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ABSTRACT: The middle disordered hydrophobic region of the
prion protein plays a critical role in conformational conversion of
the protein, with pathogenic as well as protective mutations being
localized to this region. In particular, it has been shown that the
G127V mutation in this region of the human prion protein
(huPrP) is protective against the spread of prion disease, but the
mechanism of protection remains unknown. In this study,
quantitative analyses of the kinetics of fibril formation by wild-
type mouse prion protein (moPrP) and G126V moPrP
(equivalent to G127V huPrP) reveal important differences: the
critical concentration is higher, the lag phase is longer, and the
initial effective rate constant of fibril growth is slower for the mutant variant. The study offers a simple biophysical explanation for
why the G127V mutation in huPrP would be protective in humans: the ∼5-fold increase in critical concentration caused by the
mutation likely results in the critical concentration (below which fibril formation cannot occur) being higher that the
concentration of the protein present in and on cells in vivo.

The prion diseases, also known as transmissible spongiform
encephalopathies, are neurodegenerative disorders affect-

ing mammals, including humans,1 invariably with fatal
consequences. In all prion diseases, the cellular prion protein
(PrPC) undergoes a conformational conversion into a
misfolded and aggregated form (PrPSc). PrPC has an
unstructured N-terminal region (NTR) (residues 23−120)
and a structured C-terminal domain (CTD) (residues 121−
231).2 The structure of PrPSc remains poorly understood.
Although conformational conversion plays a crucial role in
prion diseases, its mechanism remains unclear.
Typically, prion diseases are found to occur spontaneously or

because of transmission from diseased individuals.3 Never-
theless, prion disease can also occur due to inherited mutations
in the Prnp gene, which encodes the prion protein.4 These
disease-causing mutations are found mainly in the middle
hydrophobic core region (sequence segment 105−130) of the
unstructured NTR, as well as in helix 2 (α2) and helix 3 (α3) of
the structured CTD.4 The occurrence of pathogenic mutations
in the middle hydrophobic region is not surprising, given that it
plays an important role in conformational conversion,5,6 and in
the assembly of misfolded fibrillar aggregates.7−9

Surprisingly, however, a novel protective mutation found in
humans, G127V, in the same middle hydrophobic region,
prevents individuals from being infected with prion disease.10

Transgenic mice expressing the G127V human prion protein
variant were found to be completely resistant to infection from
all prion strains.11 A recent molecular dynamics study of
truncated prion protein has suggested that the G127V mutation

weakens the main-chain H-bond interactions and prevents the
formation of a dimer and a stable fibril core,12 but this study
lacks experimental verification. Understanding how the G127V
mutation plays a protective role against infection is expected to
afford a better understanding of how the prion protein
undergoes conformational conversion and fibril formation.
Under in vitro conditions, amyloid fibril formation by

recombinant prion protein is a good paradigm for under-
standing the mechanism of conformational conversion.13,14 At
low pH, and in the presence of salt, the prion protein can
misfold and form oligomers, and these oligomers can associate
and form wormlike amyloid fibrils.15 In contrast, at
physiological pH, the prion protein can be made to aggregate
in the presence of chemical denaturants, to form long straight
amyloid fibrils.13,16,17 Aggregates generated in vitro from
recombinant prion protein are very often cytotoxic,18,19 but
they may not be as infectious as aggregates isolated from
diseased brains.20,21 Nevertheless, in vitro-generated aggregates,
despite being very difficult to generate, are known to spread
disease in healthy organisms.21,22 Consequently, the protective
role of the protective mutation may be understood by studying
its effect on the mechanism of amyloid fibril formation by
recombinant prion protein.
The unusual capability of PrPSc to act as an infectious agent

and propagate the disease, by interacting with PrPC, suggests
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that the mechanism of prion protein misfolding and
aggregation could be very similar to that of nucleation-
dependent polymerization (NDP).23,24 Indeed, the amyloid
fibril reactions of many recombinant proteins have been
described by a NDP mechanism.25−30 The amyloid fibril
reaction of only the Y145 stop mutant variant of the prion
protein has been described as NDP.31 It is not known whether
the full protein or even the C-terminal domain, which is
commonly used as a proxy for the full protein, follows a NDP
mechanism.
The mouse prion protein (moPrP) is useful for studying the

effects of disease-linked mutations found in the human prion
protein (huPrP).13,20,32−36 Prion protein sequences are highly
conserved across all mammals, with moPrP and huPrP having
∼85% identical sequences. In the middle hydrophobic region
(residues 105−130; mouse numbering), the level of sequence
identity is even higher. It is therefore very likely that the G126V
mutation in moPrP will have the same effect as the G127V
mutation in huPrP (residue number n in moPrP is equivalent to
residue number n + 1 in huPrP). Wild-type (wt) moPrP has
Met at residue position 128; hence, G126V moPrP (with V126
and M128) can be expected to display protective behavior
similar to that shown by the huPrP variant (with V127 and
M129) that is most protective.11

Here, an extensive study of the kinetics of fibril formation by
wt moPrP and G126V moPrP has been performed over a wide
range of protein concentrations. The defining features of a
NDP mechanism are found to be met: sigmoidal kinetics with
distinct lag, exponential, and stationary phases; abolition of the
lag phase upon addition of preformed fibrils (seeds); and a
critical concentration below which fibril formation cannot take
place. The kinetics of fibril formation by G126V moPrP is
different from that of wt moPrP in there being a higher critical
concentration, a longer lag phase, and a decreased rate of fibril
formation. The aggregation kinetics of wt and G126V moPrP
were analyzed quantitatively, to show that the critical nucleus is
monomeric. wt moPrP forms fibrils via a homogeneous
nucleation pathway, whereas for G126V moPrP, secondary
processes are also operative. Cross-seeding and co-aggregation
experiments with wt and G126V moPrP monomer and fibrils
suggest that the mutation affects the ability of the wt and
mutant variant proteins to interact, both at the fibril−monomer
level and at the monomer−monomer level.

