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The [Het-s] infectious element of the filamentous fungus Podo-
spora anserina is a prion. We have recently reported that recom-
binant HET-s protein aggregates in vitro into amyloid fibers. In
vivo, the protein aggregates specifically in the [Het-s] prion strains.
Here, we show that biolistic introduction of aggregated recombi-
nant HET-s protein into fungal cells induces emergence of the
[Het-s] prion with a high frequency. Thus, we demonstrate that
prion infectivity can be created de novo, in vitro from recombinant
protein in this system. Although the amyloid filaments formed
from HET-s could transmit [Het-s] efficiently, neither the soluble
form of the protein nor amorphous aggregates would do so. In
addition, we have found that (i) [Het-s] infectivity correlates with
the ability to convert HET-s to amyloids in vitro, (ii) [Het-s] infec-
tivity is resistant to proteinase K digestion, and (iii) HET-s aggre-
gates formed in vivo in [Het-s] strains have the ability to convert
the recombinant protein to aggregates. Together, our data desig-
nate the HET-s amyloids as the molecular basis of [Het-s] prion
propagation.

I t is now widely accepted that an altered form of the prion
protein (PrPSc) is the infectious element in spongiform en-

cephalopathies (1). Yet the ‘‘protein-only’’ hypothesis still awaits
formal demonstration. Thus far, generation of infectious mate-
rial from purified natural PrPC or from recombinant sources has
been unsuccessful (2–4). Prions (infectious proteins) have also
been identified in fungi (yeast and filamentous fungi) (5, 6). The
yeast [URE3] and [PSI] prions represent valuable models to
explore the mechanism of prion emergence and propagation (for
recent reviews see refs. 7–9). Numerous reports suggest that the
yeast prions propagate as infectious amyloids (10–16). However,
the molecular nature of the template for prion replication in vivo
is still open for debate (17).

The [Het-s] infectious element of the filamentous fungus
Podospora anserina represents the prion form of the HET-s
protein (6). [Het-s] designates the prion state whereas the
prion-free state is termed [Het-s*]. [Het-s] strains differ from
[Het-s*] (prion-free) strains by their reactivity toward strains
expressing the HET-S protein. HET-S is a polymorphic variant
that differs from HET-s by 13 amino acid residues (18). Fila-
mentous fungi spontaneously undergo vegetative cell fusions
(19). Cell fusions between [Het-s*] (prion-free) and [Het-S]
strains are viable, but a cell death reaction occurs when [Het-s]
(prion) and [Het-S] cells fuse. This cell death phenomenon is
termed heterokaryon incompatibility (19, 20). Macroscopically,
this cell death reaction can readily be detected because it leads
to the formation of an abnormal contact line (‘‘barrage’’) when
[Het-s] and [Het-S] strains are confronted on solid medium. In
vivo, a HET-s-GFP fusion protein (GFP, green fluorescent
protein) is soluble in [Het-s*] strains but forms aggregates after
transition to the [Het-s] prion state (21). In vitro, recombinant
HET-s protein undergoes a transition from a soluble to an
aggregated state. These aggregates are typical amyloid fibers and
catalyze precipitation of the soluble protein (22). These results
lead to the suggestion that, as proposed for the yeast prions,

HET-s amyloid aggregation in vitro mirrors [Het-s] propagation
in vivo.

To determine whether [Het-s]-prion infectivity can be created
from recombinant HET-s protein and explore the connection
between amyloid formation and prion propagation, we have
developed a method to introduce the recombinant HET-s pro-
tein into fungal cells. In contrast to yeast, filamentous fungi such
as Podospora do not grow as individual cells but as a syncytial
structure (the mycelium) composed of a network of filaments
divided in articles with incomplete crosswalls. In other words, in
filamentous fungi there is a cytoplasmic continuity throughout
the mycelium. Consequently, when the [Het-s] prion emerges in
one fungal ‘‘cell,’’ it propagates easily through the entire myce-
lium. [Het-s] is known to propagate within the mycelium very
rapidly (up to 70 mm per day) (23). Therefore, this biological
system is well suited to detect even very rare conversion events
to the prion state. Thus, we chose to introduce the HET-s prion
protein into whole mycelium rather than into isolated cells as
described for the yeast system (15). Microprojectile bombard-
ment (biolistic) is an efficient way to introduce DNA into various
cell types including those displaying a cell wall (24, 25). We
successfully used this method to introduce recombinant HET-s
into Podospora. We demonstrate that in this system, prion
infectivity can be created in vitro from recombinant protein and
provide direct support for the hypothesis that amyloid aggregates
represent the molecular basis of [Het-s]-prion infectivity.

