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The assembly of proteins into amyloid fibrils, a phenomenon central to several currently incurable human
diseases, is a process of high specificity that commonly tolerates only a low level of sequence mismatch in
the component polypeptides. However, in many cases aggregation-prone polypeptides exist as mixtures
with variations in sequence length or post-translational modifications; in particular amyloid B (AB)
peptides of variable length coexist in the central nervous system and possess a propensity to aggregate
in Alzheimer's disease and related dementias. Here we have probed the co-aggregation and cross-
seeding behavior of the two principal forms of AB, AB40 and AB42 that differ by two hydrophobic
residues at the C-terminus. We find, using isotope-labeling, mass spectrometry and electron microscopy
that they separate preferentially into homomolecular pure AB42 and AB40 structures during fibril
formation from mixed solutions of both peptides. Although mixed fibrils are not formed, the kinetics of
amyloid formation of one peptide is affected by the presence of the other form. In particular monomeric
AB42 accelerates strongly the aggregation of AB40 in a concentration-dependent manner. Whereas the
aggregation of each peptide is catalyzed by low concentrations of preformed fibrils of the same peptide,

we observe a comparably insignificant effect when AB42 fibrils are added to AB40 monomer or vice
Received 18th August 2014

Accepted 30th April 2015 versa. Therefore we conclude that fibril-catalysed nucleus formation and elongation are highly sequence

specific events but AB40 and AB42 interact during primary nucleation. These results provide a molecular
DOI: 10.1038/c4sc02517b level description of homomolecular and heteromolecular aggregation steps in mixtures of polypeptide

www.rsc.org/chemicalscience sequence variants.

Introduction with y-secretase gives rise to peptides with a variety of C-
terminal lengths.”® AB40 is the more common peptide, while
Alzheimer's disease (AD) is the most common form of dementia the additional hydrophobic residues make AB42 more aggre-
and affects millions of people worldwide. The pathology behind ~ gation prone and it is more closely linked to the disease.'® In
this devastating disease includes self-assembly of the normally ~ Vvitro, AB42 monomer is soluble up to ca. 0.1-0.2 pM (ref. 11) and
soluble amyloid B peptide (AB)'™* into aberrant aggregates, in at higher concentration it aggregates into well-ordered B-sheet-
particular amyloid fibrils. Sporadic AD is the most common rich fibrillar structures. Amyloid plaques found in the brain of
form of the disease and is thought to arise due to an imbalance ~AD patients contain fibrillar AB. However, recent evidence
between production and clearance of AB during aging.>® The AR suggests that smaller diffusible assemblies are likely to be the
peptide is generated by proteolysis from a larger trans- toxic species causing synaptic and neuronal loss.'*"*™* It has
membrane protein, the amyloid precursor protein (APP).° In the  also been proposed that the aggregation process, rather than a
amyloidogenic pathway APP is mainly cleaved before Asp1 of specific aggregated form of the peptide, may be the critical and
the AB-domain by B-secretase® and the subsequent proteolysis  toxic event.'®*” The coexistence of several AB peptides differing
in length by one or a few amino acids, and the connection
between disease progression and both the total AB concentra-
“Lund University, Biochemistry and Structural Biology, Chemical Centre, Lund, tion and the AB42 fraction motivates studies of co-aggregation
Sweden. E-mail: Sara.Linse@biochemistry.lu.se and cross-seeding behavior among those peptides. Co-aggre-
*Cambridge University, Chemistry Department, Lensfield Road, Cambridge, UK gation refers to the formation of J oint aggregates of any size and
‘Depart@ent of Biophysical Chemistry, Center for Molecular Protein Science, Lund cross-seeding is the ability of aggregates of one peptide to
University, Lund, Sweden . .
T Electronic  supplementary information (ESI) available. See DOI: PromOte the conversion of soluble peptldes of th.e O_ther type
10.1039/c45c02517b into growing aggregates. Due to the strong association of A
1 Contributed equally. aggregation with neurodegeneration processes, it is important
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to understand at a molecular level the mechanism of aggrega-
tion in peptide mixtures. To this end it is crucial to determine
whether there is discrimination or cooperation between
peptides of different lengths for each microscopic step under-
lying the aggregation process.

