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We combine atomic-force-microscopy particle-size-distribution measure-
ments with earlier measurements on 1-anilino-8-naphthalene sulfonate,
thioflavin T, and dynamic light scattering to develop a quantitative kinetic
model for the aggregation of pB-lactoglobulin into amyloid. We directly
compare our simulations to the population distributions provided by
dynamic light scattering and atomic force microscopy. We combine species
in the simulation according to structural type for comparison with
fluorescence fingerprint results. The kinetic model of amyloidogenesis
leads to an aggregation free-energy landscape. We define the roles of and
propose a classification scheme for different oligomeric species based on
their location in the aggregation free-energy landscape. We relate the
different types of oligomers to the amyloid cascade hypothesis and the toxic
oligomer hypothesis for amyloid-related diseases. We discuss existing
kinetic mechanisms in terms of the different types of oligomers. We provide
a possible resolution to the toxic oligomer—amyloid coincidence.
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Introduction

Proposed mechanisms of amyloid growth remain
idiosyncratic to the precursor, conditions, and
methods used. Our aim is to directly observe
oligomeric intermediates and to develop a detailed
molecular model of amyloidogenesis. Such a model
allows the construction of an amyloidogenic aggre-
gation free-energy landscape and enables a more
universal approach to evaluating the roles of
different amyloid-related species.

Amyloid deposition is observed in more than 20
diseases, including Alzheimer’s disease, Creutzfeldt—
Jakob’s disease, and Parkinson’s disease. Each
amyloid-related disease has a particular precursor
protein or peptide that converts from its soluble
native state into insoluble cross-p-amyloid
assemblies.'™ These diseases typically show a
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Abbreviations used: DLS, dynamic light scattering; Ap,
amyloid B peptide; AFM, atomic force microscopy; ThT,
thioflavin T; NCC, nucleated conformational conversion;
B-LGA, p-lactoglobulin A; ANS, 1-anilino-8-naphthalene
sulfonate; APTES, aminopropyltetratheoxysilane; 2D,
two-dimensional; LENP, Lumry-Eyring nucleated
polymerization.

symptom-free latency period that is significantly
shortened in the case of certain single amino acid
familial mutations of the relevant precursor’® or
gene triplication.” In vitro aggregation studies tend to
show a correlation between the amyloidogenic
properties of different mutants and disease
severity.'”""® However, how this protein accumula-
tion participates in the etiology of many of these
diseases is still not fully understood."*'* We discuss
the role of oligomers in amyloid-related diseases
based on two hypothesis that differ in the identity of
the pathogenic species.

The amyloid cascade hypothesis suggests that
amyloid is the major causative agent in amyloid-
related diseases.’”” Formation of amyloid is often
explained by a nucleation-dependent kinetic mech-
anism. Once a critical nucleus is formed, the protein
in question rapidly aggregates into amyloid fibrils
and plaques. Massive fibril deposits can interfere
with normal organ function. Amyloid lesions can
induce an inflammatory response.'®!” Mature am-
yloid fibrils have also been found to induce cell
death in vitro.'®'° However, other studies have
shown amyloid fibrils to be relatively innocuous,
leaving doubt as to their significance.?0-22

The toxic oligomer hypothesis has emerged to
explain the poor correlation between amyloid load
and disease progression. Evidence indicating that
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soluble oligomeric intermediates have significant
cytotoxicity is mounting.'***' The toxic oligomer
hypothesis states that the inherent toxicity of small
oligomers of the amyloidogenic protein causes
cellular dysfunction and that the presence of
amyloid in amyloid-related diseases is coincidental,
not causative. Cytotoxicity has been observed for
oligomers of both disease-related® " and non-
disease-related® proteins, suggesting that mis-
folded aggregates, in general, are pathological and
calling into question the specific nature of the
proteins associated with each disease.

Toxicity assays often involve cells and conditions
different from those specific to the progression of
amyloid-related diseases. Oligomers for toxicity
assays are usually prepared under extreme condi-
tions that are not physiological or amyloidogenic.
The stability of such small oligomers is difficult to
assay under cell culture conditions. Toxicity studies
typically do not differentiate between the types of
oligomers present.””*>?**° Characterization of the
oligomers varies widely and often involves low-
resolution and/or unreliable methods.* As a result,
it is not clear which species are actually present
in the different studies. Where they have been
characterized, oligomer toxicity appears to depend
on size and structure.’>?*?” The thermodynamic
and kinetic properties of different oligomeric species
will dictate their stability and physiological rele-
vance. Therefore, an understanding of these prop-
erties is vital.

The toxic oligomer hypothesis does not account
for the relationship between the toxic oligomer and
amyloid; the proteins in amyloid diseases all form
amyloid in vivo. Moreover, single amino acid
mutations that increase the rate of disease progres-
sion can also increase the rate of amyloid formation
in vitro.'"***! Based on the toxic oligomer hypoth-
esis, the formation of toxic oligomer and amyloid
fibril is a coincidence that spans many diseases.

The ubiquitous presence of amyloid in amyloid-
related diseases is often rationalized by invoking a
protective role for amyloid fibril formation as a sink
for toxic oligomers.!'#4?> However, no cellular ma-
chinery for producing amyloid from misfolded
aggregates has been identified. Indeed, cellular
action is not required for amyloid formation, as all
amyloid-related disease precursors readily form
amyloid in vitro. Nevertheless, the conditions that
are required to form amyloid in vitro are usually not
at all physiological. In particular, rapid agitation in
the presence of air-water interfaces is usually
required in vitro, suggesting that strong perturbation
may be necessary for similar aggregation rates to
occur in vivo.

Inboth hypotheses, small aggregates play important
but different roles. In the amyloid cascade hypothesis,
the small aggregates are an intermediate state between
the functional form and amyloid;*** above a critical
size, they seed fibril formation.’*>? Thus, oligomers
that can seed amyloid formation are at the heart of the
autocatalytic cycle. In the toxic oligomer hypothesis,
the pathology is more direct. The aggregates could

trigger the unfolded protein response,” increase
cell membrane permeability,3435375455 interfere
with long-term potentiation,®'32 or otherwise produce
cytotoxici’ry.56

Distinguishing the type and the role of oligomers
is therefore important for understanding amyloid-
related disease mechanisms. Toxic oligomers and
the critical nucleus for amyloidosis have different
free-energy landscape requirements. The free energy
of the critical nucleus is at a maximum, whereas
toxicity would require accumulation of appreciable
populations, implying a free-energy minimum.
Thus, the relationship between these species can be
defined in terms of their relative positions on the
aggregation free-energy landscape.

Multiple techniques have observed sigmoidal
kinetics for amyloid assembly. There is a lag phase,
during which no amyloid aggregates are detected.
This is followed by a growth phase, in which proteins
rapidly convert into amyloid, with a fast increase in
aggregate size and p-sheet-rich structure. The lag
phase can be shortened or removed by the addition of
preformed fibril seeds. Kinetic results are extremely
sensitive to the details of sample handling. Preexist-
ing seeds,®” surfaces,” ™ air-water interfaces,®"°!
and agitation®® can all strongly perturb kinetics.
These results suggest that amyloidogenesis is kinet-
ically controlled.

Several methods have been commonly used to
characterize amyloid intermediates. Static light scat-
tering and dynamic light scattering (DLS) provide
size distributions,*0°1.6465 but size and morpholog-
ical heterogeneity prevent resolution of individual
species.”® Photo-induced cross-linking, followed by
SDS-PAGE, has been used to study the size distribu-
tion of low-molecular-weight amyloid p peptide
(Ap) oligomers, but is limited to differentiating small
species. Cross-linking can skew the overall size
distribution to a smaller aggregate number.*®*
Atomic force microscopy (AFM) during amyloido-
genic incubation shows the presence of different-
sized globular particles,3%”74 worm-like beaded
pro’cofibrils,72’75 and rare annular structures.”®

Structural and spectroscopic methods are often
used in parallel to correlate aggregation and confor-
mational states. An increased PR-sheet structure was
detected by Raman spectroscopy for a-synuclein
amyloid formation in tandem with AFM imaging of
the aggregate assembly.*” Fourier transform infrared
spectroscopy was combined with AFM and electron
microscopy to study human prion peptide PrP82-146
aggregation under different conditions.*” Circular
dichroism, intrinsic fluorescence,”” and thioflavin T
(ThT) luminescence®® can also monitor structural
changes. Intermediates may also be detected by
oligomer-specific antibodies.”®

Proposed mechanisms of amyloidogenesis vary
greatly in spite of common kinetic features. A
nucleation-dependent polymerization model for
prion protein and AP was proposed by a one-
dimensional analogy to protein crystallization. The
critical nucleus forms from and elongates by the
association of monomers with a specific structure.”
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Off-pathway species have also been added.” Acid-
induced Ap assembly was modeled by micelle-
facilitated formation of nuclei. Only the moments of
fibril size distribution were compared with DLS
data.’’®® In all cases, no direct evidence for
intermediates was offered, and only the accumula-
tion of amyloid was modeled.

