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(PrP106–126) exhibits some of the pathogenic and
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Site-directed monoclonal antibodies (mAbs) may in-
eract with their antigens, leading to stabilization, re-
olding, and suppression of aggregation. In the follow-
ng study, we show that mAbs raised against the
eptide 106–126 of human prion protein (PrP 106–126)
odulate the conformational changes occurring in the

eptide exposed to aggregation conditions. MAbs 3–11
nd 2–40 prevent PrP 106–126’s fibrillar aggregation,
isaggregates already formed aggregates, and inhib-

ts the peptide’s neurotoxic effect on the PC12 cells
ystem, while mAb 3F4 has no protective effect. We
uggest that there are key positions within the PrP
06–126 molecule where unfolding is initiated and
heir locking with specific antibodies may maintain
he prion peptide native structure, reverse the ag-
regated peptide conformation, and lead to rear-
angements involved in the essential feature of
rion diseases. © 2001 Academic Press

Key Words: monoclonal antibody; aggregation; neu-
otoxicity; prion peptide; immunomodulation.

Prion diseases involve conversion of the normal cel-
ular prion protein (PrPC) into the corresponding
crapie isoform (PrPSc). Spectroscopic measurements
emonstrate that the conversion of PrPC into the
crapie isoform (PrPSc) involves a major conformational
ransition, implying that prion diseases, like other
myloidogenic diseases, are disorders of protein confor-
ation. The transition from PrPC to PrPSc is accompa-

ied by a decrease in a-helical secondary structure
from 42 to 30%) and a remarkable increase in b-sheet
ontent (from 3 to 43%) (1, 2). This rearrangement is
ssociated with abnormal physicochemical properties,
ncluding insolubility in nondenaturing detergents and
artial resistance to proteolysis (3).
Previous studies have shown that a synthetic pep-

ide homologous with residues 106–126 of human PrP

1 To whom correspondence should be addressed. Fax: 972 3
409407. E-mail: beka@ccsg.tau.ac.il.
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hysicochemical properties of PrPSc. The peptide shows
remarkable conformational polymorphism, acquiring
ifferent secondary structures in various environ-
ents. It tends to adopt a b-sheet conformation in

uffered solutions, and aggregates into amyloid fibrils
hat are partly resistant to digestion with protease
4–7). Recently the x-ray crystallographic studies of a
omplex of antibody 3F4 and its peptide epitope (PrP
04–113) provided a structural view of this flexible
egion (8). These data suggest that the PrP region
ncluding residues 106–126 might be one of the key
egions where conformational changes are initiated
eading to the conversion of PrPC to PrPSc. The identi-
cation of classes of sequences that participate in
olding-unfolding and/or solubilization-aggregation
rocesses suggests the existence of effective solutions
or the prevention of aggregation (9–11).

Binding of high affinity mAbs to such regions may
lter the molecular dynamics of the whole protein
hain or assembly (12–16). By appropriate selection,
Abs have been found to recognize incompletely folded

pitopes and to induce native conformation in partially
r wrongly folded protein. Recent studies of Alzhei-
er’s b-amyloid fibrils assembled from the synthetic

eptide (bAP) showed that mAbs 6C6 and 10D5 raised
gainst the N-terminal region of the bAP (residues
–28) can disaggregate bAP fibrils, restore the pep-
ide’s solubility and prevent neurotoxic effects (17, 18). In
his study, we propose mAbs raised against the peptide
06–126 as modulators of conformational changes occur-
ing in the prion peptide exposed to aggregating condi-
ions, leading to prevention of aggregation and related
eurotoxicity on cultivated neural-like cells.

ATERIALS AND METHODS

reparation of Monoclonal Antibodies
against PrP 106–126

Balb/C mice immunized with synthetic peptide corresponding to
he sequence of human PrP 106–126 (obtained from Chiron Tech-
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



nologies (Claton Victoria, Australia)) coupled to the larger carrier
p
m
M

a
P
p
m
T
T

P

o
a
m
l

M

p
m
i
t
1
w
1

m
i
p
m
3
p
3
f
1
m
a
t

C

p
L

a

9
m
d
i
s
a
a
o
i
m

P

w
3
o

t
p
a
v
t
v

R

I

i
t
c
a
m
b
a
a
(
w
a

I

s
m

t
d
m
1
m

Vol. 280, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rotein keyhole limpet haemocyanin (KLH) were used for generating
onoclonal antibodies following the fusion techniques of Kohler and
ilstein (19).
Hybridomas were screened for the production of peptide-specific

ntibodies by enzyme-linked immunosorbent assay (ELISA) using
rP 106–126 as the antigen. Selected monoclonal antibodies were
urified from ascetic fluid according to published procedures: IgG
olecules on a protein A column (20) and IgM on KaptiveM column.
wo mAbs, namely 2–40 and 3–11, were used for further studies.
he mAb 3F4 was purchased from Senetek, Ca.