Amyloid formation from peptides is a process of high spec-
ificity. A large number of human proteins are prone to self-
assemble in the form of amyloid fibrils."®* These ordered
fibrillar aggregates are tightly packed repetitive structures in
which each peptide displays an identical segment that forms an
interface for interaction with copies of itself and all peptides in
the aggregate are in-registry.”® The extent of co-aggregation and
cross-seeding between peptides and proteins with differing
sequences has been studied in a number of cases.>*” However,
in general mixed fibrils of more than one protein or peptide are
rarely observed.”””® It is therefore of interest to define under
which scenarios pure or mixed aggregates are formed in binary
mixtures of peptides and proteins and to determine the level of
mismatch tolerated for co-aggregation of AP variants. Of
particular interest are aggregation processes in mixtures of the
two major isoforms, i.e. AB40 and AB42. Two limiting scenarios
can be envisaged, on the one hand formation of separate fibrils
and no perturbation of the kinetics of aggregation, i.e. total
inertness to the co-existence; and on the other hand formation
of joint fibrils and perturbations of the kinetics. Intermediate
scenarios between these limiting cases are possible, including
the formation of separate fibrils in conjunction with perturba-
tions of the kinetics, which would lead to kinetic effects
observed as changes in the time-resolved aggregation data.

Aggregation in AP40:AB42 mixtures has previously been
studied using thioflavin T fluorescence, electron paramagnetic
resonance and nuclear magnetic resonance spectroscopy, as
well as turbidity assays.>*~*® Results from these studies indicated
that the aggregation of AB42 is retarded by the presence of AB40,
while AB42 may accelerate AB40 aggregation and that there is
some degree of overall cross-seeding between the
peptides.****** Some investigators have discussed that AB40
and AP42 might form mixed fibrils and these studies have
revealed many surprising findings and explored the phenome-
nology associated with mixed aggregation.’***** However, a
common picture has not emerged regarding the relative effec-
tiveness of cross-seeding and self-seeding, possibly due to the
use of different peptide concentrations or co-solvents in
different studies or the use of synthetic peptides, a factor that
may introduce additional sequence heterogeneity and thus
influence the kinetics or the equilibrium distribution.*” Some
studies report that AB42 fibrils seed aggregation of AB40 (ref. 29
and 31-33) or that AB40 fibrils seed the aggregation of AB42.2°°
However, to our knowledge the underlying mechanism of
aggregation in mixtures of AB42 and AB40 has not been
elucidated.

The kinetic analysis of mixtures requires simultaneous
preparation of both peptides as highly pure monomers. More-
over, to reach a mechanistic understanding of the aggregation
process in a binary peptide mixture, an essential ingredient is a
prior knowledge of the aggregation mechanism of each peptide
taken in isolation. For AP42 as well as AP40, the overall growth
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curves have a sigmoidal shape including a lag phase, a growth
phase and a plateau when the reaction comes to completion at
late times. Detailed analysis of large sets of kinetic data show
that the same composite steps underlie the aggregation mech-
anism for both peptides.*®*® In particular, for each peptide the
process is governed by a double nucleation mechanism;*
primary nucleation of monomers in solution is slow (Fig. 1A.i &
iv), while secondary nucleation on the surface of already formed
aggregates is a more rapid process (Fig. 1C.i & iv). Primary
nucleation refers to nucleation reactions involving monomeric
peptide only, whereas secondary nucleation generates new
aggregates in a process involving both monomers and fibrils of
the same peptide. Thus, fibrils provide a catalytic surface for
nucleation from monomers. As fibrils are formed at an early

A
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Fig. 1 All simple (cross) reaction processes. A graphical depiction of
the various simple reactions involving monomers or fibrils from either
of the two protein species. These mechanisms combine to yield the
overall reaction network of aggregation. For the processes which
involve two different protein species, the expected effect on the
aggregation propensity, compared to the aggregation of each protein
on its own, is given by the arrows below the mechanism. For example
an upwards red arrow denotes that the process in question is expected
to increase the aggregation propensity of the red protein in the
presence of black protein. A double arrow signifies that an effect in
either direction is possible, depending on the specific conditions.
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stage in the process, the surface-catalyzed secondary nucleation
soon becomes the dominant route to generate new aggre-
gates.’®*** Global kinetic analysis has revealed that the
molecular level origin of the overall slower aggregation of AB40
stems from the lower rate of both primary and secondary
nucleation events relative to the situation found for AB42, with
primary nucleation being most compromised.*® Fragmentation
is another type of secondary process, but under quiescent
conditions, such as in the present and previous mechanistic
studies, it was found to be a negligibly slow process.***%*