A nucleated conformational conversion (NCC)
model was proposed for Sup35. This model was
based on the detection of an oligomeric lag-phase
intermediate that mediated nucleation and elonga-
tion. Monomers first associate with a fluid micelle-
like oligomer, which then rearranges to form an
energetically unfavorable amyloidogenic nucleus.
The nucleus grows by mducmg conformational
rearrangement in the oligomers.”> A Lumry-Eyring
step has been added to the nucleated polymeriza-
tion model to account for preequilibrated monomer
unfolding and to increase fitting function ﬂex1b111ty
Again, averaged quantities were treated.®' Phos-
phoglyceratekinase assembly kinetics has been
modeled by the Smoluchowski coagulation theory.
Critical oligomers form by collision of smaller
intermedjiates. Fllaments grow linearly by the fusion
of critical oligomers.*®

Some studies find that amyloid assembly devi-
ates from the nucleation-dependent mechanism.
Transthyretin aggregation followed nucleation-
independent downhﬂl polymerization that was
insensitive to seeding.®® The ThT assay for amyloid
may have registered a false positive, as no fibrils
were observed.

Understanding the molecular amyloid assembly
mechanism is critical for developing a rational
strategy to prevent aggregation cascade events. A
comprehensive molecular model of amyloidogen-
esis will have many features that are missing from
current models. A molecular mechanism of amyloi-
dogenesis must define the reactivity and roles of
oligomeric intermediates in order to evaluate their
contribution to disease progress hypotheses. This
level of detail requires measuring both the confor-
mational changes and the distribution of aggregate
sizes through the aggregation processes. Intermedi-
ate species must be explicitly measured and includ-
ed. The aggregates before and after nucleation
should be distinguished. Linkage must be estab-
lished between aggregation events and conforma-
tional changes. For example, if a hydrophobic core is
present, the point at which it is disrupted in favor of
an aggregated form should be identified. Different
types of aggregation events and conformational
changes should have different barriers. The critical
nucleus must be identified for nucleated processes.
The mechanism should allow prediction of sequence
and condition determinants of amyloid formation
propensity. Representation of the amyloidogenic
aggregation mechanism by a free-energy landscape
allows a unified and intuitive presentation of these
ideas.

The present study treats the bovine milk lipoca-
lin, B-lactoglobulin A (B-LGA). Extensive studies of
the stability, folding, and aggregation of R-LGA

have been driven by basic sc1ence and the dairy
and food processing industries.®” Its biological role,
beyond providing a source of protein in milk, is
unknown. It may enhance the solubility of fat and
fat-soluble nutrients by binding to the calyx.*’
Hydrophobic and amphiphilic fluorophores bound
to the B-LGA calyx and other hydrophobic sites
can be distinguished using fluorescence lifetime
measurements.”***® 3-LGA forms amyloid under
various conditions.®®”>%~%

To follow the assembly of B-LGA into amyloid, we
used time-resolved fluorescence of 1-anilino-8-naph-
thalene sulfonate (ANS) and ThT to monitor confor-
mational changes and used DLS and AFM to monitor
the degree of aggregation.®® Several ANS binding
locations and B-LGA calyx were modified and
disrupted during amyloid assembly.®® A three-
stage qualitative mechanism was proposed for (-
LGA amyloidogenesis, with two different classes of
oligomer preceding amyloid protofibril formation.
During the early lag phase, denatured monomers
associated to form the loosely bounded oligomer
AggA, in which the hydrophobic calyx was partially
disrupted. During the late lag phase, AggA con-
verted into a globular intermediate AggB, in which
the hydrophobic calyx was completely disrupted.
Conversion of AggB into amyloid gave rise to
abundant protofibrils in the growth phase. ANS
and ThT luminescence for monomer, AggA, AggB,
and amy101d showed distinct lifetime distribution
patterns.®® The present study develops a quantitative
kinetic model of the amyloidogenic aggregation of 3-
LGA by combining AFM oligomer size distributions
with ANS, ThT, and DLS measurements.”® The
kinetic model is based on oligomeric intermediates
that were directly observed. An amyloidogenic
aggregation free-energy surface is constructed from
the details of the kinetic model.

Results

Aggregate morphology shows two growth
pathways

On each of the 32 days of incubation, we imaged
samples deposited on aminopropyltetratheoxysi-
lane (APTES)-modified mica using tapping-mode
AFM. The images showed five phases of aggregate
growth.

Early lag phase (days 0-9)

Incubation days 0 through 9 showed an amor-
phous protein layer, with no sign of stable well-
defined particles on AFM images. However, DLS
measurements showed a dramatic decrease in
monomer population and an accumulation of
dimers and tetramers during this period (Fig. 1).%
Accompanying this increase in particle size, a time-
resolved fluorescence lifetime analysis of intercalat-
ed ANS showed a change in accessibility to the calyx



Small Oligomers on Free-Energy Landscape

137

. normalized 0.4
& intensity
g n
é? 1 0.2
£ 0.5
0015 002  pp3 005 g7 ©

decay time (ms)

Fig. 1. The evolution of the correlation decay time
distribution monitored by continuous DLS during the
first 4.7 days of incubation. We related the particle decay
time to the spherical hydrodynamic radius using the
Stokes—Einstein relation. The characteristic density of the
partially unfolded monomer determined from the assign-
ment of a urea titration DLS experiment at 5 M was used
to scale the oligomer sizes. The brown, green, and blue
lines correspond to the correlation decay times of
globular monomer, dimer, and tetramer, respectively.
The correlation decay time distributions were renorma-
lized to the maximum intensity at each incubation time
point. The peak shifted from monomer at the beginning
of incubation to dimer by day 2 and to tetramer by day 4.
Based on this data, a sequential assembly pathway—
monomer — dimer — tetramer (A; —A,— Ay)—is pro-
posed for AggA aggregation.

site, indicative of a conformation change. Moreover,
the change persisted upon dilution under native
conditions.®® The AFM images suggest that surface
dissociation into the amorphous protein layer
prevented detection of early-lag-phase oligomers.
Thus, the early-lag-phase oligomers are lower in free
energy than folded-state monomers and are higher
in free energy than surface-dissociated monomers.
We designate this class of oligomers as AggA and
the period from day 0 to day 9, during which they
accumulated, as the early lag phase.

Late lag phase (days 10-21)

After day 10, individual globular particles of
different sizes were imaged by AFM as in Fig. 2a,
indicating the formation of oligomers that were
stable with respect to dissociation on the APTES
surface. The AFM image coverage by resolvable
particles varied and was typically about 5%,
providing a good balance between particle differen-
tiation and statistics. From day 10 to day 21, most
particles imaged by AFM were globular, with
heights between ~1 and ~2 nm above the amor-
phous protein layer, which was also observed in the
early lag phase (Fig. 2a and b). According to our
derived relationship between the height and the
number of monomers in globular particles (Fig. 3),
this range of heights corresponds to globular
oligomers containing four to eight monomers, with
the majority of species being tetrameric, as shown in
Fig. 2a and e and Fig. 2b and f. Particles with heights
between ~2 and ~4 nm were observed less often.
This range of heights corresponds to globular
oligomers with up to 16 monomers.

The wing that appears in the DLS correlation
decay time distribution during this period is
consistent with a growth of particle to sizes
between 8 and 40 monomers (Fig. 4). This size
increase coincided with loss of the structured calyx
site as detected by ANS fluorescence,*® suggesting
a structural rearrangement of the monomers within
the oligomer. This set of observations led us to
designate this larger and structurally distinct class
of oligomers as AggB. The formation and growth of
AggB preceding the conversion into amyloid
protofibrils define the late lag phase (i.e.,, days
10-21). Short fibrillar species could occasionally be
detected (Fig. 2b), foretelling the beginning of the
growth phase.

Early growth phase (days 22-28)

By day 22, it became common to observe short
rod-like fibrillar structures of different lengths
coexisting with globular particles (Fig. 2c). Most
fibrillar particles were approximately 3-5 nm
thick. We assigned this thinnest class of rod-like
fibrillar particles as protofibrils. Protofibrils pres-
ent at this stage gave a specific ThT lifetime
distribution that was different from that of mature
fibrils.®® Thicker fibrillar species did appear at this
stage, but were very rare. Protofibril population
increased rapidly in the 9 days following day 22,
consistent with designating this stage of assembly
as the early growth phase.

Overall, the size of globular AggB increased during
this phase. The low resolution of 5-um images used
for analysis in this stage hindered the precise
determination of the population for the smallest
(~1 nm) species. However, there was a clear increase
in the population of particles ~2 to ~4.5 nm high,
corresponding to species ranging from octamer (Bg)
to 24-mer (B»4). A small population of particles larger
than 4.5 nm, which were absent in the lag phase, was
detected during the early growth phase.

Two trends of self-assembly emerged in the
height-length two-dimensional (2D) histograms
(Fig. 2g). One trend continued to follow the globular
growth pattern from the late lag phase, resulting in a
relatively small population of round particles with
heights ranging from ~4 to ~8 nm. The second
trend led to rod-like protofibrils.

