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ABSTRACT: Alzheimer’s disease is linked to a pathological
polymerization of the endogenous amyloid β-peptide (Aβ) that
ultimately forms amyloid plaques within the human brain. We
used surface plasmon resonance (SPR) to measure the kinetic
properties of Aβ fibril formation under different conditions
during the polymerization process. For all polymerization
processes, a critical concentration of free monomers, as defined
by the dissociation equilibrium constant (KD), is required for
the buildup of the polymer, for example, amyloid fibrils. At
concentrations below the KD, polymerization cannot occur.
However, the KD for Aβ has previously been shown to be several
orders of magnitude higher than the concentrations found in the
cerebrospinal and interstitial fluids of the human brain, and the mechanism by which Aβ amyloid forms in vivo has been a matter
of debate. Using SPR, we found that the KD of Aβ dramatically decreases as a result of lowering the pH. Importantly, this effect
enables Aβ to polymerize within a picomolar concentration range that is close to the physiological Aβ concentration within the
human brain. The stabilizing effect is dynamic, fully reversible, and notably pronounced within the pH range found within the
endosomal and lysosomal pathways. Through sequential truncation, we show that the N-terminal region of Aβ contributes to the
enhanced fibrillar stability due to a gain of function mechanism at low pH. Our results present a possible route for amyloid
formation at very low Aβ concentrations and raise the question of whether amyloid formation in vivo is restricted to a low pH
environment. These results have general implications for the development of therapeutic interventions.

■ INTRODUCTION

Alzheimer’s disease (AD) is by far the most common form of
dementia. In 2010, an estimated 36 million individuals were
affected by AD around the world, and this figure is predicted to
increase due to aging populations.1 Insoluble amyloid β-peptide
(Aβ) fibrils form amyloid plaques within the AD brain, and
these are a strong histological hallmark of the disease. The
pathology of AD, however, is complicated, and in addition to
the formation of extracellular plaques, the disease involves the
development of intracellular neurofibrillary tangles and the
degeneration of cerebral neurons. Nevertheless, multiple lines
of evidence suggest that cytotoxic Aβ assembly is the central
and primary event in AD pathogenesis and that the formation
of neurofibrillary tangles likely occurs downstream in this
cascade.2,3 Therefore, a detailed understanding of the
pathological process of Aβ self-assembly on a molecular level
is of fundamental importance to elucidate the factors
responsible for the progression of AD and to develop new
and effective intervention strategies.
Aβ is derived via sequential proteolytic cleavage of the single

transmembrane amyloid precursor protein (APP) by β- and γ-
secretases. β-secretase cleaves APP on the intraluminal and

extracellular side, and this generates soluble APP and a 99-
residue fragment containing Aβ that is still attached to the
membrane.4−8 Aβ is subsequently released by γ-secretase
cleavage of the Aβ transmembrane domain.9,10 This proteolytic
excision generates a range of different Aβ variants between 38
and 43 residues in length that exhibit different properties with
respect to their ability to self-assemble.11 The most clinically
relevant Aβ variants comprise residues 1−40 (Aβ1−40) and 1−
42 (Aβ1−42).

12 Both Aβ1−40 and Aβ1−42 can be produced
intracellularly, and Aβ might be excised from APP in at least
three different locations, including the Golgi apparatus, the
endoplasmic reticulum (ER), and the endosomal−lysosomal
pathways after re-internalization of surface-exposed APP.7,8,13

The exact location of pathological Aβ assembly in vivo is
unknown, but several cell studies have shown the intracellular
formation of Aβ assemblies.14−17 Extracellular deposits of Aβ
plaques are also localized within the vicinity of neuronal cell
death and are often seen surrounding dead neurons, which
further supports a cellular origin.18,19
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Analogous to all protein interactions, a critical concentration
of free monomers, as defined by the dissociation equilibrium
constant (KD), is required for the formation of amyloid fibrils.
At concentrations below the KD value, polymerization cannot
occur. The KD for Aβ1−40 fibrils, which represents the affinity of
a monomer to bind to a fibrillar end, has been determined in
several independent investigations to be around 100 nM.20,21

However, the concentration of Aβ found in the cerebrospinal
fluid (CSF) is only 50−100 pM. This large discrepancy means
that Aβ formation in vivo cannot be fully explained. To
elucidate the mechanism behind amyloid formation, it is
important to identify parameters that either increase the local
Aβ concentration or lower the specific KD.
The intracellular environment might expose Aβ to conditions

that significantly differ from the extracellular environment.
Perhaps the most notable physical parameter is pH, and a low
pH has been associated with more rapid Aβ aggregation.22−24

