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Effects of the amyloid precursor protein Glu693 !Gln ‘Dutch ’ mutation on
the production and stability of amyloid β-protein
Deborah J. WATSON1, Dennis J. SELKOE and David B. TEPLOW2

Department of Neurology, Harvard Medical School and Center for Neurologic Diseases, Brigham and Women ’s Hospital, 77 Avenue Louis Pasteur,
Boston, MA 02115, U.S.A.

Hereditary cerebral haemorrhage with amyloidosis, Dutch type

(HCHWA-D), is a cerebral amyloidosis characterized by promi-

nent vascular deposits and fatal haemorrhages. The disorder is

caused by a point mutation in codon 693 of the gene encoding the

amyloid precursor protein (APP), resulting in a Glu!Gln amino

acid substitution at position 22 of the amyloid β-protein (Aβ)

region. The pathogenetic mechanisms of HCHWA-D are un-

known but could involve alterations in the proteolytic processing

of APP and in amyloid fibril formation. We examined Aβ pro-

duction and stability by using cultured human embryonic kidney

293 cells stably expressing wild-type or ‘Dutch ’ APP. Radio-

sequencing and quantitative immunoprecipitation experiments

showed that cells expressing Dutch APP secreted increased

quantities of Aβ peptides beginning at Asp", and of truncated

INTRODUCTION

The predominant protein constituent of the cortical and cerebro-

vascular amyloid deposits of Alzheimer’s disease (AD) is a

40–42-residue peptide termed the amyloid β-protein (Aβ) [1].

Aggregated, unbranched fibrils of Aβ, along with a variety of

other proteinaceous and non-proteinaceous macromolecules, are

found in the amyloid deposits [1]. Accumulating evidence suggests

that Aβ production, formation into fibrils and deposition are key

aetiological events in AD [2]. For this reason, therapeutic

strategies are being developed that target critical steps in these

processes.

Aβ is formed by cleavage from the amyloid precursor protein

(APP), a type I integral membrane protein with a large extra-

cellular domain and a short C-terminal tail [3]. Aβ encompasses

the 28 residues immediately N-terminal to the transmem-

brane domain plus the first 12–14 residues of the transmembrane

domain itself. Three unidentified endoproteolytic activities,

termed secretases, act on APP. α-Secretase cleaves APP within

the Aβ sequence after Lys"', releasing the large ectodomain. This

is the major secretory processing pathway of APP and precludes

the formation of Aβ from precursor molecules so cleaved.

Subsequent cleavage of the remaining membrane-bound APP

domain at the C-terminus of the Aβ region, by γ-secretase(s),

releases a 3 kDa fragment (p3). If, however, β-secretase first

cleaves APP at the N-terminus (Asp") of the Aβ region, then

subsequent γ-secretase action releases the 4 kDa Aβ peptide.

Aβ beginning at Asp" and ending at Val%! (Aβ
"
–
%!

) or Ala%#

(Aβ
"
–
%#

) are the predominant peptides in most mature neuritic

plaques [1]. However, considerable structural heterogeneity in

Abbreviations used: AD, Alzheimer’s disease ; APP, amyloid precursor protein ; Aβ, amyloid β-protein ; HCHWA-D, hereditary cerebral haemorrhage
with amyloidosis, Dutch type ; HEK293 cells, human embryonic kidney 293 cells.
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peptides beginning at Val") and Phe"*. The ratio of levels of

4 kDa (Aβ) to 3 kDa (p3) peptides remained constant due to

co-ordinate decreases in other peptide species. Novel truncated

or elongated peptides were not observed. Pulse–chase experi-

ments showed that the Dutch mutation did not affect the stability

of the Aβ or p3 populations. These results are consistent with a

disease process in which the Dutch mutation results in the

production of Aβ peptides with enhanced propensities for

fibrillogenesis, leading to accelerated vascular deposition and

disease.

Key words: amyloid, APP processing, familial Alzheimer’s

disease, fibrillogenesis, β-protein.

Aβ has been described. Aβ species beginning at Ile−' and Val−$,

and at virtually every residue from Asp" to Glu"", have been

described in diffuse, compacted or cerebrovascular Aβ deposits

in AD and Down syndrome brain [4–7], in the plasma and

cerebrospinal fluid of AD patients and controls [8–11], or in the

culture media of APP-expressing cell lines, fetal human brain

cells and fibroblasts [12–14]. Similarly, the N-terminus of p3 can

begin anywhere from Leu"( to Phe#! [13,15]. C-termini are

predominantly Val%! or Ala%#. The biological relevance of these

various peptides is suggested by their presence in human bio-

logical fluids [8–10,16] and by the observation that Aβ peptides

with truncated N-termini are among those found in the earliest,

diffuse Aβ deposits [17–21].

Alterations in the quantities and}or ratios of the various Aβ

peptides are associated with familial forms of AD and with

related β-amyloidoses caused by mis-sense mutations in the APP

gene on chromosome 21. Notably, these mutations cluster around

the cleavage sites for the three secretase activities. The double

(Swedish) mutation Lys'(!-Met'("!Asn-Leu at the β-secretase

site causes an increase in the overall quantity of Aβ detectable in

the plasma and in the medium of cultured fibroblasts from

carriers of the Swedish APP mutation [11,22]. Increased Aβ

secretion is also observed in the culture media of transfected cells

overexpressing Swedish APP [23,24]. Mis-sense mutations near

the γ-secretase site increase the proportion of secreted Aβ ending

at Ala%# [25–28], a species that aggregates faster in �itro than Aβ

ending at Val%! [29] and is found in diffuse Aβ deposits of

AD and Down syndrome brain [19,21,30]. Two additional

APP mutations cluster near the α-secretase site. An Ala'*#!Gly

mutation, found in a Flemish family, results in cerebral amyloid
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angiopathy and AD [31,32]. This mutation alters the normal

secretory cleavage of APP, resulting in an increased overall ratio

of 4 kDa peptides to 3 kDa peptides and increased quantities of

N-terminally truncated Aβ peptides such as Aβ
""