Late growth phase (day 29 and beyond)

Late-growth-phase AFM images (Fig. 2d) showed
globular particles, as well as a dramatic increase in
protofibril number and length. Analysis of more
than 200 of these protofibrils gave an averaged
height of ~3.8 nm and a width of ~11 nm. The
protofibrils were straight and unbranched, and
usually had a small variation in height along their
length. Some longer protofibrils showed periodic
variation in height. The longest protofibrils that we
detected were ~150 nm. Assuming that the proto-
fibrils on the surface have the same density as the
fully folded monomer, we estimated about 250
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Fig. 2. Particles were imaged with AFM from the late lag phase through the late growth phase. The left panels are
typical AFM images taken during (a) late lag phase (day 11), (b) transition to growth phase (day 15), (c) early growth
phase (day 23), and (d) late growth phase (day 31). Particles were identified, measured, and assembled into the 2D
histograms of the observed height and length that appear on the right (e-h). The population distribution was normalized
by most populated species on that day. (e) Day 11: 533 particles from five 2 pmx2 pm images; small globular particles
dominated. (f) Day 15: 2471 particles from ten 2 pm x2 pm images; larger globular particles appeared. (g) Day 23: 801
particles from two 5 pmx5 um images; short protofibrils appeared. (h) Day 31: 1179 globular particles and 291 short
protofibrils from four 5 pumx5 pm images; many protofibrils appeared. The circled numbers on the right of the 2D
histogram indicate the estimated number of monomers in globular particles of corresponding height, referring to Fig. 3.
The growth phase showed two growth trends (arrows in (g) and (f)): globular assembly and fibrillar elongation. The small
particles with a height at around 1 nm were more reliably resolved in the lag-phase 2 pmx2 pm images than in the
growth-phase 5 pm x5 pm images. As a result, the population of such particles is underestimated in the region indicated
by blue circles in (g) and (h).

monomers for the longest protofibrils. The proto-
fibril length distribution showed contributions
across all lengths from 20 to 150 nm, suggesting a
relatively small growth unit. However, a modest dip
in population from 40 to 60 nm was also observed.

The bifurcation of the two aggregation trends
became quite clear during this stage (Fig. 2h). The
juncture at which globular particles appear to choose
between the two modes of assembly occurs at 3.8 nm,
roughly corresponding to Bis. Along the globular

growth pathway, after the bifurcation point, further
growth of AggB resulted in a small population of
AggB larger than that of hexadecamers. The popu-
lation of globular particles between ~3 and ~4 nm,
corresponding to By, and By, increased and became
comparable to that of Bg. The population of AggB
larger than the bifurcation point was clearly lower
than that of smaller AggB (Fig. 2h).

AFM images after more than 60 days of incubation
were dominated by mature fibrils, indicating that
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Fig. 3. Observed height-real length (2r,) profile of
globular p-LGA aggregates on the surface as measured by
AFM. Globular particles of a given size will be observed
with the same height in different images, but with
different lengths because of varying tip sizes. After the
removal of the tip effect using Eq. (10), with different tip
radii for each image, globular particles from 50 images
taken through the incubation gave a unified observed
height-real length profile. An empirical relationship
between H, and r, was derived according to this profile.
With known height and radius, the volume of globular
particles was calculated with Eq. (12). The circled numbers
indicate the number of monomers in globular particles
with corresponding observed height, calculated based on
particle volume and density on the surface.

much of the protein had been incorporated into
mature fibrils, as shown in Fig. 5. The fibril profiles
showed different heights and height periodicities
along them. The mature fibrils could be several
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Fig. 4. The evolution of the correlation decay time
distribution monitored by continuous DLS during the first
18 days of incubation. The brown, green, blue, purple, and
yellow lines correspond to the correlation decay times of
globular monomer, dimer, tetramer, hexadecamer, and
40-mer, respectively. The intensity was normalized by the
maximum intensity of each incubation time point. The
tetramer remained the dominant peak from day 4 to day
18. After day 10, a wing appeared to longer decay times,
indicating aggregate growth up to approximately 40-
mers. Because spherical particles contribute to homodyne-
detected DLS in proportion to the square of their volumes,
the relative population of aggregates contained in this
wing was even smaller than their small amplitude with
respect to what the tetramer peak might suggest. The
appearance of this wing coincided with AFM detection of
globular particles on the surface. These observations, put
together, suggest that the growth of a conformationally
distinct species, AggB, defines the late lag phase.

Fig. 5. Mature amyloid fibrils detected by AFM after
65 days of incubation. During late-stage incubation,
mature fibrils of different heights were observed in large
numbers. They coexisted with small globular particles and
large amorphous particles on the surface. These fibrils
were unbranched and curved and could be several
micrometers long.

micrometers long. Our ThT luminescence measure-
ments showed a lifetime distribution pattern notice-
ably different from that observed during the growth
phase, which was dominated by protofibrils.®®
Globular particles and short protofibrils were also
observed to coexist with mature fibrils. Some very
thick amorphous particles were observed, but were
absent from early stages.

Mechanisms from kinetic data

Approach to simulating kinetics

We include all classes of species, as defined by
analyses of AFM, DLS, and luminescence lifetime
distribution.®® We calculate the evolution of the
concentrations of all kinetically active species without
first simplifying to moment analysis or other aver-
aged quantities. To simplify the optimization of the
individual kinetic rate constants, we treat bimolecular
reactions with activated collision theory, assigning
similar barriers to similar reactions. This allows us to
define the rate coefficients in terms of energetics. We
included only the minimum number of intermediate
species and reaction steps necessary to reconstruct the
major features of the observed data. In general, an
infinite number of more complicated mechanisms
could also fit the data. We parsimoniously reject such
mechanisms. By including both forward and reverse
rates in our analysis, we are able to estimate free-
energy changes at each step of the aggregation.

Early-lag-phase reactions

The main feature of experimental DLS data for early
lag phase was a shift from the monomer peak at time 0
to dimer by day 2 and to tetramer by day 4 (Fig. 1).
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After day 4, the distribution pattern did not change
until the start of the late lag phase. This evidence
shows that the species presented during this early lag
phase (AggA) is composed of monomeric (M),
dimeric, and tetrameric (A4) forms. Moreover, mono-
mers aggregated into tetramers through dimers and
resulted in an accumulation of dimers and tetramers.

Nonreducing SDS-PAGE showed that oxidative
aggregation essentially halted at the dimer stage,
with a substantially reduced monomer still present
(data not shown). This result suggested that tetra-
mers form from oxidative dimers (AS) and non-
oxidative dimers (A,) or monomers (2M).

To account for our observations and to fit the DLS
data, we propose a three-step mechanism to create A,
as shown in Scheme 1. Initially, weakly associated
dimers A, formed from monomers. AS* formed by
structural reorganization and oxidation of A,. By day
4, both types of dimers had aggregated to form A,.

The simulation result for the proposed scheme is
presented in Fig. 6, with rate coefficients presented
in Table 1. The rate coefficients were optimized by
minimizing the Kullback-Leibler distance as in Eq.
(18). This simulation successfully caught the se-
quential shift of intensity peak in DLS from
monomer to dimer to tetramer. A close comparison
of the simulation to experimental data reveals a
difference mainly in the width of distribution at each
time point. However, without an adequate noise
model for the DLS simulation, a strict comparison
between simulation and experimental DLS was
inappropriate (ill-formed noise was addressed in
the simulation, and we did not know how particles
of different sizes actually contributed to dispersed
decay time distribution in our DLS measurement).

The broadening to longer decay times might be
caused by a small amount of AggA larger than A, or
might be due to the limits of the Gaussian model that
we used for the dispersion of the DLS distribution.
We found that inclusion of AggA species larger than
tetramers did not significantly improve the simula-
tion of the data set. To be thorough, we also included
possible pathways—2(A,) to A,, and 2(AS™) to Ay—
along with formation of heterotetramers. We found
that the main features of the data were reproduced
with or without the added complexity. Thus, these
minor pathways were excluded from the final
mechanism lex parsimoniae.

kay+
M + M: Ag

kaz

koay o
2 — A\ Azx
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kazy
Ar + A(Zh — Ay
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Scheme 1. Three step mechanism for the early-lag
phase. M, Ay, AP% and A, represent monomer, tetramer,
oxidative dimers and weakly associated dimers, respec-
tively. This scheme was used to simulate the evolution of
DLS decay time distributions represented in Fig. 6 with
the optimized rate coefficients in Table 1.
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Fig. 6. The evolution of the DLS correlation decay time
distribution constructed from a kinetic simulation of the
first 4.7 days of aggregation according to Scheme 1.
Species population a; was converted into DLS decay time
distribution (Is(7,t)) using Eq. (15). Correlation—time
distributions were renormalized to the maximum intensi-
ty at each incubation time point to facilitate comparison
with experimental data. Rate coefficients in Scheme 1 were
optimized to match the constructed distribution to
experimental data in Fig. 1. The brown, green, and blue
lines correspond to the correlation decay times of globular
monomer, dimer, and tetramer, respectively. Simulation
based on Scheme 1 captured the earliest aggregation
events: the DLS decay time distribution shifted from
monomer to dimer, then to tetramer by day 4.

All the reactions in this stage were determined to be
energetically favorable. Monomers converted readily
into more stable oligomers (A, ASX, and Ay) under
experimental conditions during the early lag phase.

Transition to growth phase

After day 10, a new class of globular aggregates
(AggB) began to appear and to grow in size along a
globular growth pathway throughout the incubation,
as detected with AFM and DLS. We propose that A,
formed in the early lag phase, converted into By
through a conformational change that eliminated the
calyx binding site for ANS. This change in structural
state was detected in our ANS and ThT measurements
as a change in the lifetime distribution pattern.® It
also enabled AggB to be stably absorbed to a modified
mica surface and to be detected with AFM.

