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Prions are infectious proteins that encipher biological information
within their conformations; variations in these conformations dictate
different prion strains. Toward elucidating the molecular language of
prion protein (PrP) conformations, we produced an array of recom-
binant PrP amyloids with varying conformational stabilities. In mice,
the most stable amyloids produced the most stable prion strains that
exhibited the longest incubation times, whereas more labile amyloids
generated less stable strains and shorter incubation times. The direct
relationship between stability and incubation time of prion strains
suggests that labile prions are more fit, in that they accumulate more
rapidly and thus kill the host faster. Although incubation times can be
changed by altering the PrP expression level, PrP sequence, prion
dose, or route of inoculation, we report here the ability to modify
the incubation time predictably in mice by modulating the prion
conformation.
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F or many years, investigators argued that the existence of prion
strains demanded that an as yet undetected nucleic acid genome
be buried within the infectious protein particles (1). Subsequent
studies of prions in mammals and fungi, using prion proteins
produced in mammals and bacteria as well as synthetic peptides,
have demonstrated that prions are comprised solely of protein. In
transgenic (Tg) mice overexpressing mouse prion protein (MoPrP)
with a P—L substitution at position 101 corresponding to the
mutation identified in humans who have Gerstmann-Striussler-
Scheinker disease, experimental Gerstmann-Striussler-Scheinker
was transmitted to Tg mice expressing low levels of MoPrP (P101L)
(2-5). Similar transmissions were accomplished later with synthetic
peptides consisting of 55 residues carrying the same P—L mutation
that had been folded into a B-rich structure (6). A recombinant
fragment of the Sup35NM protein was polymerized into amyloid
fibrils and introduced into yeast (7). Similar studies were performed
later for the Het-s and [URE3] fungal prions (8, 9). Subsequently,
Sup35 NM protein fragments were used to produce different [PSI*]
strains, and these strains were introduced into yeast (10, 11).
Concomitantly, a recombinant (rec) MoPrP fragment consisting of
140 amino acids was polymerized into amyloid and inoculated into
Tg mice; the mice developed prion disease after prolonged incu-
bation periods (12). These studies, and others (13) in mammals and
fungi, have established beyond any reasonable doubt that prions are
composed solely of protein.

In mammals, prions cause Creutzfeldt-Jakob disease (CJD) in
humans, scrapie of sheep, bovine spongiform encephalopathy, and
chronic wasting disease of deer (14-18). The disease-causing iso-
form of the mammalian prion protein (PrP5°) is an alternatively
folded conformation of the normal, cellular prion protein. Naturally
occurring prion strains have been isolated, each with a distinct
incubation period and characteristic pathology; these traits often
are conserved upon serial transmission (19, 20) and are not based
on differences in the amino acid sequence of the protein. Biochem-
ical evidence argues that each prion strain is enciphered by a distinct
conformation of PrPS¢ (21-23).

In previous studies, synthetic prions were formed of recMoPrP
during polymerization into amyloid fibers (12). Inoculation of PrP
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amyloid fibers into Tg9949 mice, which overexpress N-terminally
truncated PrP at 16-32 times normal levels, led to the recovery of
prions containing protease-resistant PrPS¢ and to neuropathologi-
cal changes typical of prion disease. The conformational stability of
the resulting prion isolate, as measured by the guanidine hydro-
chloride (GdnHCI) concentration required to denature half of the
sample (GdnHCl, ;) was unusually high (=4.5 M), confirming the
novelty of the prion strain generated (24). Subsequent serial
passage of this isolate led to shortened incubation periods and a
decrease in the conformational stability of the resulting prion
isolate. Combining these data with those available for naturally
occurring prion strains, we found that the conformational stability
of prion isolates is directly proportional to the incubation period
(25).

