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Alzheimer's disease (AD) is a neurodegenerative disorder characterized by
cerebral deposition of amyloid fibrils formed by the amyloid β (Aβ) peptide.
Aβ has a length of 39–43 amino acid residues; the predominant Aβ isoforms
areAβ1–40 andAβ1–42.While themajority ofADcases occur spontaneously,
a subset of early-onset familial AD cases is caused by mutations in the genes
encoding the Aβ precursor protein or presenilin 1/presenilin 2. Recently, a
deletion of glutamic acid at position 22 within the Aβ sequence (E22Δ) was
identified in Japanese patients with familial dementia, but the aggregation
properties of the deletion variant of Aβ are not well understood. We
investigated the aggregation characteristics and neurotoxicity of recombi-
nantly expressed Aβ isoforms 1–40 and 1–42 with and without the E22Δ
mutation. We show that the E22Δ mutation strongly accelerates the fibril
formation of Aβ1–42 E22Δ compared to Aβ1–42 wild type (wt). In addition,
we demonstrate that fibrils of Aβ1–40 E22Δ form a unique quaternary
structure characterized by a strong tendency to form fibrillar bundles and a
strongly increased thioflavin T binding capacity. Aβ1–40 E22Δ was
neurotoxic in rat primary neuron cultures as compared to nontoxic Aβ1–40
wt.Aβ1–42 E22Δwas less toxic thanAβ1–42wt, but it significantly decreased
neurite outgrowth per cell in neuronal primary cultures. Because Aβ1–40 is
themajorAβ form in vivo, the gain of toxic function causedby the E22deletion
may explain the development of familial AD in mutation carriers.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

According to the amyloid hypothesis, aggregation
of the amyloid β (Aβ) peptide and accumulation in
extracellular deposits in the neuropil and in the
cerebral vasculature are central events in the
pathophysiology of Alzheimer's disease (AD),
which is the most prevalent neurodegenerative
disease in the growing population of elderly
people.1 Aβ has a length of 39–43 amino acid
residues and is generated from the amyloid precur-
sor protein (APP) via endoproteolytic cleavage by β-
secretase and γ-secretase2 (Fig. 1). Two major Aβ
isoforms are produced in the human brain: Aβ1–40
and Aβ1–42. The longer Aβ1–42 peptide is present
d.
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Fig. 1. Schematic diagram of the
APP highlighting known mutations
within the Aβ sequence that are
linked with FAD. The gray letters
below the Aβ sequence indicate the
knownmissensemutationswithin the
Aβ sequence: A2V, English (H6R),
Tottori (D7N), Flemish (A21G), Dutch
(E22Q), Italian (E22K), Arctic (E22G),
Osaka (E22Δ), and Iowa (D23N). The
main cleavage sites of β-secretase and
γ-secretase are indicated with broken
lines and scissors. M: membrane.
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in the brain at approximately 10% of the concentra-
tion of Aβ1–40,3–5 but has a higher tendency to
aggregate and form amyloid fibrils than Aβ1–40;
Aβ1–42 is therefore considered as the pathologically
relevant form in the pathophysiology of AD.6

In most AD cases, the disease occurs spontane-
ously, with late onset. However, a small number of
AD cases have a familial background and are
frequently associated with a lower age of onset.
Familial AD (FAD) can be caused by mutations in
the genes encoding APP or presenilin 1/presenilin
2.7,8 Some of the mutations in the gene encoding
APP affect the sequence of Aβ itself, including the
so-called Flemish (A21G),9 Dutch (E22Q),10 Italian
(E22K),11 Arctic (E22G),12 Iowa (D23N),13 Tottori
(D7N),14 English (H6R),15 and A2V16 mutations,
which were all found to cause familial forms of
dementia associated with amyloid deposition (Fig.
1). The clustering of mutations around positions 21–
23 within the Aβ sequence may suggest a particular
susceptibility to altered Aβ properties, as most of
the corresponding Aβ variants exhibit an increased
propensity to form amyloid fibrils.17 Recently, a
further unusual mutation within this cluster—the
deletion of glutamate 22—was discovered in Japa-
nese patients.5,18–21 Besides the recently described
Aβ mutation A2V,16 the mutation E22Δ probably
represents the first described recessive mutation
related to FAD, as only homozygotes showed AD or
Alzheimer's-type dementia.5 However, the number
of examined individuals was limited, and one of the
heterozygous E22Δmutation carriers exhibited mild
cognitive impairment, a harbinger of AD, suggest-
ing that this mutation may act in a dose-dependent
manner. The corresponding synthetic peptides
Aβ1–42 E22Δ and Aβ1–40 E22Δ were reported to
show an enhanced propensity to oligomerize, but
completely failed to form fibrils in vitro.5 Interest-
ingly, the amyloid signal measured in vivo with
positron emission tomography using Pittsburgh
compound B (PIB) was low in a homozygous carrier
of the E22Δ mutation, suggesting low concentra-
tions of fibrils or a lower affinity of the mutant fibrils
for PIB as compared to wild-type (wt) fibrils.5 Here
we addressed the biochemical properties of the
peptides Aβ1–40 E22Δ and Aβ1–42 E22Δ by
exclusively using highly pure, recombinant peptides
instead of synthetic peptides that had been used in
previous studies. We found that the deletion E22Δ
did not prevent the fibrillization process. Instead, it
significantly enhanced the spontaneous in vitro
aggregation of Aβ1–42 E22Δ as compared to Aβ1–
42 wt. In addition, the shorter deletion variant Aβ1–
40 E22Δ formed fibrils with a quaternary structure
different from that of Aβ1–40 wt, characterized by a
higher thioflavin T binding capacity and a strongly
increased tendency to form fibrillar bundles. Fur-
thermore, we showed that Aβ1–40 E22Δ and Aβ1–
42 E22Δ retained the ability to bind the in vivo
amyloid staining dye PIB. In addition, Aβ1–40 E22Δ
proved to be significantly more toxic in rat primary
neurons than Aβ1–40 wt, which shows no toxicity
towards primary neurons. The increased neurotox-
icity of Aβ1–40 E22Δ may thus explain the early
onset of AD caused by this mutation, as Aβ1–40 is
known to be the major form of Aβ in vivo.4,5

