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free membranes, both fibrils and spherical liposomes were
present after 1 day, although with time the number of fibrils
increased and the spherical liposomes disappeared (Fig 4G).
Similar images (data not shown) were observed for the
Ch-free membranes.

DISCUSSION

Because AJ peptides are generated by the partial processing
of the transmembrane a-helix of APP anchored in the brain
membrane, their release from the membrane must play an
important role in their subsequent aggregation and precipita-
tion. Thus, to investigate how membrane lipids participate in
the formation of fibril structure, we monitored the release of AB

iy

peptide from AB peptide-model membranes. Liposomes were
prepared from AB and a lipid-mixture similar in composition to
that of cerebral cortex membranes with and without ganglio-
side and/or cholesterol.

Our CD studies have shown that when a 50 um solution of
AB-(1-40) in HFIP solution is hydrated in buffer solution, it
undergoes a transition from random coil to B-structure over a
period of 3 days (Fig. 1A). This is consistent with the turbidity
measurements. Over 24 h, the turbidity did not change, but it
rapidly increased from 1 to 3 days, and only moderately after 3
days (Fig. 34). From these results we propose that hydration of
monomeric AB-(1-40) in organic solvent caused a slow change
in conformation from random coil to B-structure. This B-struc-
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ture then serves as a seed in the rapid formation of an exten-
sive B-sheet structure (28). TEM measurements supported the
presence of an extended fibril formation just 3 days after pep-
tide hydration.

In CCM membranes at physiological pH (7.4), AB-(1-40) was
mainly random coil after preparation, although some a-helical
and B-sheet content was present (Fig. 1B). After 1 day, mainly
B-structure had formed which persisted for 10 days. The tur-
bidity increased moderately only for high concentrations of
AB-(1-40) (Fig. 3B-a). TEM images of fibrals seen after 1 day
(Fig. 4B-q, i) were clearer than those observed for the buffer
solution. At pH 5.5 (Fig. 4B-b, i) the presence of fibrils after 1
day is uncertain, although after 3 days an extensive fibril
formation is apparent (Fig. 4B-b, ii). For the CCM liposomes at
endosomal pH the rate of formation of 8-structure and fibrils is
definitely slower than at physiological pH; however, the final
resulting fibril structures appear the same. That AS fibril
formation is pH-dependent has been reported in the
literature (43).

From the CCM liposomes AB-(1-40) was released rapidly,
and resulted in the formation of a fibril structure. In contrast,
in GM1-free liposomes, AB-(1-40) consisted of a mixture of
a-helix and B-structure and with time the proportion of B-struc-
ture increased. However, a slight increase in turbidity was
observed for 40 pum AB. Its TEM image showed at first an
incomplete short fibril structure around the lipid surface, and
in time, small vesicles began to emerge, until finally only
aggregates of small vesicles were visible (Fig. 4C). Apparently,
Ap was able to solubilize the ganglioside-deficient membrane
into small vesicles.

In Ch-free Lipid liposomes, a similar change from a-helix to
B-structure was observed. The turbidity decreased drastically
for 20 um AB, but not so for 40 um. However, there were few
signs of fibril structure after 1 day; instead spherical liposomes
were visible (Fig. 4D, ). From 3 to 14 days, a gradual thicken-
ing and elongation of the thin, short fibrils around the spherical
vesicles took place (Fig. 4, D, ii and iii). These fibrils were
different in appearance to those observed in the buffer and
CCM membranes. We propose these were peptide-phospholipid
membrane complexes, because we have shown previously that
highly hydrophobic peptides can form nanotubular fiber struc-
tures (29-31). Ch may assist in fibril formation, by promoting
the release of AB-(1-40) from natural membranes. Interest-
ingly, in both GM1- and Ch-free liposomes, the CD spectra
show a shallow minimum around 223 nm (Fig. 1D), which was
not seen for the CCM and GM1-free liposomes. Moreover, the
TEM showed liposomes of various shapes and sizes, but no
fibril structure was seen. These phenomena were the same at
neutral and acidic pH membrane solutions. This suggests that
the coexistence of Ch and ganglioside in the CCM membrane
has a crucial role in the release of AB-(1-40) from the mem-
brane and the subsequent formation of fibril structures.

A recent study has shown that in different lipid membranes
AB can follow two pathways of assembly: pathway 1) the for-
mation of fibril structure in the presence of acidic lipids; and
pathway 2) the formation of small aggregates (but no fibril
structures) in the presence of neutral lipids (32).

This study shows GM1-free membranes promote the forma-
tion of B-structure and small peptide-lipid vesicles, several
ten-fold Angstrom in diameter. This process may take pathway
2; the absence of GM1 leads to the decrease in the acidity of the
membranes, resulting in the elimination of AB-fibril formation.
However, membrane disruption still occurs via the expansion
of aggregated AB through the bilayers, resulting in the solubi-
lization of membranes to form small peptide-lipid vesicles.
Matsuzaki and Horikiri (33) reported that A has a high affin-
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ity for GM1 ganglioside in the bilayer and is able to form a
B-sheet structure. It has been reported that the tight binding of
AR is to the sialic acid group of the GM1 (34). In the presence
of GM1, AB probably follows pathway 1, a conformational tran-
sition from c-helix to a B-structure leading to fibril formation.
However, tight binding of the peptide to GM1 may prevent its
release from the membrane, resulting in accumulation of pep-
tide and formation of a B-sheet scaffold structure. This may be
the critical nucleus for fibril formation. After nucleation, fibril
growth through the lipid bilayer results in destabilization of
the membrane, leading to amyloid deposition or the formation
of lipid particles (to be described below).

