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Molecular typing in Creutzfeldt–Jakob disease (CJD) relies on the detection of distinct protease-resistant prion protein
(PrPSc) core fragments, which differ in molecular mass or glycoform ratio. However, the definition and correct identifi-
cation of CJD cases with a co-occurrence of PrPSc types remains a challenge. With antibodies recognizing a linear epitope
in the octapeptide repeat PrP region, supposed to distinguish between the two major PrPSc isoforms (ie, types 1 and 2), it
was recently shown that all type 2 cases display an associated band with a type 1 migration pattern, which led to the
conclusion that multiple PrPSc types regularly coexist in CJD. We studied brain samples from 53 sporadic CJD and 4
variant CJD subjects using a high-resolution electrophoresis, a wide range of proteinase K (PK) activities, the ‘type
1-selective’ antibody 12B2, and several unselective antibodies. We found that the type 1-like band detected by 12B2 in all
CJD subtypes associated with PrPSc type 2 is not a PK-resistant PrPSc core but rather matches the physicochemical
properties of partially cleaved fragments, which result from the several PK cleavage sites included in the N-terminal
portion of PrPSc. Furthermore, using gels with high resolution and a relatively high PK activity, we were able to increase
the detection sensitivity of either type 1 or 2, when coexisting, to amount corresponding to 3–5% of the total PrPSc signal
(ie, weak band of one type/total PrPSc). Our results show that there are many pitfalls associated with the use of ‘type 1
selective’ antibodies for CJD typing studies and that co-occurrence of PrPSc types in CJD is not the rule. The present
results further validate the rationale basis of current CJD classification and the qualitative nature of molecular typing
in CJD.
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Transmissible spongiform encephalopathies (TSEs), or prion
diseases, are a phenotypically heterogeneous group of neu-
rodegenerative disorders of infectious, sporadic, or genetic
origin, affecting humans and animals. The pathogenesis of
TSEs is linked to the cellular prion protein (PrPC), a host-
encoded, copper and membrane-bound glycoprotein of un-
known function.1 There is no agent replication or trans-
mission of infectivity in the absence of PrPC expression.2

Moreover, an abnormal isoform (PrPSc) of PrPC specifically
accumulates in the nervous system during disease progres-
sion and represents the hallmark of the disease.1 PrPC is
thought to be converted into PrPSc through a post-transla-
tional event associated with an increase in b-sheet secondary
structure and a greater aggregation of the protein.3,4 As a
consequence, PrPSc becomes insoluble in non-denaturing

detergent and, in a significant proportion,5 also acquires a
partial protease resistance, a distinctive property that is
commonly used to distinguish PrPSc from PrPC. Incubation
of a TSE-infected brain homogenate with proteinase K (PK)
under conditions leading to a complete degradation of PrPC

generates an N-terminal truncated form of PrPSc commonly
referred to as PrP27-30.6

Creutzfeldt–Jakob disease (CJD), the most common hu-
man TSE, like scrapie, the prototype of animal TSEs, com-
prises a broad spectrum of clinicopathological variants.7,8

The existence of multiple strains of the infectious agent in
conjunction with host genetic factors such as PRNP muta-
tions or polymorphisms are thought to be responsible for
TSE phenotypic heterogeneity.9 In humans, disease suscept-
ibility and phenotypic expression are influenced by PRNP
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mutations and by the polymorphism at codon 129 that en-
codes either methionine (M) or valine (V).10–12 Distinct
agent strains have been demonstrated13–16 but have yet to be
characterized in full.

Although uncertainties remain on the molecular basis of
TSE strains and the relationship between strains and PrP,
several lines of evidence indicate that PrPSc exists in a variety
of molecular subtypes showing distinctive physicochemical
properties13,17–25 (for reviews about more recent studies see
Parchi et al26 and Baron et al27). Most significantly, PrPSc

molecules derived from different strains or disease variants
with distinct pathology often vary in their N-terminal site of
PK cleavage. Based on differences in gel mobility and N-
terminal sequence of the core fragments (ie, PrP27–30)
generated by PK, Parchi et al20,21 originally identified two
major human PrPSc types: type 1 with a relative molecular
mass of 21 kDa and the primary cleavage site at residue 82
and type 2 with relative molecular mass of 19 kDa and the
primary cleavage site at residue 97.20,21,28 The two PrPSc types
in conjunction with the codon 129 genotype largely ex-
plained CJD phenotypic variability and for the first time
provided a molecular basis for disease classification (ie,
MM1, MM2, VV1, etc).29 More recently, the study of PrPSc

under stringent pH conditions using a gel electrophoresis
technique with increased sensitivity demonstrated that PrPSc

types 1 and 2 are heterogeneous species, which can be further
distinguished into molecular subtypes that better fit the
current histopathological classification of sporadic CJD
(sCJD) into six subtypes.30