We simulated AggB aggregation along this
globular growth pathway by appending Scheme 2
to Scheme 1, extending the aggregation mechanism
through the late lag phase before protofibril forma-
tion. Converting the AFM height-length 2D histo-
gram (Fig. 2e-h) into oligomer size indicates that
AggB sizes ranged from about tetramer (B,) to 80-

Table 1. Optimized rate coefficients for early-lag-phase
simulation under Scheme 1

kay, ka,— koa, koa_ kay., kay
[(@Mday) '] [day '] [day '] [day '] [(:Mday) '] [day ']
0.011 0.05% 0.28 0.05" 0.066 0.005"

AG°<-2.0KkJ]/mol AG°<-44KkJ/mol AG°<-6.7k]/mol

? The three reverse rate coefficients are upper limits; whereas fit
gives results that are effectively 0, simulations were insensitive to
rates below these values. The free-energy change AG° is
calculated based on the forward and reverse rate coefficients of
each step, using Eq. (24).
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Scheme 2. The mechanism for the late-lag phase
begins with the conformational conversion of A, to By, a
species lacking a stable calyx (AggB). B4 continues to grow
to Bgp by the addition of A4. Together with Scheme 1, this
scheme was used to generate the evolution of DLS decay
time distribution represented in Fig. 7 with the optimized
rate coefficients in Table 2.

mer (Bgp) during the 32 days of incubation. The
globular particle aggregation number histogram on
day 31 appeared to be multimodal, with peaks
separated by four monomer units. Moreover, an
analysis of the effects of the size and type of species
responsible for increasing AggB size found that a
tetrameric unit of assembly (Ay) best fits the data.

Figure 4 shows the evolution of the DLS correlation
decay time distribution during incubation for the
first 18 days from DLS measurement. We estimated
our rate coefficients in Scheme 2 by matching the
simulated decay time distribution with these data.
We scaled the forward rate coefficients for the
association steps kb, with Eq. (19), assuming the
same energy barrier AG* for all these steps. This
assumption implies that the interactions between all
AggeB and A, are the same, reducing the number of
kb, from 19 to 1. The same reverse rate coefficient was
used for all the disassociation reactions here.

In the experimental data, a wing apart from the
predominant tetrameric peak appeared at around day
10 (Fig. 4). This wing corresponded to AggB sized
between tetramers and 40-mers. The small intensity of
this wing indicated that these bigger AggB were
relatively small in population compared with the
tetrameric forms A4 and B,. The addition of Scheme 2
to the model successfully reproduced the evolution of
the DLS wing arising from AggB growth. Moreover, it
reproduced the population relationship between
AggA and AggB implied by the intensity difference
of their contributions to the decay time distribution
(Fig. 7). The small discrepancy between the shape of
the simulated DLS decay time distribution and the
shape of the experimental DLS decay time distribution
is again attributed to the lack of a noise model for DLS.
Because of the great heterogeneity of the system at this
stage, multiple species contribute to the edge of the
AgeB wing. This situation prevents a precise determi-
nation of the maximum particle size in the experimen-
tal data. However, we will show below that these
larger (~40-mers) AggB species are beyond the point
at which the aggregates convert into protofibrils and

0.8
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Fig. 7. DLS correlation decay time evolution con-
structed based on species population from kinetic simula-
tions for the first 18 days of incubation. We included AggB
aggregation before protofibril formation as in Scheme 2. g;
was converted into DLS decay time distribution (Is(t,t))
using Eq. (15). The correlation—time distributions were
normalized to the maximum intensity at each incubation
time point. The brown, green, blue, purple, and yellow
lines correspond to the correlation decay times of globular
monomer, dimer, tetramer, hexadecamer, and 40-mer,
respectively. This simulation, including AggB aggregation
with the successfully captured assembly event, occurred
during the late lag phase, as shown by the wing that
appeared at around day 10.

have minimal influence on the overall kinetic behav-
ior. Optimized rate coefficients and barrier parameters
appear in Table 2. According to these parameters, the
formation and growth of AggB were energetically
unfavorable under incubation conditions.

We also tested whether By can be used as the
assembly unit for AggB growth. The amount of
AggB in both cases was determined by the
formation of B, from A, The rate coefficients
required to match the experimental data implied
that AggB aggregation was energetically favorable.
This result precludes a nucleation barrier to proto-
fibril formation from AggB. These observations and
the characterization of the formation of amyloid as a
nucleated process lead us to discount this mecha-
nism. However, from the experiments, we cannot
conclusively distinguish between them. In the
discussion that follows, our conclusions about the
roles of the different classes of oligomers do not
change depending on this detail of the mechanism.

Growth phase reactions

Starting at around day 20, a second pathway for
aggregation was observed by AFM: protofibril forma-
tion and elongation. The second pathway caused a
bifurcation in the height-length 2D histogram at

Table 2. Optimized rate coefficients for late-lag-phase
simulation under Scheme 2

kab, kab_ kba. kbg._ AGH
[day™'l  [day '] [(@Mday)'] [day '|  [KJ/mol]
0.024 0.28 0.023 0.067 62.1

AG°=6.9 kJ]/mol AG°=2.7 kJ]/mol

The free-energy change AG® is calculated based on the forward
and reverse rate coefficients of each step, using Eq. (24). AG* is the
energy barrier to AggB growth steps.




142

Small Oligomers on Free-Energy Landscape

around By (Fig. 2g and h). We added Scheme 3 to our
overall mechanism to accommodate protofibril forma-
tion and elongation. We propose that once By is
formed, it may either continue to grow into By, or go
through a conformational change to form a protofibril
nucleus Fy¢. This conversion into protofibril structure
was confirmed by ANS and ThT fluorescence lifetime
measurements.®® Protofibrils were observed to grow
as long as 150 nm (Fig. 2h), corresponding to about a
252-mer. We considered that the protofibrils elongate
through association with A4 the most populated
species prior to the growth phase.

We estimated our rate coefficients in Scheme 3 by
matching the simulated height-length 2D histogram
with experimental data, as in Fig. 2. As in AggB
simulation, we used the same energy barrier to all the
steps in protofibril elongation and used Eq. (19) to
scale the forward rate for elongation kf, and to reduce
the number of free parameters. We used the same
rate coefficients for all the disassociation reactions
and found that the reverse rate was negligible.

The overall simulated height-length 2D histogram
from day 11 to day 31 (Fig. 8) was able to reproduce
our experimental data. Aggregation proceeded
along the two major pathways of assembly. The
range of AggB sizes increased with incubation time,
with the mode of the population also shifting to
larger sizes. During the late lag phase, B, was the
dominant AggB size, with a very small number of
larger AggB oligomers. During the growth phase, Bs,
Bi,, and By populations increased dramatically. The
appearance time of protofibrils was consistent with
the small number and length of protofibrils present
on day 23, which then became abundant and long by
day 31. The maximum length of protofibrils observed
during the experiments was reproduced at about
150 nm. The relative population of AggB and
protofibrils in the AFM (excluding Bs) was repro-
duced at 0.24. The population of AggB was dramat-
ically lower above the bifurcation point B14/ F16.

There were also several detailed features that
were not captured by our simulation. First, the size

kbf

Bis——= Fis
kbf_
64
Fig+ Ay /= Fxy
;\:’r](L

kfag,
Fo+ Ay —— Fou
kfoy

kfsags
Frg + Ay — Fas

252

Scheme 3. The mechanism representing the growth
phase begins with conformational conversion of By to Fy4,
a protofibril of the same size. Fy4 continues to grow to Fs,
by the addition of A4. Together with Scheme 1 and 2, this
scheme was used to generate the evolution of AFM
histograms represented in Fig. 8 with the optimized rate
coefficients in Table 3.
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Fig. 8. AFM height-length 2D histograms constructed
from kinetic simulation of Schemes 1-3. The 2D histogram
was constructed using Eq. (16) and the simulated
population distribution for (a) day 11, (b) day 15, (c) day
23, and (d) day 31. The population distributions were
normalized by the most populated species for that day to
facilitate comparison with experimental data. The circled
numbers on the right of 2D histograms give the number of
monomers in globular species of corresponding heights,
referring to Fig. 3. The red dots at the top of (d) show the
number of monomers in protofibrils of corresponding
length, calculated with Eq. (14). Both the globular and the
fibrillar growth patterns observed in the AFM experi-
ments are reproduced by the simulation. This simulation
captured the protofibril elongation events during growth
phase. Two trends were simulated: globular assembly and
fibrillar elongation.

evolution of AggB did not match exactly with our
data. For example, on day 23, the model over-
predicted the By, population (compare Fig. 2g to
Fig. 8c). Our assumption that the energy barrier was
the same for all steps in AggB aggregation could be
an explanation of this problem. Second, a small
number (approximately 3%) of particles higher than
6 nm were observed by AFM, but did not
appreciably populate in the simulation (Fig. 8g
and h). These particles could be experimental
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artifacts from AggB and short protofibrils sitting on
top of each other. Alternatively, they could arise
from aggregation steps involving the larger AggB
aggregates. This class of reaction was not included
in our final model. Third, the bundling of several
protofibrils to form thicker fibrils was not consid-
ered to be important at this stage. Thus, no thicker
fibrils were present in the simulation result. Fourth,
we did not consider the possibility of AggB thicker
than protofibrils converting into protofibrils as By
did. The observation of particle between the two
aggregation trend lines suggests this possibility,
although the small population suggests a minority
contribution at best. Fifth, close inspection of the
protofibril length distribution in Fig. 2 shows that
there may be a local minimum of the population at
~50 nm, suggesting a local free-energy maximum at
this protofibril length. We have made no attempt to
account for this feature, as our focus is on the
oligomeric species leading up to protofibrils and not
on the details of protofibril elongation.