Ch promotes fibril structure formation as we observed by
TEM,; in the absence of Ch, a well defined fibril structure was
not visible even after a few days. Interestingly, in the absence
of Ch or GM1 AR does form a B-structure, so the formation of a
B-structure does not necessarily lead to fibril formation. An
increase in Ch in the membrane results in increased membrane
stiffness and a decrease in membrane fluidity. Increased Ch
content inhibits the insertion of AB into the membrane, result-
ing in an increase in A concentration at the membrane surface
and concomitant enhancement in the rate of AB fibrillogenesis
(5). Therefore, the absence of Ch in the membrane will increase
its fluidity, and so facilitate the insertion of the hydrophobic
part of AB into the membrane (25). In Ch-free liposomes, the
accumulation of Ag into the membrane leads to its solubiliza-
tion, resulting in the slow formation of thick fibril structures.

In the absence of both Ch and GM1, the characteristic CD
pattern of B-structure with a negative at around 116 nm was
not seen, and no fibril structure was observed by TEM. This
suggests the coexistence of Ch and GM1 in the CCM membrane
promote fibril formation. A strong decrease in turbidity at 40
uM AB was also observed. All of these results suggest that the
Ch-GM1-free membrane was solubilized by AB (1-40). Yanagi-
sawa ef al. (6) have shown that GM1 ganglioside-bound amy-
loid B-proteins are a possible form of preamyloid in AD. They
also reported that oligomeric AB can promote the release of
lipid from neurons to form ApB-lipid particles consisting of Ch,
GM1, phospholipid, and AB. Recent model membrane studies
using liposomes consisting of GM1, Ch, and sphingomyelin
showed that an increase in GM1 as well as Ch changes the
binding capacity of A (7, 35). Our data indicate that GM1 and
Ch strongly participate in the release of AS from the membrane
and therefore are instrumental in amyloid precipitation.

It has been suggested that sphingolipids and cholesterol may
exist as phase-separated “rafts” in sphingolipid and cholester-
ol-rich membranes such as the plasma membrane (36). The
partial liquid-ordered rafts can be visualized as floating within
the predominantly liquid crystalline “sea” of the lipid bilayer.
Interestingly, it was proposed that the raft could be the site for
the proteolytic processing of Alzheimer’s amyloid precursor
protein (APP) (37). Recently, we showed that elevating levels of
sphingolipid and Ch cause decreased membrane fluidity and
resulted in lipid-protein separations into liposomes containing
a-helical transmembrane peptides (38). The proteolytic cleav-
age of APP to yield AB performed by both B-secretase and
y-secretase present in the raft may in fact involve the release of
AB-lipid particles consisting of Ch, GM1, and phospholipid (8).
However, in Ch- and GM1-free membranes, which are more
fluid, AB is able to stay in the membrane, probably by insertion
of its hydrophobic part into the lipid bilayer. The accumulation
of AB in the membrane may result in its solubilization and
eventual disruption into small vesicles.

The CCM consists of about 10% (w/w) plasmalogen (24), but
the instability of this component under acidic conditions pre-
vented its use in this study. We note, however, that it has been
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reported in the literature that levels of plasmalogen in AD
CCM are reduced (39, 40).

AB-(1-42) has been recognized to be the more amyloidgenic
component in plaques, since it has a greater propensity to form
B-structure than AB-(1-40), a requirement for amyloid fibral
formation. Consequently, aggregates of AB-(1-42) may act as
an initiation factor for early plaque formation (10). In the
present study, ApB-(1-40)/-(1-42) (10:1, molar ratio} formed
B-structure more readily than Ap-(1-40) in all classes of lipo-
some. Especially, in Ch-GM1-free membranes, where AB-(1-
40) forms no B-structure, the mixture of AB-(1-40)/-(1-42)
caused the gradual conversion of a predominantly «-helical
structure into a mainly B-structure. Therefore, the presence of
a small amount of AB-(1-42) can induce the formation of
B-structure in AB-(1-40) and confirms the “seeding” hypothe-
sis. AB-(1-42) is able to promote the formation of B-structure
that accompanies the formation of fibrils.

Recent studies have demonstrated that amyloid plaque for-
mation may be initiated in the plasma membrane and that
deposits were associated with the extracellular leaflet of the
plasma membrane (41, 42). Moreover, AB-amyloid peptides are
generated from various intracellular compartments, including
the endoplasmic reticulum, the Golgl apparatus, lysosomes,
and endosomes. The present model studies are carried out at
the extracellular and lysosomal/lendosomal pH values of 7.4
and 5.5. The results for the CCM liposomes indicate a kinetic
pH-dependence of fibril formation, but it is not clear whether
the release of AB-(1~40) is also pH-dependent. The results seen
for the Ch-GM1-free liposomes are the same in both pH envi-
ronments; fibril formation does not occur. This definitely indi-
cates that lipid bilayer composition plays an important role in
the release of A and might suggest that this release is much
less dependent on the pH of the surrounding cytosol.