Kinetic studies have further revealed that the microscopic
processes of primary and secondary nucleation and growth take
place during all three phases of the characteristic sigmoidal
aggregation.”” Thus, for instance, the characteristic lag-time
prior to the observation of significant quantities of aggregates
by bulk assays, is not solely dependent on primary nucleation
rates as a simple sequential picture of the aggregation reaction
might suggest, but rather is affected also by fibril elongation
and secondary nucleation.’®***** Different microscopic
processes, however, govern the overall behavior at each stage, as
determined by the rate constants and concentrations of reacting
species. Since all these microscopic processes are in principle
amenable to perturbation by another peptide in the same
solution (Fig. 1), the quest for a molecular level description of
co-aggregation represents a complex task. As a strategy towards
addressing this challenge, we have applied a set of experiments
to isolate the specific contributions to primary and secondary
nucleation by varying either the concentration of pre-formed
aggregates of a given type or by varying the concentration of
monomeric precursor peptide in the initial reaction mixtures,
and have then followed the aggregation kinetics as a function of
these different initial conditions. The use of integrated rate
laws, which have recently become available for the study of
amyloid formation, then allows us to connect the observed
kinetic behavior on the bulk scale to the microscopic events that
govern the aggregation reaction. This approach represents the
conventional workflow of mechanistic analysis in small mole-
cule chemistry, but has to date been challenging to apply to
aggregating protein systems due to the difficulty of obtaining
highly reproducible kinetic data and the lack of suitable rate
laws required by such an analysis.

The current work provides a detailed mechanistic study of
aggregation processes in binary mixtures of AB40 and AB42. In
order to obtain data of suitable quality, all peptides and peptide
mixtures were prepared in highly pure form in a phosphate
buffer without co-solvents, and recombinant peptides were
used to ensure high level of sequence homogeneity. The
kinetics of aggregation were monitored using a thioflavin T
(ThT) fluorescence assay;'* we have optimized the assay condi-
tions (see methods) to obtain highly reproducible data and have
verified that the ThT fluorescence is proportional to the
concentration of aggregates and thus a faithful reporter of the
progress of the reaction. The secondary structure was studied as
a function of time for peptide mixtures using circular dichroism
(CD) spectroscopy. In order to gain insights into the
morphology of the aggregates formed in pure and mixed
samples, we used cryo transmission electron microscopy (cryo-
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TEM) that does not require specific staining. The monomer
composition was studied at several time points using isotope
labeling, mass spectrometry and nuclear magnetic resonance
(NMR) spectroscopy. Using this strategy, we are able to analyze
whether there is cooperation in each of the molecular level
processes underlying the overall aggregation mechanism, and
to evaluate the role of a molecular mismatch in C-terminal
length. Our results show that AB40 and AB42 interact signifi-
cantly only at the level of primary nucleation, leading to a two-
stage aggregation process and preferential formation of sepa-
rate fibrils.

Results

The co-aggregation and cross-seeding behavior of AP42 and
AB40 were studied using a ThT fluorescence assay,"* CD and
NMR spectroscopy, mass spectrometry as well as cryo-TEM. ThT
undergoes a red-shift in its emission spectrum with an
enhanced quantum yield,*»** when it non-covalently binds to
amyloid fibrils. This property has widely been used to monitor
amyloid formation.*® ThT assays commonly suffer from a lack of
reproducibility, which we have minimized in our work by opti-
mizing the purity of the reactants and removing the presence of
contaminants such as small quantities of pre-formed oligomers
or micro air bubbles, and by optimizing the ThT concentra-
tion.*®** The mechanism of aggregation for pure AB40 and AB42
has previously been established at pH 7.4 and 8.0, respec-
tively.*®*** Therefore AB42:AB40 mixtures were investigated at
both these pH values. Data at pH 7.4 are shown in Fig. 2-11, and
data at pH 8.0 are show in ESI Fig. S3-S5.7

Double transitions in the aggregation kinetics of AB40:AB42
mixtures

In order to determine whether or not mixed fibrils form in the
presence of both peptides, we first probed the aggregation time
course for reactions initiated with 1 : 1 mixtures of freshly iso-
lated monomers of AB40 and AB42 (Fig. 2A, 9C, S1A and S2AfY).
The ThT fluorescence intensity displays two distinct transitions
as a function of time for these samples. This feature is observed
for all concentrations explored in this study, but the interme-
diate plateau is more pronounced for the lower peptide
concentrations. The data further show that aggregation reac-
tions initiated from mixtures of AB42 and AP40 follow charac-
teristic time courses of a strikingly different shape relative to
those obtained from the individual pure peptide samples; the
latter are characterized by a single sigmoidal transition, while
the former display two distinct transitions. The finding of two
sequential transitions for mixtures of AB40 and AP42 is an
indication that two distinct aggregation processes are taking
place on different time scales within these samples. At pH 8.0
the intermediate plateau is even more pronounced relative to
that observed at pH 7.4. Our objective is to characterize these
well-defined changes in terms of microscopic processes
underlying mixed aggregation phenomena.

