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A novel ELISA has been developed which detects oligomerization

of β-amyloid (Aβ). Oligomerization, fibrillization and neuro-

toxicity of native Aβ associated with Alzheimer’s disease (AD)

type has been compared with E22Q Aβ (amyloid β-protein

containing residues 1–40 with the native Glu at residue 22

changed to Gln) implicated in Dutch cerebral haemorrhage

disease. Solutions of Aβ rapidly yield soluble oligomers in a

concentration-dependent manner, which are detected by the

ELISA, and by size-exclusion gel chromatography. Confor-

mational changes from disordered to β-sheet occur more slowly

than oligomerization, and fibrils are produced after prolonged

incubation. The E22Q Aβ oligomerizes, changes conformation

and fibrillizes more rapidly than the native form and produces

shorter stubbier fibrils. Aged fibrillar preparations of E22Q Aβ

INTRODUCTION

Alzheimer’s disease (AD) is a progressive degenerative disease of

the brain characterized by loss of cognitive function (dementia),

selective neuronal death and the abnormal formation of neuritic

and core plaques throughout the cerebral cortex, predominating

in the hippocampus and temporal lobe cortex, and around the

blood vessels of the meninges and cerebral cortex. Deposits in

brain are associated with reactive microglia, astrogliosis and

neuronal loss. The major component of AD amyloid deposits is

a 39–43-residue amyloid β (Aβ) peptide, which is produced as a

cleavage product of a much larger transmembrane glycoprotein,

encoded by the amyloid-precursor-protein (APP) gene on

chromosome 21 [1].

A mutated form of Aβ is also deposited in a rare form

of amyloidosis known as hereditary cerebral haemorrhage with

amyloidosis Dutch type (HCHWA-D), a disease that typically

manifests itself with recurring strokes and dementia. In a

pathological study, both HCHWA-D and AD showed compact

cerebral amyloid angiopathy (CAA) with Aβ deposits in arterial}
arteriolar media and concomitant smooth-muscle cell loss,

whereas only HCHWA-D CAA featured severe involvement

of larger arteries and arterioles, with a single or double rings of

radial deposited Aβ [2]. In contrast with AD, the neuropil

of HCHWA-D patients showed diffuse rather than senile plaques,

which were not associated with neuronal loss [3]. The toxicity of

the HCHWA-D form of Aβ toward neurons has not previously

been reported. HCHWA-D is an autosomal dominant condition

Abbreviations used: Aβ, amyloid β-protein containing residues 1–40; p3, peptides comprising the C-terminal residues 17–40 or 17–42 of Aβ ; AD,
Alzheimer’s disease ; APP, amyloid precursor protein ; HCHWA-D, hereditary cerebral haemorrhage with amyloidosis Dutch type ; CAA, cerebral amyloid
angiopathy ; Fmoc, fluoren-9-ylmethoxycarbonyl ; NTA4, a peptide containing the ten N-terminal residues of β-amyloid ; E22Q Aβ, amyloid β-protein
containing residues 1–40 with the native Glu at residue 22 changed to Gln ; MEM, minimal essential medium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide ; QLS, quasi-light-scattering spectroscopy ; ACTH, adrenocorticotrophic hormone.
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are more potent than aged fibrils of native Aβ in inducing

apoptotic changes and toxic responses in human neuroblastoma

cell lines, whereas low-molecular-mass oligomers in briefly incu-

bated solutions are much less potent. The differences in the rates

of oligomerization of the two Aβ forms, their conformational

behaviour over a range of pH values, and NMR data reported

elsewhere, are consistent with a molecular model of oligo-

merization in which strands of Aβ monomers initially overcome

charge repulsion to form dimers in parallel β-sheet arrangement,

stabilized by intramolecular hydrophobic interactions, with

amino acids of adjacent chains in register.

Key words: apoptosis, ELISA, fibril, parallel β-sheet, toxicity.

associated with a point mutation at codon 693 of the gene for

βAPP, which leads to the substitution of glutamic acid at

position 22 of Aβ with glutamine. The mutation does not alter

the ratio of secreted Aβ to p3 (peptides comprising the C-

terminal residues 17–40 or 17–42 of Aβ), nor the stability of the

secreted Aβ and p3 peptides, but increases the biosynthesis of Aβ

peptides with N-termini of Asp", Val") and Phe"* [4]. Why this

single mutation leads to the extreme severity of the vascular

pathology, hallmark of HCHWA-D, as well as the absence of

senile plaques in the neuropil, is so far not clear.

A central question in the etiology of AD and HCHWA-D is

the mechanism(s) by which soluble Aβ monomers are converted

into fibrillar deposits. This question is particularly relevant

because Aβ fibres, unlike soluble monomers, are neurotoxic in

�itro [5–7] and associated with damaged neuropil in �i�o [8].