Materials and Methods
Preparation of HET-s Fibrils and Other Protein Aggregates. Recom-
binant HET-s protein expressed as a C-terminal histidine-tagged
construct in Escherichia coli was purified under denaturing
conditions and renatured in buffer A (150 mM NaCl�100 mM
Tris�HCl, pH 8�1 mM DTT) as described (22). For spontaneous
aggregation, HET-s at 1 mg�ml�1 in buffer A was incubated at
4°C for 72 h. For HET-s conversion (induced aggregation),
soluble protein at 1 mg�ml�1 in buffer A was incubated for 4 h
at 4°C after inoculation in a 1:10 ratio with preformed HET-s
fibers. Amorphous HET-s aggregates were obtained by adding
10% trichloroacetic acid (wt�vol) to soluble HET-s protein
(1 mg�ml�1 in buffer A) or by heating at 100°C for 5 min.
Aggregates were recovered by centrifugation (10,000 � g), and
the pellets were washed in buffer A and sonicated. For light
microscopy, f luorescein-labeled aggregated HET-s protein was
obtained by incubating soluble HET-s protein (1 mg�ml�1) in
sodium phosphate buffer (50 mM, pH 8) for 5 min with a 20-fold
molar excess of fluorescein isothiocyanate (Sigma). The labeled
protein was purified by size exclusion chromatography, and
aggregation was induced for 4 h by adding sonicated preformed
HET-s aggregates in a 1:10 ratio. Alzheimer �-amyloid peptide
(A�40) was purchased from Sigma, and fibrils were prepared as
described (26). Electron microscopy of protein aggregates was
performed on 10,000 � g pellet fractions as described (22).
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Biolistic Procedure. [Het-s*] (prion-free) strains were grown for 2
days at 26°C on solid corn meal agar containing 0.8 M sorbitol.
Four strains were grown per Petri dish. HET-s and control
proteins were overlaid onto each mycelium in a final volume of
100 �l of buffer A. After evaporation of the buffer, plates were
bombarded with 2 mg of tungsten particles (0.4 �m) in a Bio-Rad
PDS-1000�He system by using 1,100 psi (1 psi � 6.89 kPa)
rupture disks. Plates were incubated for 2 days at 26°C, and two
mycelial fragments were sampled from each strain and inocu-
lated on corn meal agar in confrontation with a [Het-S] tester
strain. If at least one of the two subcultures produced a ‘‘barrage’’
reaction (abnormal contact line resulting from the incompati-
bility cell death reaction) with the tester, the strain was scored
as positive for the [Het-s] prion phenotype. The [Het-s] prion
state of these strains was confirmed by testing their ability to
propagate the infectious element to [Het-s*] (prion-free) strains
by contact.

Proteinase K Digestion of HET-s Fibrils. HET-s fibers (100 �g) were
digested for 15 min at room temperature with 10 �g of proteinase
K. After digestion the resistant fragment was recovered by
centrifugation for 15 min at 10,000 � g. The pellet was resus-
pended in buffer A and analyzed by electron microscopy. After
SDS�PAGE, no remaining full-length HET-s protein was de-
tected by Coomassie blue staining or by Western blot.

In Vitro Conversion of the Recombinant HET-s Protein. For in vitro
aggregation experiments, freshly renatured HET-s protein (1
mg�ml�1 in buffer A) was inoculated with different HET-s
samples in buffer A with a 1:10 ratio. Protein aggregation was
analyzed at different time points by centrifugation (50 �l aliquots
for 15 min at 10,000 � g). Supernatant and pellet fractions were
analyzed by SDS�PAGE followed by Coomassie blue staining,
and protein concentration in the supernatant fraction was
measured with the Bio-Rad protein assay reagent.

