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ABSTRACT: Aggregation reactions of proteins leading to amyloid fibril formation are often characterized by early
transient accumulation of a heterogeneous population of soluble oligomers differing in size and structure.
Delineating the kinetic roles of the different oligomeric forms in fibril formation has been amajor challenge. The
aggregation of the mouse prion protein to formworm-like amyloid fibrils at low pH is known to proceed via a β-
rich oligomer ensemble, which is shown here to be comprised of two subpopulations of oligomers that differ in
size and internal structure. The relative populations of the two oligomers can be tuned by varying the
concentration of NaCl present. By demonstrating that the apparent rate constant for the formation of fibrils
is dependent linearly on the concentration of the larger oligomer and is independent of the concentration of the
smaller oligomer, we show that the larger oligomer is a productive intermediate that accumulates on the direct
pathway of aggregation from monomer to worm-like fibrils. The smaller oligomer is shown to be populated off
the pathway of the larger oligomer and, hence, is not directly productive for fibril formation. The relative
populations of the two oligomers can also be tuned by single-amino acid residue changes in the sequence of the
protein. The different protein variants yield worm-like fibrils of different lengths, and the apparent rate of
formation of the fibrils by the mutant variants is also shown to be dependent on the concentration of the larger
but not of the smaller oligomer formed.

The prion protein (PrP) is a highly conserved glycoprotein,
which is expressed ubiquitously in the mammalian brain specifi-
cally in neurons. The normal cellular form of the prion protein
(PrPc) is R-rich, monomeric, and soluble (1, 2). Its biological
function is not known, although several functions have been
suggested (3, 4).An alternative conformation of the prion protein,
PrPSc, which is infectious, seems to cause a group of fatal neuro-
degenerative disorders, such as Creutzfeldt-Jackob disease in
humans, as well as bovine spongiform encephalopathy and
scrapie in animals (1, 2, 5). The structure and size of PrPSc are
not clearly defined because of its low solubility. Nevertheless, it
has been shown to be β-rich, multimeric, and resistant to protease
digestion (1, 2, 5-7). Structural studies using electron crystal-
lography and electron microscopy have suggested that PrPSc

adopts a parallel left-handed β-helical fold (8, 9). PrPSc can
autocatalytically convert PrPc to its pathogenic PrPSc self
(1, 2, 5-7). It has now become clear that prion disease can occur
by amyloidogenic aggregation of the prion protein (10). In vitro
studies have shown that the prion protein can adopt an R-rich
monomeric form as well as an alternative β-rich oligomeric
form (11-13). The R-rich form can give rise to long straight
amyloid fibrils, and the mechanism of formation of long straight
fibrils has been studied extensively (12-15). The β-rich form gives
rise toworm-like fibrils (16, 17), but relatively little is known about
the mechanism of formation of worm-like fibrils. It is important

to understand how the prion protein misfolds to adopt the
alternative β-rich conformation (11) and how such misfolding
leads to the formation of ordered amyloidogenic aggregates.

In vitro aggregation of the prion protein has been studied
extensively using the recombinant prion protein expressed in
bacteria. The recombinant protein has a disulfide bond between
C179 and C214 as in mammalian protein, but glycosylation at
N181 andN193 and theGPI anchor at the C-terminus are absent.
The recombinant mouse prion protein serves as an excellent
model for studying the mechanism underlying the conversion of
PrPC to PrPSc because it has been shown that in the presence of
specific lipids and RNA, it can be converted to the infectious
prion isoform (18). The prion protein has an unstructured
N-terminal domain (residues 23-120) and a folded C-terminal
domain (residues 121-231) (Figure 1), but in most studies so far,
a truncated form of the prion protein (either residues 90-231 or
residues 120-231) has been used because residues 23-90 have
been shown not to be essential for prion transmission (2, 19).
Nevertheless, theN-terminal regionmay still be important both in
prion pathogenesis and in defining the prion strains.

A lack of PrPc function, due to conversion of PrPc to PrPSc,
appears not to be responsible for prion-related disorders (20, 21).
The deposition of PrPSc in the brain does not show a strict
correlation with any prion disease phenotype, which suggests that
PrPSc itself may not be toxic (22-25). In the case of other
amyloidogenic diseases, oligomeric intermediates, formed initially
during the conversion of the monomeric state into amyloid fibrils,
seem to be the toxic species (26-29). It is possible that prion-
mediated toxicity and infectivity are also caused by an intermedi-
ate oligomeric state formed during the conversion of PrPc to PrPSc.
It therefore becomes imperative to characterize the intermediate

†This work was funded by the Tata Institute of Fundamental
Research and by the Department of Biotechnology, Government of
India. J.B.U. is a recipient of a J. C. Bose National Fellowship from the
Government of India.
*To whom correspondence should be addressed. Telephone: 91-80-

23666150. Fax: 91-80-23636462. E-mail: jayant@ncbs.res.in.



1154 Biochemistry, Vol. 50, No. 7, 2011 Jain and Udgaonkar

prefibrillar aggregates and their role in the amyloidogenic aggre-
gation of the prion protein, which might represent the conversion
of PrPc to PrPSc.

