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Background:Mechanism of prion adaptation and evolution has not been fully elucidated.
Results: Distinct human prion particles co-exist and undergo competitive selection during replication.
Conclusion: The process is governed by preferential replication of the least stable pathogenic conformers.
Significance: The spectrum of conformers in wild human prion isolates enables adaptation and evolution by selection of the
progressively less stable and faster replicating subset.

The unique phenotypic characteristics of mammalian prions
are thought to be encoded in the conformation of pathogenic
prion proteins (PrPSc). The molecular mechanism responsible
for the adaptation, mutation, and evolution of prions observed
in cloned cells and upon crossing the species barrier remains
unsolved. Using biophysical techniques and conformation-de-
pendent immunoassays in tandem,we isolated twodistinct pop-
ulations of PrPSc particles with different conformational stabil-
ities and aggregate sizes, which frequently co-exist in the most
common human prion disease, sporadic Creutzfeldt-Jakob dis-
ease. The proteinmisfolding cyclic amplification replicates each
of the PrPSc particle types independently and leads to the com-
petitive selection of those with lower initial conformational sta-
bility. In serial propagationwith a nonglycosylatedmutant PrPC

substrate, the dominant PrPSc conformers are subject to further
evolution by natural selection of the subpopulation with the
highest replication rate due to its lowest stability. Cumulatively,
the data show that sporadic Creutzfeldt-Jakob disease PrPSc is
not a single conformational entity but a dynamic collection of
two distinct populations of particles. This implies the co-exis-
tence of different prions, whose adaptation and evolution are
governed by the selection of progressively less stable, faster rep-
licating PrPSc conformers.

Ample genetic, transgenetic, and biophysical data, and ulti-
mately the generation of infectious prions from recombinant
prion protein (PrP)2 in vitro (1–3) all provide compelling evi-

dence that prion diseases are caused by the accumulation of an
aberrantly folded isoform of the prion protein termed PrPSc (4).
Variations in prions, which cause remarkably different disease
phenotypes in the same host, are referred to as strains (5, 6). For
several decades, the existence of distinct prion strains that can
be passaged indefinitely has polarized the scientific community
and was offered as an argument for the existence of a prion-
specific genome. Subsequently, extraordinary progress in the
past decade has produced convincing experimental evidence
indicating that the species of prion is encoded in the primary
amino acid sequence of PrPSc (6) and that prion strain charac-
teristics are encoded in the self-replicating conformation of
PrPSc (7–10). These phenotypic characteristics may undergo
mutation in cloned cells, but themolecularmechanism respon-
sible for this phenomenon remained elusive in the absence of
informative nucleic acid (10). Although recent important
experiments with synthetic and rodent-adapted laboratory pri-
ons suggest that structural plasticity of PrPSc is a key factor in
adaptation and evolution, the exact conformational mecha-
nism and relevancy of these observations to wild prions causing
natural human prion diseases have not been established
(11–13).
The extensive phenotypic heterogeneity of themost frequent

human prion disease, sporadic Creutzfeldt-Jakob disease
(sCJD) (14), is currently understood as a complex interplay
between polymorphisms in the PRNP gene and different PrPSc
conformers (6, 14). Because the conformations of PrPSc vary in
different prion strains, the broad spectrum of distinct PrPSc
conformers recently found in different cases of sCJD using sen-
sitive biophysical techniques implies that sCJD is caused by a
broad array of distinct prions (5, 15, 16). Furthermore, the fre-
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quent, andperhaps universal, presence of both the 21-kDa (type
1) and 19-kDa (type 2) unglycosylated fragments of protease-
resistant (r) PrPSc in sCJD (17–21) indicates the co-occurrence
of markedly different PrPSc conformers, often in the same ana-
tomical structure in the same brain. Apart from challenging the
validity of the clinicopathological classification of sCJD based
onPRNP gene polymorphismandWestern blot patterns of type
1 or type 2 rPrPSc (14, 22), these findings raise some fundamen-
tal questions. (a) Do the co-existent type 1 and type 2 rPrPSc
form distinct or hybrid particles composed of both types of
PrPSc? (b) Do they replicate independently and thus imply co-
existence of different sCJD prions? (c) What is the impact of
co-existence of distinct PrPSc conformers on prion adaptation
and evolution?
In our earlier experiments, we found a remarkable inter-in-

dividual conformational heterogeneity of sCJD PrPSc, and we
established that progression rates of the disease correlate with
replication rate of human prions in vitro, which is in turn gov-
erned by the size and instability of aggregates formed by this
protein (6, 15, 16). To extend these observationswith the aim to
advance our understanding of the molecular mechanism of
human prion co-existence, adaptation, and evolution, we
applied complementary biophysical techniques to a set of rep-
resentative sCJD cases with the co-occurrence of type 1 and
type 2 rPrPSc (type 1 � 2) in the same cortical location (20) in
the same brain. First, we investigated whether sCJDwithmixed
type 1� 2 sCJDPrPSc would contain a single particle composed
of conformers that generate two different fragments after pro-
teolytic digestion or whether they represent the distinct prion
particles expected for different prions (15). We isolated two
distinct prion particle populations that display differing confor-
mational stabilities and different sedimentation velocities in
the sucrose gradient, which argues that the co-occurrence of
type 1 and 2 PrPSc in sCJD is due to the presence of two distinct
aggregates, each containing a subpopulation of similar con-
formers of PrPSc. The independent replication of type 1 and
type 2 PrPSc populations with markedly different replication
rates in sPMCA argues for the co-existence of different prions
in the same sCJD brain. The invariable and progressive domi-
nance of type 1 PrPSc and the subsequent disappearance of type
2 from the mixture during serial amplification suggest a com-
petition between different conformers and ongoing conforma-
tional evolution through the natural selection of faster replicat-
ing PrPSc conformers.