The pH within the endosomes and lysosomes in vivo is acidic
and spans a range from neutral to around pH 5 within the late
endosomes25 and pH 4.5 within the lysosomes.26 Due to the
increased propensity for aggregation at low pH, these
compartments have been suggested to be potential sites of
Aβ assembly.27,28 Interestingly, high γ-secretase activity has
been found in the lysosomes,29,30 and accumulation of Aβ1−42
within the endosomal−lysosomal system has been shown to
appear before plaque deposits in Down syndrome patients who
are prone to develop early onset AD.18,31,32 Modulation of
endocytic pathways has been shown to modify the pathological
effects of Aβ,33−36 which is strongly indicative of the important
role of the endosomal−lysosomal pathways in self-assembly of
Aβ.
Surface plasmon resonance (SPR), in which preformed fibrils

are immobilized on a surface and probed by free monomers,
can be used to monitor fibrillar assembly.37−40 This process
omits the stochastic nucleation step and enables the rate of
fibril formation to be studied in detail. The approach also
permits variations in physical conditions as well as cross-
seeding experiments between different fibrillar architectures.
In this study, we evaluated the effect of pH on Aβ assembly.

Using SPR, we found that lowering the pH induces a very
strong stabilizing effect on the fibrils, and we show for the first
time how Aβ fibrils might propagate at picomolar concen-
trations. These results imply that the monomeric Aβ
concentrations found in the CSF and interstitial fluids (ISF)
are actually rather close to the required KD for polymerization
upon entering the endosomal/lysosomal pathways. We also

found that the effect of low pH is dynamic and fully reversible,
and through sequential truncation experiments we showed that
the stabilizing effect can be attributed to the N-terminal region
of the Aβ sequence. These findings provide fundamental
insights into the site and formation of Aβ assemblies in vivo and
have implications for the future design of therapeutic
intervention strategies.

■ RESULTS
Low pH Induces a Dramatic Increase in Aβ1−40 Fibril

Stability. The binding strength for all protein interactions is
defined by the KD value, which is the ratio of the dissociation
rate (koff) and the association rate (kon) and represents the
concentration at which 50% of the binding sites are occupied eq
1. For a polymerization process such as amyloid formation, the
concentration of free monomers must be above the KD value
for the reaction to occur. The stability of a fibril is, therefore,
defined by the affinity of free monomeric Aβ1−40 for binding to
the fibrillar ends of immobilized Aβ1−40, which is determined by
the KD value.

=K
k
kD
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SPR is a very convenient tool to elucidate in detail the
different properties of a polymerization process where
preformed fibrils can be immobilized on a surface and probed
with free monomers. Apart from its very high sensitivity, this
approach also circumvents the stochastic nature of nucleation,
which precedes the formation of a fibril. In this work, we
examined the effect of changes in pH. The pH encountered by
the Aβ peptide in vivo ranges from 7.4 to 4.5, and we
investigated the effect within this specific range. To monitor
continuous polymerization, Aβ1−40 fibrils were immobilized on
the surface of an SPR sensor chip and subsequently probed by
free Aβ1−40 monomers. The sensograms in Figure 1 show the
initial association phase as the fibrils are polymerized followed
by the dissociation phase after the injection was stopped.
Due to its intrinsic nature, a polymerization reaction does

not reach a point of saturation similar to a ligand−receptor
interaction, and the affinity between subunits must be
determined through indirect methods. We and others have
previously determined that the affinity between subunits, the
KD value, within an Aβ1−40 fibril is around 100 nM at neutral
pH.20,21 In this study, the relative change in the rate of
polymerization as a function of alterations in the pH is shown,
and the affinity constants can be related to this value. Figure 1A

Figure 1. SPR analysis of immobilized Aβ1−40 fibrils probed by monomeric Aβ1−40 at different pH values. (A) 1 μM Aβ1−40 was injected at pH 7.4
(□), pH 6.5 (■), pH 5.5 (○), and pH 4.5 (●). The binding affinity increased with decreasing pH as indicated by the increased response. (B)
Increasing concentrations of Aβ1−40 were injected over Aβ1−40 fibrils at different pH values. The association rate increased with decreasing pH. (C)
The normalized response during the dissociation phase after injecting 1 μM Aβ1−40 at different pH values. The dissociation rate decreased with
decreasing pH.
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shows the sensograms at different pH levels with a constant free
Aβ1−40 monomer concentration of 1 μM. Figure 1B illustrates
the association rates of Aβ1−40 at different pH values as a
function of free Aβ1−40 monomer concentration. Interestingly, a
significant stabilizing effect was observed after a rather modest
reduction in pH. A 10-fold increase in association rate occurred
already at pH 6.5, and at pH 4.5 the increase was almost 12
times faster than at neutral pH. Figure 1C shows the
normalized dissociation kinetics as a function of pH.
The dissociation phase in Figure 1C follows a biphasic