Another possible mechanism was to use By,
instead of A, as the protofibrillation elongation
unit. The simulated fluorescence data from that
model did not match our ANS measurement in the
sense that the A, population decreased too slowly
during aggregation. Our simulation also showed
that monomer addition could not account for
protofibril elongation in our case because not
enough monomers were around in the system to
interact with the protofibril for elongation at this
stage. We did not include protofibril elongation via
end-to-end interactions between short protofibrils.
Considering the low concentration of protofibril and
their slow rate of diffusion in solution compared
with Ay, the effective rate of such a reaction is likely
to be very low. The remainder of the discussion
focuses on the mechanism, with A4 as the elongation
unit.

The optimized rate constants appearing in Table 3
predict that there is a free-energy decrease for the
conversion from By into the smallest amyloidogenic
structure Fis. After optimizing the simulation, we
found during sensitivity test that as long as kf-
values were smaller than 0.3, they had no effect on
the simulation results. Thus, the kf- values were
bracketed between 0 and 0.3. With coefficients in
this range, the calculated Gibbs energy change using
Eq. (24) was always negative; thus, the protofibril
elongation steps were energetically favorable. This
result implies that protofibril species can work as
template to incorporate assembly units and can be
used as seeds to induce fast assembly with enough
assembly unit around.

Validation of kinetic model with ANS data

We used qualitative aspects of the ANS data to
guide the formulation of the kinetic model. We now
use the kinetic simulation that was based on AFM
and DLS fits to generate the evolution of the ANS
fingerprints that were previously measured.®® Thus,
the ANS data provide an independent measure of

Table 3. Optimized rate coefficients for growth phase
simulation under Scheme 3

kb, kbf Ko Kfuo- AGH
[day™ [day™ '] (1M day)™ '] [day 'l [kJ/mol]
0.099 0.00076 0.67 0.3 523

AG°=-12.5kJ/mol AG°<-2.1 kJ/mol

# This reverse rate coefficient is the upper limit; simulations
were insensitive to rates below these values. The free-energy
change AG® is calculated based on the forward and reverse rate
coefficients of each step, using Eq. (24). AG* is the energy barrier
to protofibril growth steps.

the evolution of different species in solution against
which we may test our overall kinetic model.

We used Eq. (17) with the populations of the
different classes of oligomers generated by the
kinetic simulations to simulate the different fluores-
cence contributions we have previously reported.®®
The evolution of the ANS lifetime distribution
fingerprints is shown in Fig. 9 (top). By comparison,
the simulated contribution to fluorescence is shown
at the bottom. The kinetic simulation was not
adjusted to match the ANS data, nor were the
relative amplitudes of the different contributions
adjusted. The bottom panel may also be interpreted
as the amount of monomer accumulated into each
species.

As in the experimental data, three stages of
aggregation appeared in our simulated fingerprint
evolution with the same time span. From day 0 to
day 10, the dominant process was conversion of
monomers into tetramers via dimers. Here we
reassign the monomer fingerprint in our last study
to monomer plus both nonoxidative and oxidative
dimers.

The contribution from monomer and dimers
dropped dramatically as the tetramer reached its
maximum population at around day 10. During this
stage, a reservoir of groteins made up of energeti-
cally favorable A,, A;™, and A4 accumulated before
the appearance of any amyloidogenic species. From
day 11 to day 21, A4 converted into AggB, as shown
by the anticorrelation of the two populations.
Energetically unfavorable AggB accumulated in a
relatively smaller population than AggA before
nucleation of protofibrils. After day 22, A, contri-
bution decreased, while the protofibril fingerprint
intensity increased accordingly, and the contribu-
tion from AggB plateaued. Protein was incorporated
into protofibrils via A4.

One difference between the simulation and the
experiment fingerprint evolution was the contribu-
tion from protofibrils. The ANS lifetime measure-
ment showed that the protofibril contribution was
flat before day 20 and increased abruptly after day
21. In the simulation, this contribution was flat
before day 10 and increased gradually afterwards.
One possible source of this discrepancy is our
omission of the conversion of protofibrils into fibrils
from the mechanism. Larger fibrils appear to bind
ANS and ThT differently from protofibrils. Another
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Fig. 9. ANS fingerprint contribution was calculated as
an independent validation of the kinetic model. Top:
Experimental ANS fingerprint contribution evolution of
different classes of species for 28 days of incubation.
Bottom: Simulated ANS fingerprint contribution evolu-
tion based on species population from kinetic simulation,
using Eq. (17). Three stages of growth featured by AggA,
AggB, and protofibril formation were captured.

possibility is that the fingerprint for protofibrils
should more closely resemble that of AggB. The
protofibril fingerprint was generated by removing
as much AggB fingerprint from the late-stage
distributions as possible while maintaining nonne-
gativity. In this case, the fingerprint for AggB would
include contributions that should be attributed to
protofibrils, which may account for the biphasic
appearance of the experimental AggB fingerprint
evolution.

ANS fingerprints do not give concentrations of
individual species. The fingerprint is an average of
the different contributions to the ANS lifetime
distribution averaged over all the species included
in the class of oligomer. Because the relative
contribution of each size in a given oligomer class
changes during incubation, the connection between
a fingerprint and the overall population may not be
fixed. ANS partitions among all its available binding
sites according to populating and binding affinities,
preventing an absolute concentration of a species
from being determined. Note that in spite of all these

caveats, the simulated fingerprint evolution was
obtained using the same proportionality constant
for all species. Figure 9 shows that for three of the
fingerprints that the evolution simulated from AFM
and DLS data, the experimental ANS signals match
quite well. This suggests that the different classes of
aggregate have similar binding properties to the
surface in the AFM experiments and to ANS in the
fluorescence experiments.

Discussion

Aggregation free-energy landscape

The detailed kinetic mechanism allows us to
generate an aggregation free-energy landscape
under the amyloidogenic conditions of our experi-
ments. The free-energy change of each reaction AG°
was calculated from Eq. (24) using optimized
forward and reverse rate coefficients. We included
the four reactions where the simulation produced
only an upper limit for the reverse rate constants
(kay—, koa_, kas—, and kf-) by considering the least
negative AG® for the aggregation step in question
that was supported by the data. For each of these
steps, the free-energy landscape could be steeper
than shown in Fig. 10. Free-energy barriers AG*
were determined as a fit parameter in Eq. (19), which
is not applicable for unimolecular reactlons For
visualization purposes, barriers to A2—>A2 and
A4— B, are shown in Fig. 10 with AG* for the
growth reaction of the respective product species,
since they should involve similar conformational
changes. Similarly, we show the energy barrier to
By6— F16 as 1.5 times that of protofibril elongation.
Based on simulation, the population of By, was
always in excess of Fi4 (>20 times), indicating that
this step is rate limiting compared to protofibril
elongation.

Formation of AggA oligomers is energetically
favorable for all steps, as shown in Fig. 10. The
accumulation of AggA in this local free-energy basin
at A4 is the main characteristic of the early lag phase.
Reactions in the late lag phase that form and grow
AggB are uphill. Filling of the shallow free-energy
basin by populating AggB is the main feature of the
late lag phase. There is a bifurcation in the energy
landscape at Bys. Growth of AggB remains unfavor-
able above Bys. However, at this point, formation of
protofibrils becomes favorable, signaling the start of
the growth phase. The lag time for B-LGA fibrilliza-
tion kinetics is caused by the accumulation of AggA
and the energetically unfavorable formation of By,
species. The net free-energy increase of 15 kJ/mol
for Ay— By does not involve any bracketed rates.
The sequential downhill elongation of protofibrils is
the main driving force for -LGA amyloid assembly,
leading to the formation of mature fibrils. This
aggregation free-energy landscape leads to four
different behaviors for oligomers based on their
kinetic relationships.



Small Oligomers on Free-Energy Landscape

145

apparent free energy (kJ/mol)
[T B .
-30 -10

10 30 50 70

Fig. 10. Free-energy landscape for B-LGA amyloid assembly. Assigning the origin of the free energy as the partially
unfolded monomer, the apparent free energies for AggA, AggB, and protofibrils are plotted based on the free-energy
change of each reaction. The gray arrows show the path of increasing aggregation number for each class of aggregate,
while the red arrows show the conformational conversions (A, to AD*, Ay to By, and Bigto Fy 6)- Four types of oligomers are
identified by their location in the energy landscape and by their role during amyloidogenesis. Reservoir oligomers sit at a
free-energy valley. Nucleating oligomers are the species with the highest free energy along the amyloid formation
pathway. Sequential assembly after nucleation of seeding oligomers follows a downbhill trend on the energy landscape,
which is the driving force for fast amyloid protofibril elongation in the growth phase. Formation of dead-end oligomers
has a much smaller driving force than protofibril elongation and is off the amyloidogenic pathway.