MATERIALS AND METHODS

Ethics Statement—All procedures were performed under
protocols approved by the Institutional Review Board at Case
Western Reserve University. In all cases, written informed con-
sent for research was obtained from the patient or legal guard-
ian, and the material used had appropriate ethical approval for
use in this project. All patients’ data and samples were coded
and handled according to National Institutes of Health guide-
lines to protect the patients’ identities.
sCJD Cases—We selected six representative subjects with a

mixed pattern of rPrPSc onWestern blots of brain tissue from a
group of 36 patients with a definitive diagnosis of sCJD. The
criteria for inclusion were as follows: (a) availability of clinical

diagnosis of CJD according to World Health Organization cri-
teria (23–25); (b) methionine homozygous at codon 129 of the
human prion protein (PrP) gene (PRNP); (c) unequivocal WB
classification; (d) unequivocal classification of pathology as
sCJD at theNational PrionDisease Pathology SurveillanceCen-
ter in Cleveland, OH; (e) demographic data distribution within
the 95% confidence interval of the whole sCJD group, resulting
in no difference between selected cases and the whole group in
any of the statistically followed parameters.
Brain Samples and PRNP Gene Sequencing—DNA was

extracted from frozen brain tissues in all cases, and genotypic
analysis of the PRNP coding region was performed as described
(26–28). Patients lacked pathogenic mutations in the PRNP
and had no history of familial diseases or known exposure to
prion agents. These cases underwent additional detailed WB
analyses of the PrPSc so that we could ascertain the accuracy of
their original classification and confirm that the same brain
homogenate analyzed by CDI contained mixed type 1 � 2
PrPSc(129M). Coronal sections of human brain tissues were
obtained at autopsy and stored at �80 °C. Three 200–350-mg
cuts of frontal (superior and more posterior middle gyri) or
occipital cortexwere taken fromeach brain and used formolec-
ular analyses.
Brain Homogenates—Slices of tissues weighing 200–350 mg

were first homogenized to a final 15% (w/v) concentration in
calcium- andmagnesium-free PBS, pH 7.4, by three 75-s cycles
with Mini-beadbeater 16 Cell Disrupter (Biospec, Bartlesville,
OK). The homogenates were then diluted to a final 5% (w/v) in
1% (v/v) Sarkosyl in PBS, pH 7.4, and rehomogenized. After
clarification at 500 � g for 5 min, 1 aliquot of the supernatant
was treated with protease inhibitors (0.5 mM PMSF and apro-
tinin and leupeptin at 5 �g/ml, respectively). The second ali-
quot was treated with 50 �g/ml of proteinase K (Amresco,
Solon, OH) for 1 h at 37 °C and shaking 600 rpm on an Eppen-
dorf Thermomixer (Eppendorf, Hauppauge, NY), and PK was
blocked with PMSF and aprotinin/leupeptin mixture.
Western Blots—Both PK-treated and -untreated samples

were diluted 9-fold in 1� Laemmli Buffer (Bio-Rad) containing
5% (v/v) �-mercaptoethanol and a final 115 mM Tris-HCl, pH
6.8. Samples were heated for 5 min at 100 °C, and �2 ng of PrP
per lane was loaded onto 15% Tris-HCl, SDS-polyacrylamide
gels (Bio-Rad) mounted in Western blot apparatus (Bio-Rad).
After electrotransfer to Immobilon-P transfer membranes
(Millipore, Bedford, MA), the membranes were blocked with
2% (w/v) BSA in TBS containing 0.1% of Tween 20 (v/v) and
0.05% (v/v) Kathon CG/ICP (Sigma). The PVDF membranes
were developed with 0.05 �g/ml biotinylated mAb 3F4 (Cova-
nce, Princeton, NJ) followed by 0.0175 �g/ml streptavidin-per-
oxidase conjugate (Fisher) or with ascitic fluid containing mAb
3F4 (kindly supplied by Richard Kascsak) diluted 1:20,000 fol-
lowed by peroxidase-labeled sheep anti-mouse IgG Ab (Amer-
sham Biosciences) and diluted 1:3000. Alternatively, the mem-
branes were developed with mAb 12B2 (29) for detection of
type 1 rPrPSc or mAb 1E4 (30) for detection of type 2 rPrPSc,
respectively. The membranes were developed with the ECL
Plus detection system (Amersham Biosciences) and exposed to
Kodak BioMax MR films (Fisher) or Kodak BioMax XAR films
(Fisher).
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Conformation-dependent Immunoassay—The CDI for
human PrP was performed as described previously (28, 31),
with several modifications. First, we used white Lumitrac 600
High Binding Plates (E&K Scientific, Santa Clara, CA) coated
with mAb 8H4 (epitope 175–185) (32) in 200 mM NaH2PO4
containing 0.03% (w/v) NaN3, pH 7.5. Second, aliquots of 20 �l
from each fraction containing 0.007% (v/v) of Patent Blue V
(Sigma) were directly loaded into wells of white strip plates
prefilled with 200 �l of Assay Buffer (PerkinElmer Life Sci-
ences). Finally, the captured PrP was detected by a europium-
conjugated (9) anti-PrP mAb 3F4 (epitope 108–112) (33) or
europium-labeled mAb 12B2 (29), and the time-resolved fluo-
rescence (TRF) signals were measured by the multimode
microplate reader PHERAstar Plus (BMG LabTech, Durham,
NC). The recHuPrP(90–231,129M) and PrP(23–231,129M)
used as a calibrant in the CDI was a gift fromWitold Surewicz,
and preparation and purification have been described previ-
ously (34). The initial concentration of recombinant human
PrP(23–231) and PrP(90–231) was calculated from absorbance
at 280 nm and molar extinction coefficients 56,650 and 21,640
M�1cm�1, respectively. The purified recombinant proteins
were dissolved in 4 M GdnHCl and 50% Stabilcoat (SurModics,
Eden Prairie, MN) and stored at �80 °C. The concentration of
PrP was calculated from the CDI signal of denatured samples
using calibration curve prepared with either recPrP(23–231)
for samples containing full-length PrPSc or recPrP(90–231) for
samples containing truncated rPrPSc (PrP(27–30)) after pro-
teinase K treatment.
The calibration and validation of CDI has been published

extensively by us and others (15, 16, 28, 35–41). Briefly, the
PK-untreated sample containing PrP was divided into native
and denatured aliquots, and the latter was denatured with 4 M