Results

Aβ1–42 E22Δ aggregates faster than Aβ1–42 wt

To investigate the influence of the E22Δ mutation
in the Aβ sequence on the intrinsic aggregation
properties of Aβ, we produced highly pure, recom-
binant Aβ1–40 and Aβ1–42 peptides with and
without the deletion E22Δ (see Materials and
Methods for details). Amyloid fibril formation of
the four Aβ variants at 37 °C, pH 7.4, 122 mM ionic
strength, and 7.5 μM peptide concentration was
initiated by a dilution of stock solutions of the
soluble peptides in 10 mM NaOH with buffer and
was monitored by both a fluorescence increase in the
amyloid-specific dye thioflavin T at 482 nm and by a
decrease in the concentration of soluble Aβ.
Thioflavin T fluorescence measurements revealed

that Aβ1–42 E22Δ aggregated significantly faster
than Aβ1–42 wt. While aggregation of Aβ1–42 wt
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showed a lag phase of about 8 min, followed by
rapid fibril growth for about 5 min (Fig. 2a), the lag
phase was completely absent in the case of Aβ1–42
E22Δ, and the half-maximum thioflavin T fluores-
cence was reached within the first minute of the
reaction (Fig. 2b). Moreover, the soluble Aβ1–42
E22Δ peptide disappeared immediately after the
onset of the reaction, while Aβ1–42 wt remained
soluble until the end of the aggregation lag phase
(Fig. 2a and b). Aβ1–42 E22Δ thus showed a
significantly higher tendency of amyloid fibril
formation compared to Aβ1–42 wt.
To investigate the reason for the absence of the lag

phase in the aggregation kinetics of Aβ1–42 E22Δ,
we recorded the far-UV circular dichroism (CD)
spectra of soluble Aβ1–42 wt and Aβ1–42 E22Δ in
stock solutions in 10 mM NaOH. Whereas the
spectrum of Aβ1–42 wt showed a minimum in the
range of 195–200 nm, which is indicative of random-
coil conformation, the spectrum of Aβ1–42 E22Δ
Fig. 2. Kinetics of the in vitro fibril formation of Aβ1–42 wt (
measured via the relative increase in thioflavin T fluorescenc
(filled circles) during aggregation. Aggregation of the Aβ pep
pH 7.4 and 37 °C was initiated by a 10-fold dilution of Aβ sto
quantified by quenching of the reactions after different time
recording of the absorbance at 220 nm of soluble Aβ in the sup
(continuous lines) and the E22Δ variants (broken lines) in 10
showed a less pronounced minimum at 195–200 nm,
but a more negative ellipticity above 205 nm (Fig.
2e). The spectrum of soluble Aβ1–42 E22Δ is
consistent with a mixture of random-coil conforma-
tion and β-sheet conformation. As Aβ supposedly
enters the fibrillization pathway upon β-structure
formation, partial β-sheet conformation in soluble
Aβ1–42 E22Δ at the onset of aggregation could
explain the lack of a lag phase in its aggregation
kinetics.

Aβ1–40 E22Δ formed amyloid fibrils with a
distinct quaternary structure

We next analyzed the aggregation kinetics of
recombinant Aβ1–40 wt and Aβ1–40 E22Δ (Fig. 2c
and d). Aggregation of Aβ1–40 wt started after a lag
phase similar to that of Aβ1–42 wt (8 min), but
showed a significantly longer fibril growth phase
of about 20 min compared to 5 min for Aβ1–42 wt
a), Aβ1–42 E22Δ (b), Aβ1–40 wt (c), and Aβ1–40 E22Δ (d),
e at 482 nm (open circles) and the decrease in soluble Aβ
tides (identical total monomer concentrations: 7.5 μM) at
ck solutions in 10 mM NaOH with buffer. Soluble Aβ was
s by rapid cooling, followed by ultracentrifugation and
ernatants. (e and f) Far-UV CD spectra of the wt peptides
mM NaOH (peptide concentrations: 75 μM).

