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SUMMARY
Fibril fragmentation is considered to be an essential step in prion replication. Recent studies have
revealed a strong correlation between the incubation period to prion disease and conformational
stability of synthetic prions. To gain insight into the molecular mechanism that accounts for this
correlation, we proposed that the conformational stability of prion fibrils controls their intrinsic
fragility or the size of smallest possible fibrillar fragments. Using amyloid fibrils produced from full-
length mammalian PrP under three different growth conditions, we found a correlation between
conformational stability and the smallest possible fragment sizes. Specifically, the fibrils that were
conformationally less stable was found to produce shorter pieces upon fragmentation. Site-specific
denaturation experiments revealed that the fibril conformational stability was controlled by the region
that acquires cross-β structure. Using atomic force microscopy imaging we found that fibril
fragmentation occurred in both directions, perpendicular to and along of fibrillar axis. Two
mechanisms of fibril fragmentation were identified: (i) fragmentation caused by small heat shock
proteins including α-B-crystalline, and (ii) fragmentation due to mechanical stress arising from
adhesion of the fibril to a surface. This study provides new mechanistic insight into the prion
replication mechanism and offers a plausible explanation for the correlation between conformational
stability of synthetic prions and incubation time to prion disease.
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Introduction
Our understanding of the physical properties that separate infectious from non-infectious prion
protein fibrils remains very limited. Recent studies revealed a reverse correlation between the
length of the incubation time to prion disease and the conformational stability of synthetic
prions 1, 2. These results suggest that the rate of prion replication is, to a large extent, controlled
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by the conformational stability of prion fibrils. These results are also consistent with a view
that failure to induce clinical disease in non-transgenic animals reported in 3 might be, in fact,
due to a very slow rate of prion replication rather than lack of infectivity in preparations of
synthetic prions. The slow replication rate seems to be a manifestation of the exceptionally
high conformational stability of synthetic prions.

To gain insight into the molecular mechanisms that link the incubation time to disease and
conformational stability of prion fibrils, we proposed that their conformational stability
determines critical physical properties of fibrils, such as their intrinsic fragility, i.e. their ability
to fragment into small pieces, and/or the size of smallest possible fragments 4. Fibril
fragmentation is believe to be a key step in prion replication, as it is essential for multiplication
of active centers 5. The rate of multiplication of active centers is regulated by intrinsic fragility
and the length of fibrillar fragments 6, parameters that could have a direct impact on prion
infectivity. Variations in intrinsic fragility of prion amyloid structures or the length of smallest
possible fibrillar fragments could account for strain-specific differences in the incubation time
to disease.

In order to establish a link between fibril stability and their fragility, in the current study we
produced prion fibrils with relatively low conformational stability. We found that upon
fragmentation, the less stable fibrils formed much smaller fragments than the standard fibrils
with high conformational stability. Site-specific conformational studies showed that a decrease
in conformational stability was due to the PrP region that acquires the cross-β-sheet amyloid
core. Another set of experiments revealed two potential mechanisms of fibril fragmentation,
surface- and chaperone-dependent. Our studies provide new mechanistic insights into the prion
replication mechanisms and establish a relationship between conformational stability of fibrils
and their smallest possible fragment size.

Results
Generating Fibrils with Low Conformational Stability

We showed previously that the amyloid fibrils produced in vitro from rPrP under standard
growth conditions displayed C1/2 value ~4.8 M in GdnHCl-induced denaturation experiments
7. Based on the C1/2 value, rPrP fibrils were much more stable than any known strain of
PrPSc isolated from natural sources. The standard in vitro fibrillation reaction was carried out
in 2 M GdnHCl (pH 6.0), which was necessary for a high yields and fast rates of fibril formation
8, 9. While GdnHCl improved the yield and shortened the lag-phase, it seemed to influence
the physical properties of fibrils. Presumably, the partially denaturing conditions favored
fibrillar structures that were conformationally stable at 2 M GdnHCl. We hypothesized that
fibrils with moderate conformational stability could be produced by reducing the denaturing
strength through manipulation of the solvent conditions. Toward this aim, we exploited two
strategies: (i) replaced 2 M GdnHCl with 0.5 M of GdnHCl, and (ii) lowered the temperatures
from 37 °C to 4 °C.

The fibrillation reactions were set up in three different solvent conditions: (1) in 2 M GdnHCl
at 37 °C; (2) in 0.5 M GdnHCl at 37 °C; or (3) in 2 M GdnHCl at 4 °C. Electron microscopy
and ThT-binding assay confirmed the presence of amyloid fibrils under all three solvent
conditions.

