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Protein aggregation can lead to major disturbances of
cellular processes and is associated with several diseases.
We report kinetic and equilibrium data by ThT fluore-
scence and enzyme-linked immunosorbent assay of suffi-
cient quality and reproducibility to form a basis for
mechanistic understanding of amyloid S-peptide (Af)
fibril formation. Starting from monomeric peptide in a
pure buffer system without cosolvents, we find that the
kinetics of A3 aggregation vary strongly with peptide
concentration in a highly predictable manner. The free A
concentration in equilibrium with fibrils was found to
vary with total peptide concentration in a manner ex-
pected for a two-phase system. The free versus total AS
concentration was linear up to ca. 0.2 uM, after which free
Ap decreased with total AS toward an asymptotic value.
Our results imply that Ap fibril formation arises from a
sequence of events in a highly predictable manner.
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Alzheimer, fibril
I pathic polypeptide prone to self-association
and fibril formation and is believed to play a
causal role in Alzheimer’s disease (/). Af toxicity ap-
pears to require self-association and aggregation, but as
yet the assembly form(s) of Af that mediate disease
remain unknown (2).
Monomeric Af is more or less unstructured in solu-
tion (3), whereas the fibrillar form has a characteristic

he amyloid S-protein (Ap) is a ~4 kDa amphi-
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cross-f3 structure with stacking of 8 strands perpendi-
cular to the long axis of the fiber (4—6). Accumulated
data from many studies suggest that the process leading
from monomeric to fibrillar state involves a number of
intermediate oligomeric states of different association
numbers and structures (7, 8). Kinetic aggregation data
have a sigmoidal appearance characteristic of nuclea-
tion-dependent polymerization. The process starts with
a lag phase, after which elongation into mature fibrils
rapidly proceeds. Nonetheless, the molecular mechan-
ism leading from monomer to fibril are poorly under-
stood, and fibril formation is often said to be a stochas-
tic process with large variation in nucleation rate among
identical macroscopic samples. This view is in part due to
an apparent low reproducibility of kinetic data (9).
Opposing findings are often based on very few replicates,
and systematic studies of the role of physicochemical
properties of Af and its environment have been ham-
pered by the high costs of synthetic AS. We have over-
come these obstacles by identification and elimination of
factors leading to irreproducibility of the kinetic experi-
ment and by developing a recombinant expression system
for production of large quantities of highly pure Af (10),
thus enabling detailed studies using multiple replicates.
Here we have studied the concentration dependence of
AB(M1—42) aggregation kinetics by means of thioflavin
T (ThT) fluorescence and equilibrium by enzyme-linked
immunosorbent assay (ELISA). The present work is an
attempt to significantly improve the quality of these
kinetic and equilibrium assays to approach a mechan-
istic understanding. While the process in vivo occurs in a
complex environment with high concentrations of many
different proteins, salts, metabolites, and biological mem-
branes, one route toward a mechanistic understanding is
systematic investigations of the process in a pure buffer
system followed by stepwise introduction of biologically
relevant components. The availability of large amounts
of highly pure recombinantly expressed peptide and
optimization of the experimental aggregation protocols
have allowed us to accumulate kinetic and equilibrium
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Figure 1. (A) Isolation of monomeric AB(M1—42) by gel filtration on
a Superdex 75 column in 20 mM sodium phosphate buffer, pH 8, with
200 uM EDTA and 0.02% NaNj. The monomer is collected between
the dashed red lines and is free from higher AS assembly forms (shoul-
der before monomer peak) and buffer and salts (tall peak after the mo-
nomer peak). (B) Kinetic traces by ThT fluorescence for 32 replicates
at concentrations 2.4 (black), 1.2 (red), and 0.6 uM (green) AB(M1—
42) in 20 mM sodium phosphate, pH 8,200 uM EDTA, 0.02% NaNj3,
20 uM ThT. The first 7 h are shown.