rP 106–126 Aggregation and Immunocomplexation

In vitro aggregation of peptide 106–126 was induced by incubation
f an aqueous solution of PrP 106–126 (10 mg/ml in water) for 7 days
t 37°C. The aggregated peptide was incubated either alone or with
onoclonal antibodies 2–40, 3–11, or 3F4 at molar ratios specified

ater.

odulation of PrP 106–126 Conformation followed by:
1. Electron microscopy. Negatively stained amyloid fibrils were

repared by floating carbon-coated grids with peptide solutions (250
M in PBS) and air drying. Fibrils of PrP 106–126, either alone or

mmunocomplexed to mAbs 2–40 and 3–11 (the molar ratios between
he mAbs and the peptide were for 2–40: 1:2 and 1:1000, for 3–11:
:500) for 7 days at 37°C, were negatively stained with aqueous (2%
t/vol) uranyl acetate and then visualized by using a JEOL model
200 EX electron microscope operated at 80 kV.

2. Thioflavin T (ThT) fluorimetry assay. Prion amyloid fibril for-
ation was quantified by the Thioflavin T (ThT) binding assay which

s specific to identify amyloid fibrils (21, 22). The aggregation of the
rion peptide was followed using samples of PrP 106–126 (0.5 mg/
l) in PBS incubated for 7 days at 37°C, either alone or with mAbs

–11, 2–40, and 3F4. The molar ratios between the mAbs and the
eptide were for 3F4: 1:5, for 2–40: 1:5, 1:10, 1:100 and 1:1000, for
–11: 1:500, 1:1000, 1:5000 and 1:10000. Disaggregation of already
ormed prion amyloid fibrils was measured using samples of PrP
06–126 that were incubated for 7 days at 37°C and then supple-
ented with the mAbs for an additional 24 h. Fluorescence (emission

t 482 nm after excitation at 435 nm) was measured after an addi-
ion of the samples to ThT (2 mM in 50 mM glycine, pH 9).

ytotoxicity Assay of PrP 106–126 Using PC12 Cells

Rat pheochromocytoma PC12 cells were cultured in DMEM sup-
lemented with 8% horse serum, 8% fetal calf serum, 2 mM
-glutamine and 100 units/ml penicillin/streptomycin and incubated
t 37°C under 5% CO2.
For the neurotoxicity assay, cultured PC12 cells were seeded on

6-well plates at a density of 2 3 104 cells/100 ml/well in a serum-free
edium supplemented with 2 mM of insulin. Cells were treated for 3

ays with 100 mM PrP 106–126 preincubated 7 days at 37°C to
nduce maximal aggregation of the peptide. Cell viability was as-
essed by the MTT assay (23). Briefly, MTT was added to the wells to
final concentration of 1 mg/ml and incubated with the cells for an

dditional 3 h at 37°C. Cell lysis buffer (20% wt/vol SDS in a solution
f 50% dimethylformamide, pH 4.7) was added, and the plate was
ncubated overnight at 37°C. MTT reduction was determined colori-

etrically by measuring the optical density (OD) at 550 nm.

revention of PrP 106–126 Neurotoxicity

The effect of mAbs on the inhibition of PrP 106–126 neurotoxicity
as determined as follows: Monoclonal antibodies 3–11, 2–40, and
F4 were added (at molar ratios between the mAbs and the peptide
f 1:500, 1:10, and 1:10, respectively) for 1 h to samples of 1 mM of
116
he already aggregated peptide (diluted with DMEM). The antibody-
eptide mixtures, as well as the aggregated peptide alone, were
pplied to the cells to a peptide final concentration of 100 mM. Cell
iability following a 3 day incubation at 37°C with the aforemen-
ioned reaction mixture, was assessed as described above. 100%
iability was defined as the value of MTT assay for untreated cells.

