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Peptide concentration alters intermediate species in amyloid B fibrillation kinetics
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The kinetic mechanism of amyloid aggregation remains to be fully understood. Investigations into the
species present in the different kinetic phases can assist our comprehension of amyloid diseases and fur-
ther our understanding of the mechanism behind amyloid B (AB) (1-40) peptide aggregation. Thioflavin T
(ThT) fluorescence and transmission electron microscopy (TEM) have been used in combination to mon-
itor AB(1-40) aggregation in vitro at both normal and higher than standard concentrations. The
observed fibrillation behaviour deviates, in several respects, from standard concepts of the nucleation-
polymerisation models and shows such features as concentration-dependent non-linear effects in the
assembly mechanism. AB(1-40) fibrillation kinetics do not always follow conventional kinetic mecha-
nisms and, specifically at high concentrations, intermediate structures become populated and secondary

processes may further modify the fibrillation mechanism.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Amyloid fibril formation, initiating from amyloid B (AB) peptide,
is a nucleation-dependent reaction which consists of lag and
growth phases [1]. These phases are thought to reflect the fibril
nucleation reaction and the exponential growth of amyloid fibrils
from these nuclei (respectively) [2]. Both stages are known to be
affected by factors such as environment, sample concentration
and secondary reaction processes, e.g. fibril fragmentation [3].
Kinetic analyses of fibril formation are frequently based on bulk
spectroscopic methods, such as binding of the fibril-specific
fluorescent dye thioflavin T (ThT), while particle shape and size
distributions can be analysed using single-particle measurements,
like electron microscopy (EM) [2]. For AB(1-40) peptide, different
aggregates are known to arise over the course of assembly, from
micelle-like oligomers to small-sized protofibrils and mature poly-
morphic fibrils [4]. These species can be differentiated by their
morphologies, with oligomers often spherical in nature, protofi-
brils thin in diameter (6-10 nm), curvilinear and usually under
100 nm in length, and mature fibrils generally several pm long,
greater than 10 nm in diameter and of straight morphology [5].
Using a combination of ThT and TEM, we here demonstrate non-
linear features in the kinetics of A fibril formation, revealing that
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intermediate populations may play significant roles in the develop-
ment of final amyloid fibril structures.

2. Materials and methods
2.1. Expression of Ap peptide

ApB(1-40) was prepared by in house recombinant expression
according to published procedures [6].

2.2. Kinetic analyses using ThT fluorescence

Bulk fibrillation kinetics measurements were carried out with
AB(1-40) peptide in 50 mM HEPES buffer, pH 7.4. Fibril formation
was monitored by using the ThT method and peptide concentra-
tions ranging from 5 to 250 M. All measurements used thor-
oughly disaggregated peptide. Measurements were carried out
concurrently and in a parallelized assay format, which uses 96-well
plates to allow semi-high throughput analyses. Each sample was
measured with 8 replicates to account for the known variability
of such reactions [7]. AB(1-40) samples at each concentration were
incubated at 37 °C in 50 mM HEPES or sodium phosphate buffer pH
7.4 with 20 uM ThT, 5% dimethyl sulfoxide and 10 mM sodium
azide. Errors are standard error of the mean.

2.3. Analysis of AB fibrils by transmission electron microscopy

Negative stain TEM-specimens were prepared as described [6]
from samples taken throughout the ThT kinetic analysis. Briefly,
at time-points of 0, 1, 6, 11 and 86 h the FLOUstar reader was
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paused, a 10 pL aliquot removed from an un-sampled well (for
each concentration) and the reader restarted within a 4 min win-
dow. TEM images were obtained using a Zeiss CEM 902A electron
microscope operated at an accelerating voltage of 80 kV. Image]
software (http://imagej.nih.gov/ij/) was used for fibril counting
(100 particles from 3 to 5 images/sample). Errors are standard er-
ror of the mean.

3. Results

We set out to examine the aggregation of recombinantly ex-
pressed AB(1-40) peptide [6] over a range of concentrations, using
time-resolved ThT fluorescence spectroscopy [6]. At 5-50 uM
ApB(1-40) in 50 mM HEPES pH 7.4 (37 °C), we observed conven-
tional kinetic behaviour with well-resolved lag and growth phases
(Fig. 1A). At 50 pM the lag phase, t;, was 24.9 + 4.1 h with very low
fluorescence readings. Lower AB concentrations led as expected to
increased t; values, and thus a longer lag time (Fig. 1B). Reducing
the AB concentration also altered the growth phase, denoted by k
[8], the apparent rate constant of fibril growth (Fig. 1C). Thus, AB
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kinetics at these concentrations were concentration dependent
and in agreement with standard kinetic theory.

