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Abstract

Cerebral amyloid angiopathy (CAA) due to amyloid b (Ab) deposition is a key pathological feature of Alzheimer’s disease (AD),
especially in some form of familial Alzheimer’s disease (FAD) including hereditary cerebral hemorrhage with amyloidosis—Dutch

type. Ab mainly consists of 40- and 42-mer peptides (Ab1–40 and Ab1–42), which accumulate in senile plaques of AD brains and
show neurotoxicity for cultured nerve cells. We synthesized all variant forms of Ab1–42 associated with reported FAD, such as
A21G (Flemish), E22Q (Dutch), E22K (Italian), E22G (Arctic), and D23N (Iowa) along with three potential mutants by one point

missense mutation (E22A, E22D, and E22V) in a highly pure form, and examined their ability to aggregate and their neurotoxicity

in PC12 cells. The mutants at positions 22 and 23 showed potent aggregative ability and neurotoxicity whereas the potential mutants

did not, indicating that Ab1–42 mutants at positions 22 and 23 play a critical role in FAD of Dutch-, Italian-, Arctic-, and Iowa-
types. However, Flemish-type FAD needs alternative explanation except the aggregation and neurotoxicity of the corresponding

Ab1–42 mutant. � 2002 Elsevier Science (USA). All rights reserved.
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Alzheimer’s disease (AD) is characterized neuropa-
thologically by the progressive deposition of amyloid in
the brain parenchyma and cortical blood vessels [1]. This
deposition is composed mainly of amyloid b (Ab) pep-
tides, 40-, and 42-mer peptides (Ab1–40 and Ab1–42)

which are proteolytically produced from amyloid
precursor protein (APP) [2]. Familial Alzheimer’s
disease (FAD) is related to missense mutations in the
APP gene either outside or inside the Ab coding region.
There is a cluster of mutations at positions 21–23 of the
Ab peptides: Flemish (A21G), Dutch (E22Q), Italian
(E22K), Arctic (E22G), and Iowa (D23N) [3–7]. These
Ab mutants may play a pathological role in the cerebral
amyloid angiopathy (CAA) since these FAD cases
characteristically show clinical manifestation of CAA
and since Ab peptides induce neuronal death in vitro by
the formation of amyloid fibrils [8]. Recent investiga-
tions using synthetic Ab1–40 peptides with these FAD
mutations partly supported this hypothesis [5,6,9,10].
However, there is no report on the FAD-related Ab1–42
mutants except for the Dutch-type [9]. The investigation
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of Ab1–42 species is pivotal to understand the mecha-
nism of FAD because the aggregative ability and
neurotoxicity of Ab1–42 are considerably greater than
that of Ab1–40 [9].
Synthesis of Ab1–42 with 14 hydrophobic and/or

bulky amino acid residues at the C-terminus is quite
difficult because it easily aggregates even under weakly
acidic and neutral conditions [11]. However, we recently
established a highly efficient method for synthesizing
long peptides with a continuous flow-type peptide syn-
thesizer (Pioneer) using N-[(dimethylamino)-1H-1,2,
3-triazolo[4,5-b]pyridin-1-ylmethylene]-N-methylme-
thanaminium hexafluorophosphate N-oxide (HATU)
[12], as an activator for Fmoc chemistry [13–15]. We
synthesized five FAD-related Ab1–42 mutants, 21G-,
22Q-, 22K-, 22G-, and 23N-Ab1–42, along with three
potential Ab1–42 mutants by one point missense
mutation at position 22, 22A-, 22D-, and 22V-Ab1–42,
in a highly pure form (Fig. 1) to investigate the role of
the Ab1–42 mutants at positions 21–23 in FAD. This
paper describes the aggregation, neurotoxicity in PC12
cells, and secondary structure of these Ab1–42 mutants.

Materials and methods

General. The following spectroscopic and analytical instruments

were used: peptide synthesizer, Pioneer peptide synthesizer (Applied

Biosystems, Foster City, CA); HPLC, Waters 600E multisolvent

delivery system with 2487 UV Dual k Absorbance Detector; Waters
625 LC system with 486 UV Tunable Absorbance Detector and 741

Data Module; matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF-MS), Applied Biosystems

Voyager-DE PRO (Applied Biosystems); thioflavin-T (Th-T) fluores-

cence, SPECTRA max GEMINI XS-TR (Molecular Devices, Ashiya,

Japan); microplate reader, MPR-A4i II (TOSOH, Tokyo, Japan); CD

spectropolarimeter, J-805 (JASCO, Tokyo, Japan). MALDI-TOF-MS

was measured as reported previously [13,15]. HPLC was carried out on

a Develosil packed column ODS-UG-5 (20mm i:d:� 150mm and

6:0mm i:d:� 100mm) (Nomura Chemicals, Seto, Japan).
HATU, piperidine, Fmoc amino acids, Fmoc-Ala-PEG-PS resin,

and N,N-diisopropylethylamine (DIPEA) were purchased from

Applied Biosystems. N,N-Dimethylformamide (DMF), trifluoroacetic

acid (TFA), 1,2-ethanedithiol, thioanisole, m-cresol, diethyl ether

(peroxide free), and CH2Cl2 were purchased from Nacalai tesque,

Kyoto, Japan. MTT reagents were purchased from Sigma.

