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Abstract
Prion diseases are a group of fatal neurodegenerative disorders characterized by the accumulation of
a misfolded form (PrPSc) of the cellular prion protein (PrPC) in the brains of affected individuals.
The conversion of PrPC to PrPSc is thought to involve a change in protein conformation from a
normal, primarily α-helical structure into a β-sheet conformer. Few proteins have been identified that
differentially interact with the two forms of PrP. It has been reported that plasminogen binds to
PrPSc from a variety of prion phenotypes. We have examined potential motifs within the kringle
region that may be responsible for binding to PrP. We synthesized 12–15-mer peptides that contain
small, repetitive stretches of amino acid residues found within the kringle domains of plasminogen.
These synthetic peptides were found to capture PrPSc from the brain homogenates of bovine
spongiform encephalopathy affected cattle, chronic wasting disease affected elk, experimental
scrapie of hamsters and that of subjects affected by Creutzfeldt-Jakob disease, without binding to
PrPC in unaffected controls. Therefore, we have identified critical peptide motifs that may be
important for protein-protein interactions in prion disease pathogenesis. The ability of these synthetic
peptides to bind preferentially to PrPSc suggests a potential application in the diagnosis of prion
diseases.
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Introduction
Prion diseases, also called transmissible spongiform encephalopathies, are invariably fatal
neurodegenerative diseases affecting both humans and animals. Prion diseases in animals
include scrapie in sheep, chronic wasting disease in cervids, and bovine spongiform
encephalopathy (BSE) in cattle [1]. In humans, the disease may occur spontaneously, as in
sporadic Creutzfeldt-Jakob disease (CJD); have a genetic origin, in the form of familial CJD,
fatal familial insomnia or Gerstmann-Sträussler-Scheinker disease (GSS); or it may be
transmitted infectiously, as seen in iatrogenic CJD and variant CJD (vCJD) [2,3]. Prion diseases
are unique among infectious diseases in that its etiology involves no nucleic acid. It is thought
to be caused when the normal cellular prion protein (PrPC), widely expressed in the central
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nervous system, undergoes a conformational change from a primarily α-helical structure in to
a β-sheet structure. The disease causing β-sheet form of the protein is called PrPSc [1].

Plasminogen is a ubiquitous pro-protease which may be cleaved to form the serine protease
plasmin, an important component of the fibrinolytic system [4]. The fibrinolytic pathway has
been implicated in biological processes as diverse as cell migration [5], inflammation [6],
neuronal plasticity [7] and embryonic implantation [8], and also excitotoxin-mediated
neurotoxicity [9] or Alzheimer’s disease [10]. Plasminogen may be activated by one of two
mechanisms, the urokinase plasminogen activator (uPA) and the tissue type plasminogen
activator (tPA) [11]. The former is normally associated with pericellular proteolytic activity,
while the latter is associated with the dissolution of intravascular clots [4]. It has previously
been demonstrated that plasminogen forms a complex with PrPSc from mice, and a variety of
other species, with no binding observed to PrPC [12,13]. This interaction was thought to be
mediated through the first three kringle domains of plasminogen [12]. Each kringle domain is
composed of approximately 80 amino acids, and contains 3 disulfide bond [14]. They are joined
to other kringle domains by varying lengths of linker amino acids. Kringle domains are not
unique to plasminogen; they are also found in a variety of proteins associated with fibrinolysis,
coagulation and angiogenesis[14]. The first three kringle domains in plasminogen contain a
lysine binding domain, which may be responsible for the majority of its interactions with other
proteins [15]. Structurally, plasminogen contains five kringle domains in total, as well as a C-
terminal proteolytic domain. Although no interaction between plasminogen and PrPC was
found using plasminogen to capture PrPC from brain homogenate [12,13], later work indicated
the possibility of an interaction with recombinant human PrPC [16–18]. While there has been
no evidence of an interaction between plasminogen and PrPSc or PrPC in vivo, in vitro there
have been several recent studies that indirectly suggest an interaction using both recombinant
human PrPC, as well as investigations into the role of plasminogen in CJD [19].