Species involved in amyloidogenesis

Reservoir oligomers are located in a stable valley on
the free-energy landscape. The dominant reservoir
oligomer is A;. However, other AggA species and
AggB smaller than By, also contribute to the pool of
aggregated misfolded proteins. These small oligomers
accumulate at relatively larger populations during the
lag phase. The pool of stable reservoir oligomers
mediates later aggregation events. Under the amyloi-
dogenic conditions of our experiments, reservoir
oligomers dominate the lag phase and the early
growth phase. Reservoir oligomers eventually attain a
size large enough to undergo the critical conforma-
tional change to the cross-p-structure of amyloid.

Nucleating oligomers Bys— Fi¢ exist at the maxi-
mum free energy of intermediates along the amyloid
aggregation pathway. Nucleating oligomers do not
have the stable structure of amyloid and may not
have a conformational relationship to the monomer
or to other oligomers. As the species with maximum
energy along the amyloid formation pathway,
nucleating oligomers are metastable and present in
relatively small populations.

Oligomers that have crossed over the barrier to the
cross-B-structure are seeding oligomers that mark
the beginning of the amyloid fibril cascade. Proto-
fibrils bigger than Fic belong to this class. Seeding
oligomers can act as templates for the conformation
conversion of units added to them; thus, their further
assembly is energetically favored. Addition of these

seeding oligomers to samples under amyloidogenic
conditions will reduce the length of the lag phase by
incorporating reservoir oligomers without the need
to wait for nucleating oligomers. Seeding oligomers
accumulate before the formation of mature fibrils
and dominate the growth phase. Isolating small
seeding oligomers would require manipulation of
experimental conditions to alter the free-energy
landscape, so as to limit the elongation of protofibrils
or to induce the fragmentation of larger protofibrils.

We designate AggB oligomers larger than By as
dead-end oligomers. They are formed by continued
growth of reservoir oligomers without converting
into amyloid structure. Dead-end oligomers are uphill
and off-pathway from amyloid; under amyloidogenic
conditions, they remain in small populations. Isolat-
ing dead-end oligomers would require manipulation
of experimental conditions to prevent the nucleation
step (B1g— F16) from occurring.

Relationship to other kinetic models

The free-energy landscape provides insight and a
common framework for discussion and comparison
of the present model to other common models of
amyloidogenesis. The chief feature of a nucleated
polymerization model is a sequential energetically
unfavorable aggregation to form a nucleus of critical
size.” Polymerization is favorable above this critical
size. This model precludes the accumulation of a
pool of oligomers in a local free-energy minimum.
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The Lumry-Eyring nucleated polymerization
(LENP) model is a generalization of many simpler
nucleation growth models.”! LENP includes five
stages of growth and has some superficial similarities
to our model. However, there are several important
differences. Our study focused on the phase after the
conformational changes of unaggregated protein
and before the condensation of a higher-order
assembly. In LENP, this stage is modeled as the
prenucleation, nucleation, and growth of soluble
aggregates via polymerization. The LENP prenuclea-
tion steps are comparable with our AggB formation.
However, the reservoir oligomer is missing in the
LENP model. The nucleation step in LENP is the
irreversible rearrangement of an oligomer to amy-
loidogenic form, implying a large decrease in free
energy. Our model showed only modest free-energy
changes for the conformational conversion steps and
the formation of the smallest amyloid species Fy¢. In
LENP, amyloid growth occurs by monomer addi-
tion; in our model, they elongate by incorporating
reservoir oligomers. Finally, we explicitly compare
the populations of the different species present in our
model to experimental data rather than calculating
averaged relaxation behavior.

The micelle nucleation model assumes an all-or-
nothing aggregation to form micelles,”"*" although
micelle formation may not be as sharp in proteins as in
traditional surfactants. We did not observe the coo-
perativity required for this model. However, there are
some important similarities between our model and
that of Lomakin et al. The micelle acts as a reservoir
oligomer above the critical micelle concentration. The
amphiphilic nature of proteins makes the formation of
micelle-like structures a reasonable model. A critical
micelle concentration also suggests a limit to the size of
a colloidal protein aggregate. Micelle nucleation
requires that the reservoir and nucleating oligomers
be the same. Amyloid growth from the micelle nucleus
was modeled by monomer addition.

The NCC model for Sup35 amyloid assembly can
fit into our picture in some aspects.”>”! Lag-phase
oligomers of Sup35 formed a reservoir and mediat-
ed fibril elongation, similar to AggA. The Sup35
experiments did not identify any other intermedi-
ates. In NCC, the reservoir and nucleating oligomers
are of the same size. In our model, nucleation occurs
through a larger and rarer intermediate.

We considered the possibility of AggB aggrega-
tion through addition of By, instead of A4. Because
A, and B, were in equilibrium with each other, the
simulation results were indistinguishable from these
two mechanisms. The parameters for growth by By
addition gave downhill aggregation, implying no
limit to AggB sizes. The globular aggregate height
was limited to ~9 nm, implying uphill aggregation
by As. However, AggB size may be kinetically
controlled by fibril formation.

Roles of oligomers in amyloid hypotheses

The presence of amyloid aggregates defines the
entire class of amyloid-related diseases. Because

production of amyloid is so often observed during
disease progression, any suspected toxic species
should be present under the physiological condi-
tions that produce amyloid. To play a role in the
disease, aggregates must be cytotoxic and stable
enough to accumulate under the disease-relevant
amyloidogenic conditions. Experimental tests of the
amyloid cascade and toxic oligomer hypotheses
mainly evaluate the first requirement of toxicity. The
two hypotheses have differing free-energy land-
scape requirements.

The amyloid cascade hypothesis states that
accumulation of autocatalytic amyloid fibrils and
plaques cause the deficits in amyloid-related
disease.'” The free-energy landscape picture pro-
vides restrictions on this hypothesis. First, the
reservoir must fill to the point that nucleating
oligomers are formed to allow creation of seeding
oligomers. Second, reservoir oligomers must accu-
mulate in sufficient numbers to support elongation
of protofibrils. Thus, two classes of oligomers are
relevant to disease progression under the amyloid
cascade hypothesis: seeding oligomers and reservoir
oligomers. Single amino acid mutations that in-
crease the rate of amyloid formation often increase
the rate of disease progression.'****! This suggests
that the mutations must either increase the depth of
the reservoir and/or decrease the barrier to nucle-
ation. An increase in cross-pB-propensity would
stabilize the amyloid product, but would not
increase the rate of amyloid formation unless the
transition state at the nucleation step resembles
cross-B. This idea can explain the inconsistency in
the secondary structure prediction of amyloid-prone
sequences. A net kinetic effect will appear only if the
nucleation barrier is reduced or if the population of
the reservoir oligomers is increased.

Reservoir oligomers are required for elongation of
amyloid protofibrils. Therefore, the assays of toxic-
ity of seeding oligomers when a pool of reservoir
oligomers is not also present do not strictly evaluate
the validity of the amyloid cascade hypothesis.
Seeding experiments often show that the lag phase is
greatly reduced, but not completely eliminated, as
would be expected of a simple nucleation model.
Under seeded conditions, the rate-determining step
may be reformation of the pool of reservoir
oligomers. The downhill landscape after the forma-
tion of nucleating oligomers assures the stability and
accumulation of seeding oligomers and long proto-
fibrils, which are the dominant diagnostic species in
most investigations of amyloidogenesis. If this is
true, then it is critical to prevent the formation of
nucleating and seeding oligomers.

The free-energy landscape picture also provides
restrictions on the toxic oligomer hypothesis. Small
toxic oligomers must exist at local free-energy
minima with significant barriers to amyloid forma-
tion (i.e., they must be reservoir oligomers). Thus,
kinetic mechanisms that imply local minima at only
the monomer and fibril locations in the aggregation
free-energy landscape are incompatible with the
toxic oligomer hypothesis.
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The small oligomers used to assay toxicity have
many morphologies as they arise from many
different, often physiologically impossible, prepara-
tion conditions. The different preparation conditions
likely constrain the aggregation to oligomers that
may be unstable or impossible under amyloidogenic
conditions. No attempt is usually made to place the
oligomers into the context of amyloidogenic aggre-
gation. As a result, any combination of kinetic roles
may be active in the assayed samples.

The toxic oligomer hypothesis cannot, on its own,
explain why amyloid is observed in amyloid-related
diseases, nor can it explain the correlation between
single amino acid mutations that increase amyloid
propensity and the onset and severity of disease-
related symptoms. This coincidence of the toxicity of
small oligomers and their amyloidogenic properties
can be explained with our mechanism. For the
formation of amyloid fibrils, which are the ultimate
indicators of amyloidogenesis, reservoir oligomers
must be present under amyloidogenic conditions.
The rate of growth of amyloid protofibrils is
controlled by the concentration of the reservoir
oligomers. If the reservoir oligomers are also
intrinsically toxic, this can explain the coincidence
between the progression of disease and the presence
of amyloid, as both depend on the concentration of
the reservoir oligomers. It also explains the effects of
single amino acid mutations if such changes increase
the population of the reservoir oligomers.