Despite these significant advances, much remains to be
performed to explore the molecular basis of CJD hetero-
geneity and strain diversity in full. One intriguing aspect of
CJD molecular pathology relates to the co-occurrence of
PrPSc types 1 and 2 in the same brain. Originally reported by
Parchi et al,29 the existence of CJD subjects with mixed
molecular and pathological phenotypes has been confirmed
in subsequent studies.31–33 Nevertheless, difficulties remain in
understanding both the biological basis of this phenomenon
and its prevalence. The issue has become particularly puz-
zling after two recent studies34,35 took advantage of mono-
clonal antibodies recognizing an epitope between residues 82
and 96 of human PrP located outside the primary PK clea-
vage site of type 2 PrPSc. These studies showed that all CJD
cases classified as type 2, using standard antibodies, also
contain a variable amount of PrPSc that matches PrPSc type 1
in gel migration characteristics after PK treatment. It was
concluded that all type 2 CJD cases are characterized by the
coexistence of PrPSc type 1 and that the two types might
always exist in a dynamic equilibrium within the brain. If
confirmed, this finding would make the distinction between
type 1 and 2 CJD subtypes quantitative rather than qualita-
tive and would question both the validity of the electro-
phoretic PrPSc mobilities as surrogate markers for prion
strains or disease subtype and the rational basis of current
CJD classification.

Addressing these issues further, we reasoned that the type
1-like signal might be an effect of a relatively inefficient hy-
drolysis of PrPSc type 2 rather than ‘bona fide’, subtype-re-
lated PrPSc type 1. In line with this hypothesis, our results
reveal that by detecting partially cleaved fragments produced
by PK digestion in both PrPSc types 1 and 2, the recently
developed type 1-selective antibodies easily lead to significant
PrPSc typing pitfalls. Moreover, we show here that using a
relatively high PK activity the detection sensitivity of type 1
and 2 co-occurrence can be significantly enhanced without
the need for ‘type-selective’ antibodies, making this approach
the current best for the study of PrPSc types co-occurrence in
prion disease.

MATERIALS AND METHODS
Patients and Tissues
We studied 53 sCJD cases and 4 vCJD cases phenotypically
characterized in regard to clinical and histopathological fea-
tures, pattern of PrP deposition, PRNP genotype, and wes-
tern blot profile of PrPSc. sCJD subtypes were classified
according to Parchi et al.28 They included 10 MM1, 5 MV1, 3
VV1, 9 MV2 with kuru plaques, 15 VV2, 3 MM2-cortical, 5
MM2-thalamic, a disease subtype also known as sporadic
fatal insomnia,36 and 3 MM sCJD cases in which standard
PrPSc typing demonstrated the co-occurrence of types 1 and
2, as described by Parchi et al.29 Brain tissues were obtained
at autopsy and were kept frozen at �801C until use. One
sample from the frontal cerebral cortex (FC), usually the
middle frontal gyrus (MFG), was available in all cases. In
three MV2, three VV2, three MM2-cortical cases, tissues were
also obtained from three or more of the following areas:
occipital (OCC) or parietal cortex (PC), putamen (PUT),
thalamus (TH) and cerebellum (CE). Finally, autopsy brain
tissue from three non-demented subjects with a negative
neuropathologic examination was used as negative controls.

Antibodies
The following mouse monoclonal antibodies recognizing
different human PrP epitopes were used at defined con-
centrations: 3F4 (residues 108–111)37 obtained from Signet
Labs (Dedham, MA, USA) at 80 ng/ml, 12B2 (residues 89–
93)38 at 400 ng/ml, Sha31 (residues 145–152) and SAF60
(residues 157–161)39 at 400 and 200 ng/ml, respectively.
Antibody concentrations were chosen to yield comparative
signal intensities on western blots.

Molecular Genetics
Genomic DNA was extracted from blood or frozen brain
tissue. Genotyping of the PRNP coding region was performed
as described,28 after receiving an informed consent from the
patients or their relatives.

