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’ INTRODUCTION

Misfolding and aggregation of cellular proteins is thought to
play a critical role in a number of human neurodegenerative
diseases, such as Alzheimer’s,1 Parkinson’s,2 and prion diseases.3�5

Among these, prion diseases are unique because they appear to
share a common pathogenic mechanism based on the conversion
of the normal R-helix-rich cellular prion protein (PrPC) into the
infectious and pathogenic β-sheet-rich scrapie prion protein
(PrPSc).6 An essential step in the conversion process is oligomer-
ization of PrPC into PrPSc. In vivo, PrPSc appears as aggregates of
diffuse deposits or plaques.7 In vitro, it forms amorphous aggre-
gates,6 amyloid fibril-like structures,8 or two-dimensional crystals.9

Although many studies of prion diseases, as well as other neuro-
degenerative diseases, have focused on amyloid fibril formation, in
humans, this structure is only observed in a small number of
inherited forms of prion diseases. Moreover, a number of recent
results suggest smaller oligomeric aggregates, rather than the much
larger amyloid fibrils, are critical in the pathogenesis.10 However,
the pathways of oligomerization and aggregation, as well as the
nature of the oligomers and the relationships between the various
aggregate structures, are poorly understood.

Models for PrPSc aggregation often presume that aggregates
form through a classical nucleation and growth process,5,11�14

possibly involving amplification of nuclei through fragmentation,15,16

which leads to secondary nucleation. In the nucleation and growth
model, as in all homogeneous nucleation models, initial aggregation
of monomers is unfavored due to an increase in free energy
associated with creation of small clusters. Yet once a cluster reaches
the critical nucleus size, the change in free energy associated with
further cluster growth becomes negative, and it can spontaneously
grow to detectable size by subsequent monomer attachment. The
idea that a nucleated growth model described PrPSc prion aggrega-
tion emerged from measurements of fibril aggregation kinetics
during in vitro experiments17�20 with recombinant cellular prion
proteins (rPrPC), which exhibited a lag phase of hours19 even at
concentrations much higher than in vivo PrPC concentrations.20

Moreover, this lag phase was reduced or disappeared at sufficiently
high concentrations and upon seeding.11 Recent research suggests
that fibril fragmentation, which leads to secondary nucleation, can
be a key process controlling the length of the lag phase and rate of
aggregation, which still proceeds by monomer addition.16

One key aspect of prion aggregation not easily reconciled with
thenucleationmodels is the formationof the so-called “β-oligomers”,
or “critical oligomers”.17,20�23 These are the most representative
β-sheet-rich isoforms produced during in vitro experiments with
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ABSTRACT: Aberrant protein aggregation causes numerous neu-
rological diseases including Creutzfeldt�Jakob disease (CJD), but
the aggregation mechanisms remain poorly understood. Here, we
report AFM results on the formation pathways of β-oligomers and
nonfibrillar aggregates from wild-type full-length recombinant hu-
man prion protein (WT) and an insertionmutant (10OR) with five
additional octapeptide repeats linked to familial CJD. Upon partial
denaturing, seeds consisting of 3�4 monomers quickly appeared.
Oligomers of ∼11�22 monomers then formed through direct
interaction of seeds, rather than by subsequent monomer attachment. All larger aggregates formed through association of these β-oligomers.
Although both WT and 10OR exhibited identical aggregation mechanisms, the latter oligomerized faster due to lower solubility and, hence,
thermodynamic stability. This novel aggregation pathway has implications for prion diseases as well as others caused by protein aggregation.
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rPrPC. They are octameric or larger and were shown by Fourier-
transform infrared (FTIR) spectroscopy to have an extended
antiparallel β-sheet structure.21 However, they do not exhibit a
lag phase.21�23 Highlighting their importance, recent studies
found that oligomers of PrPSc are the most toxic of prion
particles.24 Despite their significance, the formation pathway of
β-oligomers has never been directly observed, the role of nuclea-
tion in their creation is unclear, and their connection to larger
aggregates remains unknown.25

To address this lack of knowledge about β-oligomer formation
pathways and to resolve the role of nucleation in both their
creation and subsequent aggregate formation, we have developed
a novel approach to tracking oligomerization using atomic force
microscopy (AFM) that circumvents typical limitations on lateral
resolution. We have used this approach to investigate the
formation pathways of β-oligomers and subsequent nonfibrillar
aggregates in three versions of full-length recombinant human
prion proteins in which the number of repeats of an eight amino
acid region, commonly referred to as the “octapeptide repeat
region (ORR)”, has been varied (see Supporting Information
Figure S1A for location and extent of the ORR of human prion
proteins).23,26�30 These versions include the wild-type, which
has 5 octapeptide repeats, and two pathogenic insertion mutants
having 8 and 10 octapeptide repeats, respectively. We designate
these three versions WT (MW: 22.8 KDa), 8OR (MW:
25.2 KDa), and 10OR (MW: 26.8 KDa).