data of sufficient quality and reproducibility to form a
basis for mechanistic understanding of A fibrillation.
The aggregation kinetics were studied by means of
ThT fluorescence at 100 rpm orbital shaking, and
examples of data are shown in Figures 1B and 2A.
We observe a high level of reproducibility between
replicates of the same solution as regards lag time,
elongation rate, and the plateau value of ThT
fluorescence after equilibrium is gained, see Figure 1B
(32 replicates of each solution) and Figure 2A
(4 replicates of each solution). Identified factors that
lead to a high reproducibility between replicates of a
solution and between experiments set up on different
dates are (i) complete degassing and filtering of the
buffer used to prepare the samples, (ii) gel filtration of
AB(M1—42) in the degassed experimental buffer and
collection of the monomer on ice just prior to starting
the experiment (Figure 1A), (iii) careful pipetting on
ice to produce the dilution series without introducing
air bubbles, (iv) minimized air—water interface area
relative to sample volume (100 uL per well in “half-
area” 96-well plates), (v) PEG-coated polystyrene
plates, and (vi) absence of any cosolvents or sub-
stances other than Apf and the components of
the buffer chosen for the study. Points i—iv are
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Figure 2. Concentration dependence of Af aggregation kinetics in 20
mM sodium phosphate, pH 8, 200 uM EDTA, 0.02% NaN3, 20 uM
ThT. (A) Kinetics of aggregation monitored using ThT fluorescence.
Data for the 13 highest concentrations in a single experiment are
shown with AB(M1—42) concentrations of 5.8 (black), 4.9 (brown),
3.9 (red), 2.9 (orange), 2.6 (yellow), 2.2 (green-yellow), 1.85 (yellow-
green), 1.65 (green), 1.46 (cyan), 1.31 (light blue), 1.17 (blue), 1.07
(marine blue), and 0.97 (purple) uM. (B) Fitting of eq 1 to one of the
fibrillation traces in panel A, with data points as filled circles and the
fitted curve as a solid line. The values for #,, as obtained by the fit
and #,, by eq 2 are indicated. (C) Lagtime obtained by fitting eq 1
to 672 kinetic traces in seven sets of data (in black, red, green,
magenta, cyan, yellow, and blue) versus AB(M1—42) concentration.
Each point is average of 3—32 replicates of the same solution. The
solid line is a power function with exponent —1.48 fitted to all data
points. Inset: same data with logarithmic axes.

intended to control the amount of accumulation of
the surface-active Af peptide at the air—water inter-
face by minimizing the surface area of such interfaces.
Point v is intended to minimize Af binding to the
plastic surface of the wells and point vi to avoid
disturbances from the cosolvents, including indirect
effects on the surface tension of the solvent. Point ii
ensures a homogeneous monomeric starting ma-
terial. In addition, the availability of large amounts
of highly pure peptide makes it possible to include
sufficient replicates to draw statistically significant
conclusions.
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The lag time, f1,, and the time at half completion of
the aggregation process, ?; >, were estimated by fitting a
sigmoidal function (eq 1) to each kinetic trace, as
exemplified in Figure 2B.

F(t) = Fo+A4/(1+exp(—k(t —112))) (1)

The fitted parameters are ¢, the elongation rate
constant, k, the amplitude, A, and the baseline before
aggregation, Fy. We define the lag time, 7,,, as the
intercept between the time axis and the tangent with
slope k from the midpoint of the fitted sigmoidal curve
(Figure 2B). By this definition, f,, was calculated from
the fitted parameters as

tlag = t1/2 - 2/k (2)

The lag times from 672 kinetic experiments (in seven
96-well plates with 3, 4, 6, or 32 replicates of each
solution) are plotted versus total AG(M1—42) concen-
tration in Figure 2C (linear scale plot) and Figure 2C,
inset (log—log plot). Clearly, the lag time is strongly
dependent on the total Af concentration, that is, on the
monomer concentration at the start of each kinetic
experiment. Moreover, data recorded on seven different
days superimpose within error limits (separate colors in
Figure 2C). The kinetics of amyloid 3 peptide (ApB)
aggregation thus vary strongly with peptide concentra-
tion in a highly predictable manner.

