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Abstract
We have characterized the antibody-antigen binding events of the prion protein (PrP) utilizing three
new PrP-specific monoclonal antibodies (Mabs). The degree of immunoreactivity was dependent on
the denaturation treatment with the combination of heat and SDS resulting in the highest levels of
epitope accessibility and antibody binding. Interestingly however, this harsh denaturation treatment
was not sufficient to completely and irreversibly abolish protein conformation. The Mabs differed
in their PrP epitopes with Mab 08-1/11F12 binding in the region of PrP93–122, Mab 08-1/8E9 reacting
to PrP155–200 and Mab 08-1/5D6 directed to an undefined conformational epitope. Using normal and
infected brains from hamsters, sheep and deer, we demonstrate that the binding of PrP to one Mab
triggers PrP epitope unmasking, which enhances the binding of a second Mab. This phenomenon,
termed positive immunocooperativity, is specific regarding epitope and the sequence of binding
events. Positive immunocooperativity will likely increase immunoassay sensitivity since assay
conditions for PrPSc detection does not require protease digestion.
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1. Introduction
Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), are
invariably fatal neurodegenerative disorders affecting a broad spectrum of host species and
arise via genetic, infectious, or sporadic mechanisms. In humans, prion diseases consist of
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various forms of Creutzfeldt-Jakob disease (sporadic, familial, iatrogenic, variant), Gerstmann-
Straussler-Scheinker syndrome, Kuru and Fatal Familial Insomnia Prion diseases in animals
include scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle and chronic
wasting disease (CWD) in deer and elk. (Glatzel et al., 2003; Collins et al., 2004; Prusiner,
1998; Abid and Soto, 2006; Wadsworth and Collinge, 2007)

Regardless of the data supporting or refuting the prion (Prusiner, 1982), virino (Dickinson and
Outram, 1988) and virus (for review see Manuelidis, 2007) theories of the nature of the
infectious agent, a key event in prion diseases is the accumulation of an abnormal isoform
(PrPSc) of a host-encoded protein, termed prion protein (PrPC), predominantly in the nervous
system of the infected host (Stahl et al., 1993). Structurally, PrP consists of a disordered,
flexible amino terminal region comprising approximately residues 23–124 and a globular
carboxyl terminal domain (approximately residues 125–231). The carboxyl terminal region is
directly associated with the formation of fibrils and aggregates associated with the disease. The
amino terminal region is involved in protein structural stability and the folding of PrPC to
PrPSc (Cordeiro et al., 2005). PrPC and PrPSc differ in their sensitivities to proteinase K (PK)
with PrPC being completely digested and PrPSc converted to a protease resistant core
(PrP27-30) comprising approximately the PrP residues 90–231. PrPC and PrPSc also differ in
their secondary and tertiary structures (Basler et al., 1986; Caughey et al., 1991; Stahl and
Prusiner, 1991; Caughey and Raymond, 1991; Pan et al., 1993; Kocisko et al., 1994; 1995).
Fourier transform infrared (FTIR) and circular dichroism spectroscopy studies indicate that
PrPC is highly helical (42%) with little β-sheet structure (3%) (Pan et al., 1993). In contrast,
PrPSc contains less helical structure (30%) and a large amount of β-structure (43%). PrPC can
be converted to the lethal PrPSc conformation on contact with PrPSc(Horiuchi and Caughey,
1999; Safar et al., 1998; Caughey, 2001). Several mechanisms have been proposed for the
spontaneous and/or assisted conversion of endogenous PrPC to PrPSc (Caughey, 2001). A
confounding factor in conversion is that PrPSc is conformationally heterogeneous (Cohen and
Prusiner, 1998) which suggests a degree of structural flexibility.

PrPSc represents the only disease-specific macromolecule identified to date, and the majority
of testing procedures are based on the proteolytic removal of endogenous PrPC followed by
the immunological detection of PrPSc. The degree of resistance of PrPSc to proteolysis is likely
related to the amount of PK used for digestion as well as factors associated with PrPSc including
concentration, state of aggregation, unique conformation and other molecules. Such assays
become problematic when PrPSc is present only in low amounts as the enzyme may digest it.
On the other hand, it is important to use sufficient PK to digest all of the PrPC that is present
to eliminate the possibility of false positive results. Confounding this issue is the concept of
PK-sensitive PrPSc (sPrPSc) (Safar et al., 1998) that has been reported to constitute the majority
of PrPSc in the brains of individuals who had died from CJD (Safar et al., 2005). Therefore,
the use of PK likely results in an underestimate of the total PrPSc present in a sample. This
becomes an important issue in the development of a prion disease-specific ante-mortem assay
using biological fluids where the levels of PrPSc are presumably very low. The development
of diagnostic assays that do not require proteolytic treatment of samples would eliminate the
issues associated with proteolytic digestion and reduced assay sensitivity.