We chose this insertion mutation for three reasons. First,
clinical studies have shown that the onset and duration of familiar
prion disease are inversely related to the number of additional
ORR insertions; patients with more ORR insertions exhibit
earlier onset of disease and shorter duration.29 Second, recent
studies have identified a number of potential mechanisms by
which the ORR expansion might lead to earlier onset of disease.
For example, a change in copper binding mode to the ORR may
enhance redox stress or conversion to PrPSc.30 Thus, this choice
of mutation may confer clinical relevance to our observations of
oligomerization and aggregation processes. Third, because this
mutation allows us to vary the number of repeats systematically,
it has the potential to provide us with mechanistic insights into its
role in aggregation.

In terms of general relevance of these insertion mutants to
other pathogenic prion proteins, such as point mutants with a
mutation in just a single amino acid, many do share certain
common conformational features, suggesting that they may also
share common pathogenic mechanisms.31

However, whether or not our findings with insertion mutants
are applicable to point mutants will require additional studies.
Nonetheless, the insertion mutants provide a logical starting
point, and the results presented below reveal a novel formation
pathway for both the β-oligomers and the subsequent nonfibril-
lar aggregates and provide some insight into the possible
mechanism by which insertion mutations may cause familiar
prion disease.

’EXPERIMENTAL SECTION

Experimental Materials.We used bacterially produced recombi-
nant wild-type full-length human prion protein (WT) (sequence:
23�231) and two insertion mutant prion proteins (8OR and 10OR),
which contain three and five additional octapeptide (PHGGGWGQ)
repeats, respectively.23,28 (For generation and purification, see ref 28.)
Bovine serum albumin (BSA) g96%, lyophilized powder, MW

∼66 KDa was obtained from Sigma (A4503-10G). Immunoglobulin
G (IgG) (∼150 KDa) from human serum (56834-25MG) and Apo-
ferritin (∼481.2 KDa) from equine spleen (A3641-100MG) were
obtained from Sigma-Aldrich. Stock mycocerosic acid synthase (MAS)
(∼224 KDa) was used.
Conversion of the Native r-Helix-Rich Conformation of

rPrPC into the β-Sheet-Rich Structure and Subsequent Ag-
gregation. Transformation from the native R-helix-rich conformation
of rPrPC into theβ-sheet-rich structure was induced by adding guanidine
hydrochloride (GdnHCl) containing acidic buffer to rPrPC

solutions18,22,23 (see Figure S2 for circular dichroism (CD) data showing
structure change from R-helix-rich into the β-sheet-rich structure).
Conditions of the experiments were based on Frankenfield et al.:22

100 μL of rPrPC (40 μM) suspended in 50 mMNaOAc, 150 mMNaCl
(pH 4) and 100 μL of 1 M GdnHCl, 50 mM NaOAc, 150 mM NaCl
(pH 4) were preincubated at 37 �C for 30 min. Next, 100 μL of GdnHCl
buffer was introduced into 100 μL of rPrPC solution to initiate
aggregation. Thus, a 200 μL solution of 20 μM (final concentration)
rPrPC in 0.5M (final concentration) GdnHCl, 50 mMNaOAc, 150 mM
NaCl at pH = ∼4 was made. Samples not imaged immediately after
mixing (t = 0þ min) were incubated for first 30 min under rotation at
500 rpm. Incubation for the following 16.5 h was done at 0 rpm.
AFM Imaging. All imaging was done in tapping mode using a

Nanoscope IIIA AFM (Digital Instruments, Santa Barbara, CA) equipped
with a J scanner. For imaging in the air, silicon tips (type: FM) from
Nanoworld with a typical tip radius of curvature less than 10 nm, force
constant of 2.8 N/m, and resonance frequency of 75 kHz were used. For
imaging in solution (in situ) environment, silicon nitride tips (type:
OTR4) from Veeco Probes with a tip radius of ∼15 nm, force constant
of 0.08 N/m, and resonance frequency of 34 kHz were used. When the
silicon nitride tipswere used to image proteins in the solution environment,
the typical resonance frequency was around 7 kHz. All in situ imaging was
performed in a commercial fluid cell.