■ MATERIALS AND METHODS
Buffers and Reagents. Chemical reagents and buffers of

the highest purity grade were procured from Sigma-Aldrich.
Guanidine hydrochloride, GdnHCl (molecular biology grade),
was obtained from HiMedia.
Protein Expression and Purification. wt and G126V

moPrP were expressed and purified as described previously.15

The purified protein was subjected to a treatment to remove
any very small amount of oligomer that escaped detection by
dynamic light scattering. This treatment consisted of first
incubating the protein in 8 M urea at pH 4 and 25 °C for 1 h to
denature any possible aggregates present. The protein was then
refolded in 10 mM sodium acetate (pH 4) buffer using a
Sephadex G-25 HiTrap desalting column with an Akta Basic
high-performance liquid chromatography instrument.
Far-Ultraviolet (far-UV) Circular Dichroism (CD) Meas-

urements. Far-UV CD measurements were taken on a Jasco J-
815 CD spectropolarimeter. A quartz cuvette with a path length
of 1 mm and a protein concentration of 10 μM were used. The

following instrument parameters were set: digital integration
time, 2 s; bandwidth, 1 nm; scanning rate, 50 nm/min;
wavelength scan, 200−250 nm.

Denaturant-Induced Equilibrium Unfolding Studies.
For GdnHCl-induced equilibrium unfolding studies performed
at pH 7 (in 50 mM Tris-HCl buffer), protein (10 μM) was
incubated in different concentrations of GdnHCl for 2 h at 25
°C. The change in the far-UV ellipticity at 222 nm was
monitored using the Jasco J-815 spectropolarimeter. Thermo-
dynamic parameters were determined by fitting the data to a
two-state (N ↔ U) unfolding model.37 For full-length moPrP,
it is the unfolding transition of the structured CTD of the
protein38 that is measured.

Fibril Formation of the Mouse Prion Protein. Fibril
formation of moPrP was performed in 96-well plates in a
Fluoroskan Ascent Microplate Fluorometer (Thermo Fisher
Scientific Inc.). Before the start of the fibril formation reaction,
the protein in 10 mM sodium acetate buffer (pH 4) was
concentrated to ≈1.2 mM, using an Ultracel-3 3 kDa cutoff
membrane (Millipore Inc.) placed in an Amicon Ultra 0.5 mL
centricon filter unit. The protein stock was diluted 4-fold with
unfolding buffer [65 mM Tris-HCl and 8 M GdnHCl (pH
7.4)], so that the protein (300 μM) was finally in 50 mM Tris-
HCl and 6 M GdnHCl (pH 7.4), the final protein
concentration. To start fibrillization, the protein in 3×
fibrillization buffer [300 μM moPrP in 50 mM Tris-HCl and
6 M GdnHCl (pH 7.4)] was diluted with native buffer [50 mM
Tris-HCl (pH 7.4)] so that the protein was finally in 1×
fibrillization buffer [50 mM Tris-HCl and 2 M GdnHCl (pH
7.4)]. For all the reactions, thioflavin T (ThT) was added to a
concentration equal to that of the protein concentration; 200
μL aliquots of the protein in 1× fibrillization buffer were then
transferred to different wells of a 96-well plate, which was
incubated at 37 °C and shaken at 480 rpm using the Fluoroskan
Ascent Microplate Fluorometer. The ThT fluorescence was
measured at 475 nm, upon excitation at 440 nm. The readings
were acquired every 10 min.

Thioflavin T Fluorescence Assay. In the case of
fibrillization reactions performed in the absence of ThT, an
aliquot of protein, the volume of which was determined
according to the concentration desired to be used for the
experiment, was taken from the sample at different times of
aggregation and added to the ThT assay solution [25 mM Tris-
HCl (pH 7.4)]. The final concentrations of protein and ThT
are 1 and 10 μM, respectively. Fluorescence was measured
within 20 s of the addition of protein to the ThT solution, using
a Fluoromax-3 spectrofluorometer (Jobin Yvon) with the
excitation and emission wavelengths set at 440 and 482 nm,
respectively, and the excitation and emission bandwidths set at
1 and 10 nm, respectively. The signal was averaged for 30 s,
with a response time of 2 s.

Sedimentation Assays for Fibril Formation. At different
times during fibril formation, a 100 μL aliquot was taken into a
1.5 mL microcentrifuge vial, which was centrifuged at 20000g
for 45 min at 25 °C. The amount of protein present in the
supernatant was determined by measuring the tryptophan
fluorescence at 357 nm, upon excitation at 295 nm. The
amount of protein present in aggregate form (the pellet) was
then determined by subtracting the supernatant protein
concentration from the starting monomer concentration. The
equilibrium monomer concentration was determined using a
sedimentation assay: protein was aggregated for a time
corresponding to 3τ (24 h) of the ThT fluorescence-monitored
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kinetics and then centrifuged at 70000g for 1 h at 25 °C using a
TLA100 rotor in a tabletop Beckman Optima Max-XP
ultracentrifuge. The protein concentration in the supernatant
was then determined by measuring the tryptophan fluorescence
at 357 nm, upon excitation at 295 nm.
For determination of the kinetics of monomer loss during

aggregation, aliquots of the aggregating protein were withdrawn
at different times during fibril formation and subjected to
ultracentrifugation at 70000g for 1 h. The concentration of
protein remaining in the supernatant was that of the monomer
remaining in solution.
Seeding Experiments. Fibrils formed by 25 μM moPrP