It has been shown that ganglioside and Ch participate in the
mechanism of amyloid deposition in the presence of total brain
lipid extract (5, 11, 34). However, until now there has been no
report in the literature on the behavior of AB in membranes
free of both Ch and GM1. We have shown that Ch and GM1
play an important role in the release of AB from liposome
membranes designed to model cerebral cortex membranes,
where fibril structure formation is known to be at its highest.
In natural brain membranes, the AS generated from the proc-
essing of APP may be easily released from the membrane to
play its correct biological role. However, the change of lipid
composition in membranes by aging or other biological pro-
cesses induces Af accumulation in membranes, this leads to
formation of amyloid fibers or lipid-peptide particles, which are
released into the cytosol, resulting in amyloid precipitation
or cytotoxicity.
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Abstract

Insoluble AB1-42 is the main component of the amyloid plaque. We have previously demonstrated that exposure to low pH can confer
the molten globule state on soluble AB1-42 in vitro [Biochem. J. 361 (2000) 547] and unfolding experiments with guadinine hydrochloride
(GdnHCl) have now confirmed this observation. The molten globule state of the protein has many biological properties and understanding
the mechanisms of its formation is an important step in devising a therapeutic strategy for Alzheimer’s disease (AD). We therefore
investigated the ability of a series of synthetic eight-residue peptides derived from AR1-42 to inhibit the acid-induced aggregation of Ap1—
42 and identified the potent peptides to be AR15-22, AR16-23 and AR17-24. Al-antichymotrypsin, a member of the serine proteinase
inhibitor (serpin) family is another major component of the amyloid plaque. In the present study, we investigated the proteolytic activity of
AP1-42 against casein at different pHs. Chemical modification of amino acid residues in Ap1-42 indicated that serine and histidine
residues, but not aspartic acid, are necessary for enzymatic activity, suggesting that it is a serine proteinase. Amino acid substitution studies
indicate that glutamic acids at positions 11 and 22 participate indirectly in proteolysis and we surmise that amino acid residues 2942 are
required to stabilize the conformer. A study of metal ions suggested that Cu® " affected the enzymatic activity, but Zn** and Fe? ™ did not.
Interestingly, AB14-21 and Ap15-22 were the only peptides that inhibited the proteolytic activity of Ap42. Therefore, AB15-22 may
control both aggregation of AB1-42 at acidic pH and its proteolytic activity at neutral pH. Consequently, we suggest that it may be of use in
the therapy of Alzheimer’s disease.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Alzheimer’s disease; Serine-like proteinase activity; Proteinase inhibitor; Guadinine hydrochloride; Metal ions

1. Introduction pleated sheets. There have been many studies of the bio-

logical properties of AP42 such as self-aggregation [2],

The deposition of amyloid plaque in the extracellular
space, and neurofibrillary tangles in the neurons, are specific
pathological features of Alzheimer’s disease (AD) [1]. The
main component of the amyloid plaque is insoluble ARI1-
42 (Ap42), which adopts a structure rich in antiparallel p-

Abbreviations: ELISA, enzyme-linked immunosorbent assay; AD,
Alzheimer’s disease; AP, amyloid beta protein; GdnHCI, guadinine
hydrochloride; EDTA, ethylene diamine tetraacetate; DEPC, diethyl
pyrocarbonate; PK, proteinase K; PMSF, phenylmethylsulfonyl fluoride;
DFP, di-isopropylfluorophosphate; EPNP, 1,2-epoxy-3-( p-nitrophenoxy)
propane.

* Corresponding author. Tel.: +81-92-801-1011; fax: +81-92-865-7900.

E-mail address: yoichima@fukuoka-u.ac.jp (Y. Matsunaga).

0167-0115/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.regpep.2004.03.013

binding to other proteins such as apolipoprotein E [3],
cytotoxicity for neuronal cells [4,5], vasoconstriction [6]
and proteolytic activity against casein [7]. Recently, increas-
ing awareness of amyloid beta protein (AB) intermediates as
molten globule states has paralleled insight into the biolog-
ical activities of the AP conformer [8,9]. The molten globule
state of APB42 displays a less ordered, metastable confor-
mation that is stabilized by the formation of fibrils [10,11].
Elucidation of the initial events causing aggregation and
conversion of the soluble AP peptide into insoluble con-
formers, and other factors influencing the molten globule
states of the A{> conformer, are important aspects of a
therapeutic strategy for AD.
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We have already demonstrated that the conformation of
ApPA42 varies at different pHs, that the critical pH for the
change is 4.6, and that the conformer has a different
susceptibility to proteinase K within the environment of a
glial cell [12]. We therefore suggested that lowering the pH
might generate the molten globule state of soluble AR42 in
vitro. In the present study, we have performed unfolding
experiments with acid-treated AR42 intermediates, using
guadinine hydrochloride, and have confirmed our previous
results. It has been reported that the AP peptide exists either
mainly as a random coil/a-helical structure or a P-sheet
structure depending on pH [2], and that the kinetics of
aggregation depend on which of these structures is involved,
as well as on the length of the peptide examined [13,14].
The aggregation process is known to be driven by hydro-
phobic interactions [15]. Hence, the adoption of a structure
rich in B-sheet at acidic pH accelerates the aggregation of
AP, and the abnormal AP is stabilized by intermolecular
interactions with other AP monomers that have the ability to
form a P3-sheet conformation [16].

We have synthesized a series of partial eight-residue
peptides derived from AP42 to study their ability to inhibit
acid-induced aggregation of APB42. The common feature of
amyloidosis-related disorders is the abnormal folding of a
natural protein into a pathologic conformer that is proteinase
resistant [17]. We therefore also investigated the ability of
the short peptides to reverse the proteinase K susceptibility
of AP aggregates in glial cells. Our previous data indicated
that epitopes around residues 9-14 and 17-21 in Ap42
were dramatically affected by acidic pH [12] and our present
results indicate that peptides in the vicinity of ApR15-22,
which contain the central hydrophobic region of Ap42, are
able to interfere with pH-induced Ap42 aggregation. Small
peptides of this kind may be useful for preventing the
conformational changes leading to formation of AR inter-
mediates in the early stages of AP aggregation.