Using optical microscopy, ultracentrifugation and electro-

phoresis, it was shown that only aggregated forms of Aβ peptides

containing the hydrophobic region 25–35 were toxic to primary

neurons [5]. Upon reversal of aggregation, neurotoxicity dis-

appeared.

There is disagreement over the precise structure of the neuro-

toxic forms of Aβ. Protofibrils, distinguished from mature fibrils

by their appearance under the electron microscope, were reported

as toxic as mature fibrils [9]. Low-molecular-mass oligomers

induced toxicity in long-term neuronal cultures, but were less

toxic than fibrils [9]. Protofibrils and fibrils, but not low-

molecular-mass oligomers, alter the electrical activity of neurons,

and it has been suggested that preclinical and early progression

# 2000 Biochemical Society



300 A. K. Sian and others

of AD is driven by accumulation of oligomeric intermediates

prior to the assembly of fibrils [9]. In contrast, some authors

suggest that soluble Aβ dimers, which purportedly survive SDS

treatment [10], are highly toxic to neuronal cultures [11]. Fluo-

rescence measurements indicate that Aβ dimers may be stable at

very low concentrations [12], and Western blotting has suggested

that Aβ dimers are formed in the brains of AD patients before

fibrillary tangles [13].

In order to define the structural and oligomeric changes that

take place in Aβ solutions in more detail, a novel ELISA assay

that monitors the formation of oligomers from monomers has

been developed. We have correlated the changes found in

solutions of Aβ peptides by ELISA with changes observed by gel

filtration and CD. Finally, the apopototic and toxic changes

induced by Aβ peptides incubated for different times have been

determined. As the Q22E mutation appears to produce quite a

distinct phenotype, we have compared the properties of Q22E

1–40 with native Aβ.

EXPERIMENTAL

Preparation of aggregated ‘aged ’ solutions of Aβ peptides

Aβ peptides were synthesized using fluoren-9-ylmethoxycarbonyl

(Fmoc) chemistry on a Millgen 9050 synthesizer (PE Biosystems,

Warrington, Cheshire, U.K.) by an optimized protocol [14],

purified by acetonitrile gradients on HPLC on Vydac C
)
columns

in 0.1% (v}v) trifluoroacetic acid, and freeze-dried. Aβ peptides

were shown to be homogeneous by MS. Aβ peptides were

dissolved first in sterilized distilled water, then a 10% volume of

sterilized 1 M Tris}HCl, pH 7.4, was added to give a final

peptide concentration of 1.16 mM. These solutions were aged by

incubating them at 37 °C.

Preparation of the biotinylated antibody

Biotinamidohexanoate N-hydroxysuccinimide (Sigma–Aldrich,

Poole, Dorset) (20 µl of a 10 mg}ml solution in DMSO) was

added to anti-NTA4, an affinity-purified antibody to the N-

terminal ten residues of Aβ coupled to BSA [15] in 0.1 M sodium

borate, pH 8 (0.5 ml at 1 mg}ml), and incubated at 24 °C for 4 h.

Ammonium chloride (20 µl of 1 M) was added, and incubation

continued for 10 min. The mixture was desalted on a Sephadex

G-25 column in PBS to remove excess uncoupled biotin. The

biotinylated antibody was stored at ®20 °C.

An ELISA to measure oligomers

An ELISA plate was coated with 5 µg}ml of non-biotinylated

anti-NTA4 antibody (100 µl}well) in PBS}0.01% (w}v) sodium

azide at 4 °C for 24 h, washed twice with blocking buffer

(PBS}1% BSA}0.05% Tween, pH 7.4), and incubated with

blocking buffer for 1 h at room temperature. Peptides incubated

in 0.1 M Tris were diluted to 18 nM in blocking buffer, and 100µl

added to each well. The plate was incubated at 37 °C for 2 h.

After washing four times with blocking buffer, biotinylated

anti-NTA4 diluted 1 to 500 in blocking buffer (100 µl) was

added, and incubated at 37 °C for 1.5 h. Wells washed three

times with blocking buffer were incubated with peroxidase–avidin

(Sigma) (1:1000 in blocking buffer) (100 µl) at 37 °C for 1.5 h,

washed three times with PBS}1% (w}v) BSA}0.05% (v}v)

Tween, pH 7.4, and once with PBS}0.05% (v}v) Tween, before

adding substrate for peroxidase (Europa Ltd., Wicken, Ely,

Cambs., U.K.) (100 µl), developing for about 5 min before adding

1 M H
#
SO

%
(100 µl) and reading at 450 nm.

Size-exclusion chromatography

Aliquots (20 µl) of freshly prepared or incubated solutions of Aβ

peptides at 1.16 mM in 0.1 M Tris}HCl, pH 7.4, were loaded on

a Superdex 75 gel-filtration column (10 cm¬270 mm) in 0.1 M

Tris}HCl, pH 7.4, with a flow rate of 0.5 ml}min. Eluate was

monitored at 215 nm.

