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INTRODUCTION
Alzheimer’s disease (AD) increas-

ingly affects the elderly population and
now represents the third most common
cause of death among aged adults. As
the average life expectancy increases,
the number of subjects with AD will
rise almost exponentially, with cases es-
timated to quadruple by the year 2050
(1). The pathologic hallmark of AD is
the abundant accumulation of soluble

and fibrillar amyloid-β (Aβ) peptides in
the extracellular space and vascular
walls of the brain. The 40/42(43) amino
acid Aβ peptides deposited in AD brains
are produced by the sequential prote-
olytic action of the β- and γ-secretases on
a larger, membrane anchored, type-1
β-amyloid precursor protein (βAPP).
Shorter Aβ peptides (P3), correspon-
ding to the Aβ sequence residues 17–42,
are generated when βAPP is cleaved

by the combined sequential activity of
α- and γ-secretases. All Aβ peptides
have limited water solubility because
they contain the hydrophobic βAPP
transmembrane domain amino acid
sequence.

A second AD characteristic is the intra-
cellular production of neurofibrillary tan-
gles (NFT), mainly composed of hyper-
phosphorylated tau proteins and
remnants of membrane glycolipids (2–4).
Associated with the amyloid and NFT
accumulation are chronic neuroinflam-
mation and severe vascular alterations.
These compromise brain tissue perfusion
and aerobic metabolism, resulting in a
dramatic loss of synapses, neuronal de-
mise, and gliosis that result in drastic
gray and white matter atrophy.
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Presenilin (PS) mutations enhance the production of the Aβ42 peptide that is derived from the amyloid precursor protein (APP).
The pathway(s) by which the Aβ42 species is preferentially produced has not been elucidated, nor is the mechanism by which
PS mutations produce early-onset dementia established. Using a combination of histological, immunohistochemical, biochemi-
cal, and mass spectrometric methods, we examined the structural and morphological nature of the amyloid species produced
in a patient expressing the PS1 280Glu→Ala familial Alzheimer’s disease mutation. Abundant diffuse plaques were observed that
exhibited a staining pattern and morphology distinct from previously described PS cases, as well as discreet amyloid plaques
within the white matter. In addition to finding increased amounts of CT99 and Aβ42 peptides, our investigation revealed the pres-
ence of a complex array of Aβ peptides substantially longer than 42/43 amino acid residue species. The increased hydrophobic
nature of longer Aβ species retained within the membrane walls could impact the structure and function of plasma membrane
and organelles. These C-terminally longer peptides may, through steric effects, dampen the rate of turnover by critical amyloid
degrading enzymes such as neprilysin and insulin degrading enzyme. A complete understanding of the deleterious side effects
of membrane bound Aβ as a consequence of γ-secretase alterations is needed to understand Alzheimer’s disease pathophysi-
ology and will aid in the design of therapeutic interventions.
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The presenilins are components of the
γ-secretase, a membrane bound aspartyl
protease composed of four interacting
molecules: presenilin (PS), which con-
tains the protease active center; nicastrin;
APH-1; and PEN-2 (5–7). In humans, two
PS genes code for the PS1 and PS2 mole-
cules, which are 65% amino acid se-
quence identical (8).

To date, more than 160 mutations in
PS1, 11 in PS2, and 27 in βAPP have
been reported (http://www.molgen.ua.
ac.be/ADMutations) on the whole, ex-
pressing with some degree of variation,
an AD phenotype. Many PS mutations
increase the production of the β-secretase
C-terminal (CT) 99 amino acid-long
fragment (CT99), which is subsequently
cleaved by the γ-secretase to yield the
Aβ peptides (CL Esh and AE Roher,
unpublished observations). There is evi-
dence that during this process the γ-sec-
retase first cleaves at the ε-site of βAPP
(corresponding to the Aβ sequence of
residues 49–50) to produce a transcrip-
tion factor known as the βAPP intracel-
lular domain (AICD). The 
γ-secretase or an uncharacterized car-
boxypeptidase(s) then hydrolyzes at the
γ-site to generate the Aβ42 peptide
(9,10), although some evidence supports
the tenet that the production of Aβ and
AICD are two entirely γ-secretase inde-
pendent phenomena (11).

It is widely accepted that the PS muta-
tions cause neurodegeneration and de-
mentia by influencing βAPP processing
to yield Aβ42 preferentially (12). More-
over, the early age of onset in familial
Alzheimer’s disease (FAD) due to PS
mutations appears to correlate with an
increase in Aβ42 and a corresponding de-
crease in Aβ40 levels (13). Another char-
acteristic shared by some PS mutations is
the generation of large quantities of Aβ
peptides N-terminally truncated at
residue 3, and more abundantly at
residue 11 (14,15), suggesting that PS mu-
tations influence both β- and γ-secretase
activities. However, in transgenic mice,
some PS mutations cause neurodegener-
ation in the absence of Aβ peptides, indi-
cating that Aβ generation, per se, may

not be necessary for all aspects of AD de-
velopment (16).

We investigated the chemical composi-
tion of the Aβ-related peptides derived
from a demented patient carrying the PS1
280Glu→Ala mutation. This autosomal
dominant mutation is particularly preva-
lent in the area of Medellin, Colombia.