–X
[13]. A Glu'*$

!Gln mutation, found in a number of large Dutch families,

causes hereditary cerebral haemorrhage with amyloidosis, Dutch

type (HCHWA-D) [33,34]. HCHWA-D is characterized by severe

meningocortical vascular Aβ deposition resulting in fatal cerebral

haemorrhages. The Glu##!Gln substitution in Aβ accelerates

its aggregation in �itro [35–38]. However, the pathogenesis of

HCHWA-D seems to involve more than simply the rapid

aggregation of full-length Aβ. The abundance of diffuse plaques

in HCHWA-D brain parenchyma [34] suggests that N-terminally

truncated Aβ peptides could have an important role in paren-

chymal Aβ deposition in this disease, as they do in Down

syndrome [21,39,40]. In addition, studies of the effects of Dutch

and wild-type peptides on neuronal, smooth-muscle and peri-

vascular cells suggest that the Glu##!Gln substitution produces

cytotoxicity only when present in Aβ molecules of appropriate

length and aggregation state [41–43]. Here we report studies to

assess the effects of the Dutch amino acid substitution on the

proteolytic processing of APP by transfected cells in culture and

on the stability of the Aβ peptides secreted by these cells. The

results show that the earliest pathogenetic effect of the Dutch

mutation is an alteration in the proteolytic processing of APP.

EXPERIMENTAL

Nomenclature

For ease of comparison with other studies, numerical references

to antibody epitopes and mutations (e.g. Val("(! Ile) are based

on the 770-residue isoform of APP (APP
((!

). Specific amino acid

residues or mutations within Aβ are noted as, for example, Phe#!

or Glu##!Gln respectively.

Cell lines

Human embryonic kidney 293 (HEK293) cells were stably

transfected with wild-type APP
'*&

cDNA or with an APP
'*&

cDNA containing the HCHWA-D mutation [44], essentially as

described [45]. The pCMV695 plasmid encoding the HCHWA-D

mutant APP was generously provided by Dr. Eddie Koo

(University of California, San Diego, CA, U.S.A.). In the

cell lines used in this study, expression levels of Dutch APP were

approximately double those of wild-type APP (results not

shown). The generation of HEK293 cells stably expressing an

APP
'*&

cDNA containing the Swedish double mutation (Lys'(!-

Met'("!Asn-Leu) has been described previously [23]. Trans-

fected cells were maintained in Dulbecco’s modified Eagle’s

medium containing 50 units}ml penicillin, 50 µg}ml streptomy-

cin, 2 mM -glutamine, 0.2 mg}ml G418 sulphate}Geneticin4
(all from Gibco, Gaithersburg, MD, U.S.A.) and 10% (v}v) fetal

bovine serum (Hyclone, Logan, UT, U.S.A.), at 37 °C, in an

atmosphere of 5% CO
#

in air.

Metabolic labelling and immunoprecipitation

For radiosequencing, round 10 cm diameter dishes of 80–90%

confluent transfected cells were labelled for 12–15 h with 5 mCi

of -[2,3,4,5,6-$H]phenylalanine (124 Ci}mmol; Amersham,

Arlington Heights, IL, U.S.A.) in 5 ml of phenylalanine-free

medium (Select-Amine Kit ; Gibco). Soluble Aβ, p3 and related

peptides were immunoprecipitated from labelled, conditioned

medium with the use of the polyclonal antisera R1280 or R1282,

specific for synthetic Aβ
"
–
%!

peptides [46,47]. Immunoprecipitated

species were separated by SDS}PAGE on 10–20% Tris}tricine

gels (Novex, San Diego, CA, U.S.A.). For measurement of the

stability of secreted Aβ species, cells were radiolabelled with

[$&S]Met Express protein labelling mix (1175 Ci}mmol;

DuPont–NEN, Newtown, CT, U.S.A.) in methionine-free me-

dium for 3 h, then the conditioned media were collected, pooled

and redistributed to unlabelled transfected cells for chase times

of 0–12 h. Unlabelled methionine in PBS was then added to the

labelled medium to produce a final concentration of 10 mM, a

2¬10&-fold molar excess relative to [$&S]methionine. Culture

medium was collected and cleared of cells and cell debris by

centrifugation (2000 g, 30 min, 4 °C), then Aβ, p3 and related

peptides were immunoprecipitated from the medium with R1282

and separated by SDS}PAGE, as described above.

Quantitative immunoprecipitation and phosphorimage analysis

Stably transfected cells, grown in 10 cm diameter dishes to

80–90% confluence, were labelled for 18 h with 300 µCi of

[$&S]Met Express in methionine-free medium. An aliquot of this

medium (3 ml) was incubated with antiserum R1282 (diluted

1:100, v}v) and 25 µl of 100 mg}ml Protein A–Sepharose CL-4B

(Sigma, St. Louis, MO, U.S.A.). After incubation overnight at

4 °C, the Protein A–Sepharose beads were collected by centri-

fugation (3000 g, 10 min, 25 °C), and the remaining medium

was immunoprecipitated with R1282 twice more. Protein

A–Sepharose beads were washed sequentially in 0.5¬STEN

[25 mM Tris}HCl (pH 7.6)}75 mM NaCl}1 mM EDTA}0.1%

(v}v) Nonidet P40], 1¬STEN­0.1% SDS, then 1¬STEN.

