP-res
is derived from a host-encoded protein, several lines of evidence
suggest that PrP-res is a major component of the infectious agent
or the agent itself (reviewed in refs. 3–5). Consistent with the latter
possibility are demonstrations in cell-free systems that PrP-res can
induce the conversion of PrP-sen to a form that is protease-resistant
like PrP-res (6). This reaction is highly specific in ways that mimic
the species- and strain-specific aspects of TSE diseases in vivo (6–9).
This apparently autocatalytic converting activity of PrP-res corre-
lates with scrapie infectivity (10). However, no noninfectious form
of PrP has been converted demonstrably to an infectious agent in
vitro, so the full identity of the TSE infectious agent, or prion,
remains uncertain.

TSE agents can sometimes be transmitted from one host species
into another. For instance, bovine spongiform encephalopathy
apparently has passed from cattle into humans via the food supply
to cause new variant Creutzfeldt–Jakob disease (11, 12). Often,
however, there are significant ‘‘species barriers,’’ i.e., inefficiencies
in interspecies transmissions that are manifested by a lack of clinical

disease or prolonged incubation periods in the recipient species
(13–16). Transgenic mouse studies suggested that species barriers
result from differences in PrP amino acid sequence between the
donors and recipients of infection (17). Furthermore, the conver-
sion of PrP-sen to the protease-resistant form in in vitro systems is
strongly influenced by amino acid sequence differences between
the PrP-sen and PrP-res molecules (7, 9, 18–20).

In cell-free reactions in which PrP-res induces the conversion
of PrP-sen to the protease-resistant form, two steps have been
segregated kinetically; first, the binding of PrP-sen to PrP-res,
and second, its acquisition of protease resistance (21, 22). This
observation raises the question of which step requires amino acid
sequence compatibility between PrP-sen and PrP-res. To address
this question, we have quantitatively compared the initial bind-
ing and overall cell-free conversion reactions between mouse
and hamster PrP isoforms. Binding of heterologous PrP-sen to
PrP-res was observed with little conversion to the protease-
resistant state. Furthermore, such binding of heterologous PrP-
sen interfered with the PrP-res-induced conversion of homolo-
gous PrP-sen. These results provide insight not only into the
molecular control of species specificity but also the basic mech-
anism of PrP-res formation itself.

Materials and Methods
Cells and Purification of PrP-sen. The PrP-sen molecules used
throughout this study were modified to lack the glycosyl-
phosphatidylinositol anchor and were expressed in PA317 and
c2 mouse fibroblasts (6, 23). The hamster PrP-sen was of the
Syrian hamster PrP sequence. The mouse PrP-sen was further
mutated from leucine and valine at residues 108 and 111,
respectively, to methionines to make it reactive with the mono-
clonal antibody 3F4 (24); thus, we designate this molecule as
mouse(3F4) PrP-sen in what follows. Metabolic labeling of the
cells with [35S]methionine and purification of 35S-labeled PrP-
sen by immunopurification with 3F4 antibody were performed as
described previously (25) except for the elution of 35S-labeled
PrP-sen from staphylococcal protein A-Sepharose immunocom-
plexes; PrP-sen was eluted with 0.1 M acetic acid (pH 2.8) and
kept at 4°C until use. Unlabeled PrP-sen was also purified from
cells with the same procedure. The amounts (by weight) of

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: TSE, transmissible spongiform encephalopathy; PrP, prion protein; PrP-res
and PrP-sen, protease-resistant and protease-sensitive isoforms of PrP; PK, proteinase K;
GdnzHCl, guanidine hydrochloride.

‡Present address: IPMC, CNRS, 660, Route des Lucioles, 06560 Valbonne, France.

§To whom reprint requests should be addressed at: Rocky Mountain Labs, 903 S. 4th St.,
Hamilton, MT 59840. E-mail: byronocaughey@nih.gov.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.110523897.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.110523897

5836–5841 u PNAS u May 23, 2000 u vol. 97 u no. 11



unlabeled and 35S-labeled PrP-sen used in various experiments
were estimated by immunoblotting.

Purification of PrP-res. PrP-res was purified without proteinase K
(PK) treatment from the brains of hamsters infected with 263K
strain (26) or brains of mice infected with mouse-adapted sheep
scrapie (Obihiro strain) (27) as described previously (28).