aggregates [aggregates obtained at 3τ (24 h) of the ThT
fluorescence-monitored kinetics] were sonicated to prepare the
seed. The aggregate suspension was kept on ice and sonicated
using a micro probe with the following parameters: amplitude,
30%; pulse, 5 s on and 5 s off; total time, 2 min. For all the
seeded reactions, ThT was added to a concentration equal to
the protein concentration; 200 μL aliquots of the protein in 1×
fibrillization buffer, containing fixed concentrations of seed,
were then transferred to different wells of a 96-well plate, which
was incubated at 37 °C and shaken at 480 rpm using the
Fluoroskan Ascent Microplate Fluorometer. The ThT fluo-
rescence was measured at 475 nm upon excitation at 440 nm.
The readings were acquired every 10 min. The final ThT
fluorescence varied slightly across seeding experiments, because
of problems inherent to sonication; hence, the data were
plotted as fractional change plots to compare the seeded to
unseeded reactions. An equal volume of seed suspension
replaced the volume of the reaction mixture, so that the desired
percentage (v/v) of the seed concentration was obtained. The
initial rate constant of polymerization was determined as the
slope of a linear fit to the initial (5%) part of the aggregation
curve monitored using ThT fluorescence.
Atomic Force Microscopy (AFM). Samples (100 μL) from

a 50 μM wt moPrP fibrillization reaction mixture were
withdrawn at different times, applied to freshly cleaved mica,
and incubated for 5 min. After the mica surface had been rinsed
five times with doubly filtered Milli-Q water, the samples were
dried under vacuum for 1 h, before being scanned. The AFM
images were acquired using a Bruker Dimension FastScan Bio
AFM instrument (Bruker Inc.) in tapping mode (air). To
determine the height and length of the aggregates, the profile
option of WSXM software39 was used.
Data Analysis and Curve Fitting. The kinetic curves

measured by monitoring ThT fluorescence were fitted to the
equation

= +
−

+
∞

− τ
−S S

S S

1 e
0

0
( )t t50

(1)

where S, S0, and S∞ are the fluorescence signals at times t, zero,
and∞, respectively, t50 is the time at which the change in signal
is 50%, and τ is a characteristic time constant. The lag time
(tlag) was calculated as tlag = t50 − 2τ as described previously.40

A similar value for tlag was obtained by determining the time
taken to complete 15% of the reaction. The values of S, S0, and
S∞ were used to calculate the fractional change (F) at each time
point:

=
−
−∞

F
S S

S S
0

0 (2)

The apparent rate constant of elongation was determined by
fitting the kinetic data points, after excluding the initial 15% of
the aggregation curve, to a single-exponential equation:

= + − τ−S S a[1 e ]
t

0
( )

el (3)

where a is the amplitude of the signal and τel is the time
constant of elongation.
To check whether the kinetic curves of aggregation

determined at different protein concentrations collapse upon
phenomenological scaling, the signal changes and times of a
kinetic curve were normalized to S∞ and t50, respectively.
The theory and the equations underlying the linear

perturbation analysis of the kinetic data according to a NDP
model, with or without augmentation by a secondary pathway,
were described previously.41 A fundamental premise in the
analysis is that an equilibrium (defined by equilibrium constant
Kn*) is established between the monomer and an oligomeric
nucleus (comprised of n* monomers) and monomer. Only the
initial (5%) part of the kinetic curve of aggregation is examined.
The concentration of prenuclear oligomers is assumed to be
much smaller than the concentrations of both the free
monomer, c(t), and the polymerized monomers, Δ(t). Hence

Δ = −t c c t( ) ( )0 (4)

where c0 is the total monomer concentration and Δ(t) changes
upon monomer addition or loss at the polymer ends; this
process is assumed to be independent of length for long
polymers. Consequently

Δ = −+ −t
k c k c

d
d

( ) p (5)

where k+ and k− are the rate constants of polymerization and
depolymerization, respectively, and cp is the concentration of
polymers. k+ and k− are related by the critical concentration cs
as k− = k+cs.
The rate of homogeneous polymer formation can be

described as

= − *+ * − *+
c

t
k cc k c

d

d n n
p

1 (6)

The polymer size is n* + 1 and larger; k+ is the rate constant
for monomer addition, and k−* is the rate constant for
dissociation to the nucleus (n*). Monomer loss from the
nucleus does not affect the total concentration of polymer. k+ is
the same for addition of the monomer to both the nucleus and
the polymer. Eq 6 then becomes

= =+ * + *
*+c

t
k cc k K c

d

d n n
np 1

(7)

The following equation for homogeneous nucleation was
used to analyze the kinetic curve of aggregation:

Δ = −A Bt[1 cos( )] (8)

where A describes the apparent shape of the kinetic curve and B
is an effective rate constant for nucleation. Only the initial 5%
of the kinetic data was used because of the oscillatory behavior
of the cos function. A plot of log{(B2A)/[c0(c0 − cs)]} versus
log c0 gives n*:

−
= + *+ *

B A
c c c

k K n clog
( )

log logn

2

0 0 s

2
0

(9)
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The value of cs was found to be 4.0 μM for wt moPrP and 13
μM for G126V moPrP (see the Results and Discussion).
It is possible that the rate of polymerization is accelerated by

secondary nucleation in addition to homogeneous nucleation.
Secondary nucleation processes may occur by either
fragmentation, branching, or heterogeneous nucleation. In
each case, the rate is proportional to the concentration of
polymerized monomers [Δ(t)]. The three processes can be
described by a general parameter, Q. Thus

= + −+ *
*+c

t
k K c Q c c

d

d
( )n

np 1
0 (10)

For the initial 2−5% of the data, eq 10 can be solved by the
linear perturbation approach to yield the following solution:

Δ = −A Bt[cosh( ) 1] (11)

where A directs the apparent shape of the kinetic curve and B is
an effective rate constant for initial fibril growth. For the
secondary process, Q affects the values of both parameters A
and B. However, the product of these two parameters, B2A,
remains unaffected by the secondary process, and it is then still
possible to derive the nucleus size using eq 10 without any
specification of parameter Q.
Parameters A, B, n*, c0, and cs were used to determine the

value of k+Q0 at each initial monomer concentration (c0), by
using eq 12.