To gain insight into the conformational basis of prion strain
diversity, we sought to create a spectrum of synthetic prion strains
with different conformational stabilities. We hypothesized that it
might be possible to produce prion strains with short, intermediate,
and long incubation times by varying the conformational stability of
the amyloid inoculum [supporting information (SI) Fig. S1]. To test
this proposal, we created amyloid fibers under an array of condi-
tions that resulted in the refolding of recMoPrP into distinct
conformations. We postulated that the newly created synthetic
prion strains would have conformational stabilities and incubation
periods dictated by the properties of the amyloid preparations from
which they were generated.

Results

To generate PrP amyloids with different conformational stabilities,
we systematically altered the conditions used for their formation,
including urea concentration, pH, and temperature (Fig. S2). The
temperature of amyloid formation is an important determinant of
yeast prion stability (10). We monitored the formation of amyloid
using the fluorescent dye thioflavin T (ThT) (26). Decreasing the
urea concentration (Amyloid 7) and temperature (Amyloid 8)
resulted in amyloid fibers with lower conformational stability (Fig.
1). We also found that fibers formed of recombinant PrP (recPrP)
(89-230) (Amyloid 6) had a lower conformational stability than
those formed of recPrP(23-230) (Amyloid 5) under identical
conditions (Fig. 1).

From the 11 amyloid preparations generated (Table S1), a subset
with distinct conformational stabilities (Amyloids 5-8; Table 1 and
Fig. 1) was selected for further characterization throughout this
work. GdnHCl,; values for different preparations ranged from 2.0
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Fig.1. Characterization of diverse PrP amyloid conformations. Formation of
Amyloid 5 (blue), Amyloid 6 (green), Amyloid 7 (orange), and Amyloid 8 (red)
was monitored by ThT fluorescence (A), followed by measurement of confor-
mational stability by ELISA coupled with denaturation with increasing con-
centrations of GdnHCI (B). Electron micrographs (C) show morphology of
Amyloids 5-8, as indicated. (Scale bars, 100 nm.)

M to 4.2 M (Fig. 1B), and distinct morphologies could be identified
by electron microscopy (Fig. 1C). The fibers were sensitive to
protease digestion under standard conditions used for detecting
PrPS¢ in brain homogenates (20 pg/mL PK, 37 °C, 1 h) (Fig. S34).
Because of the unusual appearance of Amyloid 8, we verified that
it was a true amyloid by testing its capability to seed amyloid
formation (Fig. S3 B and C).

To determine infectivity, bioassays were performed in Tg4053
mice that overexpress full-length, wild-type MoPrP at 4-8 times
normal levels and exhibit abbreviated incubation periods as com-
pared with wild-type mice (27, 28). We also selected Tg4053 mice
for these studies because we discovered that the Tg9949 mice used
in previous studies develop late-onset neurological dysfunction that
is distinct from and unrelated to prion disease, as do several lines
of Tg mice overexpressing other PrPs (29); the occurrence of this
unrelated neurological dysfunction complicates the determination
of incubation periods in Tg9949 mice. When we monitored unin-
oculated Tg4053 mice as well as Tg4053 mice inoculated with BSA
and PBS over their entire lifespans, we found that these mice were

Table 1. Conditions used for formation of diverse amyloid fiber
preparations?

Amyloid recMoPrP  Urea NaCl Temperature
preparation  sequence M) Buffer, pH (M) (°Q)
5 23-230 4 Acetate, pH 5 0.4 37
6 89-230 4 Acetate, pH 5 0.4 37
7 89-230 0.2 Acetate, pH 5 0.2 37
8 89-230 0.2 Citrate, pH 6 0.2 4

aA complete list of amyloid preparations.generated for these studies can be
found in Table S1.
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no more likely than wild-type FVB mice to develop spontaneous
neurological dysfunction as they age (P > 0.30, Fig. S4). Neither
Tg9949 nor Tg4053 mice spontaneously generate prions based on
neuropathological examination, Western immunoblotting, activity
in the amyloid seeding assay (ASA) (30), and serial transmission of
brain homogenates (Fig. S4 and Table S2).