Binding of recombinant human PrPC has been observed to both plasminogen and tPA [16].
Direct binding of full length recombinant PrP to the kringle domains of plasminogen was
observed by ELISA, but was significantly reduced using the recombinant fragment PrP(89–
231) [17]. Recombinant prion protein, bound to copper, was found to increase the rate of
activation of plasminogen with tPA, but no effect was found in the absence of copper, or with
the uPA activation system [18]. This activation of plasminogen using PrP was found to be
conserved in the N-terminal region of the protein, which is a relatively unstructured region to
which copper was known to bind[16,20]. Further, plasmin was found to cleave PrPC, with the
cleavage site located at lysine 110, and that the activation was further augmented in the presence
of low molecular weight heparin [21]. Mutants of PrP were made in later work by the same
group, and it was then discovered that both lysine clusters in the N terminal region of the prion
protein are required for activation [22]. Again, the activation of the plasminogen was only
found to be enhanced in the presence of PrPC in the tPA system.

The cortical neurons of individuals with CJD have been found to express the uPA receptor
[19]. The expression of this receptor is thought to be associated with signaling cascades that
lead to eventual neurodegeneration. Although neurons associated with the most uPA receptor
had the most degenerative hallmarks, no interaction was demonstrated between the
plasminogen itself and either form of the prion protein. When plasminogen concentrations and
activities were examined in brains of patients with CJD, compared to those with other forms
of dementia, it was found that the plasminogen concentrations were higher, but the activity
was lower in CJD [23]. This suggests a relationship between plasminogen and the disease
process of CJD, but it is not conclusive. However, other work, in which plasminogen knock
out mice were used, found that the absence of plasminogen led to a faster disease course for
scrapie infected animals, suggesting plasminogen has a neuroprotective effect [24].
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With the discovery of a causal relationship between the consumption of beef contaminated
with BSE and the development of vCJD, prion diseases for the first time presented a challenge
for public health [25,26]. At the present time, diagnosis of the disease is limited to the detection
of proteinase K (PK) resistant PrPSc in a Western blot, or by immunohistochemistry, both of
which are usually performed on brain tissue at autopsy [27]. We aimed to exploit the PrPSc

binding properties of the plasminogen kringle domains through the development of short
peptides, based on sequences that appear frequently within the plasminogen kringle domains.
These peptides bind to PrPSc, but not PrPC, as detected by affinity-capture assay and
immunoblotting. Of several peptides that were found to bind PrPSc in preliminary analysis, we
selected two for further study, one 12 residues in length, designated Peptide 1 (P1), (sequence:
YRGYRGYRGYRG), and the second, 15 residues in length, designated Peptide 2 (P2),
(sequence: YRGRYGYKGKYGYRG).

Methods
Reagents and Peptides

Magnetic beads (M-280 streptavidin) were from Dynal (Oslo, Norway). Proteinase K (PK)
was obtained from Sigma, and Pefabloc SC (4-(2-Aminoethyl)-benzenesulfonyl fluoride
hydrochloride) protease inhibitor was obtained from Roche Applied Science (Indianapolis,
IN). Antibodies used in this study were 3F4, recognizing an epitope of human and Syrian
hamster PrP at residues 109–112 [28] and animal prion protein was detected using the
monoclonal antibody 8H4 [29]. The horseradish peroxidase secondary antibody, and the
chemiluminescence reagent were both purchased from Amersham Biosceinces (Piscataway,
NJ). All other chemicals and reagents were purchased from Sigma, unless otherwise indicated.
Peptides were synthesized using standard methods, obtained from Invitrogen (Carlsbad, CA).
The sequence of P1 is NH2-YRGYRGYRGYRG[K-IcBiotin][CONH2], P2 is NH2-
YRGRYGYKGKYGYRG[K-IcBiotin][CONH2], and the unrelated control peptide used was
NH2-[biotin][AMCAP]-SEIKLLIS[CONH2].