Identification of targets for therapeutics depends
on the nature of the aggregation free-energy
landscape. Therapeutic intervention relies on the
inhibition or acceleration of particular reactions,
which can be accomplished by increasing or
decreasing the barriers to the aggregation free-
energy landscape. For example, 3-LGA monomer is
stabilized by the binding of an appropriate ligand,
which increases the barrier to aggregation. Another
approach is to open new reaction pathways to
important species in the aggregation free-energy
landscape. Our mechanism suggests that the
formation of reservoir oligomers is a key feature
of both dominant amyloid disease hypotheses.
Reservoirs oligomers are accordingly the best target
during therapeutic design. For example, toxic
species could be cleared by converting them to
innocuous species. However, inhibiting fibril for-
mation might enhance the population of reservoir
oligomers and enhance toxicity if the toxic oligomer
hypothesis is correct. Other therapeutic interven-
tions could have similar unintended consequences
because of the details of the aggregation free-energy
landscape.

Materials and Methods

Incubation of B-LGA

B-LGA from bovine milk (product no. L-7880, lot no.
026K7000; Sigma) was found to contain salt impurities at a
level of approximately 50% by mass and was therefore

dialyzed against 100 mM (pH 7.0) phosphate buffer to
remove salt prior to use. Stock urea (Sigma) and
phosphate (Sigma) buffer solutions were filtered with
0.02- and 0.22-um filters, respectively. No filtration was
performed after protein solution dialysis. The final
solution for incubation was approximately 0.95 mg/ml
B-LGA in 13.7 mM (pH 7) phosphate buffer with 5.0 M
urea. Concentration was verified by UV absorption. This
sample was incubated in an Eppendorf tube at 37 °C
without agitation for over 30 days. Incubations were
performed on three separate occasions and produced
consistent DLS and luminescence results each time. AFM
measurements were performed in parallel with replicate
samples and gave consistent results for three different
incubations.

AFM sample preparation and imaging

Each day, after inversion of the tube once, 20 pl of the
incubated solution was aliquoted for AFM imaging on
modified mica. To modify the mica surface, we applied
20 ul of 0.1% (vol/vol) APTES (catalog no. 151081000;
Acros) evenly on a freshly cleaved 9.9-mm-diameter
muscovite mica disk (product no. 50; Ted Pella) and
allowed it to react for 10 min.””> Unreacted APTES was
rinsed away with 15 ml of Millipore water. The surface was
dried with HPLC-grade compressed nitrogen gas. The
incubated sample was applied evenly on this freshly
prepared surface and allowed to adsorb for 3 min.
Unbound species were rinsed away with Millipore water.
Residual water was blown away with nitrogen gas. The
sample was imaged by a MultiMode Scanning Probe
Microscope with a Nanoscope Illa controller (Veeco), with
a tapping-mode etched silicon probe (TESP; Veeco) in
tapping mode in air. The scan speed was 1 Hz, with an
image size of 512 x 512 pixels. Samples were stored in disk
carriers when further imaging was required.

Image analysis

Image analysis was performed using a custom protocol
developed to identify, classify, and measure all the
particles in the many images taken throughout the
incubation. We classified the detected particles as globu-
lar, protofibrillar, and long fibrillar, based on size and
morphology. Models were used to deconvolute tip effects
from the image lateral dimensions. The aggregation
number j was calculated based on the deconvoluted size
of particles.

Particle identification

The tilt in raw AFM images was removed by fitting scan
lines to a polynomial to yield flattened images. A dynamic
threshold method was used to distinguish particles from
the background.” Each nonborder pixel in the flattened
AFM image was assigned a local background level M(x,y)
by averaging the values of nxn pixels around it. A user-
defined threshold ¢ was assigned for each image
according to its background and noise. Pixels with value
P(x,y)>M(x,y) + b were retained in a binary image mask
to identify particles. Next, the position of the pixels with
maximum value in each particle in the masked image was
determined. With the use of these peak pixels as centers,
small pxp subimages containing only one detected
particle were extracted from the flattened image. These
subimages were used in the next particle classification and
measurement steps.
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Particle classification

We classified the particles based on a few simple
features. The rarely observed long fibrillar species needed
a much greater number of pixels to describe them and
were easily distinguished from globular and short proto-
fibrils. Such long fibrils were manually characterized by
their height profiles. The globular and protofibrillar
classes were abundant, so we automated the classification
and measurement protocol. The globular particles were
distinguished from short protofibrils by circularity, or the
ratio of the square of the particle perimeter to 47 times the
particle area. A perfectly circular particle consequently
would have a circularity of 1. A value of 1.2 was used to
distinguish globular and protofibrillar particle classes.

Particle measurements

To automate the dimensional measurements of large
numbers of globular and protofibrillar particles in the
image, we fitted particles to 2D functions. These functions
were solely designed to capture the observed shape and size
of particles on the surface, as in the AFM images. Subimages
containing globular particles were fitted to 2D Gaussian
function, as in Eq. (1). The elliptical Gaussian function
included deviation from circular geometry. Other functions
were used to characterize geometry. However, none offered
improvements in reliability over the simple 2D Gaussian:

&-@)]) o

X =(y —yo)sin() + (x — xg)cos(6)
Y =(y —yo)cos(0) — (x — xo)sin(0)

1
Pg(x,y) = Py + aexp (— 3

where

The fit parameters x, and y, gave the position of
globular particles in the subimage, and 6 described their
orientation. The background Py, the amplitude «, and the
standard deviation along the major and minor axes of the
2D Gaussian o, and o, were related with particle
dimensions. The fit parameter o systematically over-
estimated the height of globular particles in a width-
dependent manner. Therefore, we calculated the observed
globular particle height on the surface Hg by subtracting
the local background P, from the maximum pixel value of
the particle. The observed globular particle radius on the
surface R, is calculated as the average of the half lengths at
half maximum of the major and minor axes:

Ry = v/2In2 (;)l + oy) 2

To model the morphology of protofibrils on the surface,

we used a box with height H, length L;, and width W;,

convoluted with a symmetric 2D Gaussian with standard

deviation o.. The resulting function was used to fit the
subimages containing protofibrils (Eq. (3)):

) w522
felC) (2] o
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The fit parameters Hy, Ly, and W; were used directly as the
observed height, half length, and half width of protofibrils

Pf(x7y) = P() +Hf

on the surface, respectively. o. accounted for both the
edge shape of the protofibril and the tip.

Tip deconvolution and calculation of aggregation number

The molecular volume of each species observed is
proportional to the aggregation number j:

j=Vi/\a (4)

The volume of the folded monomer V; is approximately
the maximum density achievable for the protein. Because
of sample drying and soft sample tip compression, we
assumed that all the species on the surface had the same
density as the folded monomer. With a molecular mass of
18.4 kDa and a radius of ~1.76 nm, the density of folded
monomer was calculated to be 1.34x10 2! g/ nm>. To
determine the aggregation number j for each species, we
converted the fit dimensions of globular particles on the
surface into real particle dimensions and volume.

Particles in an AFM image are flattened by the
interaction with the surface and by compression from
the tip. We modeled the particles as a disc of thickness /1,
with a radius of 7, and rn+h, for the top and bottom
surface, respectively (Fig. 11). Its volume V, can be
calculated as in Eq. (5):

Vg = /Ohg n(rm + <h§ - zz>)2dz )

1
= Zhgn (402 + 3mhyrm + 677, )

Two experimental phenomena must be taken into
account in the model. First, particles were partially
embedded in an amorphous protein layer on the
surface of thickness h,, resulting in a smaller observed
height H,:

Hy=hg —hy (6)

Second, the lateral dimensions of particles are over-
estimated by the effect of the AFM tip. We modeled the
tip as a sphere with radius 7. The blue trace in Fig. 11
illustrates the path recorded by the AFM tip under this
geometry.