By contrast, higher peptide concentrations exhibited non-
standard kinetic characteristics. For these samples it was difficult
to define a normal lag phase. The fluorescence readings were
clearly non-zero within the first 24 h (Fig. 1A), after which a further
fluorescence increase occurs similar to the growth phase seen for
the 50 uM sample. In our samples, at >100 pM AB, we used this
late fluorescence increase to define both k and the length of t,. De-
spite the higher concentrations of these samples, t; is approxi-
mately equivalent to the 50 uM AB sample (Fig. 1B). Further, we
found that the k values from samples at >100 puM concentration
were smaller (<0.2 h™!) than those obtained at 50 pM (Fig. 1C), in
direct contrast to canonical behaviour [9]. We find that similar
concentration-dependent kinetic properties with AB(1-40) oc-
curred in 50 mM sodium phosphate buffer, pH 7.4 (Fig. 1D) as for
HEPES, indicating that the non-standard kinetic effects are inde-
pendent from the buffer system.

The early reaction step at high AB concentrations, i.e. the
marked initial fluorescence increase (Fig. 1), indicates the forma-
tion of an intermediate AB species. We analysed samples formed
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Fig. 1. Concentration effects on the aggregation of AB(1-40). (A) ThT fluorescence intensity of AB(1-40) in 50 mM HEPES buffer, pH 7.4 at 37 °C (concentrations as shown in
the Figure key, 3 replicates per concentration). (B) t; of AB(1-40) in HEPES (open circles) and phosphate (closed circles) buffers, both 50 mM, pH 7.4. At concentrations of
100 puM and above, t; was determined to be complete at the start of the final growth phase. (C) k of AB(1-40) in HEPES (open circles) and phosphate (closed circles) buffers,
both 50 mM, pH 7.4. At concentrations of 100 uM and above, k was determined to constitute the final growth phase. (D) ThT fluorescence intensity of Ap(1-40) in 50 mM
sodium phosphate, pH 7.4 (concentrations as shown in the Figure key, three replicates per concentration). For panels (B) and (C) error bars show standard error of the mean

for 8 replicates.
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in HEPES at different time-points and concentrations with a single-
particle technique (EM) [6]. At the earliest tested time point (1 h)
all samples contained a meshwork of non-fibrillar or nascently
protofibrillar structures (Fig. 2).

Surprisingly, at 6 h all samples contained significant quantities
of fibrils, with the fibril yield increasing with concentration
(Fig. 2). Due to the morphological fibril characteristics (straight
shape, fibril widths of ~11nm or greater and fibril lengths
>100 nm; Fig. 3), these were classified as mature amyloid fibrils.
In addition, some non-fibrillar, oligomeric Ap particles were pres-
ent (Fig. 2). At this time-point there was no discernible ThT fluores-
cence at 50 uM A, while 100 uM and 250 uM samples showed
intermediate ThT characteristics (Fig. 1A). Additionally, after 6 h
of incubation we observed numerous roughly spherical oligomeric
species, which ranged from 12 to 25 nm in diameter visible in the
AB samples (in addition to fibrils). These oligomers constituted
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approximately 82% and 21% of the total particle count
(fibrils + oligomers) at 50 pM and 250 pM concentrations, respec-
tively (Fig. 4). After 86 h, all tested AB concentrations contained
large quantities of mature amyloid fibrils (Fig. 2). The AB fibrils
at 86 h displayed different morphological characteristics from the
6 h fibrils (Fig. 4).

Examination of the mature fibrils present at different stages of
the fibril formation process revealed differences in the morpholog-
ical characteristics of fibrils present at early (i.e. 6 h) and later (i.e.
86 h) stages of fibril formation. At 250 uM, only 12% of the fibrils
observed after 6 h of incubation were longer than 600 nm, while
at 86 h the proportion of these longer fibrils increased to 31%
(Fig. 4). Additionally, the width of the fibrils at the 6 h time-point
were observed to be 11.1 + 0.3 nm, which was significantly smaller
than the width of the fibrils at 86 h, 15.3 £ 0.5 nm. As seen in Fig. 4,
the 86 h sample also showed a broader distribution of fibril widths
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Fig. 2. TEM images on the aggregation of AB(1-40). Showing the 1, 6, 11 and 86 h samples. Fibril formation was in 50 mM HEPES buffer, pH 7.4 at 37 °C and the 50 pM,
175 uM and 250 pM Ap(1-40) peptide concentrations are shown. Scale bars indicate 100 nm.
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Fig. 3. Concentration-dependent morphological features of AB(1-40) fibrils, formed
at 50 uM and 250 puM for 6 h. Counts of the fibrillar fraction of 50 pM (white bars)
and 250 uM (black bars) AB(1-40) samples after 6 h of incubation at 37 °C. The
width (A), length (B) and cross-over distance (C) of fibrillar structures are shown.
Grey boxes indicate populations which show protofibril characteristics.

and cross-over distances (a characteristic, periodic thinning of the
fibril width in a given fibril). These changes indicate an increased
polymorphism of the fibril structures present at 86 h, as compared
to the 6 h samples.