The simplest function that fits reasonably well to the
lag time versus total Af concentration is a power
function (eq 3).

fag(€) = Be" 3)
where ¢ is the A3 concentration, B is a proportionality
constant, and o is the exponent. Optimal fit is obtained
with B = 1.5 x 10" hand o = —1.5. If instead the half
times, 71>, from the 672 kinetic experiments are plotted
versus total AB(M1—42), the overall appearance of the
plotisvery similar (not shown). The optimal fit of eq 4 to
the #,, data is obtained with D = 2.3 x 10 °hand B =
—1.5, and the magnitude of the deviation of the points
from the fitted curve is the same as in Figure 2C.

t1)2(c) = DcP (4)

The exponent of —1.5 is in line with the steep
concentration dependence of the lag time (and of #5).
This is an intriguing finding because an exponent of
—1.5 also describes the concentration dependence of
diffusion-controlled bimolecular collisions; however,
the length of the lag phase suggests that only a fraction
of the encounters are productive. The close correspon-
dence of the data with a power function with exponent
of —1.5 suggests that the nucleation of Af fibril forma-
tion is dependent on simple physical principles. For a
nucleated polymerization reaction with of size n, in the
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absence of secondary processes, the concentration de-
pendence of the polymerization rate will follow a power
function with exponent (n + 1)/2; thus the exponent of
—1.5 suggests a nucleus of size two (/7).

Similar data for concentration dependence of
p2-microglobulin (52m) fibrillation have been fitted
using a power function with exponent —0.81, roughly
half of what we find here for AG(M1—42) (12). This
suggests that while secondary processes, for example,
fibril breakage contribute to the lag time of 52m fibril
formation (71, 12), the concentration dependence of the
Ap lag timeis to a larger extent governed by the primary
nucleation event.

The kinetic data reported here is of sufficient quality
and reproducibility to form a basis for mechanistic
understanding of amyloid 3 peptide (Af) fibrillation.
The precision of the data is in bright contrast to earlier
reports showing a spread in #,, from 7 to 19 h between
apparently identical samples of 2.2 uM Hiss-AS(1—40),
which was interpreted to imply that nucleation is under
the influence of a stochastic factor that manifestsitselfin
macroscopic differences in the aggregation kinetics (9).
Each kinetic trace reported here is obtained for 2 x 10"
to 8 x 10" molecules (100 uL of 0.26—12 uM Ap), a
number that would make stochastic behavior unlikely.

Ap is reported to have a critical concentration below
which fibrils cannot form (/3). Here we observe ThT-
positive aggregates at Af5 concentrations of 0.26 uM or
higher. Below 0.26 uM, the expected fluorescence in-
crease due to aggregation is below the noise level.
Therefore, below 0.26 uM, it is impossible to assess
whether aggregates will eventually form or not. To
assess the aggregation at lower concentrations, the
concentration of Af remaining in solution in equilibri-
um with aggregates was quantified after centrifugation
using a sensitive ELISA (Figure 3). This ELISA pre-
dominantly detects A monomer but not Af assemblies
(14, 15).

The equilibrium data display an initial linear rise in
free AB up to ca. 0.2 uM total AS. A slope close to 1 (the
slope of 0.81 reflects the mode of standardization of the
ELISA) and the strong linearity in this regime implies
that free Ap is equal to total Af and no fibrils (or an
insignificant amount of fibrils) are formed. There are
two possible interpretations of this behavior. Either
there is a critical concentration below which fibrils
cannot form (/3), or a concentration of 0.2 uM is needed
for aggregates to form during the time frame of the
experiment (up to one week) in enough quantities that
the difference between free and total A will be larger
than the experimental error of the ELISA.

Above 0.2 uM, free Af decreases as total AS in-
creases, opposite to what one would expect for asso-
ciation equilibria in solution. Our data are thus indi-
cative of aggregation and phase separation in this
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Figure 3. Concentration dependence of Af3 aggregation equilibrium in
20 mM sodium phosphate, pH 8, 200 uM EDTA, 0.02% NaNj3. Sam-
ples were allowed to aggregate for 84—96 h, and large aggregates were
removed by centrifugation. The concentration of soluble A deter-
mined by ELISA is plotted versus total concentration (from acid hydro-
lysis): (A) low concentration samples, linear axes; (B) all samples, loga-
rithmic axes.