For imaging 10OR in the nondenatured monomeric state (Figure 1A
and B), 20 μL of 100 μM 10OR in 20 mM NaOAc (pH 5.5) was
suspended in 80 μL of 20 mM NaOAc (pH 4.6) to get 20 μM 10OR in
20mMNaOAc (pH∼4.6). To obtain in situ images, a 45 μL aliquot was
deposited on mica, and imaging was then carried out in the fluid cell. For
ex situ imaging, 10 μL aliquot was deposited on mica for 4 min, rinsed
with Milli-Q water, and dried with nitrogen gas prior to imaging. To
prepare and image monomers of BSA, IgG, MAS, and apoferritin, a
similar approach was used. For details, see Figures S4�S7.

For imaging newly formed 10OR oligomers at t = 0þ min in the
solution environment (Figure 1C, about 1 min after preparing 200 μL of
solution with partially denaturing conditions as described above), 15 μL
was deposited on mica, which was secured to the AFM scanner. Next,
30 μL of pure buffer (50 mMNaOAc, 150 mMNaCl (pH4)) was added
to the 15 μL solution. In situ imaging was then carried out. Because the
reaction slowed drastically with time, we were able to observe oligomers
formed for about 1 min as the signal stabilized enough to allow imaging.
Thus, we could effectively observe the majority of particles that attached
to the mica as soon as the 15 μL solution was deposited. For ex situ
images (Figure 1D), another 200 μL of solution with the same
composition was made. Within about 1 min after mixing, a 10 μL
aliquot was deposited on mica for 4 min, rinsed with Milli-Q water, and
dried with nitrogen gas prior to imaging.
Deterimination of Protein Particle Heights. Protein heights

were obtained by analyzing height profiles from images such as those shown
in Figure 1A�D using standard Veeco Nanoscope image analysis software.

’RESULTS

Determining Protein Particle Size. Typically, AFM tip
convolution effects prevent accurate measurement of lateral
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dimensions below about 10 nm (see Figure S1, B�H). During
early stages of aggregation, which are the most important for
probing underlying mechanisms, oligomers and/or aggregates
should contain small numbers of monomers, which are below the
discriminatory power of the conventional approach. Therefore,
we developed a technique for estimating the size of protein
particles smaller than the diameter of an AFM tip. Because AFM
height measurements do not suffer from tip convolution effects
and are accurate to∼1 Å, we found that for globular proteins, we
could obtain good size estimates of both oligomers and individual
monomers adsorbed on mica by measuring their heights. How-
ever, because there was some distortion caused by interaction
with the mica surface, we established a calibration curve using a
strategy adopted from gel electrophoresis where marker proteins
are used to estimate the mass of unknown proteins and protein
fragments.
Using 10OR (MW: 26.8 KDa, Figure 1A and B) in the

nondenatured monomeric state, bovine serum albumin (BSA,
MW: ∼66 KDa, Figure S4), immunoglobulin G (IgG, MW:

∼150 KDa, Figure S5), mycocerosic acid synthase (MAS, MW:
∼224 KDa, Figure S6), and apoferritin (MW: ∼481.2 KDa,
Figure S7) as five marker proteins, we constructed calibration
curves from AFM height measurements for both in situ and
ex situ conditions (Figure 2). As Figure 2 shows, over the
investigated range of ∼25�150 kDa, these curves correlate well
with the known dependence of hydrodynamic diameter on
molecular weight. Thus, they allow us to use height measure-
ments to directly estimate these quantities for globular proteins
of unknown weight in the range of our calibration.
Formation of the Smallest Oligomeric Units. We used the

calibration curves (Figure 2) to estimate the size of oligomers and
aggregates formed from WT and 10OR following addition of
guanidine hydrochloride (GdnHCl) containing acidic buffer. We
found that WT and 10OR share a common, multistage pathway
for β-oligomer and subsequent nonfibrillar aggregate formation,
which is characterized by oligomers with well-defined sizes. Prior
to aggregation (t = 0� min), WT and 10OR proteins existed in
the original buffer (20 μM rPrPC, 20 mM NaOAc, pH 5.5)
mostly as monomers with heights of around 1.5 nm ex situ and
2�3 nm in situ (Figure 3A�C). As soon as the GdnHCl contain-
ing acidic buffer was introduced (t = 0þ min), small oligomers
began to form with highly uniform heights in the range of
∼2�3 nm ex situ and ∼4.5�5.5 nm in situ (Figure 3D�F).
From the calibration curves in Figure 2, we concluded that these
weremost likely trimers or possibly tetramers (molecular weights
are WT trimer, 68.4 KDa; 10OR trimer, 80.4 KDa;WT tetramer,
91.2 KDa; 10OR tetramer, 107.2 KDa).
We suggest that these trimers and/or tetramers represent what

have been interpreted in other studies as the nuclei for prion
aggregation.13,22 Although the oligomers must have overcome
the energy barrier associated with entropy loss13,37 due to oligo-
merization, which occurs when substantially unfoldedmonomers38

from initially R-helix-rich conformation oligomerize into the
β-sheet-rich structure, these oligomers are not nuclei as defined

