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The full-length mouse prion protein, moPrP, is shown to form worm-like
amyloid fibrils at pH 2 in the presence of 0.15 MNaCl, in a slow process that
is accelerated at higher temperatures. Upon reduction in pH to 2, native
moPrP transforms into a mixture of soluble β-rich oligomers and α-rich
monomers, which exist in a slow, concentration-dependent equilibriumwith
each other. It is shown that only the β-rich oligomers and not the α-rich
monomers, can form worm-like amyloid fibrils. The mechanism of
formation of the worm-like amyloid fibrils from the β-rich oligomers has
been studied with four different physical probes over a range of
temperatures and over a range of protein concentrations. The observed
rate of fibrillation is the same, whether measured by changes in ellipticity at
216 nm, in thioflavin fluorescence upon binding, or in the mean
hydrodynamic radius. The observed rate is significantly slower when
monitored by total scattering intensity, suggesting that lateral association of
the worm-like fibrils occurs after they form. The activation energy for worm-
like fibril formation was determined to be 129 kJ/mol. The observed rate of
fibrillation increases with an increase in protein concentration, but saturates
at protein concentrations above 50 μM. The dependence of the observed rate
of fibrillation on protein concentration suggests that aggregate growth is
rate-limiting at low protein concentration and that conformational change,
which is independent of protein concentration, becomes rate-limiting at
higher protein concentrations. Hence, fibril formation by moPrP occurs in at
least two separate steps. Longer but fewer worm-like fibrils are seen to form
at low protein concentration, and shorter but more worm-like fibrils are seen
to form at higher protein concentrations. This observation suggests that the
β-rich oligomers grow progressively in size to form critical higher order-
oligomers from which the worm-like amyloid fibrils then form.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Themolecular basis of the prion diseases appears to
be the autocatalytic conversion of the cellular form of
the prion protein, PrPC, to an alternative conforma-
tion, PrPSc.1 The prion diseases, which include trans-
missible spongiform encephalopathies and neurode-
generative diseases such as kuru, Creutzfeldt–Jakob
disease, and fatal familial insomnia in humans, aswell
ess:

e prion protein; ThT,
DLS, dynamic light
scopy.
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as scrapie and bovine spongiform encephalopathy
in animals, are characterized by the formation of
ordered prion protein aggregates by PrPSc.1–7 While
PrPC is monomeric and sensitive to protease diges-
tion, PrPSc appears to be richer in β-sheet content, has
a low solubility, and is resistant to protease diges-
tion.1–8 The structure and size (aggregation state) of
PrPSc are unknown, but it has been implicated as the
infectious agent according to the “protein-only”
hypothesis for the propagation of prion diseases.1,8
Hence, it is crucial to understand the mechanism of
the conformational changes that the prion protein
undergoes when it self-assembles into the ordered
protein aggregates characteristic of prion diseases.
PrPSc can convert PrPC into its pathogenic PrPSc

self.1,2,4,5 Different models have been proposed to
d.
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explain the conversion process, such as heterodimer
polymerization,9 templated assembly,10 and nuclea-
tion-dependent assembly.11 It is not known how
similar the conversion of PrPC to PrPSc by PrPSc is to
the conversion of a soluble protein into amyloid
fibrils by seeds of the fibrils. PrPSc tends to aggregate
and form prion rods, which can bind to amyloid-
specific dyes and which, like amyloid fibrils, have
core structures that are highly resistant to protease
cleavage.1 The conversion of PrPC into PrPSc has been
shown to be associated with the formation of stable
prion protein aggregates.1–7 These aggregates have
been shown to be amyloid-like in their properties,12–14

and it appears that they are similar to the amyloid
fibril aggregates that the prion protein can be induced
to form in vitro.5,15–18 The formation of stable
aggregates of the prion protein is linked to prion
toxicity and infectivity in prion disorders.1,2,5,19
Amyloid fibrils formed by the same prion protein
can show structural polymorphism,20 which appears
to underlie prion strain diversity.1,3,5,21–24 It is
important to determine when and how structural
polymorphism develops during the process of amy-
loid fibril formation by the prion protein.
Soluble oligomers and protofibrils, rather than the

mature amyloid fibrils, appear to be the toxic species
in amyloid-related disorders.25–27 By analogy, prion
protein oligomers and prefibrillar aggregates might
be the toxic entities in prion disorders.28,29 In fact,
soluble oligomers of the prion protein, 17–27 nm in
diameter and 300–600 kDa inmass, derived from the
disaggregation of PrPSc, have been shown to com-
pose the most infectious species.30 These oligomers
were also shown to be efficient converters of PrPC

into a protease-resistant form in an in vitro assay,
more so than larger fibrils.30 Hence, it becomes ne-
cessary to understand the mechanism of formation
of prefibrillar aggregates (soluble oligomers and
protofibrils) of the prion protein.
Recombinant prion protein retains the disulfide

bond between C179 and C214 of the original mam-
malian protein, but unlike the latter, it is not
glycosylated at N181 and N193, nor does it have a
GPI anchor at the C-terminus. Nevertheless, it
serves as a very useful model for studying the mole-
cular mechanism of the conversion of PrPC to PrPSc.
In partially denaturing conditions and in the pre-
sence of salt, the protein has been shown to oligo-
merize into β-oligomers, existing in equilibrium
with monomeric PrP (α-PrP).31–33 The β-oligomers
appear to be off-pathway species incapable of form-
ing long straight fibrils. In contrast, α-PrP appears to
form long straight amyloid fibrils.32–34 In most stu-
dies, truncated versions of prion proteins have been
used to characterize the process of protein aggre-
gation.17,31,32,35–40 These truncated versions include
PrP 90–231 and PrP 121–231. Hence, the truncated
proteins contain the folded C-terminal domain with
its three long α-helices and two short β-strands,41–43

but the mostly disordered N-terminus with its
glycine-rich octapeptide repeats42,44 is missing. The
N-terminal region has, however, been shown to be
crucial in modulating prion protein misfolding and
aggregation.45–47 Moreover, it has been proposed
that expansion of the N-terminal octapeptide repeat
region plays a role in inheritable prion disorders.3