Determining the Conformational Stability
To determine the conformational stability of fibrils produced under three different solvent
conditions, we exploited an acrylodan fluorescence assay developed in our previous studies
7. This assay measures site-specific and global stability of fibrils and consists of several steps
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including (i) generating individual Cys-rPrP variants; (ii) labeling of individual Cys-rPrP
variants with the fluorescence probe acrylodan; (iii) conversion of acrylodan-labeled Cys-rPrP
variants into amyloid fibrils; and (iv) measuring a GdnHCl-induced denaturation profile using
steady-state acrylodan fluorescence 7. To date, we have produced six single-point rPrP variants
with Cys at positions 88, 98, 127, 144, 196 and 230. Each of these variants were used in a
mixture with WT rPrP (at the molar ratio of WT-rPrP to Cys-rPrP = 9:1) to form amyloid fibrils
at three different growth conditions as specified earlier.

Consistent with our previously published results 7, the denaturation profiles for fibrils labeled
at residues 98, 127, 144, 196, and 230 showed a cooperative, apparently two-state transitions
regardless of the fibrillation conditions, whereas the unfolding profiles for fibrils labeled at
residue 88 displayed a non-cooperative transitions (Fig. 1a). This data suggest that within the
fibrillar state, the position of the structured, cooperatively folded region was not affected by
the changes in the fibrillation growth conditions. As judged from the site-specific denaturation
profiles, a notable decrease in the conformation stability was observed for the fibrils formed
in 0.5 M GdnHCl or at 4 °C (Fig. 1a, Table 1). Specifically, the denaturation transitions for
fibrils labeled at residues 127, 144, 196, and 230 exhibited substantial shifts towards lower
concentrations of GdnHCl, while the profile for fibrils labeled at positions 98 remained almost
the same. As a result, all site-specific C1/2 values within the PrP region 127–230 decreased
from ~4.5–5.0 M to approximately 3.2–3.8 M of GdnHCl for fibrils produced in 0.5 M GdnHCl
or at 4 °C (Fig. 1b, Table 1). Our previous studies revealed that the site-specific stability at
residues 127, 144, 196, and 230 coincided with the global conformational stability measured
by Thioflavin T assay 7, and that the C-terminal region encompassed by residues 152/165–230
acquired a cross β-sheet structure within the fibrillar state 7, 10, 11. Taken together, these
experiments illustrated that: (i) a drop in GdnHCl concentration or temperature resulted in a
decrease of the conformational stability of fibrils; (ii) a change in fibril stability was primarily
due to alterations in the region that acquires a cross-β-sheet fibrillar core.

Change in Conformational Stability Correlates with the Size of Smallest Possible Fibrillar
Fragments

Next we were interested in knowing whether the conformational stability of fibrils control the
length of smallest possible fibrillar fragments. The fibrillar length was evaluated by statistical
analyses of electron microscopy images. At the end-point of the fibrillation reactions, the fibrils
formed at 4 °C were found to be substantially shorter than those produced at 2 M GdnHCl or
0.5 M GdnHCl (Fig. 2a,b,c). The 4 °C fibrils were relatively homogeneous with respect to their
length, whereas fibrils produced at 2 M or 0.5 M GdnHCl showed wide range of sizes from
~20 nm to several μm (Fig. 3a,c,e). Quantitative analysis of the mean length revealed that 2
M GdnHCl fibrils were the longest and the fibrils produced at 4 °C were the shortest (Fig.
3a,c,e and Table 2).

To determine the length of smallest possible fragments that can be produced from fibrils formed
at three different growth conditions we set up a sonication experiment. Fibrils were sonicated
for 1 min, 10 min or 30 min as described in Experimental procedures, and their length was
evaluated by EM imaging. Upon 1 min sonication, the fibrils formed in both 2 M and 0.5 M
GdnHCl were broken into small fragments with an average size ~90 nm and ~30 nm,
respectively, while the length of fibrils formed at 4 °C remain unchanged (the average size ~30
nm) (Fig. 2a,b,c and 3b,d,f). As judged from the length distribution (Fig. 3) and from the
calculation of the mean fibrillar length (Table 2), the fibrils formed in 0.5 M GdnHCl or at 4
°C had very similar length profile showing a mean length of 48 μm and 45 μm, respectively,
whereas the fibrils formed in 2 M GdnHCl had a mean length of 117 μm and showed a wider
size distribution. Sonication for 1 min was sufficient to break the fibrils into the shortest, yet
stable fibrillar fragments. Additional sonication for 9 min or for 29 min did not change the size
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distribution (Fig. 3b,d). These results indicate that the average length of the smallest, yet stable
fibrillar fragments was lmost 3-fold shorter for 0.5 M GdnHCl or 4 °C fibrils than for 2 M
GdnHCl fibrils.