Figure 2. Heights of marker proteins and newly formed 10OR oligo-
mers (at t = 0þ min) deposited on mica versus molecular weights.
Heights were measured from the surface of mica to the top of protein
particles. Light blue 2: ex situ curve where, from left to right, points are
for 10ORmonomers (26.8 KDa), BSAmonomers (∼66 KDa), majority
of newly formed 10OR oligomers (seeds) such as those marked
with yellow arrowheads in Figure 1, C and D assuming they are trimers
(80.4KDa), IgGmonomers (∼150KDa),MASmonomers (∼224KDa),
and Apoferritin monomers (∼481.2 KDa). Dark blue 9: in situ curve
where order left to right is the same as for ex situ curve. Green þ:
hydrodynamic diameters. Numbers indicate: 1, myoglobin monomer
(16.9 KDa);32 2, WT monomer (22.8 KDa);33 3, carbonic anhydrase
monomer (29 KDa);32 4, yeast triosephosphate isomerase dimer
(∼56 KDa);34 5, BSA monomer;32 6, hexokinase monomer (102 KDa)
(Malvern Instruments); 7, alcohol dehydrogenase dimer (150 KDa);32

8, IgGmonomer;35 9, β-amylase monomer (200 KDa);32 10, apoferritin
monomer.36 Error bars represent (one standard deviation.

Figure 1. AFM images of 10OR monomers and oligomers. (A) In situ
and (B) ex situ images of 10OR in native state. (C) In situ and (D) ex situ
images of 10OR immediately after preparation of partially denaturing
solution (at t = 0þmin). Numbers next to arrowheads in (A)�(D) give
heights of adjacent protein particles where green = monomers, yellow =
oligomers, and red = β-oligomer. (E�H) Height distributions of (E,F)
10OR in native state and (G,H) newly formed 10OR oligomers at t =
0þ min, where (E,G) are from in situ images and (F,H) are from ex situ
images. For the complete height distribution of 10OR including mono-
mers at t = 0þmin at ex situ condition, see Figure S3. Scale bars, 100 nm.



8589 dx.doi.org/10.1021/ja1117446 |J. Am. Chem. Soc. 2011, 133, 8586–8593

Journal of the American Chemical Society ARTICLE

in the classical sense. Their smallest stable oligomer size that leads
to further growth does not depend on concentration (i.e., super-
saturation), and, as we show below, they do not undergo further
growth by subsequent monomer attachment. Consequently,
although these are equivalent to the smallest stable oligomers often
assumed and referred to as nuclei in previous literature,5,11�14,22 we
will refer to them as seeds or growth units to avoid the term nuclei
and still make a connection to the language of the cooperative
polymerization model39 described below.
This first result is consistent with and provides insight into a

number of other experimental studies addressing prion kinetics,
structure, and infectivity at both macroscopic and molecular
scales. As we will show, analysis of previous turbidity studies
indicates a monomer number of 3�4 in the smallest stable
particles for both WT and 10OR aggregates (see Discussion and
Figure S8 for details). Electronmicroscopy studies on 2D crystals
of truncated PrPSc (PrPSc27�30) formed during the in vitro
purification of infected tissues revealed a trimeric assembly of

PrPSc27�30 as the basic unit.9,40 Another study suggested that the
smallest form of infectious PrPSc contains three or less prion
protein monomers.8 These results all correlate well with our
observation of trimeric or tetrameric particles as the smallest
stable unit of the β-sheet form of rPrPC.
Growth of β-Oligomers and Nonfibrillar Aggregates. In

addition to these rapidly formed basic units, immediately after
introduction of GdnHCl-containing acidic buffer, larger oligo-
mers, termed β-oligomers, started to form in bothWT and 10OR
solutions (Figure 1D, red arrow) and increased in number at
longer incubation times (Figure 3J and K, red arrows). Circular
dichroism (CD) measurements show that oligomerization is
accompanied by a change from nativeR-helix-rich toβ-sheet-rich
structure (see Figure S2). These β-oligomers have ex situ heights
mostly in the range of∼5 to∼7 nm. According to our calibration
curve, this corresponds to particles containing ∼11�22 mono-
mers, or∼3�7 seeds. This second observation is also consistent
with previous investigations. In a recent study, the most infec-
tious PrPSc particles were found to contain about 14�28 prion
protein monomers,24 corresponding to about 4�9 of the basic
growth units described here.
Surprisingly, β-oligomers did not form through addition of