Cell-Free Conversion Reactions. Cell-free conversion reactions with-
out the use of guanidine hydrochloride (GdnzHCl) were performed
as described elsewhere (22). Briefly, purified PrP-res was diluted
with deionized water and sonicated for 15 sec, and then 100 ng of
PrP-res was mixed with 35S-PrP-sen (20,000 cpm; '2 ng) in 20 ml
of reaction mixture containing 200 mM KCl, 1.25% Sarkosyl, 5 mM
MgCl2, and 50 mM citrate buffer (pH 6.0). The molar ratio of
35S-PrP-sen to PrP-res was estimated to be '1:50 by immunoblot-
ting. In the experiments in Figs. 3 and 4 and Table 1, 100 mM citrate
buffer was used to maintain the pH of the reaction at 6.0. The
reaction mixtures were incubated at 37°C for 3 days. Nine-tenths of
the reaction mixtures was treated with 20 mgyml PK (50 mM
TriszHCl, pH 8.0y150 mM NaCl in 100 ml) at 37°C for 45 min. The
remaining one-tenth of the reaction mixture was analyzed without
PK treatment. Digestion by PK was stopped by adding Pefabloc
(Boehringer Mannheim) to 2 mM, 20 mgyml thyroglobulin (carri-
er), and then 4 vol of methanol. Methanol-precipitated pellets were
subjected to SDSyPAGE using precast acrylamide gels (Novex),
and radioactive proteins were visualized and quantified with a
PhosphorImager (Molecular Dynamics).

Binding Analysis. One hundred nanograms of PrP-res and purified
35S-PrP-sen (20,000 cpm and '2 ng, unless specified otherwise)
were mixed in 20 ml of the same buffer as described for the
conversion reactions and incubated at 37°C for 3 days. After
incubation, reaction mixtures were centrifuged at 12,000 3 g for 15
min. The supernatant was saved as the unbound fraction. The
resulting pellet was washed once with 180 ml of the same buffer and
centrifuged again. The final pellet was dissolved with 20 ml of 1%
SDS. The radioactivities in unbound and pelleted (bound) fractions
were quantified in a scintillation counter, and 35S-PrP in both
fractions was analyzed by SDSyPAGE and PhosphorImager
analysis.

Immunoblotting. Transfer of the proteins from acrylamide gels to
Immobilon-P membranes (Millipore) was performed as de-
scribed (29). PrP on the membrane was visualized by using an
anti-PrP synthetic peptide (amino acids 89–103) serum and ECF
Western blotting reagents (Amersham), and quantified with a
PhosphorImager instrument (Molecular Dynamics).

Results
Species Specificity of GdnzHCl-Free Conversion Reactions. In previous
cell-free reactions in the presence of GdnzHCl, heterologous con-
version reactions between mouse and hamster PrP isoforms were
inefficient, mimicking the poor interspecies transmissions of scrapie
between mice and hamsters (7, 23). Since we recently found
GdnzHCl-free conditions for cell-free conversion reactions (22), we
first examined whether species specificity could be observed under
these more physiological conditions (Fig. 1). In these experiments,
we used mouse(3F4) PrP-sen because it has exhibited conversion
specificity similar to that of wild-type mouse PrP-sen (7, 23) and can
be isolated under conditions identical to those used for hamster
PrP-sen, i.e., with the same 3F4 antibody.

As observed previously (6, 22), 35S-labeled hamster PrP-sen
was converted to the expected partially protease-resistant forms
('7 kDa smaller after PK digestion than the original 35S-PrP-
sen) in the presence of homologous hamster PrP-res but not in
its absence (Fig. 1 A). Compared with this positive control
reaction, the conversion of heterologous mouse(3F4) 35S-PrP-

sen into the protease-resistant form by hamster PrP-res was
'70% less efficient (P , 0.01, Fig. 1). Furthermore, the con-
version of hamster 35S-PrP-sen by mouse PrP-res was '95% less
efficient than the more homologous¶ reaction between
mouse(3F4) 35S-PrP-senymouse PrP-res (P , 0.001, Figs. 1).
Thus, the relative inefficiencies of the heterologous conversion
reactions under the near-physiological conditions correlated well
not only with the previously reported reactions with GdnzHCl
but also with the poor transmissibilities of scrapie between these
two species in vivo.

