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Disaggregation of Alzheimer b-amyloid by site-directed mAb
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ABSTRACT In Alzheimer disease, b-amyloid peptide ac-
cumulates in the brain as insoluble amyloid plaques. Amyloid
filaments, similar to those found in amyloid plaques, can be
assembled in vitro from chemically synthesized b-peptides. In
this study, we report that antibodies raised against the N-
terminal region (1–28) of the b-amyloid peptide bind to the in
vitro-formed b-amyloid assemblies, leading to disaggregation
of the fibrils and partial restoration of the peptide’s solubility.
The concomitant addition of fibrillar b-amyloid with these
antibodies to PC 12 cells leads to the inhibition of the
neurotoxic effects of b-amyloid. Some of the mAbs raised
against soluble b-peptide (1–28) have been found to prevent in
vitro fibrillar aggregation of b-amyloid peptide. These exper-
imental data suggest that site-directed mAbs interfere with
the aggregation of b-amyloid and trigger reversal to its
nontoxic, normal components. The above findings give hints
on how to convert in vivo senile plaques into nontoxic, diffuse
components and may have therapeutic interest for those
studying Alzheimer disease and other human diseases related
to amyloidogenic properties of physiological peptides and
proteins.

One of the major pathological features of Alzheimer disease
(AD) is the abundant presence of amyloid plaques in the brain
tissues of affected individuals (1). The plaques are predomi-
nantly comprised of a 40- to 42-mer b-amyloid peptide (Ab)
whose neurotoxicity is related to the aggregation process (2, 3).
In AD, Ab accumulates in the brain as both diffuse and
compact plaques. Diffuse plaques are not associated with
degenerative changes whereas compact plaques comprised of
Ab fibrils are associated with pathological changes in the
surrounding brain parenchyma (4).
Ab was found to be a normal metabolite produced during

processing of a large transmembrane glycoprotein amyloid
protein precursor. Once released by proteolytic cleavage of an
amyloid protein precursor, the b-peptide may remain in solu-
tion either as a random coil or as an a-helical structure (5, 6).
The transition of the a-helix to a b-sheet conformation, with
concomitant peptide aggregation, is a proposed mechanism of
plaque formation.
The contribution of the C-terminal region of Ab in the

initiation and progression of b-sheet formation has been
established (7–9). However, the importance of the N-terminal
fragment of the Abmolecule for fibrillar genesis has only lately
been emphasized (10–11). Whereas the hydrophobic segment
in the C-terminal domain of Ab develops a b-strand structure
in aqueous solutions, independently of pH or temperature
conditions, the N-terminal region can exhibit different con-
formations and solubility properties depending on environ-
mental conditions (12). Recent studies show that deletion of
the 1–12 and 1–17 amino-terminal residues from Ab acceler-

ates its aggregation in parallel with enhanced neurotoxicity
effects (13).
Amyloid filaments, similar to those found in amyloid plaques

and cerebrovascular amyloid, can be assembled from chemi-
cally synthesized b-peptides under well defined experimental
conditions in vitro, and the effect on neural cells may be
neurotoxic or neurotrophic, depending on the b-amyloid fibril-
lar state (14–16).
Recently, we showed that selected mAbs raised against

b-peptide interfere with in vitro aggregation of the Ab, main-
taining its solubility under experimental conditions in which
the peptide tends to self-aggregate (17). In the present study,
we show that site-directedmAbs against various epitopes of the
soluble Ab may selectively disturb the fibrillar, amyloid-like
assemblies and inhibit b-amyloid neurotoxicity.