In the aggregation reactions of many proteins, prefibrillar
aggregates seem to accumulate at the expense of monomers,
beforethe formationofmatureamyloidfibrilscommences (30,31).
The exact role of these prefibrillar aggregates in the overall
pathway of amyloid fibril formation is, however, not clear. The
transient nature and the limited stability of these prefibrillar
aggregates make it difficult to be capture and study them.

The aggregation reaction of the mouse prion protein has been
shown to involve prefibrillar oligomers (13). An important goal
of studies of the aggregation of the prion protein is to establish
the role of these prefibrillar oligomers in the overallmechanismof
fibril formation, as well as to explore structural heterogeneity
therein. A previous study (16) of the formation of worm-like fibrils
by the full-length mouse prion protein, at pH 2 in the presence of
150mMNaCl, has shown that theR-richmonomer of the protein
exists in a slow equilibrium with a β-rich oligomer. The relative
amounts of β-rich oligomer and monomer could be varied either
by varying the total protein concentration at a fixed NaCl
concentration (16) or by varying the NaCl concentration at a
fixed total protein concentration (17). In both cases, the observed
rate constant of fibril formation was found to be linearly
dependent on the concentration of β-rich oligomer, but the rate
constants and their dependencies were different. This result
suggested that the structural composition of the β-rich oligomer
changes with salt concentration and/or that the β-rich oligomer
comprises at least two subpopulations of molecules (17).

In this study, we show that the β-rich oligomer does indeed
comprise two subpopulations of oligomers that differ in their
secondary structures. The fractional amounts of the larger
oligomer (oligomer L) and the smaller oligomer (oligomer S)
can be tuned by changing the concentration of NaCl in the
aggregation buffer as well as by introducing single-point muta-
tions into the protein. The mutant proteins used in this study are
M129V, F175W, and D178N, in which the mutations are present
in the folded C-terminal domain (Figure 1). The apparent rate
constant of worm-like amyloid fibril formation increases with an
increase in the concentration of oligomer L but remains unaf-
fected by a change in the concentration of oligomer S. It therefore
appears that oligomer L is on the direct pathway of worm-like
amyloid fibril formation by themouse prion protein. On the other

hand, oligomer S appears to be an off-pathway oligomer that is
formed in competition with oligomer L and that cannot directly
transform into fibrils.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The expression and
purification of wild-type (wt) moPrP1 have been described
previously (16). Three mutant variants of moPrP, M129V,
F175W, andD178N,were generated by site-directedmutagenesis
and purified in a similar manner. The purity of each protein was
confirmed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and electrospray ionization mass spectrometry. The
purified proteins were stored in 10 mM sodium acetate buffer
(pH 4), at -80 �C, as described previously (16).
Buffers, Solutions, and Experimental Conditions. All

reagents used for the experiments were of the highest purity grade
available from Sigma. The protein in 10 mM sodium acetate
buffer (pH 4) was diluted 2-fold with 2� aggregation buffer, so
that the proteinwas finally in 50mMglycine buffer containing the
desired concentration of NaCl at pH 2. The final protein con-
centration used formost of the experiments was 25 μM, except for
the FTIR studies, and other studies as mentioned specifically.
Aggregation Studies. The aggregation process was mon-

itored by measurement of ThT fluorescence. For all the measure-
ments, the proteinwas first incubated for 1 h in aggregation buffer
at 25 �C.After incubation for 1 h, the protein was transferred into
a tube in the heating block, preset at either 50( 0.5 or 60( 0.5 �C.
The same heating blockwas used for all the experiments to reduce
variability. The temperature jump of the protein solution was
complete within 4 min of incubation in the heating block.
At different time points of aggregation, aliquots of the protein
sample were withdrawn for analysis by the measurement of ThT
fluorescence.
Thioflavin T Fluorescence Assay. For the assay, final

concentrations of 2 μM protein and 20 μM ThT were used. A
calculated amount of proteinwaswithdrawn from the sample and
added to the ThT-containing assay solution [50 mMTris (pH 8)].
ThT fluorescence was measured using a Fluoromax-3 spectro-
fluorimeter (Jobin Yvon). The following experimental settings
were used: excitation wavelength, 440 nm; emission wavelength,
482 nm; excitation bandwidth, 1 nm; and emission bandwidth,
10 nm.Measurementswere takenwithin 30 s of the addition of the
protein to the assay solution.
Size ExclusionChromatography.The hydrodynamic prop-

erties of moPrP were studied by gel filtration on aWaters Protein
Pak 300-SW column using an Akta (GE) chromatography
system. The fractionation range of the 15.1 mL column was
10-300 kDa, and the void volume was determined to be 6.2 mL.
Each protein sample was equilibrated in 50 mM glycine buffer
(pH 2) containing the desired amount ofNaCl for 1 h prior to the
acquisition of the chromatogram. Before injection of 50 μL of the
protein solution, the column was equilibrated with 4 column
volumes of the same buffer. In the case of the native protein, the
column was equilibrated with 100 mM sodium acetate buffer
(pH 4). A flow rate of 0.72 mL/min was used.
Circular Dichroism Spectroscopy. A Jasco J-720 spectro-

polarimeterwas used for the far-UVCDmeasurements.A cuvette
with a path length of 2 mm was used. For the acquisition of

FIGURE 1: Structure of the folded C-terminal domain (residues
121-231) of mouse prion protein. The N-terminal segment
(residues 23-120) is presumably unstructured (2). The locations of
residues M129, F175, and D178 that were mutated to V, W, and N,
respectively, are shown. The structure was drawn from Protein Data
Bank entry 1AG2 using PyMOL (http://www.pymol.org) (51).