AP has been shown recently to possess proteolytic
activity against casein [7] and this novel activity may be
implicated in the mechanisms of AD. It has also been
reported that an Al-antichymotrypsin that belongs to the
serine proteinase family of inhibitors (serpins) is a major

Extra-cellular domain

additional component of the amyloid plaque [18,19]. The
serum level of this inhibitor increases in response to the
acute phase reaction of the host defence system [20,21]. It is
mainly synthesized in the liver, although also produced by
astrocytes [22], and may reduce the toxicity of the amyloid
peptides in clonal cell lines as well as in cultures of primary
cortical nerve cells by inhibiting their proteinase activity
[23]. Thus, inhibition of the proteolytic activity of A} may
be a useful approach for preventing cellular toxicity. In the
present study, we investigated the proteolytic activity of
Ap42 and identified essential amino acid residues and
further investigated effects of bioessential metal ions for
the activity. We also investigated the ability of eight-residue
peptides to inhibit proteolysis at neutral pH and found that
short peptides around Ap15-22 are effective.

2. Materials
2.1. Af peptides

Fig. 1 shows the synthetic partial-length AP peptides
used in the present study: Apl—-16, Ap1-28, AR12-28,
APL1T7-42, AB1-40 (AP40), AB1-42 (Ap42) and two
AR1-40 derivatives, namely AB40 (E11Q) and AP40
(E22Q) in which glutamic acid at either position 11 or 22
is replaced by glutamine. These were purchased from
Anaspec (San Jose, CA). All AP peptides except for
AP17-42 were dissolved in water at Img/ml. Ap17-42
was dissolved in dimethyl sulfoxide (DMSO). Peptides were
used at the indicated concentrations.

2.2. Chemicals

Rink Amide MBHA resin and all the protected amino
acids were purchased from NovaBiochem (Switzerland).
Bovine serum albumin (BSA), proteinase K (PK) and
phenylmethylsulfony! fluoride (PMSF) were from Boeh-
ringer Mannheim (Germany). Guadinine hydrochloride
(GdnHCl), disodium hydrogen phosphate, citric acid,
Tween-20, TrisThydroxymethyl]-aminomethane and di-iso-
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Fig. 1. Synthetic partial length A{> peptides.
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propylfluorophosphate (DFP), ethylene diamine tetraacetate
(EDTA), diethyl pyrocarbonate (DEPC) and 1,2-epoxy-3-
(p-nitrophenoxy) propane (EPNP) were from Sigma-
Aldrich (Tokyo, Japan). EnzCheck was purchased from
Molecular Probes (Eugene, USA).

2.3. Antibodies

Monoclonal 4G8 antibody was from Signet Pathology
Systems (Dedham, MA). 6F/3D (monoclonal) was from
DAKO (Glostrup, Denmark) and anti 5—10 (monoclonal)
was from QCB (Camarillo, CA). The epitopes recognised
by the monoclonal antibodies were previously identified
[12]: amino acid residues 1721 (4G8), amino acid residues
9-14 (6F/3D) and amino acid residues 5—-10 (anti 5-10
antibody). Alkaline phosphatase-conjugated, goat anti-
mouse IgG from Promega (Madison, WI) was used as
secondary antibody.

3. Methods
3.1. Denaturation of pH-modified Ap42 with GdnHCI

AP42 (4 pg/ml) was incubated in either pH 4.6 or 7.4
buffer in Eppendorf tubes at 4 °C for 24 h and then plates
were coated with 50 pl/well of solution for a further 24 h at
4 °C. After removing excess sample, 50 pl of GdnHC1 was
added to each well at the indicated concentrations and
incubated for 30 min at 37 °C. After discarding the
GdnHCl, the wells were washed three times with pH 7.4
buffer and the samples tested for reactivity with 6F/3D (1
pg/ml) using a standard enzyme-linked immunosorbent
assay (ELISA) as described below.

3.2. Synthesis of the eight-residue peptides derived from
Ap42

A series of 8-mer peptides representing residues 1-32 of
ApP42 (overlapping by seven residues at the N terminus)
were synthesized manually using solid phase peptide chem-
istry with Fmoc-protected amino acids on Rink Amide
MBHA resin as previously described [12]. They were
dissolved in water as indicated and used to inhibit AR42
aggregation and the proteolytic activity of Ap342 for casein.
Some of the peptides, Ap16-23, AR17-24, Ap18-25 and
AP25-32, were dissolved in a minimal amount of DMSO
before dilution with water.

3.3. Incubation of Af42 with the eight-residue peptides

Samples of AP42 (4 pg/ml) were mixed with each of the
peptides (4 pg/ml) and incubated for 24 h at 4 °C in
Eppendorf tubes in pH 4.6 or 7.4 buffer. The buffer used
was 20 mM citric acid adjusted with disodium hydrogen
phosphate.

3.4. Digestion of immobilized protein by proteinase K

Microtiter plate wells were coated with 50 pl of the
mixtures described above for 24 h at 4 °C, and after removal
of excess sample, the sample in each well was incubated
with 50 pl of PK at 10 pg/ml in TBS, pH7.4 for 90 min at
37 °C. After removal of the proteinase K solution, the
reaction was stopped by washing the well with TBST (TBS
with 0.1% Tween-20, pH 7.4) followed by incubation with
3 mM PMSF at room temperature for 30 min, and rinsing
twice with TBST. The samples were subsequently processed
by standard ELISA assay as described below, to determine
the amount of protein remaining.