We inoculated the 11 amyloid preparations, as well as monomeric
recMoPrP as a negative control, into groups of 8—12 Tg4053 mice
(Fig. 2 and Fig. S5). Of the 11 amyloid inocula, 10 caused disease
in Tg4053 mice with incubation times greater than 475 days (Table
S3). Mice inoculated with Amyloids 5, 6, and 7 developed prion
disease (Fig. 2A4), and their brains harbored PrPS¢ (Fig. 2B) of
varying protease resistance (Table S4); we designated the resulting
prion isolates “MoSP5,” “MoSP6,” and “MoSP7,” respectively.
Tg4053 mice inoculated with either Amyloid 8 or monomeric
recPrP did not develop prion disease (Fig. 24). We measured the
conformational stability of protease-resistant PrPS¢ in the brains of
mice harboring MoSP5, MoSP6, and MoSP7 (Fig. 2C) and found
that the conformational stability for each isolate followed an order
similar to that of the amyloid fibers used to create them. Analysis
of the pooled results indicated that inoculation of Tg4053 mice with
30 ug of amyloid fibers significantly enhanced the probability of
neurological dysfunction as compared with control groups (P =
0.002) (Fig. S54).

Neuropathological analysis showed that the initial passage of
Amyloids 5, 6, and 7 in Tg4053 mice caused prion disease. All 3
amyloid preparations resulted in the formation of punctate PrPS¢
deposits (1-4 wm) within the gray matter neuropil and adjacent to
nerve cell bodies (Fig. 2D, Top). With all 3 prion amyloid prepa-
rations, varying degrees of vacuolation also were found in the
neuropil (Fig. 2D, Bottom).

We serially transmitted brain homogenates containing 6 of the 10
new synthetic prion strains to Tg4053 mice (Fig. 3 and Table S5).
After brains from ill Tg4053 mice were subjected to Western
blotting following limited PK digestion, we inferred that isolates
MoSP5, MoSP6, and MoSP7 with the greatest extent of protease
resistance were likely to be the most mature forms and selected
those isolates for further study (Table S4). Brain homogenates
containing MoSP5, MoSP6, and MoSP7 transmitted disease to
healthy Tg4053 mice (Fig. 34 and Table S5); MoSP6 and MoSP7
also transmitted disease to wild-type FVB mice (Fig. 3B and Table
S5). We determined GdnHCly, values of MoSP5, MoSP6, and
MoSP7 passaged in Tgd053 mice (Fig. 3C) and of MoSP6 and
MoSP7 in FVB mice (Fig. 3D).

Distributions of neuropathological lesions as well as PrP deposits
in the brain were unique for MoSP5, MoSP6, and MoSP7 (Fig. 4
and Fig. S6), suggesting that each is a unique strain. MoSP5, which
resulted in the longest incubation time, caused a neuropathological
phenotype characteristic of most scrapie prion isolates in rodents,
including large numbers of vacuoles and finely granular PrPS
deposits in the gray matter neuropil. Amyloid plaques were not
visualized by PrP immunohistochemistry or H&E staining, nor was
substantial nerve cell loss detected. MoSP7, which resulted in the
shortest incubation time during serial transmission in Tg4053 mice,
produced many subcallosal amyloid plaques, which stained positive
with thioflavin S, but less gray matter vacuolation than either
MoSP5 or MoSP6. Additionally, the MoSP7 phenotype included
severe loss of pyramidal cell neurons in the CAl region of the
hippocampus in 2 of 3 mice examined. Mice inoculated with
MoSP6, which had an intermediate-duration incubation time,
showed a mixed morphological phenotype: We observed moder-
ately intense vacuolation, similar to that found with MoSP5, as well
as numerous smaller, plaque-like deposits, suggesting amyloid
deposition similar to that found with MoSP7. The plaque-like
deposits measured 5-10 wm and localized to the subcallosal region
and corpus callosum overlying the hippocampus. Neuropathology
of MoSP6 and MoSP7 in FVB mice generally was consistent with
that in Tg4053 mice. Vacuolation profiles revealed unique distri-
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Fig. 2. Prion disease results from inoculation of Amyloids 5, 6, and 7 into Tg4053 mice. Amyloids 5 (blue), 6 (green), 7 (orange), and 8 (red) were inoculated
into Tg4053 mice (n = 8-12 per inoculum). Monomeric, a-helical recPrP (purple) was inoculated as a control. Amyloids 5, 6, and 7 resulted in prion disease (A),
which was confirmed by Western blotting for protease-resistant PrP5¢ (B) and neuropathology (D). The resulting isolates were designated ““MoSP5,"” *“MoSP6,"
and ""MoSP7,” respectively. Amyloid 8 and monomeric recPrP did not result in prion disease; additional control experiments are shown in Fig. S4. The
conformational stability of MoSP5 (b/ue), MoSP6 (green), and MoSP7 (orange) was measured by titration with GdnHCI followed by PK digestion (C). ®, mouse
with symptomatic prion disease; A, mouse with asymptomatic prion disease; X, deceased mouse with no indication of prions. In B, a mouse infected with RML
prions is shown as a control for PK-resistant PrP5¢, Molecular masses based on the migration of protein standards are shown in kDa. Neuropathology included
PrP deposits (dark brown, top row in D) and vacuolation (white holes, bottom row in D). cc, corpus callosum; P, pyramidal cell layer. (Scale bar, 30 um.)