Besides the anticipated increased
amount of CT99, Aβ42 and abundant
diffuse plaques, our investigation re-
vealed the presence of peptides substan-
tially longer than 42/43 amino acid
residue species. These longer Aβ pep-
tides may have significant implications
for understanding the pathogenesis and
development of both FAD and sporadic
AD (SAD).

MATERIALS AND METHODS

Clinical Report (PS1 280Glu→→Ala)
A 49-year-old male patient manifested

progressive loss of short-term memory
and declining manual abilities over a 
3-year period. In addition, the patient
also reported depression, irritability, loss
of verbal fluency, changes in personality,
and hyperphagia, but still was capable of
managing activities of daily living. An
EEG revealed no abnormal wave pat-
terns and thyroid function was within
normal range. The family history re-
vealed the patient’s mother suffered
from dementia at age 43. Two years later,
the hyperphagia continued, memory loss
was estimated at about 80%, and partial
deficits in the ability to perform daily liv-
ing activities and aimless wandering
were evident. The patient was delu-
sional, suffered severe insomnia, nominal
aphasia, and exaggerated reflex re-
sponses. At age 52, the patient began to
hallucinate, had advanced aphasia, occa-
sional myoclonus, aggravated insomnia,
and Parkinsonian gait. At this stage, the
hyperphagia disappeared. The patient
was incapable of managing the activities
of daily living, was incontinent and ex-
hibited severe weight loss. At age 54, the
patient was totally aphasic and amnesic.
He also exhibited Parkinsonian symp-
toms of sialorrhea, dysphagia, rigidity,

and myoclonus as well as experiencing
two to three seizures a day. The patient
died at 54 years of age.

Neuropathology
Autopsy performed in the immediate

postmortem (3.3 h postmortem interval)
revealed severe cerebral atrophy (brain
weight 1053 g), more apparent in the
frontal, parietal, and temporal lobes.
Paraffin sections (6 μm) were obtained
from the frontal, parietal, and temporal
areas and stained with hematoxylin and
eosin (H&E), Campbell-Switzer silver
technique, and thioflavine-S. Immuno-
cytochemistry was carried out using the
polyclonal antibody against Aβ40 (anti-Aβ
5074P; Chemicon/Millipore, Billerica,
MA, USA) at 1:300 dilution. Aβ42 was de-
tected using the 21F12 monoclonal anti-
body (Elan, South San Francisco, CA,
USA) at 1:1000 dilution. Polyclonal anti-
Aβ AβN3pE (IBL, Gunma, Japan) was
used to detect pyroglutamyl modifica-
tions at Aβ residue 3 (1:100 dilution). The
monoclonal antibody (AT8 Polymedco,
Cortland Manor, NY, USA) was employed
at 1:300 dilution to detect tau phosphory-
lation at Ser202 and Thr205 residues.

Quantitation of Aβ Peptides by
Immunoassay

One hundred mg of frontal cerebral
cortex from the PS1 280Glu→Ala and
two non-demented (ND) control cases
were homogenized in 800 mL of 5 M
guanidine-HCl, 50 mM Tris-HCl pH 8.0
with an electric grinder at 4°C. After 3 h
of continuous shaking, the specimens
were centrifuged at 60,000g in a Ti 50.4
Beckman rotor for 30 min at 4°C. The su-
pernatants were collected and submitted
to ELISA analysis using the anti-Aβ40
and anti-Aβ42 antibodies (Immuno-
Biological Laboratories, Minneapolis,
MN, USA and Immunogenetics, Bel-
gium) according to the manufacturers’
instructions.

Separation of Peptides by Size-
Exclusion Chromatography

Three grams of cerebral cortex from a
subject expressing the PS1 280Glu→Ala
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mutation were dissected from the subja-
cent white matter and homogenized with
20 mL of 90% glass distilled formic acid
(GDFA) in a Potter-Elvehjem glass tissue
grinder. After standing at room tempera-
ture (RT) for 15 min, the homogenate was
decanted into two polyallomer tubes and
centrifuged for 1 h at 40,000g (SW 41Ti
rotor Beckman rotor) at 5°C. The lipid
layers floating at the top of the tubes
were discarded and the GDFA clear su-
pernatant (18 mL) collected. Half of the
GDFA-soluble sample (9 mL) was ali-
quoted into 500 µL microfuge tubes that
were individually submitted to fast pro-
tein liquid chromatography (FPLC), on a
size-exclusion Superose 12 column (1 cm ×
30 cm; Amersham/General Electric, Pis-
cataway, NJ, USA) equilibrated and de-
veloped with 80% (v/v) GDFA at a flow
rate of 15 mL/h at RT. Eluate absorbance
was monitored at 280 nm. The fractions
corresponding to a Mr of 10–2 kDa were
collected and pooled, 5 mL of a 10%
(w/v) solution of the zwitterion betaine
was added, and the fraction volumes
were reduced to 200 µL by vacuum cen-
trifugation (Savant/GMI, Ramsey, MN,
USA). To minimize contamination from
proteins in regions flanking the collected
fractions, the collected 10–2 kDa fractions
were pooled and subjected to a second
round of FPLC purification under the
same conditions to generate six final
10–2 kDa samples which were volume-
reduced, labeled as GDFA-soluble frac-
tion, and stored at –80°C.