1Abbreviations: moPrP, mouse prion protein; ThT, thioflavin T; CD,
circular dichroism; FTIR, Fourier transform infrared; AFM, atomic
force microscopy.
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spectra, the β-rich oligomers were separated using size exclusion
chromatography into oligomer L (which elutes in the void
volume) and oligomer S (which just enters into the column).
These separated oligomers were concentrated to ∼5 μM using a
10 kDaCentricon (Millipore Corp.). Spectra were recorded in the
wavelength range of 200-250 nm. The following instrument
settings were used: step resolution, 1 nm; scan speed, 100 nm/
min; and bandwidth, 1 nm. Each spectrumwas averaged formore
than 30 scans.
Fourier Transform Infrared Spectroscopy. FTIR mea-

surements were taken using a ThermoNicholet-6700 FTIR spec-
trometer (Thermo Scientific) equipped with a liquid nitrogen-
cooled MCT detector. Buffers (see above) created in H2O were
used. The spectrometer was purged with ultrapure nitrogen gas.
Oligomers were formed with 25 μM protein (pH 2) in the
presence of 150 mM NaCl. The solutions were concentrated
∼10-fold using Centricons (Millipore Corp.) with a 10 kDa cutoff.
The concentrated samples were applied to a diamond crystal, and
spectra were recorded in the attenuated total reflectance (ATR)
mode at a resolution of 4 cm-1. Before the acquisition of sample
data, the buffer spectrum was recorded under identical condi-
tions and was used as the blank; 256 scans were averaged.
Atomic Force Microscopy. For the AFM studies of worm-

like fibrils, 25 μM protein in 50 mM glycine buffer (pH 2)
containing 150mMNaClwas heated to 60 �C.At the appropriate
time of aggregation, an aliquot was withdrawn and diluted to
0.5 μM in the same buffer. For AFM studies of the β-rich
oligomer, 25 μM protein was incubated for 1 h in 50 mM glycine
buffer (pH 2) containing 150 mM NaCl, after which an aliquot
was withdrawn and diluted to 0.1 μM. The diluted sample was
applied to a freshly cleaved mica sheet and incubated for 1 min.
Themica 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 using a PicoPlus AFM instru-
ment (Molecular Imaging Inc.) operating in the noncontact
mode, as described previously (16).

RESULTS

Characterization of Oligomer L and Oligomer S Formed
by Wild-Type moPrP. In a previous study (16), gel filtration
chromatography had shown that moPrP oligomerizes into a β-
rich oligomer with a reduction in pH in the presence of 150 mM
NaCl. At this NaCl concentration and at a final protein con-
centration of 25 μM, ∼97% of the protein was found to have
formed the β-rich oligomer. On the gel filtration column, which
has a fractionation range of 10-300 kDa, some of the β-rich
oligomer was seen to elute out in the void volume, while the
remaining oligomer elutes out at a volume corresponding to a
protein ofmolecularmass in the range of 200-300 kDa (Figure 2a).
From the elution profile, it therefore appears that the β-rich
oligomer comprises an oligomer L that elutes out in the void
volume and an oligomer S that elutes out at a larger volume. In
earlier studies (16, 17), the roles of the oligomer L and oligomer S
components of the heterogeneous β-rich oligomer, in fibril forma-
tion, had not been delineated.

For 25 μM protein in 150 mM NaCl, deconvolution of the
areas under the monomer, oligomer S, and oligomer L peaks in
the size exclusion chromatogram (Figure 2a) indicated that
monomer, oligomer S, and oligomer L constitute 6, 59, and
35%, respectively, of the total protein. Oligomer L and oligomer
S were separated by size exclusion chromatography conducted in

the presence of 150mMNaCl andwere characterized structurally
using circular dichroism (CD) and Fourier transform infrared
(FTIR) spectroscopy. To prepare pure oligomer L, only the
protein that eluted out in the first half of the oligomer L elution
peak was collected. To prepare pure oligomer S, only the protein
that eluted out in the second half of the oligomer S elution peak
was collected. Figure 2a shows the elution profile of separated
oligomer L as well as of oligomer S. Each oligomer preparation is
seen to have <15% contamination of the other oligomer. Upon
prolonged incubation of purified oligomer L or oligomer S in the
presence of 150 mM NaCl, it was found that re-equilibration
between the oligomers and monomer was slow, and that <25%
of each oligomer had transformed into the other even after
incubation for 7 h. Re-equilibration in 150 mM NaCl was
especially very slow starting from the separated oligomer S.
For 5 and 25 μMoligomer S, the relative amounts of oligomer S,
oligomer L, and monomer were found to be ∼92, 4, and 4%,
respectively, and did not change from 1 to 24 h. Re-equilibration
in 150 mM NaCl was comparatively faster starting from oligo-
mer L. For 5 μM purified oligomer L, a slow disaggregation
leading to the formation of oligomer S was observed, and the
relative amount of oligomer S increased to 10% after incubation
for 7 h. Interestingly, the amount ofmonomer remained constant
(∼3%) during this incubation (data not shown).