pattern where an initial low affinity, seen as a rapid decay, is
followed by a slower rate of dissociation. This process has been
previously described as the dock and lock mechanism where the
free peptide first attaches to the fibrillar end in a nonoptimal
manner with a lower affinity but is subsequently optimized
through minor structural changes to adopt a higher affinity
conformation that causes the slower rate of dissociation.41 The
contribution to the affinity from the fast decay is minor, and we
are, therefore, exclusively focusing only on the high-affinity part
where the Aβ1−40 monomer has been “locked” into the fibrils
and which represents the major part of the dissociation
constant. From the results, it is obvious that the low pH
dramatically reduces the rate of dissociation. The dissociation
rate at pH 6.5 is five times slower than at neutral pH, and the
dissociation rate at pH 4.5 is 10.5 times slower. Given the
relative changes in association and dissociation kinetics as well
as the affinity at one value, the affinity at the different pH values
can be calculated. The results are given in Table 1 and show

that at pH 4.5 the binding strength of a monomer within a fibril
is 124 times stronger than at neutral pH. The effect is also
pronounced upon a modest lowering of the pH and
corresponds to a 20-fold increase in affinity already at pH 6.5.
Because of the sometimes strong template-dependent effect

of Aβ fibril formation,21 we investigated whether the Aβ1−40
fibrils formed at pH 7.4 and pH 4.5 have the same ability to
template a polymerization reaction or if the reaction is
somewhat impaired as a result of changes in the environment.
We found that the enhanced stability effect is highly dynamic
and that the fibrils exhibit an identical ability to template the
reaction irrespective of whether they were initially formed at
pH 4.5 or 7.4.
The N-Terminal Region of Aβ Controls Fibril For-

mation Rate and Stability. The experiments described above
showed that low pH dramatically influences the aggregation
rate by affecting both the dissociation rate and the association
rate. However, it was unclear which part of the peptide
mediates the stabilizing effect and whether the effect is caused
by a protective mechanism at neutral pH or a gain of function
at low pH. To investigate this, preformed Aβ1−40 fibrils, which

preserved the architecture of the template fibril, were probed by
N-terminally truncated Aβ variants Aβ3−40, Aβ11−40, and
Aβ17−40. The experiment was performed at pH 7.4 and 4.5.
For Aβ3−40 and Aβ11−40, the association rate, which is the rate
the monomeric peptides are incorporated into the Aβ1−40 fibril,
was essentially identical (Figure 2A). Both Aβ3−40 and Aβ11−40
had the same increase in association rate after lowering the pH
from neutral to pH 4.5 as Aβ1−40 (Figure 2A,B). Aβ17−40 was
also incorporated into the architecture of Aβ1−40 fibrils, but this
variant had a lower pH-mediated increase in the association rate
(Figures 2A and 2B). The results suggest that the residues
spanning the Glu11-Lys16 region are of particular importance
for the rate of association.
Evaluation of the dissociation rates showed that the Asp1-

Tyr10 region of the N-terminal region of Aβ also contributes to
fibrillar stability. Removing the first two amino acids resulted in
an increased rate of dissociation as well as a notably longer
docking phase. Figure 2C shows the dissociation response with
Aβ1−40 at pH 7.4 and pH 4.5, and Figure 2D shows the
dissociation response with the Aβ3−40 variant at both neutral
pH and at pH 4.5. Further truncation, represented by the
Aβ11−40 variant, had a surprisingly small effect on the
dissociation response and showed essentially the same
properties as Aβ3−40 at pH 4.5 and pH 7.4 as shown in Figure
2E. This indicates a small direct influence by the region
spanning Glu3-Tyr10. However, further truncation resulted in a
more dramatic change, and probing Aβ1−40 fibrils with Aβ17−40
monomers showed a pronounced increase in the dissociation
rate and, interestingly, a complete loss of the potentiating effect
of lowering the pH (Figure 2F). In contrast to the association
rate, which is affected by the concentration of the free peptide,
the dissociation rate is independent of the concentration. This
implies that the influence of the dissociation rate becomes
increasingly important at lower concentrations.
Using the Aβ1−40 fibrils as a template preserved the uniform

architecture that otherwise might have induced a variable
component in the system due to the possible formation of
alternative fibrillar architectures by the truncated variants. It is,
however, interesting to note that repeating all of these
experiments using the corresponding fibrils as a template
resulted in an identical result, which is shown in Supporting
Information Figure S1. The Aβ17−40 variant presented technical
difficulties when using Aβ17−40 fibrils as the template due to the
intrinsically high rate of dissociation.