Thus, it is important to understand the mechanism
of aggregation of the full-length prion protein.
In this report, the aggregation of the full-length

mouse prion protein (moPrP) has been studied at
low pH in the presence of salt. Under these con-
ditions, the native prion protein transforms into an
equilibrium mixture of soluble β-rich oligomers and
α-rich monomers. It is shown that the β-rich oli-
gomers transform into worm-like amyloid fibrils,
but not into long straight fibrils, in a slow process
that speeds up at higher temperatures. The kinetics
of amyloid fibrillation from the β-rich oligomers has
been studied using four different probes: thioflavin
T (ThT) fluorescence, which reports on conforma-
tional conversion; ellipticity at 216 nm (θ216), which
also reports on conformational conversion; hydro-
dynamic radius (RH), which reports on aggregate
elongation; and total scattering intensity (SI), which
reports on the size and amount of aggregated mate-
rial. The results suggest that the process of formation
of worm-like amyloid fibrils occurs in multiple step
and via multiple routes. The kinetics of amyloid fib-
rillation from the β-rich oligomers do not exhibit
any lag phase, and the process does not appear to
show any of the characteristic features of nucleation-
dependent polymerization.
Results

Formation of β-rich oligomers of the mouse
prion protein

At pH 4, the far-UV CD spectrum of moPrP shows
minima at 222 and 209 nm, which is characteristic of
an α-helix-rich protein (Fig. 1a). The distribution of
RH in terms of percent scattering intensity shows a
maximum at ∼2. 8 nm, and tails toward higher
values of RH (Fig. 1b). To correct for the dominance of
the larger aggregates, the percent SI distribution was
converted into a percent mass distribution (Fig. 1b,
inset). The value of themeanRH, as obtained from the
percent mass distribution, is found to be ∼2. 3 nm,
and no evidence for the presence of oligomers is seen
(Fig. 1b, inset). This suggests that moPrP is predomi-
nantly monomeric at pH 4 and that a negligible
amount (b1%) of oligomers is present.
Upon a reduction of the pH to 2 in the presence

of 0.15 M NaCl, native moPrP, at a concentration
of 25 μM, is seen to transform into an alternative
conformation, which is predominantly β-rich, as
inferred from the minimum at 216 nm in the far-UV
CD spectrum (Fig. 1a). This alternative conform-
ation is shown by dynamic light-scattering (DLS)
measurements to have a mean RH of ∼13 nm (Fig.
1b). Hence, upon lowering the pH in the presence of
salt, the α-helix-rich monomeric protein is trans-
formed into soluble β-rich oligomers. The size and
the β-sheet content of these oligomers were seen not
to change upon incubation at 25 °C from 0.5 h to up



Fig. 1. Formation of worm-like amyloid fibrils by 25 μMmoPrP, pH 2, at 60 °C. (a) Far-UV CD spectra. (b) Distribution
of hydrodynamic radii. The inset shows the distributions of hydrodynamic radii in terms of percent mass. In (a) and (b),
the continuous lines, dotted lines, and dashed lines represent the native protein at pH 4; the β-rich oligomer at pH 2, 25 °C,
prior to heating; and the fibrils formed at 3 h of heating, respectively. (c) ThT fluorescence spectra of 20 μMThTwith 2 μM
protein from an unheated sample corresponding to the β-rich oligomer (dotted line) and 20 μM ThT with 2 μM protein
added from a 3-h-heated sample corresponding to worm-like fibrils (continuous line). The inset shows the dependence of
the ThT fluorescence signal on the concentration of ThT when protein from a 2-h-heated sample was added at a final
concentration of 2 μM. (d) AFM image of worm-like amyloid fibrils formed at 3 h of heating at 60 °C. The inset shows an
AFM image of worm-like amyloid fibrils formed when a 3-h-heated sample was incubated at 25 °C for 14 days. The scale
bar also applies to the inset.
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to 4 h (data not shown). In all the experiments re-
ported here, the β-rich oligomers were incubated for
1 h at pH 2, 25 °C, prior to the temperature jump
used to initiate the process of fibrillation.

Formation of worm-like amyloid fibrils from the
β-rich oligomers

Upon heating at 60 °C, the β-rich oligomer is
transformed into a form that is better able to bind
ThT (Fig. 1c) andwhichmanifests itself as elongated,
curly worm-like nanostructures in atomic force mic-
roscopy (AFM) images (Fig. 1d). Although these
resemble in appearance the protofibrils formed by
the amyloid-β protein,48,49 it is not known at present
whether they, like amyloid-β protofibrils, can trans-
form into long straight amyloid fibrils. Upon pro-
longed incubation, they do become longer but do not
straighten out (Fig. 1d, inset). Hence, the elongated
nanostructures formed by moPrP are more appro-
priately called worm-like fibrils, in accordance with
the terminology used for similar-looking structures
formed by β2-microglobulin.50 The transformation of
the β-rich oligomers into worm-like amyloid fibrils is
associated with an increase in β-sheet content (Fig.
1a), RH (Fig. 1b), and ThT-binding sites (Fig. 1c). The
meanRH of theworm-like fibrils is found to be 30 nm.
In the ThTassay solution, the concentration of the ThT
was typically 10-fold in excess of the protein
concentration. When the protein concentration was
kept fixed at 2 μM and the ThT concentration was
varied from 10 to 50 μM, the fluorescence emission at
482 nm did not change (Fig. 1c, inset). This suggests
that a 5-fold excess of ThT in the assay solution is
sufficient for themeasurements. In all the experiments
reported here, a 10-fold excess of ThT concentration
over the protein concentration was used.