Sample Preparation and Western Blotting
Brain homogenates (10%, wt/vol) were prepared on ice in a
lysis buffer with high buffer capacity (LB100) (pH 6.9;
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100mM Tris, 100mM NaCl, 10mM EDTA, 0.5% NP-40, 0.5%
sodium deoxycholate). Since the pH of Tris buffers changes
significantly according to the buffer temperature, the lysis
buffers were titrated to pH 6.9 at 371C (ie, the temperature at
which protease digestion is performed). Total protein con-
centration was estimated using a standard colorimetric
method based on bicinchoninic acid (Pierce Biotechnology,
Rockford, IL, USA). All samples were diluted at 6mg protein/
ml before protease digestion. If not otherwise specified, ali-
quots were treated for 1 h at 371C with PK (47.9U/mg, Roche)
at several concentrations from 0.12 to 256U/ml (ie, 1U/ml
corresponds to 50mg/ml when PK-specific activity is 20U/
mg). Since PK generated unspecific bands in the western blots
at a concentration higher than 256U/ml, to reach a complete
PrPSc hydrolysis we increased the incubation times rather than
PK concentration. Protease digestion was terminated by the
addition of 2mM phenylmethylsulfonyl fluoride. Samples
were resuspended in sample buffer (final concentration: 3%
sodium dodecyl sulfate (SDS), 4% b-mercaptoethanol, 10%
glycerol, 2mM EDTA, 62.5mM Tris, pH 6.8) and boiled for
8min before loading.

In the experiments determining the detection sensitivity of
PrPSc type 1 and 2 co-occurrence, frontal cortex homogenates
of ‘pure’ PrPSc types 1 and 2 from MM1 and MM2-cortical
subjects, respectively, were mixed in ratios of 200:100,
100:100, 70:100, 50:100, 40:100, 30:100, 20:100, 10:100, 5:100,
3:100, 2:100, 1:100, according to their PrPSc content, and
digested with 2 or 16U/ml PK. Similarly, the PK digestion
profile of artificially mixed PrPSc types 1 and 2, was de-
termined using frontal cortex homogenates containing 5% of
PrPSc type 1 from an MM subject and 95% of PrPSc type 2A
from a case showing the MM2-cortical phenotype. To opti-
mize PrPSc co-occurrence, detection samples were con-
centrated by methanol precipitation and resuspended in a
volume equivalent to the one of the original 10% homogenate
(ie, 20ml of sample corresponded to 2mg of wet tissue).

Protein samples (brain tissue equivalent to 0.2–2mg of wet
tissue) were separated in 12 or 15% Tris/glycine SDS-poly-
acrylamide gels (37.5:1 acrylamide/bis-acrylamide) using gel
electrophoresis apparatus holding running gels of different
lengths (5.5 cm for the standard system and 15 cm for the
high-resolution system, Bio-Rad). Proteins were transferred
to Immobilon P (Millipore) for 2 h at 60 V, blocked with 10%
non-fat milk in Tween-Tris-buffered saline, pH 7.5, and
probed with the appropriate antibody. The immunoreactivity
was visualized by enhanced chemiluminescence (ECL stan-
dard, Amersham) on Kodak BioMax Light films (Eastman
Kodak).

RESULTS
‘Type 1 Selective’ 12B2 Antibody Detects a Band
Migrating Similarly to Type 1 (Type 1-Like) in All Type 2
CJD Subtypes
Western blot analyses of PK-digested brain homogenates
using 12B2, a monoclonal antibody recognizing an epitope

(89–93) located outside PrPSc type 2 primary PK cleavage site
(ie, residue 97), detected a band migrating similarly to type 1
(referred to here as type 1-like) in all CJD type 2 subtypes
(Figure 1). The amount of the type 1-like band, however,
dramatically decreased when PrPSc was digested with a rela-
tively high PK concentration (20U/ml) (Figure 1). The re-
lative disappearance of the type 1-like band at 20U/ml of PK
was observed in all type 2 CJD subtypes but MV2. Further-
more, in vCJD, the glycoform ratio of this band reproduced
that of the corresponding type 2B rather than the one of a
typical CJD type 1 (MM1 or VV1) (Figure 1).

A Relatively Inefficient PrPSc Hydrolysis Generates
Partially Cleaved Fragments
Given that PK digestion of PrPSc is not a single cleavage step
and that the sensitive N-terminal portion of PrPSc has several
PK cleavage sites near the resistant core (see PeptideCutter
program of the ExPASy Proteomics Server us.expasy.org/
tools/peptidecutter) (Figure 2), we explored the possibility
that the type 1-like/type 2 co-occurrence detected by selective
antibodies such as 12B2 represents, in most cases, an in-
efficient hydrolysis of type 2 rather than bona fide, CJD
subtype or strain-related, type 1. To test this hypothesis, we
first analyzed the PrPSc fragments generated by different PK
concentrations using a high-resolution gel electrophoresis
system (SDS-PAGE 15%, 15 cm long gel) in all CJD subtypes.
When exposed to a relatively moderate PK activity (from 0.12

Figure 1 The antibody 12B2 detects a type1-like band in all type 2

CJD subtypes. Standard western blot analysis of PrPSc in frontal cortex

homogenates from CJD of the subtypes MM1, MM1þ 2, MM2-cortical

(MM2C), vCJD, VV2, MM2-thalamic (MM2T), and MV2. Samples were

digested at two different PK concentrations expressed in U/ml (1 U/ml

corresponds at 50 mg/ml when specific activity is 20 U/mg; see Materials

and Methods for more details) and probed with either 3F4 or 12B2.