Preparation of HET-s Aggregates from Crude P. anserina Extracts. A
crude protein extract from a [Het-s] expressing HET-s under
control of a strong constitutive promoter (21) or of the �het-s
knockout strain was obtained by osmotic lysis of protoplasts in
buffer A and submitted to ultracentrifugation for 2 h at
200,000 � g on 30% sucrose (wt�vol) as described (16). The
pellet was resuspended in buffer A and sonicated. By Western
blot, the amount of HET-s protein in this sucrose pellet fraction
was estimated to be about 1% of the total protein.

Note About the Terminology. The het-s locus exists as two alleles
designated het-s and het-S. HET-s and HET-S designate the
corresponding protein products. Strains expressing the HET-s
protein display two alternate phenotypes : [Het-s] and [Het-s*].
Strains expressing the HET-S protein display the [Het-S] phe-
notype. After confrontation, [Het-s] and [Het-S] strains produce
a barrage reaction (i.e., are incompatible) whereas [Het-s*] and
[Het-S] strains are compatible (for a review see ref. 20).

Results
Biolistic Introduction of HET-s into Living Cells. A schematic repre-
sentation of the biolistic procedure is given Fig. 1A. We have
modified the biolistic method by overlaying the protein on the
mycelium rather than binding it to the microprojectiles. Micro-
projectile bombardment was performed on Podospora mycelium
grown on solid medium containing 0.8 M sorbitol to try to limit
cytoplasmic bleeding. After bombardment, intracellular tung-
sten particles can be detected in a limited number of cells by light
microscopy and are often located in the vacuole (Fig. 1B). We
have verified that DNA-mediated transformation of P. anserina
with a vector conferring hygromycine resistance can be achieved
with this method (not shown). We then used recombinant HET-s
labeled with fluorescein to confirm that the protein can be
introduced into the mycelium. Again, in a limited number of cells
HET-s aggregates can be detected intracellularly by fluorescence
microscopy (Fig. 1B). After the biolistic experiment, samples

Fig. 1. Biolistic introduction of recombinant HET-s protein into [Het-s*] mycelium. (A) Schematic representation of the biolistic assay. Mycelium from a [Het-s*]
(prion-free) strain is overlaid with recombinant HET-s protein and bombarded with tungsten particles. (B) Light micrographs of mycelium after bombardment.
(Left) Tungsten particle located within a fungal vacuole. (Right) Fluorescein-labeled HET-s aggregates detected within a fungal cell. (Bar � 2 �m.)
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from each bombarded strain were tested for presence of the
[Het-s] prion by determining their incompatibility phenotype by
confrontation with a [Het-S] tester (Fig. 2)

Recombinant HET-s Induces the [Het-s] Prion. First, in control ex-
periments with no protein we have verified that the biolistic
procedure per se does not significantly increase spontaneous
emergence of [Het-s] (Table 1, from 1 to 3%). Then, when
converted or spontaneously aggregated HET-s protein was
introduced by biolistics, induction of [Het-s] state was very high:
87–99% of the bombarded strains had acquired the [Het-s] prion
state (Table 1). Decreasing the amount of HET-s aggregated

protein from 6 �g to 0.04 �g per mycelium did not strongly affect
the level of prion induction (Table 1). [Het-s] induction was still
unambiguously detected with as little as 10 ng of protein per
mycelium. However, when freshly renatured HET-s protein was
used in the biolistic assay, only 15 of 149 strains (9%) acquired
the [Het-s] prion (Table 1). Because after renaturation HET-s is
initially soluble and monomeric (22), these data suggested that
[Het-s]-inducing activity is associated with the presence of
HET-s aggregates.