3.5. ELISA assay

Samples after PK digestion were first incubated with
TBS containing 3% BSA (pH 7.4) for 2 h at 37 °C, washed
with TBST buffer and incubated for a further 2 h at 37 °C
with 50 pl of anti 5-10 antibody (1 pug/ml) in TBS
containing 1% BSA, pH 7.4. The wells were then washed
with TBST, and incubated for an hour at 37 °C with 50 ul of
a 1:5000 dilution of alkaline phosphatase-conjugated sec-
ondary antibody. After washing with TBST, bound antibody
was detected by addition of p-nitrophenyl phosphate, and
measured at 405 nm using a spectrophotometric plate reader
(Molecular Devices) after 30 min. All washing steps were
performed six times using a microplate autowasher, Model
EL404 (BIO-TEK Instruments).

3.6. Cell line

The human glial cell line, KG-1-C, was obtained from
RIKEN cell bank (Tsukuba, Japan) and cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10%
foetal bovine serum and antibiotics at 37 °C in a humidified
atmosphere containing 5% CO,.

3.7. Cell culture with Af42 and peptides

Twenty-four-well flat-bottomed multiplates (Sumitomo
Bakelite, Tokyo, Japan) were pre-coated with 100 pl per
well of a mixture containing AP42 (4 pg/ml) and a short
peptide (4 pg/ml), in either pH 4.6 or 7.4 buffer for 24 h at 4
°C. After removal of excess sample, wells were washed
twice with phosphate-buffered saline (PBS), and 1.5 ml cells
(2 x 10* cells/ml) was added per well, and incubated for 7
days. The cells were collected by scraper in 1 ml of PBS,
adjusted to a density of 2 x 10* cells/ml in PBS and sampled
for cell western dot blots.

3.8. Cell dot blots
One hundred microliters of each cell suspension was

applied to a Dot Plate, DP-48 (Advantec, Tokyo, Japan) and
blotted onto a methanol-immersed polyvinylidene difluoride
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(PVDF) membrane (0.45 pm; Millipore, Bedford, MA) with
absorption by vacuum pump.

The PVDF membrane was then removed, thoroughly air
dried, and rinsed in TBS.

3.9. Digestion of samples with proteinase K

For digestion of the cells with proteinase K, the PVDF
membrane were incubated with 5 ml of proteinase K at 10
pg/ml in TBS, pH 7.4 for 90 min at 37 °C with constant
shaking. After removal of the proteinase K solution, the
reaction was stopped by washing the membrane with TBST
followed by incubation with 3 mM PMSF at room temper-
ature for 30 min and rinsing twice with TBST. The mem-
branes were subsequently processed for standard western
blotting using 4G8 antibody to detect the protein remaining
in the cell after PK digestion.

3.10. Cell western blot

PVDF membranes were blocked with 3% nonfat dry
milk in TBST for 4 h, washed three times with TBST,
and incubated with primary antibody 4G8 (1:10,000
dilution in TBS) for 2 h at 37 °C. This was followed
by reaction with the secondary antibody, peroxidase
linked anti-mouse IgG (1:5000 dilution in TBS) for 1
h at 37 °C. After three washes with TBST, the spots were
detected by enhanced chemiluminescence (ECL; Amer-
sham Pharmacia Biotech., Uppsala, Sweden) according to
the manufacturer’s instruction.

3.11. Assay of hydrolytic activity of A peptides

The hydrolytic activity of AP peptides for casein was
assayed using EnzCheck. Enhancement of fluorescence was
observed as a result of casein cleavage products. Activity
was detected with a pH-insensitive green fluorescent BOD-
I0Y FL casein substrate according to the manufacturer’s
instructions with excitation/emission maxima of 485/538
nm (Perkin-Elmer LS-5B spectrofluorometer). The fluores-
cence intensity of samples after incubations was corrected
with solvent and expressed as relative fluorescence intensity.
The dose-dependence of the enzymatic activity of AR42 at
pH 7.4 was examined after 60-min incubation with the
indicated concentrations of Ap42. We also examined the
activity of Ap42 (5 pM) and AB17-42 (5 uM) as a function
of incubation time at pH 7.4 and 37 °C. In another
experiment, we compared the activity of Ap1-16, Apl—
28, Ap12-28, Ap17-42, AR40 and AP42 each at 5 pM
and pH 7.4. The effect of pH 7.4 versus pH 4.6 was also
tested for AR42, Ap17-42 and AP1-16.

3.12. Incubation of Af42 with metals

The APR42 (2.5 uM) was mixed with CuCl,, ZnCl; and
FeCl, at 25 uM, respectively and incubated at 37 °C for | h,

and then tested for enzymatic activity using EnzCheck to
study the effects of metal ions on the proteolytic activity of
AR42 for casein. EDTA (50 pM) was also tested to reverse
the effect of Cu®* on the enzymatic activity.

3.13. Chemical modification of amino acid residues

Some of the amino acid residues of AR40 were modified
by exposure to chemical compounds; di-isopropylfiuoro-
phosphate (DFP) for serine residues, diethyl pyrocarbonate
(DEPC) for histidine residues and 1,2-epoxy-3-( p-nitrophe-
noxy)propane (EPNP) for aspartic acid residues. AR40 (1mg/
ml) was incubated with 5 mM DEPC in 25 mM phosphate
buffer (pH 7.4) for 2 h at 37 °C [24], and the formation of N-
carbethoxy-histidine residues was followed by the character-
istic increase in absorbance at 240 nm [25]. The sample was
dialyzed to remove excess DEPC, and referred to as histidine-
modified Ap40: Ap40 (H*). Ap40 (2 pM) was incubated
with 40 uM DFP in 1 ml water for 20 h at 37 °C, and after
reaction it was adjusted to pH 7.4 with NaOH and the sample
denoted serine-modified Ap40 (S*). Similarly Ap40 (2 uM)
was incubated with 40 pM EPNP in I ml water for 20 h at
37 °C, yielding aspartic acid-modified Ap40 (D*).