Molecular dynamic simulations provide information about the conversion process as well as
possible PrPSc models and illustrate the complexities involved in the conversion of PrP and in
developing diagnostics for PrPSc (Alonso et al., 2001; 2002). In extreme examples the surface
of one form of the protein can change dramatically so that epitopes found in one form of PrP
are unavailable for binding in another form (e.g., the monoclonal antibody [Mab] 3F4 epitope
is less accessible in the PrPSc form; Peretz et al., 1997).
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Furthermore, previous studies have shown that the binding of an antibody specific for the N
terminus of PrPC can block the recognition of another antibody that normally binds to a
conformational epitope located within the C terminus. It is likely that the binding of the first
antibody causes a specific, but subtle, conformational change within the C terminus resulting
in a loss or masking of the epitope of the second antibody (Li et al., 2000). This concept, which
we refer to as negative immunocooperativity, describes the loss of antibody binding to its
epitope resulting from a change in the antigen which was induced by the initial binding of a
different antibody to its specific epitope.

In this paper, we describe dynamic antibody-antigen interactions resulting in positive prion
protein immunocooperativity. We hypothesize that this event consists of PrPSc spatial
rearrangement, which may also be associated with non-PrP macromolecular denaturation,
resulting in PrP epitope unmasking. This finding has important implications for PrP structural
analysis, detection of PrPSc without proteolysis resulting in enhancing PrPSc assay sensitivity,
and targeting specific PrP sites for therapeutics.

2. Materials and Methods
Animals and TSE Agents

Hamster-adapted scrapie strain 263K was originally obtained from Dr. Richard Kimberlin
(SARDAS, Edinburgh, Scotland) and the ME7 mouse-adapted scrapie strain was originally
supplied by Dr. Alan Dickinson (ARC and MRC Neuropathogenesis Unit, Edinburgh,
Scotland). Both of these scrapie strains were provided by Dr. Richard Carp (NYS Institute for
Basic Research, Staten Island, NY). Strains ME7 and 263K were used to infect CD-1 mice and
LVG/LAK hamsters (Charles River Breeding Laboratories, Wilmington, MA, USA),
respectively. Preparation of inoculum, injection and sacrificing of animals were performed as
previously described (Carp and Callahan, 1981; Carp et al., 1990). The mice were observed
daily to detect the onset and progression of clinical signs. Behavioral analysis included
evaluation for posture, balance, coordination, and the presence of tremors. Brains from sheep
infected with scrapie and white-tailed deer infected with CWD were harvested at the time of
clinical disease and frozen at −80o C. Brains from uninfected animals were similarly harvested
and frozen.

Generation of Monoclonal Antibodies
PK-treated PrPSc, which consists of the core protein containing amino acids (aa) 90–231
(PrP90–231), was isolated from the brains of 263K infected hamsters using a procedure
originally reported by Hilmert and Diringer (1984) and modified by Rubenstein et al. (1994).
This material was solubilized using guanidine hydrochloride extraction and methanol
precipitation as previously described (Kang et al., 2003) and used as the immunogen. PrP−/−