GdnHCl for 5 min at 80 °C. Using europium-labeled mAb 3F4
for detection, the TRF signal of the native sample corresponded
to epitope 107–112 that was exposed in �-helical PrPC and
hidden in PrPSc and is proportional to the concentration of
PrPC (37). The signal of the denatured aliquot corresponded to
the total PrP in a sample, and the concentration of PrPSc was
then calculated according to the following: [PrPSc] � [PrPD] �
[PrPN]. Next, the concentration of protease-resistant rPrPSc
was calculated in samples subjected to the proteaseK treatment
followed by complete denaturation using the PrP(90–231) cal-
ibration curve. The concentration of sPrPSc was calculated
according to the following: [sPrPSc] � [PrPSc] � [rPrPSc]. The
separate calibration for PK-treated and -untreated samples was
critical for correct results due to the �3.5-fold lower affinity of
mAb 3F4 with denatured full-length human PrP(23–231,129M)
compared with PrP(90–231,129M) (15, 16).
MonitoringDissociation andUnfolding of PrPSc by CDI—The

denaturation of human PrPSc was performed as described pre-
viously (9), with several modifications. Frozen aliquots of PrPSc
were thawed, sonicated three times for 5 s at 60% power with
Sonicator 4000 (Qsonica, Newtown, CT), and the concentra-
tion was adjusted to a constant �50 ng/ml PrPSc. The 15-�l
aliquots in 15 tubes were treated with increasing concentra-
tions of 8 M GdnHCl containing 0.007% (v/v) Patent Blue V
(Sigma) in 0.25 M or 0.5 M increments. After a 30-min incuba-
tion at room temperature, individual samples were rapidly

diluted with Assay Buffer (PerkinElmer Life Sciences) contain-
ing diminishing concentrations of 8 MGdnHCl, so that the final
concentration in all samples was 0.411 M. Each individual ali-
quotwas immediately loaded in triplicate to drywhite Lumitrac
600, High Binding Plates (E&K Scientific, Santa Clara, CA),
coated with mAb 8H4, and developed in accordance with CDI
protocol using europium-labeled mAb 3F4 or 12B2 for detec-
tion (9, 28, 36, 42).
The raw TRF signal was converted into the apparent frac-

tional change of unfolding (Fapp) as follows: F � (TRFOBS �
TRF

N
)/(TRFU � TRFN), where TRFOBS is the observed TRF

value, and TRFN and TRFU are the TRF values for native and
unfolded forms, respectively, at the given GdnHCl concentra-
tions (43). To determine the concentration of GdnHCl where
50% of PrPSc is unfolded ([GdnHCl]1⁄2), the data were fitted by
the least square method with a sigmoidal transition model
(Equation 1),

Fapp � F0 �
�Fmax � F0�

1 � e��c1/ 2 � c�/r	 (Eq. 1)

The apparent fractional change (F) in the TRF signal is the
function of GdnHCl concentration (c); c1⁄2 is the concentration
of GdnHCl at which 50% of PrPSc is dissociated/unfolded, and r
is the slope constant. To determine the impact of protease
treatment on the conformational stability of PrPSc, the values of
fractional change after PK were subtracted from Fapp values
obtained before PK (
Fapp � F0 � FPK) and then fitted with a
Gaussian model to estimate the proportion and average stabil-
ity of sPrPSc conformers (Equation 2),


Fapp � F0 � A���c � c0�2	 (Eq. 2)

In this model, the PK-induced fractional change is 
F; F0 is the
fractional change at 0 concentration of GdnHCl, and c0 is the
GdnHCl concentration at the maximum height A of the peak.
Sucrose Gradient Ultracentrifugation—The 400-�l aliquots

of 10% brain homogenate in PBS, pH 7.4, containing 2% Sarko-
syl were clarified by centrifugation at 500 � g for 5 min and
carefully layered onto the top of the 10–45% sucrose gradient.
The sucrose gradient was prepared in PBS, pH 7.4, containing
1% Sarkosyl in thinwall polyallomer (13� 51mm) tubes (Beck-
man Instruments, Palo Alto, CA). Alternatively, the brain
homogenates and sucrose gradients destined for PMCA were
prepared in 1% Triton X-100. The ultracentrifugation was per-
formed at 50,000 rpm for 73min at 5 °C in an Optima TL ultra-
centrifuge (Beckman Instruments) equipped with an SW 55 Ti
rotor (Beckman Instruments). After the centrifugation, the
200- or 400-�l fractions of gradients were collected from
the bottom of the tube and assayed for PrP by CDI and WBs.
The densitometry ofWBswas performedwith ImageJ software.
To compare the sucrose gradient profiles of different PrPs
developed with different antibodies, the raw data were con-
verted to apparent fractional change according to the following:
Fapp � (DOBS � Dmin)/(Dmax � Dmin) where DOBS is the
observed D value, and Dmax and Dmin are the density values for
fractions with maximum and minimum values, respectively, at
the given sucrose fraction.
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Nonglycosylated Mutated Human PrPC(129M) Substrate
Used in PMCA of sCJD PrPSc—The human PrPN181Q/N197Q

ORF, which contains two pointmutations that changeAsn toGln
at positions 181 and 197, thereby eliminating the two N-linked
glycosylationsitesonhumanPrP,wasgeneratedbyPCRmutagen-
esis from the human PrP-129M transgene construct used for the
generation of the Tg40 mice and described previously (44). The
human PrPN181Q/N197Q transgene construct was then generated
by inserting the human PrPN181Q/N197Q ORF into the NruI site of
the pHGD3 plasmid that was made by replacing the mouse PrP
ORF in the half-genomic PrP clone (pHGPRP) with the restric-
tion sites for ClaI and NruI (44). The transgene construct
was microinjected into fertilized FVB/NJ eggs and planted
into the oviducts of pseudo-pregnant CD-1 mice to obtain
TgPrPN181Q/N197Q founder pups. All TgPrPN181Q/N197Q founder
mice were bred with FVB/Prnp0/0 mice (45) to obtain
TgPrPN181Q/N197Qmice in themouse PrP-null background. Several
TgPrPN181Q/N197Q lines were obtained, and the TgPrPN181Q/N197Q
linewas bred to homozygosity to generate theTgNN6hmice,whose
human PrPN181Q/N197Q expression level in the brain is about 60% of
thePrPlevel foundinwildtypeFVBmicebasedonCDIanalysisusing
monoclonal antibody 12B2 in CDI (Fig. 6, A and B). Perfused brain
tissues from the TgPrPN181Q/N197Q mice homogenized in PBS, pH
7.4, containing1%TritonX-100, 5mMEDTA,andprotease inhibitor
mixture (RocheApplied Science)were used as substrates for PMCA.
Protein Misfolding Cyclic Amplification (PMCA)—Sonica-