Synthesis of FAD-related Ab1–42 mutants. FAD-related Ab1–42
mutants (Fig. 1) were synthesized in a stepwise fashion on 0.1mmol of

preloaded Fmoc-Ala-PEG-PS resin by Pioneer using the Fmoc method

as reported previously [13–15]. The coupling reaction was carried out

using Fmoc amino acid (0.4mmol), HATU (0.4mmol), and DIPEA

(0.8mmol) in DMF for 30min. After each coupling reaction, the

N-terminus Fmoc group was deblocked with 20% piperidine in DMF.

After completion of the chain elongation, the peptide-resin (ca.

1.1 g) washed with DMF and CH2Cl2 was treated with a cocktail

containing 16ml of TFA, 0.4ml of m-cresol, 1.2ml of ethanedithiol,

and 2.4ml of thioanisole for final deprotection and cleavage from the

resin. After 2 h of shaking at room temperature, the suspension was

filtered into a 50ml corning tube (polypropylene, IWAKI). The filtrate

was distributed in eight 15ml corning tubes, to which five volumes of

diethyl ether were added. The mixture was allowed to stand at 4 �C for
10min and then centrifuged (3000rpm� 5 min) to precipitate the
crude peptide. The precipitate was washed with diethyl ether three

times.

The crude peptide was purified by RP-HPLC using the Develosil

packed column (20mm i:d:� 150mm) with elution at 8.0ml/min by an
100min linear gradient of 10–40 or 50% CH3CN in 0.1% NH4OH. The

peak of each FAD-related Ab1–42 mutant was collected and concen-
trated in vacuo below 30 �C to remove CH3CN. Lyophilization gave a

corresponding pure Ab peptide, the purity of which was confirmed by
HPLC (>98%).

HPLC analysis after centrifugation. Each FAD-related Ab1–42
mutant was dissolved in 0.02% NH4OH at 250lM. Seventy microliters
of each peptide solution was diluted with 630ll of 50mM sodium

phosphate (pH 7.4) containing 100mM NaCl to afford a 25 lM pep-

tide solution, which was incubated at 37 �C for 4, 8, 16, or 24 h. After
centrifugation at 15,000 rpm in an 1.5ml Eppendorf microcentrifuge at

4 �C for 10min, 25 ll of the supernatant was then analyzed by RP-
HPLC on the Develosil packed column (6:0mm i:d:� 100mm) with
elution at 1.0ml/min by a 40min linear gradient of 10–40 or 50%

CH3CN in 0.1% NH4OH. The area of the absorption at 220 nm was

integrated and expressed as a percentage of the control.

Thioflavin-T (Th-T) fluorescene assay. Each FAD-related Ab1–42
mutant was dissolved in 0.02% NH4OH at 250lM. After a 10-fold
dilution, the resultant 25 lM peptide solution in 50mM sodium

phosphate (pH 7.4) containing 100mM NaCl was incubated at 37 �C
for 4, 8, 16, or 24 h. Ten microliters of each peptide solution was added

to 1ml of 5mM Th-T in 50mM Gly-NaOH (pH 8.5). Fluorescence

intensity was measured at 450 nm excitation and 482 nm emission by

SPECTRA max GEMINI XS-TR as reported previously [16].

Cell culture. Rat pheochromocytoma PC12 cells were obtained

from RCB. They were cultured in Dulbecco’s modified Eagle’s medium

(Sigma) containing 5% (v/v) fetal calf serum (Biosciences PTY, Aus-

tralia), 10% (v/v) horse serum (Gibco, NY), 100 U/ml of penicillin, and

100lg=ml of streptomycin (Meizi Seika, Tokyo, Japan). For experi-
mental purposes, near-confluent cultures of the cells were plated at

approximately 104 cells/100ll/well fresh culture medium in 96-well

tissue culture plates coated with collagen, and incubated at 37 �C under
5% CO2 overnight before experiments.