The length of 4 °C fibrils at the end-point of the fibrillation reaction was very similar to the
size of the smallest possible fragments determined for these fibrils. This result was consistent
with the presumably highly fragile nature of 4 °C fibrils, but was also in agreement with a slow
elongation rate. Our previous studies demonstrated that the average length of fibrillar
population is controlled by a dynamic balance between their fragmentation and elongation 6.
To test, whether the short length at the end-point of fibrillation can be attributed to slow
elongation, we performed an elongation experiment. The fibrils preformed at 4 °C were mixed
with monomeric rPrP at the molar ratio of 2:8 to permit further elongation at 4 °C. We found
that at the end of the elongation reaction the total amount of amyloid material increased
proportionally to the amount of the monomer supplied to the reaction, as measured by ThT
assay, whereas the fibrillar length distribution did not change (Fig. 3, e). Because the size
distribution remained the same despite of the additional elongation time, this result was
consistent with the conclusion that the short length of fibrils formed at 4°C is primarily
attributed to their highly fragile nature.

Fibril Fragmentation in the Lateral Dimension
As judged from EM imaging, fibrils appeared to become thinner as a result of sonication, an
indication of fibril fragmentation in the lateral dimension. Our previous studies revealed that
rPrP fibrils consisted of several filaments or protofibrils assembled in the lateral dimension
12, 13. To determine whether individual filaments fell apart as a result of sonication, we
conducted AFM measurement of fibrillar width. The widths were measured at half of the
maximal height using AFM height-width profiles. Consistent with EM imaging, AFM
measurements illustrated that upon sonication, fibrils broke down into short fibrillar fragments
(Fig. 4a,b). These fragments had simpler substructure than non-sonicated fibrils. A number of
single filaments could bee seen as a result of sonication (Fig. 4b). The width distribution profile
shifted left toward smaller sizes after sonication indicating that fibrils, indeed, fragmented in
the lateral dimension (Fig. 4c). This experiment illustrated that fibril fragmentation occurred
in both directions, perpendicular to and along of fibrillar axis. Using AFM imaging, we
observed that fibril fragmentation in the lateral dimension occurred occasionally even in the
absence of sonication (Fig. 4d). Therefore, lateral splitting of filaments may provide an
additional mechanism for fibrils fragmentation and multiplication of prion seeds.

Fragmentation as a Result of Mechanical Stress
While sonication was shown to result in efficient fragmentation of fibrils in vitro, shearing of
prion fibrils in a cell should involve different, yet unknown mechanisms. In the following
experiments, we describe two possible mechanisms that might be involved in fibril
fragmentation in vivo. Our former studies showed that adsorption of individual fibrils to a
surface was occasionally accompanied by fibril fragmentation 6. As judged from AFM and
EM imaging, the surface-induced fragmentation was observed on various surfaces including
glass, mica and formvar (Fig. 5a,b). Remarkably, fibrillar fragmentation seemed to occur at
specific points of contact with a surface, producing fragments of regular length (Fig. 5a,b). We
postulated that shearing is caused by mechanical stress, which is generated as a result of
energetically favorable interactions of individual fibrils with a surface and fibrillar twisting
that limits the contact surface area. If this is true, the length of fibrillar fragments should be
controlled by periodicity in twisting. To test this hypothesis, we set out to determine whether
the length of fragments produced in fibrils deposited on a surface correlates with the crossover
repeat distance of fibrillar twisting. Our previous studies demonstrated that fibrils formed from
hamster rPrP exhibited regular twisting patterns, whereas mouse fibrils were much more

Sun et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2009 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



heterogeneous and showed irregular twisting morphology 12, 13. Here, we found that for the
fibrils of hamster rPrP, the crossover repeats varied from 100 nm to 220 nm showing a
monodisperse distribution with a predominant repeat distance of approximately 120–140 nm
(Fig. 6a). The length distribution of fibrillar fragments overlapped well with the profile of the
crossover repeats showing good correlation (Fig. 6a). For the fibrils of mouse rPrP, however,
the crossover repeat profile was more complex reflecting the heterogeneous fibrillar
morphology and broad variation in the twisting pattern (Fig. 6b). The crossover repeat profile
only partially overlapped with the fragment length distribution (Fig. 6b). For the fibrils with a
complex heterogeneous morphology and twisting patterns, the correlation between the
periodicity of twisting and length of fragments was quite poor suggesting that additional factors
may contribute to fragmentation.