tion-driven PMCA was performed as described previously (15,
46) with the following modifications. The PrPSc was replicated
using brains of transgenic mice expressing unglycosylated
human PrPN181Q/N197Q with methionine at position 129 (44).
Brain homogenates from infected mice or the human type
MM1 sCJD case were diluted as described in the specific exper-
iments to attain a final 10% brain homogenate, and 60 �l was
transferred into 0.2 ml of PCR tubes equipped with 2.38 mm
diameter PTFE ball (K-mac Plastics,Wyoming,MI). The buffer
in all PMCA reactions was PBS, pH 7.4, containing a final 1%
Triton X-100, 500 mM NaCl, 0.1% Sarkosyl, and 1 mM of an
antioxidant �-tocopherol. Tubes were positioned on an adap-
tor placed on the plate holder of a microsonicator (Misonix
Model 3000, Farmingdale, NY) and programmed to perform
cycles of 60 min of incubation at 35 °C followed by a 30-s pulse
of sonication set at 80% power. Samples were incubated, with-
out shaking, and immersed in the water of the sonicator bath
for 48 cycles. The 30 �l of the amplified materials were trans-
ferred to the next tube prefilled with 30 �l of substrate brain
homogenate for the next round, and the remaining 30-�l ali-
quot was analyzed with CDI and WBs.

RESULTS

Measurement of Type 1 � 2 and Type 1 PrPSc in sCJD Cortex
with CDI—Based on a previous study of 36 cases with mixed
type 1 � 2 rPrPSc (20), we selected six cases with a co-occur-
rence of type 1 � 2 rPrPSc in the same cortical location for
detailed investigation. All cases were methionine homozygous
at codon 129 (MM) of the human PrP gene (PRNP) and had a
definitive diagnosis of sCJD at the National Prion Disease
Pathology Surveillance Centre in Cleveland, OH. The mixed
type 1 � 2 rPrPSc were found either in the frontal (n � 3) or

occipital (n � 3) cortex. All cases lacked pathogenic mutations
in the PRNP and had no history of familial diseases or known
exposure to prions. The presence of mixed type 1 � 2 rPrPSc
was verified using the recommended conditions (20, 47) and
high resolution gels, to verify the accuracy of their original clas-
sification as sCJD type 1 � 2 (Fig. 1A). The descriptive demo-
graphics indicate that these cases are representative of the
whole mixed type 1 � 2 group reported previously (20) and are
similar to mixed type 1 � 2 cases reported by others (Table 1)
(20, 48, 49).
To measure the concentration of total type 1 � 2 PrPSc, pro-

tease-resistant fraction (rPrPSc), and protease-sensitive frac-
tion (sPrPSc) in the brain cortex, we used europium-labeled
mAb 3F4 (epitope 107–112) (33) for detection, and 8H4 mAb
(epitope residues 175–185) (32) to capture human PrPSc in a
sandwich CDI format (Fig. 1B) (28, 31). The concentration of
PrP was calculated from the CDI signal of completely GdnHCl-
denatured samples using a calibration curve prepared with
either denatured human recPrP(23–231) for samples contain-
ing full-length PrPSc or recPrP(90–231) for samples containing
truncated rPrPSc (PrP(27–30)) after proteinase K treatment. As
we reported previously, this separate calibration is necessary
due to the �3.5-fold lower affinity of mAb 3F4 with full-length
human PrP(23–231,129M) compared with PrP(90–231,129M)
(15, 16). The analytical sensitivity and specificity of the opti-
mized CDI for the detection of both sPrPSc and rPrPSc using
europium-labeledmAb 3F4were previously reported by us and
others (9, 28, 36, 39).
For the selective measurement of denatured type 1 rPrPSc

after PK treatment, we developed a sandwich CDI using euro-
pium-labeled mAb 12B2 (epitope 89–93) to detect and 8H4
mAb (epitope residues 175–185) (32) to capture human rPrPSc
type 1. The sandwich CDI with europium-labeled mAb 12B2
has a detection sensitivity of full-length denatured recombinant
human PrP(23–231) comparable with europium-labeled 3F4
(Fig. 1C) (16, 28). In contrast to mAb 3F4, the mAb 12B2 does
not detect shorter fragments of denatured PrP starting at resi-
due �90 (Fig. 1C). The serial dilutions of brain homogenates
obtained from “pure” sCJD with MM1, MM2, and VV2 PrPSc
demonstrate sensitivity and specificity of detection of dena-
tured full-length PrPSc similar to europium-labeled 3F4 (Fig.
1D). After protease K treatment, the type 1 PrPSc present in
MM1 sCJD was detected with the same end point sensitivity as
with mAb 3F4 (16, 28). Even though the MM2 and VV2 cases
did not showany residual type 1PrP onWestern blots, andwere
considered pure type 2, the CDI with mAb 12B2 demonstrated
low levels of type 1 PrPSc that are equivalent to �1% of total
rPrPSc (Fig. 1E).
To expand these findings, we tested 36 sCJD cases that were

classified with WBs as pure MM1 (n � 10), mixed type 1 � 2
cases (n � 6), MM2 (n � 10), and VV2 (n � 10) sCJD. Based on
CDI monitoring rPrPSc with both 3F4 and 12B2 antibodies, we
detected in each group a variable proportion of both type 1 and
type 2 components (Fig. 2A). The content of type 1 rPrPSc in the
MM2 WB group varied between 0.6 and 20% and in the VV2
WB group between 4 and 20% (Fig. 2B). From these experi-
ments, we concluded that the sandwich CDI with europium-
labeled mAb 12B2 detects type 1 rPrPSc with high sensitivity
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and specificity. The low but reproducible levels of type 1 PrPSc
we observed in type 2 sCJD cases with different polymorphisms
in the PRNP gene confirmed the data obtained with different
techniques and antibodies by others (17–19, 21) and indicated
that the presence of both types of rPrPSc in the same sCJD case
is a universal phenomenon.
Protease Sensitivity andConformational Stability of Type 1�

2 rPrPSc—The CDI allows a differentiation of PrPSc from PrPC
without PK treatment, and after calibration with human

recPrP(23–231), a reliable measurement of total PrPSc (15, 16,
28, 35–37). The CDI has been now introduced in numerous
other laboratories (38–41), and by measuring the concentra-
tion of completely denatured PrPSc before and after PK treat-
ment, this allowed us to determine the levels of the prion strain-
specific protease-sensitive (see under “Materials andMethods”
for detail explanation) PrPSc (6, 15, 16, 37).Measuredwith CDI,
the sCJD cases with mixed type 1 � 2 rPrPSc in the same loca-
tion, and homozygous for methionine in codon 129 of the

FIGURE 1. Western blot specificity and calibration of CDI using mAb 3F4 and 12B2. A, WB pattern of typical sCJD with mixed type 1 � 2 PrPSc before
and after proteinase K (PK) treatment. The WB was developed with monoclonal antibody 3F4 (epitope 107–112) reacting with the doublet of both 21-
and 19-kDa bands of unglycosylated rPrPSc, 12B2 (epitope 89 –93) reacting preferentially with 21-kDa band (type 1), and 1E4 (epitope 97–108) reacting
preferentially with type 2 rPrPSc. The molecular mass of the standard proteins is in kDa. B and C, calibration of CDI with (blue squares) full-length
(PrP(23–231,129M)) or (red circles) truncated (PrP(90 –231,129M)) human prion protein and detected with europium-labeled mAb 3F4 (B) or with
Europium-labeled mAb 12B2 (C). D and E, sensitivity and specificity of type 1 rPrPSc detection with CDI using europium-labeled mAb 12B2. The different
cases of sCJD that were classified pure after diagnostic WBs and a case of other neurological disorders (OND) were serially diluted and tested with CDI
using europium-labeled mAb 3F4 (D) or europium-labeled mAb 12B2 (E). To obtain optimum discrimination of type 1 from type 2 rPrPSc, samples were
treated with PK at a concentration equivalent to 3 IU/ml (100 �g/ml) of 10% brain homogenate for 1 h at 37 °C and precipitated with phosphotungstic
acid after blocking PK with the protease inhibitor mixture. The 8H4 mAb was used for capture of denatured PrPSc. Data points and bars represent
average � S.D. obtained from three or four independent measurements.
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PRNP gene, had variable levels of PrPSc, and the levels of sPrPSc
varied from 55 to 80% in individual cases (Table 1 and Fig. 2, C
and D). The type 1 rPrPSc content varied in individual cases
from 12 to 69% of the total rPrPSc, with complementary type 2
levels between 31 and 88% (Fig. 2D). We observed wide inter-
individual variations in stabilities of PrPSc, and the stabilities of
total PrPSc measured with either mAb 3F4 or mAb 12B2 (Fig.
2E) were similar. In contrast to the variable response of PrPSc
stability to PK treatment when followed with mAb 3F4, we
observed a remarkably uniform increase in stability of all
cases with mAb 12B2. In general, the stabilities of rPrPSc
obtained with mAb 12B2 were significantly higher than those
obtainedwithmAb 3F4. Because the unfolding curves obtained
with mAb 3F4 reflect the unfolding of both type 1 and type 2
rPrPSc, and unfolding curves obtained with mAb 12B2 report
on the unfolding of type 1 only, we constructed differential
curves of the stability of rPrPSc for each sCJD case. These dif-
ferential unfolding curves of rPrPSc correspond to the stability
profiles of type 2 rPrPSc (Fig. 2F).
Cumulatively, CDI data demonstrate two populations of

conformers with distinctly different stabilities and responses to
PK treatment. The stabilities of type 2 rPrPSc co-occurring in
the same sCJD host and in the same location are invariably
lower after the PK treatment than the stability of type 1 rPrPSc.
These findings are in accord with our previous observations
demonstrating the lower stability of undigested oligomers of
type 1 sCJDPrPSc than type 2 sCJDPrPSc and opposite effects of
PK treatments leading to the lower stability of residual pure
type 2 sCJD rPrPSc and the higher stability of residual pure type
1 rPrPSc (15, 16).

Prion Particle Size and Composition in sCJD Cases with
Mixed Type 1 � 2 PrPSc—To investigate sCJD prion particle
size and composition, we separated the prion particles accord-
ing to sedimentation velocity using high speed centrifugation in
sucrose gradient. The sCJD prions present in the brain
homogenates of six sCJD patients with mixed type 1 � 2
PrPSc in the same location were separated in 10–45%
sucrose gradients, and the collected fractions were analyzed
before and after PK treatment by WBs and CDI. WBs of the
fractions developed with mAb 12B2 specific for type 1 rPrPSc
(17, 20) and mAb 1E4 preferential for type 2 rPrPSc (20)
indicate that most of the PrPSc collected in fractions 3–5
were composed of type 1 rPrPSc (Fig. 3, A and B). In contrast,
type 2 was present predominantly in fraction 1 in all six cases
examined (Fig. 3, A and B). The PrPSc present in pure type 1
sCJD brain homogenate, and mixed in vitro with type 2 sCJD
brain homogenate, separated in a similar manner; type 1 was
collected in fractions 3–5, and type 2 sedimented mostly to
fraction 1 (Fig. 3, C and D).
Next, we performed a CDI using sucrose gradient fractions

obtained from six mixed type 1 � 2 cases. The parallel CDI
conductedwithmAb3F4 (Fig. 4A) andwithmAb12B2 (Fig. 4B)
allowed for themeasurement of different PrPSc isoforms, type 1
rPrPSc directly and type 2 rPrPSc by subtracting the concentra-
tion of type 1 rPrPSc from total rPrPSc. The results expressed as
a relative fractional distribution (Fapp) confirmed the data
obtained with WBs and showed that the maximum level of
type 1 rPrPSc was present in fractions 3–5, whereas type 2
sedimented to the bottom of the tube (Fig. 4C). We con-
cluded from these experiments that co-existent type 1 � 2