3.14. Inhibition of enzymatic activity by eight-residue
peptides

Mixtures of 5 uM of each eight-residue peptide with
AR42 (5 uM) were incubated at pH 7.4 and 37 °C for 60
min before reaction with casein substrate in EnzCheck. The
enzymatic activity of the mixture was determined after 60
min incubation at 37 °C. As a control, the activity of Ap42
without addition of any peptides was determined. The
percent inhibition of APR42 activity by the short peptides
was calculated as follows: percent inhibition=(1 — relative
fluorescence intensity in the mixture of AP42 with short
peptide/relative fluorescence intensity i Ap42 con-
trol) X 100 (%).

4. Results
4.1. Cryptic epitopes of Af42

The reactivity of 6F/3D towards pH 4.6 treated-A P42 was
greatly affected by increasing concentrations of the potent
denaturant GdnHC], whereas the sample incubated at pH 7.4
was unaffected. This finding suggests that GdnHCI induces
unfolding of the sample when incubated at pH 4.6 (Fig. 2).

4.2. Screening eight-residue peptides that inhibit Af42
aggregation

We previously suggested that Ap42 aggregates at pH 4.6
and that the aggregates exhibit PK resistance, whereas the Ap
conformer at pH 7.4 does not aggregate and remains sensitive
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Fig. 2. GdnHCl-induced unfolding of pH-modified Ap42. Samples of
Ap42 (4 pg/ml) incubated in pH 7.4 (®) and pH 4.6 (O) buffer were coated
onto ELISA plates and treated with increasing amounts of GdnHCl prior to
analysis by ELISA with 6F/3D antibody (1 pg/ml). Data are mean £ S.D.
(N=6).

to PK [12]. We evaluated the ability of short peptides to
interfere with aggregation of AB42 at pH 4.6 by estimating
the percentage of the protein remaining after PK digestion.
After incubation at pH 4.6, in the absence of any short
peptide, 33% of the AP42 protein remained, while only
16% of the protein remained after incubation at pH 7.4. Only
three of the short peptides, Ap15-22, 16-23 and 17-24
reduced the amount of protein remaining from that of the
control at pH 4.6, to that of the control at pH 7.4; their values
were 16%, 14% and 17%, respectively (p <0.001; Fig. 3).

4.3. The active peptides also inhibit Af42 accumulation in
glial cells

The inhibitory activity of the three short peptides on
APA42 aggregation was confirmed by cell western dot blot

AR4Z (pH 7.4
AB42 (pH 4.6
+AB 1 -

+AB24-31
+AR25-32

0 5 10 15

assay. The signal from the spot of Ap42 at pH 4.6 was
reduced by co-incubation with AR15-22 and APR16-23
(Fig. 4a). The average pixel density of each spot was
analysed with NIH imaging software and the percentages
of protein remaining after PK digestion were calculated
from the spot density. Protein remaining was 10% in the
ApB42 control at pH 7.4 and 62% in the control at pH 4.6.
The percentage protein remaining at pH 4.6 was reduced by
addition of APRI5-22 and ApP16-23 (42% and 37%,
respectively; Fig. 4b). Ap16—23 was more active in this
assay than peptide LPFFD (45%), a derivative of AB17-20,
LVFF (data not shown).

4.4. Dose-dependence of AP42 activity on casein

Fig 5a presents the hydrolytic activity of AR42 at pH 7.4
over the range of 1-20 pM. The activity of Ap42 (2.5 uM)
showed 1.7 fluorescence intensity and similar reactivity was
observed for 200 pM trypsin (data not shown).

4.5. Time-dependence of hydrolysis

The hydrolysis of casein at pH 7.4 by Ap 42 and
APp17-42 was examined as a function of time at 37 °C.
The relative fluorescence intensity immediately increase to
0.88 upon addition of ApP42 peptide, and eventually
reached a plateau at 2.2 after 60 min. The maximum
activity of APB17-42 was about 30% of Ap42, over a
similar time course (Fig. 5b).

4.6. The proteolytic activity of Af peptides depends on pH

The plateau fluorescence intensity reached in the casein
hydrolysis assay was reduced to 0.53 at pH 4.6, a decrease

20 25 30 35 40

Percentage of remaining protein after PK digestion ( % of control)

Fig. 3. Inhibition of acid-induced A[342 aggregation by AR fragments. Samples of AR42 (4 pg/ml) together with short peptides (4 pg/ml) at pH 4.6 were
immobilized on the ELISA plate and, after digestion with PK at 10 pg/ml, the amount of protein remaining was determined with anti 5— 10 antibody (1 ng/ml)
by ELISA assay. The percentage of PK resistant protein in each sample was estimated as follows: (absorbance of remaining protein/initial protein) X 100 (%).
AR42 (4 pg/ml) at pH 7.4 in the absence of any other peptide acted as control for PK sensitive AR42. Data are mean + S.D. (N=6).
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Fig. 4. Inhibition of AR42 accumulation in glial cells by short peptides. (a) Human glial cells (2 x 10* cells/ml) were cultured for 7 days with pH 4.6-modified
AP42 (4 pg/ml) in the presence or absence of the eight-residue peptides (4 ug/ml), AR15—-22 to AB19-26 and the fraction of protein remaining after PK
digestion (10 pg/ml) determined using the cell western dot blot system as described in Methods. Ap42 at pH7.4 served as a control. (b) Quantification of PK
resistant A by computerized densitometry. The percentage of PK resistant protein was determined as follows: (pixel density of spot after PK digestion/density

before digestion) X 100 (%).

of about 80%. At neutral pH, Ap17-42 had approximately
40% of the activity of APp42, and this was almost un-
changed by acid exposure. ABl—16 had no activity at
either pH (Fig. 6).