α-B-Crystalline Homologs Caused Fibril Fragmentation
Because chaperones have previously been shown to be involved in fragmentation of yeast prion
fibrils 14, we were interested in testing whether cellular chaperones were also capable of
fragmenting rPrP fibrils. For this experiment we used fibrils formed in 2M GdnHCl, because
they were the longest in size and less prone to spontaneous fragmentation. First, we tested the
activity of α-B-crystalline, a member of sHsp family of proteins that is predominantly
expressed in eye lenses, but is also found in other tissues including brain 15–18. As judged
from EM imaging, incubation of rPrP fibrils with α-B-crystallin for 1 hour was sufficient for
effective shearing of prion fibrils into small fragments (Fig. 7a,b). In order to determine
whether the fibril-fragmenting activity was restricted to sHsp of mammalian origin, we used
two α-B-crystalline homologes from extremophiles 19: sHsps from Methanococcoides
burtoni (abbreviated as sHsp-MB) and sHsps from Pyrococcus furiosus (abbreviated as sHsp-
PF). In a manner similar to α-B-crystalline, sHsp-PF and sHsp-MB were found to effectively
fragment rPrP fibrils (Fig. 7c,d). Incubation of fibrils in the absence of sHsps or in the presence
of BSA did not have any notable effect on fibrillar size, as judged by electron microscopy
imaging (Fig. 7a). Partial aggregation of fibrillar fragments upon treatment with sHsps
precluded quantitative analysis of fragment length distribution. Nonetheless, these results
indicated that in the presence of sHsps, prion fibrils undergo effective fragmentation.

DISCUSSION
Correlation Between Conformational Stability and the Size of the Smallest Possible
Fragments

While the amyloid structure is considered to be the only known self-propagating state for a
protein, only a small subset of amyloid structures appear to satisfy the criteria used to define
infectious prions. What physical properties distinguish infectios fibrillar structures from non-
infectious ones? Recent studies revealed a strong correlation between the conformational
stability of synthetic prions as determined from the PK-digestion assays and the incubation
period to prion disease 1. To explain a relationship between fibril stability and their infectivity,
we proposed a hypothesis that the conformational stability of amyloid fibrils determines their
intrinsic fragility and/or the size of the smallest possible fibrillar fragments 4. According to
this hypothesis, prion fibrils with high fragility or with smaller size of the smallest possible
fragments should propagate faster than less fragile and more stable fibrils.

To test this hypothesis, we employed two strategies designed to produce fibrils with a
conformational stability lower than those observed for the fibrils formed under standard growth
conditions 7. These strategies aimed to reduce the strength of denaturing conditions during
fibril growth. Because both GdnHCl and elevated temperature are believed to limit the range
of possible amyloid structures to those exhibiting high conformational stability, we assumed
that lowering the temperature from 37 °C to 4 °C or decreasing the concentration of GdnHCl

Sun et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2009 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from 2 M to 0.5 M offered two alternative ways for reducing the strength of the denaturing
environment. Fibrillation at 4 °C was previously used for generating strong strains of yeast
prion protein Sup35 20, 21. In agreement with our expectations, the fibrils produced in 0.5 M
GdnHCl or at 4 °C were substantially less stable than those formed under standard solvent
conditions (Fig. 1, Table 1). As judged from the site-specific denaturation profiles, the C-
terminal region encompassing residues 127–230 showed the most dramatic changes in response
to altering solvent growth conditions. In previous studies, we found that the site-specific
denaturation profiles for the residues 127–230 coincided with the global denaturation profile
as measured by Thioflavin T assay, and that the similar region was involved in forming the
cross-β amyloid core in rPrP fibrils 7, 10, 11, 22. Therefore, the site-specific unfolding profiles
of residues 127–230 reflect the global unfolding of amyloid structure. In recent studies, the
fibrils of the yeast prion protein Sup35 were shown to respond in a similar manner to changes
in growth conditions, with the most dramatic changes found to be within the region of Sup35
that acquired the amyloid cross-β core 23. Therefore, changes in assembly conditions affected
the structures of mammalian and yeast prion fibrils in a similar manner.

To determine he size of smallest possible fibrillar fragments, we analyzed the effect of
sonication on fibrillar length. In response to sonication, the length distributions displayed
dramatic shifts toward smaller size for 0.5 M and 2M GdnHCl fibrils. Surprisingly, sonication
for only 1 min was sufficient to generate the smallest yet stable fragments; additional sonication
for longer than 1 min did not change the length distributions. The smallest stable fragments
had average length of ~30 nm for the 4 °C and 0.5 M GdnHCl fibrils, whereas 2 M GdnHCl
fibrils fragmented into pieces with an average length of ~90 nm (Fig. 3). This result illustrated
that 4 °C and 0.5 M GdnHCl fibrils can form 3-fold more seeds per unit of length than 2M
GdnHCl fibrils. Taken together, our studies showed that the length of the smallest possible
fragments was substantially shorter for the conformationally less stable fibrils. These results
offer a new mechanistic insight and possible explanation for the correlation between the
conformational stability of synthetic prions and incubation time to prion disease 1, 2.