Immunoprecipitated species were separated by SDS}PAGE as

described above. Each immunoprecipitate was loaded into a

separate lane of the gel. Phosphorimages of fixed and dried $&S-

labelled gels were obtained on a Molecular Dynamics Phosphor-

Imager 400A. Quantification was performed with IMAGE-

QUANT software (Molecular Dynamics, Sunnyvale, CA,

U.S.A.). For calculation of Aβ}p3 ratios, the signals from all

three R1282 immunoprecipitations were added by using the

IMAGEQUANT software.

Radiosequence analysis

[$H]Phe-labelled proteins isolated by immunoprecipitation and

SDS}PAGE were electroblotted to Hyperbond PVDF mem-

branes (Porton Instruments, Tarzana, CA, U.S.A.) at 400 mA

for 4 h at 4 °C in 25 mM Tris}HCl, pH 8.3, containing 192 mM

glycine and 20% (v}v)methanol. After autoradiography, labelled

protein bands were excised and radiosequenced as described [13].

Each experiment was done a minimum of five times. To compare

the relative quantities of each peptide present, initial yields were

calculated from the formula Y
i
¯Y

n
}(Y

r
)n, where Y

i
is the initial

yield, Y
n
is the measured radioactivity (c.p.m.) at cycle n and Y

r

is the repetitive yield. For each sample, Y
r

was determined

experimentally by log regression analysis of 4 kDa band signals

occurring at cycles 4, 19 and 20, which derived from Aβ beginning

at Asp". These values for Y
r

were used in analyses of the

corresponding 3 kDa bands, each of which was sequenced

immediately after its 4 kDa partner. [$H]Phe peaks from the

3 kDa band occurring in cycles 9 and 10 resulted from a p3-

related peptide beginning at Glu"". In sequencing other 3 kDa

peptides, the radioactive signals at cycle 1 could have come from

p3 beginning at Phe"* or Phe#!, signals at cycle 2 could have come

from p3 beginning at Val") or Phe"*, and signals at cycle 3 could

have come from p3 beginning at Leu"( or Val"). To make correct

assignments, the graph of radioactivity was modelled math-

ematically by summing the predicted signals contributed by each

peptide species at each cycle. The predictions used the known

# 1999 Biochemical Society
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repetitive yields from each experiment to calculate the lag for one

cycle after the occurrence of each radiolabelled phenylalanine

residue. Then, by systematically varying the relative percentages

of each peptide in the population of molecules being sequenced,

a precise fit to the experimentally observed signals could be made

and the relative quantities of each peptide determined. These

quantities were then used to calculate the initial yields of each

peptide, according to the formula above.

RESULTS

N-terminal heterogeneity of secreted Aβ and p3 peptides

In conditioned media of APP-transfected cells and in amyloid

deposits of AD brain, both Aβ and p3 exist as peptide families

with variable N- and C-termini. To determine whether the Dutch

mutation altered the secretase cleavage patterns of APP and}or

the relative quantities of cleavage products, cells stably trans-

fected with either wild-type or Dutch APP were metabolically

labelled for 18 h with [$H]phenylalanine. After immunoprecipi-

tation, SDS}PAGE and electroblotting, peptides of approx.

molecular mass 2–5 kDa were radiosequenced from strips cor-

responding to the 4 kDa (Aβ) and 3 kDa (p3) gel bands. The

identity of each species was deduced from the patterns of $H-

containing peaks (representative traces are shown in Figure 1).

The initial yield of each peptide was calculated (see the Experi-

mental section) and used to determine the quantity of each

peptide as a percentage of the total 4 kDa or 3 kDa signal

(Table 1). The results show that the Dutch mutation, relative to

Figure 1 Radiosequencing of Aβ and p3 peptides

(A) Wild-type 4 kDa band ; (B) wild-type 3 kDa band ; (C) Dutch 4 kDa band ; (D) Dutch 3 kDa band. Anilinothiazolinone amino acid derivatives were collected after each cleavage cycle of Edman

chemistry and the level of [3H]phenylalanine present was determined by scintillation counting. For each sample, the deduced peptide sequences (shown on the top of each panel) are aligned with

the profile of radioactivity, and the respective N-termini are noted to the right.

the wild-type APP sequence, produced significant changes in the

relative quantities of various Aβ- and p3-related peptides within

each gel band.

In the medium of cells expressing Dutch APP, the quantity of

Aβ beginning at Asp" increased from 68% to 78%. Co-ordinate

decreases in the levels of peptides beginning at Ile−' and Arg&

were observed. Within the 3 kDa band, a significant decrease in

the quantity of the Leu"( species, the normal α-secretase-

generated peptide, was accompanied by significant increases in

the levels of peptides beginning at Val") and Phe"*. A consistent

observation in the Dutch 4 kDa samples was that of a small peak

at cycle 2 (Figure 1C). A peptide beginning at Glu$ would

produce such a signal and, in addition, signals at cycles 17 and

18. However, these latter signals were not present. We therefore

note this difference between the Dutch and wild-type 4 kDa

samples but cannot explain it at present. Finally, insignificant

changes were noted in the levels of p3-related peptides beginning

at Glu"" and Phe#!. Together, these results are consistent with a

physiological effect of the Dutch mutation on APP processing

that, although not blocking the recognition of the APP substrate

by α-, β- or γ-secretases, is characterized by altered cleavage

kinetics.