image of Fig. 2


Fig. 3. (a) Kinetics of absolute thioflavin T fluorescence
increase in the aggregation experiments shown in Fig. 2a–
d. Fluorescence data for the aggregation of Aβ1–40 wt
(gray), Aβ1–42 wt (blue), Aβ1–40 E22Δ (red), and Aβ1–42
E22Δ (green) are shown. (b) Emission spectra of fibril-
bound thioflavin T (λex=440 nm) normalized to the
respective fluorescence maximum to illustrate different
spectral shapes. Fluorescence maxima are indicated with
the color code from Fig. 3a. Inset: Original thioflavin T
fluorescence spectra prior to normalization.
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(Fig. 2a and c). Specifically, the fraction of soluble
Aβ1–40 E22Δ disappeared with approximately the
same rate as soluble Aβ1–40 wt (no soluble peptide
after 25 min) (Fig. 2c and d, filled circles), and Aβ1–
40 E22Δ only showed a slightly shorter aggregation
lag phase (about 6 min relative to 8 min for Aβ1–40
wt). Consistent with the presence of the lag phase in
the aggregation of Aβ1–40 wt and Aβ1–40 E22Δ, the
far-UV CD spectra of both peptides before the
initiation of aggregation showed random-coil con-
formation (Fig. 2f). Despite these similarities be-
tween Aβ1–40 wt and Aβ1–40 E22Δ, Aβ1–40 E22Δ
showed unique aggregation properties that distin-
guish this mutant peptide from wt Aβ and other
mutant Aβ variants. Compared to the normalized
thioflavin T fluorescence kinetics depicted in Fig.
2a–d, Fig. 3a shows the absolute fluorescence
intensities recorded in the aggregation reactions of
all four peptides. It reveals that the absolute
thioflavin T fluorescence at the end of the aggrega-
tion reaction reached six to seven times higher
intensity values relative to all other Aβ variants (Fig.
3a), and that thioflavin T fluorescence indeed
increased faster in the case of Aβ1–40 E22Δ
compared to Aβ1–40 wt (which is not directly
evident from the normalized fluorescence data
shown in Fig. 2d). Despite this faster increase in
absolute thioflavin T fluorescence, the overall
duration of the thioflavin T fluorescence increase
was about 60 min for Aβ1–40 E22Δ compared to
20 min for Aβ1–40 wt (Figs. 2c and d and 3a).
Specifically, thioflavin T fluorescence still increased
significantly after 30 min when soluble Aβ1–40
E22Δ had disappeared completely (Figs. 2d and 3a),
while the maximum thioflavin T fluorescence was
reached after 30 min in the case of Aβ1–40 wt.
We next recorded the fluorescence emission

spectra of thioflavin T bound to the four different
Aβ fibrils. Samples were taken at the time point
when the maximum thioflavin T fluorescence had
been reached during aggregation (Fig. 3b, inset). The
normalized emission spectra (Fig. 3b) show that the
thioflavin T fluorescence maximum in Aβ1–40 E22Δ
fibrils (475 nm) is significantly blueshifted by about
11 nm relative to that of thioflavin T bound to fibrils
of Aβ1–40 wt, Aβ1–42 wt, and Aβ1–42 E22Δ, which
shows a fluorescence maximum at 486±1 nm. In
summary, the data show that fibrils of Aβ1–40 E22Δ
possess a quaternary structure that is distinct from
the fibrils of Aβ1–40 wt, Aβ1–42 wt, and Aβ1–42
E22Δ, characterized by a higher thioflavin T binding
capacity and/or a higher fluorescence yield of fibril-
bound thioflavin T and more hydrophobic thio-
flavin T binding sites.
To gain insight into the differences between wt

and mutant peptides with respect to amyloid fibril
morphology, we imaged the fibrils formed by each
of the four Aβ peptides with negative-stain electron
microscopy. Figure 4a–c shows that Aβ1–42 wt and
Aβ1–42 E22Δmainly formed discrete twisted fibrils,
and Aβ1–40 wt mainly formed straight fibrils that,
in some cases, associated into small bundles. In
contrast, Aβ1–40 E22Δ never formed discrete fibrils
but exhibited a very strong tendency to form large
networks of fibrillar bundles. We repeated these
experiments three times and were always able to
reproduce the strongly increased tendency of
bundle formation of Aβ1–40 E22Δ relative to the
other Aβ peptides. The fibrillar bundles of Aβ1–40
E22Δ could possibly create additional thioflavin T
binding sites at the interface between individual
fibrils and thus may explain their higher apparent
thioflavin T binding capacity. Assuming that for-
mation of individual fibrils precedes the formation
of fibrillar bundles in the aggregation pathway of
Aβ1–40 E22Δ, we speculate that the slow further



Fig. 5. Comparison of a cytotoxic effect induced by
recombinant Aβ1–40 and Aβ1–42 with or without the
mutation E22Δ in rat primary neuronal cell cultures.
Toxicity is presented as LDH activity relative to the controls
after the incubation of the cultureswith the peptides for 72 h.
The graph represents two independent experiments, with
each bar representing themean of four assays. Recombinant
Aβ1–42 wt and Aβ1–40 E22Δ had a significant neurotoxic
effect in comparison to controls (∗∗∗Pb0.001; Tukey's test),
whereas Aβ1–42 E22Δ and Aβ1–40 wt were not signifi-
cantly toxic. Error bars indicate error propagation.

Fig. 4. Negative-stain electron micrographs of the fibrils formed by Aβ1–42 wt (a), Aβ1–42 E22Δ (b), Aβ1–40 wt (c),
and Aβ1–40 E22Δ (d). A representative picture for each Aβ variant is shown (scale bar represents 100 nm).
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thioflavin T fluorescence increase after the disap-
pearance of soluble Aβ1–40 E22Δ (30–70 min after
the onset of aggregation; cf. Fig. 2d) could corre-
spond to the creation of further thioflavin T binding
sites during bundle formation.