butions of neuropathological lesions in the brains of Tg4053 mice
serially infected with each new synthetic prion strain (Fig. S6). The
well-defined differences in incubation times, neuropathology, and
PrP immunohistochemical phenotypes that appeared during sec-
ond passage of MoSP5, MoSP6, and MoSP7 in Tg4053 mice suggest
that 3 distinct synthetic prion strains were formed.

We noted an apparent correlation of GAnHCl,, values both with
incubation periods and with the conformational stabilities of the
amyloid fibers originally inoculated. To investigate these correla-
tions further, we measured incubation periods and conformational
stabilities of brain isolates from secondary serial passages of
MoSP9, MoSP12, and MoSP13; these strains were created by
amyloid fibers with conformational stabilities covering the same
range of GAnHCl,, values as those used to create MoSP5, MoSP6,
and MoSP7 (Table S1). We found that the conformational stability
of each synthetic prion strain was correlated closely to the confor-
matlonal stablhty of the amy101d preparation used to generate it

= 0.00 , the conformational
e incubation period

for the second passage, and the data appeared to separate into 2
distinct groups for Tg4053 and FVB mice (Fig. 5B; for Tg4053, R =
0.993,n = 6, P < 0.0001; for FVB, R = 0.994,n = 3, P = 0.07). The
conformational stability of prion isolates from the first and second
transmissions followed the same order observed for the amyloids
used to generate them (Fig. 5C).

Discussion

In the foregoing studies, we generated an array of recMoPrP
amyloid preparations with different conformational stabilities and
showed that the resulting prion strains reflect the stabilities of the
recMoPrP amyloids. Our data lead to 2 important conclusions: (i)
The conformational stability of the synthetic prion isolate is dic-
tated by the conformational stability of the recMoPrP amyloid from
which it was generated, and (if) Prions of higher conformational
stability produce relatively longer incubation periods than those of
lower stability. That we were able to generate different strains of
prions that produce a range of incubation times in both wild-type
FVB and Tg4053 mice by manipulating the conditions of recMoPrP
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Fig.3. New prion strains are serially transmissible and have distinct incuba-
tion periods and conformational stabilities. Serial transmission (A, B) and
GdnHCI denaturation (C, D) of MoSP5 (blue), MoSP6 (green), and MoSP7
(orange) indicate 3 unique prion strains. (Primary data are shown in Fig. 57.)
All 3 prion isolates were transmitted to Tg4053 mice (A, C); MoSP6 and MoSP7
were transmitted to wild-type FVB mice (B, D).

polymerization into amyloid is remarkable but was predicted by
earlier studies (25, 31).