The β-rich oligomers exist in equilibrium with
α-rich monomers at pH 2

While Fig. 1 shows that at 25 μM protein
concentration, moPrP exists predominantly as a β-
rich oligomer at pH 2, it was important to determine
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whether the β-rich oligomer exists in equilibrium
with anymonomeric protein. The far-UV CD spectra
of moPrP at different protein concentrations (Fig. 2a)
suggest that protein conformation does indeed
change with a change in protein concentration. It is
seen that at 5 μM protein concentration, an α-rich
form is the predominant form present at pH 2. On
the other hand, the spectrum of 25 μM protein
indicates that the β-rich form predominates. The
spectra were obtained after 1 h of incubation at pH 2;
in all cases, identical spectra were obtained after 2 h
of incubation.
Figure 2b shows gel-filtration elution profiles of

moPrP at different protein concentrations. At 25 μM
protein concentration, the predominant (N90%) spe-
cies elutes out over a range of volume that straddles
the void volume and a volume corresponding to the
upper limit (300 kDa) of the fractionation range of
the column. The gel-filtration data therefore confirm
the results of the DLS experiments that show that the
predominant species at high protein concentration is
a large oligomer (Fig. 1b). At 5 μM protein con-
centration, the predominant (∼75%) species elutes
out at the lower limit of the fractionation range of the
column, at a volume similar to where native moPrP
at pH 4 elutes out. The predominant species at low
protein concentration appears, therefore, to be a
monomer. The far-UV CD spectra of the protein at
concentrations of 5 and 25 μM (Fig. 2a) indicate that
the oligomer is β-rich, while the monomer is α-rich.
Figure 2c indicates that the fraction of protein

present as the β-rich oligomer increases with an
increase in total protein concentration (measured as
Fig. 2. Dependence on protein concentration of the
population of the β-rich oligomer at pH 2, 25 °C. (a) Far-
UV CD spectra of 25 μM (thin continuous line), 10 μM
(dashed line), and 5 μM (dotted line) moPrP. Also shown is
the spectrum of 25 μM native moPrP at pH 4 (thick
continuous line). (b) The elution profile on a Waters
SW-300 size-exclusion column was determined from
measurement of the absorbance at 280 nm of the eluant.
The β-rich oligomer elutes out between 6 and 8.5 mL,
while a monomer elutes out between 10.3 and 12 mL.
Elution profiles are shown for 50 μl of 25 μM (thin
continuous line), 10 μM (dashed line), and 5 μM (dotted
line) protein injected into the column. Also shown is the
elution profile observed for 25 μM native moPrP at pH 4
(thick continuous line): native moPrP at pH 4 elutes out
0.25 mL later than does the α-rich monomer at pH 2. To
normalize the elution profiles of 10 and 5 μM samples to
those of the 25 μM samples, the absorbance values were
multiplied by factors of 2.5 and 5, respectively. (c)
Dependence of the fractional population of β-rich oligo-
mer on protein concentration. The fraction of protein
present as β-rich oligomer was determined by dividing
the area under the β-rich oligomer eluant peak obtained
upon gel filtration by the total area under both the β-rich
oligomer and monomer peaks, when elution was mon-
itored by measurement of absorbance at 280 nm. The
protein concentration refers to the total monomer con-
centration. The error bars represent the spread in the data
from two separate experiments, and the continuous line
through the data was drawn by inspection only.
monomer concentration). At protein concentrations
greater than 25 μM, more than 95% of the protein
exists as the β-rich oligomer. The observation of both
species in the elution profiles obtained from gel fil-
tration at different protein concentrations indicates
that the β-rich oligomer and the α-rich monomer
interconvert on a time scale that is slow compared to
the time of chromatography (∼20 min).

Kinetics of amyloid fibrillation monitored by
multiple probes

Figure 3a and b show the ThT fluorescence- and
θ216-monitored kinetics, respectively, of amyloid
fibrillation at 60 °C, by 25 μM moPrP. In both
cases, the kinetics are monophasic with no apparent
lag phase. The observed rates of formation of the
worm-like amyloid fibrils are similar when moni-



Fig. 3. Kinetics of formation of worm-like amyloid fibrils by 25 μM moPrP at 60 °C, pH 2. (a) ThT-fluorescence-
monitored kinetics. (b) Ellipticity at 216 nm, θ216-monitored kinetics. (c) Hydrodynamic radius distributions of aggregated
protein at 0, 0.2, 0.5, 1.25, and 2 h of aggregation. (d) Mean RH-monitored kinetics. (e) Total SI-monitored kinetics. The
continuous lines through the data points in (a), (b), (d), and (e) are least-squares fits to a single-exponential equation. In (a),
(b), (d), and (e), the filled symbol at t = 0 represents the signal of the protein after 1 h incubation at pH 2, 25 °C, prior
to heating to 60 °C. (f) Bar chart showing apparent rate constants measured by ThT-fluorescence-, θ216-, RH-, and
SI-monitored aggregation kinetics. The error bars in (a), (b), (d)–(f) represent the standard deviations calculated from three
separate experiments.

1232 Formation of Worm-like Amyloid Fibrils by the Prion Protein
tored by a change in either ThT fluorescence or θ216.
Figure 3c shows the distributions of RH of the β-rich
oligomer (the species prior to heating) and those of
the aggregates formed at four different time points
during fibrillation at 60 °C. It is seen that the β-rich
oligomers disappear early and are replaced by
larger oligomers whose size increases progressively
with time. The transformation into worm-like
amyloid fibrils also leads to an increase in the
heterogeneity of the population upon heating, as
evident from the increase in the width of the
distribution of RH. From such plots of the RH
distribution, the mean RH and SI can be determined.
Figure 3d and e show the kinetics of amyloid
fibrillation as monitored by an increase in the
mean RH and in the SI. In both cases, the kinetics
are monophasic with no apparent lag phase. Each of
the kinetic traces extrapolates at t=0 to the signal
obtained for the β-rich oligomer.
The apparent rate constants for the formation of

worm-like amyloid fibrils, as monitored by the four
different structural probes, are shown in Fig. 3f. The
observed rates are similar for the ThT-fluorescence-,
θ216-, and RH-monitored kinetics. The SI-monitored
kinetics are, however, approximately twofold slower.
The experiments with each of the probes were highly
reproducible, as evident from the small errors seen in
each of the measurements (Fig. 3a, b, d–f).
Temperature dependence of the formation of
worm-like amyloid fibrils

Figure 4a shows the ThT fluorescence-monitored
kinetics of formation of worm-like amyloid fibrils at
four different temperatures: 37, 45, 50, and 60 °C.
The kinetics of amyloid fibrillation at 25 °C are
shown in the inset of Fig. 4b. At each of the tem-
peratures, no lag phase is seen, and the kinetics
appear monophasic. The observed rate of amyloid
fibrillation increases with an increase in tempera-
ture. In Fig. 4b, the apparent rate constant is plotted
against 1/T. A linear Arrhenius relationship is seen.
The activation energy, as determined from the
Arrhenius plot, is found to be 129 kJ/mol. In Fig.
4c, it is seen that the amplitudes of the change in ThT
fluorescence upon amyloid fibrillation are similar at
all the temperatures.