Binding of PrP-sen to Heterologous PrP-res. To determine whether
the inefficient conversion of PrP-sen with heterologous PrP-res

¶For simplicity, we will refer to reactions between the mouse(3F4) 35S-PrP-sen and mouse
PrP-res as ‘‘homologous’’ despite the differences at residues 108 and 111. The term ‘‘heter-
ologous’’ will be reserved for reactions between mouse [or mouse(3F4)] and hamster PrP
molecules, where there are 12 [or 10] residue mismatches, including those that are known to
greatly influence the specificity of conversion reactions (7, 18–20, 23).

Fig. 1. Formation of protease-resistant 35S-PrP by 35S-PrP-sen with homologous
and heterologous PrP-res under GdnzHCl-free conditions. (A) The species of
PrP-sen and PrP-res are indicated above the figure as H (hamster), M [mouse
PrP-res or mouse(3F4)-PrP-sen]. Controls lacking PrP-res are indicated by 2. 2PK
and 1PK indicate PK-untreated and PK-treated samples, respectively. The major
band of the 35S-PrP-sen (lacking the glycosyl-phosphatidylinosital anchor) was
unglycosylatedandcomigratedwiththe28.5-kDamarker.Theprotease-resistant
35S-PrP bands quantified by PhosphorImager analyses are indicated by the
bracket on the right side. The bands lying below the bracket are partial conver-
sion products, the formation of which appears to be less species dependent in this
and previous studies (7). Molecular mass markers are on the left (in kDa). (B)
Quantitation of the formation of protease-resistant 35S-PrP. The means and
standard deviations of five independent experiments are indicated. Statistical
significanceofthedifferencesbetweenthemeans isdesignatedby**and*** for
P , 0.01 and P , 0.001, respectively, in an unpaired t test. 2, Without PrP-res.
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was due to poor initial binding of PrP-sen to PrP-res, the binding
of 35S-PrP-sen to PrP-res was analyzed. As described previously
(22), PrP-res was incubated with the 35S-PrP-sen and then was
pelleted, along with any bound 35S-PrP-sen, by centrifugation.
More than 95% of the PrP-res is pelleted by this procedure (data
not shown), whereas in the absence of PrP-res, ,10% of the
35S-PrP-sen appeared in the pellet (Fig. 2). Fig. 2 shows that after
3-day incubations, the binding of 35S-PrP-sen to PrP-res in
heterologous combinations was 70–74% as efficient as with the
homologous combinations (P , 0.05). These results suggest that
the much less efficient conversions observed with heterologous
mixtures of PrP-sen and PrP-res (Fig. 1) can be attributed only
partly to a lack of binding between the two isoforms. Thus, it is
likely that the sequence specificity of the conversion reaction is
determined to a large extent by events in the subsequent step in
which PrP-sen acquires protease resistance.

Interference of PrP-res Formation by Heterologous PrP-sen. Because
the heterologous PrP-sen molecules that were poorly converted

to the protease-resistant form were still able to bind to PrP-res,
we analyzed whether they could also interfere with the binding
andyor conversion of homologous PrP-sen molecules. In these
reactions, the homologous 35S-PrP-sen and PrP-res (unlabeled)
species were mixed with increasing amounts of unlabeled PrP-
sen molecules (homologous or heterologous) and the efficiencies
of conversion were determined (Fig. 3). No reduction in the
formation of protease-resistant 35S-PrP was observed with #16-
fold excess of homologous PrP-sen, indicating that the conver-
sion reaction was not saturated with substrate. By contrast, when
the unlabeled heterologous PrP-sen was added, formation of the
protease-resistant 35S-PrP from the homologous 35S-PrP-sen was
greatly reduced (Fig. 3), even at a 1:1 ratio of unlabeled
(heterologous) PrP-sen to 35S-labeled (homologous) PrP-sen
(Fig. 4). This indicated that heterologous PrP-sen molecules
could interfere with conversion reactions between homologous
PrP-sen and PrP-res molecules without themselves being con-
verted. The fact that interference was observed even at 1:1 ratios
of homologous to heterologous PrP-sen provided evidence that
mouse(3F4) and hamster PrP-sen have sufficiently similar af-
finities to compete with one another for the conversion-inducing
sites on either mouse or hamster PrP-res.