Brain Tissues
Brain tissue was acquired at autopsy from individuals with and without prion diseases, and
archived frozen at −80 °C at the National Prion Disease Pathology Surveillance Center. The
tissue was then homogenized in lysis buffer (100 mM NaCl, 10 mM EDTA, 0.5 % Nonidet
P-40, 0.5 % sodium deoxycholate, 10 mM Tris HCl, pH 7.5) containing a mixture of protease
inhibitors (Roche Applied Science) to a concentration of 10 % (w/v). The brain homogenate
was stored at −80 °C. The diagnosis of the various phenotypes of prion diseases was confirmed
using standard methods, including immunohistochemistry, immunoblotting, and DNA typing.
Animal brain tissues were homogenized and stored in the same manner, with the diagnosis
confirmed by immunoblotting and immunohistochemistry.

Peptide Capture Assay
The biotinylated P1 or P2 (70 µl of a 1 mg ml−1 preparation) was conjugated to 2.3×108

streptavidin superparamagnetic beads in 1 ml of phosphate-buffered saline, pH 7.5 (PBS) at
37 °C for 20 h. The conjugated beads were then incubated in 0.1 % BSA in PBS, at 37 °C for
4 h, to block nonspecific binding. Once sodium azide is added (0.1 % final concentration), the
conjugated beads are stable at 4 °C for at least 8 weeks. The angiostatin (K(1+2+3)) were
obtained from Sigma, and conjugated to 2.3×108 tosyl-activated paramagnetic beads in 1 ml
of PBS for 20 h at 37°C. The conjugated beads were incubated in 0.1 % BSA 0.2 M Tris-HCl,
pH 8.6, for 4 h at 37 °C, to deactivate any unbound tosyl groups, and to block non-specific
binding. The beads are stored at 4 °C, in 0.1 % BSA in PBS. The peptide capture assay was
performed using 100 µl of the conjugated beads in 900 µl of capture buffer (PBS, 3 % Tween
20, 3 % Nonidet P-40), to which the 10 % brain homogenate is added (6 µl of human brain
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homogenate, or 3 µl of animal brain homogenate). The mixture was incubated with constant
rotation at room temperature for 3 h. Following the incubation, the beads were washed 3 times
with wash buffer (PBS, 2 % Tween-20, 2 % Nonidet P-40), to remove unbound materials. The
beads were then resuspended in SDS Sample buffer (3 % SDS, 2 mM EDTA, 10 % glycerol,
2.5 % β mercaptoethanol and 50 mM Tris HCl, pH 6.8), and heated to 100 °C for 10 min.

Immunoblotting
The samples were loaded on to an SDS-PAGE gel (15 % Tris-glycine pre-cast gel, BioRad),
separated, and electrotransferred onto a polyvinylidene difluoride membrane (Millipore). PrP
was detected using the anti-PrP monoclonal antibody (mAb) 3F4 (1:50,000) for hamster and
human forms of the protein, and 8H4 mAb (1:3,000) for other animal forms. Following the
addition of a horseradish peroxidase conjugated secondary antibody, the ECL Plus kit
(Amersham Biosciences) was used to visualize immunoreactivity.

PK Digestion
PK was added to samples of total brain homogenate, or conjugated beads resuspended in 20
µl of lysis buffer, at 50 µg ml−1. Incubation, with shaking, was at 37°C for 1 h. Pefabloc SC
(Roche Applied Science, Indianapolis, IN) was added, at a final concentration of 5 mM, to stop
the reaction. 2X SDS sample buffer was then added, before immunoblotting.

Conformational Stability Immunoassay
The conformational stability immunoassay was performed according to published methods
[30,31]. After incubation of 10 % brain homogenate from a Syrian hamster infected with
experimental scrapie (strain 263K) in 0–3.0 M guanidine hydrochloride, and removal of the
guanidine HCl with the addition of a 5-fold volume of methanol, the samples were evaluated
by either PK digestion followed by immunoblotting, as described above, or by a peptide capture
assay using peptide 1.

Competition Assay
The competition assay was performed in a similar manner to the peptide capture assay described
above. Increasing amounts of free peptide (P1, 0–100 µg) were added to each peptide capture
reaction, and incubated at room temperature for 3 h, before immunoblotting as described above.

Plasma spiking assay
Plasma samples containing 80 mM EDTA from individuals unaffected by CJD were obtained
from the National Prion Disease Pathology Surveillance Center. The peptide capture assay was
performed as described previously, with the capture buffer replaced with a solution of 900 µl
plasma and 100µl capture buffer, followed by immunoblotting as described above.