Protein concentration dependence of the
kinetics of amyloid fibrillation

The kinetics of formation of worm-like fibrils were
studied at 60 °C over a range of protein concen-
trations. Figure 5a and b show the protein concentra-
tion dependence of the kinetics as monitored by ThT
fluorescence and θ216, respectively. The observed rate
increases with an increase in protein concentration in



Fig. 4. Temperature dependence of the kinetics of
amyloid fibrillation by 25 μM moPrP at pH 2. (a) ThT-
fluorescence-monitored kinetics of amyloid fibrillation at
37 °C (□), 45 °C (○), 50 °C (Δ), and 60 °C (◊). At each
temperature, the signal is normalized relative to the final
signal (at t=∞) at 60 °C. Representative plots are shown
for each temperature. The continuous lines through the
data points at each temperature are least-squares fits to a
single-exponential equation. (b) Arrhenius plot: the
observed rate constant is plotted against 1/T (K−1). The
error bars represent the standard deviations calculated
from three separate experiments. A linear fit through the
data points yields activation energy of 129 kJ/mol for
amyloid fibrillation from the β-rich soluble oligomers. The
inset in (b) shows the ThT-fluorescence-monitored aggre-
gation kinetics at 25 °C. (c) Relative amplitude of the
change in ThT fluorescence is plotted against temperature.
At each temperature, the amplitude of the change in ThT
fluorescence is normalized to the amplitude of the change
in ThT fluorescence at 60 °C.
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the range 10 to 50 μM. It is seen that the kinetics are
monophasic at each protein concentration.
In Fig. 5c, the apparent rate constants, obtained

from the ThT-, θ216-, and RH-monitored kinetics,
are plotted against protein concentration. At each
protein concentration, the observed rate appears to
be independent of the probe used. Moreover, the
concentration dependences of the observed rate
constants are also similar. For all the probes, the
observed rate constant appears to have an appar-
ently sigmoidal dependence on protein concen-
tration and reaches a limiting value at a protein
concentration of ∼50 μM. The dependence of the
observed rate constant on protein concentration is,
however, weak: a plot of log rate versus log con-
centration has a slope of only 1.6 (inset in Fig. 5c).
In Fig. 5d, the apparent rate constant of fibrillation

is plotted against the concentration of β-rich oli-
gomer. The concentration of the β-rich oligomer at
each total (monomeric) protein concentration was
determined as described in the figure legend. The
apparent rate constant increases linearly with an
increase in the concentration of β-rich oligomer. The
inset in Fig. 5d shows that the apparent rate dec-
reases linearly with an increase in the concentration
of α-rich monomer.

Dependence of fibril size on protein
concentration

Figure 6a shows the distributions of RH of the
worm-like amyloid fibrils formed at three different
protein concentrations (5, 10, and 25 μM). At each
protein concentration, the measurement was made
at a time corresponding to three time constants of
the ThT-fluorescence-monitored kinetics (3τThT).
The worm-like amyloid fibrils formed at the lower
protein concentrations not only have a longer mean
RH, but they are also more heterogeneous than those
formed at the higher protein concentrations, as evi-
dent from an increase in the width of the distribu-
tions with a decrease in protein concentration.
Figure 6b shows the protein concentration depen-

dence of the mean RH of the worm-like amyloid
fibrils formed at a time corresponding to 3τThT. The
mean RH is seen to decrease with increasing protein
concentration and reaches a limiting value of 29 nm
at high protein concentrations. The diameter of the
worm-like amyloid fibrils, as determined from fibril
heights in AFM images, is the same (2 nm) at each of
the protein concentrations. For a given RH and a
given diameter of the worm-like amyloid fibrils, it
is possible to calculate their length using Eq. (1),
assuming them to be straight cylinders.51,52 The
dependence of the calculated lengths of the worm-
like amyloid fibrils on the protein concentration is
shown in the inset in Fig. 6b. It is seen that the length
of the worm-like amyloid fibrils is sensitive to the
protein concentration used for the aggregation
reaction. The mean length of the worm-like amyloid
fibrils first decreases with an increase in protein
concentration and then reaches a limiting value of
about 320 nm at a concentration of ∼25 μM.



Fig. 5. Protein concentration dependence of the kinetics of formation of worm-like fibrils at 60 °C, pH 2. (a) ThT-
fluorescence-monitored aggregation kinetics of 10 μM (red circle), 18 μM (pink hexagon), and 25 μM (green square)
protein. (b) θ216-monitored aggregation kinetics at 10 μM (red circle), 25 μM (green square), and 50 μM (blue diamond)
protein. In (a) and (b), representative plots are shown for each of the protein concentrations. The continuous lines through
the data points represent the least-squares fits to a single-exponential equation. (c) The apparent rate constants of amyloid
fibrillation obtained from the ThT fluorescence (red diamond), θ216 (black circle), and RH (green triangle) measured
kinetics are plotted against protein concentration. The line through the data was drawn by inspection only. The inset
shows the data obtained in the concentration range 10 to 36 μM, on logarithmic axes. (d) The apparent rate constants of
amyloid fibrillation obtained from the ThT fluorescence (red diamond), θ216 (black circle), and RH (green triangle)
measured kinetics are plotted against the β-rich oligomer concentration and against the α-rich monomer concentration
(inset). The concentrations of the β-rich oligomer and the α-rich monomer at each protein concentration were determined
by multiplying the fractions of protein present as the β-rich oligomer and α-rich monomer, respectively (Fig. 2), by the
total monomeric protein concentration. The straight lines through the data are least-squares fits. The error bars represent
the standard deviations calculated from three separate experiments.
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Figure 6c shows AFM images of the worm-like
amyloid fibrils formed at the three different protein
concentrations (5, 10, and 25 μM), at a time corres-
ponding to 3τThT for each protein concentration.
Consistent with the DLS measurements, shown in
Fig. 6a and b, the AFM images show that the worm-
like amyloid fibrils formed at the lower protein con-
centrations are longer than those formed at the higher
protein concentrations. Relatively fewer worm-like
fibrils appear to have formed at the lower protein
concentrations, while numerous worm-like fibrils are
formed at the higher protein concentrations.
Discussion