While the newly designed solvent conditions were shown to decrease the stability of the fibrils
formed in vitro, rPrP fibrils were still much more stable than any PrPSc strains known so far.
The C1/2 values for most of PrPSc strains fell in a range between 1.2 and 2.5 M GdnHCl, with
an exception of a BSE strain that showed C1/2 value of 2.8 M GdnHCl 24, 25. The differences
in stability between PrPSc and rPrP fibrils could be, in part, due to different methods employed
for their analysis. Because PK-digestion assay involves irreversible cleavage of the polypeptide
chains, it does not report true conformational stability and, most likely, underestimates the
stability of aggregated PrP. Because PrPSc is formed in the presence of cellular environment
and the stability of PrPSc was evaluated within complex mixture of brain homogenate, it is
difficult to predict the extent to which PrPSc stability is affected by cellular environment.
Cellular cofactors, plasma membrane or oxidative modifications of PrP amino acid residues
might affect packing of PrP polypeptides in vivo and have some impact on the conformational
stability of PrPSc. Nevertheless, development of new strategies to further decrease
conformational stability of the in vitro generated fibrils may improve infectivity of synthetic
prions.

How do fibrils fragment?
The present studies suggested two possible mechanisms for fibril fragmentation. The first
mechanism involves interaction of fibrils with a surface. Consistent with our results, previous
studies revealed that interaction of Aβ amyloid fibrils with membrane lipid caused fibril
fragmentation 26. We proposed that surface-induced fragmentation occurs as a result of
mechanical stress caused by fibril twisting that limits energetically favorable interactions of
fibrils with a surface. Although this type of fragmentation appears to be peculiar for the in
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vitro deposited fibrils, a similar mechanism, in fact, may also be responsible for fragmentation
in vivo. In vivo, PrPC monomers are attached to the cellular membrane via
glycosylphosphatidylinisotol anchors 27. PrPC is believed to remain attached to the membrane
throughout prion conversion and polymerization 28. If PrP polymerization on a membrane
surface involves formation of twisted fibrillar structures, this will eventually lead to an increase
in mechanical stress. While the stress can be temporally released through deformation of
cellular membrane, it should eventually result in fibril fragmentation. If this is true, the rate of
fragmentation on a surface should be controlled, in part, by fibrillar morphology and,
specifically, by crossover repeat distances of twisting. Consistent with this hypothesis, we
observed a good correlation between crossover repeat distance and length of fibrillar fragments
for fibrils that exhibited regular twisting morphology (Fig. 6). Lee and Caughey suggested an
alternative mechanism for fragmentation of PrPSc aggregate in vivo via mechanical shearing
imposed by membrane endocytosis and ruffling 29. The driving force in endocitosis-mediated
fragmentation should be generated by the molecular machinery that is responsible for
producing endocytotic vesicles. Other studies suggested that fragmentation of fibrils anchored
into different areas or subdomains of cell membrane might not require endocytosis and occur
due to intrinsic fluidity of plasma membrane 26.

The second mechanism responsible for fibril fragmentation may involve cellular chaperones
or sHsp proteins. The present studies showed that α–B-crystallin chaperone proteins of
mammalian and non-mammalian origin fragmented prion fibrils. Effective fragmentation was
observed despite the high conformational stability of the in vitro formed fibrils produced in 2
M GdnHCl. The molecular mechanisms of chaperone-induced fragmentation is currently
unclear. Most α-B-crystallins and sHsp proteins are known to assemble into polydisperse high-
molecular-weight complexes ranging in size from 200 kDa to 1 MDa 19. An assembly into
oligomeric complexes is required for chaperon activity of sHsp proteins, however, whether a
similar assembly is also essential for the fibril fragmenting activity is unknown.

Multiple lines of experimental evidence illustrated potential involvement of chaperones and
sHsp proteins in replication of mammalian prions 16, 17, 30–37. Expression of several
chaperones including sHsp 72, endoplasmic reticulum chaperone Grp58, and α–B-crystallin
were found to increase in the course of scrapie infection or in patients with CJD 16, 17, 35–
37. In CJD patients, elevated levels of α–B-crystallin were found in reactive astrocytes and
oligodendrocytes surrounding tissue cavities and in ballooned neurons formed during
progression of CJD 16, 17. Because an increase in expression of α–B-crystallin was also found
in variety of neurodegenerative disorders, brain tumors and infarcts, it appears to represent a
common cellular response to pathological changes in a brain 18. While elevated expression of
α–B-crystallin is considered to be a part of cellular efforts in repairing damaged tissues, the
present studies suggest that in prion maladies α–B-crystallin might, in fact, facilitate the
progression of disease and enhance neurotoxic effect of PrPSc through fragmenting PrPSc fibrils
or large aggregates. The precise role of α–B-crystallin in prion diseases, however, remains to
be elucidated in future studies.