Separation of Peptides by Reverse-
Phase Chromatography

The GDFA-soluble fraction FPLC spec-
imens containing the 10–2 kDa peptides
were fractionated further using high per-
formance liquid chromatography
(HPLC) with a reverse-phase Zorbax
300SB-C8 column (9.4 mm × 250 mm;
Agilent, Santa Clara, CA, USA) at 80°C.
To enhance the solubility of the Aβ pep-
tides prior to loading, the FPLC 10–2
kDa fractions were reduced by vacuum
centrifugation to an approximate volume
of 200 µL and 80% GDFA added to pro-
duce a final volume of 500 µL for column

loading. The chromatography was devel-
oped with a mobile phase mixture of sol-
vent ‘A’: water/0.1% (v/v) trifluoroacetic
acid (TFA), and solvent ‘B’: acetoni-
trile/0.1% (v/v) TFA, operated at a flow
rate of 1.5 mL/min to generate a linear
gradient from 20% to 60% acetonitrile in
90 min. Eluate absorbance was moni-
tored at 214 nm. Collected fraction vol-
umes were reduced to 100 mL by vac-
uum centrifugation and submitted to
Western blot, MALDI-TOF and SELDI-
TOF mass spectrometry analyses.

One-Dimensional Western Blots
Brain tissue (100 mg) from sporadic AD

(SAD), ND age-matched control, and PS1
280Glu→Ala cases were homogenized in
800 mL of 1 X PBS, pH 7.4, containing
complete Protease Inhibitor Cocktail
(Roche Diagnostics, Mannheim, Ger-
many) at 4°C. Total protein was quanti-
fied with the BCA protein assay kit
(Pierce). For a complete protocol of SDS-
PAGE and Western blotting, see reference
17. The Notch intracellular domain
(NICD) was detected with anti-Notch 1
antibody (Chemicon, Temecula, CA,
USA). This antibody identifies only the
γ-secretase-cleaved form of the Notch pro-
tein. Antibody-reactive bands were de-
tected with goat anti-rabbit horseradish
peroxidase (HRP)-conjugated secondary
antibody from Pierce (Rockford, IL, USA).

Two-Dimensional Western Blots
Fifty mg of gray matter each from the

PS1 280Glu→Ala and from two SAD
cases (79 and 89 y old), as well as a con-
trol case (82 y old), were individually ho-
mogenized in 700 mL of homogenization
buffer (7 M urea, 2 M thiourea, 4% 3-[3-
(cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate [CHAPS], 1%
dithiothreitol [DTT], 40 mM Tris-HCl pH 8,
protease inhibitor cocktail [Roche Diag-
nostics, Mannheim, Germany]). After 20
strokes with a Teflon homogenizer, the
samples were sonicated, incubated for 1 h
at RT, and then sonicated again. The sam-
ples then were centrifuged in a 120.2 TLA
rotor (Beckman, Fullerton, CA) at 10,000 g
for 20 min at 4°C. The supernatant from

each sample was collected and dialyzed
against distilled water in 1000 Dalton mo-
lecular weight cut-off (MWCO) bags for 3
h (18). The dialyzed samples were soni-
cated, and a BCA protein assay per-
formed to quantify total protein levels
(Pierce). Two hundred μg of total protein
was incubated for 30 min at RT in rehy-
dration buffer (9 M urea, 2% [v/v]
CHAPS, 2 M thiourea, 1.25% [v/v] IPG
buffer pH 3-10 [GE Healthcare, Piscat-
away, NJ, USA], 18 mM DTT, 0.002%
[v/v] bromophenol blue). Rehydrated
proteins were equilibrated into 11 cm IPG
strips, pH 3–10 (GE Healthcare) for 16 h
at RT. First-dimension isoelectric focusing
was performed with an Ettan IPGphor
system (GE Healthcare) as follows: 1 h at
50 V, 1 h at 100 V, 1 h at 200 V, 1 hr at
400 V, 1 h at 800 V, 1 h at 1600 V, and
1.5 h at 6000 V, to complete a total appli-
cation of 12,150 V-h. The strips were incu-
bated for 15 min in 5 mL of equilibration
buffer containing 50 mM Tris-HCl, 6 M
urea, 30% (v/v) glycerol, 2% (v/v) SDS,
0.002% (v/v) bromophenol blue, and
65 mM DTT for 15 min at RT, followed by
equilibration in the same buffer with
200 mM iodoacetamide replacing DTT for
15 min at RT. The strips were subjected to
second-dimension electrophoresis in Cri-
terion Tris-HCl, 4-20% acrylamide gels
(Bio-Rad, Hercules, CA, USA) in 1X Tris/
glycine/SDS buffer (Bio-Rad) for 60 min
at 200 V. Kaleidoscope prestained protein
molecular weight standards (Bio-Rad)
were loaded onto each gel. After electro-
phoresis, the gels were equilibrated for 15
min in 1X Tris/glycine transfer buffer
containing 20% (v/v) methanol, and the
separated proteins transferred electro-
phoretically onto 0.45 μm nitrocellulose
membranes (Bio-Rad) at 30 V for 1 h.
Western blot analysis (17) was performed
with an antibody raised against the 9
C-terminal amino acids of βAPP termed
CT9APP (Chemicon).