Spectroscopic characterization of oligomer L and oligomer S
was conducted within 30min of separation. The far-UVCD spec-
tra of oligomers L and S exhibit minima at ∼214 nm, suggesting
that both are β-rich (Figure 2b). The mean residue ellipticity of
oligomer L is, however, higher than that of oligomer S. In a FTIR
spectrum, a peak in the region of 1613-1643 cm-1 corresponds to
β-sheet rich structures and a peak at ∼1650 cm-1 represents R-
helix and/or random coil structures (32-34). The FTIR spectrum

FIGURE 2: Characterization of the small (oligomer S) and large
(oligomerL) components of the β-rich oligomer formedbywtmoPrP
at pH 2. (a) Size exclusion chromatograms in 50 mM glycine buffer
containing 150 mM NaCl (pH 2) of total β-rich oligomer (;), of
purified oligomer L ( 3 3 3 ), and purified oligomer S (---). (b) Far-UV
CD spectra of oligomer L ( 3 3 3 ) and oligomer S (---). (c) FTIR
spectrum of total β-rich oligomer (containing ∼40% oligomer L
and∼60%oligomer S). (d) AFM image (amplitudemode) of total β-
rich oligomer (containing∼40% oligomer L and∼60% oligomer S).
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of total β-rich oligomer (containing oligomer L and oligomer S)
(Figure 2c) has a peak at ∼1620 cm-1 and a shoulder at
∼1650 cm-1. FTIR spectra of the individual oligomers could
not be recorded because of the time necessary to concentrate the
samples sufficiently for measuring the spectra, and because of the
uncertainty about how such sample concentration would affect
the rates of equilibration between the oligomers.

The AFM image of total β-rich oligomer (containing oligomer
L and oligomer S) (Figure 2d) shows only spherical oligomers
that are highly heterogeneous in their sizes, as expected from the
size exclusion chromatograms (Figure 2a). No fibrillar structures
are seen, indicating that both oligomer L and oligomer S are
spherical and not fibrillar.
NaCl-Induced Oligomerization of the Mouse Prion Pro-

tein at Low pH. Figure 3a shows that at pH 2, and in the
absence of any added salt, moPrP remains monomeric at a
concentration of 25 μM.The size exclusion profiles of the protein
at pH 2 and of the native protein at pH 4 indicate that the protein
at pH 2 is monomeric but is less compact than the native protein
at pH 4. An earlier study (16) had shown that the protein at pH 2
is R-rich but has lost some of the secondary structure present in
the native protein. Upon addition ofNaCl at pH 2 and 25 �C, the
protein transforms into the β-rich oligomer ensemble, which has
been shown to be stabilized differentially by different salts (17).
Size exclusion chromatography of 25 μMprotein in the presence
of NaCl shows that the relative amounts of monomer, oligomer
L, and oligomer S are different at different NaCl concentrations
(Figure 3a). In 120 mM NaCl, ∼9% of the protein elutes as
oligomer L, 64% as oligomer S, and the remaining ∼27% as
monomer. In 200 mM NaCl, oligomer L, oligomer S, and
monomer constitute ∼54, ∼44, and <2% of the total protein,
respectively. At either salt concentration, the final distribution of
monomer, oligomer S, and oligomer L is reached within 1 h of
addition of salt, and the distribution does not change over the
next 4 h.

In Figure 3b, the fractional populations of oligomer L,
oligomer S, andmonomer are plotted versusNaCl concentration.
The fractional amounts of the three forms were calculated using
the areas under the respective peaks in the size exclusion chroma-
tography elution profiles. The amount of monomer decreases,
and the amount of oligomer L as well as oligomer S increases, in
a sigmoidal manner with an increasing concentration of NaCl.

The association reaction leading to the formation of oligomer S
occurs at a lower salt concentration than that leading to the
formation of oligomer L. Hence, only monomer and oligomer S
are seen in 50 mM NaCl.
Effect of Salt on the Kinetics of Formation of Fibrils

from the β-Rich Oligomer. The oligomers formed either in the
presence or in the absence of NaCl transform into worm-like
fibrils. The transformation is very slow at 25 �C but becomes
faster at higher temperatures (16). Figure 4a shows the thioflavin
T (ThT) fluorescence-monitored kinetics of the formation of
worm-like amyloid fibrils from β-rich oligomers at NaCl concen-
trations of 110, 140, and 200 mM. At each salt concentration, no
lag phase is apparent and the kinetics appear to be monophasic.
The observed rate is seen to increase with an increase in NaCl
concentration.

In panels b and c of Figure 4, the apparent rate constant of
worm-like fibril formation is plotted versus the fractional
amounts of oligomer L and oligomer S. The fractional amounts
of oligomer L and oligomer S were varied by varying the NaCl
concentration. The apparent rate constant increases linearly with
an increase in the fractional amount of oligomerL present prior to
the start of fibril formation (Figure 4b). The amount of oligomer
S does not change appreciably in the range ofNaCl concentration
that leads to an∼10-fold increase in the rate constant (Figure 4c).
The Relative Amounts of Oligomer S and Oligomer L

Formed by Different Mutant Forms of moPrP Are Differ-
ent. The human PrP gene exists in two major allelic forms that
encode either methionine or valine at residue position 129 (35).
The mutant variant D178N with M at residue position 129 is
linked to fatal familial insomnia (35). These different variants of
the prion protein are linked to different disease susceptibilities,
incubation periods, and phenotypes (35). The effects of these
mutations on the formation of long straight fibrils have been
studied in detail (36, 37), but their effects on the formation of
worm-like fibrils have not been studied.