Deletion of E22 turned Aβ1–40 into a
toxic peptide

To determine neurotoxicity towards the rat
primary cortical neuron cultures of Aβ peptides
with E22 deletion relative to wt peptides, we
recorded the release of lactate dehydrogenase
(LDH) from lysed cells to the culture medium
after incubation for 72 h with the individual
peptides (final concentrations in the growth medi-
um: 7.5 μM) (Fig. 5). Recombinant Aβ1–42 wt or
Aβ1–40 E22Δ significantly increased LDH release
in comparison to vehicle controls (Pb0.001; Tukey's
test). As reported previously,22 the longer Aβ1–42
wt peptide showed significant toxicity under these
conditions, while the shorter Aβ1–40 wt peptide
proved to be nontoxic. Notably, the E22 deletion in
Aβ1–42 E22Δ almost completely abolished the
toxicity of the longer Aβ peptide, while the deletion
variant Aβ1–40 E22Δ showed significant toxicity
compared to nontoxic Aβ1–40 wt. The E22 deletion
thus reversed the toxicity profiles of Aβ1–40 wt and
Aβ1–42 wt.
In accordance with this observation, the neuronal

loss upon treatment of the primary neurons with
Aβ variants was more pronounced in the case of
Aβ1–42 wt and Aβ1–40 E22Δ, as judged by
immunostaining of the neuronal marker MAP-2

image of Fig. 5
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(Fig. 6a–e). NeuriteTracer analysis revealed signif-
icantly decreased lengths of neurites (Pb0.001;
Tukey's test) following incubation with either
Aβ1–42 wt or Aβ1–42 E22Δ (Fig. 6f). Additionally,
there was a detectable difference in the light
microscopic pattern of Aβ immunoreactivity vary-
ing from punctate Aβ1–40 wt, over web-like Aβ1–
40 E22Δ, to plaque-resembling Aβ1–42 wt and
Aβ1–42 E22Δ. In addition, Aβ staining was only
observed on the surface of the cells (cf. Supple-
mentary Data).
Fig. 6. Morphology of the neuronal cell cultures after incub
were exposed to a vehicle control only (a) or to recombinant Aβ
E22Δ (e) for 72 h, and were labeled for MAP-2 (green), cell nu
neurite length per living cell was determined using NeuriteTr
Aβ1–42 E22Δ (∗∗∗Pb0.001; Tukey's test) (f). Different Aβ vari
varying from punctate (Aβ1–40 wt), over web like (Aβ1–40 E2
(scale bar represents 50 μm).
Fibrils of Aβ1–40 E22Δ and Aβ1–42 E22Δ bind
the amyloid tracer PIB with similar efficiency
relative to Aβ wt peptides

Previous brain imaging studies on a patient
bearing the E22Δ mutation with positron emission
tomography5 had been interpreted such that Aβ
E22Δ peptides have either no tendency or only a low
tendency of forming amyloid deposits in vivo based
on a low in vivo retention signal of the amyloid-
specific tracer [11C]Pittsburgh compound B ([11C]
ation with the Aβ variants. Primary neuronal cell cultures
1–42 wt (b), Aβ1–42 E22Δ (c), Aβ1–40 wt (d), and Aβ1–40
clei (DAPI; blue), and Aβ (red). A significant decrease in
acer analysis for Aβ1–42 wt (∗∗Pb0.01; Tukey's test) and
ants deposited on the coverslips formed different patterns,
2Δ), to plaque resembling (Aβ1–42 wt and Aβ1–42 E22Δ)

image of Fig. 6


Fig. 7. (a) Fluorescence emission spectra of 6-OH-BTA-
1 (λex=352 nm) bound to fibrils of Aβ1–42 wt (blue line),
Aβ1–40 wt (gray line), Aβ1–42 E22Δ (green line), and
Aβ1–40 E22Δ (red line) (identical total Aβ monomer
concentrations: 10 μM). The corresponding fluorescence
maxima are indicated with the same color code. (b)
Comparison of the 6-OH-BTA-1 binding capacity of the
four different Aβ fibrils. Dye binding capacities are
expressed as the average number of dye molecules
bound per Aβ monomer in the fibrils.
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PIB). As this observation is in contrast to the
increased tendency of amyloid fibril formation for
the Aβ E22Δ peptides in vitro (Figs. 2 and 3), we
investigated whether this discrepancy might be
caused by a weaker affinity of Aβ E22Δ fibrils for
[11C]PIB. Using the nonradioactive analogue of [11C]
PIB, 6-benzothiazolol (6-OH-BTA-1), we quantified
the 6-OH-BTA-1 binding capacity of fibrils formed
by all four Aβ peptides by incubation of preformed
fibrils with identical 6-OH-BTA-1 concentrations
(5 μM) for 20 min at pH 7.4 and 37 °C, followed by
the separation of free dye and fibril-bound dye by
ultracentrifugation and the measurement of the
remaining dye-specific fluorescence intensity in the
supernatants. 6-OH-BTA-1 already exhibited a
significant fluorescence in the absence of fibrils
(fluorescence maximum at 428 nm) that decreased in
the presence of fibrils (Supplementary Data). In
addition, in contrast to thioflavin T, binding of 6-
OH-BTA-1 to the fibrils only caused minor shifts in
the fluorescence maximum of the dye (Fig. 7a). The
binding stoichiometry of 6-OH-BTA-1 per Aβ
monomer in the fibrils was found to be around 1:4
for Aβ1–42 wt fibrils, 1:10 for Aβ1–40 wt, 1:5 for
Aβ1–42 E22Δ, and 1:6 for Aβ1–40 E22Δ (Fig. 7b).
Fibrils of Aβ1–40 E22Δ and Aβ1–42 E22Δ thus
showed a 1.7-fold higher and a 1.3-fold lower dye
binding capacity than the corresponding wt fibrils,
respectively. The results demonstrate that both Aβ
peptides with the deletion E22Δ retain the ability of
binding [11C]PIB. Consequently, the low in vivo
amyloid staining intensity for the E22Δ FAD patient
reported by Tomiyama et al. is indeed most likely
indicative of low in vivo concentrations of amyloid
deposits composed of Aβ peptides with the E22Δ
mutation.5
Discussion