Matrix-Assisted Laser Desorption/
Ionization-Time of Flight (MALDI-TOF)
Mass Spectrometry (MS)

The HPLC fractions were reduced to
~30 mL and 5 mL samples were added to
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5 mL of a saturated solution of α-cyano-
4-hydroxycinnamic acid (CHCA), dis-
solved in 50% (v/v) acetonitrile/0.1%
(v/v) TFA. Aliquots of 0.5 mL were spot-
ted on a sample plate, and mass spectra
obtained by averaging 100 laser shots on
a MALDI-TOF Voyager DE STR mass
spectrometer (Applied Biosystems, Fos-
ter City, CA, USA). Calibration was
made using the CalMix 2 mixture (Ap-
plied Biosystems). The characteristics of
the MALDI-TOF and the composition of
the employed calibration markers are
presented elsewhere (17).

Surface Enhanced Laser Desorption
Ionization-Time of Flight (SELDI-TOF)
Mass Spectrometry (MS)

Selected HPLC peaks in which West-
ern blot analysis revealed the presence of
Aβ peptides were dialyzed in 1000 MW
cutoff bags for 1 h against 50 mM Tris-
HCl, pH 8.0, and 1 h against 10 mM Tris-
HCl, pH 8.0. Dialyzed sample volumes
were reduced to approximately 50 μl
prior to application on ProteinChip ar-
rays. Before sample application, the dia-
lyzed peak samples were sonicated three
times for 1 s each. The samples were then
analyzed using SELDI-TOF mass spec-
trometry (Ciphergen/Bio-Rad, Hercules,
CA, USA). The PS20 ProteinChip® Ar-
rays were prepared by loading 4 μl PBS
onto the chip spots and incubating for 15
min at RT. A volume of 4 μl of the poly-
clonal anti-Aβ40, and anti-Aβ42 antibod-
ies (Invitrogen, Carlsbad, CA, USA), was
loaded onto the chip at 0.38 mg/mL and
0.57 mg/mL, respectively. The antibody-
amended protein chips were incubated
in a humidity chamber for 1 h at RT. The
chip surfaces were blocked with 4μl of
ethanolamine (1 M, pH 8.0) for 30 min.
The sample spots were individually
washed once with 4 μl PBS + 0.5% (vol/
vol) Triton X-100 and twice with 4 μl PBS.
The protein chips were loaded with ei-
ther 4 μl of sonicated sample, 4 μl of Aβ
1-40, or 1-42, peptide standards in DMSO
(California Peptide Research, Napa, CA,
USA) as positive control, and incubated
overnight in a humidity chamber at 4°C.
After the sample binding solutions were

removed, the spots were washed individ-
ually—twice with 4 μl PBS + 0.5% Triton
X-100, once with 4 μl PBS, and once with
4 μl distilled water. The chips were al-
lowed to air dry and a 20% saturated so-
lution of CHCA in acetonitrile with 0.1%
TFA was applied twice (0.5 μl); the chips
were allowed to dry between applica-
tions. The molecular mass assignments
were made by 100 averaged shots in a
Ciphergen Seldi Protein Biology System
II, with external calibration attained
using the Ciphergen All-In-One Peptide
Standard.

RESULTS
Microscopic examination of PS1

280Glu→Ala mutation-expressing cere-
bral cortex tissue showed abundant dif-
fuse plaques which were strongly stained
by the Campbell-Switzer silver stain
(Figure 1A). These diffuse plaques did
not exhibit the morphological and histo-
chemical/immunocytochemical charac-
teristics of the cotton wool plaques
(CWP) described in other PS mutations
that stained positive for H&E (15,19,20).
The diffuse plaques in the PS1 280Glu→Ala
mutation were negative for H&E and
heterogeneous in size, ranging from
10–110 μm, with irregular shapes and
borders, and made of the agglutination
of amorphous fluffy material (Figure 1B).
Some of these plaques revealed a clearer
center, and at times demonstrated the
presence of a dense central core with dy-
strophic neurites. In some instances, sev-
eral plaques coalesced into larger fused
structures. A limited number of plaques
fluoresced intensely with thioflavine-S
(Figure 1C). Interspersed within the cor-
tex among the diffuse plaques were a
moderate number (~5%) of compact
amyloid core plaques with brush-like
borders, and plaques with loosely aggre-
gated skeins of amyloid fibrils, which
were stained intensely by thioflavine-S.
Both of these amyloid plaques resembled
those observed in SAD patients. Intrigu-
ingly, ectopic amyloid plaque cores with
brush-like borders were evident in the
deep white matter, at times isolated, and
in some occasions in clusters (Figures 1D

and 1E). A moderate number of blood
vessels contained abundant thioflavine-S
stain-reactive amyloid in their walls sug-
gesting fibrillar Aβ was present (Figure 1F).
The antibody against Aβ N-terminal re-
gion, with pyroglutamyl at position 3,
demonstrated the presence of AβN3pE in
blood vessels with amyloid deposits and
compact amyloid core plaques, as well as
in a limited number of diffuse plaques
(data not shown). In addition, a signifi-
cant number of neuropil threads, NFT,
and diffuse plaques were stained with
the anti-tau (AT8) antibody (Figure 1G).
All diffuse and core plaques were in-
tensely positive for the anti Aβ42 (21F12)
antibody (Figure 1H). By contrast, a very
limited number of plaques were positive
for the anti-Aβ40 antibody staining (Fig-
ure 1I). In agreement with previous char-
acterizations of the PS1 280Glu→Ala mu-
tation, the immunoassays demonstrated
that the amount of Aβ42 in the brain was
increased (3.27 μg/g wet weight) relative
to that of Aβ40 (1.11 μg/g). For compari-
son, the average amounts of Aβ from
2 ND controls were: 0.12 μg/g wet
weight and 0.055 μg/g for Aβ40 and
Aβ42, respectively.