Oligomerization of the wt protein and three mutant forms of
moPrP, namely,M129V, F175W, andD178N, were studied using
gel filtration chromatography (Figure 5). Each of the three
mutant variants forms β-rich oligomer at pH 2 in the presence
of 150 mMNaCl at 25 μM protein (Figure 5a). Interestingly, the
total amount of β-rich oligomer varies across themutant proteins.
In Figure 5b-e, the dependencies on protein concentration of the
fractional amounts of monomer, oligomer S, and oligomer L as
determined from the areas under the elution profiles from size
exclusion chromatography are shown for the wt protein, M129V,
F175W, and D178N.

As seen for the wt protein (16), the oligomerization leading to
β-rich oligomer formation by M129V saturates at a protein
concentration of 25 μM (Figure 5b,c) but saturates at higher
protein concentrations in the case of the F175W and D178N
mutants (Figure 5d,e). The relative amounts of oligomer L and
oligomer S for M129V and F175W at saturating protein con-
centrations are similar to that seen for the wt protein (data not
shown). Interestingly, in the case of D178N, the β-rich oligomer
comprises mostly oligomer S, and oligomer L is formed to a very
small extent even at very high protein concentrations where the
extent of oligomerization has saturated (Figure 5e).
Kinetics of Worm-like Fibril Formation by Different

Mutant Variants of moPrP. Figure 6a shows the ThT fluo-
rescence-monitored kinetics of the formation of worm-like amy-
loid fibrils from β-rich oligomers of wt protein, as well as of
M129V,F175W, andD178N, at 150mMNaCl and 25μMprotein.

FIGURE 3: Salt-induced modulation of the relative amounts of oligo-
mer L, oligomer S, and monomer. (a) Size exclusion chromatograms
of native protein at pH 4 (thick solid line), protein in 50 mM glycine
buffer (pH 2) (thin solid line), protein in 50mM glycine buffer (pH 2)
containing 120mMNaCl (dotted line), and protein in 50mMglycine
buffer (pH2) containing200mMNaCl (dashed line). In each case, the
concentration of the protein was 25 μM. (b) Fractional amounts of
oligomer L (O), oligomer S (3), and monomer (]) at different NaCl
concentrations at pH 2. The fractional amount of each form was
calculated by integration of the area under the respective peak in the
size exclusion chromatogram.
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As seen previously for the wt protein (16, 17), no lag phase is
apparent, and the kinetics appear to be monophasic for each of the
mutant variants. The apparent rate constant for each variant is seen
to be different.At 25 μMprotein, the apparent rates of formationof
worm-like fibrils by the mutant proteins are slower than that by the
wt protein (Figure 6b). It is important to note that the fractional
amount of oligomer L is different for the different proteins at
this protein concentration (Figure 5a). Interestingly, the apparent
rate constant ofworm-like fibril formationby thewt protein and the
different mutant variants is dependent linearly on the fractional
amount of oligomer L present prior to the start of worm-like

amyloid fibril formation (Figure 6c). This result is in accordance
with the result for the wt protein when the fractional amount of
oligomer L was varied by varying the NaCl concentration
(Figure 4b) and confirms that oligomer L acts as the direct
precursor for the formation of worm-like fibrils by moPrP at
low pH.
AFM Studies of the Worm-like Amyloid Fibrils Formed

by the wt Protein and Its Mutant Variants. Figure 7 shows
atomic force microscopy (AFM) images of the worm-like
amyloid fibrils formed by the wt protein and its different mutant
forms, at a time corresponding to three time constants of the ThT
fluorescence-monitored kinetics. In the case of D178N, the
kinetics of aggregation were very slow; hence, AFM images were
acquired after samples had been heated for 15 h at 60 �C before
the completion of the reaction. In the case of the wt protein as
well as for each of the mutant forms, elongated, curly worm-like
nanostructures are seen to form. Their mean diameters, as
determined from the Z heights on AFM mica, are similar (∼2
nm). The lengths of the worm-like amyloid fibrils are, however,
seen to vary. The worm-like fibrils formed by the wt protein and
M129V are similar in length, while the fibrils formed by F175W
are very heterogeneous in their lengths, with some fibrils being
significantly longer that those formed by the wt protein or by
M129V. In the case of D178N, as expected from a low ThT
fluorescence signal at 15 h, very few fibrils are seen to form, and
spherical oligomers appear to represent the predominant form
present (Figure 7d, inset).