CD

Spectra were recorded with nitrogen-flushed JASCO J720 and

J600 spectropolarimeters using 4 s time constant, 10 nm}min

scan speed and a spectral bandwidth of 2 nm. Both spectro-

polarimeters were calibrated with ammonium -camphor-10-

sulphonate. Quartz cells of 0.02 cm and 1 cm were used for

measurements in the far-UV (185–250 nm) and near-UV (250–

350 nm) regions respectively. CD spectra were reported as:

^ε¯ ε
L
®ε

R
(M−"[cm−")

where ^ε is the difference between the molar absorbance of left

circularly polarized light (ε
L
) and the molar absorbance of

right circularly polarized light (ε
R
) and is based upon an average

molecular mass per amino acid of 113.

Electron microscopy

Samples of precipitated peptides aged at 1.16 mM (10 µl) were

fixed with glutaraldehyde, stained with uranyl acetate and

examined on a Zeiss 900 transmission electron microscope [16].

Cell culture

SH-SY5Y cells (European Collection of Cell Cultures, Porton

Down, Salisbury, Wilts., U.K.) were cultured in Dulbecco’s

minimal essential medium (MEM)}Nutrient Mix F-12 (1:1, v}v)

(Gibco BRL) containing 10 i.u. of penicillin}ml and 100 µg}ml

streptomycin, 15% (v}v) foetal-calf serum, 1% non-essential

MEM amino acid supplement, and 2 mM freshly prepared

glutamine at 37 °C in a humidified incubator with CO
#
}room air

(1 :19).

Cytotoxicity assay

The cytotoxicity of Aβ peptides was assessed by measuring

cellular redox activity. Cells were plated at a density of 7500

cells}well in 96-well plates in 100 µl of fresh medium. After 24 h

the medium was replaced with 100 µl of OPTI-MEM (Gibco

BRL) serum-free medium and aged or fresh Aβ peptides diluted

in OPTI-MEM added. The positive control contained 15 µM

camptothecin (Sigma). Cells were incubated at 37 °C in 5% CO
#

for 48 h. Medium was replaced with RPMI-1640 without Phenol

Red (Sigma) (100 µl), 25 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Sigma) (5 mg}ml) added

to each well and the plate incubated at 37 °C for 3 h [17]. The

plate was centrifuged for 5 min at 137 g (Sorvall RT 6000D

centrifuge) and the medium}MTT solution removed. Propan-1-

ol (100 µl) was added and the plate shaken for 60 min and read

at 570 nm.

Apoptosis assay

Apoptosis was detected by using an annexin V}propidium iodide

(Vybrant4 Apoptosis Assay Kit), and mitochondrial tracker

(CMXRos}Sytox; Molecular Probes, Eugene, OR, U.S.A.). An

eight-well chambered coverglass (Nalge Nunc International,
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Naperville, IL, U.S.A.) was seeded with 0.45 ml of SH-SY5Y

cells at 290 000 cells}ml and incubated for 20 h. Medium was

replaced with OPTI-MEM with aged or fresh peptide solutions.

Positive controls contained 15 or 50 µM camptothecin, or

100 µM H
#
O

#
. Chambers were incubated for 9 h at 37 °C.

Adhering cells were washed twice with ice-cold PBS and Annexin-

Binding Buffer (Molecular Probes) (100 µl) added. Alexa 488

annexin V (5 µl) and propidium iodide (1 µl, 100 µg}ml) (Mol-

ecular Probes) were added and cells incubated in the dark for

15 min. Alternatively, cells were incubated for 20 min at 37 °C
with Mitochondrial tracker at 0.11 µg}ml and Sytox at 0.1 µM.

Unbound reagents were washed out with ice-cold Annexin

Binding Buffer or PBS, and cells were inspected by confocal

microscopy on a Carl Zeiss laser scanning microscope, using a

narrow pass 515–565 nm filter and 488 irradiation or a " 695 nm

filter with 546 irradiation.

RESULTS

Oligomer formation detected by ELISA

An ELISA was developed to detect soluble oligomers of Aβ.

Solutions of both Aβ and E22Q Aβ incubated at 1.16 mM at pH

7.4 in 0.1 M Tris}HCl for up to 3 h, and then immobilized on to

a non-biotinylated form of the antibody anti-NTA4, showed a

rapid increase in binding to the biotinylated antibody by

the increase in absorbance in the ELISA assay (Figure 1). No

increase in binding of biotinylated anti-NTA4 was found in

control 1.16 mM pre-incubated solutions of the N-terminal ten-

residue peptide of Aβ. The rate of increase was more rapid for

E22Q Aβ than for the native sequence. Preincubation of the

Figure 1 Oligomerization of Aβ peptides measured by ELISA

Solutions of native Aβ (continuous lines) or E22Q Aβ (variously broken lines) in 0.1 M

Tris/HCl, pH 7.4, at 1.16 mM, 0.116 mM and 11.6 µM were incubated at 37 °C, diluted to

18 nM, and incubated on an ELISA plate already coated with immobilized anti-NTA4 antibody.