Approximate molecular masses are in kilodaltons.
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to 0.5U/ml, for 1 h at 371C, pH 6.9, 6mg protein/ml), both
types 1 and 2 showed, in addition to the 21 kDa (type 1) or
19 kDa (type 2) band, respectively, a tight group of
slower migrating bands (Figure 3) matching the character-
istics of partially cleaved fragments of PrPSc theoretically
expected based on the availability of PK digestion sites along
the PrP sequence. The fact that only the smallest five of these
fragments were detected is explained by the co-migration of
the larger peptides with the monoglycosylated band of
PrP27-30. As expected in a typical step-by-step peptide
digestion, a gradual increase in PK concentration sig-
nificantly reduced the number of these fragments while
raising the amount of the resistant core (eg, faster migrating
band). Interestingly, when we used a lower resolution elec-
trophoretic apparatus (SDS-PAGE 12%, 5.5 cm long gel)
comparable to those commonly used for PrPSc typing, this
ladder of fragments appeared as a single band indis-
tinguishable from the resistant core (data not shown). To
obtain a better characterization of these peptides, we also
performed a western blot analysis using antibodies against
different PrP epitopes and a high-resolution gel electro-
phoresis system. The results showed that, like 3F4 (residues
108–111), SAF60 (residues 157–161) and Sha31 (residues
145–152) antibodies detect all fragments including those
corresponding to type 1 and 2 primary cleavage sites (ie,
cleaved at 82 and 97), whereas 12B2 (residues 89–93) did not
detect the 19 kDa fragment corresponding to the PrPSc type 2
core. Moreover, this antibody only weakly recognized the
fragment of about 20 kDa, migrating just above the PrPSc

type 2 core, which is in line with the fact that the corre-
sponding theoretically expected fragment lacks one residue in
the 12B2 epitope (Figure 4).

Figure 2 Diagram of human PrPSc showing the primary cleavage sites for both types 1 and 2 resistant cores, and the theoretical expected PK cleavage sites

in their corresponding N-terminal PK-sensitive portions (obtained by the PeptideCutter program of the ExPASy Proteomics Server; us.expasy.org/tools/

peptidecutter). Primary cleavage by PK at each of these sites generates partially cleaved fragments. The fragments we could identify in both types 1 and 2

are marked with v. The epitopes recognized by the monoclonal antibodies 3F4 and 12B2 are also marked.

Figure 3 Effect of PK concentration on PrPSc digestion profiles. Western

blot analysis of PrPSc types 1 (MM1 subtype) and 2 (VV2 subtype) probed

with 3F4 antibody after digestion at different PK concentrations. A high-

resolution gel electrophoresis system (SDS-PAGE 15%, 15 cm long gel) was

used. In the lower panel the band with an approximate MW of 21 kDa is

marked with an asterisk. PK activity is indicated as either U/ml or mg/ml

(1 U/ml corresponds at 50mg/ml when specific activity is 20 U/mg). The

same result was reproduced twice with samples from at least four subjects

of each group. Approximate molecular masses are in kilodaltons.
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PK Digestion Profiles of Type 1-Like and Partially
Cleaved PrPSc Fragments Differ from that of PrP27-30
To further explore the possibility that the partially cleaved
fragments fully constitute the type 1-like signal detected by
12B2, we performed, on all sCJD subtypes as well as vCJD,
a set of experiments in strictly controlled, homogeneous di-
gestion conditions, using several PK concentrations, a high-
resolution gel electrophoresis system, and both 3F4 and 12B2
monoclonal antibodies (Figure 5). We found that PrPSc di-
gestion in the presence of a relatively low PK activity (0.5–
2U/ml) produces a decrease in the full-length form, which
appears to be threefold more PK resistant than the PrPC from
CJD-negative cases (data not shown), and a gradual increase
in both PrPSc resistant core and partially cleaved fragments.
At increasing PK concentrations, however, the total amount
of partially cleaved fragments begins to decrease while PrPSc

resistant core continues to increase until the PK activity be-
comes 8–32 times higher, depending on the CJD subtype.

Using 12B2 at a concentration in which the antibody
shows a similar affinity for PrP as 3F4, we compared the PK
digestion profiles of the type 1-like signal disclosed by 12B2
in CJD type 2 cases with those of the PrP bands detected by
3F4 in all CJD subtypes. The data show that the type 1-like
signal detected by 12B2 in CJD type 2 cases is significantly
less resistant to PK digestion than PrPSc resistant core from
either MM1 or VV1 subtypes, while largely matches that of
the partially cleaved fragments detected by 3F4 (Figure 5b).
More precisely, the type 1-like signal appears to be even more
PK sensitive than the partially cleaved fragments detected by
3F4 (Figure 5b), but this can be explained by the fact that
12B2, due to his affinity properties, only weakly recognizes
the 20 kDa band, which corresponds to the smallest of the
type 2-associated partially digested fragments (Figure 4).