concentration regime. The behavior above 0.2 uM
suggests a two-phase region where one of the phases is
in such small amount that surface effects contribute
significantly to its chemical potential. The two phases
are soluble Af (liquid phase) and AfS aggregate (solid
phase). After the linear rise, we observe an initially steep
negative trend in free versus total AS (between ca. 0.2
and 0.3 uM total Ap) followed by a shallow negative
trend asymptotically approaching a limiting value. We
cannot exclude the possibility that some sample(s)
around 0.2 uM are yet not in equilibrium. Nevertheless,
the observed behavior above 0.2 uM suggests that the
average chemical potential of the peptide in small aggre-
gates is just barely lower than that of free AS at low
concentration, most likely because in small aggregates
the fraction of peptides at the ends or surfaces of the
aggregate is significant. The average chemical potential
of the peptide in aggregates becomes lower and lower as
aggregates grow and the number of peptides at ends
becomes a smaller and smaller fraction. The asymptotic
behavior at high total A implies that the chemical
potential in the aggregate reaches a limiting value,
because the fraction of peptides at ends of aggregates
become insignificant, or the fibril length reaches a limit-
ing value. This interpretation relies on the fact that
amyloid fibrils increase in size with increased total
protein concentration, as found from Af simulations
(16) and experimentally for a-synuclein (/7).

Our results imply that the nucleation-dependent po-
lymerization of Af is not stochastic on a macroscopic
level but arises from a sequence of events in a predictable
manner. Our data agree with a critical concentra-
tion around 0.2 uM AB(M1—42) in 20 mM sodium
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phosphate, pH 8, 200 uM ethylenediaminetetraacetic
acid (EDTA), and 0.02% NaNj; below which aggregates
cannot be detected. This limit is lower than 0.7—
1.0 uM obtained for AB(1—40) in phosphate-buffered
saline (/3), likely due to differences in peptide length and
ionic strength.

The experimental precision reported here will make it
possible to gain greater insights into the molecular
mechanism of Af fibrillation and to better study con-
ditions and agents that influence aggregation (3, 18, 19).
The presented results imply that Ag fibrillation proceeds
by a sequence of reactions in a highly predictable
manner and offer a useful model to test and develop
inhibitors of various stages of Af aggregation.

Methods

Materials

All chemicals were of analytical grade. The A(M1—42)
peptide (MDAEFRHDSGYEVHHQKLVFFAEDVGSN-
KGAIIGLMVGGVVIA) was expressed in Escherichia coli
and purified as described previously (/0). In short, the pur-
ification procedure involved sonication of E. coli cells, dis-
solution of inclusion bodies in 8 M urea, ion exchange in batch
mode on DEAE cellulose resin, centrifugation through a
30 kDa molecular weight cutoff (MWCO) filter, and finally
concentration using a 3 kDa MWCO filter. The purified
peptide was frozen as identical 1 mL aliquots.

Preparation of Samples for Kinetic Experiments

For kinetic experiments, aliquots of purified A(M1-42)
were thawed and subjected to gel filtration on a Superdex 75
column in 20 mM sodium phosphate buffer, pH 8, with 200
uM EDTA and 0.02% NaNj. The latter part of the monomer
peak (Figure 1A) was collected on ice and was typically found
to have a concentration (determined by quantitative amino
acid analysis; this analysis was purchased from BMC Up-
psala) of 5—12 uM.

The gel filtration step removes traces of pre-existent ag-
gregates and exchanges the buffer to that required for the
fibrillation experiment. The collected monomer was supple-
mented with 20 M thioflavin T (ThT) from a 2 mM stock and
was used to prepare dilution series between 0.01 and 12 uM
AB(M1—42) in 20 mM sodium phosphate buffer, pH 8, with
200 uM EDTA and 0.02% NaNj;, which was also supplemen-
ted with 20 uM ThT before producing the dilution series so
that all samples contain the same ThT concentration. The
dilutions were made in tubes on ice using careful pipetting to
avoid introduction of air bubbles. Each sample was then
pipetted into multiple wells of a 96 well half-area plate of
black polystyrene with clear bottom and PEG coating
(Corning 3881), 100 uL per well. The circular bottom of the
wells in “half-area” plates have half the area of wells in regular
96 well plates. The samples were added to the plate from lower
to higher concentration after which the plate was sealed with a
plastic film (Corning 3095).