In this study, we showed that the novel FAD
mutation in the APP gene corresponding to the
deletion of E22 within the Aβ sequence favors Aβ
fibril formation in vitro. Fibril formation recorded by
the increase in thioflavin T fluorescence and analysis
of soluble Aβ content revealed a significantly higher
aggregation propensity of Aβ1–42 E22Δ compared
to wt Aβ1–42. In addition, we demonstrated that
Aβ1–40 E22Δ forms a hitherto unknown type of Aβ
fibrils, characterized by a 6-fold to 7-fold increased
fluorescence of fibril-bound thioflavin T, more
hydrophobic thioflavin T binding sites, and a
strongly increased tendency of forming fibrillar
bundles relative to fibrils of Aβ1–40 wt and Aβ1–
42 wt. Despite the widespread use of thioflavin T for
monitoring amyloid fibril formation, the mechanism
of its binding to amyloid fibrils is still not well
understood.23,24 It was suggested that the develop-
ment of the fibril-specific fluorescence increase in
thioflavin T requires cavities of appropriate diame-
ter and length.25 The thioflavin T binding sites in
amyloid fibrils of insulin were proposed to be
located between the protofilaments forming the
protofibrils or between the protofibrils forming the
mature fibrils.26 As fibrils of Aβ1–40 E22Δ showed a
strong tendency of forming bundle-like assemblies,
their increased apparent thioflavin T binding capac-
ity could be a result of the creation of additional
thioflavin T binding sites in the contact areas
between adjacent fibrils in the bundles. Notably,
formation of the novel type of fibrils observed for
Aβ1–40 E22Δ is inhibited by the presence of Aβ
residues 41 and 42 in Aβ1–42 E22Δ.
The exact three-dimensional structure of Aβ fibrils

has not been determined so far, but different models
for the structure of Aβ fibrils have been proposed.
Regarding the secondary structure context of resi-
due E22, Lührs et al.27 and Petkova et al.28 proposed
that it lies in a β-strand, while models of Morimoto
et al.29 and Williams et al.30 suggested that E22 is
contained in a segment of irregular secondary
structure between β-strands. The presence of a

image of Fig. 7
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turn structure at positions 22 and 23 was also
verified for Aβwith the Italian mutation (E22K).31 If
one assumes that E22 is contained in a β-strand in
the fibrils of Aβ1–40 wt, the simplest explanation for
the generation of an entirely different fibril type in
the case of Aβ1–40 E22Δwould be that the β-strand
segment containing residue 22 is inverted by 180°
through the E22 deletion (which would cause an
entirely different pattern of side-chain alignment in
adjacent Aβ monomers of Aβ1–40 E22Δ fibrils) or
that the β-strand is interrupted after residue 21. The
ability of Aβ1–40 E22Δ to form a previously
unknown type of Aβ fibril is also consistent with
the observation that even fibrils of Aβ1–40 wt are
capable of forming at least 12 different types of
fibrillar quaternary structures under identical ag-
gregation conditions.32,33

Our results on the aggregation kinetics of Aβ1–40
E22Δ and Aβ1–42 E22Δ are in contrast to previous
in vitro aggregation studies in which no fibril
formation of synthetic Aβ E22Δ was observed.5

We can only speculate about the reasons for this
discrepancy, but a possible explanation could be the
presence of 5–9% impurities contained in the
synthetic Aβ peptides with the E22 deletion used
by Tomiyama et al.5 We showed recently that even
smaller amounts of impurities in synthetic Aβ
preparations in the range of 3% can significantly
slow the rate of spontaneous Aβ amyloid fibril
formation in vitro, possibly by preventing further
fibril growth after the incorporation of synthetic side
products into the growing fibril ends that are similar
to Aβ wt in their covalent structure.22 A fraction of
5–9% impurities may thus have prevented the
aggregation of Aβ1–40 E22Δ and Aβ1–42 E22Δ in
the study of Tomiyama et al.5