Similar results were obtained in each of the CJD type 2
subtypes coupled with a homozygous codon 129 genotype.
Furthermore, the same results were also reproduced in three
different areas (ie, frontal cortex, putamen, and thalamus) of
six sCJD cases (two MM1, two VV2, and two MM2-cortical)
(data not shown). Overlapping digestion profiles between
type 1-like and type 2 signals were only obtained in samples
from the MV2 subtype (Figure 5b), where, however, the type
1 signal was also clearly visible with 3F4 (Figure 1), a finding
in full agreement with our previous observation28,29 that the
PrPSc core in sCJDMV2 comprises a doublet in most cases.
Interestingly, the analyses of the PrPSc digestion profiles
(Figure 5b) showed that the maximal density of the PrPSc

band (Dmax), corresponding to the sum of all fragments and
therefore optimal for prion detection, was achieved with PK
concentrations from 1 to 8U/ml (corresponding to 50–
400 mg/ml when specific PK activity is 20U/mg) depending
on the subtypes, whereas the highest PrPSc resistant core
detection, with only traces of associated partially digested
fragments that are optimal for typing analysis (Topt), was
reached with PK concentrations from 8 to 32U/ml. Thus,
experimental conditions that are ideal for the most sensitive
PrPSc detection do not coincide with those, which are best for
PrPSc typing.

To further compare the PK digestion profiles of type 1-like
and bona fide type 1, we artificially mixed PrPSc types 1 and 2
in a 5% (MM1)/95% (MM2-cortical) ratio. Despite its minor
proportion, type 1 showed a distinguishable band also at the
highest PK concentration used (256U/ml) making its profile
clearly distinct from that of type 1-like (Figures 5a and 6).

Regional Variations of PrPSc Type 1 and 2 Co-Occurrence
The analyses of sCJD cases with real type 1 and 2 co-occur-
rence revealed by the 3F4 antibody show significant regional
differences in the amount ratio of the two protein types
(Figure 7a), correlating with the pathological disease phe-
notype (data not shown).29,31 To see whether similar regional
variations are observed in the type 1-like and type 2 ratio,
we analyzed different areas of type 2 sCJD cases after PK
digestion in standardized and homogenous conditions. In
particular, much attention was given to performing PK
digestion of tissue homogenate at a given pH value (using a
high buffer capacity solution) and at a given total
protein concentration. This is because PrPSc digestion by PK
is significantly affected by both the actual pH30 and the
total protein concentration in the homogenate, which can
also significantly differ among different areas (data not
shown). In these conditions, the amount ratio between the
type 1-like band and type 2 signal was not significantly
influenced by the brain structure analyzed (Figure 7a).
Again, the only exception was represented by the MV2 cases
(Figure 7b). However, as already stated, the co-occurrence of
bands in MV2 is already and even more readily detected by
the 3F4 antibody.

Figure 4 Detection of partially cleaved fragments with different antibodies.

Western blot analysis of PrPSc types 1 (MM1 subtype) and 2 (VV2 subtype)

after digestion with 0.25U/ml of PK, using different antibodies (epitopes are

shown). A high-resolution gel electrophoresis system (SDS-PAGE 15%,

15 cm long gel) was used. After blotting, the PVDF membrane was cut

into four parts that were incubated with different antibodies and then

reassembled for the final film exposure. Approximate molecular masses

are in kilodaltons.
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Figure 5 PK digestion profiles of PrPSc in all sCJD subtypes and vCJD: comparison between 3F4 and 12B2 antibodies. (a) Western blot profiles of PrPSc from

MM1 and MM2-cortical (MM2C) subtypes digested at different increasing PK concentrations and probed with either 3F4 or the ‘type 1-selective’ 12B2.

A high-resolution gel electrophoresis system (SDS-PAGE 15%, 15 cm long gel) was used. Windows correspond to higher exposure times. Approximate

molecular masses are in kilodaltons. (b) Summary of results for all CJD subtypes. Values refer to the amount of different PrPSc forms and are expressed in

arbitrary units calculated by densitometric analyses of chemiluminescence western blot signals generated by unglycosylated PrPSc in duplicate blots probed

with either 3F4 or 12B2 antibodies. Data are mean±s.d. (n¼ 3). The profiles of full-length PrP (—), PrPSc core resistant fragment (–m–), PrPSc partially cleaved

fragments (–n–), and sum of all PrPSc fragments ( ) were obtained from the blots probed with 3F4, whereas the profile of type 1-like PrPSc (–J–) was

obtained from the blots probed with 12B2. The profile of full-length PrP obtained with 12B2 overlapped with that obtained with 3F4 and was omitted. PK

activity is expressed in U/ml (1 U/ml corresponds at 50mg/ml when specific activity is 20 U/mg). Protease digestion was performed at 371C for 1 h at all PK

concentrations, but the last three points (marked with #) where the digestion was performed at 371C for different times at the highest PK concentration (ie,