To determine whether or not the PS1
280Glu→Ala mutation affected the pro-
cessing of the APP CT region, 2D West-
ern blots were generated, reacted with
anti-CT9APP antibody, and the molecu-
lar patterns compared with those ob-
tained from AD and ND cases. The PS1
mutation case evidenced a larger amount
of the CT APP peptides (CT99) relative to
the amounts seen in one of the AD cases
and the ND case (Figures 2A, 2C, 2D).
However, after normalizing by density,
one of the AD cases showed a slightly
higher amount of CT APP peptides
(Figure 2B). Western blots of the PS1
280Glu→Ala mutation-expressing cortex
reacted with an antibody, raised against
the Notch intracellular domain (NICD),
showed prominent bands with a Mr of
~50 kDa and ~30 kDa, which were com-
paratively much fainter in the SAD and
ND cases (Figure 2E).

Solubilization of the cerebral cortex by
GDFA, followed by centrifugation, effi-
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ciently separated the lipid membrane
fraction that floated as a compact layer at
the top of the tube. The supernatant was
collected carefully, avoiding contamina-
tion with the top lipid and a small pellet
containing acid-insoluble proteins,
mainly blood vessel cross-linked collage-
nous material. Separation of the mole-

cules present in the acid supernatant by
size-exclusion chromatography yielded
two major fractions: larger and smaller
than 10 kDa (Figure 3A).

The GDFA-soluble 10-2 kDa fraction
obtained from the size-exclusion chro-
matography was further fractionated by
C8 reverse-phase chromatography, which

yielded 13 peaks that were investigated
by Aβ-Western blotting. Seven fractions
harbored Aβ40 and Aβ42 (Figure 3B),
with an apparent enrichment of Aβ42
over Aβ40. Interestingly, Western blotting
analysis also revealed an unexpected di-
versity of amyloid peptides with signifi-
cant amounts of oligomers as well as
shorter forms (less than 4,500 Mr).

Mass spectrometry (MS) analyses by
MALDI-TOF and SELDI-TOF of the
GDFA-soluble fractions, separated by re-
verse-phase chromatography, confirmed
the presence of an array of peptide
species corresponding to truncated, com-
plete, and longer Aβ peptide sequences.
MALDI-TOF revealed peptides with
N-termini from position 1 through 47
and C-termini from position 11 through
55. SELDI-TOF, using the Aβ42 as cap-
ture antibody, demonstrated the presence
of peptides starting at position 1 through
31 and C-termini from position 37
through 55. Both unmodified and chemi-
cally modified Aβ sequences were also
represented. Some of the Aβ peptides
were modified by oxidation of AβMet35
to Met sulfone or sulfoxide, which in-
creased the Mr in each case by 16 or 32
Daltons. Cyclization of residues Glu3
and/or Glu11 to their pyroglutamyl de-
rivatives were also observed in both the
MALDI-TOF and SELDI-TOF mass spec-
tra which, in either case, decreased the
Mr by 18 Daltons. Experimentally in-
duced formylation(s) at positions Aβ,
Ser8 and Ser26, and Thr43 and Thr48, in-
creased the Mr by 28 Daltons or integral
multiples. Table 1 depicts the MALDI-
TOF Mr of Aβ peptides with N-termini
at residues 1 through 27, and C-termini
from residues 44 through 55. The margin
of error in all MALDI-TOF spectra be-
tween the expected and observed Aβ
peptide masses was ± 1 Dalton. SELDI-
TOF spectrometry using the Aβ42 cap-
ture antibody also demonstrated the
presence of Aβ peptides longer than 43
amino acid residues possessing C-termini,
ranging from residue 44 through residue
55, as shown in Table 2. The precision for
the SELDI-TOF mass determinations was
± 0.1 % Daltons, with an average devia-

Figure 1. Histochemical and immunohistochemical analyses of PS1 280Glu→Ala cortical
and white matter Aβ plaques and tau deposition. A) A field demonstrating the abundant
number of plaques at 100 X magnification stained by Campbell-Switzer silver technique.
B) At higher magnification (200 X), the plaques appear to be composed of aggregated
amorphous fluffy material. C) A reduced number of silver stain-positive plaques also
stained by thioflavine-S suggesting the presence of fibrillar amyloid, 100 X magnification.
D) A deep white matter cluster of amyloid core plaques stained by 21F12, an Aβ42 anti-
body. 200 X magnification. E) A group of white matter amyloid core plaques stained by
thioflavine-S. Notice the brush-like borders and radiated orientation of the fibrils which re-
semble the SAD plaque architecture, 200 X magnification. F) A cluster of cortical blood
vessels showing fibrillar Aβ deposition. Overall, the cerebro-vascular amyloidosis in the PS
280Glu→Ala is mild to moderate. Thioflavine-S stain, 100 X magnification. G) A large num-
ber of diffuse plaques were stained for the AT8 antibody detecting the presence of NFT
embedded in these lesions. At higher magnification, the AT8 antibody appears to be
concentrated within dystrophic neurites similar to the case for SAD senile plaques. The
section also revealed an abundant number of NFT within cortical neurons, 25 X magnifi-
cation. H) Virtually all diffuse and amyloid plaque in the cerebral cortex stained by the
21F12 antibody raised against Aβ ending at residue 42, 25 X magnification. By contrast, a
reduced number of cortical plaques were stained with the Aβ40 antibody, 25 X magnifi-
cation ( I ). Scale bars: A, C, F = 100 μm; B, D = 50 μm; E = 20 μm; G, H, I = 500 μm.
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tion of ± 1.9 Daltons. In addition, the
SELDI-TOF spectra suggested three Aβ
peptides that extended beyond residue
55 and putatively corresponded to the
APP sequences: 29–90, 28–89, and 34–93
(Aβ notation).