4. Discussion

Previous models of A amyloid fibril formation have frequently
focused on the importance of nucleus formation within the lag
phase [2,4,10,11]. Our current data, while not in conflict with the
nucleation theory per se, instead provides support for a larger role
of secondary processes and alternating pathways within AB kinet-
ics. We used a single-particle technique (EM) to show that signifi-
cant quantities of mature Ap(1-40) amyloid fibrils occur within the
apparent lag phase, as defined by ThT fluorescence. This provides
experimental support for the role of fibril fragmentation in induc-
ing the growth phase and demonstrates that fibrils must have been
already formed during the lag phase. This has been previously ar-
gued on primarily theoretical grounds based on data gained from
bulk spectroscopic methods [3,9].

We have demonstrated the presence of intermediate species in
the 250 uM AB fibrillation kinetics. This implies a different mecha-
nism of fibril formation occurs here, than at low concentration
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Fig. 4. Time-dependent morphological features of AB(1-40) fibrils, incubated at
250 pM for 6 and 86 h. Counts of the fibrillar fraction of 250 pM Ap(1-40) incubated
for 6 (white bars) and 86 (black bars) h at 37 °C. The width (A), length (B) and cross-
over distance (C) of fibrillar structures are shown.

(50 uM). This finding deviates from reports of other A fibrillation
reactions, where increasing concentration is consistently associ-
ated with more rapid fibril formation, and where no intermediate
ThT step was observed within the investigated window of concen-
trations [4,10,11]. Importantly, these data were obtained with
thoroughly disaggregated peptide, which argues against a strong
influence of pre-aggregated material.

In our data, at high concentrations, the kinetic pathway features
a clear intermediate ThT step. This signifies a more dominant
involvement of secondary processes or competing alternative
pathways, associated with either the oligomeric and/or amyloid fi-
bril structures which are present in these samples. These unusual
kinetic features, which affect both t; and k, implies that reassembly
of such structures is required. This may involve either disassembly
into monomers or inter-fibril structural reassembly.

In previous studies on the fibrillation kinetics AB(1-40), made
at lower concentrations, AB(1-40) demonstrates concentration
dependence [10]. At the higher concentrations examined in our
study, a kinetic intermediate species was apparent at around 6 h
(Fig. 1A and D). These species are linked to the altered kinetic rate
of the Ap fibril formation, which is unexpectedly slowed at peptide
concentrations above 100 pM. Both mature fibrils and oligomers
were observed at this time-point (Fig. 2), and thus there is the po-
tential for at least two processes to be occurring, individually or in
tandem. Firstly, the oligomeric species may be slowing the kinetic
rate of fibril formation. This could be due to a requirement for dis-
assembly and reassembly of the oligomer i.e. from a non-fibril
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competent oligomer back to fibril competent monomers. Non-fibril
competent oligomers have been observed previously for AB [10]
and for other amyloid forming proteins [12]. A second possibility
is that structural rearrangement of the early stage fibrils is re-
quired for them to progress to late stage fibrils. Alterations in fibril
width and cross-over distance are indicative of large scale struc-
tural rearrangement, wherein the AR fibrils are featuring different
numbers or internal alignment of the protofilaments [13]. Such
alterations have been observed for other amyloid forming proteins
[14] and could conceivably result in the fluctuations in ThT fluores-
cence observed over the initial 24 h period for AR samples at
100 uM and above (Fig. 1A).

By investigating the fibrillation kinetics of AB(1-40) at higher
concentrations, we have established that there is a limit to this
peptide’s apparent concentration dependent qualities. Instead, at
high peptide concentrations secondary processes supersede the
conventional folding kinetics of this peptide. Further work will
establish if these concentration effects are also applicable to
AB(1-42) and how they may affect the interactions between these
two peptides.

In conclusion, AB(1-40) fibrillation kinetics do not always fol-
low conventional kinetic mechanisms. Instead, at high concentra-
tions, intermediate structures are present and secondary
processes further dictate the speed of fibrillation.
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