Our results are in agreement with previous
studies on charge alterations within the Aβ se-
quence, where a change or a loss of charge at
position 22 in Aβ enhanced both the aggregation
propensity and the toxicity of the corresponding
mutant peptides.34,35 Aβ variants corresponding to
the FAD mutations Dutch (E22Q), Italian (E22K),
and Arctic (E22G) aggregated much faster than wt
Aβ.12,36,37 We found that the Aβ1–42 E22Δ showed
an increased tendency of β-sheet conformation and
aggregated faster than Aβ1–42 wt. This agrees with
the faster rate of Aβ amyloid formation at acidic pH
compared to neutral or basic pH,38,39 where the E22
side chain is less negatively charged, and to an
increased aggregation rate of Aβ peptides with the
Dutch mutation (E22Q), where the barrier of Aβ
monomer incorporation into growing fibrils was
lowered.40 We showed that Aβ1–42 E22Δ, which
lacks the polar glutamate 22, tends to form β-sheet
structure even in 10 mM NaOH, whereas the wt
peptide adopts random-coil conformation. Fraser et
al. observed the same effect for the Dutch variant of
Aβ (E22Q) with Fourier transform infrared
spectroscopy.39 We also recorded the far-UV CD
spectra of Aβ variants at pH 7.4 directly after mixing
Aβ with the buffer at 25 °C instead of 37 °C, which
slowed the aggregation reactions and allowed an
analysis of the state of Aβ close to the aggregation
start. The spectrum of Aβ1–42 E22Δ confirmed the
rapid formation of β-sheet structure, while Aβ1–40
E22Δ and the wt peptides still predominantly
showed random-coil conformation (Supplementary
Data).
Tomiyama et al. suggested that both Aβ1–40 E22Δ

and Aβ1–42 E22Δ do not form fibrils in vivo, as the
retention signal of [11C]PIB was lower in the brain of
a homozygous patient bearing the Osaka mutation
than in the brain of another patient with sporadic
AD.5 To exclude that the lower [11C]PIB retention
signal in the patient with the E22Δ mutation was
caused by the inability of Aβ E22Δ fibrils to bind
[11C]PIB, we quantified the [PIB]/[Aβ monomer]
ratio in fibrils formed by wt Aβ and the variants
with the E22 deletion. The results showed that both
fibrils of Aβ1–40 E22Δ and Aβ1–42 E22Δ had a PIB
binding capacity similar to Aβ1–42 wt fibrils. As the
examined FAD patient bearing the Osaka mutation
still showed a low [11C]PIB retention signal com-
pared to a negative control,5 and as both Aβ1–40
E22Δ and Aβ1–42 E22Δ do form amyloid fibrils, we
believe that the question of whether or not E22Δ
mutation carriers accumulate Aβ amyloid in the
brain is still unsolved and needs to be examined
further. Notably, Aβ1–42 wt fibrils exhibited a more
than 2-fold higher PIB binding capacity compared to
Aβ1–40 wt fibrils. Assuming that Aβ1–42 wt is the
main amyloidogenic species in vivo,6 this result
could also explain the efficiency of PIB in the in vivo
visualization of Aβ amyloid deposits.
To investigate the pathogenic role of the E22Δ

mutation, we performed neurotoxicity assays and
immunocytochemical imaging of cultured rat pri-
mary neurons treated with the four Aβ variants.
Whereas Aβ1–42 wt caused significant toxic effects
on neuronal viability and morphology and as Aβ1–
40 wt had no effect, the E22Δ mutation rendered
Aβ1–40 E22Δ neurotoxic. This would agree with
previous studies showing that both inversion (E22K)
and loss (E22A and E22Q) of charge of glutamate 22
increased the toxicity of the Aβ peptide towards
cultured human cerebrovascular smooth muscle
cells compared to Aβ wt or the charge-preserving
variant Aβ E22D.35 In contrast to Aβ1–40 E22Δ,
Aβ1–42 E22Δ did not affect cell viability under our
tested conditions. However, it decreased neurite
outgrowth in neuronal primary cultures. A large
body of evidence shows that the earlier stages of AD
are best characterized by synaptic loss and reduction
in neuronal processes, followed much later by
neuronal death. Our results on neurite outgrowth
are in good agreement with earlier data demon-
strating that Aβ1–42 E22Δ indeed causes a more
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potent synaptotoxic effect but lower neurodegenera-
tion than wt peptide.18 The survival of all neurons
upon treatment with Aβ1–42 E22Δ may be
explained by the rapid and complete aggregation
of Aβ1–42 E22Δ into fibrils without a significant
accumulation of toxic oligomers. This would be
reminiscent of Aβ1–42 with the Arctic mutation
(E22G) that also shows fast aggregation in vitro and
promotes the formation of prominent amyloid
plaques in vivo but does not cause behavioral deficits
in ARC6 mice expressing the Arctic Aβ.41 Further
experiments would certainly be required to identify
the mechanism underlying the nontoxicity of Aβ1–
42 E22Δ.
Aβ1–40 is the major Aβ form present in vivo, with

an about 10-fold higher concentration compared to
Aβ1–42,4 and a corresponding in vivo excess of
Aβ1–40 E22Δ over Aβ1–42 E22Δ has also been
confirmed for FAD patients bearing the Osaka
mutation.5 The significant toxicity of Aβ1–40 E22Δ
compared to nontoxic Aβ1–40 wt may thus explain
the early onset of dementia caused by the E22Δ
mutation in Osaka FAD patients. Furthermore, the
decreased neurite outgrowth in neuronal primary
cultures treated with Aβ1–42 E22Δ indicates that a
synaptotoxic effect could play an important role in
the initiation of early-onset dementia in patients
with this mutation. Further in vivo and in vitro
studies on the effects of Aβ1–40 E22Δ and Aβ1–42
E22Δ are necessary to elucidate the pathogenic
significance of the E22Δ mutation.