mice were immunized and their immune responses monitored by ELISA as previously
described (Kascsak et al, 1987). One of the immunized mice was used to produce hybridomas.
The mouse received a final immunization of antigen by the intravenous route in phosphate-
buffered saline (PBS) 4 days before fusion. Spleen cells were fused to an SP2/0 myeloma cell
line expressing reduced levels of cell surface PrPC (Kim et al., 2003). The hybridomas were
screened by ELISA as previously described (Kascsak et al., 1987) and the resulting cells were
cloned three times by limiting dilution. Large scale Mab production was carried out using
disposable bioreactor flasks (Integra Biosciences, Switzerland) and antibody was purified from
media using protein G immunoaffinity chromatography (Pierce, Rockford, IL). Protein was
determined by the micro BCA protein assay (Pierce) and isotyping was performed using the
mouse monoclonal antibody isotyping kit (Pierce). Each of the Mabs was biotinylated using
the EZ-link biotinylation kit (Pierce).
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Immunoassays
For the preparation of 10% brain homogenates, brain tissues were homogenized in 10 vol. of
ice-cold lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 1% Igepal CA-630 (Nonidet P-40),
0.5% deoxycholate, 5 mM EDTA, pH 8.0) in the presence of 1 mM phenylmethylsulfonyl
fluoride (PMSF) (if the homogenate was to be treated with PK, PMSF was omitted from the
lysis buffer). After centrifugation at 1,000 x g for 10 min, the supernatants were aliquoted and
stored at −80° C.

For the indirect ELISA, brain homogenates were centrifuged at 1,000 x g for 2 min. Sodium
dodecyl sulfate (SDS) was added to 1 ml of the supernatants to a final concentration of 1%,
heated at 100° C for 10 min and centrifuged at 16,000 x g for 5 min. The supernatants were
diluted 10-fold in phosphate buffered saline (PBS) and added to 96-well Costar microtiter
plates in a volume of 100 μl per well. After incubation overnight at 4°C, the wells were emptied
and washed three times with PBST (PBS containing 0.2% Tween 20). Primary antibodies were
diluted to 5 μg/ml, 100 μl is added per well, and the plates were incubated at room temperature
for 60 min. The wells were then washed three times with PBST. One hundred microliters
(1:1000) of goat anti-mouse lgG (Fab fragments) conjugated to alkaline phosphatase (Sigma
Chemical Co.) was added to each well and incubated at room temperature for 60 min. The
wells were washed three times with PBST followed by the addition of 100 μl PNPP (4-
Nitrophenyl phosphate disodium salt hexahydrate, Sigma) substrate solution. The OD405 was
measured after a 37o C incubation for 60 min.

For the capture ELISA assay, 96-well plates were coated with affinity-purified capture Mab
(5 μg/ml) at room temperature for 2–3 hrs. The coated wells were blocked with 3% bovine
serum albumin (Sigma) in PBS overnight at 4° C. The wells were washed three times with
PBST. The antigen was either non-PK or PK (100 μg/ml PK at 50 °C for 30 min) treated brain
lysates to which was added a final concentration of 1% PMSF. All samples were treated with
1% SDS (final concentration), heated at 100o C for 10 min. and centrifuge at 16,000 x g for 5
min. The supernatants were diluted 10-fold and 100 μl was added to each well. The plates were
incubated at 37o C for 1 hr. The wells were washed three times with PBST and 100 μl of the
biotinylated detector antibody (5 μg/ml) was added. After 60 min the wells were washed with
PBST and 100 μl streptavidin conjugated to alkaline phosphatase (!:5,000) was added for 60
min at 37o C. PNPP (4-Nitrophenyl phosphate disodium salt hexahydrate) (Sigma) substrate
solution was added to each well (100 μl) and after 60 min, product was measured with an
ELISA reader (Bio-Tek, Vermont, NY) at OD405.

In experiments where samples were eluted for Western blot analysis, following the incubation
of detection Mab, 1% SDS (final concentration) was added to the wells followed by heating
at 100o C for 10 min.

Western Blotting
Ten percent brain homogenates were prepared in lysis buffer as described above. Proteins were
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 12% acrylamide
gels, transferred to nitrocellulose membranes and immunostained using either streptavidin-
conjugated to alkaline phosphatase with NBT and BCIP as the substrate (Kascsak et al.,
1986) or horseradish peroxidase-conjugated goat anti-mouse IgG (Pierce) with super signal
west femto maximum sensitivity substrate (Pierce) as previously described (LaFauci et al.,
2006). For samples that were PK digested prior to SDS-PAGE, treatment involved incubation
with 100 μg/ml PK for 30 min at 50o C followed by the addition of 1% PMSF, 1X SDS-PAGE
sample buffer and heating at 100o C for 5 min.
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3. Results
Numerous Mabs were generated using the solubilized PrPSc as immunogen and the low PrP
expressing SP2/0 myeloma cell line. Three of these Mabs, 08-1/5D6 (5D6), 08-1/11F12
(11F12) and 08-1/8E9 (8E9) were selected for this study and have been isotyped as IgG1,
IgG2b and IgG2b respectively. Mapping studies indicated that 5D6 reacts with an, as yet,
undefined PrP~90–231-specific conformational epitope while 11F12 binds to a region of PrP
spanning aa 93–122 and 8E9 reacts within the region of aa 155–200. Individually, all three
Mabs react with both the normal and disease associated PrP isoforms.