This observed profile z(x) can be represented analyti-
cally by a piecewise function:

h x<-X
\/(hg + rf)zf(x + rm)zfrt —X<x<—ry
2(x)=9 " ~Im<X<rm  (7)
\/(hg + rt)zf(x —rm)’ =1 rm<x<X
hy X<x
where
XE\/(hg+rt)2_(l’lu+1’t)2+7’m (8)

is the x position where the tip first contacts the particle.
Ry is the radius measured at half height and includes

both an effect from the tip r; and the surface layer h,,. The

true radius of the particle at half height above the layer is

r¢ and can be expressed by:

Tg =Tm+ % \/(hg —hy) (3hg = hu) ©)

To convert the observed width R, into the globular
particle radius r;, we use Eq. (9) and set Eq. (7) to its value
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Fig. 11. Schematic of tip scanning globular particles
deposited on the surface during AFM imaging. Globular
particles are modeled as a disc (red) partially embedded in
a layer of deformed protein /, thick (brown). The tip is
modeled as a sphere with radius r.. The size of the tip
prevents it from exactly tracing the particles on the
surface. The trace (blue) of the last atom on the tip (blue
spot) is recorded as particle profile during imaging.
The height of the particle (i) is underestimated to be H,
(=hg—hy), and the radius (r,) is overestimated as R, during
measurement. Based on this model, with observed height
Hg and radius Rz, we calculated the real dimension of
globular particles on the surface.

at the experimentally observed R; or z(Rg)=Hg/2+h,.
Solving for r, while eliminating r,,, and h, gives:

3 3
Tg :Rg(\/Hg (hu + ZHg+rt) - ¢Hg (hu + 4Hg>>

(10)

The parameter r,, is given by:

"m=Rg — \/Hg (hu + ZHg + rt> (11)

The volume of particle can be calculated from the
experimental quantities substituting Eqgs. (6) and (11)
into Eq. (5), giving:

V= %n [4(Hg +1y)’ +3n(Hg + 1)’

x (Rg - \/Hg(SHg/4+hu+rt)) +6(Hg+hy)

x <Rg — \/Hy (3Hg /4 + Iy + rt)ﬂ (12)

Using Eq. (12) requires the observed dimensions (Hg,Ry)
for each particle and estimates for the tip radius r, and
thickness of the surface layer /i, for the entire image. The
amorphous protein layer on clean mica surfaces was
observed to be 0.6-0.8 nm thick. Therefore, the surface
layer thickness was taken to be /1, =0.7 nm for all images.
Globular particles of the same volume and shape from
different images should have the same height /i, and
lateral dimension r,. During imaging, tip wear and
contamination from the sample resulted in deviation
from its nominal radius of ~10 nm. Although the
distribution of heights is relatively unaffected by the tip
shape, the distribution of lateral dimensions is strongly
perturbed by it. Images with slightly different tip radii
were pooled by adjusting the tip radius parameter for each
related image such that the overall height-lateral dimen-
sion distribution was matched. We matched the Hy and
real length (2r,) 2D histogram profiles for 50 images taken

during the 32 days by adjusting the tip radius of each
image. The tip radius was typically ~20 nm, although this
parameter ranged between 5 and 80 nm. The resulting
total histogram, shown in Fig. 3, provided an empirical
relationship between Hy and rg:

Hy=0.50,/412 —7.8%+0.3 (13)

shown as the dotted line in Fig. 3. This empirical function
also allowed us to use Egs. (12) and (4) to correlate the
heights of globular particles to their volumes and
aggregation number, as shown by the numbered circles
in Fig. 3. This relationship is used to convert kinetic
simulation data, which return the aggregation number j to
particle dimensions that we compare with our data.

To determine the aggregation number of protofibrils,
we used the same protein density as the globular particle
on the surface. We used the observed lateral dimension W¢
and L directly to calculate the volume of protofibril on the
surface V, assuming that the tip effect for protofibrils was
small because of their big size. Protofibrils were consid-
ered as ellipsoids to estimate their volume as in Eq. (14):

Vi= Zwaf(Hf +1y) (14)

Image analysis protocol performance

We applied this image analysis protocol to images from
the first 32 incubation days. Every image had a different
noise level associated with imaging conditions such as
image size, tip, temperature, and so on. We chose a local
threshold (¢) to include all globular species and fibrils while
rejecting the background from noise and the amorphous
protein layer. Some small features of the background were
unavoidably included. However, these features did not
have a well-defined shape and were too small for the fitting
algorithm to give accurate converged fits. Whether a
particle can be successfully fitted depended on how many
pixels in the images were used to define the particle and the
noise level in that image. For images of the same size, the fit
of small particles defined by just several pixels was more
likely to be compromised by noise than the fit of bigger
particles. The higher-resolution images allowed more pixels
to define a particle of a given size, making it more likely to
be successfully fitted. As a result, the population of the
smallest particles around 1 nm high was determined with
high accuracy in the 2-pm images, but was underestimated
in the 5-um images. Other than this uncertainty, enough
particles of different heights of interest were successfully
fitted (more than 85%) to give us a reliable estimation of the
species present and their population distribution.

Even though we carefully controlled the sample depo-
sition process, we observed small variations in particle
coverage between samples. We attribute this variability to
different degrees of APTES surface functionalization and to
variation during the Millipore water rinsing step used to
remove salt and any loose material. Although the particle
coverage on the surface varied between images, the relative
populations appeared not to change for a given point in the
incubation. Therefore, to allow comparison between
different days of the incubation, we normalized the 2D
height-length distribution for each day to the most
populated species detected on that day.

Kinetic simulations

All kinetic simulations were accomplished in Mathe-
matica 6.0. Kinetic models (as discussed in Results) were
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formulated based on the observation of different inter-
mediates. We numerically solved the resulting coupled
differential equations to get the population evolution for
each species. These populations were compared to DLS
and AFM results to determine kinetic rate constants and to
discard kinetic models that could not be made consistent
with observations.

Comparison of simulations to experiments

To directly compare with our DLS measurements, we
simulated the evolution of the correlation decay time distri-
bution based on the evolution of the population of different
species given by the kinetic simulation a;(t) (Eq. (15)). We
modeled the contribution of each species as a Gaussian
distribution positioned at the decay time corresponding to
its size with a standard deviation of 0.004 ms:

N2
L(t,t) = ijaj(t)exp (-% (%) ) (15)
j

where o is the scale factor between particle size and decay
time,6 gvhich was determined by our DLS experiments to be
0.02.

To convert the simulated population on each day a;(t)
into a height-length 2D histogram, as in AFM measure-
ments, we used Eq. (16):

W (LH) = Zaje’%<%> e’%@)z (16)
j

where, for globular particles, the observed height H, ; and
the real width I;; (as 2, ;) on the surface can be calculated
according to aggregation number, as discussed above
(Fig. 3). For protofibrils, an averaged observed height was
used for H;. The length I;; can be calculated (as L) with
Eq. (14). oy and oy are the standard deviations in height and
width measurement, respectively. They were estimated to be
0.37 and 2 nm, based on the dispersion of height and length
signals in the experimental height-length 2D histogram.

To generate the ANS fluorescence lifetime fingerprint
evolution based on population evolution from kinetic
simulation, we assumed that the fluorescence intensity
was proportional to aggregation number j in each species.
The total fluorescence C,(t) for a given class of oligomer
was obtained by the weighted sum:

Caly o 3 jay(t) (17)
]

where a;(t) is the time evolution of species concentration ;,
where a<{A,BF} and j is summed over the range of
relevant oligomer sizes. The same proportionality con-
stant was used for all species.

Determination of rate coefficients

The early lag phase contained several rate coefficients
that we fitted by minimizing the Kullback-Leibler
divergence™ between the simulated correlation decay
time distribution evolution and experimental data:

t
Lt —L(r, 0T =L(z, 01 g(w)) s
Z(( )T —Le(z, )T =1 )ogle(”)T (18)

where I(7,t)" and I.(7,t)" are the DLS correlation decay
time distributions normalized by the maximum intensity

of each incubation time point from simulation (Eq. (15))
and from experiment, respectively. After finding the
minimum divergence, we perturbed each parameter to
evaluate the sensitivity of the fit.

To account for the many related association reactions
present in the late lag phase and in the growth phase, we
began from a basic encounter theory approach assuming
diffusion-limited collisions with a free energy of activation
that accounts for both entropic and energetic barriers to
aggregation.”” The rate constant for association steps
during these phases k;, can thus be expressed as in Eq. (19):

_ac!
ki =kfe T (19)

where k' is the diffusion-limited rate constant for species
with aggregation number j reacting with the assembly
unit, kg is the Boltzmann constant, and AG* is the free-
energy barrier to that association step.

The diffusion-limited rate coefficients for globular
particle growth, by addition of globular assembly unit
As, were calculated with:

kg ; =47 (D5 + Dgj) (sols + Tsol ) (20)

where D; and Dy ; are the diffusion constants for globular
assembly unit and globular particles, respectively, which
can be calculated with Einstein-Stokes-Debye equation.
The globular particle radius in solution 7., ; was calculated
by assuming that all the globular species have the same
density 4.67x10"** g/nm’, which was calculated with a
partially unfolded monomer radius ~2.5 nm from DLS
measurements:®°
ksT

Dg,j = 672?1’]1’501,]‘ (21)

where ) is the viscosity of protein solution—0.876 cP in
our case (measured for 5 M urea in buffer at 37 °C).

For protofibril elongation, fibril-fibril interaction was
not included in the simulation. Protofibrils were elongated
by adding globular assembly units to the end. We
assumed that protofibrils had the same density and
dimension in solution and on the surface. The protofibrils
were treated as a string of imaginary touching spheres
whose diameter equaled protofibril height.”® The diffu-
sion-limited rate coefficient in this case is:

ki’ = 4m(Dgj + Ds) (reols + Tis) (22)

where Dy ; and Dj are the diffusion constants for the fibril
and the globular assembly unit, respectively. ris is the
radius of the imaginary sphere, which equals half the
height of protofibrils H¢+h,,. Again, an averaged height on
the surface was used.

The diffusion constants were calculated using;:

Dy = ‘ (23)

where D;s is the diffusion constant for the imaginary
sphere and N is the number of spheres along the
protofibril, calculated as the protofibril length divided
by protofibril height.”®

Calculation of free-energy difference

The free-energy difference was calculated as:

f+ (24)

AG]'O = — kBTll’l
(j+9)—
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where 0 is the number of monomers in the association unit
and kj. 5)- is the reverse rate for association steps.
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