ESULTS

solation of Monoclonal Antibodies
against PrP 106–126

Mice immunized with synthetic peptide correspond-
ng to the sequence of human PrP 106–126 coupled to
he larger carrier KLH were used for generating mono-
lonal antibodies against epitopes on this peptide. An
rray of positive clones detected by ELISA, composed
ainly of immunoglobulin M (IgM) molecules, has

een isolated though several IgG clones were present
s well. In this study we will discuss the anti-
ggregating activity of mAbs 3–11 (IgM ml) and 2–40
IgG g1k), both of which were revealed to bind the
hole prion protein in its cellular form (PrPC) as well
s in its scrapie form (PrPSc) (data not shown).

mmunomodulation of PrP 106–126 Fibrillar
Aggregation followed by Electron Microscopy

Incubation of PrP 106–126 for 7 days at 37°C re-
ulted in amyloid fibril formation, as seen via electron
icroscopy (Fig. 1A). Preincubation of the peptide with

FIG. 1. Modulation of PrP conformation via mAbs as detected by
he electron microscopy. PrP 106–126 (250 mM) was incubated for 7
ays at 37°C alone (A) or with mAbs 2–40 (B, D) and 3–11 (C). The
olar ratios between the mAbs and the peptide were 1:2, 1:500, and

:1000 (B–D, respectively). Amyloid fibrils were detected by electron
icroscopy (Magnification 3 50,000).
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regation (Figs. 1B and 1C) in a dose dependant man-
er. As shown in Fig. 1D at low molar ratios between
he mAb 2–40 and the peptide, amyloid fibrils are still
etected but at a lower extent compared to the aggre-
ated peptide alone.

revention of Amyloid Fibril Formation as Measured
by ThT Assay

Incubation of PrP 106–126 at 37°C at different con-
entrations led to a dose dependent amyloid fibrillar
ggregation, as measured by the Thioflavin T binding
uorescence assay (Fig. 2A). The concentration of PrP
06–126 at 0.5 mg/ml was chosen for further studies.
MAbs 3–11 and 2–40 prevent PrP 106–126 fibrillar

ggregation and reverse the aggregated form to a
onamyloid conformation. A significant decrease in
myloid formation (up to 88% prevention) occurred
fter the preincubation of PrP 106–126 at 37°C in the
resence of mAbs 3–11 and 2–40, supporting the elec-
ron microscopy results.

When the antibodies were added to already formed
ggregates of PrP 106–126 more than 60% of fibrils are
isaggregated under the experimental conditions em-
loyed. MAb 3F4 exhibited poor ability both in inhib-
ting fibril formation and in their disaggregation (Fig.
B). The inhibition of fibril formation and their disag-
regation were related to the antibody’s concentration
nd to the epitope location (Figs. 2B–2D). The protec-
ive activity of mAb 3–11 is exhibited at lower concen-
rations compared to mAb 2–40. This behaviour may
e partly explained by the multi-valency of mAb 3–11
eing an IgM. The protective effect percentage was
alculated in the following way:

Protective effect

5 100 2

Emission 482 nm
(PrP 106–126 incubated with Ab)

Emission 482 nm
(PrP 106–126 incubated alone)

3 100.

revention of PrP 106–126 Toxicity in a PC12 Cell
Culture Model

Since the major target organ for scrapie agent is the
ervous system, an in vitro neuronal model system was

4 h (grey bars). The molar ratios between mAbs 2–40, 3–11, 3F4,
nd the peptide were 1:5, 1:500, and 1:5, respectively. Fibril forma-
ion was assessed by the ThT binding assay. (C, D) PrP 106–126 (0.5
g/ml) was incubated for 7 days at 37°C with increasing dilutions of
Abs 2–40 (C) and 3–11 (D). The antibodies were added either

efore the exposure to 37°C (white bars) or after, for an additional
4 h (grey bars). The molar ratios between the mAbs and the peptide
ere for 2–40: 1:5, 1:10, 1:100, and 1:1000, for 3–11: 1:500, 1:1000,
:5000, and 1:10000.
FIG. 2. Modulation of PrP conformation via mAbs as detected by
he ThT assay. (A) Increasing concentrations of PrP 106–126 (0–0.8
g/ml) were incubated for 7 days at 37°C. Fibril formation was

ssessed by the ThT binding assay. (B) PrP 106–126 (0.5 mg/ml) was
ncubated for 7 days at 37°C alone (1) or with mAbs 2–40, 3–11, and
F4 (2, 3, and 4, respectively). The antibodies were added either
efore the exposure to 37°C (white bars) or after, for an additional
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sed to analyze PrP toxicity. The rat pheochromocy-
oma PC12 cells—a neuron-like cloned tumor cell line
24)—served as a model for detection of protective mol-
cules against the toxicity induced by PrP fibrils.
PrP 106–126 was found to be toxic to PC12 cells in a

ose dependant manner, related to its conformational
tate. Cell viability considerably decreased, (as de-
ected by MTT assay), when cells were exposed for 3
ays to a preincubated PrP 106–126. Under the de-
cribed conditions, cell viability reduced to 40% at 100
M of PrP 106–126 (Fig. 3).
The cytoprotective effect of mAb 3–11 and 2–40 is

hown in Fig. 3. mAbs 3–11 and 2–40 were shown to
nhibit death of cells induced by 100 mM PrP 106–126.
he viability of cells treated with a mixture of either
ntibody and the peptide was 85–89%, comparing to a
0% survival of cells treated with the peptide alone
the antibodies without the peptide had no affect on cell
iability). The antibodies’ protective effect was appar-
ntly related to the specific epitope on the PrP 106–126
olecule, since no evident protection was demon-

trated by mAb 3F4 (44% viability) which binds only
he PrPC form (25).