Relative levels of secretion of Aβ and p3

Quantitative immunoprecipitation was used to determine

whether the Dutch mutation affected the ratio of Aβ to p3 in the

media of APP-transfected cells. Because a single antiserum was

# 1999 Biochemical Society
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Table 1 N-termini of secreted Aβ and p3 peptides

Aβ, p3 and related peptides labelled with [3H]phenylalanine were immunoprecipitated from the

medium of cells expressing wild-type or Dutch APP, separated by SDS/PAGE, electroblotted,

and sequenced by Edman degradation as described in the Experimental section. Levels of 3H

in each cycle indicated the location of labelled phenylalanine residues and were used to

determine the N-terminus and the quantity of each peptide. Calculated peptide compositions in

the 4 kDa and 3 kDa bands are presented as the percentage of each identified peptide

(mean³S.D. ; n ¯ 6 for wild-type APP ; n ¯ 5 for Dutch APP). A two-sample t test was used

to determine the statistical significance of the difference in mean levels between the members

of each homologous pair of wild-type and Dutch peptides. Significance is indicated as follows :

*P ! 0.05 ; **P ! 0.01 ; ***P ! 0.005.

Peptide composition (% of each band)

Band (kDa) N-terminus Wild-type APP Dutch APP

4 Ile−6 8.0³5.1 5.3³1.8

Val−3 10.9³4.1 10.8³1.7

Asp1 68.3³5.4 78.3³3.7**

Arg5 12.8³3.8 5.5³1.3***

3 Glu11 17.7³8.6 16.3³5.2

Leu17 50.8³9.9 34.4³6.5*

Val18 17.4³5.8 29.1³2.3***

Phe19 5.5³5.7 16.1³9.0*

Phe20 8.5³6.0 4.1³4.5

used to immunoprecipitate several Aβ- and p3-related peptides,

control experiments were performed to ensure the quantitative

collection of all molecules. First, the quantities of labelled media

and antiserum R1282 were each optimized to maximize the

precipitation efficiency (results not shown). Next, sequential

immunoprecipitations were done to determine when essentially

quantitative collection of the Aβ and p3 peptides had been

achieved. On average, 97% of the 4 kDa signal and 95% of

the 3 kDa signal were collected in two sequential rounds of

immunoprecipitation (results not shown). However, to obtain

as close to quantitative amounts of Aβ and p3 as possible,

three immunoprecipitations were used for all experiments.

Cells stably expressing either wild-type or Dutch APP were

metabolically labelled overnight with [$&S]methionine. Aβ, p3

and related species from the conditioned media were then

quantitatively immunoprecipitated, separated by SDS}PAGE

and subjected to phosphorimage analysis (Figure 2). Because

these peptides each contained one methionine residue, Met$&, the

radioactive signal from each band provided a direct measure of

the quantity of each species. For each cell line, media from a total

of 20–35 dishes, from six separate platings, were each assayed

independently. As a positive control, cells expressing APP

containing the Swedish double mutation (Lys'(!-Met'("!Asn-

Leu) were labelled as above, and the Aβ and p3 families were

immunoprecipitated. In this case, an approx. 5-fold increase of

the ratio of Aβ to p3 was observed (Figure 2), which is consistent

with previous results demonstrating the increased production of

Aβ by HEK293 cells and fibroblasts expressing Swedish mutant

APP [22–24]. In contrast, the ratio of Aβ to p3 for both wild-type

and Dutch transfectants was found to be approx. 0.9 (Figure 2).

The Dutch mutation, unlike the Swedish, did not therefore

facilitate the preferential processing of APP into Aβ.

Stability of secreted peptides

In addition to altering the relative quantities of Aβ and p3

peptides produced, the Glu##!Gln substitution could also affect

peptide catabolism. To explore this issue, HEK293 cells stably

transfected with either wild-type or Dutch APP were pulsed for

Figure 2 Determination of ratios of Aβ to p3

35S-labelled media from HEK293 cells expressing wild-type, Dutch or Swedish APP were

subjected to three rounds of immunoprecipitation with antiserum R1282 to immunoprecipitate

Aβ and p3 peptides quantitatively. (A) Phosphorimage of 4 kDa and 3 kDa peptides that were

immunoprecipitated in each round then separated on a Tris/tricine 10–20% (w/v) polyacrylamide

gel. Images were obtained with a Molecular Dynamics PhosphorImager 400A. (B) Graph of the

ratio of Aβ to p3 for peptides secreted from cells expressing wild-type, Dutch or Swedish APP.

The bar is the mean value for each set of experiments determined by using IMAGEQUANT

software. The ratios Aβ to p3 presented here were calculated after addition of the 4 kDa or

3 kDa signal from all three rounds of immunoprecipitation.

3 h with [$&S]methionine, after which the culture media were

collected, pooled and redistributed into fresh dishes of unlabelled

transfected cells. Because the conditioned medium still contained

unincorporated [$&S]methionine, a 2¬10&-fold molar excess of

unlabelled methionine was added to prevent the significant

production of labelled, nascent Aβ and p3 during the chase

period. After chase times of up to 12 h, the media were collected,

and Aβ and p3 peptides were recovered by immunoprecipita-

tion and separated by SDS}PAGE. The amounts of the peptides

were then quantified by phosphorimaging of the dried gels. This

method monitors alterations in the concentrations of soluble Aβ

and p3 resulting from degradation by cell-surface or secreted

proteases, epitope masking due to complex formation with

components of the medium, re-internalization, and sticking to

cell surfaces or the tissue culture dish itself.