Amyloid 8, which had the lowest conformational stability, did not
cause disease in Tg4053 mice. This particular amyloid may have
been cleared readily by interstitial proteases because of its low
stability. It also is possible that the animals did not live long enough
for any of the putative prions in the sample to propagate and cause
disease; however, this explanation runs counter to our data showing
that low-stability prions exhibit short incubation periods. Finally,
the conformation of PrP in Amyloid 8 simply may not encipher a
prion state.

Our results establish beyond reasonable doubt that, like yeast
prions (7, 9-11), mammalian prions are composed solely of protein
and that infectivity resides within the polypeptide chain (12).
Although many studies have implicated N-linked glycosylation of
PrP as a site for specifying the properties of prion strains (17, 23, 32,
33), our findings militate against such proposals. Some of the
apparent effects of N-linked glycosylation on the properties of prion

strains may result from the changes in PrP turnover; diminished
steady-state levels of mutant PrP occur with decreased glycosyla-
tion (32, 34). The recMoPrP used in the work described here was
devoid of N-linked sugar chains as well as a glycosylinositol phos-
pholipid anchor because Escherichia coli are known not to perform
such posttranslational modifications. Mass spectrometry showed
that the predicted and observed masses of the recMoPrPs agreed
within <2 Da (35). This tight correspondence also eliminated other
posttranslational chemical modifications such as phosphate, ace-
tate, or sulfate groups as the basis of either prion infectivity or strain
diversity in accord with earlier studies of PrP%¢ isolated from the
brains of scrapie-infected hamsters (36).

Although our results confirm a relationship between the con-
formational stability of prions isolated from the brains of sick mice
and disease incubation period as found previously (25), they also
offer insight into the role of the PrP transgene and overexpression
in this relationship. The correlation found in earlier work (repro-
duced as a dashed line in Fig. 5B) was based largely on measure-
ments from Tg9949 mice, which overexpress PrP(89-230) at 16-32
times normal. We found that the slope of the correlation was more
gradual for Tg4053 mice, which express full-length PrP at 4—8 times
normal, and was slightly more gradual for wild-type FVB mice. This
observation is consistent with the view that the conformational
stability of a prion strain depends solely on its inherent conforma-
tion and is independent of the PrP expression level of the host
animal. Indeed, for MoSP6, MoSP7, and MoSP12 passaged in both
Tg4053 and FVB mice, the conformational stability was nearly
identical regardless of the host.

Although our results ascertain that infection with lower-stability
prions results in shorter incubation times and that infection with
higher-stability prions results in longer incubation times, the mech-
anism remains to be determined. How the conformation of PrPSe
determines the length of the incubation time is unknown. Although
some prion strains with long incubation periods may be serially
transmitted with high fidelity (1, 37), there is a propensity for prion
strains to converge to shorter incubation times during repeated
serial transmission. Generally, prion strains with shorter incubation
times are favored because they replicate faster and kill the host
before the strains with longer incubation periods can propagate.
Nonetheless, examples of strain interference have been recorded in
which a strain with a long incubation time interferes with the
replication of a strain with a short incubation time (38, 39). Studies

control
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Fig. 4. Distinguishing neuropathology of MoSP5, MoSP6, and MoSP7. (A) PrP immunohistochemistry (Top row) shows finely granular PrP5¢ deposits in the
hippocampal gray matter with MoSP5, coarsely granular, nonamyloid deposits of PrP5¢ primarily in the subcallosal-corpus callosum with MoSP6, and multiple,
PrP-immunopositive amyloid plaques in the subcallosal region as well as abundant finely granular PrP5¢ deposits with MoSP7. H&E staining (Bottom row) shows
large numbers of vacuoles with MoSP5, moderate numbers of vacuoles with MoSP6, and sparse numbers of vacuoles and severe nerve cell loss in the CA1 region
with MoSP7.The control isa mock-inoculated Tg4053 mouse. (B) Neuropathology resulting from MoSP6 and MoSP7 initially transmitted in Tg4053 mice and then