The pH-Dependent Effect Is Not Mediated by a
Change in Secondary Structure of Aβ. Aβ is an intrinsically
disordered peptide and does not form stable structures in
solution at neutral pH. The strong increase in aggregation rate
after lowering the pH is puzzling, and from a mechanistic point
of view the events preceding incorporation into fibrils are not
clear. Several scenarios, however, are possible where either the
fibril or the monomeric structure is changed prior to
incorporation. Circular dichroism (CD) analysis of the
monomer was used to investigate whether the mechanism
requires the formation of stable structure within the monomer
to facilitate incorporation. The striking effect we observed in
the previous experiments after a very small change in pH
implies that any potential change should be seen within this pH
range. Therefore, the secondary structure of monomeric Aβ1−40
was analyzed at pH 7.4, 6.5, and 6.0. The CD spectra at neutral
pH indicated predominantly random coil structures, and only
very minor changes in secondary structure occurred within this
pH range (Figure 3).

Table 1. Relative Change in Association and Dissociation
Rates of Aβ1‑40 at Different pH

a

pH
relative association

rate (kon)
1/relative dissociation

rate (koff) potentiation
KD,
nM

7.4 1 1 1 100
6.5 10 2 20 5
5.5 10.5 9.5 99 1
4.5 11.8 10.5 124 0.8

aAll figures are related to the kinetics at neutral pH, which is defined as
1. The KD between an Aβ1‑40 monomer and its fibrillar counterpart at
neutral pH is adapted from a recent study.42
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Electron Microscopy Indicates a Similar Morphology
among Truncated Aβ Variants. Electron microscopy (EM)
was used to verify the ability of the investigated Aβ variants to
form amyloid structures at both pH 7.4 and 4.5. After
incubation, all Aβ variants displayed fibrillar morphologies.
Figure 4 shows that Aβ1−40 forms fibrils within the pH range
4.5−7.4. The lengths differed somewhat, but the diameters
were similar at 10 nm. The fibrillar structures of Aβ3−40,

Figure 2. SPR analysis of immobilized Aβ1−40 fibrils probed with different monomeric Aβ variants at pH 7.4 and pH 4.5. Association rates monitored
as a function of increasing concentrations of Aβ1−40, Aβ3−40, Aβ11−40, and Aβ17−40 injected over Aβ1−40 fibrils at pH 7.4 (A) and pH 4.5 (B).
Dissociation responses after injection of 1 μM Aβ1−40 (C), Aβ3‑40 (D), Aβ11−40 (E), and Aβ17−40 (F) at pH 7.4 (■) and pH 4.5 (□).

Figure 3. CD of Aβ1−40 monomers at different pH values. Aβ1−40
samples (10 μM) were analyzed at 25 °C at pH 7.4 (□), pH 6.5 (■),
and pH 6.0 (○). Lowering the pH from 7.4 to 6.0 did not affect the
secondary structure of Aβ1−40.

Figure 4. Negative-staining EM of Aβ1−40 aggregates verifies fibrillar
morphologies at (A) pH 7.4, (B) pH 6.5, (C) pH 5.5, and (D) pH 4.5.
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Aβ11−40, and Aβ17−40 at both neutral and low pH were also
verified using EM and are shown in Supporting Information
Figure S2.
Quenched H/D Exchange Experiments. The dramatic

increase in polymerization kinetics at low pH indicates
differences in the ability of the fibrils to act as templates for
Aβ polymerization. This could have several different explan-
ations. We used quenched hydrogen/deuterium (H/D)
exchange in combination with NMR according to a previously
established procedure42,43 to evaluate the possibility of changes
in the core structure of the fibrils. The method is based on the
rationale that the secondary structure in the fibrillar core
protects the labile amide protons from exchanging with the
surrounding deuterons. After a defined time of incubation in
D2O, the solvent protection is trapped via a rapid conversion of
the fibrils into a monomeric and NMR-detectable state during
conditions of low back exchange. By monitoring the post-trap
decay of the H/D exchange, the method identifies the fibrillar
core in a residue-specific and quantitative manner. Using this
approach, we found that the solvent-protected core structure
was essentially identical for fibrils formed at pH 7.4, 6.5, and 5.0
(Figure 5). These fibrils displayed two well-protected bell-
shaped regions spanning Ser9-Gly25 and Gly27-Val40 and a
less protected region centered on residue Ser26, which is

consistent with a structural arrangement of two β-strands
connected by a turn and is in agreement with a current solid-
state NMR model.42