4.7. Dependence of proteolytic activity on peptide length
and effects of metal ions for the activity

It would appear that at neutral pH the hydrolytic activity
of Ap, and small peptides derived from it, depends on
peptide length. The activities of AP40 and AP42 were 1.9
and 2.2 fluorescence intensity, respectively: Af317-42 had
45% of this activity, while Ap1—16 and Ap12-28 displayed
no activity at all. The activity of A31-28 was 0.4 fluores-
cence intensity corresponding to about 20% of A[340 activity

(Fig. 7a). The copper ion could inhibit the proteolytic activity
of Ap42 for casein by approximately 85% decrease and it
was completely recovered with EDTA. Zinc and iron ions,
however, had little affect on the activity (Fig. 7b).

4.8. Crucial amino acid residues for proteolytic activity

The activity of the Ap40 derivatives in which glutamic
acid is replaced by glutamine at position 11 or 22 was
approximately 50% of Ap40 itself. Chemical modification
of the histidine residues at positions 6, 13 or 14, as well as
modification of the serine residues at positions § and 26,
almost completely abolished activity. Conversely, modifi-
cation of the aspartic acid residues at positions 1, 7 or 23
had no effect (Fig. 8).
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Fig. 5. (a) Dose-dependence of the proteolytic activity of Ap42. The
proteolytic activity of AR42 for casein at pH 7.4 was assayed using
EnzCheck as described in Methods. The activity of the indicated
concentrations of Ap42 was determined after 1-h incubation at 37 °C. The
relative fluorescence intensity was determined after subtraction of solvent
fluorescence intensity. Data are mean + S.D. (N=3). (b) Time dependence of
the proteolytic activities of Ap42 and AR17-42. The activity of Ap42 (@)
and AB17-42 (O) at pH 7.4 for casein was assayed by EnzCheck as a
function of incubation time. Data are mean & S.D. (N=6).
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assayed for proteolytic activity against casein using EnzCheck at pH 7.4
(1) and pH 4.6 (B). The activity was determined after 1-h incubation at
37 °C. Data are mean £ S.D. (N=6).
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Fig. 7. (a) Dependence of the activity of AR peptides on peptide length.
AR42, AR40, AR17-42, AR1-28, AB12-28 and AB1-16 at 5 uM were
assayed for cleavage of casein at pH 7.4 using EnzCheck. Activity was
determined after 1-h incubation at 37 °C. Data are mean + S.D. (N=6). (b)
Effects of metal ions for the AR42 activity. CuCl,, ZnCl, and FeCl; at 25
UM was incubated with Ap42 (2.5 uM), respectively, at 37 °C for | h, and
they were tested for enzymatic activity using EnzCheck. EDTA (50 uM)
was also tested to affect the Cu””" in the enzymatic activity. Data are
mean £ S.D. (N=6).
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Fig. 8. Essential sequences and residues required for AP activity.
Comparison of the proteolytic activities of ApP40 (wild type), APp40
(E11Q), (E22Q), and chemically modified Ap40; Ap40 (*H), with histidine
residues modified by DEPC; AR40 (*D), with aspartic acid modified by
EPNP; Ap40 (*S), with serine residues modified by DFP. Data are
mean £ S.D. (N=6).
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Fig. 9. Inhibition of Ap42 activity by short peptides. Mixtures of each short peptide (5 pM) with AR42 (5 pM) were incubated at 37 °C and pH 7.4 for 60 min
before assay with casein substrate. Proteolytic activity was determined after a further 60 min at 37 °C. As a control, the activity of A342 without any short
peptide was determined. Data are expressed as the percent inhibition as follows: percent inhibition=(1 — relative fluorescence intensity of mixture solution of
AP42 and short peptide/that of AR42 without peptide) X 100 (%). Data are mean £ S.D. (N=6).

4.9. Inhibition of A activity against casein by short
peptides

The eight-residue peptides were tested for their ability to
inhibit the hydrolytic activity of AR42 against casein. The
percent inhibition was calculated as described in Methods.
Only AR14-21 and AR15-22 were inhibitory, by about
30% and 38%, respectively (Fig. 9). Ap15-22 also
inhibited the hydrolytic activity of Ap17-42 by about
45% (data not shown).

5. Discussion

Guanidine hydrochloride (GdnHCI) is a commonly used
protein denaturant and at high concentrations unfolds the
molten globule state. However, at low concentrations it can
refold acid-unfolded proteins such as apomyoglobin and
cytochrome ¢, stabilizing their molten globule state [26]. We
have shown in the present study that it exposes amino acid
residues 9—-14 in Ap42 (Figs. 1 and 2), supporting our
previous observation that this region is hidden at pH 4.6. In
addition GdnHCI caused unfolding of partially aggregated
Ap42, which may correspond to the intermediates that
acquire proteinase resistance [12].