MTT assay. The reduction of 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) by mitochondrial reductase

Fig. 1. Structures of Ab1–42 mutants synthesized in this study.
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was carried out essentially as reported previously [17]. In an 1.5ml

Eppendorf tube, each FAD-related Ab1–42 mutant was dissolved in
0.02% NH4OH at concentrations ranging from 0.12 to 120lM. Each
peptide solution was filter-sterilized (0.22 lm), and 10 ll of the resul-
tant solution and 10 ll of PBS (pH 7.4) were, respectively, added to the
above-mentioned cell culture in 96-well tissue culture plates, which was

incubated at 37 �C under 5% CO2 for 48 h. After removal of 30 ll of
the medium, 10 ll of 5 mg/ml of MTT in PBS (pH 7.4) was added to
the cell culture, which was incubated at 37 �C under 5% CO2 for 4 h.

After evacuation of the culture medium, the cell lysis buffer

(100ll/well; 10% SDS, 0.01M NH4Cl) was subsequently added to the

cells, and the cell lysate was incubated overnight in the dark at room

temperature. The colorimetric determination of MTT was made at

600 nm. The absorbance obtained by addition of vehicle was taken as

100%.

Estimation of the secondary structure of the FAD-related Ab1–42
mutants. Each FAD-related Ab1–42 mutant was dissolved in 0.02%
NH4OH at 250lM. Seventy microliters of each peptide solution was
diluted with 630ll of 50mM sodium phosphate (pH 7.4) containing

100mM NaCl to afford the 25 lM peptide solution. Each peptide

solution was loaded into a 0.1mm path length quartz cell and circular

dichroism (CD) spectra were recorded at 190–260nm using a J-805

spectropolarimeter (JASCO). The program JWSSE-480 (JASCO) was

used for estimation of the secondary structure of each peptide based on

the method of Yang et al. [18] using the reference data of Reed, J. and

Reed, T.A. [19].

Results and discussion

Synthesis of FAD-related Ab1–42 mutants

The FAD-related Ab1–42 mutants along with the
potential Ab1–42 mutants at position 22 (Fig. 1) were
synthesized with the Pioneer peptide synthesizer using
HATU as an activator for Fmoc chemistry. Final
deprotection and cleavage from the resin, followed by
purification by RP-HPLC under alkaline conditions
(CH3CN–0.1% NH4OH) gave each mutant peptide in a
highly pure form. The total yields of these peptides were
2–24%, indicating that the average coupling yield of
each condensation step was 95–97%. Molecular weights
and purity were confirmed by MALDI-TOF-MS mea-
surements (Table 1). An HPLC chromatogram and
MALDI-TOF-MS data of 22G-Ab1–42 (Arctic) are
shown in Fig. 2 as a typical example.

Aggregation studies

Ab aggregations are detectable using Th-T which
binds specifically to aggregated forms of Ab with intense
fluorescence. Since the aggregative ability and neuro-
toxicity of Ab1–42 are greatest among the Ab peptides
produced from APP, Ab1–42 is suggested to play a
critical role in amyloid formation and the pathogenesis
of AD. We could not detect soluble Ab1–42 after 24 h
incubation (Fig. 3A), suggesting that wild-type Ab1–42
aggregated almost completely after 24 h incubation.
Th-T assay gave a similar result (Fig. 3B). On the other
hand, Ab1–40 failed to aggregate even at 24 h after
incubation (Fig. 4A and B). These results are consistent
with previous findings [9].
Both the centrifugaion and Th-T assay of FAD-

related Ab1–42 mutants showed that 22Q-Ab1–42
(Dutch) and 22K-Ab1–42 (Italian) aggregate faster than
wild-type Ab1–42. Although the aggregation of Arctic
and Iowa mutants (22G-Ab1–42 and 23N-Ab1–42)
seemed to be less extensive than that of wild-type Ab1–
42 in the centrifugation assay (Fig. 3A), the rate of ag-
gregation at 4 h after incubation was faster than for
wild-type Ab1–42 by the Th-T assay (Fig. 3B). These
results suggest that the FAD-related Ab1–42 mutants
at positions 22 and 23 have more aggregative ability
than the wild-type. However, Flemish-type peptide
(21G-Ab1–42) did not aggregate at all like wild-type
Ab1–40, indicating that the Flemish-type needs alter-
native explanation except the aggregation of the corre-
sponding Ab1–42 mutant. Wang et al. [20] also reported
quite a low level of aggregation of Flemish-type Ab1–40
mutant peptide. These results and the data on FAD-
related Ab1–40 mutants [5,6,9,10] indicate that the FAD