Additional epitopes formed by oligomerization during the pre-incubation step were measured by

subsequent binding to a biotinylated sample of anti-NTA4. The plots of negative controls

containing the ten-residue peptide NTA4 incubated at 1.16 mM, 0.116 mM and 11.6 µM, are

also shown (bottom three curves). S.E.M. values for assays performed in triplicate are shown

for each point as bars above and/or below the mean. The mid-range of the assay for 18 h-

oligomerized native Aβ was 0.9 nM. At 0.9 nM concentration, the within-assay variance was

5.7%. A day-to-day variance of 5.2% at 0.9 nM was found in seven assays calibrated with

standard solutions of Aβ incubated in 0.1 M Tris/HCl, pH 7.4, at 1.16 mM for 18 h, diluted

to 18 nM in blocking buffer, divided into aliquots and stored at ®20 °C.

Figure 2 Size-exclusion chromatography of Aβ oligomers

Elution profiles of samples of solutions of native or E22Q Aβ pre-incubated at 1.16 mM in 0.1 M

Tris, pH 7.4, at 37 °C for the times shown.

Table 1 Elution of proteins and peptides of known molecular mass from
Superdex 75

Molecular Elution

Protein mass (kDa) time (min)

BSA 68 22.7

Porcine lipotropin 9.9 29.3

Bovine aprotinin 6.5 53.4

Human ACTH 4.5 39.4

Human neuropeptide Y 4.2 64.0

MBP-TET peptide* 3.4 39.7

Tram peptide† 2.1 40.0

E22Q Aβ 4.3 34.6

Native Aβ 4.3 34.6

* A peptide containing the sequence YGGRASDYKSAHKGFKQYIKANSKFIGITE.

† A peptide of the sequence LDKINRRMHFSKTKHSC.

E22Q Aβ solutions for longer than 3 h gave a decrease from

maximum response, and precipitates formed, which were shown

by electron microscopy to contain fibrils (see below). E22Q Aβ

preincubated at 0.116 mM produced soluble oligomers more

slowly than at 1.16 mM, and reached a higher maximum value,

possibly because fewer fibrils were formed at the lower con-

centration. In contrast, the increase in binding of biotinylated
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Figure 3 CD of Aβ peptide solutions

Top two panels : time-induced changes in the conformation of Aβ peptides. CD spectra of native

(top) or E22Q (below) Aβ pre-incubated at 1.16 mM in 0.1 M Tris/HCl, pH 7.4, at 37 °C for

either 30 min (continuous lines), 20 h (broken lines), 20 days (dotted lines) and 31 days (dotted

anti-NTA4 to soluble oligomers formed in preincubated solutions

of native Aβ was less than with E22Q, and no precipitate was

visible up to 24 h of incubation. Increases of binding to bio-

tinylated anti-NTA4 of native Aβ preincubated at 0.116 mM

and 11.6 µM were much less than with the same concentrations

of E22Q Aβ. Over an 18 h incubation, about three times the

amount of soluble oligomers, as judged by increase in binding to

biotinylated NTA4, were produced by the E22Q mutant incu-

bated at 0.116 mM than at 11.6 µM, whereas binding to bio-

tinylated NTA4 caused by native Aβ oligomers produced at

11.6 µM concentration was about 4% of the binding produced

at 1.16 mM.

Size-exclusion chromatography

Changes in the state of oligomerization of the Aβ peptides were

also examined by size-exclusion chromatography on Superdex 75

(Figure 2). Fresh solutions of the Aβ peptides were eluted in one

symmetrical peak at 34.6 min. Between 10 and 70 min of pre-

incubation at 37 °C in 0.1 MTris}HCl, pH 7.4, produced changes

in the elution profiles. The major peaks were eluted slightly

earlier (33.2 min) and shoulders appeared before the main peak.

After 60 min preincubation for E22Q Aβ or 24 h for native Aβ,

a second peak appeared at the flow-through volume (19 min).

Attempts to calibrate the Superdex column with proteins and

peptides of known molecular mass were not satisfactory (Table

1). The elution times of the fresh Aβ peptides were between those

of adrenocorticotrophic hormone (ACTH; 4.5 kDa; 39.4 min)

and lipotropin (9.4 kDa; 29.3 min) and might indicate that non-

incubated Aβ was behaving as a peptide of 6.5 kDa. However,

both neuropeptide Y (4.2 kDa) and aprotinin (6.4 kDa) were not

eluted as expected from their molecular mass (see Table 1).

CD

CD spectroscopy of solutions of the Aβ peptides preincubated at

1.16 mM and then diluted 10-fold immediately before measure-

ment are shown (Figure 3). Substantial differences were observed

in the conformational behaviour of both peptides as a function

of incubation time and pH. The rates of changes from mainly

random coil to conformations of the β-sheet type were more than

one order of magnitude different, with no further changes being

observed after 20 days of incubation for native Aβ, or 20 h for

E22Q Aβ. The changes taking place in the UV region between

250 and 290 nm during incubation were significantly more

enhanced in E22Q Aβ than in native Aβ (Figure 3, top two

panels).