The quantities of each peptide secreted during the 3 h pulse-

labelling (0 h chase time) were used to normalize results collected

over chase times from 1 to 12 h (Figure 3A). The means and S.D.

for six experiments for each transfected cell line were determined

(Figures 3B and 3C). No statistically significant differences in the

temporal change in concentration of either the 4 kDa or 3 kDa

peptides were observed. In control experiments, cells meta-

bolically labelled for 12 h in the presence of a 2¬10&-fold excess

of unlabelled methionine produced no detectable radiolabelled

Aβ or p3 (Figure 3A, lane CTRL). To exclude differential

immunoreactivity as an explanation for a potential lack of

recognition of the Dutch peptides, synthetic Aβ peptides were

applied to a nitrocellulose filter and detected with R1282. The

# 1999 Biochemical Society
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Figure 3 Stability of Aβ and p3 peptide families

(A) In a pulse–chase experiment, cells stably expressing wild-type or Dutch APP were labelled

with [35S]methionine for 3 h, then the media were collected, pooled, combined with excess

unlabelled methionine and redistributed to unlabelled cells for 0–12 h. Aβ and p3 peptides were

immunoprecipitated from the medium and separated by SDS/PAGE. The peptide levels at each

time point were quantified by phosphorimaging with a Molecular Dynamics PhosphorImager

400A and IMAGEQUANT software. A separate dish of cells was incubated for 12 h with a

mixture of unlabelled and radiolabelled methionine (2¬105 : 1) to demonstrate the suppression

of production of nascent, radiolabelled Aβ and p3 peptides (lane CTRL). The numbers at the

left are molecular masses in kDa. (B) Temporal change in the 4 kDa signal from cells

expressing wild-type (*) or Dutch (+) APP. (C) Temporal change in the 3 kDa signal from

cells expressing wild-type (*) or Dutch (+) APP.

results of this dot-blot assay demonstrated that even at very low

peptide levels (150 fmol), wild-type and mutant peptides were

recognized equally well by the immunoprecipitating antiserum

(results not shown). Taken together, these results provide strong

evidence that the observed changes in the levels of the various Aβ

and p3 peptides secreted by cells expressing Dutch APP (Table 1)

arose from differences in processing APP owing to the Glu##!
Gln substitution.

DISCUSSION

A clear mechanistic explanation for the pathology of HCHWA-

D would facilitate efforts to treat both this disease and the

amyloidotic component of AD. Here, certain of the possible

effects of the Dutch mutation have been addressed through a

systematic, quantitative analysis of the production and stability

of Aβ in cell culture. This analysis revealed that the Dutch

mutation increased the relative levels of full-length Aβ beginning

at Asp", and of p3 beginning at Val") and Phe"*. Co-ordinate

decreases in the levels of Aβ starting at Ile−' and Arg&, and of p3

starting at Leu"(, were found. The mutation did not alter the

ratio of secreted Aβ to p3, induce alternative APP cleavages

leading to the secretion of novel Aβ species, or alter the stability

of the secreted Aβ and p3 peptides.

Recently, De Jonghe et al. [48] used ELISA methods to

quantify the levels of full-length Aβ peptides secreted by cultured

stably transfected Chinese hamster ovary K1 cells and by

transiently transfected HEK293 and human H4 neuroglioma

cells. They found trends towards lower secretion, and a decreased

ratio of Aβ
"
–
%#

to Aβ
"
–
%!

, in Dutch-transfected cells compared

with wild-type transfectants, but the differences were mainly in-

significant. It should be noted that these studies used the mono-

clonal antibody BAN50, selected for its reactivity to Aβ
"
–
"'

, to

capture Aβ. Therefore differences in secretion of N-terminally

truncated Aβ species might not have been detectable. In addition,

BAN50 has recently been shown not to react with SDS-stable Aβ

dimers [49]. Other studies have used immunoblot analysis to

quantify N-terminal and C-terminal APP fragments arising from

secretase action [50–52]. In H4 cells, glioblastoma U-87 MG and

COS-1 cells expressing wild-type or Dutch APP, no differences in

levels of APP fragments were observed. These results are con-

sistent with those from our studies of relative levels of Aβ and p3

secretion. Existing results therefore indicate that the endopro-

teolytic processing ofDutch APP intoAβ follows the same overall

pathway as the processing of wild-type APP but with alterations

in the efficiency of cleavage at specific sites.

The consistency among data derived from studies with five

different cell types (H4, U-87 MG, Chinese hamster ovary K1,

COS-1 and HEK293) suggests that the alteration in APP

processing observed in our experiments probably also occurs in

cells in �i�o. This is certainly true of the Swedish mutation, in

which increased Aβ levels have been observed in the plasma and

in the conditioned media of primary fibroblasts from pre-

symptomatic and symptomatic individuals [11,22] and in the

conditioned media from Swedish APP-transfected HEK293 and

human neuroblastoma M17 cells [23,24]. In this regard, it would

be of interest to examine whether the effects of the Dutch

mutation on APP processing in HEK293 cells are also observed

in cultured vascular endothelial and smooth-muscle cells.

The location of the Dutch mutation near the α-secretase

cleavage site raised the possibility that the normal secretory

processing of APP might be altered. In fact, we found that the

Glu##!Gln mutation shifted the distribution of N-terminal

cleavage products in favour of peptides beginning at Asp", Val")

and Phe"*. In studies of transfected cells expressing APP con-

taining the adjacent Flemish (Ala#"!Gly) mutation [13], im-

munoprecipitation and radiosequencing of 4 kDa and 3 kDa

Aβ-related peptides demonstrated relative increases in the levels

of Aβ peptides beginning not only at Asp" but also at Arg& and

Glu"". Here we found a significant decrease in the production of

peptides beginning at Arg& and no change in the secretion

of peptides beginning at Glu"". Because the tertiary conforma-

tion of APP is unknown, a structure-based explanation of the

similarities and differences in processing induced by these mu-

tations is not possible. However, it is reasonable to postulate that

the glycine substitution, owing to its potential for destabilizing

the ordered structure of the polypeptide, could facilitate endo-

proteinase access to normally less available cleavage sites (namely

Arg& and Glu""). In contrast, the Dutch substitution might

# 1999 Biochemical Society
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stabilize a conformation of APP with a more subtle structural

alteration, resulting in the relative inaccessibility of the normal

Leu"( α-secretase site and improved access to the alternative sites

at Val") and Phe"*. The production of truncated Aβ peptides in

particular could be relevant to the disease process because these

shorter peptides have been found to form fibrils more rapidly

than Aβ
"
–
%!