In order to confirm the biphasic nature of the aggregation
process, we employed CD spectroscopy (Fig. 3 and S37) to follow
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Fig.2 AB42 and Ap40 monomer depletion during separate transitions.
(A) The aggregation of a mixture of 1.5 uM AB42 and 1.5 uM AB40
monomer was monitored by ThT fluorescence (green), and the ratio of
AB42/AB40 monomer concentration remaining in solution at 11 time
points measured by mass spectrometry (red). The process displays two
transitions by ThT fluorescence. AB42 monomer is depleted during the
first transition and AB40 monomer is depleted during the second
transition. (B) The corresponding mass spectra from six of the time
points are shown below the aggregation curve. The AB42/AB40 ratio is
close to 1 at tg and at t; (end of lag-phase) and decreases to close to
0 after the first plateau has been reached. AB42 monomer is depleted
during the first sigmoidal transition and AB40 monomer is consumed
during the second sigmoidal transition, suggesting the formation of
separate fibrils. (C) Mass spectra of fibrils collected at the first and
second plateau. AB42 fibrils are the main components at the first
plateau while both AB40 and AB42 fibrils are present at the second
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the progressive conversion of the peptides from their soluble
states, consisting predominantly of random coil structure, to
the fibrillar form which is B-sheet rich, as reported previously.*
The CD spectra in Fig. 3 show that the system consists of a
mixture of unstructured peptides and B-sheet rich fibrils at the
first plateau. At the second plateau the soluble peptides have
converted to B-sheet rich conformations, in agreement with the
ThT fluorescence data. We note that that the comparison
between the times observed in the ThT assay and the CD assay is
complicated by the differences in the surface chemistry of the
containers used in both assays, UV-transparent quartz cuvette
for the CD measurements and PEG-coated multi-well plates for
the ThT measurement. Moreover, the CD measurements are
conducted with stirring present to prevent sedimentation. The
emergence of a double sigmoidal in both cases is a strong
indication that this is a feature characteristic of aggregation
from mixtures of AB40 and AB42.

Isotope labeling identifies the first transition as AB42 and the
second as APB40

To identify unambiguously the peptide aggregating at each of
the two transitions observed both by CD spectroscopy and ThT
fluorescence, we used selective labeling of the peptides with
stable isotopes for mass-spectrometric identification (Fig. 2). To
this effect, the ThT experiment was repeated while initiating the
aggregation reaction from equimolar monomer mixtures of *>N-
AB42 and "*N-AB40. The data obtained for experiments starting
with 1.5 uM of each peptide are shown in Fig. 2A and those for
2.5 or 5 uM of each peptide in Fig. S1 and S2.} During the time
course of the reaction, we removed aliquots which were then
subjected to centrifugation to sediment any fibrillar material.
The ratio of the concentrations of AB42 and AB40 monomers
remaining in solution was determined from the supernatant by
mass spectrometry after digestion by trypsin, which cleaves
after arginine and lysine residues. This approach measures the
intensity of the ratio of ">’N-AB(M1-5) and "*N-AB(M1-5) peaks,
originating from AB42 and AP40, respectively. In this manner,
we circumvent the uncertainties inherent in the quantification
of peptides by mass spectrometry due to the difference in
ionization of full-length AP42 and AP40. Examples of mass
spectra of several time points are shown in Fig. 2B, and the
resulting AB42/AB40 ratio is shown as a function of time in
Fig. 2A. The results for the 1.5 + 1.5 uM sample (Fig. 2A and B)
show that at the beginning of the experiment and during the lag
phase, the AB42/AB40 ratio is close to 1.0, but that this ratio
decreases as the ThT fluorescence increases. When the first ThT
plateau is reached, the AP42/AB40 ratio has dropped to
approximately zero indicating that the AB42 monomers are

plateau. This indicates that the first transition is mainly due to the
aggregation of AB42 while AB40 aggregation mainly is responsible for
the second transition. (D) Mass spectra of cross-linked AB peptides.
Samples were cross-linked at different time points during the lag
phase and digested by trypsin. A sum over seven repeats is shown.
Cross-linked AB42-42 is clearly observed (1692.94 corresponds to
two M1-5 fragments with a single crosslink) and there is a weak signal
corresponding to cross-linked AB40-42 (1683.94).