DISCUSSION
The PS1 280Glu→Ala mutation yields

abundant diffuse plaques with a lesser
number of the thioflavine-S-positive

amyloid plaques characteristic of SAD,
suggesting two fundamentally different
neuropathologic mechanisms underlie
FAD and SAD. The diffuse amyloid pres-
ent in this PS1 FAD case was positive for
tau, suggesting the presence of dys-
trophic neurites with autophagic bodies
and NFT, and structurally distinct from
the PS CWP and SAD diffuse plaques.
Another feature of the PS1 280Glu→Ala
mutation is the presence of distinct amy-

loid core plaques within the deep white
matter. White matter ectopic neurons
have been reported in other PS1 muta-
tions (21,22) that strongly implicate Aβ in
PS pathology at this locus. In most PS
mutations so far studied, there is a pre-
ponderance of peptides ending at
residue Aβ42 over those with C-termini
at residue Aβ40 (15,23,24). In the present
study, the ratio of Aβ40:Aβ42 was 1:3 as
determined by ELISA on freshly pre-
pared gray matter homogenates.

γ-secretase expresses a relaxed sub-
strate specificity and has a sufficiently
broad substrate specificity to hydrolyze
βAPP at multiple sites within the trans-
membrane domain (25). In addition to
βAPP, γ-secretase has the ability to cleave
more than 25 different substrates, includ-
ing Notch, and is capable of establishing
stable interactions with more than 40
non-substrate proteins (reviewed in refer-
ence 26). This protein complex partici-
pates in protein trafficking, calcium me-
tabolism, cell adhesion, synaptic activity,
and cell signaling (26), as well as in neu-
rogenesis, neuronal differentiation, neu-
ronal trafficking, and neuronal apoptosis
(27–29). In SAD, Notch-1 expression is in-
creased in the hippocampus, suggesting
PS mutations may contribute directly to
Aβ-induced neuronal death (30,31). How-
ever, competition between Notch-1 and
βAPP for γ-secretase diminishes net PS1
production of amyloid peptides (32,33).
Western blot comparison of Notch-1 pro-
teolysis by-products generated in the
cerebral cortices of SAD, ND, and the
FAD PS1 280Glu→Ala case showed an
increased level of a peptide correspon-
ding to the 80 kDa NICD in the FAD tis-
sue with comparatively lower amounts
observed in SAD and ND brains. In the
same blot, two additional bands (~50 and
30 kDa) were identified which were re-
duced greatly in SAD and ND subjects.
Therefore, mutations in the PS molecules
profoundly affect Notch metabolism and
function. Important alterations also occur
in the proteolytic degradation of βAPP in
the FAD PS1 280Glu→Ala, in which there
is an apparent increase in the amount of
the CT99 fragment relative to an AD and

Figure 2. Western blots of PS1 280Glu→Ala mutation, SAD, and ND control samples devel-
oped with the anti-CT9APP antibody and with an antibody recognizing the NICD domain.
To minimize technical errors, the 2D Western blots (A to D) were executed under the
same conditions at the same time using 200 μg of total protein for the PS1, SAD, and ND
cases. The CT99 peptide and its post-translationally modified forms are boxed at the bot-
tom right corner of the blots. Scanning densitometry showed that CT99 peptides are
more abundant in the PS1 mutation (A) than in one SAD case (C), and the ND control
(D). The other SAD case (B) had slightly increased amounts of CT99 peptides after nor-
malizing by density. E) One dimensional Western blot of Notch. The NICD antibody de-
tected prominent bands at ~80, 60, 50 and 30 kDa, which were more pronounced in the
PS1 mutation—suggesting a more significant representation of NICD and its degradation
by-products. The total protein loaded for SAD, ND, and PS1 was 25 μg.
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ND control. The more abundant CT99
suggests that a deranged PS1 enzymatic
activity due to the mutation leads to the
accumulation of this fragment. The CT
APP fragment is correlated with neuro-
toxicity, alterations in calcium metabo-
lism, long-term potentiation, memory
failure, free radical generation, and in-
creased production of inflammatory cy-
tokines and chemokines and glyosis (re-
viewed in reference 34). The
consequences of increased levels of CT99

also have been studied in the CT Tg mice
overexpressing the carboxy-terminal 100
amino acids of APP. These mice showed
profound degeneration of neurons,
axons, dendrites, synapses, and cerebral
blood vessels (35). Furthermore, intraven-
tricular injection of CT100 in mice in-
duced behavioral impairment (36).

Cerebral cortex homogenization in
80% GDFA solubilizes all the Aβ pep-
tides because it totally disintegrates all
cellular and extracellular structures. The

acidic supernatant contains the APP/Aβ
and proteolytic derivatives, including the
hydrophobic transmembrane domain. In
the intact brain, these peptides are parti-
tioned among various tissue compart-
ments, such as the cellular membranes
and cytosol of neurons, glia, and vascu-
lar cells. In addition, the acid fraction
also contains the soluble oligomers and
insoluble fibrils deposited as extracellu-
lar amyloid in plaques and blood vessel
walls. The acid extract also includes the
Aβ peptides which were in the process of
proteolytic degradation.