Western blotting of total brain lysates (Figure 1) demonstrated that all three Mabs were reactive
against PrP from non-protease treated brain samples and PK-treated PrPSc from 263K-infected
hamsters, scrapie-infected sheep and CWD-infected deer (Figure 1). Similar results were
observed using untreated and PK-treated partially purified PrPSc preparations (data not shown).
These Mabs were also immunoreactive against the normal and abnormal PrP isoforms and PK-
treated PrPSc isolated from mouse brains infected with the ME7, 139A and 22L mouse-adapted
scrapie strains and CJD-infected human brain as well as PrPC derived from uninfected brain
material from all the species tested including cattle (data not shown). The diglycosylated,
monoglycosylated and unglycosylated PrPSc forms are immunodetected (albeit to different
degrees) in all samples regardless of the Mab used. Mabs 5D6 and 8E9 show similar
glycosylation patterns of immunostaining with the monoglycosylated band from hamsters and
the diglycosylated bands in sheep and deer being the most reactive. Mab 11F12 immunostains
the di-and mono-glycosylated hamster PrP similarly while reacting mainly with the
diglycosylated sheep PrP and monoglycosylated deer PrP.

By indirect ELISA, the three Mabs were immunoreactive to PK-treated PrPSc purified from
263K-infected hamster brains. The degree of reactivity was dependent on the extent of the
denaturation treatment. Either heat or SDS treatment alone increased immunoreactivity but a
combination of the two treatments resulted in the highest levels of antibody binding and
immunoreactivity (Table 1) approximating an additive effect of the two treatments and
suggesting that epitope exposure is a multi-mechanistic process. Interestingly, although 5D6
binds to a conformational epitope, reactivity of this Mab is not lost, but rather enhanced upon
PrP denaturation. It has previously been reported (Tayebi et al., 2004) that heat denaturation
is not sufficient to disrupt the polymeric structure of PrPSc. Furthermore, the Mabs were equally
immunoreactive by ELISA to both PrPC from uninfected brains and total PrP (normal and
abnormal PrP isoforms)in non-denatured brain homogenate. Immunoreactivity was equally
enhanced approximately 2-fold following denaturation with SDS and heat. Following PK
treatment and denaturation, the immunoreactivity of PrPSc was increased an additional 3-fold
due to the presence of less exogenous brain protein binding as a result of the proteolytic
digestion (data not shown).

To increase specificity and sensitivity for PrP detection, we utilized a capture ELISA assay
incorporating a biotinylated detection antibody. As expected, for each of the Mabs biotinylated,
5–6 biotins were bound to each antibody molecule. Further, the biotinylation of the Mabs did
not interfere with or reduce their immunoreactivity as assessed by indirect ELISA using
partially purified PK-treated PrPSc (data not shown). Therefore, any differences in the binding
and reactivity of the detection antibodies are not the result of the physical biotinylation process.
Using PK-treated PrPSc that had been denatured with SDS and heat, several Mab combinations
were examined and each antibody was assessed both as the capture reagent and as the detection
reagent (Table 2). Only one of the antibody combinations, Mab 11F12 as the capture reagent
and biotinylated 5D6 as the detector, was successful in binding to and identifying PrPSc. The
results were the same regardless of whether the PrPSc was derived from 263K-infected
hamsters, scrapie sheep or CWD-affected deer. The capture ELISA assay utilizing the
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11F12-5D6 Mab combination was next assessed for its ability to detect PrP in total and PK-
treated brain homogenates from uninfected and infected hamsters, sheep and deer (Figure 2).
Similar to the results described above for the indirect ELISA assay on purified hamster brain
PrPSc, the detection of PrP in the capture ELISA assay was also dependent on epitope
availability and determined by the initial treatment of brain lysate. Untreated brain lysate from
infected animals showed a slight (1.5-fold) increase in signal intensity compared to uninfected
brain material whereas either detergent or heat denaturation alone resulted in a 4 to7-fold
increase. Not surprisingly, the highest levels (greater than 10-fold) of PrPSc detection were
achieved when a combination of SDS and heat treatment were used. Furthermore, increasing
the concentration of SDS above 1% reduced PrPSc detectability most likely due to an inhibition
and/or reversal of antibody-antigen binding. This harsh denaturation treatment, as will be seen
below, was not sufficient to completely destroy PrP conformation. It has previously been
reported that scrapie infectivity, and presumably some degree of PrPSc conformation, could be
maintained in purified PrPSc preparations following treatment with SDS, heat and SDS-PAGE
(Brown et al., 1990;Rubenstein et al., 1994).