Fig. 2. (A) Chromatogram of 22G-Ab1–42 (Arctic). The analytical
conditions are as follows: Develosil ODS-UG-5 (6:0mm i:d:�
100mm), 40-min linear gradient of 10–40% CH3CN containing 0.1%

NH4OH, 1.0ml/min, UV 220 nm. (B) MALDI-TOF-MS of 22G-Ab1—
42 (Arctic) by Voyager-DE STR (Applied Biosystems). The peptide

dissolved in 0.1% TFA aqueous solution (50 pmol/ll) was mixed with
saturated a-cyano-4-hydroxy-cinnamic acid in 50% CH3CN contain-

ing 0.1% TFA at a ratio of 1:1. One microliter of the resultant solution

was then measured. Thioredoxin and bovine insulin were used as

external references.

Table 1

Yields and MALDI-TOF-MS data of Ab1–42 mutants synthesized in
this study

Ab mutants Yield

(%)

Obsd. mass Calcd. mass

(MHþ)

Ab1–42 3.2 4514.43 4515.20

21G-Ab1–42 22.7 4501.23 4501.08

22K-Ab1–42 2.3 4514.42 4514.16

22Q-Ab1–42 6.3 4514.39 4514.12

22G-Ab1–42 2.1 4443.35 4443.04

23N-Ab1–42 1.9 4513.94 4514.12

22A-Ab1–42 5.0 4456.92 4457.07

22D-Ab1–42 24.0 4501.55 4501.08

22V-Ab1–42 6.4 4485.49 4485.12
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mutation at positions 22 and 23 of Ab peptides increases
their aggregative ability.
The aggregative ability of the three potential Ab1–42

mutants at position 22 (22A-, 22D-, and 22V-Ab1–42)
was considerably less than that of wild-type Ab1–42
(Fig. 4A and B), suggesting that these mutations would
not be responsible for the pathogenesis of the pheno-
typically related FAD. It is noteworthy that valine at
position 22 markedly decreases the ability of Ab1–42 to
aggregate.

Neurotoxicity studies using PC12 cells

The assay of the conversion of MTT to colored
formazan by mitochondrial reductase serves as an in-
direct measurement of cellular proliferation and viabil-
ity. Rat pheochromocytoma PC12 cells are particularly
sensitive to Ab peptides [17]. After 48 h incubation with
each Ab1–42 mutant, the inhibition of formazan for-
mation was measured at peptide concentrations ranging
from 0.01 to 10 lM. The IC50 values for the inhibition
were determined using the probit procedure [21].

As shown in Table 2, wild-type Ab1–42 potently
inhibited the formation of formazan in PC12 cells at
10�6 M, while wild-type Ab1–40 did not inhibit the
formation even at 10�5 M. The neurotoxicity data
correlate well with the ability of these peptides to
aggregate (Fig. 4A and B). The FAD-related Ab1–42
mutants at position 22 (Dutch, Italian, and Arctic)
showed about 10-fold the neurotoxicity of wild-type

Fig. 3. (A) Aggregation of FAD-related Ab1–42 mutants estimated by HPLC analysis after centrifugation: (d) wild-type Ab1–42; (�) 21G-Ab1–42
(Flemish); (�) 22G-Ab1–42 (Arctic); (r) 22Q-Ab1–42 (Dutch); (�) 22K-Ab1–42 (Italian); (M) 23N-Ab1–42 (Iowa). (B) Aggregation of FAD-
related Ab1–42 mutants estimated by Th-T fluorescence method [16]: (d) wild-type Ab1–42; (�) 21G-Ab1–42 (Flemish); (�) 22G-Ab1–42 (Arctic);
(r) 22Q-Ab1–42 (Dutch); (�) 22K-Ab1–42 (Italian); (M) 23N-Ab1–42 (Iowa).

Fig. 4. (A) Aggregation of the potential Ab1–42 mutants at position 22 estimated by HPLC analysis after centrifugation: (d) wild-type Ab1–42; (N)
wild-type Ab1–40; (j) 22A-Ab1–42; (}) 22D-Ab1–42; (�) 22V-Ab1–42. (B) Aggregation of the potential Ab1–42 mutants at position 22 estimated
by Th-T fluorescence method [16]: (d) wild-type Ab1–42; (N) wild-type Ab1–40; (j) 22A-Ab1–42; (}) 22D-Ab1–42; (�) 22V-Ab1–42.