Previous studies on the Aβ peptides
present in cortical amyloid plaque cores
and cerebral blood vessels of SAD
demonstrated that most of the molecules
had C-termini at Val40 and Ala42, with a
small fraction terminating at residue
Thr43. A significant degree of N-terminal
degradation and other post-translational
modifications were evident (37–39). The
chemical composition of the Aβ peptides
was also confirmed in PS2/APP Tg mice
amyloid plaques isolated by laser mi-
crodissection (LMD) and direct examina-
tion by mass spectrometry (40). Charac-
terization of the Aβ peptides in SAD
diffuse plaques indicated a mixture of
Aβ17-42 (P3) and of Aβ1-42 species (41).
Water soluble dimeric/oligomeric Aβ
also ends at residues 40/42 (42,43). The
amyloid plaques in APP23 and tg2576
transgenic mice carrying the Swedish
double mutations also produced Aβ pep-
tides ending at residues 40/42 and pos-
sessed characteristics similar to the pep-
tides found in SAD patients (44,45).
However, characterization of FAD due to
the APP717 Val→Phe Indiana mutation
revealed longer Aβ peptides with 
C-termini at residues Aβ43 through 54
(46) suggesting that γ-secretase cleavage
of APP and specificity are substantially
perturbed. Likewise, the PDAPP Tg mice
carrying the FAD APP 717Val→Phe mu-
tation generated Aβ peptides ending at
positions Aβ44 through 62 (17). Addi-
tional studies using tgCRND8 Tg mice
that carry the Swedish mutations, plus
the Indiana mutation, confirmed these
results. These mice also demonstrated a

Figure 3. Chromatographic profiles of PS1 280Glu→Ala samples. A) FPLC trace of the
acid soluble fraction carried out in a size-exclusion Superose 12 column. The 10–2 kDa
fractions, eluted between 54 and 66 min retention (solid line trace) time were pooled
from three consecutive runs and re-chromatographed under the same conditions to
minimize flanking contaminations (see hyphened trace). B) HPLC chromatographic pro-
file of the 2–10 kDa FPLC fraction separated on a C8 reverse-phase column. All fractions
were assessed by Western blots using the Aβ40 and Aβ42 antibodies. The slanted line in-
dicates the slope of the acetonitrile gradient. The abbreviated terms t, d, and m refer to
trimer, dimer, and monomer forms, respectively, of Aβ-40 and Aβ-42 standards.
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novel γ-secretase processing pattern that
yielded CT APP fragments ending at
residues 44–99, 45–99, 52–99, 54–99 (Aβ
sequence numbering). Furthermore, this
mouse strain produced a variety of Aβ
peptides with C-termini ranging from
residues 43 through 55 (47).

Longer Aβ peptides also have been
identified in lysates of cells transfected
with CT APP and PS1 and PS2 genes, as
well as their wild types (PS1wt, PS1
146Met→Leu, PS1 233Met→Thr, PS1
384Gly→Ala, PS2wt, and PS2
141Asn→Ile) when treated with the
γ-secretase inhibitor DAPT. These pep-
tides yielded Aβ sequences ending at
residues 43, 44, 45, 46, 48, and 49 (48).
Human skeletal muscle also produces
longer Aβ peptides with C-termini at
residues 44, 45, and 46 (49). Recently,

CWP were isolated by LMD from FAD
patients carrying the PS1 261Val→Ile
and PS1 261Val→Phe mutations. Mass
spectrometry indicated that the CWP
plaques were composed of amino-
terminally truncated Aβ peptides, in
which the most abundant forms were
Aβ 3-42/43 and Aβ11-42/43, with
N-terminal pyroglutamyl (15).

The cellular compartments in which
the larger and correspondingly more
hydrophobic Aβ peptides reside as a
consequence of PS1 mutations remain to
be established. From a thermodynamic
point of view, the cellular plasma and
organelle membranes are the candidates
of choice. It has been established that
the sites of Aβ synthesis are the endo-
plasmic reticulum, Golgi and plasma
membranes where the APP and secre-

tases are located, concentrated within
membranes (50,51). In the lipid rafts of
neuronal cell lines, APP, β-secretase as-
partyl protease (BACE-1), and the four
components of the γ-secretase were
found (52,53). In the tg2576 Tg mice,
lipid rafts apparently contain APP and
its CT-fragments, dimeric Aβ peptides,
Apo E, tau, PS1, BACE-1, and neprilysin
(NEP) (54). The experimental evidence
suggests that mutations in the PS and
APP genes, such as PS1 280Glu→Ala
and APP 717Val→Phe, alter enzyme-
substrate specificities and promote the
generation of longer, more hydrophobic
Aβ peptides that may be retained in
membranes. Other PS-like aspartyl pro-
teases may cleave APP to yield a con-
stellation of more massive Aβ peptides
such as those generated in FAD patients
and FAD-expressing transgenic animals
(55). Marchesi (56) recently proposed
that in AD, a significant amount of
dimeric Aβ peptides could be retained
in membranes by the side-to-side inter-
action of the transmembrane Gly-X-X-X-
Gly motifs present in the Aβ sequence
(Aβ29–37: Gly-Ala-Ile-Ile-Gly-Leu-Met-
Val-Gly-Gly). Curran and Engelman (57)
suggested that these intramembranous
sequence motifs facilitate dimerization
by promoting helix-helix stable inter-
actions as it occurs in soluble coiled-coil
structures. The presence of AβThr43 and
Thr48 further stabilizes inter-helical hy-
drogen bonding. The retention of longer
length Aβ peptides might be fostered by
a proportionally greater representation
of hydrophobic transmembrane do-
mains and by changes in the fundamen-
tal lipid composition of membranes
brought about by the aging process
(58,59). In AD, there is a profuse neuritic
accumulation of autophagic vacuoles
and autophagosomes, represented by
dense and multilamellar bodies whose
origin still remains unexplained, but
may in part result from the retention of
longer Aβ peptides and/or of longer
membrane-bound Aβ peptides. The
presence of APP, CT fragments, and sec-
retases in AD autophagic vacuoles lends
support to this contention (60). Au-