P6.and MoSP7 very similar to that found in Tg4053 mice. cc, corpus callosum; P, pyramidal cell layer. (Scale bars,
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Fig. 5. The properties of new synthetic prion strains are modulated by the

conformational stability of amyloids used to generate them. GdnHCly/, values of
synthetic prionstrains directly correlated to the GdnHClq/, values of the respective
amyloid preparations (A: R = 0.94, n = 9, P = 0.0002), as well as to incubation
periods (B: dashed line from ref. 25) in Tg4053 mice (O; R = 0.993, n = 6, P <
0.0001) and FVB mice ((J; R = 0.994, n = 3, P = 0.07). MoSP5 (blue), MoSP6 (green),
MoSP7 (orange), MoSP9 (yellow), MoSP12 (lime), MoSP13 (purple). Additional
data for amyloids and prion isolates are shown in Tables $1, S3, and S5. Amyloids
and synthetic prions retain their relative order of conformational stability during
first (1° Tx) and second (2° Tx) transmission (C). 2Amyloid conformational stability
was measured by epitope exposure in ELISA; PMoSP conformational stability was
measured by susceptibility to PK digestion.

of yeast have shown that many different chaperone proteins par-
ticipate in the multiplication of fungal prions (40-42). Although
investigations of mammalian prions have not yet identified specific
auxiliary proteins that feature in replication (43, 44), recMoPrP may
provide a tool for the identification of such replication-specific
macromolecules.

Why did all the amyloid preparations have long incubation
periods in the initial transmission (Fig. 24)? A possible explanation
is that a small number of infection-competent PrPS¢ conformers
were formed among many noncompetent PrP molecules, resulting
in very low titers in the inoculum. In that case, however, each
amyloid preparation would have to contain a small subpopulation
of infectious PrPS¢ molecules with conformational stabilities rep-
resentative of the overall population. Instead, we found that the
conformational stabilities of MoSP strains mimicked those of the
bulk amyloid inocula. In light of this observation, a more likely
explanation is that the PrP molecules in these amyloid preparations
are intermediates, denoted “PrP*,” along the folding pathway from
cellular PrP to PrPS¢ (45). In this scenario, each amyloid preparation
consisted of a distinct conformational intermediate (PrP*5, PrP*6,
and PrP*7), which required maturation to generate MoSP5,
MoSP6, and MoSP7 strains following inoculation. Another possi-
bility could be that an inhibitor of prion replication was present in
the amyloid preparations and required degradation before the
disease could manifest. The second theory is consistent with the
observed differences between the amyloid and the resulting prion
strain, which included resistance to protease digestion and that
brain deposits comprised of MoSP5 and MoSP6 did not bind
thioflavin. The first and third explanations presented here would be
consistent with our observations only if the infectious components
of the amyloid preparations were present at low levels and eluded
detection. It is imperative to obtain high-resolution structural data
on the 3 amyloid preparations that gave rise to MoSP5, MoSP6, and
MoSP7 and to _establish a method to convert these intermediates
into their fully infectious forms in vitro.

Colby et al.

In earlier work, we observed that MoSP1 went through a gradual
adaptation during repeated serial passage, with conformational
stability and incubation period either decreasing or remaining
constant from 1 passage to the next, depending on which brain
isolate was passaged (24, 25). We expect that MoSP5, MoSP6, and
MoSP7 will undergo a comparable adaptive process as we continue
to passage these strains serially; indeed, the conformational stability
of MoSP6 decreased during the second transmission (Fig. 5C), and
preliminary findings on the third transmission support this hypoth-
esis. Neither the mechanisms by which strains faithfully propagate
nor the circumstances under which strains appear to adapt are well
understood. What is clear is a tendency for adaptation to result in
shorter, rather than longer, incubation periods through a Darwin-
ian process in which the strain that kills the animal fastest nearly
always dominates. A hypothesis for the apparent adaptation is that
prion isolates actually are mixtures of strains with a distribution of
incubation periods, and “strain adaptation” appears when a minis-
cule component with a short incubation period finally amplifies to
sufficient titers to appear within the population. Alternately, strain
adaptation may result from subtle conformational changes during
or after prion replication. This hypothesis posits that only prion
strains with high stability and a long incubation period are meta-
stable and that prion molecules occasionally overcome an activation
barrier to attain a lower-stability conformation. Although lower-
stability conformations are not thermodynamically favored, such
states could become populated via a kinetic trap (or “Brownian
ratchet”), and the infrequency of crossing the activation barrier
explains the stochastic occurrence of new metastable states. On-
going serial-passage experiments of these novel synthetic prion
strains may provide valuable insight into prion strain evolution.