■ DISCUSSION
The equilibrium between monomeric Aβ peptides and their
pathological self-assembly is delicate, and it is well-known that
just a small perturbation could have devastating effects and
result in early onset AD. Factors such as Aβ expression
levels,44,45 secretase excision efficiency,46,47 ApoE genotype,48

and differential trafficking within the endosomal−lysosomal
pathways49 are just a few examples of factors known to
contribute to the risk of developing the disease. Elucidation of
the parameters affecting these equilibriums is important in
order to fully understand the pathology of AD.
The polymerization of an amyloid fibril can be regarded as

the formation of a one-dimensional crystal where a template-
dependent mechanism controls both the ability to polymerize
as well as the rate of fibril formation. With SPR, it is possible to
obtain the rate constants of the polymerization process without
having to account for the stochastic phase of nucleation.37,38

This allows the properties of the template and substrate to be
evaluated as well as the effects of environmental factors.
All polymerization processes, however, depend on a critical

concentration to occur. This concentration is defined as the
dissociation equilibrium constant, KD. At a monomeric
concentration below the KD the dissociated state is more
favorable and polymerization will not occur. Therefore, the
concentration of Aβ is important and determines whether a
fibril will form or not.
The critical concentration for Aβ1−40 at neutral pH has been

previously determined, both by us and by others, to be around
100 nM.20,21 However, the concentration of Aβ within the CSF
is only 50−100 pM,50 which means that the extracellular
concentration of free Aβ is approximately 1000−2000 times
lower than the concentration required for the polymerization
process to occur. Although self-assembly of Aβ has been shown
to be promoted, for example, by binding to membranes,51,52

this large discrepancy raises questions about how and where
polymerization of Aβ might occur. In this study, we found that
lowering the pH to the values found in endosomes and
lysosomes dramatically lowered the KD, which for the first time
shows that Aβ fibril formation can occur within the picomolar
range.
The stabilizing effect as a function of pH is clearly dependent

on the ionizable groups of the peptide that determine the
isoelectric point (PI) and hydrophobicity and, therefore, the
overall solubility. Full-length Aβ is an amphipathic peptide with
both a charged part and a predominantly hydrophobic part.
Most of the charged residues are located within the N-terminal
region of residues Asp1-Lys16, and the C-terminal stretch is
mainly hydrophobic. For illustrative purposes, Figure 6 shows a
hydrophobicity plot where the charged residues have been
indicated within the sequence. The degree of protonation of the
specific ionizable groups on the peptide, including the peptide
N-terminus and the side-chains of Arg, Lys, His, Glu, and Asp,
is dependent on their specific pKa values. The side-chains of
Arg and Lys both have alkaline pKa values corresponding to
12.5 and 10, respectively, and both will have a positive charge
for all pH values in the current investigation. The pKa values for
Asp, Glu, and His have previously been specifically determined
within the Aβ peptide and correspond to around 4.2, 4.3, and
6.2, respectively.53 The observed strong stabilizing effect at a

Figure 5. Solvent protection ratios for backbone amide protons as
determined by quenched H/D exchange monitored by NMR
spectroscopy. The plots show solvent protection patterns from fibrils
formed at pH 7.5 (A), pH 6.5 (B), and pH 5.0 (C). Protection is
defined as the ratio of the observed signal intensity after a given time
of preincubation in D2O compared to a completely protonated
reference sample. Protection in the reference sample is defined as
100%. Circles correspond to residues verified to have 0% protection,
and crosses correspond to residues where exchange was too fast for
detection. Pale gray bars indicate overlapping residues with
ambiguously assigned protection ratios. Error bars indicate the
experimental uncertainty.
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pH just below neutral implies that the predominant effect is the
result of protonation of the histidines and possibly the N-
terminus, which has a pKa around 7.0. The results showed that
a nearly full effect of stabilization is reached at pH 5.5. At this
pH, essentially all of the histidines are protonated but only a
very small proportion of the carboxyl groups on Asp and Glu
are protonated.
To identify the mechanism associated with the pH-

dependent stabilization, we investigated the effect as a function
of sequential truncations of the N-terminal region of the
peptide. We found that removal of only the first two residues
had a surprisingly strong influence on both fibrillar stability and
the pH-dependent potentiation, which shows that the absolute
N-terminal part significantly contributes to the fibrillar stability.
Although it is difficult to pinpoint the exact mechanism because
the truncation both removes a negative charge due to removal
of Asp1 and shifts the location of the N-terminus, the effect is
notable and implies that the Aβ3−40 variants, which are
abundant in vivo,6,54 will display a different stability compared
to Aβ1−40.
Addition or removal of charged residues might have an effect

on the overall solubility of the peptide, and increased water
solubility would favor a monomeric state. In this context it is
important to consider potential changes in PI that might
influence the equilibrium due to changed solubility at the
specific pH. Table 2 lists the PI, hydrophobicity, and overall
charge as well as the change in charge within the investigated
pH range.
Removal of the two initial residues only shifts the PI from