256 U/ml). The short arrow (k) indicates the highest value obtained for the sum of all fragments, whereas the double arrow (z) corresponds to the highest

difference between the value of PrP27-30 and that of partially cleaved fragments.
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Detection Sensitivity of PrPSc Type 1 and 2
Co-Occurrence in the Same Sample by 3F4
To measure the limit of detection of type 1 and 2 co-occur-
rence by 3F4 antibody, we mixed two homogenates con-
taining pure type 1 or 2 PrPSc from MM1 and MM2-cortical
subjects, in various proportions. We then analyzed the sam-
ples by immunoblotting (3F4 antibody) after digestion with
either 2U/ml, the protease concentration most commonly
used for PrPSc detection and typing, or 16U/ml of PK, the
average of the protease concentrations at which we obtained
the highest PrPSc resistant core detection with only traces of
associated partially digested fragments (Topt) in the different
CJD subtypes (Figure 5b). Using a 16U/ml PK concentration,
the detection threshold for type 1 was 9% of total PrPSc while
it was 33–41% of total PrPSc using the 2U/ml PK con-
centration (Figure 8a). In contrast, the detection of low
amounts of type 2 in the presence of a relatively high amount
of type 1 was not significantly affected by PK concentration/
activity. Furthermore, by using a high-resolution gel elec-
trophoresis system (ie, 15% Tris-glycine SDS-PAGE, 15 cm
long) combined with a higher sample concentration, it was
possible to raise the detection threshold for type 1 or type 2
up to a limit of 3–5% of total PrPSc (Figure 8b).

DISCUSSION
In the absence of a disease-specific nucleic acid, the mole-
cular diagnosis of prion diseases must rely on protein studies.

Besides PrPSc detection, which is required for a definite di-
agnosis of prion disease, the study of PrPSc physicochemical
properties has assumed crucial importance for both strain
typing and molecular classification of TSEs. Thus, refined
molecular techniques in prion diagnostics should aim to
improve not only PrP detection sensitivity but also dis-
criminatory properties among abnormal PrP isoforms. Dif-
ficulties in current CJD postmortem diagnostics relate to the
finding of PrPSc types coexistence in the brains. CJD cases
with mixed molecular and pathological features have been
reported in several studies,29,31–33 but no criteria have been
established for the correct biochemical biologically relevant
identification of PrPSc types co-occurrences. Furthermore, it
is still unclear to what extent current molecular techniques
allow the detection of the whole spectrum of such cases. In
this regard, antibodies recognizing an epitope between re-
sidues 82 and 96 (ie, not detecting type 2) appeared
straightforward tools to discriminate cases of animal-derived
TSE strains.38,40–43 Using these antibodies on human CJD
isolates, two groups of investigators recently found that all
type 2 samples show at least some associated protein mi-
grating similarly to PrPSc type 1 and reached the conclusion

Figure 6 PK digestion profiles of PrPSc in artificially mixed sCJD subtypes.

Western blot profiles of PrPSc in artificially mixed sCJD subtypes with little

amount of PrPSc type 1 (5% MM1 added to 95% MM2-cortical). Protease

digestion was performed at different increasing PK concentrations;

membranes were probed with 3F4 and the ‘type 1-selective’ antibody,

12B2. A high-resolution gel electrophoresis system (SDS-PAGE 15%, 15 cm

long gel) was used. The same result was reproduced with samples from at

least three subjects. Approximate molecular masses are in kilodaltons.

Figure 7 Regional western blot profiles of PrP27-30 from different sCJD

subtypes. Standard western blot analysis of PrP27-30 obtained from (a)

different brain areas of VV2, MM2, MM1þ 2 cases. Samples were digested

with 2U/ml PK and probed with either 3F4 or the ‘type 1-selective’

antibody, 12B2. Similar results were obtained with samples from at least

four subjects. (b) Different brain areas of a MV2 case sample was digested

with two different PK concentrations and probed with either 3F4 or the

type 1-selective antibody, 12B2. Similar significant differences were

obtained with samples from at least three subjects. Approximate molecular

masses are in kilodaltons. For brain areas abbreviations see Materials and

Methods.
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that PrPSc type 1 regularly coexist in CJD previously classified
as type 2.34,35 We also detected a type 1-like band in all CJD
type 2 subtypes but came up to a different conclusion con-
cerning the origin and biological significance of this band.