=
+ * +

−+
( )

k Q
B n

c c

( 1) B A
c

0

2

0 s

2

0

(12)

The type of secondary process can be deduced from the
dependence of log(k+Q0) on log(c0). In the case of
fragmentation, the slope of the plot will be 0; for lateral
growth, the slope will be 1, and for heterogeneous nucleation,
the slope will give the heterogeneous nucleus size.
All fits were performed using Levenberg−Marquardt

algorithm in SigmaPlot 12.

■ RESULTS AND DISCUSSION

Amyloid Fibril Formation by Mouse Prion Protein.
Previous studies of amyloid fibril formation by recombinant
prion protein had shown that at physiological pH, and in the
presence of chemical denaturants, the prion protein misfolds
and aggregates into long straight amyloid fibrils,13,16 but the
mechanism of amyloid fibril formation was not established.
This study characterizes in quantitative detail the mechanism of
amyloid fibril formation by the full-length mouse prion protein
(moPrP), at pH 7.4 and 37 °C, in the presence of 2 M
guanidine hydrochloride (GdnHCl), with agitation. Addition-
ally, the effect of the protective mutation, G126V, on the
structure, stability, and aggregation of moPrP was also
characterized (Figure S1 and Figure 1).
The far-UV CD spectra of wt and G126V moPrP were found

to be very similar at pH 7.4 (Figure S1a). A GdnHCl-induced
equilibrium unfolding study indicated that G126V and wt
moPrP had similar stabilities (Figure S1b). Hence, it appears
that, similar to several other pathogenic mutations in the
unstructured NTR, the G126V mutation did not affect the
global stability of moPrP.38,42,43 Thermodynamic stability is
known to be a major modulator of the misfolding and
aggregation propensities of the prion protein,35,36,43 but not

Figure 1. Amyloid fibril formation by moPrP at pH 7.4 and 37 °C. Panels a−c show data for wt moPrP, and panels d−f show data for G126V
moPrP. The aggregation of 50 μM wt (a) and G126V moPrP (d) was monitored by measurement of ThT fluorescence, both by using the
Fluoroskan Ascent Microplate Fluorometer (with pre-added 50 μM ThT) (black circles) and by using a Fluorolog-3 Spectrofluorometer (without
any pre-added ThT) (red circles). The aggregation of 50 μM wt (b) and G126V moPrP (e) was monitored directly by measurement of the fraction
of total protein in the aggregates (see Materials and Methods). The fractional progress of the reaction is plotted in panels c and f, where the data
from panels a and b and panels d and e, respectively, have been normalized between values of 0 and 1 using eq 2: Fluoroskan ThT fluorescence
(black circles) and fibril concentration (blue diamonds). The insets in panels c and f show the initial 5% of the reactions. In panels a−f, the lines
through the data are nonlinear least-squares fits to eq 1 and the error bars are the standard deviations from three independent experiments using at
least two different preparations of protein.
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always.35,42 It became important to study whether the G126V
mutation had an effect on amyloid fibril formation, despite it
not affecting the structure and stability of the protein.
The kinetics of amyloid fibril formation by wt and G126V

moPrP were conveniently studied by performing the reactions
in the presence of ThT, for continuous monitoring of the
progress of the fibril formation reaction.44 The kinetics was also
studied in the absence of ThT, to probe the effects of pre-added
ThT on the fibril formation reaction (Figure 1). The kinetic
curves determined in these two ways were coincident, which
suggested that the fibril formation reactions are not affected by
the pre-addition of ThT (Figure 1a,d). When monitored using
ThT fluorescence, the kinetics of amyloid fibril formation was
found to be sigmoidal in nature (Figure 1). When the amount
of soluble monomer present at any time during the aggregation
reaction was measured using the sedimentation assay, similar
sigmoidal kinetics was observed (Figure 1b,e). The kinetic
curves of aggregation monitored by the ThT fluorescence and
sedimentation assays overlapped in the initial phase (Figure
1c,f). However, the overall kinetics as monitored by the
sedimentation assay appeared to be faster than that measured
by ThT fluorescence. The apparent difference in the kinetics
measured by these two probes of aggregation could be because
(1) oligomers may have formed in the early phase of
aggregation, which did not bind to ThT to the same extent
that amyloid fibrils did,25 or (2) the association of monomers
into fibrils preceded conformational conversion.16,45 It should
also be noted that the kinetic curves obtained using each probe
were highly reproducible, as reflected in the small errors of
measurement (Figure 1). Such highly reproducible kinetic
curves are important for quantitatively analyzing the amyloid
fibril formation reaction.
A Single Mechanism Explains the Kinetics of PrP Fibril

Formation at Different Protein Concentrations. The
kinetics of amyloid fibril formation was studied for wt and
G126V moPrP, across protein concentrations ranging from 10
to 100 μM (Figure S2). The aggregation kinetics remained
sigmoidal at all protein concentrations (Figure S2a,c). Upon
phenomenological scaling, the kinetic curves obtained at
different protein concentrations for wt moPrP as well as for
G126V moPrP were found to collapse into a single kinetic
curve (Figure S2b,d) (see Materials and Methods).46 Hence,
the mechanisms that describe the aggregation of wt moPrP, as
well as of G126V moPrP, are the same for each protein variant,
over the range of protein concentrations studied.
The aggregation kinetics of G126V moPrP was significantly

different from that of wt moPrP in the duration of the lag phase
(tlag) and the time taken to complete 50% of the reaction (t50).
These differences in the kinetics of wt and G126V moPrP,
which were more evident in a plot of fractional change versus
log time (Figure S2b,d), suggest that these two proteins might
aggregate differently. It should be noted that for G126V moPrP,
phenomenological scaling was done for only protein concen-
trations in the range of 30−100 μM, because there was no
significant ThT fluorescence detected for protein concen-
trations of ≤20 μM. This result indicated that the critical
concentration for G126V moPrP fibril formation might be
significantly higher than that for wt moPrP fibril formation.
PrP Fibril Formation Can Be Described by a NDP

Mechanism. The amyloid fibril formation reactions of wt and
G126V moPrP showed sigmoidal kinetics with distinct lag,
elongation, and saturation phases, typical of a fibril formation
reaction that occurs via a NDP mechanism. However, such

kinetics may also be observed when polymerization is
isodesmic.47−49 To establish the mechanism, the dependence
of the apparent rate constant of fibril elongation, as well as the
final amplitude of the fibril formation reaction, on protein
concentration was measured (Figure 2a,b). The apparent rate

constant of fibril elongation measured by ThT fluorescence was
not dependent on protein concentration, whereas the relative
final amplitude of the ThT fluorescence increased linearly with
an increase in protein concentration. From the intercepts on
the x-axis of the straight-line fits to both the final ThT
fluorescence amplitude and the fraction of total protein in
fibrils, the critical concentrations were found to be ∼3.5 and
∼9.5 μM for wt and G126V moPrP, respectively (Figure 2b).