ISCUSSION

High affinity ligands bind to the native conformation
f proteins involved in some amyloidoses and inhibit
he conformational changes required for amyloid fibril
ormation (17, 18, 26, 27). The possibility of involve-

ent of PrP amyloid in the pathogenesis of nerve cell
egeneration and glial cell reaction led to the identifi-
ation of PrP sequences that are important to amyloid
ormation. A fragment of PrP consisting of amino acids
06–126 was found to be toxic to rat hippocampal
eurons (6), to mouse cortical and cerebellar cells (28,
9), and to be particularly highly fibrillogenic (4). The

FIG. 3. Protective effect of antibodies on PrP peptide neurotox-
city. PC12 cells were seeded on 96 well plates in a DMEM medium
upplemented with 2 mM insulin 2 mM L-glutamine and 100 units
enicillin/streptomycin. Cells were subjected to the following treat-
ents for 3 days: 1. Positive Control, untreated cells. 2. 100 mM PrP

06–126 preincubated for 7 days at 37°C. 3, 4, 5. A mixture of mAbs
–11, 2–40, and 3F4, respectively and the aggregated peptide pre-
ncubated for 1 h before applied on cells. Following the above treat-

ents cell viability was assessed by MTT assay.
118
nd exhibited properties of in situ amyloid (4, 5). Syn-
hetic peptides corresponding to this region of PrP ex-
ibit considerable conformational flexibility consistent
ith the a-helix to b-sheet transition (4) similar to that
f PrPC transformed into PrPSc. The conformational
lasticity of this region is further emphasized by the
ndings that two distinct prion strains exhibit different
ites of proteolytic cleavage within this region (30, 31).

The data presented show that site-directed antibod-
es may prevent the conversion of the prion peptide to

toxic conformation and disaggregate the fibrillar
tructure, abolishing its toxicity. Locking this peptide
ith mAbs led to a considerable protective effect
gainst aggregation as measured by ThT and MTT
ssays and detected by electron microscopy. We have
ound that mAbs 3–11 and 2–40 decrease significantly
he peptide fibrillar aggregation, reverse the aggre-
ated form to a nonamyloid conformation, and decrease
he peptide toxicity on PC12 cells.

The availability of the mAbs 3–11 and 2–40 epitopes
or antibody binding when PrP peptide is either in
olution or is an aggregate suggests that this epitope is
nvolved in aggregation process and may act as a reg-
latory site controlling both the solubilization and dis-
ggregation process of PrP peptide. These features re-
ain to be determined on the whole PrP protein level.
The NMR structure of the full length human prion

rotein (PrP 23–228) shows that the ;100 amino acids
f the amino terminal half (residues 23–124) have a
andom disorganized structure. Epitopes towards the
-terminus of the protein, that are largely cryptic in
rPSc, are exposed in PrPC suggesting that the major
onformational changes required for the acquisition of
rion infectivity occur in the N-terminal portion of the
rotein. The highly flexible region could provide the
lasticity required for the conformational transition of
rPC to PrPSc perhaps by template assisted formation
f b-structure. The region could prove to be important
n lowering the activation barrier for the conversion of
rPC into PrPSc (2, 32–34). This is consistent with
tudies with recombinant monoclonal antibodies that
how that epitopes located at the N-terminus but not
he C-terminus of PrPSc are buried, whereas epitopes
hroughout native PrPC are accessible, suggesting that
he amino terminus of PrPC is the part of the protein
hat changes most profoundly during the conversion to
rPSc (35). It is also suggested that the 29–125 region
f the highly homologous Syrian hamster PrP stabi-
izes the conformational ensemble of helix B between
esidue 187 and 193, a region with importance in PrPC/
rPSc recognition (32).
Understanding the mechanism and molecular de-

ails of the toxic conformational conversion of amy-
oidogenic protein may be of great importance in
eveloping approaches towards the prevention and
reatment of such diseases. Intervention in the for-



mation of amyloid fibrils may be a common strategy to
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revent the development of different conformational dis-
ases. Appropriate mAbs may interact at such strategic
ites where protein unfolding is initiated, thereby stabi-
izing the protein and preventing further conformational
hanges and avoiding pathological aggregation.
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