Kinetic Aggregation Experiment

The experiment was initiated by placing the 96-well plate at 37 °C

and shaking at 100 rpm in a plate reader (Fluostar Omega,
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ACS Chemical . _ _
NeurOSC|ence pubs.acs.org/acschemicalneuroscience

BMG Labtech, Offenburg, Germany). The ThT fluorescence
was measured through the bottom of the plate every 6 min
(with excitation filter 440 nm and emission filter 480 nm)
with continuous shaking at 100 rpm between reads. The ThT
fluorescence was followed for seven different 96-well plates
(two plates with 32 samples in triplicate, three plates with
24 samples in quadruplicate, one with 16 samples in hexa-
plicate, and one with 3 samples in 32 replicates) yielding in
total 672 kinetic traces.

ELISA (Enzyme-Linked Immunosorbent Assay)

The free AB(M1—42) concentration at equilibrium over
fibrils was analyzed by ELISA as follows for samples set up in
parallel to those described above but without ThT in the
solution, with shaking at 100 rpm for up to 1 week. This
procedure mainly quantifies the monomeric AS (14, 15).
Supernatants over fibrils were collected after centrifugation
at 13000g for 10 min and diluted 1:100 in EC buffer (20 mM
sodium phosphate, 2 mM EDTA, 400 mM NaCl, 0.2%
bovine serum albumin (BSA), 0.05% 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.4%
Block Ace (Dainippon Pharmaceutical Co., Osaka, Japan),
0.05% NaNj3, pH 7.0). The standard series was diluted from a
stock prepared from synthetic AS(1—42) peptide (American
Peptide, Sunnyvale, CA)in 0.1% NH4OH. The concentration
of this stock was based on optical density absorbance of
peptide solution at 275 nm. The ELISA was performed in
Nunc-Immuno Plate (MaxiSorp surface, Nunc A/S, Ros-
kilde, Denmark). Capture antibody (C-terminal specific anti-
body for Ap42, JRF/cAb42/26, from Centocor, Horsham,
PA) was used at 2.5 ug/mL in 30 mM NaHCOj;, 70 mM
Na,C0O3, 0.05% NaNs, pH 9.6, and 100 uL. was added to each
well and incubated overnight at 4 °C with rocking. The
solution was removed, and wells were washed twice with
PBS (6 mM sodium phosphate, 137 mM NaCl, 3 mM KCl,
pH 7.4) followed by addition of 200 L blocking solution (1%
Block Ace, 0.05% NaNj;, PBS, pH 7.4) to each well. The
plates were incubated for 4 h at room temperature with
rocking. The blocking solution was removed by dumping,
followed by immediate addition of 50 uL of EC buffer to
each well to prevent the wells from drying while adding
samples. To each well, 100 uL of sample, standard, or blank
was added, and plates were incubated overnight at 4 °C with
rocking. The wells were washed twice with PBST (PBS with
0.05% Tween 20) and once with PBS. Horseradish perox-
idase (HRP)-conjugated detection antibody (JRF/Abtot/
17, diluted 1:2500 from the stock) that recognizes amino
acids 1—17 of AB(M1—42) from Centocor was diluted in 20
mM sodium phosphate, 2 mM EDTA, 400 mM NacCl, 1%
BSA, pH 7.0, and was added to each well (100 uL per well),
and the plates incubated for 4 h at room temperature with
rocking. Wells were again washed twice with PBST, and
once with PBS. Substrate solution (100 uL of TMB 2-
Component Microwell Peroxidase Substrate Kit from Kir-
kegaard and Perry Laboratories, Gaithersburg, MD, cat.
no. 50-76-00) was added to each well, and the color reac-
tion was allowed to proceed until the second to the least
concentrated standard had a slight color change, when the
reaction was stopped by adding 100 4L of 5.8% o-phos-
phoric acid in H,O to each well. The absorbance at 450 nm
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was recorded for all wells using a microplate reader
(Molecular Devices SpectraMax M2 microplate reader,
Sunnyvale, CA).
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