Chaperone-dependent prion replication was also described for several yeast prions including
[PSI+], [RNQ+], and [URE3] 14, 38, 39. Heat shock protein, Hsp104p, was shown to enhance
formation of amyloid fibrils from Sup35 in vitro and to be required for prion replication in a
cell. The mechanism responsible for chaperone-mediated replication of yeast prion remains
controversial 14, 40, 41, as no direct evidence illustrating fibril-fragmenting activity has been
presented for yeast prion fibrils.

Current studies revealed that, in addition to fragmentation perpendicular to fibrillar axis, fibrils
can also fragment in lateral dimension. As a result of lateral fragmentation, more seeds can be
generated per fibrillar unit length. As judged from AFM imaging, lateral fragmentation
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involved splitting apart of filaments that constitute mature fibrils. Previous studies showed that
mature rPrP fibrils are formed via highly hierarchical mechanism of lateral assembly of
filaments into high-order fibrils 12, 13. Whether lateral fragmentation of prion fibrils can take
place in a cell should be elucidated in future experiments.

Why fibril fragmentation is important?
Fibril fragmentation is an essential step in prion replication. Successful amplification of prion
infectivity in vitro was not achieved until the repetitive steps of fibril fragmentation were
introduced as a part of experimental protocol 42, 43.

The current results, in conjunction with those from earlier studies 6, 44, illustrate that the size
distribution of fibrils formed in vitro is very broad and, at any given time, include very short
fibrillar fragments. The PrPSc fibrils isolated at the final stages of scrapie infection also
exhibited very broad size distribution including small infectious particles with apparent radii
in the 12–14 nm range 44. Because short fibrils or their fragments are generated through fibril
fragmentation, small fibrils can be found in substantial amounts not only at the initial stages
of prion conversion but also at the last steps of so-called the ‘elongation’ reaction. In a manner
similar to the fibrillation reaction in vitro, fibril fragmentation may provide a permanent supply
of small fragments in vivo during progression of prion disease. Because small fibrils and their
fragments are believed to be more pathogenic than large fibrils or their aggregates 45,
fragmentation reactions and factors controlling the rate of fragmentation could be very
important for generating highly toxic species. Future experiments should elucidate the role of
the intrinsic fragility and fibrillar size of PrP and non-PrP fibrils in determining their toxicity.

Materials and Methods
Mouse full-length WT recombinant PrP encompassing residues 23–230 and its Cys variants
(W88C, W98C, Y127C, W144C, N196C, and S230C) were expressed and purified as described
earlier 7–9. The purified WT and Cys-rPrP variants were each confirmed by SDS-PAGE and
electrospray mass spectrometry to be a single species with an intact disulfide bond and correct
molecular weight. Cys-rPrP variants were labeled with acrylodan and purified from unlabeled
protein as previously described 7. The identity and purity of the acrylodan-labeled protein was
verified by ESI-MS and SDS-PAGE, the native conformation was confirmed by CD. sHsp-
MB and sHsp-PF were expressed in E. coli and purified as described earlier 46. Recombinant
sHsps expressed in E. coli were found to be functionally active 46. α-B-Crystallin from bovine
eye lens was purchased from Sigma-Aldrich (catalog number C7858).

Conversion of PrP into Amyloid Fibrils
Fibrils were formed in three different solvent growth conditions: (1) in 2 M GdnHCl, 50 mM
MES buffer, pH 6.0, at 37 °C (referred to as standard solvent conditions); (2) in 0.5 M GdnHCl,
50 mM MES buffer, pH 6.0, at 37°C; and (3) in 2 M GdnHCl, 50 mM MES buffer, pH 6.0, at
4 °C. The growth conditions #2 and #3 were designed to reduce the conformational stability
of fibrils. The stock solution of WT rPrP (1 mg/mL) was prepared in 50 mM MES buffer, pH
6.0, then diluted with 6M GdnHCl (in 50 mM MES, pH 6.0), 0.5 M MES buffer, pH 6.0 and
H2O to the final concentrations of GdnHCl 2 M (for growth conditions #1 and 3) or 0.5 M (for
growth condition #2) and to a final protein concentration of 0.25 mg/ml. For site-specific
conformational studies, WT rPrP was mixed with a solution of freshly prepared acrylodan-
labeled Cys-rPrP variant at a molar ratio of 9:1 in 50 mM MES, pH 6.0. The protein mixture
was diluted with GdnHCl (in 50 mM MES, pH 6.0) to the final concentrations of 2 M (for
growth conditions #1 and 3) or 0.5 M (for growth condition #2) and to a final total protein
concentration of 0.25 mg/ml. The fibrillation reactions were carried out in 1.5 ml conical plastic
tubes (Fisher) at a total reaction volume of 0.6 mL at 37 C or 4 °C with continuous rotation at
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24 rpm using a Clay Adams Nutator (model 1105). The kinetics of fibril formation was
monitored using ThT binding assays 7.