Figure 2. Dependence of aggregation kinetics on moPrP concen-
tration. The kinetics of the fibril formation reaction was monitored by
measurement of ThT fluorescence. Panel a shows the dependence of
the elongation rate constant on wt moPrP (red circles) and G126V
moPrP (blue circles) concentration. Panel b shows the dependence of
the final amplitude monitored by ThT fluorescence (red circles) and
by measurement of the fraction of the total protein in aggregates (red
diamonds) on the concentration of wt moPrP. The inset in panel b
shows the dependence of the final amplitude monitored by ThT
fluorescence (blue circles) and by direct measurement of the fraction
of the total protein in aggregates (blue diamonds) on the
concentration of G126V moPrP. In panel b, the linear fit through
the data extrapolates to intercept the x-axis at the critical concentration
of 3.5 μM. In the inset of panel b, the linear fit through the data
extrapolates to intercept the x-axis at the critical concentration of 9.5
μM. Panel c shows a plot of the final concentration of the monomer
remaining in the aggregation reaction mixture vs the initial monomer
concentration of wt (red circles) and G126V (blue circles) moPrP (see
Materials and Methods). Panel d shows the dependences of tlag (lag
time) on wt moPrP (red circles) and G126V moPrP (blue circles)
concentration. The inset of panel d shows the dependence of t50 on wt
moPrP (red circles) and G126V moPrP (blue circles) concentration.
In all three panels, the short dashed lines are drawn through the data
to guide the eye and are not fits. Error bars denote the standard
deviations determined from three independent experiments that
utilized at least two different preparations of protein.
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If indeed there exists a critical concentration for each protein
variant below which it does not aggregate, then it was expected
that when fibrils were fully formed, they should be present in
equilibrium with monomer, with the monomer concentration
being equal to the critical concentration. The final monomer
concentrations present at equilibrium when aggregation was
performed at different concentrations of wt and G126V moPrP
were found to be ∼4 and ∼13 μM, respectively (Figure 2c).
Furthermore, no amyloid fibril formation was detected over a
period of 72 h, when the fibril formation reactions for wt and
G126V moPrP were performed at 4 and 15 μM, respectively
(data not shown). These two observations confirmed that a
critical concentration exists for moPrP fibril formation and that
the critical concentration for G126V moPrP is higher than that
of wt moPrP. Similar differences in the critical concentration for
Aβ1−40 and Aβ1−42 aggregation had been shown to delay
misfolding and aggregation50 and thus might increase the age of
onset and delay the progression of pathological effects.51

For aggregation via a NDP mechanism, the lag time and t50
might be expected to have strong dependencies on protein
concentration. However, both the lag time and t50 were found
to vary only marginally with protein concentration (Figure 2d).
The logarithm of the lag time (or of t50) had a very weak and
positive linear dependence on the logarithm of protein
concentration (Figure S3). A very weak dependence is
consistent with a monomeric nucleus,29,52 but the positive
dependence was surprising. One possible explanation is that the
NDP pathway leading to the formation of fibrils competes with
an off-pathway aggregation reaction, such as the formation of
off-pathway oligomers. In fact, an analytical solution of the
equations describing such competing aggregation reactions
predicts such a positive dependence.53

Off-Pathway Oligomers Form Transiently during the
Fibril Formation Reaction of moPrP. The observation that
the kinetics of fibril formation appeared to be marginally faster
when monitored by the sedimentation assay than when
measured by ThT fluorescence was the first indication that
the fibril formation reaction may be accompanied by transient
oligomer formation. In AFM images of aggregating protein
samples of wt and G126V moPrP collected at different time
points (Figure 3 and Figure S4), no oligomers were observed
during the first 15 min of aggregation of wt moPrP: the mica
surface coated with the aggregation sample could not be
distinguished from the mica surface coated with an equimolar
amount of monomer (Figure 3). After 15 min, and ≤2 h, which
was the end of the lag phase, only spherical oligomers were
observed and no fibrils were detected by AFM. After 4 h,
oligomers were not detected. Fibrils were observed from 4 h. At
7 h, individual fibrils were mostly seen, and not clumps. At 10 h,
when fibril formation was nearly complete, the fibrils were
found to occur in clumps and had a length in the range of 800−
1500 nm. The fibril height was 8.3 ± 1.2 nm, as determined
from Gaussian fits to the distributions of their measured heights
(data not shown).
Similarly, oligomers could not be detected during the first 15

min of aggregation of G126V moPrP (Figure S4). After 15 min,
and ≤7 h, which was the end of the lag phase, spherical
oligomers but not fibrils were observed by AFM. At 10 h,
oligomers were not detected, and only very few fibrils were
observed. Toward the end of the fibril formation reaction, at 20
h, only fibrils were observed, and these fibrils were found to
occur in clumps and have a length and height that were very
similar to those of wt moPrP (data not shown). AFM images

showed that both the oligomers and final fibrils formed by wt
and G126V moPrP had similar morphologies. After aggregation
of wt moPrP for 4 h, and after 7 h in the case of G126V moPrP,
fibrils were found to grow progressively in size. It appears that
growth occurred by addition of monomer; no oligomers were
seen after these times (Figure 3 and Figure S4). The AFM
images showed that oligomers formed early during the
aggregation reaction and disappeared before fibril formation
could be detected, indicating that the oligomers did not form

Figure 3. Structural characterization of the progress of the amyloid
fibril formation reaction. AFM images were obtained at 15 min, 2 h, 4
h, 7 h, 10 h, and at 20 h during the aggregation of 50 μM wt moPrP.
The images are all shown in topography mode. The height of the
oligomers seen at 15 min was 2.4 ± 0.4 nm, and the height of the
fibrils seen at longer times was 8.3 ± 1.2 nm.