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (A) Secondary structural change monitored by far-UvV CD
spectroscopy for a mixture of 2.5 uM AB42 and 2.5 uM AB40. Far-UV
CD spectra as a function of time monitors the transition from random
coil to B-sheet. The minimum shifts from around 200 nm at time zero
to 218 nm after around 4 h and is then shifted to 220 nm after 15 h. (B)
Normalized ellipticity at 200 nm as a function of time. Error bars
represent the standard deviation. The sample contains 5 mM sodium
phosphate and 40 mM NaF, pH 7.4.

depleted during the first transition to form AP42 fibrils. This
finding also holds for the 2.5 + 2.5 and 5 + 5 uM samples (Fig. S1
and S21).

Samples withdrawn at the first and second plateau were also
filtrated through 0.2 um spin filter. The trapped fibrils were
washed by adding Milli-Q water, whereby any species smaller
than 0.2 pm were washed away and fibrils retained. These fibrils
were digested by trypsin and the identity of the N-termini of
peptides in the fibrils was determined by mass spectrometry
(Fig. 2C). The results shows that fibrils collected at the first
plateau are mainly composed of AB42 monomers. From the
small peaks and level of noise at the position where the AB40
signal should appear, we can deduce that less than 13% of AB40
is contained in the fibrils at this stage. Both AB42 and AB40 are
detected in the fibril sample collected at the second plateau.
These findings are consistent with the monomer depletion
measurements and indicate that the first transition in the co-
aggregation kinetics is mainly due to the AP42 aggregation
while AB40 aggregation is responsible for the second transition.

Samples withdrawn at eight different time points during the
initial lag phase were cross-linked, followed by tryptic digestion
and analysis by mass spectrometry. Although nuclei are tran-
sient species of low abundance, signals from AB42-42 nuclei (at
m/z = 1692.94, corresponding to cross-linked *N-AB(M1-5)-"°N-
AB(M1-5)) were clearly detected in most repeats but signals from

This journal is © The Royal Society of Chemistry 2015
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AP42-40 co-nuclei (at m/z = 1683.94, corresponding to cross-
linked '*N-AB(M1-5)-"*N-AB(M1-5)) are weak or absent in most
repeats in line with their even lower abundance and transient
nature. Signal from AB40-40 nuclei is not seen in any repeat. In
Fig. 2D we show the sum over seven repeats that show weak
signal at the m/z value expected for AB42-40 co-nuclei, in
addition to the relatively strong signal from cross-linked AB42-
42 dimer.

When studied by ThT fluorescence, the amplitude of the first
transition is lower relative to that of the second transition. This
finding is in agreement with the lower quantum yield for ThT
bound to AB42 compared to AB40 fibrils, which is consequently
seen as a difference in the amplitude between the signal origi-
nating from the aggregation of pure AB42 and pure AB40 when
studied at the same concentration. The opposite holds for the
CD data, however, in this case the lower amplitude for the
second transition most likely originates from signal loss due to
light scattering being more significant the more fibrils are
present in solution. These results demonstrate that the first
transition corresponds to the formation of AB42 fibrils and the
second to the formation of AB40 fibrils. Thus, AB42 and AB40
preferentially form separate fibrils, at least to within the accu-
racy of our mass spectrometry measurements.

AB42 vs. AB40 monomer depletion - NMR spectroscopy

NMR spectroscopy offers the possibility to study the aggregation
of AB42 and AP40 separately in mixed samples using isotope
labels. The AB42 and AB40 monomer concentrations in 1:1
mixtures of *C-AB42 and *C-AB40 were monitored as a func-
tion of time by alternating application of pulse sequences that
selectively detect signals from "*C-bound (AB42) or "*C-bound
(Ap40) protons. Three experiments were carried out starting
from monomer mixtures of 2.5, 5 or 10 uM of each peptide.
While lower concentrations offer better separation between the
two processes as found by ThT fluorescence (Fig. 2, S1 and S27),
the two higher concentrations were included because of the
relatively poor sensitivity of NMR spectroscopy. The presence of
quartz surface, a different geometry, a high surface area to
volume ratio, and a smaller air-water-interface to volume ratio,
will have a significant effect on the sensitive aggregation reac-
tion and may explain the altered and much slower kinetics in
NMR tubes compared to non-binding PEG-coated plates. As
these factors may affect the individual underlying microscopic
processes differently, only a qualitative comparison with the
experiments in non-binding plates is warranted. The use of a
drastically different sample environment thus allows us to test
whether the separate aggregation processes for AB42 and AB40
as observed in the experiments monitored by ThT, mass spec-
trometry and CD spectroscopy are artifacts of the situations
during those experiments. In Fig. 4A, the AB42 and AP40
monomer concentrations are shown as a function of time as
extracted from the NMR signal intensities. In Fig. 4B the AB40
monomer concentration is plotted as a function of AB42
monomer concentration. In all cases, we observe a lag-phase
during which the monomer concentration stays close to 100%
of the initial value for both peptides, and the data show very
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc02517b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 Esusow Aketseaba-Ktnimba 2015. Downloaded on 2025/10/13 6:43:50 AM.