MATERIALS AND METHODS

Synthetic Ab (1–40) was obtained from k-Biological (Rancho-
Cucamonga, CA). In vitro formation of b-amyloid was induced
by incubation of an aqueous solution of Ab (10 mgyml) for 7
days at 378C. The extent of b-amyloid formation and disag-
gregation was monitored using a panel of well characterized
mAbs (18–20) raised against soluble Ab fragments, as follows:
mAb 6C6, which recognizes an epitope located in the 1–16
region of Ab; mAb 14C2 raised against region 13–28 of Ab;
mAb 14C2 raised against residues 33–40 located at the C-
terminal region of the Ab; and CP4 raised against carboxypep-
tidase A prepared in our laboratory and used as an unrelated
antibody as control. The anti-Ab mAbs were provided by D.
Schenk (Athena Neuroscience, San Francisco).
Cell Culture and Cytotoxicity Assay. Rat pheochromocy-

toma PC 12 cells were cultured in DMEM supplemented with
5% horse serum, 10% fetal calf serum, 2 mM L-glutamine, and
100 unitsyml penicillinystreptomycin and incubated at 378C
under 5% CO2.
For the neurotoxicity assay, cultured PC 12 cells were seeded

into a 96-well plate at a density of 104 cellsy100 mlywell in a
serum-free medium supplemented with 2 mM of insulin. The
dose-dependent neurotoxicity was measured using samples of
fibrillar b-amyloid obtained after 7-day aging at 378C of an
aqueous solution of Ab (250 mM). The b-amyloid, at concen-
trations ranging between 0.025 and 25 mM, was added to the
wells containing PC 12 cells. The plates were incubated at 378C
for 2 days, after which cell viability was assessed by measuring
cellular redox activity with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), as described (21–24).
MTT was added to the wells at a final concentration of 1
mgyml and incubated with the cells for a further 3 h at 378C.
Cell lysis buffer (20% wtyvol SDS in a solution of 50%
dimethylformamide, pH 7.4) was added, and the plate was
incubated overnight at 378C. MTT reduction was determined
colorimetrically by the change in OD at 550 nm using an
automated microplate spectrophotometer. The effect of mAbsThe publication costs of this article were defrayed in part by page charge
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on the inhibition of neurotoxicity of b-amyloid was measured
as follows: In a first set of experiments, fibrillar b-amyloid (0.25
mM), 100 ml, was added concomitantly with increasing con-
centrations of the studied antibodies, e.g., 6C6, 14C2, 1C2, and
CP4 (at molar ratios of 100 and 10:1 AbymAb) in a constant
volume of 150 ml to the wells containing PC 12, and cell
viability was measured. In another set of experiments, samples
of the fibrillar b-amyloid (2.5 mM) (previously incubated with
mAb 6C6 andyor with the unrelated antibody for 24 h at a
molar ratio of 10:1 AbymAb) were added to the wells con-
taining the PC 12 cells, and the cell viability was measured as
described above. The assay values (an average of triplicates
obtained for each well) were related to the numbers obtained
in the absence of the b-amyloid, considered as 100% viability.
Formation and Disaggregation of b-Amyloid.Reaction mix-

ture tubes (previously coated with nonfat milk to avoid non-
specific binding) containing aliquots of 100 ng of an aqueous
stock solution of Ab (10 mgyml) were incubated at 378C for 7
days. The soluble and aggregated forms of Ab were separated
by centrifugation at 12,000 3 g for 15 min in an Eppendorf
microfuge at 258C. The b-amyloid aggregates were washed
several times with 25 ml of PBS. The first supernatant, con-
taining the residual soluble Ab, and the washing solutions were
collected and incubated for 60 min with excess of mAb 6C6 to
produce immunocomplexed Ab, which was estimated using a
sandwich ELISA (17). After removal of the residual soluble
Ab, 2 mgy100 ml PBS of each of the studied mAbs were added
to the washed b-amyloid, and the mixtures were reincubated at
378C for 1 more day. The equimolar ratio mAbyAb required
for maximum protection effect against peptide aggregation
previously established (25) was confirmed by the recent ex-
periments. The reaction mixtures were separated by centrifu-
gation from the insoluble b-amyloid under the same experi-
mental conditions described above. The residual b-amyloid
was washed twice with 25ml of PBS by centrifugation under the
same conditions. The washing solutions collected were added
to the first supernatants containing the resolubilized b-amy-
loid–mAb complexes. The amounts of resolubilized b-amy-
loid–mAb complexes were measured by ELISA using poly-
clonal anti-b-peptide antibodies as coating antibodies (Boehr-
inger Mannheim).
Thiof lavin T (ThT) Fluorimetry. Aggregation of Ab was