(D. M. Walsh and D. B. Teplow, unpublished work)

and to be neurotoxic in �itro [53]. Because small changes in Aβ

structure can markedly accelerate fibrillogenesis kinetics [54],

modest alterations in the relative quantities of different Aβ

peptides produced could be of significance in �i�o. This feature of

APP processing must be considered in the development of

therapeutic strategies involving β-secretase inhibitors, where

inhibition of the cleavage of the Met'("-Asp'(# peptide bond

could result in the production of highly toxic truncated molecules.

The pathogenetic effects of the Dutch mutation could result

from a combination of APP processing effects and the biophysical

properties intrinsic to the Dutch Aβ and p3 peptides thus

produced. Previous studies have demonstrated that full-length

Dutch Aβ
"
–
%!

, as well as fragments thereof, exhibit increased

aggregation rates in �itro [35–37,55–57]. If the loss of a glutamic

acid residue (or the glutamine substitution itself) were indeed

the primary cause of the accelerated deposition of amyloid in

HCHWA-D, this would suggest that Dutch Aβ would be the

primary constituent of amyloid deposits in patients heterozygous

for the mutation. However, studies by Prelli et al. [58] have

shown that both wild-type and Dutch Aβ can be isolated from

cerebrovascular amyloid deposits of HCHWA-D patients, al-

though the relative quantities of each peptide were not de-

termined. The presence of both peptides contrasts with the

peptide composition of renal amyloid deposits found in patients

suffering from hereditary systemic amyloidosis, where only the

mutant form of human lysozyme accumulates [59]. In HCHWA-

D, therefore, the Dutch mutation might not only cause quan-

titative differences in the kinetics of mutant Aβ fibrillogenesis

and aggregation [54], but could also influence the assembly of

wild-type Aβ peptides by providing Dutch fibril nuclei from

which wild-type or mixed fibrils could elongate. In addition, the

mutation could facilitate fibril–fibril interactions, leading to

accelerated plaque formation and stability [36,37]. Relevant to

these issues is the recent finding that a Glu'*$!Lys mutation in

two Italian families apparently produces clinical and pathological

findings highly similar to those of the Dutch disease [60]. This

observation is consistent with the notion that the clinical mani-

festations of the Dutch mutation arise in part from the bio-

physical consequences of the replacement of Glu##.

In conclusion, the pathogenesis of HCHWA-D seems to

involve three key elements. First, the Glu'*$!Gln amino acid

substitution alters the processing of APP, increasing the relative

quantities of Aβ beginning at Asp", Val"), and Phe"*. Secondly,

this change in Aβ peptide composition, along with the biophysical

effects of the Glu##!Gln substitution itself, increase the pro-

pensity of Aβ for fibril formation and fibril–fibril association.

Thirdly, the anatomical specificity of HCHWA-D pathology is

then produced through the interaction of wild-type and Dutch

peptides, oligomers and fibrils with macromolecules in the

vascular walls and brain parenchyma. For example, modelling

studies in �itro suggest that the propensity of Dutch Aβ to form

fibrils could result in increased fibril binding to vascular wall

components, such as perlecan, which would accelerate vascular

amyloid deposition [61]. Furthermore, Dutch Aβ
"
–
%!

, but not

wild-type Aβ
"
–
%!

, has been found to assemble into fibrils in situ on

smooth-muscle cell surfaces, leading to cellular degeneration

[43]. Degeneration has also been observed in cultured brain

pericytes treated with the Dutch peptide [42]. In each case, fibril

assembly was a prerequisite for toxicity. These structure–activity

correlations emphasize the importance of basic studies of the

intramolecular and extramolecular elements controlling Aβ fibril

assembly and deposition.

We thank Gary Bradwin and Margaret Condron for expert technical assistance, Dr.
Nicolaj Siggelkow for assistance with statistical analysis, and Dr. Dominic Walsh for
critical comments. This work was supported by grants 1P01-AG14366 (D. B. T.),
1R01-NS38328 (D. B. T.) and 1PO1-AG05134 (D. J. S.) from the National Institutes
of Health, by the Foundation for Neurologic Diseases (D. B. T. and D. J. S.), and
through an Amgen/Brigham and Women ’s Hospital research collaboration agreement
(D. B. T.). D. J. W. was supported in part by a predoctoral fellowship from the Edward
R. and Anne G. Lefler Center at Harvard Medical School.

REFERENCES

1 Teplow, D. B. (1998) Amyloid : Int. J. Exp. Clin. Invest. 5, 121–142

2 Selkoe, D. J. (1997) Science 275, 630–631

3 Selkoe, D. J. (1994) Annu. Rev. Cell Biol. 10, 373–403

4 Roher, A. E., Palmer, K. C., Yurewicz, E. C., Ball, M. J. and Greenberg, B. D. (1993)

J. Neurochem. 61, 1916–1926

5 Roher, A. E., Lowenson, J. D., Clarke, S., Wolkow, C., Wang, R., Cotter, R. J.,

Reardon, I., Zurcher-Neely, H. A., Heinrikson, R. L., Ball, M. J. and Greenberg, B. D.