Aggregated but Not Soluble HET-s Induces the [Het-s] Prion. To assess
further whether prion induction was caused by the soluble or
aggregated forms of HET-s, a spontaneously aggregating HET-s
sample—containing both soluble and aggregated forms—was
submitted to 100,000 � g ultracentrifugation. Although the
supernatant was still containing about half the amount of total
HET-s protein, no infectivity remained in this soluble fraction
(Table 2, 5% of [Het-s] induction). [Het-s]-inducing activity was
found only in the pellet fraction, indicating that infectivity is
associated to the insoluble material. After low-speed centrifu-
gation (2,000 � g), both pellet and supernatant fractions shared
a high [Het-s]-inducing activity (Table 2). This result suggests
that [Het-s] infectivity is not associated to HET-s aggregates of
a specific size. Apparently, various sizes of HET-s aggregates can
be infectious.

Amorphous HET-s Aggregates Do Not Induce [Het-s]. Because only
aggregates of HET-s are infectious, we propose that HET-s

Fig. 2. Phenotypic detection of the [Het-s] prion after microprojectile bombardment. Petri dish after bombardment (Left). The tungsten particles appear
clustered in one spot but are actually dispersed over the entire Petri dish. Two inoculates are sampled from each strain (Left, arrowheads) and subcultured in
confrontation with a [Het-S] tester strain for incompatibility tests (Right). The black arrow indicates a cell death reaction (‘‘barrage’’), and the white arrow
indicates a normal contact line. In this example, strains 1–3 have acquired the [Het-s] prion whereas strain 4 has remained in the [Het-s*] (prion-free) state.

Table 1. [Het-s] induction after biolistic introduction of the
recombinant HET-s into [Het-s*] (prion-free) strains

Protein
Amount of

protein
[Het-s]
mycelia

% of prion
induction

Controls
No shot — 1�126 1
No protein — 12�416 3
BSA 4.5 1�32 3

Aggregated HET-s (converted) 4 215�216 99
Aggregated HET-s (spontaneous) 6 59�68 87

1 54�70 77
0.3 46�64 72
0.1 42�60 70
0.04 24�32 75
0.01 8�32 25
0.004 4�68 6

Freshly renatured HET-s 3.5 16�181 9
Proteinase K-digested aggregates 2† 56�64 87
Amorphous HET-s aggregates

TCA-precipited 4 3�56 5
Heat-denatured 4 2�52 4

A�40 peptide amyloids 1.4 2�48 4

The first column gives the protein used in biolistic. The second column gives
the amount of protein in micrograms per mycelium. The third column gives
the number of strains that acquired the [Het-s] prion over the total number of
strains. The last column gives the corresponding percentage of [Het-s] induc-
tion. TCA, trichoracetic acid.
†Amount of HET-s prior to digestion.

Table 2. [Het-s] induction after biolistic introduction of the
recombinant HET-s into [Het-s*] (prion-free) strains after
centrifugation of the HET-s protein sample

Centrifugation speed (� g) 100,000 10,000 2,000

Fractions S P S P S P
Amount of HET-s protein 2.7 3 1.6 2.3 1 2.6
No. of [Het-s] strains 7�132 54�60 38�224 105�144 21�32 59�69
% of [Het-s] induction 5 90 17 73 67 86

The first line gives the centrifugation speed (in g). The second line gives the
amount of the protein used in micrograms per mycelium for the supernatant
(S) and the pellet (P) fractions. The third line gives the number of strains that
acquired the [Het-s] prion over the total number of strains and the corre-
sponding percentage of [Het-s] induction.
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amyloids induce [Het-s] prion by templating aggregation of the
endogenous HET-s protein. It was, however, conceivable that
HET-s aggregates introduced by biolistics simply increase the
rate of spontaneous emergence of [Het-s]. For example, recom-
binant HET-s aggregates might be dissociated by cellular chap-
erones (27) thus creating a pool of soluble HET-s. Because it
is known that overexpression of HET-s favors emergence of
[Het-s] (6), this possible local increase in HET-s concentration
might promote de novo generation of [Het-s]. Alternatively,
HET-s amyloid aggregates might ‘‘saturate’’ the cellular machin-
ery that serves to prevent protein misfolding and aggregation
(chaperones and proteasome) (28) and thus favor spontaneous
emergence of [Het-s]—in this case—from endogenous HET-s.
If, as implied by these two hypotheses, HET-s amyloids simply
increase the rate of spontaneous emergence of [Het-s], then
nonamyloid HET-s aggregates or unrelated amyloids should also
induce [Het-s]. Amorphous HET-s aggregates were obtained by
trichloroacetic acid precipitation or heat denaturation. By elec-
tron microscopy, these aggregates were clearly distinct from
typical HET-s amyloids (Fig. 3A and data not shown). None of
these amorphous HET-s aggregates was able to induce the
[Het-s] prion state in the biolistic assay (Table 1, 4 and 5% of
induction). We also tested the possibility that an unrelated
amyloid aggregate could posses [Het-s]-inducing activity. Amy-
loid fibers of the A�40 were prepared and fibril formation was
verified by electron microscopy (not shown). These A�40 pep-
tide fibrils did not induce [Het-s] (Table 1). The above experi-
ments strongly suggest that [Het-s] induction does not result
from an increase in the rate of spontaneous [HET-s] emergence