Results
The mini-kringle Peptide 1 and 2 specifically capture PrPSc, but not PrPC

The mini-kringle peptides, P1 (YRGYRGYRGYRG) and P2 (YRGRYGYKGKYGYRG),
were derived from the YRG sequence that appears frequently through out the sequence of the
kringle domains found in plasminogen (Fig. 1). Biotinylated P1 and P2 were conjugated to
streptavidin magnetic beads, and then incubated with homogenates from normal or diseased
brains for 3 hours at room temperature. To avoid non-specific protein precipitation, the reaction
was performed in the presence of high concentrations of detergents (3 % Tween 20 and 3 %
Nonidet P-40), and beads were washed and recovered by magnetic force applied to the side of
the reaction tubes. As shown in Fig. 2, PrP was successfully captured by P1 and P2 in large
quantities from brains of humans affected by prion diseases. No PrP was captured from human
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brains unaffected by prion diseases. To ensure that the binding of PrP to the peptides was
specific, streptavidin beads without conjugated peptide and beads conjugated with an unrelated
peptide served as negative controls.

The mini-kringle peptides capture PrP from a variety of human and animal prion diseases
The peptide capture assay using P1 and P2 was used to capture PrP from a wide variety of
human and animal prion diseases, including the animal prion diseases with the greatest
significance for human health, chronic wasting disease and BSE (Fig. 3). P1 and P2
successfully captured PrP from these diseases, as well as from Syrian hamsters affected with
the experimental scrapie strain 263K, but not from the brain of any animal unaffected by prion
diseases (Fig. 3). In addition, P1 and P2 successfully captured PrP from brain homogenate of
patients affected by type 1 and type 2, as well as a case of mixed type 1/2 of sporadic CJD[2]
(Fig. 4A). Also tested with similar findings were a familial CJD case (E200K mutation), a case
of GSS (P102L mutation), and CJD cases with an infectious etiology, iatrogenic and variant
CJD (Fig. 4). In all cases, brains from individuals who were unaffected by CJD were included.
PrP was never captured from these non-CJD control brains, although it is abundantly present
prior to capture by P1 and P2 (Fig. 4).

PrPSc from humans and animals captured by P1 and P2 is PK resistant
One of the most important biochemical characteristics of PrPSc is its resistance to PK digestion,
and this feature is the basis for distinguishing PrPSc from PrPC in current diagnostic tests. In
order to determine whether the PrP captured by the beads was PK resistant, it was incubated
in the presence of PK (50 µg ml−1). Samples used included beads incubated with homogenate
from a Syrian hamster infected with experimental scrapie strain 263K, as well as homogenate
from human cases of both type 1 and type 2 sporadic CJD. Previous work has shown that on
an SDS-PAGE gel, the migration of the core PK resistant fragment of PrPSc differs between
type 1 and type 2 cases of sporadic CJD [2]. The same difference in migration is seen in the
two cases of sporadic CJD following capture by peptides 1 and 2 followed by PK digestion
(Fig. 5A). This indicates that the PrP captured by P1 and P2 is PK resistant, with similar
characteristics to those expected of different types of prion diseases.

The P1 and P2 bind to the PK-resistant core fragment of PrPSc

The P1 and P2 were also used to capture PrP that had already been digested with PK. The
fragment of PrPSc produced by PK digestion corresponds to a C terminal core fragment of the
protein, commonly referred to as PrP(27–30) [32]. After incubation with P1 and P2, the C-
terminal fragment of PrPSc, PrP(27–30), was captured (Fig. 5B). This suggests that the peptides
interact with PrPSc in the core C-terminal PK resistant fragment, PrP(27–30). This fragment
in PrPSc type 1 spans residues 82–231, and in type 2, 97–231 [27,33]. Again, when cases of
type 1 and type 2 sporadic CJD were used, the expected difference in migration was observed.