monomers to seeds. Rather, as documented in the series of
images in Figure 4A�E and demonstrated by the decrease in
seed number with time in Figure 5, they were created primarily
by direct interaction and coalescence of these basic growth units.
This conclusion is consistent with that of Sokolowski et al.21

based on FTIR measurements. Yet at this rPrPC concentration
(20 μM), β-oligomers rarely grew beyond∼3�7 growth units in
size. As Figure 4F and G demonstrates, all larger particles were
loose aggregates of these β-oligomers. Note that the aggregates
in Figure 4F and G are higher resolution images of the particles
within the yellow boxes in Figure 3F and L, respectively.
Figure 4H and I shows sequential in situ images documenting
growth of β-oligomers and aggregates by particle addition,
showing that this process occurs both in solution and on mica
surfaces.
The nonfibrillar aggregates shown in Figure 4 are typical of all

aggregates formed in our experiments, whereas many previous
studies have reported the characteristic fibrillar form of prion
aggregation. There are two primary reasons for the difference:
(1) We have used full-length recombinant prion proteins in this
study, which have only rarely been reported to form fibrils in
vitro.19,20 Previous studies suggest that full length PrPSc does not
polymerize into fibrils in vitro because the N-terminal portion
sterically inhibits stacking into the fibril form.40 In contrast, most
studies have investigated truncated versions.17�20 Although
these can easily form fibrils under mildly acidic conditions
with moderate additions of denaturants such GdnHCl and Urea,
they no longer contain the N-terminal portion, which includes
the ORR. (2) The solution conditions used here are more
conducive to facilitating the transformation to β-sheet-rich
oligomeric forms, whereas fibrils generally form in less acidic
conditions.17,20

This result further highlights the utility of this AFM-based
approach to probing aggregate formation. As Figure 4 shows, the
β-oligomers are closely spaced within the aggregates. Attempts to
determine hydrodynamic diameters of protein aggregates using
more common light scattering methods cannot give a true
representation of aggregate structure because they will not
resolve individual oligomers. In this situation, AFM imaging
with the calibration curve of Figure 2 is far more useful because it

Figure 3. The formation of oligomers and nonfibrillar aggregates.
(A�L) Ex situ images of WT and 10OR before (A�C) and after
(D�L) mixing with partially denaturing buffer. For solution preparation
conditions, see the Experimental Section. (A) WT and (B,C) 10OR
in original buffer. (D) WT and (E,F) 10OR at t = 0þ min. (G) WT and
(H,I) 10OR at t = 30min. (J)WT and (K,L) 10OR at t = 17 h. (M,N) Ex
situ images of WT (M) and 8OR (N) at t = 17 h after mixing partially
denaturing buffer. Numbers next to arrowheads are heights of adjacent
particles with color coding as in Figure 1. Scale bars are 100 nm for (A,B,
D,E,G,H,J,K) and 2 μm for (C,F,I,L,M,N).
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provides the approximate hydrodynamic diameters of individual
oligomers comprising the aggregates.
To summarize, the pathway to nonfibrillar aggregates is as

follows: Upon partial denaturation, monomers (Figure 4A) com-
bine to form trimeric or tetrameric seeds (Figure 4B). Subsequent
growth does not follow a growth model in which monomers
continue attaching to the seeds to form larger particles.5,11�16

Instead, these basic growth units collide (Figure 4C) and coalesce
to create the β-oligomers (Figure 4E). Figure 4C shows the

moment just before three seeds coalesced into one β-oligomer
(Figure 4E). This event was rarely observed, indicating that the
kinetics of this process is rapid. A range of β-oligomer sizes are then
created depending on how many growth units coalesce. However,
nearly all of the β-oligomers are comprised of approximately
11�22monomeric units, or∼3 to 7 seeds, regardless of incubation
time. These results suggest that their size is thermodynamically
limited, perhaps by strain41 induced when a number of seeds
coalesce into one larger oligomer. Subsequently, these β-oligomers
cluster together to form nonfibrillar structures (Figure 4F), which
then directly associate to form the largest aggregates (Figure 4G).
Thus, as shown schematically in Figure 4J, the formation pathways
of the β-oligomers and subsequent nonfibrillar aggregates for both
WT and 10OR pass through multiple stages, each of which is
characterized by oligomers of a limited size range that give rise to
the next stage through direct interaction and coalescence.
These results, combined with the previous study of Sokolows-

ki et al.,21 indicate that although prion replication in vivo has been
considered to be concurrent with monomer attachment to aggre-
gates based on many in vitro studies of prion fibril growth,11,19

prion oligomers and aggregates may form via an oligomerization
route that is subsequent to prion replication.
The Kinetics of Oligomerization and Aggregation.