Binding of PrP-sen to PrP-res Is Not Blocked by Heterologous PrP-sen.
Because unlabeled heterologous PrP-sen interfered with the
formation of homologous protease-resistant 35S-PrP, we exam-
ined whether unlabeled heterologous PrP-sen could also inter-
fere with the binding of 35S-labeled PrP-sen to PrP-res. As
expected from the previous conversion experiment in Fig. 3, the
addition of a 16-fold excess of unlabeled homologous PrP-sen did
not reduce the binding of the homologous 35S-PrP-sen (Table 1).
Interestingly, however, the same was true with the addition of
unlabeled heterologous PrP-sen. Thus, despite the interference of
protease-resistant 35S-PrP formation by heterologous unlabeled
PrP-sen (.75% inhibition, Figs. 3 and 4), the binding of the
homologous 35S-PrP-sen was not blocked by more than '15%
(Table 1). To confirm that the excess heterologous PrP-sen also
binds to PrP-res in the presence of homologous PrP-sen, in-
creasing amounts of mouse(3F4) 35S-PrP-sen were added to
reaction mixtures containing constant amounts of 35S-labeled
hamster PrP-sen and unlabeled hamster PrP-res. The total
amount of 35S-PrP pelleted with hamster PrP-res increased with
the addition of mouse(3F4) 35S-PrP-sen (Fig. 5), indicating that
mouse(3F4) PrP-sen binds to hamster PrP-res even in the
presence of hamster PrP-sen. Thus, both homologous and het-
erologous PrP-sen can bind simultaneously to PrP-res. The
ability of the heterologous PrP-sen to interfere with the con-
version of homologous PrP-sen therefore appears to be due
primarily to inhibition of acquisition of protease resistance,
rather than the binding, by the homologous PrP-sen.

Fig. 3. Interference of protease-resistant 35S-PrP formation by unlabeled heterologous PrP-sen. The species of the PrP components (35S-PrP-sen, unlabeled
PrP-sen, and PrP-res) in the reactions are indicated by H (hamster), M [mouse or mouse(3F4)], and 2 (solvent control). 2PK and 1PK indicate PK-untreated and
PK-treated samples, respectively. The molar ratio of 35S-PrP-sen to unlabeled PrP-sen was 1:16. The relative amount of 35S-PrP-sen versus unlabeled PrP-sen was
determined by quantitative immunoblot analysis.

Fig. 2. Binding of 35S-PrP-sen to homologous and heterologous PrP-res.
Radioactivities of unbound and pelleted (bound) fractions were determined
as described in the text. The percentages of the radioactivity in the pelleted
fraction relative to total radioactivity (sum of unbound and pelleted fractions)
are expressed as 35S-PrP bound to PrP-res in the graph. Without PrP-res (2),
,10% of total radioactivity was detected in the pelleted fraction. Means 6SD
of four independent experiments are indicated. Marginal statistical signifi-
cance (P , 0.05) of the differences between the means is designated by *.
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Discussion
The appearance of new variant Creutzfeldt–Jakob disease as a
likely consequence of bovine spongiform encephalopathy trans-
mission from cattle to humans has heightened the importance of
understanding the mechanisms controlling the interspecies
transmissibility of TSE agents. Clearly, PrP amino acid sequence

differences between donor and recipient species can play an
important modulatory role in vivo (17). Similarly, strong se-
quence compatibility requirements can be seen for PrP-res
formation in scrapie-infected tissue culture cells and cell-free
reactions (7, 9, 18–20). Studies in cell-free systems also have
shown that the conversion of PrP-sen to the protease-resistant
state results from direct interactions between PrP-sen and
PrP-res aggregates. The binding between PrP-sen and PrP-res is
highly selective with respect to other proteins (22); however, as
we have shown here, binding between heterologous PrP isoforms
can occur readily. Interestingly, the subsequent step in which
bound PrP-sen acquires protease resistance depends more on
PrP sequence homology and may not occur between heterolo-
gous PrP species. Thus, with mouse and hamster isoforms of PrP
at least, it is the acquisition of protease resistance by PrP-sen
rather than the initial binding of PrP-sen to PrP-res that pri-
marily determines the sequence specificity of PrP-res formation.