In a previous study,30 where we originally applied a high-
resolution electrophoretic system, which better discriminates
between distinct PrP isoforms, we showed that PK digestion
of both PrPSc types 1 and 2 produces additional fragments
migrating slightly slower than the resistant core. Since these
fragments were significantly more sensitive to protease di-
gestion than the PrPSc core, we thought they might represent
the effect of a relatively inefficient hydrolysis of PrPSc.
Whereas the type 1-associated fragments do not interfere
with type 2 detection, it is noteworthy that the size of asso-
ciated fragments generated by PrPSc type 2 protease digestion
overlaps with that of PrPSc type 1. Furthermore, this ladder of
peptides is visualized as a single band in a conventional
5.5 cm gel system, giving the misleading impression that they
represent a PrP27-30 type 1 core fragment. The present study
reanalyzed these peptides using a high-resolution gel elec-
trophoretic system and both non-discriminatory and type
1-selective antibodies. We calculated that the observed frag-
ments exactly match the number and size of the theoretically
expected partially cleaved PrPSc fragment generated by PK
digestion. By analyzing the degree of PK resistance of these
peptides compared to that of PrPSc type 1 and 2 cores in
greater detail (Figure 5), we showed that the band detected by
12B2 in each CJD type 2 subtype but the MV2, is not PrPSc

type 1, but rather a band that correspond to the above-

mentioned associated fragments. The PK resistance profile of
this band, in fact, was similar to that of partially cleaved
fragments detected by 3F4, but significantly different from
that of the PrPSc type 1 resistant core from either MM1 or
VV1. Yull et al35 addressed this issue performing a PK-di-
gestion time–course experiment in vCJD brain. They ob-
served a rapid initial decline in the signal detected by 12B2,
which plateaued around 60min and then apparently re-
mained constant over the next 2 h. According to our data,
however, the limited range of PK activities they tested may be
the explanation for the apparent plateau effect observed.

It is well known that the glycoform ratio is another
property distinguishing between PrPSc isoforms associated
with distinct CJD subtypes or prion strains.17,19,29,44 Yull et
al35 found that the type 1-like band detected by 12B2 in vCJD
maintained the very characteristic glycoform ratio of PrPSc

type 2B and concluded that the band they considered a PrPSc

resistant core could not be a common type 1. We consider
this result, which was also reproduced by us, as further evi-
dence that the type 1-like band recognized by 12B2 in vCJD
cases represents partially cleaved fragments of PrPSc type 2B
rather than real, bona fide PrPSc type 1.

We agree with Yull et al35 and Polymenidou et al34 that the
detection of type 1 and 2 co-occurrence using a conventional
typing method and antibodies recognizing both types may
lack sufficient sensitivity. In this regard, we were able to in-
crease the sensitivity of the type 1 and 2 co-occurrence signal
up to the value of 10% (weak band of one type/total PrPSc)
using a conventional gel electrophoresis system and up to

Figure 8 Detection limit of PrPSc types 1 and 2 co-occurrence by 3F4. Two brain homogenates containing either pure type 1 or pure type 2 were mixed in

various ratios, as indicated. Two aliquots of each sample were digested using different PK concentrations. To optimize detection of PrPSc co-occurrence, the

samples were concentrated fourfold by methanol precipitation. Western blot analysis was performed by using both (a) conventional gel electrophoresis

system (SDS-PAGE 12%, 5.5 cm long gel) and (b) high-resolution gel electrophoresis system (SDS-PAGE 15%, 15 cm long gel). The antibody 3F4 was used.

The same result was reproduced twice with samples from at least three subjects of each group. Approximate molecular masses are in kilodaltons.
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3–5% using a high-resolution gel electrophoresis system. This
result was achieved by increasing the PK concentration to
16U/ml (Topt), hence by reducing the amount of partially
cleaved fragments the specific resistant core could be detected
more distinctively. In their study, Polymenidou et al34 sug-
gested that the use of a too high PK concentration could lead
to false-negative results and that the PK concentration for the
most reliable PrPSc detection should be the minimum con-
centration that will completely digest PrPC. We agree that the
highest sensitivity is needed when the primary goal is a
positive or negative diagnosis based on PrPSc detection;
however, at present, this is rarely a significant issue in CJD
diagnosis given the relatively high PrPSc concentration in CJD
brains, the only exceptions being rare cases of genetic TSEs
such as FFI or familial CJD associated with extra-repeat in-
sertions44 (unpublished data). However, when a fine typing
analysis is needed, the optimum PK concentration corre-
sponds to the one generating the minimum amount of par-
tially digested fragments together with the maximum
possible amount of PrP27-30 resistant core. This study shows
that this condition is reached at a PK concentration of 16U/
ml (Topt). Given that the decrease of PrPSc signal in this
condition compared to the maximal detection sensitivity,
obtained at 2U/ml PK (Dmax), was never higher than 30%,
it is possible to overcome this decrease by concentrating the
sample up to fourfold, using a rapid method of protein
precipitation (eg, methanol precipitation).