PrPC could be detected in non-PK treated normal brain homogenates by capture ELISA from
all three species. In all cases, the signal intensity (~0.25–0.3) was no greater than twice above
background (~0.12–0.15). This material was eluted from the wells and examined by Western
blotting. In contrast to the results described above where PrPC was detected directly from non-
PK-treated brain homogenates, Western blotting of eluted samples resulted only in the
detection of IgG light and heavy chains. PrPC was not detectable due to the low levels of bound
material. Following PK digestion, ELISA values were reduced to background levels indicating
the elimination of PrPC. PrPSc could readily be detected by the capture ELISA assay in PK-
treated brain homogenates from 263K-infected hamsters, sheep scrapie and CWD.
Interestingly, capture ELISA assays performed on non-PK treated brain homogenates, which
contain both PrPC and PrPSc, showed signal intensities higher than what could be attributed to
the PrPC (determined from the non-PK normal tissue) and PrPSc (determined from the PK-
treated infected tissue) aggregate (Figure 2). It is possible that the increased signal intensity is
due to the presence and binding of sPrPSc. An alternative explanation is that the binding of the
protein, presumably full-length PrPSc, to the capture Mab induces a spatial change in the
antigen which results in the epitope for the second Mab becoming more accessible. We refer
to this process as positive immunocooperativity.

With the given set of Mabs used in this study, the degree of positive immunocooperativity, as
shown in Figure 2, was species dependent. PrPSc from CWD-infected deer showed the greatest
levels with a 58% increase in 5D6 binding beyond that calculated solely from the combination
of PrPC and PrPSc, while sheep scrapie PrPSc showed a 46% increase. PrPSc from 263K-
infected hamsters exhibited the least, but still significant, with 40%.

An antibody-induced spatial rearrangement and/or conformational change in PrPSc can be
demonstrated by showing that the 11F12-5D6 captured material has altered the epitope for
another PrP-specific Mab. The capture assay was performed on non-PK-treated, SDS and heat
denatured PrPSc. This was followed by incubation with biotinylated Mab 8E9, streptavidin-
alkaline phosphatase and substrate. The lack of a signal above background indicated that the
epitope for Mab 8E9 was either no longer available or accessible. However, elution of the
11F12-5D6 captured material from the microtiter wells followed by Western blotting and
immunostaining with Mab 8E9 demonstrated robust PrPSc staining indicating that the Mab
8E9 epitope was once again available (Figure 3). Presumably treatment with SDS-PAGE
sample buffer, along with electrophoresis in the presence of SDS, alters the 11F12-5D6 binding
to PrPSc and reverses the antibody-induced PrPSc changes to once again enable 8E9 binding.
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Although Mab 8E9 was able to bind to PrPC and PrPSc directly on Western blots and indirect
ELISA assays, replacing 5D6 with 8E9 in the capture ELISA assay resulted in no detectable
PrP indicating the absence of biotinylated 8E9 binding to the antigen. Furthermore, the
PrPSc specificity of the 11F12–5D6 antibody pair was not only due to the presence of these
specific Mabs but also to the sequence of the binding events. Reversing the antibodies by
utilizing 5D6 as the capture reagent and biotinylated 11F12 as the detection reagent (5D6/
Biotin 11F12) resulted in minimal PrPSc binding from non-PK treated brain lysates when
compared to the 11F12-biotinylated 5D6 combination (11F12/Biotin 5D6) (Figure 4). A signal
to noise (S/N) ratio was obtained by comparing the PrP signal obtained with the capture assay
using infected brain lysates with the variance in the background signal obtained from
uninfected material from hamster, sheep and deer brain tissue (S/N = (S-S0)/(3σS0); where
S=signal, S0=mean background signal, σS0 = standard deviation of the background signal). A
S/N ratio of less than 1 indicates that a binding of the Mab is sufficiently weak that the signal
measured contains a significant amount of noise. On the other hand, a S/N of 1 or greater
indicates that the noise in the measurement is not significant indicating that most of the power
in the measurement results from specific Mab binding. The confidence level increases
exponentially as the S/N ratio increases. For the 5D6/Biotin 11F12 pair, the S/N ratios were
approximately 0.6, 0.1 and 0.3 for hamster, sheep and deer, respectively, indicating that the
Mab binding was nonspecific. However, with the 11F12/Biotin 5D6 combination the S/N ratios
were approximately 19 (hamster), 28 (sheep) and 42 (deer). These ratios are indicative of the
highly significant nature of the specific Mab binding.