The design of synthetic prions with specific properties seems
likely to give new insights into the molecular pathogenesis of the
more common neurodegenerative disorders, Alzheimer’s dis-
ease and Parkinson disease (46-48). Understanding the age
dependence and the mechanisms controlling the tempo of CJD
may provide new strategies toward developing effective thera-
pies for CJD as well as for Alzheimer’s disease and Parkinson
disease.

The incubation periods of prion disease have been shown to be
influenced by many different factors: titers in the inoculum (49), the
route of inoculation (50), and host PrP sequence (51) and expres-
sion levels (52). Here we demonstrate that incubation periods can
be modulated directly by controlling the conformational stability of
PrP. The identification of additional conformational properties of
PrP that give rise to the biological properties of prion strains will
give even greater insight into the molecular language through which
PrP conformations encipher prion strains.

Methods

Detailed methods, including assays and biochemical, neuropathologic, and
statistical analyses, are provided in S/ Methods.

Fiber Formation. recMoPrP(89-230) and MoPrP(23-230) were expressed and
purified as described (12, 53). Lyophilized protein was dissolved in 10 M urea at
10 mg/mL or in 5 M guanidine at 5 mg/mL, aliquoted, and frozen at —70 °C. To
form fibers, solutions of urea (concentrations indicated in Table S1), 50 mM buffer
(acetate, pH 4 and 5; citrate, pH 6; or Tris, pH 7 and 8), NaCl (concentrations
indicated in Table S1), and 30 uM ThT were mixed before the addition of protein,
which was added to a final concentration of 0.2 to 1.0 mg/mL. We added a 3-mm
glass bead (Fisher Scientific) to each well of 96-microwell plates (Falcon 353945,
BD Biosciences). Protein solution then was added (200 uL/well). Plates were
shaken at the indicated temperature (Table S1) using either a microplate shaker
placed in a refrigerator or an M2 fluorescence plate reader with automix capa-
bility (Molecular Devices), which also was used to obtain ThT fluorescence read-
ings (filters set to 442 nm excitation, 485 nm emission). For reactions seeded with
amyloid fibers, preformed fibers were added at 2% vol/vol. Fibers were dialyzed
against PBS using 3 buffer changes to remove traces of urea and other solution
components before further characterization.
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Conformational Stability Measurements. To determine the conformational sta-
bility of amyloid fibers, a capture ELISA was used. The antibody D18 recognizes an
epitope that is buried within the amyloid fibers but is exposed in soluble PrP;
accessibility of this epitope was used to detect the fraction of PrP in amyloid versus
soluble state. Fibers were dialyzed against PBS and then were added to GdnHC|
(at the indicated final concentration), water, and BSA (final concentration 0.5%)
and were mixed well. After 2-h incubation at room temperature, fiber solutions
were mixed well and diluted 600-fold in PBS/BSA (0.1%) to reduce the GdnHC|
concentration. To each well of a D18-coated, capture ELISA plate (54), 100 uL of
denatured fiber solution was added, and the plate incubated overnight at 4° C.
The plate was washed 3 times with Tris-buffered saline with Tween-20, and 100
plL of the antibody-enzyme conjugate P-HRP was added to each well. Following
a 1-h incubation, the plate was washed 7 times with Tris-buffered saline with
Tween-20 and was developed with 100 uL 2,2’-azino-bis(3-ethylbenzthiazoline-
6-sulphonic acid (KPL, Inc). Absorbance was measured at 405 nm to determine
soluble PrP in each well. A recPrP ladder was used to ensure that readings
obtained were in the linear range. Fiber types were grouped based on their
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