Differences Versus Earlier Mouse–Hamster Conversions. There are
some differences in the species specificities of the conversion
reactions observed in this study and previous studies. Conver-
sions of wild-type mouse and mouse(3F4) PrP-sen [with glycosyl-
phosphatidylinositol (GPI)] with PrP-res of the hamster scrapie
263K strain were not observed in the previous studies (7), and
this is consistent with the lack of transmission of 263K hamster
scrapie strain to mice (30). In contrast, 263K PrP-res did convert
mouse(3F4) PrP-sen in this study, but the conversion efficiency
of this combination remained much lower than that of the
homologous combination. The differences in the experimental

Fig. 4. Dose-dependent interference of protease-resistant 35S-PrP formation
by unlabeled (‘‘cold’’) heterologous PrP-sen. The left bars show the cell-free
conversion reactions with hamster 35S-PrP-sen and PrP-res, whereas the right
bars show those with mouse(3F4) 35S-PrP and PrP-res. The conversion reactions
were performed in the presence of increasing amounts of unlabeled heter-
ologous PrP-sen as indicated. The percent conversion obtained from the
control conversion reactions (without unlabeled PrP-sen, the ratio of 35S-PrP-
sen to unlabeled PrP-sen ratio was 1:0) was assigned as 100% and the relative
percent conversions as compared with control reactions are shown. Means
and standard deviations of triplicate samples are indicated.

Table 1. Binding of 35S-PrP-sen to PrP-res in the presence of
unlabeled heterologous or homologous PrP-sen

PrP in reaction

35S-PrP bound, %*35S-PrP-sen Unlabeled PrP-sen† PrP-res

Mouse(3F4) Mouse(3F4) Mouse 66.8 6 4.6
Mouse(3F4) Hamster Mouse 61.2 6 1.0
Mouse(3F4) — Mouse 70.7 6 0.9‡

Hamster Hamster Hamster 71.0 6 4.1
Hamster Mouse(3F4) Hamster 64.8 6 4.4
Hamster — Hamster 76.7 6 1.6‡

*Percentage of 35S-PrP in the pelleted fraction relative to total 35S-PrP in the
reaction mixture (sum of unbound and pelleted fractions). Background
binding (without PrP-res) was 8.8% 6 1.5%.

†Ratio of 35S-PrP-sen to unlabeled PrP-sen is 1:16.
‡These means are marginally statistically significant (P , 0.05) from those of
the corresponding reactions with the excess unlabeled heterologous PrP-sen.
The other differences were not significant. These values are also slightly
higher than the corresponding binding percentages shown in Fig. 2. How-
ever, the conditions of the binding reaction were also somewhat different
(twice the sodium citrate concentration stated in Materials and Methods)
because of the technical requirements of having these reactions control for
the experiments in which 16-fold more total PrP-sen was added compared
with the reactions in Fig. 2.

Fig. 5. Dose-dependent binding of 35S-PrP-sen to PrP-res. A total of 20, 40,
and 100 kcpm of hamster (Ha) 35S-PrP-sen or the mixture of hamster and
mouse(3F4) (Mo) 35S-PrP-sen (see below) were incubated with (solid lines) or
without (dashed lines) hamster PrP-res. The binding of 35S-PrP-sen to PrP-res
was analyzed by sedimentation analysis as described in the text. The 100-kcpm
sample consisted of 20 kcpm of hamster and 80 kcpm of mouse(3F4) 35S-PrP-
sen. The 40-kcpm sample consisted of 20 kcpm of hamster and 20 kcpm of
mouse(3F4) 35S-PrP-sen. The 20-kcpm sample consisted only of hamster 35S-
PrP-sen. The horizontal axis indicates the 35S-PrP-sen added to the reactions
(kcpm), whereas the vertical axis indicates 35S-PrP detected in the pelleted
fractions. The recoveries of input 35S-PrP varied from 70% to 85%. Each point
represents a mean 6SD of triplicates.
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conditions, e.g., the presence of absence of GdnzHCl or the use
of GPI(2) PrP-sen instead of wild-type Pr-sen may have affected
the results. However, the relative conversion efficiency in cell-
free conversion reactions is still broadly consistent with the
relative transmissibilities of TSE agents, suggesting that the
cell-free conversion reaction used here is a useful tool for
analyzing the mechanism of species specificity of PrP-res for-
mation.