4. Discussion
The diagnosis of prion diseases, such as scrapie and BSE, has traditionally relied upon the
identification of the disease-associated form of the prion protein, PrPSc, based on its resistance
to digestion by PK. Studies have reported on the use of differential solubility with chaotropic
agents in the absence of, or in combination with, PK along with phosphotungstic precipitation
for the detection of PrPSc using the time-resolved fluorescence (DELFIA) reporter system
(Barnard and Sy, 2003; Dabaghian et al., 2005; Safar et al., 1998, 2002). However, these
extraction protocols still suffer from the possibility of selective loss of soluble forms of
PrPSc (Muramoto et al., 1996). A distinct approach, one that circumvents protease digestion,
is the conformation-dependent immunoassay (Safar et al., 1998, 2002) that takes advantage of
the differential availability of sequestered antibody epitopes between PrPC and PrPSc. An
antibody is used which recognizes a central epitope with differential accessibility between
PrPC (available) and PrPSc (not accessible until thermal or chemical denaturation).

Circumvention of the differential solubilities and protease digestion step might theoretically
yield increased sensitivity of PrPSc-based detection methods and make these methods more
amenable to high-throughput technologies. However, it has proved difficult to discriminate
between PrPC and PrPSc with antibodies, despite some early reports (Korth et al., 2003;
Paramithiotis et al., 2003; Moroncini et al., 2004). Interestingly, tyrosine-tyrosine-arginine
(YYR) motifs (Paramithiotis et al., 2003) were reasoned to be more solvent-accessible in the
pathological isoform of PrP, and a monoclonal antibody directed against these motifs was
reported to be capable of selectively detecting PrPSc across a variety of platforms. However,
YYR motifs are certainly not unique to pathological prion proteins, and it remains to be
determined whether this reagent can really improve the sensitivity of detection of prion
infections.

Our studies indicate that antibody binding to PrP in total brain homogenates can induce epitope
unmasking. Whether these changes cause PrP conformational alterations, refolding of PrPC

into PrPSc and/or changes in the PK-resistant or sPrPSc forms to make them more accessible
to additional antibody binding is uncertain. Regardless of the mechanism, the dynamics of the

Chang et al. Page 7

J Neuroimmunol. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antibody-antigen interaction results in an increase of PrPSc detection beyond what one would
expect from simply an additive effect of the total PrP present. These findings point to the ability
to increase the sensitivity of PrPSc detection without the need to proteolytically digest the
PrPC.

Most proteins assume a distinct three-dimensional structure in vivo and in vitro, and this native
structure is necessary for function. A protein’s structure is determined by its amino acid
sequence and the surrounding environment and as a protein unfolds, interactions are disrupted
and both secondary and tertiary structure can be lost. In addition, the folded and unfolded states
of proteins are in equilibrium. Even under conditions that favor the folded state, a protein is
not locked into a single conformation. The amino acids are free to interact and move according
to the forces placed on them by neighboring atoms and the solvent, producing many
conformations that may differ only very slightly (conformers). Even slight changes in binding
epitopes attributable to either localized or more dramatic conformational changes of a protein
can have profound effects on antibody-based diagnostic tests. Protein motion can have dramatic
effects on protein-protein interactions, specifically antibody-epitope recognition
(Kimmermann et al., 2006; Jimenez et al., 2004). For the prion protein, the same amino acid
sequence can produce different folded structures, which can hide or create new epitopes.
PrPSc is intrinsically polymorphic and heterogeneous with respect to conformation (Tzaban et
al., 2002). Using an array of PrP-specific antibodies, Novitskaya et al (2006) studied the
conformation of multimeric PrP within a single fibril or particle without PK pretreatment of
the sample on amyloid fibrils prepared from full-length recombinant PrP. This revealed
conformational heterogeneity of PrP fibrils as measured for either the entire fibrillar population
or even within individual fibrils.