5.31 to 5.71 and, therefore, cannot explain the reduced fibril
stability. The overall hydrophobicity also increases slightly
because of the truncation, which would favor rather than
weaken the interaction due to the lower water solubility, and
this cannot explain the decreased stability either. Further
truncation by removal of the first 10 N-terminal residues, on
the contrary, had a surprisingly small effect, and Aβ11−40 had
essentially the same properties as Aβ3−40, which indicates that

Glu3-Tyr10 is not significantly involved in the overall stability
of the fibril or the pH-dependent mechanism of fibril
stabilization. It is of particular interest to note that protonation
of His6 does not seem to make a significant contribution to the
observed effect. Aβ11−40 has a PI of 6.02, which is in the same
range as Aβ3−40, but the hydrophobicity index is increased even
further.
Truncating the peptide further by removing residues Glu11−

Lys16 had a much more striking effect. Probing Aβ1−40 fibrils
with monomeric Aβ17−40 produced a less stable fibril and,
importantly, no stabilizing effect resulted from lowering the pH.
This result is in accordance with the notion that no significant
change in charge can be seen within the specific pH range. The
PI of Aβ17−40 is 6.07 and is in the same range as the PIs of
longer Aβ variants. However, due to removal of the hydrophilic
N-terminal part the remaining sequence is highly hydrophobic.
Nevertheless, the binding affinity toward the fibrillar end is
significantly diminished.
Although we found an H/D protection pattern that indicates

contacts within the fibrillar structure, molecular explanations for
the affinity at which a peptide binds to a fibrillar end should be
treated with care. The H/D protection pattern represents the
ability of the structure to protect the labile amide hydrogen
from reacting with water. This can be achieved either through
formation of a hydrogen bond within the secondary structure
or via solvent exclusion of hydrophobic areas due to the fibrillar
architecture. Truncation of the first two residues resulted in a
significantly lower stability. This could possibly be attributed to
the proximity to, and interference with, the protected residues
Glu3−Arg5, which are likely protected through hydrogen
bonds because this is a rather hydrophilic peptide stretch of the
peptide. The similar stability between Aβ3−40 and Aβ11−40,
where the latter lacks the ability to make stabilizing contacts
within the 10 most N-terminal residues, is hard to explain and
pinpoints the difficulty of determining the stability based only
on the relative solvent exclusion. According to these results, the
stretch between Glu3 and Tyr10 apparently only contributes
enough to maintain its own binding and does not significantly
contribute to the overall stability of the peptide. It is, however,
possible that the two most N-terminal residues are important
for the stability of the first 10 residues and function like a zipper
for the region, and this would explain our results.
In all experiments, we maintained physiological ionic

strength. However, in SPR analysis where salt was omitted
we found a less potentiated increase in fibril stability upon
lowering the pH, and this suggests that shielding of some
charged residues is required. It should also be noted that the
effect of stabilizing charge interactions could not be seen in the
H/D exchange experiments.
It is, at this point, of interest to present a mechanistic

explanation for the observed phenomenon. The reduction in
fibril stability by removing the N-terminal region of Aβ could

Figure 6. Sequence analysis of Aβ1−40 using the Kyle and Doolittle
algorithm for predicting hydrophobicity. Charged residues (*) are
indicated in the sequence.

Table 2

peptide isoelectric point hydrophobicity charge (pH 4.5) charge (pH 5.5) charge (pH 7.4)

Aβ1−40 5.31 0.0575 2.2 −0.4 −3.4
Aβ3−40 5.71 0.105 2.9 0.6 −2.4
Aβ11−40 6.02 0.613 2.2 0.7 −1.4
Aβ17−40 6.07 1.312 −0.2 −0.9 −1.5

Isoelectric point was calculated according to Bjellqvist et al., 1994 (ref 55). The hydrophobicity was calculated using the GRAVY algorithm.56 The
number of charges at a specific pH was acquired using the online protein calculator v3.4, http://protcalc.sourceforge.net/.
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be explained either by the loss of a protective function at
neutral pH or by a gain of function due to the low pH.
Considering the possibility of a protective function by the N-
terminal region at neutral pH, a truncation would increase the
fibril stability. This effect, however, was not observed, and this
implies that the N-terminal region of the full-length Aβ peptide
gains a function at low pH that facilitates a more rapid
incorporation of monomers into the fibrillar architecture. At
present, it is not possible to determine the structural changes in
detail. It is notable, however, that a rather strong effect occurs
already at around pH 6.0−6.5. CD analysis of the monomer in
this pH range indicated only minor structural changes, which
leads to the conclusion that a substantial structural change,
prior to fibril incorporation, is not a prerequisite.
We also could not demonstrate any significant changes in the