Figure 4. Initial progress of the amyloid fibril formation reactions.
Panels a−d show the initial parts of the kinetic curves of aggregation,
monitored by ThT fluorescence, of 30 μM (a and c) and 60 μM (b
and d) wt moPrP (red circles) and G126V moPrP (blue circles). In
panels a and b, the black lines are least-squares fits to eq 8. In panels c
and d, the black solid lines are least-squares fits to eq 11. The insets in
panels c and d show the same data fit to eq 8 (see Materials and
Methods). Error bars represent the standard deviations determined
from three independent experiments that utilized at least two different
preparations of protein.
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on the direct pathway of fibril formation. Unfortunately, the
observation that transient off-pathway oligomers were present
during the course of fibril formation by wt and G126V moPrP
precluded the use of AmyloFit, an elegant tool for the global
analysis of kinetic data on aggregation via NDP occurring in the
absence of off-pathway oligomer formation,54 which could have
provided detailed information about the aggregation reactions.
Fortunately, the oligomers were found to be populated to

only an insignificant extent during the initial 5% phase of fibril
formation: the kinetics of monomer loss (Figure S5) suggests
that the fraction of monomer present in the oligomers in the
initial 5% phase of fibril formation is insignificant as compared

to the fraction of monomer present in the fibrils (Figure 1).
This meant that the initial phase could be used to perform
linear perturbation analysis,41,55 which provides information
about the size of the nucleus and whether nucleation is
homogeneous or whether secondary nucleation processes are
operative.

Quantitative Analysis of the Early Phase of PrP Fibril
Formation. The linear perturbation method was used to
examine the initial phase of fibril formation. This mathematical
method predicts that for homogeneous nucleation, the initial
part of the kinetic curve of aggregation should be able top be
described by either a t2 or a cos t function.41,55 The initial 5% of

Figure 5. Determination of the size of the nucleus as well as the nature of the secondary pathway for fibrillization. Panel a shows data for wt moPrP,
and panels b and c show data for G126V moPrP. The quantities (B2A)/[c0(c0 − cs)] and k+Q0 were determined at each protein concentration from
data such as those shown in Figure 4, as described in Materials and Methods. The straight lines through the data in panels a and b are least-squares
fits. The slope of the plot yields the nucleus size and was 0.77 ± 0.13 and 0.80 ± 0.14 for wt and G126V moPrP, respectively. The values of k+Q0 at
different concentrations of G126V moPrP (c) were calculated using the parameters described in Materials and Methods. Error bars represent the
spread in the data determined from two or more independent experiments that utilized at least two different preparations of protein.

Figure 6. Effect of seeding on the kinetics of moPrP aggregation. The ThT fluorescence-monitored kinetics of amyloid fibril formation by 20 μM wt
moPrP in the presence of (a) 1% and (b) 10% sonicated seed (red diamonds) and in the absence of seed (black circles) are shown. Similarly,
amyloid fibril formation by 20 μM G126V moPrP in the absence of seed (black circles) and in the presence of (d) 1% and (e) 10% sonicated seed
(blue diamonds) is shown. Panels c and f show the dependence of the initial rate of the reaction on initial wt and G126V moPrP concentration in the
presence of 10% sonicated seeds. When extrapolated to intersect the x-axis, the linear fits through the data yield critical concentrations of 3.6 and
13.6 μM for wt and G126V moPrP, respectively. The lines through the data in panels a and d are least-squares fits to eq 1. The solid lines through
the data in panels b and e are least-squares fits to eq 1 (for unseeded reactions) or eq 3 (for seeded reactions). In each panel, the error bars represent
the spread in the data determined from two or more independent experiments, which utilized at least two different preparations of protein.
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the kinetics of wt moPrP aggregation fit reasonably well to a cos
t function (Figure 4a,b) (eq 8). A t2 function fit equally well (fit
not shown). Thus, the values of parameters A and B in eq 8
could be determined at each protein concentration. The size of
the homogeneous nucleus, n* (Figure 5a), was then
determined by the use of eq 9, which was derived from the
perturbation analysis. The equilibrium nucleus size, n*, of wt
moPrP was determined to be 1.
Analysis of the kinetic data of G126V moPrP aggregation

indicated that the aggregation mechanism was more complex
than that of wt moPrP: the initial parts of the kinetic curves of
fibril formation could not be described by a cos t (or t2)
function; instead, a cosh t function (eq 11) was required to fit
the data (Figure 4c,d). A cosh t dependence is evidence of
secondary processes being operative. The kinetic data were
analyzed further taking into account that secondary processes
were operative. The values of A and B (eq 11) were determined
at each protein concentration and were then used (eq 9) to
determine the size of the equilibrium nucleus. As in the case of
wt moPrP, a value of 1 was obtained for the equilibrium
nucleus size, n*, of G126V moPrP (Figure 5b). It is to be noted
that the quantity B2A in eq 9 has the same form, regardless of
whether secondary processes are operative.55 Thus, the size of
the equilibrium homogeneous nucleus can be determined even
when a secondary nucleation pathway is operative.
Hence, it appears that for both wt and G126V moPrP, fibril