TSE agent pathogenesis and propagation may occur through PrPC-PrPSc interactions in
association with additional macromolecules (nucleic acids, proteins, lipids, etc) resulting in
PrPSc directed conversion of PrPC into new PrPSc. This process has been modeled in cell-free
reactions (Horiuchi et al., 1999, 2001; Kocisko et al., 1994; Saborio et al., 2001). The sequence-
and strain-specificities of these reactions suggest that such interactions between the normal
and abnormal isoforms play important roles in the propagation and pathogenesis of TSE
diseases (Caughey et al., 2001).

It has previously been reported (Li et al., 2000) that binding of Mabs to the N-terminus of
recombinant PrP (in the region of aa 23–145) could block the recognition of another antibody
that normally binds to a conformational epitope located within the C terminus. The mechanism
responsible for this negative immunocooperativity is not clear but probably involves an N-
terminus binding-induced conformational change in the C-terminus, resulting in the loss of the
C-terminus antibody epitope. Such a conformational change is probably subtle and limited to
specific regions of the PrP (Li et al., 2000). In addition, it has been reported that together with
the highly flexible aa 90–123 tail, the aa 132–160 PrP segment participates in the structural
reorganization to PrPSc (Torrent et al., 2004). Our studies are in agreement with those findings
since 11F12 binds in the region of aa 93–122 and leads to a refolding event resulting in epitope
modifications. Furthermore, it is interesting to speculate that although the Mabs in the present
study were all raised to PK-treated PrPSc which is devoid of the first approximately 90 aa at
the N-terminus, this region could nevertheless play a role in the full-length PrPSc positive
immunocooperativity we observed following antibody binding at a distant epitope.

The PrPSc-induced transformation of PrPC into protease-resistant forms can be separated
kinetically and biochemically into two different steps: first, the binding between PrPC and
PrPSc, and second, the conversion of the bound PrPC to PrPSc. Thus, the generation of protease-
resistant PrP can be affected either at the binding or conversion steps. Data indicate that the
inhibition of PrPSc formation by the PrP synthetic peptides 109–141, 166–179 and 200–223 is

Chang et al. Page 8

J Neuroimmunol. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



due to interference with the initial binding between the two PrP isoforms as a result of the
peptide directly binding to PrPC (Horiuchi et al., 2001). This binding could physically block
the PrPSc binding site and/or alter the conformation of PrPC making it incapable of binding to
PrPSc. On the other hand, our data using native PrP suggests that targeting other regions of the
PrP molecule (i.e. aa 93–122) is likely capable of augmenting the initial PrPC-PrPSc interaction.
Previously, antibody binding studies have suggested that PrP aa residues 90–120 are likely to
be critical for the conversion of PrPC to PrPSc (Peretz et al., 1997). Since the conversion of
PrPC to PrPSc involves conformational changes in the prion protein, it is likely that some of
the PrP-specific antibody binding epitopes will be altered. Furthermore, denaturation of
sPrPSc with chaotropes enhances its immunoreactivity toward certain antibodies, due to
exposure of partially buried epitopes, which are equally available in native PrPC (Safar et al.,
1998). These changes in epitope availability can be used to study the PrP folding/unfolding
process during the course of infection and may be used to alter agent propagation. Studies using
Mabs have indicated that residues 93–102 are exposed in PrPC but are buried upon conversion
to the PrPSc isoform. Furthermore, PrP103–107 residues are partially buried in PrPSc while
only the PrP107–112 epitope remains exposed, suggesting that the region PrP93–112
undergoes conformational changes during its conversion to PrPSc (Yuan et al., 2005). Further,
studies performed using different combinations of anti-PrP Mabs with mice affected with
various mouse-adapted scrapie strains found that some PrP conformational changes, as
assessed by PrP antibody epitope availability, could be common while others are specific for
the various scrapie strains (Pan et al., 2004).