Mini-kringle peptide binding to PrPSc is conformation dependent
Since P1 and P2 have similar capacity in capture PrPSc from diseased brains, detailed
characterization of the binding between the mini-kringle peptides and PrPSc was carried out
using P1. The conformational dependence of the P1 binding to PrPSc was investigated in the
following assays. When PrPSc is denatured using guanidine HCl, as the concentration of the
denaturant increases, PrPSc undergoes a conformational change to a form resembling PrPC.
This property can be exploited to determine the conformational dependence of the interaction
between PrPSc and another molecule (Safar et al. 1998, Zou et al., 2000). Aliquots of brain
homogenate from a hamster affected by experimental scrapie were incubated with 0–3 M
guanidine HCl. As expected, denaturation by guanidine hydrochloride resulted in a gradual
loss of PK-resistant PrPSc (Fig. 6A). PrPSc experienced an almost complete loss of its PK
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resistance at a concentration of 2.7M guanidine HCl. The amount of PrP captured by P1 also
showed a gradual decrease as the native conformation of PrPSc was lost (Fig. 6B). The
observation that P1 binding to PrPSc decreased in the presence of increasing concentrations of
guanidine HCl suggest that such binding is dependent on the conformation of the PrPSc.
However, approximately 20 % of the original amount of PrPSc was still bound to P 1 at a
guanidine concentration of 2.7 M that rendered PrPSc sensitive to PK. This indicates that P1
binds a small amount of PK sensitive PrPSc. This finding is consistent with other studies using
conformation-dependent analyses, that have previously indicated that PrPSc may contain both
PK-resistant and PK-sensitive species [34].

P1 competes PrPSc binding by the full-length kringle domains
We compared the capture of PrPSc by P1 with that by angiostatin containing three intact kringle
domains, K(1+2+3), previously documented to bind to PrPSc [12,13]. Each individual capture
reaction contained approximately 7 µg of P1 and 50 µg of K(1+2+3), each conjugated to
2.3×107 beads.. The peptide capture assay was performed with decreasing amounts of brain
homogenate (3-0.5 µl) from an experimentally infected Syrian hamster. An equimolar
comparison was not made, due to the difference in molecular weight between K(1+2+3) and
P1, and because any differences between the stoichiometry of PrPSc binding to either K(1+2
+3) or P1 are not known. Nevertheless, there was negligible difference in the amount of
PrPSc captured by K(1+2+3) and P1, even using the smallest amount of brain homogenate (Fig.
7A). Therefore, the affinity of PrPSc for peptide 1 and K(1+2+3) appears to be comparable.
Because the sequence of P1 is derived from recurring residues in the kringle domains, a
competition assay was used to assess whether the binding site was shared. In a peptide capture
assay, in which increasing amounts of free P1 was added to the reaction, the amount of
PrPSc bound to the K(1+2+3) conjugated beads decreased as increasing amounts of free P1
were added (Fig. 7B). This indicates that free P1 is able to bind to PrPSc, and that such binding
is sufficient to inhibit the pre-existing association between K(1+2+3) and PrPSc. While the
binding site for this interaction has not been determined, the ability of P1 to successfully
compete with K(1+2+3) for PrPSc binding suggests that P1 may be used as a capture reagent
for PrPSc already bound to other molecules.

Substitution of the arginine residue of P1 eliminates PrPSc binding
In order to determine which residues of P1 were important for its interaction with PrPSc, several
new peptides were synthesized, with substitutions made for the tyrosine or arginine residues
(Fig. 8A). When the peptide capture assay was performed using the substituted peptides, those
peptides in which the arginine residue had been substituted was no longer able to bind PrPSc.
This was true in both a peptide in which the arginine had been substituted for a negatively
charged residue (aspartic acid) and a peptide in which it had been substituted for the neutral
residue alanine (Fig. 8B). However, when the arginine was retained, and the tyrosine was
substituted, the peptide maintained its ability to capture PrP. This was true regardless of
whether tyrosine was substituted for another aromatic residue, or whether the aromatic
character was eliminated (Fig. 8B). This indicates that the most important residues in the
interaction with PrP are the positively charged residues such as arginine and lysine.