Additional data concerning the regional variability of PrPSc

physicochemical properties within the same brain further
support our conclusions. It is well known that CJD subtypes
significantly differ in the intracerebral distribution of PrPSc.21

This is related to the existence of different prion strains and,
to a lesser extent, to the host genotype variability such as that
determined by the codon 129 polymorphism. Thus, in a CJD
case with PrPSc co-occurrence, it should be expected that the
relative amount of the two proteins varies significantly ac-
cording to the brain area analyzed (Figure 8). This is exactly
what we found in a recent study where the regional proper-
ties of PrPSc in about 20 different brain structures of 40 CJD
cases with PrPSc types co-occurrence were analyzed by wes-
tern blotting (P Parchi et al, unpublished data). In contrast,
the present study detected a constant amount of type 1-like/
type 2 ratio in different areas of the same case in all type 2
CJD subtypes (ie, MM2-cortical, MM2-thalamic, VV2,
vCJD) but the MV2. It must be also emphasized that both
studies applied a homogeneous PK digestion condition. In
particular, much attention was given to protein concentra-
tion and the actual homogenate pH, two experimental vari-
ables that may vary significantly among brain regions and
significantly affect PK activity.

The findings in the MV2 sCJD subtype deserve further
comment. The western blot profile of PrP27-30 in these cases
appears almost invariably characterized by the association of
two PrPSc core fragments, which include a classic 19 kDa type
2 band and a slower migrating band of about 20 kDa. As

previously reported by us,29,30 the two bands are readily de-
tected by 3F4. Furthermore, their relative amount varies
significantly according to the brain region analyzed, although
the type 2 band is usually dominant over the 20 kDa band
(P Parchi et al, unpublished data). Thus, the association truly
reflects a co-occurrence of PrPSc types. We understand that it
is tempting to call this PrPSc pattern a type 1 and 2
association, but we feel this would be incorrect for the fol-
lowing reasons: (i) the 20 kDa band shows a slightly faster
migration and a quite distinct regional distribution than the
classic type 1 protein found in MM and MV cases; (ii) al-
though a band with similar migration pattern is seen in VV1
cases, again, the regional distribution of the protein fragment
in the two sCJD subtypes (ie, VV1 and MV2) is quite distinct
(P Parchi et al, unpublished data); (iii) there are MV sCJD
cases with a PrPSc type 1 and 2 co-occurrence (ie, real
21þ 19 kDa bands) showing a quite distinct pathological
phenotype from that of the MV2 cases with kuru plaques.
Thus, an alternative nomenclature should be applied to this
PrPSc profile. For the moment, we propose defining the
pattern as type 2 associated with an upper band of 20 kDa
(ie, PrPSc type 2þ 20 kDa).

In conclusion, the recently developed type 1-selective an-
tibodies (ie, antibodies recognizing an epitope between the
type 1 and 2 N-termini of human CJD cases) are of potential
interest for the study of the physicochemical properties of a
type 1 component, but only once the co-occurrence of PrPSc

types has been confirmed with standard antibodies. Indeed,
the possibility to maximize the detection of 21 kDa PrP band
and the partially cleaved fragments in the absence of the
signal generated by the 19 kDa type 2 band easily leads to an
incorrect interpretation of the type-related nature of the
detected band. This is particularly true when a conventional
gel electrophoretic system is used where different peptides
appear as a single band with a PrPSc type 1 migration pattern.
On the other hand, setting up an experimental condition
where a pure type 2 signal without any trace of associated
PrP-type 1-like band is obtained is virtually unthinkable,
given that the core fragment itself is only partially resistant to
protease digestion.

Beside, we demonstrated that combining high-resolution
gel electrophoresis and a relatively high PK activity and
protein loading, the detection sensitivity of type 1 and 2 co-
occurrence can be increased 10-fold without the need for
‘type-selective’ antibodies, making it the current best ap-
proach for the detection of PrPSc type co-occurrence in
human prion disease. It will now be important to apply this
refined western blot approach to a systematic analysis of
several brain regions in a large cohort of CJD cases to reach a
reliable estimate of the extent of PrPSc type co-occurrence in
CJD. Nevertheless, our current data already show that there
are many type 2 CJD cases lacking evidence of the co-
occurrence of bona fide PrPSc type 1 in several brain regions,
indicating that PrPSc type 1 coexistence in type 2 CJD cases is
not the rule.
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