(1993) J. Biol. Chem. 268, 3072–3083

6 Miller, D. L., Papayannopoulos, I. A., Styles, J. and Bobin, S. A. (1993)

Arch. Biochem. Biophys. 301, 41–52

7 Kametani, F., Tanaka, K., Tokuda, T. and Ikeda, S. (1994) FEBS Lett. 351, 165–167

8 Seubert, P., Vigo-Pelfrey, C., Esch, F., Lee, M., Dovey, H., Davis, D., Sinha, S.,

Schlossmacher, M. G., Whaley, J., Swindlehurst, C. et al. (1992) Nature (London)

359, 325–327

9 Vigo-Pelfrey, C., Lee, D., Keim, P., Lieberburg, I. and Schenk, D. B. (1993)

J. Neurochem. 61, 1965–1968

10 Ida, N., Hartmann, T., Pantel, J., Schroder, J., Zerfass, R., Forstl, H., Sandbrink, R.,

Masters, C. L. and Beyreuther, K. (1996) J. Biol. Chem. 271, 22908–22914

11 Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki, N., Bird, T. D.,

Hardy, J., Hutton, M., Kukull, W. et al. (1996) Nat. Med. (N. Y.) 2, 864–870

12 Dovey, H. F., Suomensaari-Chrysler, S., Lieberburg, I., Sinha, S. and Keim, P. S.

(1993) NeuroReport 4, 1039–1042

13 Haass, C., Hung, A. Y., Selkoe, D. J. and Teplow, D. B. (1994) J. Biol. Chem. 269,
17741–17748

14 Zhong, Z., Higaki, J., Murakami, K., Wang, Y., Catalano, R., Quon, D. and Cordell, B.

(1994) J. Biol. Chem. 269, 627–632

15 Esch, F. S., Keim, P. S., Beattie, E. C., Blacher, R. W., Culwell, A. R., Oltersdorf, T.,

McClure, D. and Ward, P. J. (1990) Science 248, 1122–1124

16 Tabaton, M., Nunzi, M. G., Xue, R., Usiak, M., Autilio-Gambetti, L. and Gambetti, P.

(1994) Biochem. Biophys. Res. Commun. 200, 1598–1603

17 Iwatsubo, T., Odaka, A., Suzuki, N., Mizusawa, H., Nukina, N. and Ihara, Y. (1994)

Neuron 13, 45–53

18 Gowing, E., Roher, A. E., Woods, A. S., Cotter, R. J., Chaney, M., Little, S. P. and

Ball, M. J. (1994) J. Biol. Chem. 269, 10987–10990

19 Iwatsubo, T., Mann, D. M. A., Odaka, A., Suzuki, N. and Ihara, Y. (1995)

Ann. Neurol. 37, 294–299

20 Lalowski, M., Golabek, A., Lemere, C. A., Selkoe, D. J., Wisniewski, H. M., Beavis,

R. C., Frangione, B. and Wisniewski, T. (1996) J. Biol. Chem. 271, 33623–33631

21 Lemere, C. A., Blusztajn, J. K., Yamaguchi, H., Wisniewski, T., Saido, T. C. and

Selkoe, D. J. (1996) Neurobiol. Dis. 3, 16–32

22 Citron, M., Vigo-Pelfrey, C., Teplow, D. B., Miller, C., Schenk, D., Johnston, J.,

Winblad, B., Venizelos, N., Lannfelt, L. and Selkoe, D. J. (1994) Proc. Natl. Acad. Sci.

U.S.A. 91, 11993–11997

23 Citron, M., Oltersdorf, T., Haass, C., McConlogue, L., Hung, A. Y., Seubert, P., Vigo-

Pelfrey, C., Lieberburg, I. and Selkoe, D. J. (1992) Nature (London) 360, 672–674

24 Cai, X.-D., Golde, T. E. and Younkin, S. G. (1993) Science 259, 514–516

25 Suzuki, N., Cheung, T. T., Cai, X.-D., Odaka, A., Otvos, Jr., L., Eckman, C., Golde,

T. E. and Younkin, S. G. (1994) Science 264, 1336–1340

26 Tamaoka, A., Odaka, A., Ishibashi, Y., Usami, M., Sahara, N., Suzuki, N., Nukina, N.,

Mizusawa, H., Shoji, S., Kanazawa, I. and Mori, H. (1994) J. Biol. Chem. 269,
32721–32724

27 Eckman, C. B., Mehta, N. D., Crook, R., Perez-Tur, J., Prihar, G., Pfeiffer, E., Graff-

Radford, N., Hinder, P., Yager, D., Zenk, B. et al. (1997) Human Mol. Genet. 6,
2087–2089

28 Kosaka, T., Imagawa, M., Seki, K., Arai, H., Sasaki, H., Tsuji, S., Asami-Odaka, A.,

Fukushima, T., Imai, K. and Iwatsubo, T. (1997) Neurology 48, 741–745

29 Jarrett, J. T., Berger, E. P. and Lansbury, Jr., P. T. (1993) Biochemistry 32,
4693–4697

# 1999 Biochemical Society



709Proteolytic processing of Dutch amyloid precursor protein

30 Iwatsubo, T., Saido, T. C., Mann, D. M. A., Lee, V. M. Y. and Trojanowski, J. Q.

(1996) Am. J. Pathol. 149, 1823–1830

31 Hendriks, L., van Duijn, C. M., Cras, P., Cruts, M., Van Hul, W., van Harskamp, F.,

Warren, A., McInnis, M. G., Antonarakis, S. E., Martin, J. J. et al. (1992) Nat. Genet.