formation proceeds via a monomeric nucleus. A previous study
of the aggregation of huntingtin had shown that the nucleus
was a monomer, and it was proposed that nucleation
corresponded to conformational conversion within the
monomer.52 In the study presented here, the nucleus was
considered to be the least stable species on the aggregation
pathway.41,53,56 Although both the variants of moPrP form
fibrils via a monomeric nucleus, initial fibril growth is slower in
the case of G126V moPrP, which is evident from the delayed
lag phase (Figures 2d and 4).
A monomeric nucleus for the aggregation of proteins, leading

to neurodegenerative disease, is certainly not improbable.
When the disease-related protein is intrinsically disordered,
aggregation could start after a partially folded intermediate
misfolds to form a monomeric nucleus; when it is a folded
protein, aggregation could start after a partially unfolded
intermediate misfolds to form a monomeric nucleus.57 It is
perhaps not surprising that several disease-linked multimeric
proteins have to dissociate into monomers before misfolding
can occur.58,59 A misfolded monomeric nucleus is consistent
with two possible aggregation mechanisms. In one mechanism,
spontaneous aggregation occurs upon the productive inter-
action between misfolded and native monomers.28,52 The
second mechanism requires a productive association between
two misfolded monomers.60 In the case of G126V moPrP, the
decreased nucleation rate, and increased lag time, might be due
to altered interactions between the misfolded monomer and a
native monomer, or between two misfolded monomers.
The linear perturbation method was then used to determine

the nature of the secondary processes that operate during the
fibril formation reaction of G126V moPrP. The values obtained
for parameters A and B at different starting monomer
concentrations were used to determine the quantity k+Q0 at
each protein concentration (see Materials and Methods). The
type of secondary process could then be determined from the
slope of a log−log plot of k+Q0 versus starting monomer
concentration (Figure 5c). A slope of 0 is indicative of the

major secondary process being fragmentation, and when the
slope is 1, the major secondary process is lateral growth. A
slope value of >1 is indicative that the secondary process is
heterogeneous nucleation; then the value of the slope provides
the heterogeneous nucleus size. The dependence of the
quantity k+Q0 on protein concentration suggests that for
G126V moPrP, the main secondary nucleation pathway is
heterogeneous nucleation (Figure 5c). It is, however, very
difficult to rule out the possibility that fragmentation and
branching do not occur.

PrP Fibril Growth Occurs by Monomer Addition. An
important test for the NDP mechanism is whether the lag phase
can be eliminated by adding preformed fibrils (seeds). The
addition of 1 wt % seed partially abolished the lag phase seen
for fibril formation with 25 μM wt moPrP, whereas the addition
of 2 and 10 wt % seed completely abolished the lag phase
(Figures 6 and 7). Similarly, the addition of 1% G126V seed did

not abolish the lag phase seen for fibril formation with 25 μM
G126V, whereas the addition of 10% G126V seed resulted in
complete abolition of the lag phase (Figure 6d,e). At a seed
concentration of 10 wt %, the initial rate of aggregation was
found to be dependent linearly on monomer concentration, for
both wt moPrP (Figure 6c) and G126V moPrP (Figure 6f),

Figure 7. Effect of cross-seeding on the kinetics of aggregation of
moPrP. In panels a and b are shown the ThT fluorescence-monitored
kinetics of amyloid fibril formation by 25 μM wt moPrP in the absence
of seed (black circles) and in the presence of 2% wt moPrP (red
diamonds) and G126V moPrP (blue diamonds) sonicated seeds,
respectively (see Materials and Methods). In panels c and d are shown
the ThT fluorescence-monitored kinetics of amyloid fibril formation
by 25 μM G126V moPrP in the absence of seed (black circles) and in
the presence of 2% wt moPrP (red diamonds) and G126V moPrP
(blue diamonds) sonicated seeds, respectively. In panel a, the solid
lines through the data are least-squares fits to eq 1 (for unseeded
reactions) or eq 3 (for seeded reactions). In panels b−d, the solid lines
through the data are least-squares fits to eq 1. In each panel, the error
bars represent the spread in the data determined from two or more
independent experiments using at least two different preparations of
protein.
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suggesting that monomeric protein adds directly to the seed
during fibril growth. The linear dependence also confirms the
assumption made in the linear perturbation analysis,41,55 that
fibril growth occurs by monomer addition. A recent study with
recombinant full-length PrP also reported such linear depend-
ence at lower protein concentrations, although saturation was
observed at higher protein concentrations.61 However, the
aggregation conditions used in that study were significantly
different from those used in the study presented here. Such a
linear dependence had also been observed previously for the
aggregation of the yeast prion protein, and in that case, too, it
had been concluded that fibril growth occurred by monomer
addition.62. Nevertheless, the possibility that a very low
concentration of the aggregation-competent oligomer exists in
a pre-equilibrium with monomer, which adds to the growing
fibrils, cannot be easily ruled out.
Cross-Seeding Experiments Reveal That the G126V

Mutation Decreases the Seeding Efficiency. A previous
study using transgenic mice had shown that the G126V mutant
variant was resistant to prion conversion and was capable of
preventing the propagation of wt prions in a dose-dependent
manner.11 However, the mechanism behind the protective
nature of the G126V mutation has remained unclear. To test
this phenomenon under in vitro conditions, seeding experi-
ments were conducted with sonicated fibrils (seeds) and
monomers of wt and G126V moPrP (Figure 7). The addition
of 2 wt % seed to 25 μM wt monomer completely abolished the
lag phase (Figure 7a), whereas the addition of 2 wt % seed to
25 μM G126V monomer only partially abolished the lag phase
(Figure 7c). Similarly, the addition of 2% G126V seed to 25
μM wt monomer partially abolished the lag phase (Figure 7b),
whereas the addition of 2% G126V seed to 25 μM G126V

monomer did not affect the lag phase at all (Figure 7d). Hence,
the G126V mutation weakened the ability of wt seed to interact
with G126V monomer and of G126V seed to interact with both
wt and G126V monomers. These observations suggest that
residue position 126 is important in both the seed and
monomer, for additionof monomer to seed. The mutation
appears to directly affect the affinity of seed for monomer. In
vivo, if the binding affinity of infectious seed for monomer were
to be sufficiently decreased by the G126V mutation, then given
the low concentration of monomer present in and on the cell, it
is possible that binding and, hence, conformational conversion
cannot occur.