The titration from pH 7.0 to 2.0, and the reverse titration from

pH 2.0 to 7.0, revealed interesting CD spectra that differentiate

and discriminate between the two Aβ forms. Both peptides

showed random-coil-to-β-sheet transitions on lowering the pH

from 7.0 to 4.0, by 0.5 pH unit in a stepwise manner. However,

below pH 4.0, native Aβ 1–40 revealed an almost reversible β-

sheet–random-coil transition, whereas E22Q showed further

random-coil–β-sheet transitions. At pH 1.8 this transition took

24 h to stabilize (Figure 3, bottom two panels ; plot marked ‘pH

line), then diluted 10-fold with water just prior to measurement. Bottom two panels : pH-induced

changes in the conformations of Aβ peptides. CD spectra of fresh native (top) and E22Q (below)

Aβ solutions in 10 mM Tris/HCl as a function of pH. The pH titration was carried out in a

stepwise manner from pH 7.5 and pH 7.7 respectively by addition of aliquots of HCl. The pH

was measured just before recording the spectra, and each spectrum obtained is shown marked

with the pH value recorded. Sample at pH 1.8 (Figure 3, bottommost panel) was incubated for

25 h at pH 1.8 before recording spectra.
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Figure 4 Energy-minimized molecular models of residues 15–22 of native and E22Q Aβ

Two strands of native or E22Q Aβ are shown modelled on Swiss-Prot PDB viewer in a parallel β-sheet arrangement, with the residues in register. Colour coding : broken lines, intermolecular

hydrogen bonding ; red, Glu22 ; blue, Lys16 ; yellow, Gln residues ; brown, hydrophobic residues. Distances shown are measured between the carbonyl carbon atoms of the Gln15 residues and between

the Lys16 residues.

1.8’). The rate of adoption of β-sheet at pH 2.8 was more than

the rate of change monitored at pH 7.4.

Molecular modelling

Energy-minimized molecular models of dimeric sequences of

residues 15–22 in the native and E22Q sequences were produced

on Swiss PDB viewer. The model (Figure 4) indicated that

hydrophobic interactions between the side chains in this region

could be maximized by a parallel arrangement in which the β-

strands were held together by hydrogen bonding between the

peptide bonds, with amino acid residues on each strand in

register.

Electron microscopy

Prolonged incubation of several hours for E22Q and 1 week for

native Aβ yielded precipitated material. Precipitates produced

from 3-week incubations were harvested, and subjected to

electron microscopy. The results showed that the fibrils pro-
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Figure 5 Transmission electronmicrographs of native and E22Q Aβ fibrils

Solutions of native or E22Q Aβ 1.16 mM were aged for 3 weeks at 37 °C in 0.1 M Tris/HCl,

pH 7.4, and the precipitates fixed, stained, and examined on a Zeiss 900 transmission electron

microscope. Magnification is E 100000¬.

duced from native Aβ were longer and thinner than those

produced from E22Q Aβ (Figure 5).

Cytotoxic effect of aged and fresh βA4 peptides

The results obtained by ELISA (Figure 1) and size-exclusion

chromatography (Figure 2) showed that native and E22Q pep-

tides incubated at 1.16 mM for 1 h produced soluble oligomers.

Several hours of incubation produced fibrillar forms of E22Q

Aβ, whereas several days of incubation were required to fibrillize

native Aβ. We then sought to find out which forms of the

peptides were toxic to neuronal cells by finding out what periods

of incubation time were required to produce high toxicity.

Human dopaminergic neuroblastoma SHSY-5Y cells were

exposed to freshly prepared, 1-h- or 3-week-incubated solutions

of E22Q Aβ and native Aβ. Camptothecin was used as a positive

control. After incubation for a further 2 days, cell viability was

evaluated using the MTT assay and compared with that of

negative control cells incubated without peptide. Fresh native

Aβ was much less toxic than fresh E22Q Aβ, whereas both

solutions that had been incubated for 3 weeks showed con-

siderable toxicity, even at concentrations below 1 µM (Figure

6A). At the highest concentrations, fresh E22Q Aβ was as toxic

as agedE22QAβ. In contrast, therewere no significant differences

between toxicities of fresh solutions and those incubated at

1.16 mM for 1 h (Figure 6B); both incubates were equally toxic

at high concentrations.