P1 captures spiked PrPSc from human plasma
Because all of our experiments described above are based on capture of PrPSc from brain
homogenates, it is yet to know if such assay will work for PrPSc in blood in which kringle
domain containing proteins such as plasminogen are present in high concentrations. This issue
will likely affect the potential for a blood-based assay for PrPSc using kringle based peptides.
As a first step, we tested the ability of P1 to capture spiked PrPSc from human plasma. Plasma
was obtained from six different individuals unaffected by prion diseases, and was spiked with
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either 3 µl of 10% brain homogenate from hamsters infected with the 263K strain of scrapie,
or from wild type hamsters. Following addition of P1 conjugated beads, capture reaction was
carried out in either 1 ml of capture buffer, or in 1 ml of 90% of human plasma (900 µl of
plasma and 100 µl capture buffer). Results from experiments in two different plasma samples
showed that P1 successfully captured spiked PrPSc from the plasma (Fig 9B). This indicates
that P1 readily captures PrPSc and other proteins present in plasma do not appear to significantly
inhibit the P1 interaction with PrPSc, at least in vitro. No prion protein was captured from the
plasma spiked with wild type brain homogenate (Fig 9A). The presence of input PrPSc and
PrPC in spiking sources of scrapie-infected and normal animals, respectively, was
demonstrated by immunoblotting and PK digestion (Fig.9A).

Discussion
We have discovered that the PrPSc-binding properties of the kringle domains of plasminogen
may be recapitulated in short, synthetic peptides based on the sequence of the kringle domains.
While the in vivo role, if any, of plasminogen in prion diseases is not clear, we have shown
that the PrPSc binding properties of plasminogen may be exploited for diagnostic purposes,
using very short peptides based on the sequence of plasminogen’s kringle domains. In our
studies, these peptides, P1 and P2, were able to bind to PrPSc from prion diseases from a variety
of sources, with different etiologies, including BSE and vCJD. P1 and P2 were found to bind
to the core C-terminal fragment of PrPSc, PrP(27–30), as well as to the 6–7 kDa internal PrP
fragment found in GSS. The internal fragment of GSS spans residues, migrating at 7–8 kDa
spans residues 74–90 to 146–153 [35–37] Because P1 and P2 bind to PrP(27–30), the sequence
of which is represented by recombinant PrP 90–231, it would appear that if the interaction is
lysine based, as has previously been suggested for PrP interactions with plasminogen [22], that
the N terminal lysine cluster (residues 23, 24 and 27) is not involved. The lysine cluster present
at residues 101, 104, 106, and 110 remains in PrP 90–231, as well as in the internal fragment
of GSS. However, the involvement of this cluster in binding is not clear because, in each
peptide, 33% of the residues are positively charged. It seems unlikely that the lysine cluster is
interacting with a peptide carrying an overall positive charge. Our results indicate that binding
is retained when the positive charge of the peptide is present suggest that the lysine clusters
may not be responsible for the binding to the peptides. The binding site for the peptides, and
whether the interaction with the peptides is direct, or through other elements in a complex with
PrPSc, is a subject for further study.

PrPC was not detected by P1 and P2 at any time using the peptide capture assay. Previous work,
as mentioned earlier, has revealed a binding site for the lysine binding region of the
plasminogen kringle domains in the lysine clusters of PrPC, and PrPC also contains a binding
site for tPA. However, in our study, and in a similarly designed previous study using full length
plasminogen, PrPC was not detected in the brain homogenates of animal or human cases of
prion diseases [12,13]. Although there is a degree of proteolytic activity even in brain
homogenate, this is not responsible for the absence of PrPC, as it is clearly present in untreated
brain homogenate of CJD unaffected individuals. It is unclear why recombinant PrPC has been
found to associate with plasminogen in vitro, but no studies using brain homogenate have found
evidence of this binding. The physiological role of PrP is still poorly understood, so it is
unknown whether the in vitro observations are physiologically relevant. There have been
reports that the binding of PrP to plasminogen is a result of the detergent conditions of the
experiment, and does not have any physiological role [38]. Despite several suggestions of an
in vivo role, a direct in vivo interaction between plasminogen and PrP has never been proven.
Therefore, a difference may exist between recombinant human PrP and the macromolecular
environment in which PrP exists in the brain. Binding to other proteins, for example, could
prevent the binding of plasminogen to PrP in this situation, even though such an interaction is
theoretically possible.
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With the continuing emergence of cases of both BSE and vCJD around the world, it is important
that molecules that may show a preference for binding to PrPSc are investigated for diagnostic
utility. There have been several reports of antibodies that have been shown to bind to PrPSc,
but not PrPC, including the anti-DNA antibody OCD4, and an antibody raised against the YYR
motif [31,39–42]. In addition, peptide-based assays, using peptides based on the prion protein
itself, have previously been proposed [43,44]. The advantage of using short synthetic peptides
is that they are cheaper and easier to produce than monoclonal antibodies, yet demonstrate a
high degree of sensitivity to PrPSc. The ultimate goal of prion diagnostics is to develop a blood
test detecting PrPSc. Such a test requires a high degree of sensitivity, as the concentration of
PrPSc in blood is estimated to be extremely low. The buffy coat of whole blood, containing
leukocytes and platelets, is estimated to have the highest concentration of PrPSc at 1 pg/ml
during the symptomatic phase, and 0.1 pg/ml during the pre-symptomatic phase [45]. In
addition, there is a possibility that some of the PrPSc present in blood may be PK sensitive.
Therefore, an ideal diagnostic reagent for PrPSc in the blood would not require the PK digestion
step.