Sonication-Induced Fragmentation
Fibrils formed in three different solvent conditions were dialyzed in 10 mM Na-acetate buffer,
pH 5.5 and stored at 4 °C. For sonication experiments, fibrillar samples in 0.5 ml conical plastic
tubes (Fisher) were placed at a fixed position in a Bransonic-2510 bath sonicator (Branson
Ultrasonic) with a fixed level of water and sonicated for 1 min at full power. For sonications
longer than 1 min, samples were cooled down on ice for 1 min for every additional minute of
sonication.

Determining Site-Specific Conformational Stability
The site-specific conformational stability was determined in GdnHCl-denaturation
experiments as previously described 7. Briefly, the fibrils produced from the mixtures of WT
and acrylodan-labeled Cys-rPrP variants were diluted to a final rPrP concentration of 6.9 μg/
ml (equivalent of 0.3 μM) and incubated for 1 hour in solutions containing different
concentrations of GdnHCl (raising form 0 M to 7 M GdnHCl) in 0.1 M MES buffer, pH 6.0
at 23 °C. The acrylodan steady state emission spectra were recorded using Fluromax-3
fluorimeter (Jobin Yvon) as described earlier 7.

Electron Microscopy and Atomic Force Microscopy
Negative staining was performed on formvar-based 200-mesh copper grids. The samples were
adsorbed for 30s, washed with 0.1 M and 0.01 M ammonium acetate buffer for 5s each, stained
with freshly filtered 2% (w/v) uranyl acetate for 1 min and viewed in a Zeiss EM 10 CA electron
microscope. Fibril length was calculated manually using x20,000- or x40,000-magnification
EM images. For each group, the length distribution was based on measuring the length of >700
fibrils. The fibrillar mean length was calculated as the sum of all of the data values (sum of
length values measured for each individual fibril) divided by the number of data values.

AFM imaging were performed as described earlier 12. Amyloid fibrils were imaged with a
PicoSPM LE AFM (Molecular Imaging, Phoenix, AZ) operating in the AAC (acoustic
alternative current) AFM mode and using a silicon cantilever PPP-NCH (Nanoscience,
Phoenix, AZ) with a tip radius < 7 nm and a spring constant of ~ 42 N/m. Amyloid fibrils (10
μL) were deposited at concentration 5 μg/ml onto a freshly cleaved piece of mica and left to
adhere for 10 min. Samples were washed with distilled H2O and dried with nitrogen. The
images (512×512 pixel scans) were collected at a scan rate of 1–2 lines/s.

sHsp-Induced Fragmentation Assay
rPrP fibrils formed in 2 M GdnHCl at 37 °C were dialyzed in 10 mM Na-acetate buffer, pH
5.5. rPrP fibrils at a concentration of 0.25 mg/ml were mixed with each sHsp proteins at a molar
ratio of 20:1 (as calculated per monomer of rPrP) in 10 mM Na-acetate, pH 5.5 and incubated
for 1 h at 37 °C.
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The abbreviations used are
rPrP  

full-length recombinant prion protein
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PrPC  
cellular isoform of the prion protein