TABLE 1
Descriptive statistics of the data and demographics of sCJD cases
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PrPSc is composed of a mixture of distinct type 1 and type 2
particles, which can be separated according to their different
sedimentation velocities. Additionally, the mixing of both

PrPSc types in vitro did not induce changes in sedimentation
that would indicate an interaction of type 1 and type 2 PrPSc
particles.
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Conformational Stability ofMixedType 1� 2 PrPSc Fraction-
ated in Sucrose Gradient—The conformational stability of
rPrPSc collected frommixed type 1� 2 cases in fraction 4 of the
sucrose gradient was markedly different from the stability
obtained in fraction 1 (Fig. 4D). The stability of rPrPSc collected
in fraction 4 and fraction 1 was similar to the stability of type 1
PrPSc and type 2 PrPSc, respectively, collected from pure MM1
or MM2 cases of sCJD (Fig. 4E). Mixing brain homogenates of
pure type 1 and type 2 sCJD in vitro did not change the sedi-
mentation velocity of rPrPSc, and the stability of each type of
rPrPSc remained unchanged. We concluded that brain homo-
genates of mixed type 1 � 2 sCJD contain particles of different
sizes in the same cortical location, with distinctly different sta-
bilities, corresponding in general to the range we have seen in
pure type 1 or pure type 2 sCJD, as observed previously after PK
treatment (15, 16). The experiments also confirmed our earlier
observation of a paradoxically decreased stability of type 2 sCJD
PrPSc after PK treatment (15). The mixing experiments per-
formed in vitro did not indicate any interaction between type 1
and type 2 particles or the formation of hybrid aggregates.
PMCA of Mixed Type 1 � 2 sCJD PrPSc—In the next experi-

ments, we addressed the questionwhether the type 1 and type 2
particles in the mixture replicate independently as would be
expected from a mixture of different prions. The WBs per-
formed on the reaction product generated in sPMCA with

homologous human PrPC substrate expressed in the brains of
Tg(HuPrP,129M) mice (15, 50) were developed with mAb 3F4
to detect total rPrPSc, andwithmAb 12B2 for type 1 rPrPSc (Fig.
5, A–C). The impact of amplification on the type 1 and type 2
doublet was difficult to investigate directly due to the limited
amplification rate and low concentrations of unglycosylated
PrPSc in the reaction product. The enzymatic deglycosylation
revealed a sudden change in the reaction product with a dom-
inant band of type 1 and absent type 2 PrPSc (Fig. 5C). The
second band with an apparentmass of�27 kDa corresponds to
the deglycosylated PrPSc that remained incompletely digested
even after 1 h of incubation with up to 100 �g/ml of PK at 37 °C
in the presence of 1% Sarkosyl; this highly PK-resistant subfrac-
tion was observed after PMCA by us and others previously (11,
15). To investigate the abrupt transition in detail and to “slow
down” the conformational transformation of PrPSc from origi-
nal human brain homogenate seed, we decided to use only a
2-fold dilution between sequential PMCA rounds, in contrast
to the usual 10-fold dilution of the reaction product, into fresh
substrate Tg(HuPrP) brain homogenate. The WB data con-
firmed previous observations (Fig. 6, A and B) and show pref-
erential amplification of type 1 over type 2 rPrPSc; the same
trends were observed in the experiments followed with CDI
(Fig. 6, C–E). These data indicate that mixed sCJD cases are
composed of two distinct populations of conformers that rep-
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licate in PMCA independently, with preferential amplification
of the type 1 PrPSc particles. The data extend our previous
observations of generally more efficient amplification of type 1
PrPSc due to the lower conformational stability (15, 16).

To investigate the impact of an alternative substrate on the
amplification of mixed type 1 and type 2 PrPSc particles and the
adaptation process, we introduced as a substrate brain homo-
genates from transgenics that express unglycosylated PrPC
(Tg(HuPrPN181Q,N197Q,129M)). Even though the PrPC levels in
the Tg(HuPrPN181,197Q,129M) are 60% of the level in FVBmice
(Fig. 6, A and B), this substrate amplifies both pure type 1 and
type 2 PrPSc and offers the critical advantage of an unequivocal
high intensity band of unglycosylated PrPSc without enzymatic
deglycosylation. The WBs performed on the reaction product

generated in nine rounds of sPMCAwere developed with mAb
3F4 to detect total rPrPSc, with mAb 12B2 for type 1 rPrPSc and
mAb1E4 for type 2 rPrPSc (Fig. 7A). TheWBs indicate a gradual
loss of type 2 rPrPSc bands from the original doublet in the
mixed type 1 � 2 sCJD samples, and after an adaptation period
in rounds 4–6, the dominant band became type 1 rPrPSc. The
experiments performed with pure type 1 sCJD (Fig. 8A) or pure
type 2 sCJD (Fig. 8B) show within nine rounds of sPMCA a
faithful replication of the unglycosylated rPrPSc from the orig-
inal sCJD brain homogenate.
The sPMCA of mixed type 1 � 2 sCJD cases was also fol-

lowed by CDI. We used europium-labeled mAb 3F4 for the
detection of total rPrPSc and europium-labeled mAb 12B2 for
the selective detection of type 1 rPrPSc (Fig. 7B). The amplifica-
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tion index was calculated in each round using the following:
(PMCA rPrPSc)/((seed rPrPSc)/2n), taking into account the
number (n) of PMCA rounds and sequential 2-fold dilution of
the seed between rounds. The regression analysis of amplifica-
tion indexes obtained with six mixed sCJD cases after nine
rounds of PMCA indicated consistently higher amplification
rates of the type 1 rPrPSc in comparison with the total rPrPSc
(Fig. 7B). To understand the dynamics of changes and inter-
individual differences, we performed new experiments with
sequential CDI after each round and with both antibodies. The
control experiments with pure type 1 and type 2 sCJD repli-
cated both rPrPSc conformers efficiently, with type 2 replicating
faster and with a less prominent adaptation phase (Fig. 7,C and
D). Even though the amplification index varied significantly
between different cases of mixed type 1 � 2 sCJD, the data
obtained with mAb 12B2 are in agreement with the data
obtained using mAb 3F4, which indicate that the primary
amplifying species from themixture was type 1 rPrPSc (Fig. 7, E
and F). Thus, the more sensitive and specific CDI confirmed
qualitativeWB findings, and bothmethods support the conclu-
sion that type 1 conformers present in a mixture of type 1 � 2
rPrPSc replicate independently and more efficiently and as a
result dominate the later rounds of sPMCA. In contrast, the
type 2 conformers initially present in themixture gradually dis-
appeared. This adaptation phase, which apparently differs

between different sCJD PrPSc, is intriguing and may suggest
distinct optimumPrPSc/PrPC stoichiometry for the conversion
of different PrPSc conformers or an adaptation to different aux-
iliary molecules that may be species-specific.
The conformational stability assay of rPrPSc performed with