The peptides show a high level of sensitivity in detecting PrPSc, and have been shown to capture
PK sensitive PrPSc, so they provide a promising basis for the development of such a test,
especially in combination with an appropriate concentration method and highly sensitive
detection. They also have a substantial advantage over full length plasminogen, an abundant
plasma protein. Plasminogen undergoes many interactions with other blood proteins in vivo,
as part of the fibrinolytic pathway, and these interactions may interfere with a blood based
diagnostic test. However, our results indicate that the short kringle based peptides can capture
PrPSc spiked in human plasma, and that interactions with other plasma proteins do not represent
a significant source of inhibition. The peptides have no natural interacting partners in the blood,
potentially enabling a more specific reaction with PrPSc. In addition, the peptides are easily
modified, so biotinylation can be performed for simple incorporation into capture assays, or
other diagnostic assays, such as ELISA based methods. With availability of sensitive prion-
specific detection such as this, new avenues are opened for the earlier diagnosis, and possible
treatment, of prion diseases.
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Fig. 1. The presence of the YRG motif in the kringle domains of plasminogen
Plasminogen molecule consists of a total of five kringle domains labeled as K1–K5, and a C-
terminal region. The YRG sequence appears in four out of the five kringle domains. The shorter
YK, KY and RY sequences appear also in different regions of the plasminogen molecule.
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Fig. 2. Capture of disease-associated PrP by P1 and P2
A. P1 and P2, biotinylated and coupled to streptavidin magnetic beads, were used to capture
PrP from the brain homogenates of CJD patients, as well as unaffected controls (Non-CJD).
Beads with no conjugated peptide, but blocked with 0.1 % BSA, were used as a negative control
(None). An unrelated peptide was biotinylated and conjugated to streptavidin magnetic beads,
as a second negative control (Unrelated).
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Fig. 3. Capture of PrPSc from animal forms of prion disease by Peptides 1 and 2
P1 and P2, coupled to the magnetic beads, were used to pull down PrPSc in brain homogenates
from Syrian hamsters infected with scrapie strain 263K (left panel), cattle affected by BSE
(middle panel) and elk affected by chronic wasting disease (right panel). For the capture assay,
peptide conjugated beads were incubated with 6 µl of 10 % brain homogenate in 1 ml PBS
containing 3 % Tween-20 and 3 % NP-40, for three h at room temperature. Beads were
recovered by applying magnetic field and proteins bound to beads were subjected to
immunoblotting using either 3F4 mAb (in A) or 8H4 mAb (in B).
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Fig. 4. P1 and P2 capture PrPSc from different subtypes of human prion diseases
A. P1 and P2, coupled to streptavidin magnetic beads, were used to pull down PrPSc from 10%
brain homogenate of individuals affected by Type 1 sCJD (Lanes 1 and 2), Type 2 sCJD (lanes
3 and 4), Type 1/2 sCJD (Lanes 5 and 6), as well as a CJD unaffected control (lanes 7 and 8),
accompanied by a direct loading control of the same cases (Direct Loading). B. P1 and P2 were
used to capture PrPSc from 10% brain homogenates of individuals affected by iatrogenic (lanes
1 and 2) and variant (lanes 3 and 4) CJD, as well as a CJD unaffected control (lanes 5 and 6),
accompanied by a direct loading control of the same cases (Direct Loading). C. P1 and P2 were
used to capture PrPSc from 10% brain homogenate from cases of familial CJD (E200K) and
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GSS. The 7kDa internal fragment of GSS (in C) is indicated by an asterisk. Immunoblotting
was performed using 3F4 mAb.
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Fig. 5. Binding of P1 and P2 to the PK-resistant core fragment of PrPSc