Although WT and 10OR exhibited similar pathways for non-
fibrillar aggregate formation, the kinetics of monomer oligomer-
ization and subsequent β-oligomer formation and aggregation
differed significantly. As Figure 5A shows, upon initiation of
oligmerization, 10OR produced a greater number of seeds than
did WT, indicating that the additional five ORR in 10OR
increased the probability for 10OR to transform from its native
R-helix-rich into the β-sheet-rich structure18,22,23 (see Figure S2
for CD data). After incubation at 37 �C for 30 min, larger
numbers of seeds, β-oligomers, and aggregates were observed in
both samples, but the total number was still greater for 10OR
(Figure 5A and B). Comparing the average number of seeds
formed between t = 0þ and 30min, we obtained a seed formation
rate for 10OR that was about 3 times larger than that for WT. In
addition, 10OR produced larger nonfibrillar aggregates than did
WT at both 30 min and 17 h (see Figure 3I and L for 10OR and
Figure 3M for WT).
Interestingly, by 17 h, the number of seeds and β-oligomers

that remained unincorporated into aggregates for 10OR was less
than or equal to that for WT, with the rate of decrease in seed
number having been 7 times greater for 10OR (Figure 5A). We
presume that this is because the larger numbers of seeds at earlier
times led to higher collision rates and thus a greater rate of seed
coalescence and β-oligomer aggregation. With seed production
having ceased, these higher rates led to a more rapid decrease
in total number. Another series of experiments with 8OR,

Figure 5. Kinetics of oligomerization. (A,B) Number of oligomers with
heights between (A) 2�3 nm and (B) 3�4 nm versus incubation time.
Red, 10OR; blue, WT.

Figure 4. Pathway leading to formation of β-oligomers and subsequent
nonfibrillar aggregates. (A�G) Ex situ images of 10OR showing (A)
monomers; (B)monomers and a small oligomer (seed); (C) collision of
seeds at the moment just before coalescence into one β-oligomer; (D)
interaction of a seed with two oligomers; (E) a β-oligomer; (F)
nonfibrillar aggregates at early stage of formation showing that they
are comprised of β-oligomers (higher resolution image of yellow
rectangle in Figure 3F); and (G) large aggregate formed by direct
association of small, irregular nonfibrillar aggregates like those in (F)
(higher resolution image of yellow rectangle in Figure 3L). (H and I)
Sequential in situ images captured in the same spot on mica showing
small oligomers (seeds) and aggregates composed of β-oligomers.
Following collection of (H), freshly mixed 10OR solution (partially
denaturing) was added, and image (I) was collected. It shows growth of
the aggregates in (H) as well as a newly formed aggregate composed of
two β-oligomers with heights 9.6 and 11.7 nm. For solution preparation
conditions, see the Experimental Section. (See also Figure S9 for
details.) (J) Schematic of observed pathway to formation of β-oligomers
and subsequent nonfibrillar aggregates illustrating multiple stages of
association by stable oligomeric intermediates.
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a recombinant mutant human prion protein containing three
additional ORR insertions, exhibited aggregate sizes
(Figure 3L�N) and an aggregation rate23 between those ob-
served for WT and 10OR. Moreover, a recombinant prion
protein, rPrPΔOR, that completely lacked the ORR produced a
much slower aggregation rate than did WT as seen by optical
turbidity under similar conditions.42 These results show that
oligomerization rates and resulting aggregate sizes increase as the
number of octapeptide repeat motifs increases.