Apoptosis induced by Aβ peptides

In order to explore the differences between the two Aβ peptides

further, SHSY-5Y cells were exposed to fibrils of native and

E22Q Aβ for 10 h. Preparations of E22Q Aβ aged for 3 weeks

completely ablated the mitochondrial membrane potential at

11.6 µM and 2.3 µM (Figures 7E and 7G). Aged native Aβ was

also completely effective at 11.6 µM (Figure 7A), but only partly

effective at 2.3 µM (Figure 7C). In contrast, freshly made

solutions had little effect on mitochondrial potential (compare

treated cells in Figures 7B, 7D, 7F and 7H with control cells in

Figure 7I). Extensive staining of nuclei with Sytox was apparent

only in cells treated with H
#
O

#
(Figure 7L) or 50µM camptothecin

(Figure 7J). No nuclear staining was seen in cells treated with

15 µM camptothecin. Most (90%) of the cells treated with E22Q

Aβ stained with annexin V (Figure 7N), and about 20% also

stained with propidium iodide. About 40% of the cells exposed

to native Aβ stained with annexin V (Figure 7M), with about

10% staining with propidium iodide. Cells treated with campto-

thecin (15 µM) are shown in Figure 7(O) and control untreated

cells in Figure 7(P).

DISCUSSION

It has been suggested that the toxic forms of Aβ are relatively

soluble dimers that might do some of the damage by forming

flickering deposits on the neural membranes, with larger deposits

and neuritic plaques forming later in the disease [11]. Aβ isolated

from human brain varies in reported distributions of monomer,

dimer, trimer, tetramer and higher-order oligomers [11]. Aβ

oligomers have been identified in conditioned media of certain

cell lines that constitutively secrete Aβ [10,18] and as components

of cerebrospinal fluid [19]. As well as low-molecular-mass

oligomers, protofibrils, sizeable (" 100000 kDa) oligomeric

structures that lack the repeating structure of fibrils, have been

identified as products of aged Aβ solutions [9,20,21].

In the present studies, E22Q or native Aβ in freshly prepared

solutions were eluted as symmetrical peaks with elution times of

34.6 min from a column of Superdex 75 (Figure 2), a time that

was not altered by preincubation of Aβ in the disaggregating

solvents formic acid, DMSO or hexafluoroisopropanol [22],

indicating that 34.6 min is the elution time of the monomer.

After 1 h preincubation of the Aβ peptides, changes in the

elution profiles were found, indicative of formation of higher-

molecular-mass oligomers. Other authors have suggested that

dimers exist in Aβ solutions under most aqueous conditions

[11,12,21]. The characterization of dimers in previous studies

rested on the behaviour of Aβ solutions on gel-filtration columns,

on SDS}PAGE or in quasi-light-scattering spectroscopy (QLS),

studies which required calibration with standard small proteins

of known molecular mass [21,23]. However, small proteins of

molecular mass similar to that of Aβ are not eluted in positions

that accord to their molecular mass from Superdex 75 columns

(Table 1). In particular, neuropeptide Y (4.2 kda) and bovine

aprotinin (molecular mass 6.5 kDa) are much more strongly

retarded on the column than other peptides and proteins of lower

molecular mass. It seems likely that elution behaviour is more

strongly influenced by the composition and degree of folding of

the peptides than their molecular size. Similar conclusion were
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Figure 6 Cytotoxic effect of aged and fresh Aβ peptides

Shown is a comparison of the ability to reduce MTT by SH-SY5Y cells incubated for 48 h with freshly prepared native Aβ (- - -U - - -) or E22Q Aβ (- - -_ - - -) (a and b) and aged (3 weeks)

native Aβ (––+––) and E22Q Aβ (- - -E - - -) solutions (a) or 1 h preincubated solutions of native Aβ (––*––) and E22Q Aβ (––D––) (b) (preincubated at 1.16 mM and diluted into

the media surrounding the cells. Data shown are expressed as percentage of control values (no peptides). Under the same conditions, camptothecin incubated with the cells led to a reduction

in MTT staining of 93%. S.E.M. values for assays performed in triplicate are shown for each point as bars above and/or below the mean.

reached by others [24] who found that Aβ was not eluted as

expected from a size-exclusion column calibrated with a wide

range of globular proteins. These workers also found, by

translational diffusion measurements using NMR, that Aβ

behaves as monomers in solution. Moreover, its elution be-

haviour did not allow one to differentiate whether Aβ exists as an

extended monomer or a compact dimer [25].

Evidence for Aβ dimers in solution has come from studies of

size-exclusion chromatography in salt. High salt has previously

been found to precipitate Aβ, leaving a small percentage of

a species that is eluted from a column of Bio-Gel P10 as a

monomer, whereas, under most other aqueous conditions, Aβ

has a reduced elution time, possibly behaving as a dimer [23].

Inclusion of NaF in the elution buffer caused Aβ to be eluted

later from Bio-Gel P10. However, as NaF also significantly

altered the behaviour of the standard proteins used [23], the

changes observed in elution behaviour of Aβ were difficult to

interpret. QLS measurements made on Aβ solutions were also

suggestive of dimers, but QLS is known to be less useful in

studying small molecules when they exist in equilibrium with

polymers [21].