1, 218–221

32 Cras, P., van Harskamp, F., Hendriks, L., Ceuterick, C., van Duijn, C. M., Stefanko,

S. Z., Hofman, A., Kros, J. M., Van Broeckhoven, C. and Martin, J. J. (1998) Acta

Neuropathol. 96, 253–260

33 Luyendijk, W., Bots, G. T. A. M., Vegter-van der Vlis, M., Went, L. N. and Frangione,

B. (1988) J. Neurol. Sci. 85, 267–280

34 Timmers, W. F., Tagliavini, F., Haan, J. and Frangione, B. (1990) Neurosci. Lett. 118,
223–226

35 Wisniewski, T., Ghiso, J. and Frangione, B. (1991) Biochem. Biophys. Res. Commun.

179, 1247–1254

36 Fraser, P. E., Nguyen, J. T., Inouye, H., Surewicz, W. K., Selkoe, D. J., Podlisny,

M. B. and Kirschner, D. A. (1992) Biochemistry 31, 10716–10723

37 Teplow, D. B., Lomakin, A., Benedek, G. B., Kirschner, D. A. and Walsh, D. M. (1997)

in Alzheimer ’s Disease : Biology, Diagnosis and Therapeutics (Iqbal, K., Winblad, B.,

Nishimura, T., Takeda, M. and Wisniewski, H. M., eds.), pp. 311–319, John Wiley,

Chichester

38 Walsh, D. M., Lomakin, A., Benedek, G. B., Condron, M. M. and Teplow, D. B. (1997)

J. Biol. Chem. 272, 22364–22372

39 Saido, T. C., Iwatsubo, T., Mann, D., Shimada, H., Ihara, Y. and Kawashima, S.

(1995) Neuron 14, 457–466

40 Saido, T. C., Yamao-Harigaya, W., Iwatsubo, T. and Kawashima, S. (1996) Neurosci.

Lett. 215, 173–176

41 Yankner, B. A. (1996) Neuron 16, 921–932

42 Verbeek, M. M., Dewaal, R. M. W., Schipper, J. J. and Van Nostrand, W. E. (1997)

J. Neurochem. 68, 1135–1141

43 Van Nostrand, W. E., Melchor, J. P. and Ruffini, L. (1998) J. Neurochem. 70,
216–223

44 Levy, E., Carman, M. D., Fernandez-Madrid, I. J., Power, M. D., Lieberburg, I., van

Duinen, S. G., Bots, G. T. A. M., Luyendijk, W. and Frangione, B. (1990) Science

248, 1124–1126

45 Hung, A. Y. and Selkoe, D. J. (1994) EMBO J. 13, 534–542

Received 1 March 1999 ; accepted 8 April 1999

46 Tamaoka, A., Kalaria, R. N., Lieberburg, I. and Selkoe, D. J. (1992) Proc. Natl. Acad.

Sci. U.S.A. 89, 1345–1349

47 Haass, C., Schlossmacher, M. G., Hung, A. Y., Vigo-Pelfrey, C., Mellon, A.,

Ostaszewski, B. L., Lieberburg, I., Koo, E. H., Schenk, D., Teplow, D. B. and Selkoe,

D. J. (1992) Nature (London) 359, 322–325

48 De Jonghe, C., Zehr, C., Yager, D., Prada, C. M., Younkin, S., Hendriks, L., Van

Broeckhoven, C. and Eckman, C. B. (1998) Neurobiol. Dis. 5, 281–286

49 Enya, M., Morishima-Kawashima, M., Yoshimura, M., Shinkai, Y., Kusui, K., Khan,

K., Games, D., Schenk, D., Sugihara, S., Yamaguchi, H. and Ihara, Y. (1999) Am. J.

Pathol. 154, 271–279

50 Maruyama, K., Usami, M., Yamao-Harigaya, W., Tagawa, K. and Ishiura, S. (1991)

Neurosci. Lett. 132, 97–100

51 Sahasrabudhe, S. R., Spruyt, M. A., Muenkel, H. A., Blume, A. J., Vitek, M. P. and

Jacobsen, J. S. (1992) J. Biol. Chem. 267, 25602–25608

52 Felsenstein, K. M. and Lewis-Higgins, L. (1993) Neurosci. Lett. 152, 185–189

53 Pike, C. J., Overman, M. J. and Cotman, C. W. (1995) J. Biol. Chem. 270,
23895–23898

54 Teplow, D. B. (1998) in Molecular Biology of Alzheimer’s Disease – Genes and

Mechanisms Involved in Amyloid Generation (Haass, C., ed.), pp. 163–189, Harwood

Academic Publishers, Amsterdam

55 Clements, A., Walsh, D. M., Williams, C. H. and Allsop, D. (1993) Neurosci. Lett.

161, 17–20

56 Fabian, H., Szendrei, G. I., Mantsch, H. H. and Otvos, Jr., L. (1993) Biochem.

Biophys. Res. Commun. 191, 232–239

57 Clements, A., Allsop, D., Walsh, D. M. and Williams, C. H. (1996) J. Neurochem. 66,
740–747

58 Prelli, F., Levy, E., van Duinen, S. G., Bots, G. T. A. M., Luyendijk, W. and Frangione,

B. (1990) Biochem. Biophys. Res. Commun. 170, 301–307

59 Pepys, M. B., Hawkins, P. N., Booth, D. R., Vigushin, D. M., Tennent, G. A., Soutar,

A. K., Totty, N., Nguyen, O., Blake, C. C., Terry, C. J. et al. (1993) Nature (London)

362, 553–557

60 Bugiani, O., Padovani, A., Magoni, M., Andora, G., Sgarzi, M., Savoiardo, M., Bizzi,

A., Giaccone, G., Rossi, G. and Tagliavini, F. (1998) Neurobiol. Aging 19, S238

61 Watson, D. J., Lander, A. D. and Selkoe, D. J. (1997) J. Biol. Chem. 272,
31617–31624

# 1999 Biochemical Society