fibrillar form, and the structural analysis of the fibrils using H/D
exchange in combination with NMR did not indicate any
considerable difference between fibrils formed at pH 7.4 and
6.5 or even pH 5.0. A substantial structural change in the fibril
due to pH shifts is also unlikely to occur due to high kinetic
barriers, and this would not fit with the observed dynamic
behavior in these experiments. Therefore, the enhancing effect
is most likely mediated by changes within the charge
interactions of the side chains that were not obvious in the
CD or H/D exchange patterns. A possible explanation,
therefore, is that a predominantly unstructured monomer
adapts the fibrillar structure through an induced fit mechanism.
Such a model is in good agreement with the dock and lock
mechanism noted within these experiments as well as in several
previous investigations.41,42 An interesting possibility, although
speculative, is that protonation of one or more specific
histidines enables intramolecular charge interactions resulting
in the formation of an aggregation-prone intermediate. Such a
conformational change would not necessarily be seen within a
CD spectrum. Here it should be mentioned that a previous
study aimed at identifying salt-bridge interactions between
histidines and carboxyl groups within the Aβ peptide indicated
that no intramolecular interactions could be seen within the
monomer.53

The high template dependency of Aβ fibril assembly is
interesting and reflects how very small alterations, such as a
change of charge, might have a profound impact on fibril
assembly. In this context, it is important to highlight that
because only Aβ1−40 fibrils were used as a template, the fibrillar
architecture was uniform between all experiments. However,
using the corresponding fibrils of Aβ3−40 as well as Aβ11−40 as a
template produced very similar results (Supporting Information
Figure S1). A detailed analysis of immobilized Aβ17−40 fibrils
was, as expected, partly impaired because of its high
dissociation rate.
The dramatic lowering of the KD as a result of low pH in this

work shows for the first time how a polymerization of Aβ can
occur at picomolar concentrations very close to the
concentration found in the CSF and the ISF.57 The actual
monomeric Aβ concentration within the endosomes and
lysosomes might, however, be higher because APP processing,
apart from the Golgi and ER,58−61 also occurs within the
endosomal and lysosomal pathways,8 which consequently will
contribute to an increased local concentration within these
compartments. Another factor that could also possibly increase
the Aβ concentration within the endosomal and lysosomal
compartments is that Aβ has an affinity for certain cell
membranes and receptors that could lead to an increased Aβ

concentration on the cell surface and, as a consequence, a
higher local concentration upon endocytosis. In particular, the
interaction between Aβ and the ganglioside GM1 has been
studied, and a connection between endocytosis and fibril
formation has been suggested.62 Also, alterations in cholesterol
content are known to modify Aβ binding to membranes and to
be risk factors for AD.63 Interestingly a specific Aβ uptake from
the extracellular environment resulting in an increased
endosomal and lysosomal concentration has also been noted
in certain cells.64

The present work was exclusively performed with the Aβ1−40
variant, but in a previous study we showed that the significantly
more aggregation-prone Aβ1−42 form is around 10 times more
stable than Aβ1−40 at neutral pH.

42 The Aβ1−42, on the contrary,
is found in lower concentrations than Aβ1−40, which counteracts
this effect.
This work was also exclusively performed with fibrillar

structures, but Aβ also has the ability to adopt a range of
different structures including highly cytotoxic protofibrillar and
oligomeric forms.39,65 The optimal conditions for the formation
of these nonfibrillar assemblies and the critical concentration
for their formation should be studied further.
In this study, we have shown how the critical concentration

of Aβ fibril assembly dramatically decreases as a result of
lowering the pH and that it is possible for Aβ to polymerize
within a picomolar concentration range that is close to the Aβ
concentration found within the CSF and ISF. We demonstrated
how the enhancing effect is mediated by the N-terminal region
of Aβ, which acts through a gain of function mechanism at low
pH, and how the stabilizing effect essentially correlates with the
pKa of the histidines. We have shown that the effect of pH is
highly dynamic, that the increased stability is not associated
with a subsequent change in secondary structure of the
monomer, and that no significant structural changes are noted
for the fibrillar form. These results also raise the question of
whether other factors than low pH might decrease the KD, or
increase the Aβ concentration, to cause the same dramatic
increase in fibril stability or if the endosomal and lysosomal
compartments are, in fact, the exclusive sites where Aβ fibrils
can propagate in vivo.