and that HET-s amyloids indeed template prion replication
in vivo.

[Het-s]-Inducing Activity Is Resistant to Proteinase K Digestion.
Resistance to proteolysis is a relevant feature of amyloid
aggregates and limited proteolysis can be used to identify the
highly hydrogen-bonded ‘‘core’’ of amyloid aggregates (29).
We therefore determined whether [Het-s]-inducing activity of
HET-s aggregates was resistant to proteinase K digestion. The
resistant material generated after proteinase K digestion of
full-length HET-s fibers remains insoluble and is composed of
a fragment of about 7 kDa (22). We have analyzed the resistant
material by electron microscopy (Fig. 3A). In contrast to
HET-s fibers, the proteinase K-treated fibers display a reduced
diameter (about 3–4 nm as opposed to 15–20 nm for the
undigested fibers). Proteinase K-digested insoluble material
was used in biolistic experiments and was found to display a
high level of [Het-s]-inducing activity (Table 1, 87% of induc-
tion). Acquisition of proteinase K resistance is a common
feature of different prion proteins. Because amyloids are
partially resistant to proteolysis, this experiment further sup-
ports the notion that the molecular basis of [Het-s] infectivity
is an amyloid structure.

[Het-s]-Inducing Activity and Ability to Trigger HET-s Aggregation in
Vitro Are Correlated. To determine whether [Het-s]-inducing
activity in the biolistic assay and the ability to convert HET-s into
amyloids in vitro are correlated, different HET-s samples used in
the biolistic experiments were analyzed for their ability to induce

Fig. 3. Electron micrographs of HET-s aggregates used in the biolistic assay and their ability to convert recombinant HET-s. (A) HET-s aggregates were prepared
and analyzed by electron microscopy after negative staining. (Bar � 50 nm.) (B) In vitro aggregation assays of recombinant soluble HET-s were inoculated in a
1:10 ratio with various HET-s samples. (Left) Control (E); 100,000 � g supernatant of spontaneously aggregating HET-s (�); 100,000 � g pellet of spontaneously
aggregating HET-s ({). (Right) Control (E); trichloroacetic acid (TCA)-precipitated HET-s (�); heat-denatured HET-s (Œ); proteinase K-digested HET-s fibers (F);
sonicated HET-s fibers ({). Aggregation assays were performed as described.
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HET-s aggregation in vitro. As expected, HET-s samples dis-
playing [Het-s]-inducing activity (100,000 � g pellet and pro-
teinase K-resistant material) were able to convert soluble HET-s,
whereas HET-s samples lacking infectivity (100,000 � g super-
natant and amorphous HET-s aggregates) did not (Fig. 3B).
Reciprocally, if HET-s aggregates formed in vivo are amyloids,
they should be able to seed aggregation of recombinant HET-s.
For the yeast [PSI] prion, aggregated Sup35 protein from [PSI�]
strains was found to convert the recombinant prion domain of
Sup35 into amyloids in vitro (12, 16). Protein extracts of a [Het-s]
strain overexpressing HET-s (21) and of a �het-s knockout strain
were prepared and added to soluble recombinant HET-s. Only
the extract containing HET-s aggregates was able to catalyze
aggregation of recombinant HET-s protein (Fig. 4). Thus,
similar to recombinant HET-s amyloids formed in vitro, HET-s
aggregates formed in vivo convert HET-s to aggregates. To-
gether these experiments clearly associate infectivity to convert-
ing activity.