(cc)

Chemical Science

[1:1 mix AB42 + AB40 monomers

2.5+2.5 uM
0AB42
0AB40
; LOLE

A

Normalized intensity

X B
o L J 0
we L et st ek
.‘-‘. .:.-. .“.f:.’.. s °
ORX) ‘o ..‘ /
© °ge o ...o'. . v
E o*® Time 7
GE) °* / 7
) /
s v
éﬁ s
< /
(<%
< /
$ /s

© 2.5 UM AB42 + 2.5 uM AB40
© 5 uM AB42 + 5 uM AB40
© 10 uM AB42 + 10 uM AB40

40 60 80
13C-AB42 monomers / %

100

Fig. 4 AB42 and Ap40 monomer concentrations monitored by NMR
spectroscopy. (A) *C-AB42 and 2C-AB40 monomer concentrations
as a function of time, derived from the intensities of 1*C- or 2C-filtered
methyl-protons signals, respectively, in experiments starting from1: 1
monomer mixtures. In the lag phase, both monomers are close to
100% of the initial value. Thereafter the consumption of AB42 is faster
than AB40. (B) AB40 monomer concentration as a function of Ap42
monomer concentration, expressed as % of the concentration at time
zero. Depletion increases over time, shown as an arrow. The dashed
line illustrates the hypothetical scenario of equal consumption rate of
both peptides over the entire time course. For the 2.5 uM + 2.5 uM
sample every data point shown is an average over 11 time points. The
samples contain 20 mM sodium phosphate, 200 uM EDTA, 0.02%
NaNs, pH 7.4.

clearly that the depletion of AB42 monomer starts several hours
earlier than the AB40 monomer depletion, in agreement with
the mass spectrometry data (Fig. 2). The differences in
consumption rates between AP40 and AP42, and the depen-
dence of the AP40 consumption rate on AP42 monomer
concentration are also evident from Fig. 4B, in which the
dashed line represents equal consumption rate of both
peptides, a behaviour which would be expected for complete co-
aggregation. The data deviate more from the equal consump-
tion line, the lower the initial monomer concentrations, and the
fraction of AB40 monomers left in solution when all AB42
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monomers are consumed is higher the lower the starting
concentration in the mixture. Thus, the aggregation of AB40 is
accelerated by the presence of AB42 monomers, but not AB42
fibrils, implying cooperation during primary nucleation.

Cryo-TEM analysis of fibril morphology confirms the
formation of distinct fibrils

To confirm the formation of fibrils and to evaluate their
morphology, samples were collected for cryo-TEM at the times
corresponding to the first and second plateau in the ThT assay
at pH 7.4 for the AB42:AB40 mixture and at the single plateau for
pure AB42 and AB40 (Fig. 5A). The samples were prepared in the
same way as for the kinetic studies and the total peptide
concentration in all samples was 10 uM. As seen in Fig. 5A, there
is a clear difference in morphology between AB40 and AP42
fibrils. The use of cryo-TEM allows us to circumvent the need for
heavy metal staining, and any morphological differences
observed are thus not related to differential stain uptake as can
be the case for conventional negatively stained TEM. The AB40
fibrils appear larger, straighter and thicker than AB42, while the
latter are more twisted with a shorter helical repeat clearly
visible in the micrographs. The measurement of the typical
helical half pitch (node-to-node distance) was performed using
grey scale profiles (Fig. 5C) and was found to be 162 + 21 nm for
AB40 and 31 £ 17 nm for AB42, Fig. 5B. In the AB42:AB40
mixture there is a difference in the morphology of the fibrils
depending on the stage at which the sample is collected.
Samples collected at the first plateau display fibrils similar to
the ones observed in the pure AB42 sample, and the node-to-
node distance is also similar to 