The infectious agent is detected in lymphoid tissue prior to the onset of clinical signs associated
with replication in the central nervous system. Chronic inflammatory conditions involve
various cell types of the immune system (including B and T lymphocytes, follicular dendritic
cells (FDCs), dendritic cells and macrophages), some of which have been associated with
replication of the infectious agent (Kitamoto et al., 1991; Brown et al., 1999; Klein et al.,
2001; Prinz et al., 2003). It is possible that these cells might release factors, including
antibodies, which induce PrP conformational alterations. In addition, activated B lymphocytes
express lymphotoxins which stimulates FDC differentiation and PrPC up-regulation in stromal
FDC precursors which, in turn, appear to confer infectious agent replication competence to
sites of inflammation in otherwise agent-free organs (Heikenwalder et al., 2005).

Defining the influence of antibody binding on PrP conformational alterations and agent
replication would facilitate studies interrogating the entire protein for the sites that are
necessary for the conversion process to occur. This, in turn, would have implications into the
identification of therapeutic target sites on the protein that could be manipulated to prevent
disease progression and subsequent neuropathogenesis..
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Figure 1.
Western blot analysis of untreated and PK treated total brain lysates from 263K-infected
hamsters (H), scrapie-infected sheep (S) and CWD-infected deer (D) using Mabs 08-1/5D6
(A), 08-1/11F12 (B), and 08-1/8E9 (C).
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Figure 2.
Capture ELISA assay using Mabs 11F12 as the capture reagent and biotinylated 5D6 as the
detection reagent. Brain tissue homogenates from normal and infected hamsters, sheep and
deer were prepared as described in Materials and Methods. The capture ELISA assay was
performed on non-PK and PK-treated brain lysates. Antibody binding was measured
colorimetrically at OD405. Each value is based on triplicate readings for six individual samples
for each species and expressed as the mean ± standard deviation.
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Figure 3.
Western blot analysis of non-PK treated brain homogenates following capture ELISA assay.
The capture ELISA assay was carried out on normal sheep (NS), scrapie-infected sheep (SS),
normal deer (ND), CWD-infected deer (CWD), normal hamster (NH) and 263K-infected
hamsters (263K) under the same conditions as described for Figure 2 using a non-biotinylated
detection reagent. The material was eluted from the microtiter plate as described in Materials
and Methods and Western blotted. Immunostaining was carried out using Mab 8E9.
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Figure 4.
Comparison of reversing the capture and detection reagents in the capture ELISA assay using
brain lysates from uninfected and infected hamsters, sheep and deer. Studies using 5D6 as the
capture reagent and 11F12 as the biotinylated detection reagent (5D6/Biotin 11F12) are
compared to using 11F12 as the capture reagent and 5D6 as the biotinylated detection reagent
(11F12/Biotin 5D6). Each assay was performed in triplicate on six individual samples for each
species and the ELISA results calculated as the mean ± standard deviation. The increased
antibody binding from infected samples (based on the OD405) are compared to the uninfected
controls. Plotted on a logarithmic scale is the signal to noise ratio (S/N) as calculated from the
signal power of the infected samples to the power in the control samples (noise).
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Table 1
Comparision of Denaturation Treatments on PrPSc Immunoreactivity1.

Treatment Signal Intensity2

5D6 11F12 8E9

Untreated 0.214 ± 0.017 0.339 ± 0.009 0.303 ± 0.110

SDS3 1.229 ± 0.019 1.599 ± 0.182 1.324 ± 0.251

Heat4 1.228 ± 0.018 1.085 ± 0.124 1.427 ± 0.331

SDS + Heat 2.232 ± 0.008 2.548 ± 0.112 2.821 ± 0.252

1
PrPSc was purified from the brains of clinical hamsters infected with the hamster adapted 263K scrapie strain and PK treated as described in Materials

and Methods.

2
Signal intensity was measured by indirect ELISA assay at OD405.

3
SDS was added to a final concentration of 1%.

4
Samples were heated at 100o C for 5 min.
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Table 2
Analysis of Mab Pairs for Capture ELISA Assay1.

Capture Mab Detection Ab (biotinylated)

11F12 5D6 8E9

11F12 − + −

5D6 − − −

8E9 − − −

1
Mab pairs were analyzed using PK-treated PrPSc purified from 263K-infected hamster brains. PrPSc was treated with SDS and heat prior to the capture

ELISA assay. All Mabs were diluted to a concentration of 5 μg/ml before use.
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