In the present study, the aggregation of the full-
length moPrP has been studied at pH 2 in the pre-
sence of salt. The β-rich oligomers formed at the low
pH are found to transform into worm-like amyloid
fibrils in a slow process that becomes faster at higher
temperatures. The kinetics of formation of worm-
like fibrils from the β-rich oligomer have been
monitored using four different structural probes in a
range of temperatures and at different protein con-
centrations. The length of the worm-like fibrils is
found to depend on the protein concentration. The
steps involved in aggregation and the possible rea-
sons for the protein concentration dependence of the
length of worm-like amyloid fibrils are discussed.

Native protein is transformed into β-rich
oligomers and α-rich monomers at low pH in the
presence of salt

In earlier studies, when unfolded prion protein
(truncated as well as full-length), was refolded
by dilution of denaturant, it transformed into β-



Fig. 6. Dependence of the size of worm-like fibrils on protein concentration at 60 °C, pH 2. (a) Distribution of
hydrodynamic radii of the worm-like amyloid fibrils formed at 5 μM (green line), 10 μM (blue line), and 25 μM (red line)
protein concentrations. (b) Dependence of the mean RH of the worm-like amyloid fibrils formed on protein concentra-
tion. The inset shows the dependence on protein concentration of the length of the worm-like fibrils, determined using Eq.
(1). (c) AFM images of worm-like fibrils formed at 5, 10, and 25 μM protein concentrations. All the measurements shown
in (a)–(c) were done at times corresponding to 3τThT for each of the protein concentrations.
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oligomers, which existed in slow equilibrium with
monomeric PrP (α-PrP).31–33,53 Also in this study, it
is seen that at pH 2, in the presence of 0.15 M NaCl,
but in the absence of any denaturant, native full-
length moPrP transforms into β-rich oligomers that
are in equilibrium with α-rich monomers (Figs. 1
and 2). The β-rich oligomer has a far-UV CD
spectrum similar to that of the previously reported
β-oligomer. The sizes of the two are, however,
different. The previously reported β-oligomers were
shown to be octamers,32 while the β-rich oligomers
observed in this study are found to be much larger,
as seen in the gel-filtration chromatography elu-
tion profile (Fig. 2b). In the earlier studies,32,33 the
β-oligomer was characterized in a buffer containing
1 M guanidine hydrochloride as well as 3 M urea. It
is possible that its size is smaller than the β-rich
oligomer characterized in this study, only because
of the presence of the two denaturants. The pre-
viously characterized α-PrP33 and the α-rich mono-
mer characterized in this study appear to have
similar far-UV CD spectra, but it is likely that the
former is partially unfolded because of the presence
of 1 M guanidine hydrochloride and 3 M urea. At
present, it is not known how much of native moPrP
structure is retained in either the α-PrP33 or the
α-rich monomer.
The β-rich oligomer and not the α-rich monomer
converts into worm-like amyloid fibrils

Soluble oligomers have been observed on the
aggregation pathways of many proteins.54–61 Their
exact role in the aggregation process is, however,
still controversial. At pH 2, native moPrP is con-
verted into β-rich oligomers and α-rich monomers,
which are in slow equilibrium with each other.
Either species could serve as the starting point for
the formation of worm-like fibrils. The apparent rate
of formation of worm-like fibrils increases linearly
with an increase in β-rich oligomer concentration
and decreases linearly with an increase in α-rich
monomer concentration (Fig. 5d). This result conclu-
sively shows that the formation of worm-like amy-
loid fibrils proceeds directly from the β-rich
oligomer and not from the α-rich monomer. The
linear dependence of the apparent rate on β-rich
oligomer concentration also rules out the possibility
that the β-rich oligomer disaggregates to a smaller
oligomer that is the competent species to form
worm-like fibrils: if it did, then the dependence of
the rate on β-rich oligomer concentration would not
be linear because the degree of dissociation into the
smaller oligomer would not have a linear depen-
dence on β-rich oligomer concentration. It should be
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noted that the kinetic data points (Figs. 3–5) extra-
polate in an apparently single-exponential manner
to the signal of the β-rich oligomers at t = 0, at each of
the temperatures (Fig. 4a and b, inset), and for each of
the four probes (Fig. 3a, b, d, and e) that measure four
different structural aspects of the aggregation pro-
cess. This is expected when the β-rich oligomer acts
as a direct precursor for the formation of worm-like
amyloid fibrils.
In previous studies of the aggregation of full-

length moPrP, the formation of long straight amy-
loid fibrils had been observed in conditions where
the monomeric α-PrP, and not the β-oligomer, was
predominantly populated.33 It was therefore sug-
gested that α-PrP transformed into the long straight
amyloid fibrils and that the β-oligomers were off-
pathway to the formation of straight amyloid
fibrils.32,33 In this study, it has been shown that the
β-rich oligomers are instead on the pathway of
formation of worm-like amyloid fibrils. It is likely
that the transformation of β-oligomers into worm-
like fibrils had not been observed in the earlier
studies32,33 because they were carried out in the
presence of 1 M guanidine hydrochloride and 3 M
urea, which could suppress the formation of worm-
like amyloid fibrils by causing dissociation of the
β-rich oligomer into the smaller β-oligomer.33,62

The transformation of α-Prp into long straight
fibrils is faster at higher pHwhere α-Prp is populated
preferentially over the β-oligomer.33 Similarly, the
transformation of β-rich oligomer into worm-like
fibrils will become slower at neutral pH because the
concentration of the β-rich oligomer will be very low.
But given that the prion diseases are slow-onset
diseases,2,3,25 the possibility that the worm-like fibrils
play a role in PrP toxicity cannot be ruled out now.
Future work will address the question of whether the
worm-like fibrils are toxic in the first place.