Studies of AR42 aggregation kinetics have suggested that
aggregation of the hydrophobic form of AP42 can be
selectively inhibited by the more soluble form, and that
aggregation is driven by a hydrophobic effect of Ap42 [27].
The central region of Ap42 has been implicated in various
biological functions including interaction with other pro-
teins such as apolipoprotein E [3] and this region, compris-
ing amino acid residues 19-25 has a very important
influence on the aggregation and secondary structure of

AP peptide [28]. It has been suggested that residues10-23
may provide the structural basis of the hydrophobic behav-
iour under physiological conditions {29]. Amino acid sub-
stitution studies indicate that the hydrophobic residues at
position 17-20 are crucial for the amyloidogenic properties,
with the very hydrophobic carboxy-terminal residues 29-42
corresponding to the transmembrane domain of Ap42
[30,31] (Fig. 1). The five-residue peptide LPFFD, which
is homologous to the central hydrophobic region 17-21
(LVFFA) of AR42, has been reported to inhibit AR fibrino-
genesis in vitro, prevent neuronal cell death in culture and
reduce AR deposition in the rat brain [32]. It has also been
claimed that this peptide can reverse pre-existing AR fibrils
[33]. Our pervious study of the pH-induced conformational
transitions of AR42 also suggested that amino acids residues
at positions 9~14 and 17-21 were responsible for the
changes [12].

The ability of partial A3 fragments around Ap16-23 to
inhibit AB42 aggregation was proved by both ELISA and
cell western dot blot analysis (Figs. 3 and 4a,b). This may be
due an ability to bind to the central hydrophobic region of
Ap42, including the pH-sensitive region, thereby destabi-
lizing the interaction between AP monomers and/or
oligomers necessary for fibril stability. As a result, the site
of proteinase cleavage would be exposed, and it would
become sensitive to proteinase K. Short fragments around
AP16-23 may be produced in vivo in the normal process-
ing steps, since a-secretase is reported to act between
residues 16 and 17 [34], and cathepsin D in the lysosome
acted in the region of residue 21 [35,36]. Moreover, expo-
sure to the proteinase responsible for insulin degradation
generates the AR17-24 fragment [37]. Hence, peptides
around A[316-23 could be physiological products and
may play an important role in inhibiting self-aggregation
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of AP42 in vivo. In our present assay system A{(316-23
inhibited AP42 aggregation better than the five-residue
peptide LPFFD (data not shown). We have suggested that
short peptides could facilitate the formation of mixed
aggregates with AP42 that are sensitive to proteinase K
and these findings raise the possibility that peptides around
APB16-23 could be useful for treating amyloid plaque in the
AD brain.

We have confirmed the proteolytic activity of AR42 for
casein at neutral pH and have shown that A317-42 also has
some activity (Figs. 6 and 7a). pH shift from 7.4 to 4.6
decreased the activity of Ap42 by about 76% and resulted in
the same level of activity as AB17-42, which was almost
unaffected by acid pH (Fig. 6). These data indicate that
residues important for AR42 activity are pH sensitive and
that these must be present in the region between residues 1
and 16. We speculate that residues around 9—14 and 17-21,
which are affected by pH and induce conformational
changes [12], may participate in the activity. Though
AP42 requires the first 16 residues for full activity, ARl -
16 itself has no activity (Figs. 6 and 7a). As there are no
amino acid residues in AP29-42 capable of forming the
active site, the region 1-28 must contain all of the amino
acid residues essential for activity. A31—-28 corresponds to
the extracellular domain and contains the first a-helix
(Fig. 1), and had a low level of activity. It should be noted
that although NMR studies of micelle-bound A {342 revealed
the existence of an «-helix in this region [38], examination
in water did not support that finding [39]. Despite the fact
that the lengths of AP1-28 and APR17-42 are almost the
same, AR17-42 showed higher activity than Ap1-28 (Fig.
7a). We suggest that the region 29-42, which contains a
second a-helix and corresponds to the transmembrane do-
main, is essential for full activity of AP42 and that serine 26
may contribute to the partial activity of Ap17-42. Further-
more, residues 29-42 may be essential for stabilizing the
first a-helix (residues 9-23), because these residues are
reported to be essential for stabilizing the fibrils [40,41].
Although Ap1-16 and AB12-28 may contribute residues
crucial for AR42 activity, both are shorter than AR1-28 and
lack the region required for stabilization. Metal ions includ-
ing copper and zinc could induce conformational transition
of AP42 at neutral pH and amino acids residues 9—14 (6F/
3D epitope) participate to the changes [12] and in the
present study, copper could also inhibit the enzymatic
activity of AR42 (Fig. 7b). These results suggest that the
6F/3D region, which is associated with copper, might
participate to the formation of the catalytic site of Ap42.

Chemical modification of the serine, as well as the
histidine residues of AR40, dramatically reduced proteolytic
activity. However, modification of the aspartic residue has
no affect (Fig. 8). Substitution of glutamic acid by gluta-
mine at positions 11 and 22, in the putative a-helical region,
also decreased activity by 50-60% (Fig. 8). The mutation at
position 22 (E22Q) is known as the “Dutch type” and gives
rise to familal early onset AD [42—44]. Such protein has

potent aggregative ability and neurotoxicity in PC12 cells
(rat pheochromocytoma) [45]. Our previous data suggested
that the glutamic acid at position 11 is very sensitive to
acidic pH and is a key residue for preserving the confor-
mation around region 9-21 [12]. The present findings
suggest that serine and histidine residues participate directly
in the proteolytic activity of AR42, indicating that this may
be a serine proteinase-like activity. The glutamic acids at
positions 11 and 22 may be required to preserve the
conformation around the catalytic site and the 29—-42 region
may be essential to stabilize the conformer. Further experi-
ments are required to identify the serine and histidine
residues responsible for activity.

Interestingly, the proteolytic activity of Ap42 was only
inhibited by AR14-21 and AB15-22 (Fig. 9). Thus,
APR15-22 can inhibit both AR42 aggregation at acidic pH
and its serine proteinase-like activity at neutral pH, and we
speculate that oligomerisation of AR42 may be required for
full proteolytic activity. Ap15-22: QKLVFFAE may be
useful in the treatment of AD.
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