A. Total brain homogenate from a scrapie-infected hamster (Hamster) or sporadic CJD type
MM1 (sCJD1) and VV2 (sCJD2), was captured by P1 and P2 coupled to streptavidin magnetic
beads, followed by digestion with 50 µg/ml PK for 1 h at 37°C and immunoblotting with 3F4.
B. Total brain homogenate of sporadic CJD type MM1 (sCJD1) and VV2 (sCJD2), as well as
scrapie-adapted hamster (Hamster) was digested with 50 µg ml−1 PK for 1 h at 37 °C, prior to
capture by P1 and P2. Immunoblotting was performed using 3F4 mAb.
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Fig. 6. The binding of PrPSc to P1 is conformation dependent
A. Brain homogenate from scrapie-adapted hamsters was incubated for 1 h with guanidine HCl
(0–3 M), followed by digestion with 50 µg ml−1 PK for 1 h at 37 °C and immunoblotting with
3F4.. B. Brain homogenate from scrapie-adapted hamsters was incubated for 1 h with guanidine
HCl (0–3 M), followed by incubation with Peptide 1 conjugated beads and immunoblotting
with 3F4. The asterisks indicate where there is a difference between PK-resistant PrP and the
PrP captured directly by P1.
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Fig. 7. Binding of P1 to PrPSc compared to binding of angiostatin (K(1+2+3))
A. Decreasing quantities of 10 % brain homogenate from scrapie-adapted hamsters (3 µl to
0.5 µl) were incubated with 50 µg of K(1+2+3) conjugated to 2.3×107 tosyl-activated beads
or 7 µg of P1 conjugated 2.3×107 streptavidin beads. The mixtures were incubated for 3 hours
at room temperature, followed by immunoblotting with 3F4. B. Angiostatin (K(1+2+3), 1.7
mM) was conjugated to tosyl-activated magnetic beads and incubated with 4 µl of 10 % brain
homogenate from a case of sporadic CJD. The binding of (K(1+2+3) to PrP was competed
with increasing amounts (2–100 µg) of P1, followed by immunoblotting with 3F4.
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Fig. 8. Effect of substitution of arginine and tyrosine residues on the binding of P1 to PrPSc

A. The sequences of P1 and the four substituted peptides. B. The substituted peptides were
conjugated to streptavidin magnetic beads and were incubated at room temperature for 3 h with
3 µl of brain homogenate from scrapie-adapted hamster, or 6 µl of brain homogenate from a
normal hamster. Immunoblotting was performed using 3F4 mAb.
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Fig. 9. Capture of spiked PrPSc from human plasma by P1
A. Aliquots (900 µl) of human plasma obtained from two different individuals was spiked with
3 µl of 10 % total brain homogenate from hamsters infected with the 263K scrapie or from
normal hamster in P1 was conjugated to streptavidin magnetic beads and were incubated at
room temperature with (Lanes 1, 3, 4, and 6), followed by immunoblotting with 3F4. The
conjugated beads were also incubated with 6 µl of 10 % total brain homogenate from wild type
hamsters in two separate samples of human plasma (Lanes 2 and 5). Immunoblotting was
performed using 3F4 mAb. B. A 10 % total brain homogenate from a hamster infected with
the 263K strain of scrapie and brain homogenate from a wild type hamster were incubated in
the absence (PK−) or presence (PK+) of 50 µg ml−1 PK for 1 h at 37 °C, followed by
immunoblotting with 3F4.
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