Fibrillation from the β-rich oligomers does not
show any characteristic features of
nucleation-dependent polymerization

The formation of worm-like amyloid fibrils by the
prion protein could conceivably occur through a
nucleation-dependent mechanism,11 as does the
formation of long straight amyloid fibrils by the
same protein.63 Fibrillation from the β-rich oligo-
mers does not, however, show any characteristic
feature of nucleation-dependent polymerization.
The kinetics do not show a lag phase in the range
of protein concentrations studied with any of the
structural probes used (Figs. 3 and 5). The kinetics
observed with each of the probes show monophasic
increases in the measured signals. The protein con-
centration dependences of the amplitudes of the
change in ThT fluorescence as well as in θ216 indicate
that the formation of worm-like amyloid fibrils does
not involve a critical concentration below which
aggregation does not occur (data not shown). The
observed rate constant for the formation of worm-
like fibrils shows a very weak dependence on the
protein concentration (Fig. 5c, inset). If a nucleation
event does occur during the formation of worm-like
fibrils, it could be a folding event in which a struc-
tural transition in the β-rich oligomer might serve
as the nucleation event. Alternatively, the β-rich
oligomer itself might act as the nucleus. Given the
absence of the prominent features of a nucleation-
dependent polymerization reaction, this mechanism
seems unlikely for the formation of worm-like fibrils.
Similar observations have been made for the forma-
tion of either worm-like amyloid fibrils or protofibrils
by several other proteins, including β2-micro-
globulin,50 barstar,60 transthyretin,64 and amyloid-β.65

Transformation of β-rich oligomers into
worm-like amyloid fibrils occurs inmultiple steps

The observation that the rate of formation of
worm-like fibrils first increases and then saturates at
higher protein concentrations suggests that the
process occurs in steps and that the rate-determining
steps at lower and higher protein concentrations are
different (Fig. 5c). At lower protein concentrations,
the apparent rate of amyloid fibrillation appears to
be limited by the association of the protein mole-
cules; hence, the observed rate increases with an
increase in protein concentration. At higher protein
concentrations,where the association rate has become
sufficiently fast, a conformational conversion reaction
appears to take over as the rate-determining step;
hence, the observed rate becomes independent of
protein concentration. A similar saturation in the
observed rate of fibrillation at high protein concentra-
tion is also observed when the aggregation reaction is
carried out at 45 °C (data not shown).
During the formation of worm-like amyloid fib-

rils, the distribution of hydrodynamic radii changes
progressively in a continuous manner (Fig. 3c). The
population corresponding to β-rich oligomers dis-
appears very early during the process. This suggests
that the β-rich oligomer grows progressively in size
into higher-order oligomers, which then grow into
elongated aggregates. The possibility that a rapid
all-or-none protein-concentration-dependent equili-
brium between the β-rich oligomer and a specific
higher-order oligomer is followed by a rate-limiting
slow conformational change can, however, be ruled
out because only one species is seen at any time
during aggregation, and the size of the aggregate is
observed to increase in a slow progressive manner
in the light-scattering experiments (Fig. 3). If the β-
rich oligomer and a specific higher-order oligomer
were the only two species populated during the time
course of aggregation, then two size distributions
arising from these two species would have been
observed at different times of aggregation, because
exchange between the two species cannot be faster
than the time scale of light scattering.
The RH-monitored kinetics yield an observed

rate constant similar to that obtained from the
ThT-fluorescence- and θ216-monitored kinetics (Fig.
3f). This suggests that conformational conversion,
which leads to the creation of ThT-binding sites and
the increase in β-sheet content, occurs concurrently
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with the elongation of aggregates. The SI-monitored
kinetics are, however, slower than the kinetics moni-
tored by RH (Fig. 3f). SI is indicative of both the
amount and themass of aggregated particles. InAFM
images, the relative amount of worm-like fibrils and
spherical oligomers (seen in theAFM images) appears
not to change from 1 h to 3 h (data not shown). This
indicates that the increase in SI, which is not
accompanied by an increase in the apparent RH,
occurs because of lateral association of the elongated
aggregates,51,60 which then appears to be the last step
in the formation of the worm-like fibrils.
If all the steps (conformational conversion, elon-

gation, lateral association) are sequential, then an
initial lag phase should have been observed in the
SI-monitored kinetics, which are the slowest. But the
kinetics monitored by SI do not show any initial lag
phase. One possible explanation for this observation
is that the formation of the worm-like amyloid fibrils
from the β-rich oligomers occurs by multiple routes.
This issue is being addressed in ongoing work.