measured by the ThT binding assay, in which the fluorescence
intensity reflects the degree of b-amyloid fibrillar aggregation.
ThT characteristically stains amyloid-like deposits (26) and
exhibits enhanced fluorescence emission of 482 nm and a new
excitation peak of 450 nm when added to a suspension of
aggregated b-sheet preparations.
Aqueous solutions of Ab samples in PBS (30 mgy10 ml) were

incubated at 378C for 1 week. Various mAbs were added to the
preformed fibrils of b-amyloid at differing molar ratios, and
the reaction mixtures were incubated for 1 day at 378C. The
fluorescence was measured after addition of 1 ml of ThT (3
mM in 50 mM sodium phosphate buffer, pH 6.0).

RESULTS

Epitope-Specific Effect of mAbs on the Solubilization of
b-Amyloid. Exposure of Ab to 378C for 1 week under the
experimental conditions used led to fibrillar formation of
b-amyloid, leaving less than 5% soluble peptide. The fibrillar
nature of the aggregates has been characterized by electron
microscopy and ThT fluorescence studies (17).
To determine whether the effect of mAbs on the solubili-

zation of b-amyloid is a function of a specific Ab domain or a
more general result of interaction with a high molecular weight
molecule such as an antibody, a panel of mAbs directed to
different regions of the Ab was incubated with 1-week-old
b-amyloid. The equimolar ratio AbyAb used in this experi-
ment was based on data previously obtained for the maximal

protection effect of mAbs against protein aggregation, as
recently reported (25, 27). Under experimental conditions
used, mAb 6C6, which binds to an epitope located in the 1–16
region, had a significant solubilization effect on b-amyloid,
ranging between 80 and 98%, after 1 day of incubation at 378C
with the preformed fibrillar b-amyloid (Fig. 1). mAb 1C2,
which binds to region 13–28 of the Ab, was considerably less
effective in restoring the solubility of the peptide. mAb 14C2,
raised against the C-terminal region, had no sensitive effect on
Ab solubility similar to the unrelated mAb CP4.
mAbs Disrupt Fibrillar Structure of b-Amyloid. Fibril

formation was achieved by incubation of the aliquots of Ab for
1 week and was quantitated by ThT fluorometry binding assay.
After 1 week of incubation at 378C, mAbs 6C6 and 1C2, as well
as antibodies raised against unrelated proteins at various molar
ratios, were added to the already formed fibrillar amyloid, and
the mixtures were reincubated at 378C for 1 more day. The
antibody 6C6, at an antibody concentration of 10:1 molar ratio
AbymAb, disrupted the fibrillar structure of b-amyloid with
extensive deterioration of fibril morphology, as indicated by a
substantial decrease in ThT fluorescence (Fig. 2). However, an
equimolar ratio (mAbyAb) of mAb 6C6 was required to reach
the maximum solubilization effect of b-amyloid fibrils. mAb
1C2, which binds to an epitope located on the region 13–28
(assumed to be in the interior site of the hydrophobic core),
interfered only slightly with fibril disaggregation. The disag-
gregation of the fibrils required a relatively short incubation
time with the antibodies, and longer exposure (1 week) had an
insignificantly increased effect on the b-amyloid disaggrega-
tion (data not shown). The decrease in ThT fluorescence
intensity occurred in the presence of a low ratio mAbyAb
(1:10), suggesting the deterioration of the fibrillar aggregate
into amorphous structures, which proved to be nontoxic to PC
12 cells.
Neurotoxicity Detection. In vitro neurotoxicity of Ab to rat

pheochromocytoma PC 12 cells was measured after incubating
the cells for 2 days with increasing concentrations of the
aggregated b-peptide. Viability of the cells exposed to b-amy-
loid was assessed by their ability to reduce MTT using a
mitochondrial enzyme generating formazan. As shown in Fig.
3, Ab neurotoxicity was dose-dependent in the range of
0.025–25 mM, and cell survival (expressed as the percentage of