Sites of Interaction Between PrP-sen and PrP-res. The segregation of
the binding of PrP-sen to PrP-res from the acquisition of protease
resistance by PrP-sen in the cell-free reactions provides insight into
the details of the conversion process. One region containing three
amino acid differences between mice and hamsters (mousey
hamster residues 138y139, 154y155, and 169y170) is known to
strongly influence the species-specific formation of PrP-res (7, 18,
20, 31). However, our binding analyses have indicated that differ-
ences at these and other amino acid residues only slightly reduce the
initial binding between mouse and hamster PrP isoforms. In a
previous study, we found evidence that the initial binding of PrP-sen
to PrP-res occurs through one or more surfaces adjacent to the C
terminus in the three-dimensional structure of PrP-sen (22). One
such surface contains residues 119–138 and others contain residues
'165–174 and 206–223 of PrP-sen. Taken together, these findings
suggest the following sequence of events in the conversion process:
Binding occurs initially through one or more of these surfaces
independent of possible mismatches at residue 138y139 or other
residues. The subsequent conversion to protease-resistant PrP,

however, requires further, more specific, intermolecular interac-
tions andyor conformational changes that are strongly influenced
by residues 138y139, 154y155, andyor 169y170. Indeed, this was
suggested previously to be the case for residue 138y139 because, in
PrP-sen, it is hydrophobic, internally disposed, and unlikely to take
part in initial intermolecular interactions with PrP-res (32).

Stoichiometry of Conversion Sites per Unit of PrP-res. We have also
shown here that the formation of protease-resistant 35S-PrP in
homologous reactions can be partially blocked by heterologous
PrP-sen even when the latter is at ratios of 1:1 to the homologous
35S-PrP-sen and '1:50 to the PrP-res seed. This result suggests
the following: (i) the heterologous, nonconvertible PrP-sen is
able to compete effectively with the homologous PrP-sen for the
conversion-inducing binding site; (ii) the ability of PrP-res to
induce conversion of homologous PrP-sen is terminated once it
is bound by conversion-incompetent heterologous PrP-sen (Fig.
6); and (iii) there are far fewer conversion-inducing sites than
PrP-res molecules in the average PrP-res polymer under these
conditions. The '50% inhibition of conversion that was ob-
served with a 1:50 ratio of heterologous PrP-sen to PrP-res
suggests that conversion-inducing binding sites for PrP-sen on
PrP-res were roughly 50% occupied by the interfering PrP-sen.
Thus, the number of conversion-inducing sites on the PrP-res
polymers can be estimated to have been a maximum of '1 per
25 PrP-res molecules.

Mechanistic Models for Interference. There are at least two possible
polymerization-based models (Fig. 6) for the observation that