Conformational conversion occurs during the
formation of worm-like amyloid fibrils from the
β-rich oligomers

The activation-energy barrier obtained for the for-
mation of worm-like amyloid fibrils by moPrP is
129 kJ/mol. Similar values have been obtained for
the aggregation of many other proteins, such as
barstar,60 amyloid-β protein,66 α-synuclein,67 and
human insulin,68 and it is likely that the large activ-
ation energy arises because of the complexity of the
protein association reactions that define the aggre-
gation process. On the other hand, the observed
activation-energy barrier is very similar in magni-
tude to that seen for proline isomerization reactions.
Thus, the conformational conversion step, which
becomes the rate-limiting step at higher protein
concentrations, and which leads to an increase in
β-sheet structure, might be accompanied by a pro-
line isomerization reaction. Although the proline
isomerization reaction is much faster than the ob-
served rate of aggregation, this hypothesis may be
valid under conditions where the proline isomeri-
zation reactions in each oligomer are triggered only
upon addition of the oligomer to the elongating
fibril, along with the conformational conversion
within the fibril. Proline isomerization is seen as
the rate-limiting step in the formation of the stefin
B tetramer69 and in the formation of an amyloi-
dogenic intermediate in the folding reaction of β2-
microglobulin.70 It is well known that the proline
isomerization reaction constitutes the rate-determin-
ing step in the folding reactions of many proteins. It
may be that the process of protein aggregation is also
limited by a proline isomerization reaction.60

The length of the worm-like amyloid fibrils
depends on the protein concentration

At lower protein concentrations, where the rate of
growth of worm-like fibrils is slower, longer fibrils
are formed (Fig. 6). At higher protein concentra-
tions, where fibril growth is faster, smaller fibrils
are formed. The length of protein aggregates has
been shown to depend on protein concentration
for many proteins, including amyloid-β71 and
β2-microglobulin.72 The greater heterogeneity seen
in the length of the worm-like fibrils formed at lower
protein concentrations (Fig. 6a) might be a conse-
quence of their longer length, which could make
them more susceptible to breakage.
The observation that longer worm-like fibrils are

formed at lower protein concentrations suggests
that the β-rich oligomers do not directly transform
into the worm-like fibrils. It appears that the β-rich
oligomers assemble to form critical higher-order oli-
gomers of a defined size, which are competent to
form the worm-like amyloid fibrils. The concentra-
tion of such critical higher-order oligomers will de-
pend on the protein concentration. At higher protein
concentrations, there will be a larger number of the
critical oligomers formed as aggregation proceeds,
and hence, more sites from which fibrillation can
commence. At lower protein concentrations, there
will be a smaller number of critical oligomers formed
under the aggregation conditions, and hence, fewer
sites fromwhich fibrillation can commence. If growth
into the worm-like fibrils occurs by the addition of
smaller aggregates to the critical oligomers, then
there will be longer but fewer fibrils formed at a
lower protein concentration because there are fewer
critical oligomers and a larger proportion of smaller
aggregates that can add to the critical oligomers to
form the worm-like fibrils. Conversely, there will be
shorter but more fibrils formed at a higher protein
concentration because there are more critical oligo-
mers, and correspondingly fewer small aggregates
that can add to the critical oligomers to form the
worm-like fibrils. A similar mechanism appears to
describe the aggregation of amyloid-β protein, for
which it was suggested that the critical oligomers are
micellar structures that grow into protofibrils by
addition of monomeric protein.71

Mechanism of formation of worm-like amyloid
fibrils by the full-length mouse prion protein

Figure 7 depicts the process of amyloid fibrillation
by moPrP. The β-rich oligomers initially grow con-
tinuously to form critical higher-order oligomers,
which remain in equilibrium with the smaller oli-
gomers. The critical higher-order oligomers are the
species that are competent to elongate into worm-like
fibrils. Conformational changes that lead to an inc-
rease in β-sheet content and to the creation of ThT
binding sites occur concomitantly with the elonga-
tion reaction. It is, however, not known at present
whether the conformational change is driven by the
elongation process, as has been suggested in the case
of the yeast prion protein, Sup35,55,73 and amyloid-
β,74 or whether the conformational change immedi-
ately precedes, and is a prerequisite to, elongation.
Finally, it appears that the elongated aggregates
associate laterally to form mature worm-like fibrils.



Fig. 7. Model for the formation of worm-like amyloid fibrils by the moPrP. The β-rich oligomers equilibrate with large
oligomers, including elongation-competent critical oligomers. The critical oligomer grows by addition of smaller
oligomers. Elongation occurs simultaneously with conformational change during fibrillation. Finally, the elongated
aggregates appear to associate laterally to form mature worm-like fibrils.
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Finally, the results presented here and elsewhere33

indicate that there are two pathways for the for-
mation of amyloid fibrils by the moPrP. One path-
way starting from the α-monomer leads to the
formation of long straight amyloid fibrils in a pro-
cess that appears to be nucleation dependent.33,63
The other pathway, delineated in this study, starts
from the β-rich oligomer and leads to the form-
ation of worm-like amyloid fibrils. In this respect,
the fibrillation of moPrP at low pH is remarkably
similar to that of β2-microglobulin.50 In both cases,
a monomer leads to nucleation-dependent forma-
tion of long straight fibrils, while an oligomer leads
to the formation of worm-like fibrils in a process
that does not appear to be nucleation dependent. In
both cases, it appears that the two pathways are
operative under different environmental condi-
tions.33,50 It remains to be seen whether these fea-
tures of fibril formation are also shared by other
aggregating proteins.
Materials and Methods

Protein expression and purification

Escherichia coli BL21 (DE3) codon plus (Stratagene) cells
were transformed with a pET17b plasmid62 containing
the full-length sequence (23–231) of the moPrP gene. The
cells were grown at 37 °C in rich medium containing
100 μg/mL ampicillin, and the protein (moPrP23–231)
was found to be expressed in inclusion bodies. Inclu-
sion bodies were dissolved in a buffer containing 6 M
guanidinium hydrochloride, and purification and refold-
ing were carried out on a Ni+2 Sepharose column
(Amersham). The protein was further purified by
reverse-phase chromatography using a Resource RPC
column. The purity of the protein was confirmed by SDS-
PAGE and electrospray ionization–mass spectrometry.
The mass of the protein was the expected 23,236 Da
when determined by mass spectrometry using an ESI–
quadropole time-of-flight mass spectrometer fromWaters.
Typically, 40 to 50 mg of the protein was obtained from 1 l
of E. coli culture. The protein was transferred to 10 mM
sodium acetate buffer (pH 4) by using an Amicon
ultrafiltration cell and stored at −80 °C. The protein con-
centration was determined from the absorbance at 280 nm,
using an extinction coefficient of 62,160 M−1 cm−1.62
Buffers, solutions, and experimental conditions

All reagents used for experiments were of the highest-
purity grade available from Sigma. The protein in 10 mM
sodium acetate buffer (pH 4) was diluted twofold with 2×
aggregation buffer (100 mM glycine, 0. 3 M NaCl, pH 2),
so that the protein was finally in 50 mM glycine, 0.15 M
NaCl, pH 2. The final protein concentration used for most
of the experiments was 25 μM except for the concentra-
tion-dependence studies, where it was varied between 5
and 80 μM.