’DISCUSSION

Seed Size. In the cooperative polymerization model of
aggregation,39 to obtain an analytical solution, one assumes:
(1) there is a seed precursor one monomer shorter than the seed
size that is in equilibriumwith themonomer population through-
out the reaction (pre-equilibrium); and (2) the polymer concen-
tration changes only by irreversible seed formation (irreversibility).
These assumptions do not depend onwhether the seed is a nucleus
in the classical sense where its size depends on concentration, or
merely a stable oligomer of fixed size that serves as the source of
further aggregate growth.39

In this model, when the ratio of the total to equilibrium
monomer concentration (RT/Re) . 1, the delay, or relaxation,
time (τD), defined as the time it takes the monomer concentra-
tion to reach some arbitrary fraction of its original value, scales
with total initial monomer concentration (RT) and seed size (n)
through the following relationship:

τD � R�n=2
T ð1Þ

Thus, (d log τD)/(d log RT) = �(n/2) is obtained. In optical
measurements14,22 such as turbidity or fluorescence, this rela-
tionship is often used to obtain an approximate seed size by
taking τD as the time to reach some arbitrary fraction of
maximumoptical signal for a range ofRT. (Although the turbidity
signal is mainly influenced by aggregates larger than the trimeric/
tetrameric seeds, because these aggregates arise from coalescence
of the seeds, the signal can be quantitatively related to the
consumption rate of monomers and used to obtain an approx-
imate seed size through the equations that describe aggregate
formation. The utility of this approach is demonstrated by
Frankenfield et al.22 who showed that analyses done by using
data from three different assays, thioflavin T (ThT) fluorescence,
monomer disappearance by gel filtration, and turbidity, all
predict the same trimer or tetramer seed size.)
Strictly speaking, when eq 1 is used in experiments on rPrP

aggregation to obtain n, the original meaning of monomers and
RT needs to be modified. In the kinetic equations of the
cooperative polymerization model, the monomer is the species
that incorporates into the polymer phase and RT is the initial
concentration of that monomer. However, when we use eq 1 to
obtain the seed size from experiments in which aggregation is
induced by a structural change from the initialR-helix-rich rPrPC,
the monomer is now the structure-altered protein, which is
incorporated into the β-sheet aggregate phase. Similarly, RT is
the total concentration of the structure-altered protein (RT

0 ).
Taking RT

0 to be closely proportional to the initial R-helix-rich
rPrPC concentration (R0) (i.e., RT

0 ≈ kR0), the delay time
becomes:

τD � R
0�n=2

T ¼ ðkR0Þ�n=2 ð2Þ

and n can still be obtained from the slope of log τD versus log R0

(Figure S8).
Analysis of optical turbidity for bothWT and 10OR shows that

eq 2 is indeed obeyed. Using the cooperative polymerization
model to estimate the seed size, one obtains n = 3�4 monomeric
units (for details, see Figure S8). This is precisely the size of the
smallest stable oligomers that we observed by AFM and that was
proposed by others.9,13,22,40 (See the caption to Figure S8 in the
Supporting Information for an explanation of why both the pre-
equilibrium and the irreversibility conditions are satisfied for the
rPrP system in this study.) We note that our AFM and turbidity
results together with those of a previous study22 dealing with in
vitro nonfibrillar aggregation of recombinant prion proteins
suggest that, although the linear relationship between log τD
and log R0 can give an approximate seed size when the system
satisfies conditions of pre-equilibrium and irreversibility, it does
not imply that further growth occurs by monomer attachment to
the seeds.
Differences in Oligomerization and Aggregation Rates

between WT and 10OR. In partially denaturing acidic condi-
tions, monomers and β-oligomers exist in equilibrium.38 How-
ever, becauseR-helix-richmonomers convert to structure-altered
monomers before aggregation, we must assume that this equi-
librium population of monomers consists of both R-helix-rich
and structure-altered monomers, even though the concentration
of the latter should be small as compared to that of the R-helix-
rich monomers, given their strong tendency to oligomerize. This
picture of rPrP aggregation in the presence of GdnHCl is
identical to that of deoxyhemoglobin-S aggregation in the pre-
sence of carbon monoxide (see Figure S10).43 Within this
picture, the distinct differences in the oligomerization and aggre-
gation rates between WT and 10OR can be explained using an
empirical equation previously derived from deoxyhemoglobin-S
aggregation, relating the rate of protein aggregation to the
supersaturation ratio S (here S = RT/Re where RT is total initial
protein concentration andRe is the equilibrium solubility, i.e., the
monomer concentration in equilibriumwith aggregates when the
reaction has reached equilibrium).43 The relationship between S
and the delay time (td (length of lag phase) or t1/2 (time to reach
half-maximum of optical signal)) is given by refs 43,44:

1=td ¼ 1=t1=2 ¼ γSn ð3Þ

where 1/td (=1/t1/2) is a measure of the aggregation rate, γ is a
constant, and n is the number of monomers in the seed.
On the basis of the AFM results for both WT and 10OR, the

number of monomers in a seed is the same, that is, n = 3 or 4.
Therefore, according to eq 3, the supersaturation ratio becomes
the determining factor for the aggregation rates of both WT and
10OR. BecauseRT forWT and 10OR and the temperature of the
experiments were equal (RT = 20 μM, T = 37 �C), Re was the
only factor controlling the difference in aggregation rates. From
previously published turbidity assays on 20 μM recombinant
human prion proteins,23 we obtain t1/2 = 680 s for WT and t1/2 =
75 s for 10OR (see Figure S8). Using eq 3 with n = 3, this implies
that the equilibrium solubility for WT is 2.1 times greater than
that of 10OR. If equilibrium truly exists between R-helix-rich
monomers and β-oligomers in partially denaturing acidic
conditions,38 this same solubility ratio should also be obtained
for different initial concentrations. Indeed, for a total initial
concentration of 30 μM rPrPC, the turbidity assay gave t1/2 =
375 s for WT and t1/2 = 35 s for 10OR, leading to a ratio of the
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WT to 10OR equilibrium solubility equal to 2.2, which is nearly
identical to the ratio obtained at 20 μM.
These results imply that the fundamental reason insertion

mutants exhibit both a greater rate of oligomerization and larger
size aggregates is that they have a lower solubility in GdnHCl-
containing acidic buffer (from eq 3, with n = 3, whenWT has∼2-
fold larger solubility, 10OR has∼8-fold larger initial aggregation
rate). Because solubility is directly related to the free energy
difference between the dissolved and condensed states, we
propose that the presence of additional ORR units reduces the
thermodynamic stability of the native R-helix-rich structure
relative to the β-sheet-rich structure in the destabilizing condi-
tions created by GdnHCl-containing acidic buffer, thus leading
to higher rates of oligomerization and aggregation. Yet in all
cases, the mechanisms and pathways leading to aggregate
formation remain the same.
Examining the biostatistics of human prion diseases, Stevens

et al.30 found a strong correlation between the number of ORR
insertions and the onset age and duration of the familial prion
disease. (See also Croes et al.29) Their analysis shows that the
average onset age for the disease decreases from above 60 years
with up to four additional ORR insertions to between about 30
and 40 years with five to nine additional insertions. They also
found that this relationship was well correlated with results of
their experiments on copper binding to ORR domains, showing
that the copper binding properties of the ORR region suddenly
change to a mode that may lead to enhanced redox stress or
conversion to PrPSc with four or five additional ORR insertions.
This dependence can also be correlated with the degree and
kinetics of aggregation. As shown in the previously published
turbidity assays (Figure 2D of ref 23), the aggregation kinetics
increased dramatically when the number of additional ORR
insertions was increased from three (8OR) to five (10OR) as
compared to the case when it changed from zero (WT) to three
ORR insertions (8OR). Using eq 3 with n = 3, we obtain a ratio of
the WT to 8OR solubilities of 1.2 and 1.3 for protein concentra-
tions of 20 and 30 μM, respectively (t1/2 for 8OR = 408 s at
20 μMand 187 s at 30μM(Figure 2B of ref 23)). Comparing this
to the ratio of the WT to 10OR solubilities of 2.1 and 2.2
obtained above, we see that the scaling of solubility with ORR
insertion number derived from our analysis mirrors the Stevens
et al.30 results on copper binding and onset of disease.
All studies with recombinant prion proteins produced in

bacteria suffer from a lack of post-translational modifications
and other cellular factors.3,9 Recombinant prion protein aggre-
gates (i.e., fibrils and β-oligomers) have not proven to produce
serially transmissible prion diseases clearly when inoculated into
animals.4,17 However, the β-oligomers shown here do exhibit
many of the physicochemical properties associated with PrPSc in
that they have high β-sheet content and are relatively resistant to
proteinase-K digestion.4,17 Thus, although the primary signifi-
cance of the current findings is that they elucidate the formation
pathways of β-oligomers and their aggregates, they also suggest
that the pathways to large oligomeric aggregates seen here may
serve as amodel for PrPSc oligomer formation in vivo, just as fibril
formation by recombinant prion proteins observed in vitro has
been taken as a model for PrPSc fibril formation in vivo.17,19,20

Moreover, our findings linking oligomerization and aggregation
kinetics to the number of ORR insertions correlate well with both
the results from Stevens et al.’s30 experiments on copper binding
to ORR domains and the biostatistics of prion diseases in
humans.30 These correlations suggest that naturally occurring

insertion mutants may also have lower thermodynamic stability
as reflected through their solubility in vivo under destabilizing
conditions, such as those created in our study by GdnHCl-
containing acidic buffer. This would increase their susceptibility
to conversion to PrPSc leading to oligomerization followed by
formation of aggregates, which are the hallmark of prion diseases.
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