Materials and Methods

Plasmids and protein production

The plasmids for the expression of wt Aβ1–40 and wt
Aβ1–42 in Escherichia coli as fusions to the peptide
sequence (NANP)19 with an N-terminal hexahistidine
tag have been described previously.22 The deletion of
codon 22 in both Aβ1–40 and Aβ1–42 was performedwith
the QuikChange site-directed mutagenesis kit (Strata-
gene). The correct genetic sequences of the constructs were
verified by dideoxynucleotide DNA sequencing. Aβ
production was based on the expression of Aβ as a fusion
protein and the subsequent cleavage of the fusion protein
with tobacco etch virus protease, as described earlier for
Aβ1–40 wt and Aβ1–42 wt.22 Briefly, the fusion proteins
were expressed in E. coli BL21(DE3) under T7 promoter
control, and cells were induced at OD600 ∼3.5 for 4 h at
37 °C with 1 mM IPTG. The cells were harvested and
resuspended in 20 mM H3PO4–NaOH, 6 M guanidinium
chloride, and 0.3 M NaCl (pH 8.0; buffer A), and the
suspension was ultracentrifuged after incubation at 4 °C
for 90 min. The supernatant was diluted with buffer A
containing 500 mM imidazole–HCl to a concentration of
10 mM imidazole and loaded on a Ni2+-NTA agarose
column. After a wash with buffer A containing 10 mM
imidazole–HCl, the fusion proteins were eluted with
buffer A containing 250 mM imidazole–HCl and further
purified via reversed-phase high-performance liquid
chromatography at 80 °C in aqueous acetonitrile (ACN)
containing 0.1% trifluoroacetic acid on a Zorbax SB300 C8
column (Agilent). The fusion proteins were eluted
isocratically at ACN concentrations of 28–30.5% and
lyophilized. Cleavage of the fusion proteins (100 μM)
with 7.5 μM tobacco etch virus protease was performed in
10 mM Tris–HCl (pH 8.0), 0.5 mM ethylenediaminete-
traacetic acid, and 1 mM DTT (buffer B) for 1 h at room
temperature, followed by incubation at 4 °C overnight.
The cleaved Aβ peptides precipitated during the cleavage
reactions. They were pelleted by centrifugation (4500g,
20 min, 4 °C), dissolved in 6 M guanidinium chloride–HCl
(pH 2.0), and purified via reversed-phase high-perfor-
mance liquid chromatography, as described above. Aβ1–
40 and Aβ1–40 E22Δ were eluted at 28% ACN, and Aβ1–
42 and Aβ1–42 E22Δ were eluted at 30.5% ACN. The
eluted peptides were aliquoted in Protein LoBind Eppen-
dorf tubes (Vaudaux-Eppendorf), lyophilized, and stored
at −80 °C. The high purity and identity of the peptides
were verified by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry using sinapinic acid
as matrix (data not shown).
Preparation of Aβ solutions

The Aβ variants were dissolved in 10 mM NaOH to
concentrations of 100–150 μM and subjected to ultracen-
trifugation for 1 h at 135,500g and 4 °C. The Aβ
concentration in the supernatant was determined via the
absorbance of Aβ at 280 nm in 10 mM NaOH (extinction
coefficient at 280 nm and pH 12 corresponding to a single
tyrosine residue: 1730 M−1 cm−1).22 The stock solutions
were kept on ice and used for aggregation experiments
within 24 h.
Aβ aggregation reactions followed via thioflavin
T fluorescence

Aggregation reactions were performed at 37 °C with
7.5 μM Aβ (final concentration) in 10 mM H3PO4–NaOH
(pH 7.4), 100 mM NaCl, and 35 μM thioflavin T in a
volume of 750 μl in stirred quartz fluorescence cuvettes
(1 cm×0.4 cm). The thioflavin T concentration was
determined via its extinction coefficient of 36,000 M−1

cm−1 at 412 nm.25,42 The presence of thioflavin T from the
beginning of the aggregation reaction was verified to have
no influence on aggregation kinetics or thioflavin T
fluorescence intensity compared to the addition of
thioflavin T to reaction aliquots removed after different
time points of the reaction. Aggregation reactions were
started by a dilution of the Aβ stock solution in 10 mM
NaOH (prepared and ultracentrifuged immediately before
use) with an aggregation buffer mix, resulting in pH 7.4
and the final concentrations indicated above. Since newly
formed Aβ fibrils have a tendency to float at the surface of
the solution, the reactions were stirred (magnetic stirrer) at
1000 rpm using bidirectional (autoreversing) stirring with
fast acceleration (Electronic Stirrer 300; Rank Brothers
Ltd.), which guaranteed a homogeneous fibril suspension
throughout the reaction and allowed continuous record-
ing of thioflavin T fluorescence. Thioflavin T fluorescence
emission at 482 nm (excitation at 440 nm; excitation and
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emission slit: 1.6 nm) was monitored on a Quantamaster
(QM-7/2003) fluorescence spectrometer (Photon Technol-
ogy International) every 30 s for 10 s and averaged
automatically. Thioflavin T fluorescence spectra were
recorded in the range of 450–550 nm (excitation at
440 nm) after the fluorescence at 482 nm had reached its
maximum in the aggregation reactions, and corrected for
the buffer.
Quantification of soluble Aβ during aggregation

Aggregation reactions were performed as described
above, but without thioflavin T (thioflavin T was verified
to have no influence on Aβ aggregation kinetics). At
different time points, aliquots of the aggregation reactions
were removed, quenched by rapid cooling on ice, and
ultracentrifuged (135,500g, 40 min, 4 °C). The supernatants
were mixed with 100 mMNaOH, and the concentration of
soluble Aβ was measured via absorbance at 220 nm.