Fig. 6. Nucleated polymerization-based models for binding, conversion (Upper), and interference (Lower) phenomena. Single-site (A) and two-binding-site
(B) pathways are shown. In the single-site model (Upper, A), rapid binding of PrP-sen (open triangles) is followed by a slower wave of conformational conversion
of bound PrP-sen molecules to PrP-res (squares). The inclusion of nonconvertible PrP-sen (black triangles) among convertible PrP-sen molecules prevents
propagation of the conversion through the bound PrP-sen molecules (Lower, A). In the two-site models (B), binding of PrP-sen can occur either at the
conversion-inducing site (shown at the end of the PrP-res polymer) or at a nonconverting site (e.g., on the sides of the polymer). Interference with conversion
(Lower, B) could occur by blockade of the conversion site by nonconvertible PrP-sen without blocking binding of either type of PrP-sen to the nonconverting
sites. PK designates a proteinase K digestion step wherein PrP-sen is completely digested and the N-terminal octapeptide repeat domain (residues 23-'90, the
wavy lines in the PrP-sen and PrP-res structures) are removed from PrP-res.
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heterologous PrP-sen can interfere with the conversion of
homologous PrP-sen (Figs. 3 and 4) without blocking the latter’s
binding to PrP-res (Table 1). One model assumes that there is
only one type of site on the PrP-res polymer for binding and
conversion. The heterologous PrP may be able to bind to that site
and form part of a new binding domain for the next (homologous
or heterologous) PrP-sen molecule. However, if the heterolo-
gous PrP-sen molecule cannot undergo the conformational
change to PrP-res, it, in turn, is unable to propagate the
conformational change to subsequently added PrP-sen mole-
cules. In this way, PrP-res-induced copolymerization (i.e., bind-
ing) of both homologous and heterologous PrP-sen molecules
might occur continuously without additional PrP-res formation.
Alternatively, there may be two types of binding sites for PrP-sen
on PrP-res, one that induces conversion to PrP-res and another
that does not. Interference of conversion would then be due
solely to the blockade of conversion-inducing sites without
hindering continued binding to the other type of site. The
interference in this scenario might resemble the action of
capping proteins in actin polymerization (33).

The interference with formation of protease-resistant PrP
observed in this study provides some mechanistic insights into
previous studies with transgenic (Tg) mice and scrapie-infected
cells. Mice transgenic for the hamster PrP gene are susceptible
to hamster scrapie (17). However, the incubation period in
hamster-PrP Tg mice that still express endogenous mouse PrP is
much longer than the incubation periods in hamster-PrP Tg mice
in which the mouse PrP has been ablated (17, 34, 35). Further-
more, expression of the hamster PrP gene in scrapie-infected
mouse neuroblastoma cells abolished the authentic PrP-res
formation (19). These studies imply that interactions between
heterologous PrP-sen and PrP-res interfere with PrP-res forma-
tion andyor the propagation of scrapie agent. Since we have
shown here that homologous PrP binding interactions do not
appear to be greatly favored over heterologous interactions, it is
likely that PrP-res formation is interrupted once conversion-
incompetent heterologous PrP-sen binds to PrP-res. In vivo, this
could lead to a delay in both PrP-res formation and onset of
clinical disease.

General Implications for Interspecies TSE Transmissions. In more
general terms, the following scenarios for TSE transmissions
between species in vivo are suggested. These scenarios assume
that PrP-res formation is required for TSE agent replication. If
the incoming agent-associated PrP-res can both bind and effi-
ciently convert the host’s PrP-sen to PrP-res, then no PrP-based
barrier to transmission would be expected. If, at the opposite
extreme, there were interspecies combinations of PrP-res and
PrP-sen where no binding or conversion occurs, there would be
complete resistance of the host to infection. An intermediate
situation is suggested by our observations with the mouse and
hamster PrP isoforms in which the incoming PrP-res can bind to
the host’s PrP-sen without converting it efficiently to PrP-res. A
significant, but not necessarily complete, barrier to transmission
would be expected. Such a phenomenon could be involved in
recent studies showing that hamster scrapie infectivity can
persist in wild-type, but not PrP-knockout mice, for their natural
lifespan but without causing clinical illness (16). If binding
between the PrP-res and PrP-sen occurs, there at least may be
the opportunity for the subsequent induction of protease resis-
tance in the host PrP-sen, even if this process were inefficient or
stochastic. Once the new PrP-res is generated from the PrP-sen
in the new host, there would be no sequence-based species
barrier to the subsequent formation of PrP-res. PrP-res might
then accumulate more efficiently and, in some cases, cause
clinical disease within the lifespan of the host. Such a scenario
might exist for transmissions of bovine spongiform encephalop-
athy into humans, where the efficiency of PrPBSE-induced con-
versions of human PrP-sen is very low but measurable (9).

Therapeutic Implications. Two possible targets for anti-TSE com-
pounds are suggested by the present study. Compounds that
block either the binding of PrP-sen to PrP-res or the subse-
quent conversion of PrP-sen to PrP-res will potentially be
anti-TSE compounds. Therefore, cell-free conversion reac-
tions and simple binding assays that can be performed in
multiwell plates may be good in vitro screening methods for
anti-TSE compounds.
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