The G126V Mutant Variant Affects the Kinetic
Parameters of wt moPrP Aggregation. Patients carrying
the G126V mutation are expected to express both wt and
mutant variants of the prion protein.4,11 Hence, it is important
to characterize the effect of the presence of the G126V mutant
variant on the aggregation kinetics of wt moPrP. When 20 μM
wt moPrP was aggregated in the presence of G126V moPrP at
concentrations below the critical concentration for fibril
formation by G126V moPrP, the lag time became longer,
elongation became slower, and there was less fibril formation
(Figure 8a−c). In contrast, when 20 μM G126V moPrP was
aggregated in the presence of wt moPrP, the lag time,
elongation rate constant, and extent of fibril formation were
not affected (Figure 8d−f). Hence, the presence of the
protective mutant variant, G126V moPrP, inhibits nucleation
and elongation during wt moPrP aggregation.
It is known that the association of PrPC molecules via the

middle hydrophobic region, where the G126V mutation is
present, is an important step that initiates PrPSc formation.6,63

Importantly, the rate-determining step in both oligomeriza-

Figure 8. Effect of the presence of G126V moPrP on amyloid fibril formation by wt moPrP. The aggregation of 20 μM wt moPrP (a) and 20 μM
G126V moPrP (d) in the presence different concentrations of G126V moPrP and wt moPrP, respectively, was monitored by the ThT fluorescence
assay. Panels b and e show the lag times, and elongation rate constants (insets), of 20 μM wt moPrP and 20 μM G126V moPrP, respectively, in the
presence of different concentrations of G126V and wt moPrP, respectively. Panels c and f show the final amplitudes of amyloid fibril formation by 20
μM wt moPrP (black circles) and 20 μM G126V moPrP (black diamonds) in the presence of different concentrations of G126V and wt moPrP,
respectively, and the final amplitudes of amyloid fibril formation by different concentrations of G126V moPrP (red circles) and wt moPrP (red
diamonds). The solid lines through the data in panels a and d are nonlinear least-squares fits to eq 1. In each panel, the error bars represent the
standard deviations determined from three independent experiments that utilized more than two different preparations of protein.
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tion,42,64 and amyloid fibril formation by PrP,65 has been shown
to be dimer formation. A study with huPrP mutant variants that
contains amino acid substitutions at residue position 128 has
also shown that this region is important for dimer formation,
and the commencement of amyloid fibril formation.66 Our
study shows that the protective mutation in the middle
hydrophobic region decreases not only the level of initial
interaction between two monomeric PrP molecules, regardless
of whether both the monomeric proteins are wt moPrP or
G126V moPrP, or whether one is wt moPrP and the other is
G126V moPrP, but also the level of interaction between fibril
and monomer, regardless of whether the fibril is aggregated wt
moPrP or G126V moPrP or whether the monomer is wt
moPrP or G126V moPrP.
Physiological Relevance of the Existence of a NDP

Mechanism for moPrP Fibrillization. Studies with different
amyloidogenic proteins have suggested that the NDP
mechanism might be a good description of amyloid-mediated
cell death.27,67−69 A study of the aggregation of a polyQ
sequence suggested that the nucleation rate constant may
determine the age of onset of Huntington’s disease.52

Moreover, it has been shown for polyQ peptides that
nucleation suffices to initiate neuronal loss in certain brain
regions.70,71 In the study presented here, it has been shown that
prion protein aggregation occurs by a NDP mechanism. The
concentration of the prion protein on and in cells is not known
but is likely to be very low.
A salient feature of an amyloid fibril formation reaction that

can be describedas NDP is that a critical concentration exists
below which fibril formation, whether seeded or unseeded,
cannot occur. The observation that the critical concentrations
for the formation of fibrils by wt moPrP and G126V moPrP are
∼4 and ∼13 μM, respectively, indicates that G126V moPrP will
not form fibrils at concentrations below 13 μM, while wt
moPrP will not form fibrils only at concentrations below 4 μM.
The critical concentration in a NDP mechanism is a gauge of
the binding constant for addition of monomer to fibril,72 and
hence, the study presented here has shown that the binding of
mutant monomer to mutant fibril is weaker than that of wt
monomer to wt fibrils (see above). It is likely that in the
crowded environment inside the cell as well as on the cell
surface, the critical concentrations are lower, but it is very
unlikely that the critical concentration for amyloid fibril
formation by G126V moPrP will not remain 3−5-fold higher
than that for fibril formation by wt moPrP. Thus, a simple
explanation for the equivalent G127V mutation in huPrP being
protective in humans is that it increases the critical
concentration to a level above the concentration to which the
protein is expressed in and on cells, so that fibril formation will
not occur even upon infection with wt moPrP fibrils.

■ CONCLUSION
In summary, this study shows that both wt and G126V moPrP
form amyloid fibrils via a NDP mechanism. All the character-
istic criteria for a NDP reaction are met. wt moPrP aggregates
predominantly via a homogeneous nucleation pathway with a
monomeric nucleus. In the case of G126V moPrP, a secondary
nucleation pathway also operates during fibril growth, which
seems to be heterogeneous nucleation. A monomeric nucleus
for fibril formation suggests that the main nucleating event is
conformational conversion within the monomer. Seeding,
cross-seeding, and co-aggregation experiments with wt and
G126V moPrP seed suggest that the G126V mutation

modulates monomer−monomer and monomer−fibril inter-
actions and that the mutant variant has a diminished capacity to
add to existing fibril ends. The observation that the mutation
increases the critical concentration suggests a simple reason for
why it is a protective mutation: it increases the critical
concentration to a value higher than the concentration of the
prion protein present inside and on cells.
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