Binding of 6-OH-BTA-1 to Aβ fibrils

6-OH-BTA-1 was purchased from ABX Advanced
Biochemical Compounds GmbH (Germany) and dis-
solved in dimethyl sulfoxide (DMSO) to a final concen-
tration of 1 mM. The fluorescence excitation and emission
spectra of 5 μM 6-OH-BTA-1 were recorded in 10 mM
H3PO4–NaOH (pH 7.4), 100mMNaCl, and 0.5%DMSO in
a Quantamaster (QM-7/2003) fluorescence spectrometer
(Photon Technology International). Aβ fibrils were
formed in 10 mM H3PO4–NaOH (pH 7.4) and 100 mM
NaCl at 37 °C (final Aβ concentration: 10 μM). The
resulting Aβ fibril suspension (900 μl) was mixed with
4.5 μl of 6-OH-BTA-1 (final concentration: 5 μM in 0.5%
DMSO) and incubated in a Thermomixer for 20 min at
37 °C and 750 rpm to allow binding of 6-OH-BTA-1 to the
fibrils. The fluorescence spectra of these reaction mixtures
were recorded at 23 °C (excitation at 352 nm; emission
range of 400–500 nm). The reaction mixtures were then
centrifuged at 135,500g and 20 °C for 15 min. The spectra
of fibril-bound dye were recorded after resuspending the
pellets in the original buffer volume, and unbound dye
was quantified via fluorescence at 428 nm of the remaining
dye in the supernatant. 6-OH-BTA-1 was verified to show
a linear dependence of fluorescence intensity on concen-
tration in the range of 0.08–5 μM.

CD spectroscopy

Far-UV CD spectra were recorded on a Jasco J-715
spectropolarimeter (using a cuvette with a path length of
0.2 mm), accumulated 20 times, averaged, and corrected
for the buffer. We recorded the spectra of 75 μM Aβ in
10 mM NaOH after ultracentrifugation for 1 h at 135,500g
and 4 °C.

Electron microscopy

Samples of Aβ fibrils were removed from the aggrega-
tion reactions after the maximum thioflavin T fluorescence
had been reached and applied to carbon-coated copper
grids (Quantifoil Micro Tools GmbH) for 1 min, washed
with water, and stained with 2% uranyl acetate for 30 s.
Electron micrographs were recorded at 100 MeV on a FEI
Morgagni 268 transmission electron microscope. Thiofla-
vin T was verified to have no influence on the appear-
ance/morphology of the fibrils.

Rat primary cortical neuron cultures

Rat primary cortical neuron cultures were prepared from
the cortices of embryonic 18-day (E18) Wistar rats. Cortices
were dissected out, exposed for 10min to 2.4 U/ml Dispase
II (Roche Applied Science), and triturated to isolate cells.
Neurons were plated in neurobasal medium with B-27
supplements (GIBCO, Invitrogen) on 24-well plates. The
plates contained glass coverslips precoated with poly-L-
ornithine (Sigma-Aldrich). Cells were plated at a density of
48,500 cells/cm2 and grown in a humidified incubator at
7% CO2.

Cytotoxicity assays and immunocytochemistry

Primary cortical neuron cultures were treated with Aβ
or vehicle control on DIV 5 for 72 h. Aβ (94 μM in 10 mM
NaOH) was rapidly mixed on ice with buffer, resulting in
a solution of 75 μM Aβ in 10 mM H3PO4–NaOH (pH 7.4)
and 10 mM NaCl. This solution was immediately mixed
with the cell culture medium such that the final Aβ
concentration in the medium was 7.5 μM. Unless
otherwise indicated, toxicity data were acquired from at
least two independent experiments. Cytotoxicity was
assessed bymeasuring the activity of the cytosolic enzyme
LDH released into the culture medium according to the
manufacturer's protocol (In Vitro Toxicology Assay Kit,
Lactic Dehydrogenase Based; Sigma-Aldrich). Briefly, half
of the volume of the culture medium was collected from a
culture well after treatment with Aβ for 72 h and
incubated with an equal volume of the LDH substrate
solution for 30 min. LDH activity was quantified via
absorbance at 490 nm. Cell morphology studies were
based on the staining of cultures fixed with 4% (wt/vol)
paraformaldehyde (15 min at room temperature) using
mouse anti-MAP-2 antibody (1:1000; Sigma), anti-Aβ-
peptide antibody recognizing the N-terminal part of Aβ
(1:500; Zymed, Invitrogen), and 4′,6-diamidino-2-pheny-
lindole (DAPI). Fluorescence microscopy analysis was
performed on a Leica DM IRE2 microscope equipped with
a Leica DFC480 camera. Neurite lengths and the amount
of living cells were determined by the application
NeuriteTracer for the multiplatform image processing
program ImageJ.43 The results were expressed as neurite
length per cell for each treatment. Each readout per well
was averaged from the images of five visual fields.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.02.049
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