FIG. 1. Solubilization of b-amyloid in the presence of mAbs 6C6,
1C2 and 14C2. The amounts of immunocomplexes of the resolubilized
Ab obtained after 24-h incubation with the respective antibodies were
measured by a sandwich ELISA assay using rabbit polyclonal anti-
bodies raised against Ab as coating antibodies. Measurement of the
OD of A495 monitors antibody binding to b-amyloid using horseradish
peroxidase-labeled goat anti-mouse antibody (Bio-Rad). The data
represent the mean of three replicates. The SDs of the intraassay and
interassay were 8%. The percentages are related to maximal OD
measured for each mAb after the addition of 100 ng of soluble Ab
complexed with each of the studied mAb to the coated ELISA wells
before incubation at 378C.
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control measured in the absence of b-amyloid) decreased to
37%. Concomitant addition of b-amyloid with mAb 6C6 at
molar ratios ranging from 10 to 100 AbymAb prevented the
neurotoxicity of the b-amyloid in a concentration-dependent
manner (Fig. 4) whereas other studied antibodies exhibited an
insignificant protection effect. The effects of mAbs in pre-
venting neurotoxicity were assessed also by adding either the
b-amyloid previously incubated with the mAbs or the soluble
b-peptide incubated for 7 days at 378C in the presence of the
mAbs to the cell cultures (molar ratio mAbyAb 1:10) (Fig. 5).
The results show that, in both figures, mAb 6C6 had a
protective effect on PC 12 cells; neurotoxicity of b-amyloid was
prevented either when mAb 6C6 was added to the Ab before
the aggregation process or when the antibodies were added for
another 24 h to b-amyloid already formed after 7 days at 378C.

DISCUSSION

Antibody–antigen interactions involve conformational
changes in both antibody and antigen that can range from
insignificant to considerable (28–30). Binding of high affinity
mAbs to regions of high flexibility and antigenicity may alter
the molecular dynamics of the whole protein chain or assembly
(31, 32). mAbs were found to be able to recognize incompletely
folded epitopes and to induce native conformation in partially
or wrongly folded protein (33–35).
In the present study, we show that site-directedmAbs toward

N-terminal regions of the b-peptide can bind to preformed
b-amyloid fibrils, leading to their disaggregation. The preven-

tion of peptide aggregation, as well as the solubilization of
already formed aggregates, required an equimolar ratio of
mAbypeptide, indicating the molecular level of these interac-
tions (17, 25, 27). Binding of high affinity mAbs against the
N-terminal region of Ab at lower antibody concentrations
interfered with noncovalent interactions between the fibrils
and lead to disaggregation and deterioration of assembly of
amyloid fibrils. The deterioration of assembly of amyloid fibrils
was found to be accompanied by inhibition of the neurotoxicity
effect of b-amyloid. The disaggregation effect was found to be
dependent on the location of the epitopes on the b-amyloid
and the binding characteristics of the mAbs. The N-terminal
region of the b-peptide was suggested to be the immunodom-
inant site in Ab. mAbs raised against Ab fragments comprising
amino acids 1–16 show that this region exhibits increased
antigenicity characteristics compared with the rest of the
b-peptides (B. Solomon, personal communication). Recent
studies on antibody recognition of synthetic Ab showed that
antiserum raised against either native b-amyloid or synthetic
b-peptide 1–28 is highly reactive with b-peptide 6–20 and 1–38
but not with b-peptide 22–35 (36).
Formation of b-amyloid fibers involves a number of steps,

including the folding and association of peptide monomers via
hydrogen bonding and intersheet packing to create a b-crys-
tallite subunit from which the fibril can be assembled (37).
Strong interactions occurring at the C-terminal result in self-
association and formation of an anti-parallel, b-fibrillar core.