DISCUSSION

Soluble small oligomers have been observed during the course
of the formation of amyloid fibrils by many proteins, including
moPrP (17). The exact role of oligomers in the aggregation
process of the prion protein, as well as formanyother proteins, is,
however, still unclear. For many proteins, the observation that
internal order increases from the oligomers to fibrils suggests that
the oligomers are on the pathway of fibril formation (38-40). On
the other hand, there is evidence suggesting that the oligomers are
off-pathway structures in the aggregation reactions leading to
fibril formation (13, 41-43). There is little direct kinetic evidence
defining the roles of such oligomers on the pathway of fibril
formation of the prion protein (16, 17). In this study, the mouse
prion protein has been shown to form multiple oligomeric forms
at pH 2. Defining the roles of these oligomers on the pathway of
prion protein aggregation is important not only for understand-
ing the mechanism of prion protein aggregation but also for
gaining insight into prion strain diversity (5, 6, 44).

FIGURE 4: Effect of NaCl on the kinetics of amyloid fibril formation by 25 μMmoPrP at pH 2 and 50 �C. NaCl concentrations of 110, 120, 130,
140, 150, and200mMwereused. (a)ThT fluorescence-monitoredkinetic tracesof amyloid fibril formationby25μMprotein in the presenceof 110
(3), 140 (O), and 200mMNaCl (0) at pH2 and 50 �C. (b and c)Dependencies of the apparent rate constant ofworm-like amyloid fibril formation
on the fractional amounts of oligomerL andoligomer S, respectively. The apparent rate constantswere determined fromsingle-exponential fits of
the kinetic traces. The error bars represent the spreads in the values obtained from two independent experiments.

FIGURE 5: Mutational modulation of oligomer S and oligomer L
formation. (a) Size exclusion chromatograms in 50mMglycine buffer
containing150mMNaCl (pH2) for thewtprotein (;),M129V ( 3 3 3 ),
F175W (---), and D178N (- 3-). The protein concentration was
25 μM in each case. (b-e) Fractional amounts of monomer (]),
oligomer S (3), and oligomer L (O) formed at different protein
concentrations for the wt protein (b), M129V (c), F175W (d), and
D178N(e). In each case, theamountsofmonomer andoligomerswere
calculated by integrating the areas under the elution peaks. The error
bars represent the spreads in the values obtained from two indepen-
dent experiments.
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The β-RichOligomer ofmoPrPConsists of TwoDistinct
Subpopulations.moPrP forms a β-rich oligomer, which exists in
equilibrium with the R-rich monomer in a concentration-depen-
dent manner, at low pH in the presence of salt (Figure 5). An
earlier study (16) had shown that the β-rich oligomer is the direct
precursor for worm-like fibril formation. In this study, the β-rich
oligomer formed at pH 2 has been shown to consist of twodistinct
oligomeric subpopulations, oligomer L and oligomer S. Oligo-
mers L and S differ in their sizes as well as in their β-sheet contents
(see above); oligomer L is larger and has a higher β-sheet content
than oligomer S. A non-zero ThT fluorescence signal of the β-rich

oligomer suggests that a few ThT binding sites are present in these
oligomers (Figures 4a and 6a).

Previous studies (45-47) had indicated that discrete soluble
oligomeric species are generated upon thermal unfolding of the
prion proteins, at low pH (∼3.5) in the presence of salt. The role
of these structurally distinct oligomers in the kinetics of fibril
formation has, however, remained elusive. Although their far-
UV CD spectra are similar, the oligomers seen in the previous
studies differ in their FTIR spectra from the oligomers observed
in this study. The aggregation conditions used in this study (pH 2,
150 mM NaCl, 25 �C) are different from those used in the

FIGURE 6: Effect of mutation on the apparent rate constant of worm-like amyloid fibril formation. The apparent rate constants were measured in
50 mM glycine buffer containing 150 mM NaCl at pH 2 and 60 �C. (a) Kinetics of worm-like amyloid fibril formation monitored by ThT
fluorescence for wt protein (black circles), M129V (blue circles), F175W (pink circles), and D178N (red circles) at 25 μM. (b) Apparent rate
constants ofworm-like amyloid fibril formationbywt protein (black bar),M129V (blue bar), andF175W(pinkbar) at 25μM. In the case ofD178N,
it was not possible tomeasure the rate at 25μMconcentration because of very slowaggregationkinetics; hence, a red bar has beenput at∼0 to show
that kinetics were very slow for this variant. (c) Dependence of the apparent rate constant on the fractional amount of oligomer L for wt protein
(black diamonds),M129V (blue circles), andF175W (pink circles). The apparent rate constantswere determined from single-exponential fits of the
kinetic traces. The error bars represent the spreads in the values obtained from two independent experiments.

FIGURE 7: AFM images ofworm-like amyloid fibrils formed bywtmoPrP and itsmutant variants. In each case, 25μMproteinwas heated to 60 �C
in 50 mM glycine buffer containing 150 mM NaCl (pH 2). Panels a-d represent AFM images (topography mode) of worm-like amyloid fibrils
formed bywt protein,M129V,F175W,andD178N, respectively.AFM imageswere acquired at a time corresponding to three time constants of the
ThT fluorescence-monitored kinetics, except forD178N. For this protein, theAFM imagewas acquired after the sample had been heating for 15 h
at 60 �C, to avoid fragmentation of the protein chain. The inset shows a zoomedAFMimage ofD178Noligomers. TheX-Y scale bar shown in the
inset is 210 nm, and the Z scale is from 0 to 3 nm.
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previous studies (pH∼3.5, different ionic strength, 37-45 �C). It
therefore appears that high structural heterogeneity exists at the
oligomeric stage during the aggregation of prion proteins. It
remains to be seen whether the oligomers formed at pH ∼3.5
form sequentially from monomer (45) or whether they form on
parallel pathways (46, 47). Furthermore, it is crucial to establish
the role of these oligomeric subpopulations in the overall process
of fibril formation by the prion proteins.
Oligomer L and Oligomer S Are Formed on Parallel