CDI using mAb 12B2 showed a dramatic shift of type 1 rPrPSc
to the less stable conformers after nine rounds of PMCA with
unglycosylated PrPC(N181,197Q) substrate (Fig. 9A). In control
experiments performed with pure type 2 sCJD, the unfolding
curves of rPrPSc collected before and after PMCA were super-
imposable (Fig. 9B). These experiments indicate that PMCA
performed with unglycosylated PrPC(N181,197Q) substrate and
sCJD PrPSc harboring predominantly type 1 or type 2 propa-
gate these conformers with high fidelity. The data are in
accord with our previous observations showing that the
faster replication of type 1 PrPSc in vitro is due to the higher
proportion of less stable protease-sensitive oligomers than
in type 2 PrPSc (5, 15). Consequently, in “mixed” cases of
sCJD, type 1 rPrPSc replicated preferentially, and its stability
significantly decreased further below the stability of type 1
that was observed in the original brain homogenate. Cumu-
latively, these data indicate that mixed sCJD cases are com-
posed of two populations of conformers that replicate in
PMCA independently and, under favorable conditions, may
undergo further conformational selection in favor of faster
replicating, less stable conformers.

DISCUSSION

Here, we disclose two major phenomena defining sporadic
human prion diseases as follows: (a) the co-existence of two
distinct populations of human PrPSc particles in the same host;
and (b) a conformational evolution of human PrPSc by natural
selection. Using sedimentation velocity separation by high
speed centrifugation in sucrose gradient, we show that PrPSc in
mixed type 1 � 2 sCJD is a blend of distinct type 1 and type 2
particles, each composed of conformers with unique stability
and replication rates in vitro. Each of these features offer evi-
dence of a distinct prion strain and suggest that distinct prions
frequently co-exist in the most prevalent human prion disease,
sCJD. Remarkably, the independent replication of type 1 PrPSc
with novel PrPC substrate leads to gradual evolution by natural
selection of the conformational subset with the highest replica-
tion rate due to the lowest stability.
Co-existence of Distinct PrPSc Conformers in sCJD—Our CDI

data obtained with mAb 12B2 (Fig. 2, A and B) are in accord
with WB observations obtained with more sensitive and spe-
cific antibodies that uncovered frequent, and probably ubiqui-
tous, co-existence of 21-kDa (type 1) and 19-kDa (type 2) frag-
ments of unglycosylated rPrPSc in the same human prion-
infected brain (17–21). Additionally, the growing body of
evidence accumulated with sensitive conformational methods,
including CDI, indicates extensive conformational heterogene-
ity of sCJD rPrPSc fragments that otherwise show a single band
(type) on WBs (5, 15–17). Thus, the remarkably variable phe-
notypes of all human prion diseases, including sporadic CJD,
apparently stems from thePRNP gene polymorphisms in codon
129 of the PRNP gene and a complex interaction with different
conformers of PrPSc (5, 6, 14, 22). Taken together, the pure type
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1 or type 2 casesmay frequently contain low levels of the second
minor component (type 2 or type 1, respectively), which is not
detected by regular WBs.
We used the measurement of sedimentation velocity (51) to

investigate whether co-existent type 1 and type 2 rPrPSc form
distinct particles in the brains of patients withmixed type 1� 2
sCJD in the same cortical location. We previously observed a
broad range of sedimentation velocities using ultracentrifuga-
tion of sCJD brain homogenates in sucrose gradient, which

indicates that sCJD PrPSc proteins exist in the continuum of
aggregates composed from �20 to 
600 PrPSc molecules (15).
However, the major fraction of type 2 rPrPSc conformers
showed strikingly high sedimentation velocity, in contrast to
the lower sedimentation velocity ofMM1 PrPSc, indicating that
type 2 PrPSc formed aggregates with different sizes, shapes, or
both (15). We used the differences in sedimentation velocity
here to isolate type 1 and type 2 rPrPSc from the mixture
extracted from sCJD brains and to characterize them confor-
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mationally. The data indicate that type 1 and type 2 rPrPSc co-
existing in the same cortical location form distinct particles,
which are composed of homogeneous populations of conform-
ers that have uniformN-terminal proteolytic cleavage sites and
conformational stability. Because both types of particles had
Gaussian distribution and overlapped in some fractions, we
asked whether a minor fraction of these conformers may inter-
act or form hybrid particles. This is apparently not the case,
because we observed no changes in the sedimentation velocity
of aggregates nor any formation of hybrids after mixing differ-
ent types in vitro. Taken together with the growing number of
independent studies indicating that type 1 and type 2 rPrPSc
co-exist in high proportion, and likely in the majority of sCJD
cases, our findings suggest that the co-existence of distinct
prion particles is a common feature of sCJD. The different qua-
ternary structure, or packing of the monomers of PrPSc with
different conformations in distinct particles, is responsible for
the peptide fragmentation pattern, consisting of predominantly
19-kDa fragments in type 2 rPrPSc or 21 kDa in type 1 rPrPSc,
after PK treatment.
Implications for Adaptation, Competition, Evolution, and