Aggregation studies

The aggregation process was monitored by measure-
ment of ThT fluorescence, of ellipticity at 216 nm (θ216),
and of DLS. For all the measurements, the protein was first
incubated for 1 h in 50 mM glycine, 0.15 M NaCl, pH 2, at
25 °C, prior to the temperature jump. After incubation for
1 h, the protein was transferred into a tube on the heating
block preset at the desired final temperature (37±0.5 to
60±0.5 °C). The same heating block was used for all the
experiments to reduce variability. The desired tempera-
ture was reached within 4 min of incubation of the protein
in the heating block. At different time points of aggre-
gation, aliquots of the protein sample were withdrawn for
analysis by ThT fluorescence, θ216, and DLS. All the
sample aliquots withdrawn for analysis by the different
probes were treated in as similar a manner as possible.
It was important to show that prolonged incubation of

the protein at pH 2, 60 °C, did not result in hydrolysis of
the polypeptide chain. A sample of protein that had been
incubated for 10 h at pH 2, 60 °C, was therefore subject to
SDS-PAGE. No significant hydrolysis of the protein was
observed (data not shown).

ThT fluorescence assay

The ThT assay was done at pH 8 in 50 mM Tris–HCl
buffer. For the assay, a final concentration of 2 μM of
protein and 20 μM of ThTwas used. A calculated amount
of the protein (according to the concentration used in the
aggregation experiment) was withdrawn from the sample
and added to the ThT assay solution. ThT fluorescence
was measured using a Fluoromax-3 spectrofluorimeter
(Jobin Yvon). The experimental settings used were as
follows: excitation wavelength, 440 nm; emission wave-
length, 482 nm; excitation bandwidth, 1 nm; and emis-
sion bandwidth, 10 nm. Measurements were made within
half a minute of the addition of the protein to the assay
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solution. The emission spectra of 20 μMThTalone and that
with 2 μM protein were collected with the excitation
wavelength set at 440 nm. The excitation and emission
bandwidths were 1 and 10 nm, respectively.

Circular dichroism measurements

A Jasco J-720 spectropolarimeter was used for the far
UV CDmeasurements. Cuvettes of 0.5-, 1-, and 2-mm path
length were used for the measurements. Spectra were
collected in the wavelength range 200 to 250 nm. The
instrument settings used were as follows: step resolution,
1 nm; scan speed, 100 nm/min; and bandwidth, 1 nm.
Each spectrum was averaged for over 30 scans. For the
kinetic studies, θ216, the ellipticity at 216 nm, was mo-
nitored. An aliquot of the protein sample was withdrawn
from the sample and θ216 was measured at regular time
intervals. In the case of the aggregation of 80 μM pro-
tein, the protein was diluted to 25 μM just before the
measurement.

Dynamic light-scattering measurements

A DynaPro-99 unit (Protein Solutions Ltd) was used
for the DLS measurements. To remove dust particles, all
the buffers and the protein solution at pH 4 were filtered
using 0.02-μm filters. Filtered buffers and the protein
solution at pH 4 were spun at 10,000 rpm for 10 min. The
tubes and tips used for the experiment were washed
three times with 0.02-μm-filtered water before use. The
pH jump from 4 to 2 was given with the 0.02-μm-filtered
buffer. The protein sample was incubated for 1 h at
room temperature before the temperature jump. After
the temperature jump, aliquots of the protein sample
were withdrawn for the measurement at regular time
intervals. The protein sample was cooled to 25 °C and
then placed in a 45-μl cuvette. The cuvette was placed in
the sample chamber maintained at 25 °C. The expe-
rimental settings used were as follows: acquisition time,
5 s; S/N threshold, 2.5; and sensitivity, 80%. The sample
was illuminated with a laser of wavelength 829.4 nm,
and the scattering intensity at 90° and its autocorrelation
function were measured simultaneously. Fluctuations
more than 15% in the scattering intensity were excluded
from analysis. The DynaLS software (Protein Solutions
Ltd) was used to resolve the accepted acquisitions into
well-defined Gaussian distributions of hydrodynamic
radii. The viscosities of the solutions were determined
from refractive index measurements. The total light-
scattering intensity (counts per second) was determined
from cumulant analysis as the mean of all accepted
acquisitions.
The length (L) of the worm-like fibrils was calculated

using the following equation:52
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The mean hydrodynamic radius (RH) and diameter (d) of
the worm-like fibrils were determined from DLS measure-
ments and AFM images, respectively.
Size-exclusion chromatography

The hydrodynamic properties of moPrP were studied
using gel filtration on a Waters Protein Pak 300-SW
column using an Akta (GE) chromatography system. The
fractionation range of the 15.1-mL column was 10 to
300 kDa, and the void volume was determined to be
6.2 mL. Each protein sample was equilibrated in 50 mM
glycine, 0.15 M NaCl, pH 2, for 1 h prior to the chroma-
tography run. The column was equilibrated with the same
buffer by passing four column volumes of the buffer
through it before injecting 50 μl of the protein solution. A
flow rate of 0.72 mL/min was used.

Atomic force microscopy

For the AFM study, protein in 50 mM glycine, 0.15 M
NaCl buffer at pH 2 was heated to 60 °C. An aliquot of the
sample was withdrawn and diluted to 0.5 μM in the pH 2
aggregation buffer. It was applied on freshly cleaved mica
and allowed to incubate for 1 min. The mica surface was
then rinsed three times with filtered water at pH 2 and
dried under vacuum for 45 min before it was scanned. The
AFM images were obtained on a PicoPlus AFM instru-
ment (Molecular Imaging Inc., Arizona) operating in the
noncontact mode.
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