Pathways.There are twopossibleways bywhich oligomer L and
oligomer S could form from themonomer. According to pathway
I (STMT L), oligomer S forms in an off-pathway manner with
respect to the pathway of formation of oligomer L. According to
pathway II (MT ST L), oligomer S is a productive intermediate
on the pathway of formation of oligomer L. A key observation
that makes it possible to rule out pathway II is that the final
distribution of monomer, oligomer S, and oligomer L, at any
NaCl concentration between 110 and 200 mM (Figure 3b), is
reached within 1 h of the addition of NaCl and does not change
upon further incubation for up to 4 h. Hence, both oligomers are
fully formed frommonomerwithin 1 h. Thus, if oligomer Swere a
productive intermediate (pathway II), then isolated oligomer S
should re-equilibrate to formoligomer Lwithin 1 h of incubation.
Instead, it is seen that isolated oligomer S has neither transformed
into oligomer L nor dissociated into monomer at 5 or 25 μM
protein, even after incubation for 20 h. Oligomer S cannot, there-
fore, be a productive intermediate on the pathway frommonomer
to oligomer L. The conclusion is supported by the observation
that in 50 mM NaCl, only monomer and oligomer S are present
(see Results). If oligomer S were a productive intermediate, then
oligomer L would also be expected to be present.

It therefore appears that pathway I is appropriate for describ-
ing the oligomerization of moPrP at pH 2 (Figure 8). The
observation that when oligomer L is isolated at a concentration
of 5 μM it is slowly transformed into oligomer S without any
transient accumulation of monomer (see Results), suggests that
the dissociation of oligomer L into monomer is rate-limiting in
the transformation.
The Relative Stabilities of Oligomers S and L Can Be

Modulated by Salt Concentration andMutation.The data in
Figures 3 and 5 suggest that the equilibria for the formation of
oligomer S and oligomer L from monomer are affected strongly
not only by a change in salt concentration but also bymutation. A
previous study (17) had shown that anions bind to the prion
protein and thereby modulate the structure of the β-rich oligo-
mers. This study suggests that anion binding affects the relative

stabilities of oligomer S and oligomer L. The apparent binding
constants for the association of monomer to form oligomer S and
oligomer L appear to be affected very significantly by single-
amino acid residue changes in sequence. Unfortunately, in the
absence of any structural data for oligomers S and L, it is difficult
to understand the effects of the mutations and of salt concentra-
tion on the conformational equilibria.
Oligomer L, and Not Oligomer S, Acts as the Direct

Precursor for Worm-like Fibril Formation. Either oligomer
could conceivably serve as the starting point for worm-like
amyloid fibril formation. The observation that the apparent rate
constant of worm-like amyloid fibril formation increases linearly
with the fractional amount of oligomerL and the observation that
the fractional amount of oligomer S does not change (Figure 4b,c)
over the range of salt concentration over which the observed rate
constant changes indicate that the formation of worm-like amyloid
fibrils proceeds directly from oligomer L, not from oligomer S.
The linear dependence of the apparent rate constant on the
oligomer L concentration makes it very unlikely that dissociation
of oligomer L to smaller oligomers leads to a form competent to
form worm-like amyloid fibrils. If a dissociated product of
oligomer L were the precursor of worm-like fibril formation, then
the dependence of the apparent rate on oligomer L concentration
would not be expected to be linear, because the degree of
dissociation into the smaller oligomer would not have a linear
dependence on oligomer L concentration.

The on-pathway role of oligomer L is evident also from the
mutational studies. Each mutant variant forms oligomer S and
oligomer L at low pH (Figure 5). The apparent rate of formation
of worm-like fibrils from the β-rich oligomer of each of the
mutant proteins is, however, slower than that from the wt protein
(Figure 6b). Interestingly, the amounts of the two β-rich oligo-
mers are differentially dependent on the protein concentration
for the different mutant proteins, and the apparent rate constant
of worm-like fibril formation is proportional to the fractional
amount of oligomer L (Figure 6c), as seen for the wt protein at
different NaCl concentrations. It has been shown for the mouse
prion protein in this study, as shown earlier for the SH3 domain
of PI3 kinase (48), that amyloid fibril formation is accelerated by
the formation of critical oligomers.

In the case of D178N, the β-rich oligomer consists largely
of oligomer S with a small amount of oligomer L (Figure 5a);
consequently, this mutant variant forms very few fibrils
(Figure 7d). The predominant protein aggregates appear to be
spherical oligomers, as seen in the AFM image (Figure 7d). This
observation suggests that this particular mutation leads to
destabilization of oligomer L, and hence, fibrillation is very slow.
The observation that much more oligomer S than oligomer L is
formed in the case of D178N is in accordance with the placement
of oligomer S off the pathway of formation of oligomer L from
monomer (see above). If oligomer S were a productive oligomer
intermediate leading directly to the formation of oligomer L,
an increase in the amount of oligomer S would have led to an
increase in the amount of oligomer L, but this observation by
itself would not have been able to rule out the possibility that
both oligomers are formed sequentially via pathway II, because it
would have been possible to argue that this mutation might not
affect the equilibrium between M and S but instead might affect
the equilibrium between S and L on pathway II (see above).
Mutations Affect the Length of the Worm-like Amyloid

Fibril.Different variants of the prionprotein are linked to different
disease susceptibilities, incubation periods, and phenotypes (35).