Table 2

Neurotoxicity in PC12 cells of FAD-related Ab1–42 mutants estimated
by the MTT assay

FAD-related Ab mutants IC50ðlMÞ 	 SD

Ab1–42 (wild-type) 0:97	 0:18
21G-Ab1–42 (Flemish) 1:7	 0:26
22Q-Ab1–42 (Dutch) 0:068	 0:011
22K-Ab1–42 (Italian) 0:14	 0:033
22G-Ab1–42 (Arctic) 0:14	 0:045
23N-Ab1–42 (Iowa) 0:38	 0:16
22A-Ab1–42 2:7	 0:13
22D-Ab1–42 2:9	 0:32
22V-Ab1–42 >100

Ab1–40 (wild-type) >100
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Ab1–42, indicating that the Ab1–42 mutants at position
22 play a critical role in the pathogenesis of these FADs.
In contrast, the three potential mutants at position 22
(22A-, 22D-, and 22V-Ab1–42) were less cytotoxic as the
wild-type. Notably, the neurotoxicity of 22V-Ab1–42
was quite low compared with that of other Ab1–42
mutants. It can therefore be concluded that these po-
tential mutations would not cause FAD. Melchor et al.
[22] recently proposed that a change or loss of charge at
position 22 enhances the cytotoxicity of Ab1–40. How-
ever, our results using the Ab1–42 mutants contradict
this hypothesis since the cytotoxicity in PC12 cells of
22V-Ab1–42 was very weak and that of 22A-Ab1–42
almost equal to the toxicity of 22D-Ab1–42. Hydro-
phobic and/or steric factors at position 22 would affect
the aggregation and neurotoxicity of Ab peptides.
The Iowa-type mutant (23N-Ab1–42) showed cyto-

toxicity that was 2–3 fold stronger than the wild-type
Ab1–42, suggesting that the Ab1–42 mutant at position
23 also plays an important role in the pathogenesis of
Iowa-type FAD. However, the cytotoxicity of the
Flemish-type Ab1–42 (21G-Ab1–42) which hardly
aggregated at all as shown in Fig. 3A and B was weaker
than that of wild-type Ab1–42. The cytotoxicity of 21G-
Ab1–42 itself might not be the main cause of Flemish-
type FAD.

Secondary structure of Ab1–42 mutants

Previous structural studies on Ab peptides suggested
that a conformational change from an a-helix or ran-
dom coil structure to a b-sheet is a key to forming fibrils
and inducing cytotoxic effects [23]. The difference in the
rate of aggregation among the Ab mutants examined
here would reflect the propensity for adopting the
b-sheet structure. To confirm this, the secondary struc-
ture of the Ab mutants was estimated from CD spectra
by the method of Yang et al. [18].
As shown in Table 3, CD spectral analyses revealed

that the b-sheet content of three FAD-related Ab1–42

mutants (Dutch, Arctic, and Iowa) is considerably high
(ca. 50%). These results are consistent with the aggre-
gative ability and neurotoxicity. The Flemish-type
Ab1–42 mutant whose ability to aggregate and neuro-
toxicity was quite low contained fewer b-sheets (24%)
than wild-type Ab1–42 (35%). Moreover, all potential
Ab1–42 mutants at position 22 had fewer b-sheets than
wild-type Ab1–42. These results support the hypothesis
that the b-sheet structure of Ab peptides is closely
related to their aggregation and neurotoxicity [23].
However, the b-sheet content (32%) of 22K-Ab1–42

(Italian), whose aggregative ability and neurotoxicity
exceeded that of wild-type Ab1–42, was not so high
compared with wild-type Ab1–42 (35%), instead turn
content (56%) increased significantly. This indicates that
the b-sheet is not the exclusive secondary structure
related to the aggregation and neurotoxicity of Ab
peptides. Since a Lys–Asp sequence is often found in
two-residue b-turn [24], the formation of b-turn at
positions 22 and 23 followed by intramolecular anti-
parallel b-sheets might induce the aggregation of Ab
peptides to form fibrils resulting in neurotoxicity.
In conclusion, we synthesized all Ab1–42 mutants

related to FAD along with three potential mutants at
position 22 in a highly pure form, and suggested that
these Ab1–42 mutants play a critical role in the patho-
genesis of FAD with CAA. Although Miravalle et al. [5]
recently proposed that the Ab1–40 mutant is a more
crucial determinant than the corresponding Ab1–42
mutant in Dutch-type FAD since 22Q-Ab1–42 did not
show any neurotoxic effects, our results using highly
pure 22Q-Ab1–42 contradict theirs. To understand the
mechanism of FAD, attention should also be directed at
Ab1–42 mutants as well as Ab1–40 mutants. However, it
might be preferable for mutations at position 21 of Ab
peptides to be differentiated from those at positions 22
and 23 since the Flemish-type Ab1–42 mutant did not
show potent aggregative ability or neurotoxicity.
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