■ MATERIALS AND METHODS
Preparation of Peptides and Fibrillar Samples. Aβ peptides,

including isotope-labeled variants, were obtained from AlexoTech AB
(Umea,̊ Sweden). All peptides were solubilized in 10 mM NaOH to an
approximate pH of 11, and then the pH was adjusted using phosphate
or acetate buffer. All experiments were performed in the presence of
150 mM NaCl unless otherwise indicated. Fibrillar forms were
prepared with 100 μM peptide solutions at 37 °C with agitation for
48−96 h.

Negative Staining Electron Microscopy. From each 100 μM Aβ
solution, 3.5 μL samples were adsorbed for 2 min onto glow-
discharged carbon-coated copper grids, washed in H2O, and
immediately negatively stained in 50 μL of 1.5% uranyl acetate
solution for 30 s. Negative-stained samples were examined on a
JEM1230 transmission electron microscope (JEOL) operating at 80
kV. Micrographs were recorded with a Gatan UltraScan 1000 2k × 2k
pixel CCD camera using Digital Micrograph software.

Surface Plasmon Resonance (SPR). The fibrillar forms of Aβ
peptides were immobilized on a CM5 chip (GE Healthcare, Uppsala,
Sweden) at a density of around 3000 response units (RU) using
standard amine-coupling chemistry. Analysis of Aβ peptide binding
was performed using a Biacore 3000 system (GE Healthcare, Uppsala,
Sweden) at a flow rate of 20 μL/min in either phosphate buffer (pH
between 7.4 and 6.0) or acetate buffer (for analysis at pH 4.5 and pH
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5.5). Nonspecific interactions were corrected by using double
referencing according to standard procedures.66 The decay of the
Aβ fibrils was fitted to a second-order exponential model, Ae−kfast +
Be−kslow + C, where the parameters A and B are the percentages of kfast
and kslow, respectively. C is a constant required for an optimal fit and
represents the fraction of the material that does not dissociate from the
template over a very long time scale (<10%).
Quenched H/D Exchange and NMR Analysis of Aβ1−40. To

evaluate the effect of low pH on fibrillar amyloid, 15N-labeled Aβ1−40
(100 μM) was dissolved as described above and incubated under
agitation at 37 °C in PBS or acetate buffer over 4 days. To probe
solvent accessibility, fibrillar solutions of each peptide type were split
into two fractions and recovered by brief centrifugation (20,000× g).
H/D exchange was carried out on one of the fractions by diluting the
pellets 30 times using a D2O solution containing 150 mM NaCl and
either 20 mM phosphate buffer at pH 7.4 or acetate/acetic acid at pH
4.5. The amide hydrogen exchange rate is logarithmically dependent
on pH, so the time of exchange was extended to account for this. At
neutral pH, the fibrils were incubated in the deuterated solvent for 1 h,
but the exchange at pH 4.5 was prolonged accordingly. (It was,
however, apparent that the solvent exchange pattern was mostly
dependent on the secondary structure because variations in
preincubation times only had a minor influence on the resulting
solvent H/D protection pattern.) The second fraction was used as a
fully protonated reference sample to identify and exclude amide
exchange resulting from the experimental procedure, for example, the
exchange of highly exposed amides in the monomeric state. At the end
of the incubation period in the deuterated solvent and immediately
prior to NMR analysis, Aβ assemblies were recovered by centrifugation
and converted into an NMR-detectable state according to a previously
described procedure.67−70 Hydrogen exchange was subsequently
monitored by recording a series of heteronuclear 2D 15N-HSQC
experiments. Prior to each 15N-HSQC experiment, a 1D proton NMR
spectrum was acquired to quantitatively monitor the dissolution of
fibrils into monomers. All experiments were performed at 15 °C with a
600 MHz Bruker AVANCE spectrometer equipped with a 5 mm
triple-resonance, pulsed-field z-gradient cryoprobe. All spectra were
processed using NMRPipe,71 and spectral analyses were performed in
NMRView.72 The ratios of peak intensities between the different
experiments were presented in a residue-specific manner using the
Grace software package (plasma-gate.weizmann.ac.il/Grace).
Circular Dichroism. CD spectra were acquired using a Jasco-720

instrument. The spectra between 200 and 260 nm were recorded by
collecting data at 0.5 nm intervals with a response time of 2 s and a
scan speed of 50 nm/min. Measurements were performed at 20 °C in
a 1 cm cuvette in 20 mM phosphate buffer at pH 7.4, 6.5, and 6.0 with
150 mM NaF and 10 μM Aβ1−40.

■ ASSOCIATED CONTENT
*S Supporting Information
An SPR analysis showing the polymerization process of Aβ3−40
and Aβ11−40 using their corresponding fibrils as a template as
well as a TEM analysis of the morphology. This material is
available free of charge via the Internet at http://pubs.acs.org.
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