FIGURE 8: Pathway of formation of worm-like fibrils by the mouse
prion protein. On- and off-pathway oligomers are populated during
the formation of worm-like amyloid fibrils by moPrP. Oligomer S is
smaller and off-pathway andhas an internal structure that is different
from that of the larger, on-pathwayoligomerL.Theworm-like fibrils
form from oligomer L via a critical oligomer identified in an earlier
study (16). The pathway of formation of long straight fibrils via an
alternative pathway under different aggregation conditions is not
shown.
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Hence, it was important to see whether the worm-like amyloid
fibrils formed from the mutant variants, M129V, F175W, and
D178N, are similar or different in structure. The AFM images
show that the worm-like amyloid fibrils formed by the wt protein
and M129V are similar in length (Figure 7a,b) and are shorter
than those formed by F175W and D178N (Figure 7c,d).

The lengths of worm-like fibrils formed by different variants of
moPrP are seen to correlate with the binding constants for
oligomer L formation. Thebinding constants appear to be similar
in the case of wt andM129V (Figure 5), and the fibrils formed by
them are similar in length (Figure 7). Similarly, the binding
constants for oligomer L formation appear to be similar for
F175W and D178N, and they form fibrils of similar lengths.
Interestingly, the binding constants for the formation of oligomer
L by F175W and D178N appear to be lower than those for
formation of oligomerL by thewt protein andM129V (Figure 5),
and the fibrils formed by F175W and D178N are longer than
those formed by wt and M129V. An earlier study (16) had
suggested that the transformation of β-rich oligomer into worm-
like fibrils involves a critical oligomer, and that the concentration
of the critical oligomer determines the length of the fibrils formed.
The correlation between the binding constant for oligomer L
formation and the length of fibrils formed suggests that oligomer
L participates in the formation of the critical oligomer (suggested
in ref 16). It appears that a higher binding constant for oligomer
L formation is correlated with a larger number of critical oligo-
mers, and thus, less proteinwould be left for growth of the critical
oligomer into fibrils. Consequently, shorter fibrils will form.
Conversely, a lower binding constant for the formation of
oligomer L would lead to longer fibrils. At present, little is
known about the structures of these critical oligomers, which are
seen during the aggregation of not only the prion protein but also
other amyloidogenic proteins (31, 49). The critical oligomers are
populated very transiently, and it will be important in future
work to stabilize and characterize them in detail. The heights of
the worm-like fibrils formed by each of the variants are similar.
Higher-resolution studies are needed to understand the differ-
ences between the worm-like fibrils formed from these variants.

Lastly, it is remarkable that studies of formation of amyloid
fibrils by the full-length prion protein need to utilize strongly
destabilizing conditions. The formation of long straight fibrils at
pH 7 can be studied only in buffers containing 1-2 M GdnHCl,
or both 1 M GdnHCl and 3 M urea, with 150 mM NaCl
(12-14, 36) and invariably requires agitation of the solutions.
The formation of worm-like fibrils does not require agitation but
occurs to an easily measurable extent only at low pH. It appears
that the formation of worm-like fibrils at pH 2 occurs because the
protonation of a critical residue leads to destabilization of the
native structure and to stabilization of an amyloidogenic con-
formation. Such a protonated amyloidogenic conformation
would, of course, also exist at pH 7, but at such a low concen-
tration that formation of oligomer L and worm-like fibrils would
occur too slowly at pH 7 to be discernible. However, given that
prion diseases are late-onset diseases (35), it is not unlikely that
the slowness of aggregation of such protonated amyloidogenic
conformations may be physiologically relevant.

CONCLUSION

Prefibrillar aggregates (oligomers and protofibrils) are recog-
nized as important players in amyloid-related pathogenesis, such
as in priondiseases (50). Previous studies had shown the formation

of discrete soluble oligomeric forms at low pH (∼3.5) upon
unfolding (45-47), but it was not clear whether these oligomers
were generated by sequential or parallel pathways and whether
they were the direct precursors for the formation of fibrils.

This study, conducted at pH 2, shows that moPrP utilizes
alternative pathways to form two structurally distinct oligomers
and that only one of the oligomers is on the direct pathway of
worm-like fibril formation while the other one is off-pathway
(Figure 8). The oligomerization of the prion protein is accom-
panied by a structural rearrangement of the native R-helical
conformation to a β-rich state. Either a small change in the
concentration of salt present during aggregation or a single-
residue change in the protein sequence can lead to differential
stabilization of the two distinct oligomeric forms. It is possible
that similar phenomena lead to differences in phenotype during
prion disorders or during pathology evolution. In the future, it
will be important to study whether these structurally different
oligomers are involved in the pathological diversity of the prion
proteins.
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