An ELISA was developed to probe the oligomeric nature of

native and E22Q Aβ. The formation of additional epitopes to the

N-terminal specific antibody anti-NTA4 in oligomers attached to

the wells by one epitope via immobilized non-biotinylated anti-

NTA4 were detected by an increase in binding to a biotinylated

form of the same antibody (Figure 1). The increases in binding

to biotinylated-anti-NTA4 in incubated solutions of the Aβ

peptides indicate that soluble oligomeric species are generated

from the initially monomeric species over the course of in-

cubation. The possibility that the fresh solutions already contain

dimers in which the epitopes are so close that they cannot

simultaneously bind the non-biotinylated and biotinylated forms

of the anti-NTA4 antibody cannot, however, be excluded. The

maximum increases in absorbance from ELISA occurred under

conditions of incubation similar to those that gave rise to a

decrease in the elution time (of 1.6 min) to the major peak eluted

from Superdex 75, and to the appearance of shoulders on this

peak (Figure 2), supporting the contention that oligomers are

formed from monomers during incubation. E22Q Aβ formed

oligomers, detected by the increase in biotinylated anti-NTA4

binding, more rapidly than native Aβ. Soluble protofibrils, which

are eluted in the void volume from Superdex 75, in 18 h incubates

of native Aβ and 60 min incubates of E22Q Aβ were also seen

(Figure 2; [9]). As a control, solutions of the N-terminal ten-

residue peptide, which does not contain the sequences known to

be important for oligomerization [23], but contains the complete

epitope for the antibody anti-NTA4 [15], did not show increased

binding to the antibody upon incubation.

The binding to biotinylated-anti-NTA4 of oligomers produced

in solutions of E22Q Aβ incubated at 1.16 mM and 0.116 mM

reached a maximum, and then declined at a low rate, which was

commensurate with the appearance of insoluble fibrils. The most

likely cause of the decline is a slow occlusion of some of the

binding sites to anti-NTA4 by precipitation of insoluble fibrils.

In contrast, native Aβ did not show any decline in binding with

incubations of up to 24 h, and did not yield fibril precipitates

until after several days of aging. In keeping with these results

observed on 1–40 full-length amyloid peptides, fragments 13–26

and 1–28 of E22Q mutation in Aβ have been reported to fibrillize

more rapidly that fragments of native Aβ [26,27]. An ELISA

similar in principle has been described [28] for the detection of

inhibitors of Aβ fibrillization.. However, the changes occurring

with time during incubation of Aβ peptides were not studied, and

insufficient detail is given [28] to compare sensitivities of the

assays.

The formation of soluble oligomers measured by ELISA was

found to be dependent on the concentrations of the incubated Aβ
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Figure 7 Apoptotic effects of native and E22Q Aβ peptides

Representative fluorescence photomicrographs showing the loss of mitochondrial membrane potential monitored by loss of CMXRos (red) fluorescence (A–L) or the appearance of phosphatidylserine

monitored by binding with annexin V conjugated to Alexa 488 (green fluorescence) (M–P) in SHSY-5Y cells treated with aged (3 weeks) (A, C and M) or fresh (B and D) preparations of native

Aβ, or aged (E, G and N) or fresh (F and H) preparations of E22Q Aβ. Peptides were incubated with cells at 11.6 µM (A, B, E, F, M and N) or 2.3 µM (C, D, G and H) for 10 h. Apoptosis

induced by camptothecin is shown at 15 µM in (J) and 50 µM in (K) and (O), and necrosis induced by H2O2 is shown in (L). Control cells (no additions) are shown in (I) and (P). Sytox (green)

(A–L) or propidium iodide (red) (M–P) detected any necrotic cells. Cells are outlined in grey as differential contrast interference images.

peptides (Figure 1). In contrast, fluorescence resonance energy

transfer observed from DMSO solutions of fluorescently labelled

Aβ diluted into aqueous buffers did not change over concen-

trations from 3 µM to 100 nM [11]. It is possible that oligomers

formed from modified fluorescent peptides give rise to much

more stable dimers than those of unmodified Aβ. Alternatively,

the use of organic solvents [11] may have had marked effects

on the behaviour of the Aβ adducts [22].

The conversion of random to β-sheet conformation of native

and E22Q Aβ peptides detected by CD were an order of

magnitude lower than rates at which soluble low-molecular-mass

oligomers, detected by ELISA and gel filtration, are formed
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(Figure 3). In the association process, Aβ molecules may be

driven together in a way that retains their irregular structure, and

then undertake slower conformational transitions into β-sheets

in ways which are very sensitive to the amino acid change E22Q.

The molecular changes that take place during the initial stages of

oligomerization are clearly important in determining the kinetics

and equilibrium of the fibrillar product, although precipitation

of fibrils may be dependent upon a nucleation process [29]. X-

ray-diffraction measurements of fibrils formed by Aβ1–28 indi-

cated that residues LVFF"(−#! form a hydrophobic core in the

fibrils [30]. The marked changes observed in the 250–288 nm

region (Figure 3), associated with changes in the CD contri-

butions of the side chains Phe"* and Phe#!, concur with the

interpretations of X-ray data. A change in the environment of

the Phe residues upon oligomerization is consistent with the

results of peptide scanning [31,32], which showed that

KLVFF"'−#! is a sequence in Aβ essential for fibril formation

which efficiently binds to the total Aβ sequence.