Discussion
The present study shows that HET-s aggregates formed in vitro
induce the [Het-s] prion when introduced into [Het-s*] (prion-
free) strains. This result indicates that prion infectivity can be
obtained de novo in vitro from recombinant material. R. B.
Wickner (5) defined the expected genetic properties of a prion,
and [Het-s] was identified as a prion primarily based on genetic
criteria (6). The genetic demonstration of the prion hypothesis
for [Het-s] was, however, weaker than for [URE3] and [PSI],
because [Het-s] fails to meet one of the relevant genetic criteria
(30). Namely, the presence of the prion should produce the same
phenotype as mutations altering the gene required for its
propagation. The present results now represent a formal dem-
onstration that the [Het-s] element is the prion form of the
HET-s protein. Thus far, de novo generation of prion infectivity
had been reported only for the [PSI] yeast prion (15). In that
work, the prion domain of the Sup35 protein was introduced with
a liposome-based transformation procedure. [PSI] induction was
increased �100-fold; however, the [PSI�] convertants repre-
sented only about 1–2% of the transformed strains. The biolistic
procedure used here leads to induction of the [Het-s] prion with
a very high efficiency—up to 99% of the strains become [Het-s].
There is a fundamental physiological difference between the
[Het-s] system and yeast prion systems, because filamentous
fungi grow as a syncytial multicellular structure. Biolistic con-
version in a single viable ‘‘cell’’ is sufficient to infect the whole
mycelium. Because of this cytoplasmic continuity within the

mycelium, the biolistic assay proved very efficient and allowed us
to clearly demonstrate the infectious character of the recombi-
nant HET-s protein. The present work offers further direct
support of the ‘‘protein-only’’ hypothesis. Although the protein-
only concept originated from studies on mammalian prions (31,
32), it was the discovery of prions in eukaryotic microorganisms
(yeast and filamentous fungi) that allowed formal demonstration
of that hypothesis.

We show that [Het-s] infectivity is strictly associated with
insoluble material. A soluble HET-s fraction isolated by ultra-
centrifugation does not induce [Het-s] in our assay. In our
previous studies, we could show that in vivo acquisition of the
[Het-s] prion is correlated with aggregation of HET-s (21). This
aggregation, however, could be shown only by using strains
overexpressing HET-s. No HET-s aggregates were detected in
wild-type [Het-s] strains (21). We have suggested that the
amount of aggregated HET-s protein in wild-type strains was too
low to be detected. The present work now confirms that in vivo
and in vitro, [Het-s] prion infectivity is based on HET-s aggregate
formation. The HET-s aggregates used in the biolistic assay have
been identified as amyloids (22). The 10,000 � g pellet fraction
analyzed by electron microscopy is essentially composed of
fibrillar aggregates; we do not detect any amorphous nonamyloid
aggregates. Importantly, we show that [Het-s] infectivity resists
proteinase K digestion—a relevant feature of amyloids—and
that this proteinase K-digested material remains fibrillar. More-
over, only amyloid HET-s aggregates induce [Het-s], and [Het-
s]-inducing activity is correlated with the ability to convert
HET-s in vitro. Together these results indicate that the HET-s
amyloid aggregates are responsible for [Het-s] induction. Al-
though, ultracentrifugation completely removes infectious
HET-s material, [Het-s]-inducing activity is found in the
10,000 � g and 2,000 � g supernatant fractions. This observation
suggests that aggregates of a large range of sizes are capable of
inducing [Het-s]. We propose that HET-s amyloids induce
[Het-s] by templating prion replication in vivo. Recombinant
HET-s aggregates introduced in vivo presumably recruit soluble
HET-s monomers. Subsequent, breakage of this prion seed
would then allow reproduction of the infectious particle (33).