PrPSc  
disease associated isoform of the prion protein

Cys  
cysteine

WT  
wild type

GdnHCl  
guanidine hydrochloride

sHsp-MB  
small heat shock protein from Methanococcoides burtoni

sHsp-PF  
small heat shock protein from Pyrococcus furiosus

EM  
electron microscopy

AFM  
atomic force microscopy

CJD  
Creutzfeldt-Jakob Disease
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FIGURE 1. GdnHCl-induced denaturation of amyloid fibrils
a, Site-specific GdnHCl-induced denaturation profiles recorded for the fibrils produced from
mixtures of WT rPrP and the following acrylodan-labeled rPrP variants: W88C, W98C,
Y127C, W144C, N196C, S230C. For each mixture, fibrils were formed in three different
solvent conditions: in 2 M GdnHCl at 37 °C (●), in 0.5 M GdnHCl at 37 °C (○), and in 2M
GdnHCl at 4 °C (▼). The solid curves represent fits of the data to a two state model of protein
unfolding. b, The site-specific C1/2 values of fibrils produced in three different solvent
conditions. The symbol abbreviations are the same as in panel a. The stability of the region
that acquires conformationally most stable cross-β core was lower for fibrils produced in 0.5
M GdnHCl or at 4 °C (dashed line) than for fibrils formed in 2 M GdnHCl (solid line). The
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denaturation at the residue # 88 was non-cooperative, therefore, its C1/2 was assumed to be 0
M of GdnHCl.
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FIGURE 2. Electron microscopy imaging of amyloid fibrils
The fibrils were formed in three different solvent conditions: in 2 M GdnHCl at 37 °C (a), in
0.5 M GdnHCl at 37 °C (b), and in 2M GdnHCl at 4 °C (c). EM imaging was performed at the
end of the fibrillation reactions; non-sonicated fibrils are shown on left panel; fibrils subjected
to 1 min of sonication are shown on right panels. Scale bars = 0.2 μm.
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FIGURE 3. Length distribution for non-sonicated and sonicated fibrils
Fibrils were formed in 2 M GdnHCl at 37 °C (a, b), in 0.5 M GdnHCl at 37 °C (c, d), or in 2M
GdnHCl at 4 °C (e, f). The length distributions for non-sonicated fibrils measured at the end-
point of the fibrillation reactions are shown in panels a, c, and e. In e, the fibrils taken at the
end-point of the fibrillation reaction (black bars) were supplied with the monomeric rPrP and
elongated in 2M GdnHCl at 4 °C until depletion of the monomer (gray bars). The length
distributions for sonicated fibrils are shown in panels b, d, and f. In b and d, fibrils were
sonicated for 1 min (top panels) or for 30 min (bottom panels). In f, fibrils were sonicated for
1 min. The dashed lines in a and c are given for comparison and show the length distribution
of fibrils sonicated for 1 min. For each group, the length distribution is based on measuring
the length of >700 fibrils using EM images.
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FIGURE 4. Fibril fragmentation in lateral dimension
AFM images of fibrils formed in 0.5 M GdnHCl at 37 °C: non-sonicated fibrils (a), fibrils
sonicated for 1 min (b). Red arrows indicate fibrillar fragments that are presumably composed
of single filaments. Scale bars = 0.2 μm. (c) The width distributions for non-sonicated fibrils
(gray bars) and fibrils sonicated for 1 min (black bars). The widths were measured at half of
maximal heights using height-width profiles collected by AFM. (d) Three-dimensional AFM
images of fibrils illustrate stepwise change in fibrillar height (marked by arrows) that occurred
as a result of splitting apart of fibrillar filaments.
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FIGURE 5. Fragmentation of fibrils on a surface
Amyloid fibrils were produced in 2 M GdnHCl at 37 °C from S. Hamster rPrP (a) or from
mouse rPrP (b) and analyzed by AFM (panels 1-3 and 6-8) or EM (panels 4, 5 and 9). For S.
Hamster fibrils, the points of fragmentation could be seen at the crossovers of twisted fibrillar
structures. Arrows indicate the points of fragmentation.
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FIGURE 6. Length distributions for crossover repeat distance and for fibrillar fragments
Amyloid fibrils were produced in 2 M GdnHCl at 37 °C from S. Hamster rPrP (a) or from
mouse rPrP (b) and imaged by EM and AFM. No sonication was applied. The crossover repeat
distances of fibrils were analyzed using EM images; the length of fibrillar fragments were
analyzed using AFM images. For each group, the length distribution is based on measurement
of >200 crossover repeats or fibrillar fragments.
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FIGURE 7. Electron microscopy imaging of amyloid fibrils incubated with sHsps
Amyloid fibrils incubated for 1 hour at 37 °C in the absence of sHsps (a), or in the presence
of BSA (a, insetα-B-crystallin (b), sHsp-MB (c), or sHsp-PF (d). Fibrils were formed in 2 M
GdnHCl at 37 °C and dialyzed out of GdnHCl prior to incubation with sHsps. The molar ratio
of rPrP to specific sHsp or to BSA was 20:1. Scale bars = 0.2 μm.
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Table 2
Mean length of fibrils formed at three different growth conditions

fibrils were formed
in 2 M GdnHCl in 0.5 M GdnHCl at 4 °C

no sonication 1294 μm 941 μm 45 μm
1 min sonication 117 μm 48 μm 45 μm
30 min sonication 121 μm 50 μm
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