Previous comparisons of the CD of 1–42 versions of these two

peptides showed that, in 50% acetonitrile, the E22Q sequence

has a higher percentage of β-sheet than the native 1–42 [33].

These findings are here extended to show that the E22Q mutation

plays an important role in altering the rates of oligomerization

and random-coil-to-β-sheet transition in Aβ, and conformational

changes occurring during pH change. Molecular modelling of

Aβ 14–23 previously suggested that favourable hydrophobic

interactions are stabilized by salt bridges between the two Aβ

strands arranged anti-parallel [34]. Involvement of E22 in a

stabilizing salt bridge would not account for the more rapid rate

of oligomerization and fibrillization found in E22Q Aβ. The

distances between isotopically labelled carbonyl carbon atoms of

Gln"& and Lys"' in adjacent strands, measured by solid-state

NMR to be 5.1³0.2 and 4.9 ³0.2 A/ respectively, suggest that

Aβ strands are aligned in a parallel β-strand with residues in

register [35]. Parallel, in-register β-sheet formation is consistent

with the strong 5 A/ and weak 10 A/ angstrom X-ray-diffraction

reflections seen in fibrils [30]. An energy-minimized molecular

model showing the dimeric arrangement of residues 15–22 in

native and E22Q Aβ peptides (Figure 4) would satisfy these

carbonyl carbon distances. Additional hydrogen bonding be-

tween Gln## residues, and lack of charge repulsion between Glu##

side chains, would explain why E22Q Aβ oligomers form more

rapidly than native Aβ.

There is increasing evidence that apoptosis plays a role in

neuronal cell death in neurodegenerative disease. For example,

neurons in post-mortem specimens from Alzheimer’s patients

show DNA damage and increased c-Jun immunoreactivity in the

enterorhinal cortex [36]. Fibril-containing suspensions of native

and E22Q Aβ produced by incubation at high concentrations for

3 weeks were more active than freshly prepared solutions in

reducing MTT uptake (Figure 6) or inducing apoptotic changes

(Figure 7), by further incubation at low concentrations with

SHSY-5Y cells for 72 h (Figure 6) or 10 h (Figure 7). In contrast,

there were no differences in the MTT reduction induced between

freshly prepared solutions and solutions of high concentrations

of native or E22Q Aβ incubated for 1 h (Figure 6). Thus fibrils

are far more apoptotic and toxic than the low-molecular-mass

oligomers produced in a 1 h incubation (Figures 1 and 2). The

toxicity of low-molecular-mass oligomers reported previously

may have been due to conversion into fibrils over the 5-day

incubation period with the cells in culture [9].

Aged E22Q preparations are far more potent in inducing

apoptotic changes and reducing MTT uptake than equal concen-

trations of aged native Aβ preparations (Figures 6 and 7).

Toxicity differences may be due to the characteristic morphology

of the fibrils formed [37] ; the E22Q fibrils are short and stubby

in appearance, whereas those formed by native Aβ are long and

spindly (Figure 5). The different morphologies of the fibrils of

native and E22Q Aβ peptides have been noted previously [38],

although X-ray diffraction measurements of native and E22Q

Aβ fibrils indicate they are both of similar crossed β-sheet

structure. An E22K mutation in two Italian families apparently

produces clinical and pathological findings highly similar to

those of the E22Q Dutch disease [39], consistent with the notion

that the clinical manifestations of the Dutch mutation are due to

the molecular consequences of the replacement of Glu##. In

contrast with neuronal cell types, human cerebrovascular

smooth-muscle cells are not killed by fully fibrillized forms of

native Aβ 1–42 or E22Q Aβ [40], whereas E22Q Aβ 1–40 added

in its soluble forms to these cells is highly toxic [41]. These

differential effects towards different cell types may in part explain

the differential pathology of HCHWA-D and AD. Modelling

studies in �itro suggest that the propensity of E22Q to form fibrils

could result in increased fibril binding to vascular-wall com-

ponents, such as heparin, which would accelerate vascular

amyloid deposition [4]. Furthermore, E22Q Aβ 1–40, but not

wild-type Aβ 1–40, has been found to cause cellular degeneration

into fibrils assembled in situ on smooth-muscle-cell surfaces, [41].

Degeneration has been observed in cultured brain pericytes

treated with the Dutch E22Q Aβ [42] ; in each case, fibril

assembly was a prerequisite for toxicity. Elucidation of the

molecular events which initiate oligomerization, a necessary

intermediate step in the fibrillization process, are crucial to

understanding the pathology and to developing potential thera-

peutics, not only of AD, but also for strokes caused by

amyloidogenesis in cerebral vascular cell walls.
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