Table 1. MALDI-TOF of PS1 Peptides with C-termini ≥ Aβ 44

Observed Calculated Peptide Observed Calculated Peptide
Mass Mass Fragment Mass Mass Fragment

4827.81 4828.48 1–45 3071.75 3072.62 14–43 
5254.11 5255.04 1–49 4311.65 4311.31 14–54 
5483.84 5483.44 2–52 2834.03 2834.37 15–42 
5611.79 5611.62 2–53 3573.99 3574.33 15–49 
4529.62 4529.16 3–44 3546.03 3545.33 16–50 
5069.41 5068.87 3–49 2778.66 2778.31 17–44 
4400.46 4400.04 4–44 2891.31 2891.47 17–45 
4514.10 4513.20 4–45 3318.02 3318.02 17–49 
4612.14 4612.33 4–46 3318.54 3318.02 17–49 
4826.66 4826.60 4–48 3417.79 3417.16 17–50 
5282.30 5283.25 4–52 3661.98 3661.51 17–52 
4892.23 4891.71 5–50 2778.66 2778.31 18–45 
5135.68 5136.07 5–52 3091.11 3090.70 18–48 
5492.48 5520.60 5–55 2778.66 2778.31 19–46 
4096.03 4096.68 6–44 2891.31 2891.47 19–47 
4309.90 4308.97 6–46 3335.17 3336.06 19–51 
4979.59 4979.89 6–52 3301.20 3302.05 20–52 
5108.06 5108.06 6–53 3430.59 3430.22 20–53 
4597.66 4598.39 7–50 3557.86 3558.39 20–54 
4729.18 4729.58 7–51 3686.10 3686.57 20–55 
5226.44 5227.27 7–55 2313.35 2313.74 22–45 
4615.14 4614.50 8–51 2071.10 2071.47 23–44 
5025.40 5025.10 9–55 2284.09 2283.76 23–46 
3601.87 3601.19 10–43 2841.59 2841.51 23–51 
3700.33 3700.32 10–44 2069.31 2069.54 24–45 
4024.35 4024.77 10–47 2069.31 2069.54 25–46 
4469.74 4470.37 10–51 2284.09 2283.80 25–48 
4583.60 4583.53 10–52 2867.80 2868.63 25–53 
4076.96 4076.86 11–49 2140.40 2139.67 27–48 
4420.44 4420.35 11–52 2351.92 2351.96 27–50 
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tophagic programmed cell death may
result from endoplasmic reticulum
stress caused by unfolded, misfolded, or
alternatively folded proteins and their
toxic accumulation (reviewed in 61).
This type of ‘apoptosis’ may be trig-
gered by ischemic and hypoxic injuries
associated with cerebrovascular disease
(61). Strong arguments have recently
arisen stating that autophagic activity in
dying cells might indeed be a survival
strategy (62).

The existence of larger and more hy-
drophobic Aβ peptides, as the result of
γ-secretase dysfunction in FAD PS1
280Glu→Ala, may have a profound im-
pact on their turnover by brain proteases.
Among these, NEP and insulin degrad-
ing enzyme (IDE), whose genetic dele-
tion leads to Aβ accumulation in mice,
show a typical size restriction for peptide

substrates (63–65). In the case of NEP, a
transmembrane and raft-associated met-
alloendopeptidase, physiological sub-
strates are limited to 3–4 kDa, due to ac-
cess limitations to the active site (66).
Insulin degrading enzyme, in turn, pre-
sents a cavity which is just large enough
to enclose an insulin monomer. This en-
zyme is capable of degrading amyloido-
genic peptides associated with neurode-
generation, including Aβ, ABri, and
ADan almost exclusively in their un-
ordered monomeric state (67–69). There-
fore, longer Aβ peptides generated by
mutant PS1 are likely to escape prote-
olytic clearance—either due to their
monomeric size or, more likely, to their
high tendency to rapidly dimerize. In ad-
dition, increasingly longer hydrophobic
C-termini may be selectively retained
within the lipid bilayer, thereby impos-

ing a strong thermodynamic restriction
to proteolysis.

The relentless net accumulation of Aβ
peptides and their longer relatives would
greatly disturb membrane function, and
result in severe and irreversible neuronal
injury. If this hypothesis is proven cor-
rect, a new dimension will be added to
the understanding of the pathophysiol-
ogy of AD, and to the design of earlier
and novel therapeutic interventions.
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