The mechanism of HET-s fibrillization awaits detailed char-
acterization but it is know that amyloid formation occurs by
means of the formation of ordered nuclei and oligomeric pre-
fibrillar intermediates (34). Such oligomeric intermediates have
in particular been described during the in vitro polymerization of
the prion domain of yeast Sup35 (35). The role of mature fibrils
and oligomeric intermediates in in vivo infectivity is an unre-
solved question. It has been suggested that in vivo, large amyloid
aggregates could represent secondary ‘‘dead-end’’ products in
the prion replication process with no active role in infectivity (17,
36). We find no significant difference in the level of [Het-s]-
inducing activity for samples undergoing spontaneous aggrega-
tion and presumably containing aggregation intermediates and
converted HET-s samples aggregated to completion. Moreover,
a significant fraction of the infectious material can be sedi-
mented at low-speed centrifugation. We therefore suggest that
‘‘mature’’ fibrils generated in vitro can be infectious. In the case
of the A�40 peptide, direct addition of peptide monomers to the
fiber end without formation of intermediates has been reported
(37). We find that HET-s aggregates formed in vivo are able to
convert recombinant soluble HET-s, suggesting as reported for
the yeast prions that HET-s amyloid or at least amyloid-like
aggregates exist in vivo (10, 16, 38). Whether such aggregates
represent bona fide infectious material in vivo remains to be
clarified. We hypothesized that the [Het-s]-associated cell death
reaction could be caused by oligomeric aggregation intermedi-
ates as proposed in the case of human protein deposition diseases
(21). In that hypothesis, HET-s amyloid formation may have a
protective role. Our results suggest that amyloid fibrils generated

Fig. 4. Extracts from a [Het-s] strain containing HET-s aggregates convert
soluble recombinant HET-s into aggregates. Recombinant soluble HET-s pro-
tein (1 mg�ml�1) was inoculated with an equal amount (wt�wt) of a sucrose
pellet fraction from a [Het-s] strain containing HET-s aggregates ([Het-s] lane),
or from the het-s-knockout strain (�het-s lane), or with buffer A alone (‘‘no
extract’’ lane) and kept at 4°C. The reaction mixture was centrifuged at
10,000 � g for 15 min after 30 min, 12 h, and 26 h, and supernatant and pellet
fractions were analyzed by SDS�PAGE and Coomassie blue staining. The
position of recombinant HET-s protein, which migrates at 32 kDa, is marked.
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in vitro are able to template prion replication in vivo and are not
simple dead-end products, at least in terms of prion propagation.
It is conceivable that in vivo, large HET-s aggregates are still
capable of propagating [Het-s] but are not active in the incom-
patibility cell death reaction.

For the Ure2p and Sup35 yeast prion proteins, a prion domain
can be delimited to an N-terminal N�Q-rich region (see ref. 39
for a review). This region is responsible both for prion propa-
gation in vivo and amyloid formation in vitro. HET-s lacks such
an N�Q-rich region. We show that the 7-kDa proteinase K-
resistant HET-s fragment displays prion infectivity in the biolis-
tic assay. This result suggests that the prion properties of HET-s
are also the results of a subregion of the protein. We propose that
the HET-s prion domain could correspond to the proteinase
K-resistant ‘‘core’’ of the HET-s amyloid aggregate. Preliminary
experiments indicate that the corresponding 7-kDa peptide is
able to form amyloids in vitro and propagate [Het-s] in vivo
(S.D.R. and S.J.S., unpublished data).

There is ever-growing evidence that amyloid formation and
prion propagation (at least in the case of fungal prions) are
intimately linked. However, the molecular nature of the bona fide
infectious material that propagates in vivo remains unknown.

Further studies directly connecting in vitro aggregation and in
vivo propagation are needed to clarify this issue. Based on its
sensitivity, this experimental procedure described here might
represent a useful tool to assess further the role of potential
aggregation intermediates and mature fibrils in [Het-s] prion
infectivity. This system could also be used to assess infectivity of
other amyloid proteins, namely fungal N�Q-rich proteins or
polypeptides involved in protein deposition diseases. One could
for instance determine whether biolistic introduction of an
amyloid protein is able to seed the self-propagating aggregation
of the corresponding protein expressed as a green fluorescent
protein fusion in Podospora.
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