Selection of Prions—Although the possible co-existence of dif-
ferent prions in naturally prion-infected sheep, goat, and mink
has been suspected early on (7, 52–56), these experiments could

not discriminate between two possibilities as follows: (a) selec-
tion of strains from a co-existing pool in the natural host, or (b)
strain adaptation (mutation) caused by the switch from the pri-
mary sequence of the original host’s PrPSc to the different PrP
sequence in the new host (57, 58). We used a modified PMCA
with homologous as well as unglycosylated PrPC(N181Q,N197Q)

substrate to test whether the type 1 and type 2 particles of PrPSc
we isolated in sucrose gradients replicate independently as is
expected for different prions (46). The unglycosylated
PrPC(N181Q,N197Q) expressed in the brains of transgenic mice
that carry the PrP construct with double N181Q and N197Q
mutations, allowed for direct monitoring of unglycosylated
bands of type 1 and type 2 rPrPSc in PMCAwithWBs, and thus
the detection of subtle changes in their mobility and ratio with-
out additional enzymatic deglycosylation.
In contrast to pure type 2 sCJD seeds, the serial PMCA of

pure type 1 andmixed type 1 � 2 seeds underwent two distinct
phases. In the first adaptation phase, the amplification was lim-
ited, and as a result, the bands of unglycosylated rPrPSc gradu-
ally disappeared onWBs; the amplification was detectable only
with CDI. In the second phase, we observed an abrupt increase
in the amplification rate from 64- to 128-fold dilution of the
original seed in rounds 6 and 7. Within the type 1 � 2 mixture,
type 2 rPrPSc gradually disappeared, even though pure type 2
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sCJD amplified very well. This resulted in the uniform selection
of type 1 rPrPSc in mixed type 1 � 2 cases (Fig. 7, A and B).
Surprisingly, even though the N-terminal PK cleavage sites and
mobility on WBs corresponded to the type 1 rPrPSc from the
original brain type 1 � 2 mixture, the stability of the PMCA
rPrPSc significantly dropped in comparison (Fig. 9, A and B).
These findings provide experimental evidence for an evolu-
tionary process within the type 1 � 2 mixture, with selection
that favors type 1 conformers with the lowest stability. The
initial preferential amplification rate of type 1 PrPSc is not
surprising due to the usually higher percentage of less stable
protease-sensitive oligomers and may explain the predomi-
nant presence of type 1 PrPSc in �70% of all sCJD cases (5,
15). These data correlate with the superior transmissibility
and short incubation times of MM1 sCJD prions and with
incomplete transmissions and extended incubations times of

MM2 sCJD prions observed in transgenic mice overexpress-
ing homologous or chimeric human PrPC (59, 60). Moreover,
the dramatic difference in the amplification rate of pure type
2 compared with type 2 present in the type 1 � 2 mixture
suggests an interference between type 1 and type 2 conform-
ers. The prion interference has been observed in vivo in mice
(61) and Syrian hamsters (62) that were inoculated simulta-
neously or sequentially with two distinct strains of prions.
The exact molecular mechanism of this phenomenon
remains to be fully elucidated, but because we observed no
direct interaction between different conformers of PrPSc, the
most likely explanation is a competition for PrPC substrate
or auxiliary molecule implied from experiments with Syrian
hamster-adapted prions (63).
Cumulatively, the distinct particle size, conformational sta-

bility, and amplification rate all argue for the frequent co-exis-
tence of different sCJDprions in the samehost. Under favorable
conditions with compatible PrPC substrate, the mixture of
humanPrPSc conformersmay undergo an evolution that selects
a subset with the highest replication rate, due to their lowest
stability. Notably, the adaptation phase and prion strain evolu-
tion inferred from experiments with clone cells (10) and Tg
mice (57, 58), has been shownhere to be a conformational proc-
ess. It remains to be established, however, whether the first
adaptation phase is due to the requirement for the critical
threshold stoichiometry of PrPSc/PrPC(N181Q,N197Q) needed for
optimum replication (adaptation due to the absence of sugar

FIGURE 8. Selective amplification of pure type 1 or pure type 2 sCJD PrPSc

using PrPC(N181Q/N197Q) substrate. The sPMCA was performed as described
with initial 10-fold dilution of pure sCJD type 1 (A) and pure type 2 sCJD(B).
The total rPrPSc was after PK treatment detected with mAb 3F4, type 1 rPrPSc

with mAb 12B2, and type 2 with mAb 1E4. The incompletely PK-digested
PrPSc in B is indicated by an asterisk.
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europium-labeled mAb 12B2 before (red circles) and after 9 rounds of PMCA
(purple hexagons). B, conformational stability curve of a typical pure type 2
rPrPSc obtained with europium-labeled mAb 3F4 before (blue squares) and
after 9 rounds of PMCA (yellow diamonds).

Conformational Evolution of Human PrPSc

29858 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 41 • OCTOBER 11, 2013



chains on PrPC(N181Q,N197Q) substrate and double Asn to Gln
mutation) or whether this first phase is caused by the difference
between mouse and human auxiliary molecules. Even though
the enzymatic deglycosylation had no impact on the biological
characteristics of prions replicated in PMCA (64), and the con-
servative Asn to Gln mutations are outside the central PrP
region between residues 96 and 167, which has a major role in
determining the species barrier (57, 58), the evaluation of bio-
logical characteristics of nonglycosylated sCJD prions gener-
ated with PrPC(N181Q,N197Q) must await the results of ongoing
bioassays.
Concluding Remarks and New Directions—Several expla-

nations have been proposed for the etiology of sporadic
prion diseases, including spontaneous somatic mutations in
the PRNP gene or rare stochastic conformational changes in
the structure of PrPC (65). Whether the co-existent type 1
and type 2 PrPSc in sCJD is the result of such a primordial
event or evolution in the passage through different cells
expressing different post-translationally modified PrPC
remains to be established. When using new PrPC substrate
that may differ in primary sequence, post-translational mod-
ifications, or both, co-existent prions may undergo progres-
sive conformational shifts due to the natural selection of the
least stable conformers with the highest replication rate.
Thus, the evolutionary conformational selection mechanism
of PrPSc presented in this study may explain the recently
observed acquisition of drug resistance by mammalian pri-
ons (66) and calls for the reevaluation of different therapeu-
tic strategies targeting PrPSc. The high resolution structural
tools and the study of the role of PrPSc ligands must address
the apparent conformational plasticity of PrPSc, which is
likely responsible for the natural selection process of prions
and results in prion evolution and phenotypic diversity.
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