FIG. 2. ThT-based fluorometric assay. Estimation of the fluores-
cence of ThT, which correlates with the amount of fibrillar b-amyloid
formed after incubation for 1 week at 378C before and after additional
incubation for 24 h with mAbs 6C6 and 1C2 and unrelated antibodies
(at molar ratio 10:1 AbymAb) using the ThT assay as described.

FIG. 3. Dose-dependent neurotoxicity of b-amyloid aggregates on
PC 12 cells measured by MTT assay. Increasing concentrations of
b-amyloid aged 1 week were added to the same amount of cultured
cells and assayed as described.

FIG. 4. Selective inhibitory effect of various mAbs on the b-amy-
loid toxicity toward PC 12 cells using the MTT assay. The mAbs were
added to 0.25 mM b-amyloid at molar ratios of 100:1 AbymAb (left
bars) and 10:1 AbymAb (right bars), and the mixtures were added to
the cells. The percentages are related to cell viability measured in the
absence of the b-amyloid, which is considered 100%.

FIG. 5. The effect of mAb 6C6 on the inhibition of fibrillar
b-amyloid neurotoxicity toward PC12 cells using the MTT assay. The
following preparations were added to the cells for 48 h: (i) Ab (2.5mM)
preincubated for 7 days at 378C; (ii) soluble Ab (2.5 mM) incubated for
7 days at 378C in the presence of mAb 6C6 (molar ratio mAbyAb 1:10);
(iii) preformed b-amyloid (2.5 mM) incubated for a further 24 h with
mAb 6C6 (molar ratio mAbyAb 1:10); and (iv) Ab incubated with
unrelated antibodies. The percentages are related to the cell viability
measured in the absence of b-amyloid, which is considered as 100%.
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Interactions involving the N-terminal region suggest that at
least the residues 1–9 of Ab are not necessary for filament
formation (38). Localization of the Ab N terminus to the
exterior of themolecule is supported by the Soreghan et al. (39)
b-amyloid fibril model, which leaves this region accessible to
bind other proteins. The N-terminal region seems to provide
themeans for interfibrillary contacts, as well as for interactions
between a filament and other proteins or cellular structures
that are often associated with b-amyloid depositions in vivo. As
recently reported (40), this region contains an anti-chymo-
trypsin binding site and, under certain experimental condi-
tions, in its presence, the preformed b-amyloid undergoes a
morphological transition to partially disaggregated fibrils.
Binding of mAbs directed against the N-terminal region

leads to inhibition of the neurotoxicity effect. Several studies
suggest that the neurotoxicity effect correlates with the for-
mation of Ab aggregates and with the extent of the b-sheet
structure (2, 3, 13, 22, 23). The effects of Ab onMTT reduction
on PC 12 cells are known to occur at concentrations below
those that result in cell death (24) and represent early markers
of the metabolic compromise that ultimately leads to cellular
degeneration. After binding of mAb 6C6 to fibrillar b-amyloid,
the neurotoxicity of Ab, as measured by MTT assay, is
prevented because of disaggregation of b-amyloid fibrils. A
slight inhibition effect was obtained after addition of other
amyloid peptide antibodies to PC 12 cells.
These findings suggest that high affinity, site-directed mAbs

(or compounds that may mimic their biological activities as
genetically engineered small antibodies or peptide mimetics)
trigger reversal of the pathological aggregation of b-amyloid to
its nontoxic components. Several human diseases appear to be
related to amyloidogenic peptides and proteins (41–44). Ag-
gregation mechanisms, very similar to those of Ab, are sug-
gested for prion proteins. Development of such compounds
may develop a new class of active molecules in AD andyor
prion disease therapy.
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