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ABSTRACT Prions are misfolded, aggregated con-
formers of the prion protein that can be transmitted
between species. The precise determinants of interspe-
cies transmission remain unclear, although structural
similarity between the infectious prion and host prion
protein is required for efficient conversion to the
misfolded conformer. The �2-�2 loop region of endog-
enous prion protein, PrPC, has been implicated in
barriers to prion transmission. We recently discovered
that conversion was efficient when incoming and host
prion proteins had similar �2-�2 loop structures; how-
ever, the roles of primary vs. secondary structural
homology could not be distinguished. Here we uncou-
ple the effect of primary and secondary structural
homology of the �2-�2 loop on prion conversion. We
inoculated prions from animals having a disordered or
an ordered �2-�2 loop into mice having a disordered
loop or an ordered loop due to a single residue
substitution (D167S). We found that prion conversion
was driven by a homologous primary structure and
occurred independently of a homologous secondary
structure. Similarly, cell-free conversion using PrPC

from mice with disordered or ordered loops and prions
from 5 species correlated with primary but not second-
ary structural homology of the loop. Thus, our findings
support a model in which efficient interspecies prion
conversion is determined by small stretches of the
primary sequence rather than the secondary structure
of PrP.—Bett, C., Fernández-Borges, N., Kurt, T. D.,
Lucero, M., Nilsson, K. P. R., Castilla, J., Sigurdson,
C. J. Structure of the �2-�2 loop and interspecies
prion transmission. FASEB J. 26, 2868–2876 (2012).
www.fasebj.org
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Prions have been responsible for widespread epi-
demics, such as the bovine spongiform encephalopathy
(BSE) epidemic (1), and are the only known infectious
agents that consist of an aggregated protein (2). Prions
are transmitted when an aggregated, �-sheet-rich iso-
form of the prion protein (PrPSc, scrapie-associated
prion protein) templates the misfolding and aggrega-
tion of the endogenous cellular prion protein (PrPC) in
a self-propagating process (3). Once in the central
nervous system, prion aggregates spread throughout
the brain and spinal cord, inciting progressive and
ultimately fatal neurodegeneration.

Although intraspecies prion transmission is most
common, interspecies transmission also occurs. For
example, BSE infects not only cattle but also humans,
cats, and zoo animals (4–9). However, predicting when
and how prions infect another species is not currently
possible. Prion transmission studies have shown that at
least two factors are essential to interspecies conversion:
PrPSc:PrPC sequence identity, with certain residue po-
sitions having a strong influence, and the PrPSc confor-
mation (10). The critical residue positions may vary,
depending on the incoming PrPSc conformation. Even
a single residue difference between PrPC and PrPSc can
alter the PrPSc conformation or prevent prion propa-
gation (11, 12).

Mature PrPC consists of �209 aa and contains a
flexibly unstructured N-terminal region and a globular
C-terminal domain consisting of 3 �-helices and a short
antiparallel �-sheet (13, 14). Although PrPC is highly
conserved among mammals, the �2-�2 loop at residues
165–175 (human numbering; ref. 15) is a site of
structural diversity and has been hypothesized as a site
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that influences species barriers (16). The secondary
structure of the �2-�2 loop is polymorphic, in that loop
sequences containing the 170S are generally poorly
defined, whereas sequences containing the 170N or
170N and 174T are well-defined or “rigid” in the NMR
solution structures at 20°C (17, 18). In addition, a
�2-�2 loop peptide has been shown to form a steric
zipper structure: a pair of tightly packed, highly com-
plementary �-sheets proposed to comprise the spine of
the amyloid fibril (19, 20).

Single residues within the �2-�2 loop strongly affect
prion transmission in nature and in experimental stud-
ies. For example, sheep have a naturally occurring
polymorphism at residue 172 (Q/R, human number-
ing), where PrPC containing 172R is highly protective
against classic strains of sheep scrapie. Experimentally,
residue 172 also has a major influence on prion con-
version in that basic residues at this position can
prevent PrPSc formation in vitro (21). Interestingly,
identity at loop residue 170 correlated with efficient
PrPC conversion when brain samples from 15 species
were seeded with prions from deer with chronic wasting
disease (CWD; refs. 22, 23).

To study how the loop structure influences species
barriers, we previously inoculated prions from 5 species
into 2 lines of transgenic mice expressing either disor-
dered or ordered loop structures due to sequence
variations at positions 170 and 174 (24). The loop
sequence had a profound effect on species barriers.
The rigid loop (RL) mice (170N, 174T) showed ineffi-
cient or no PrP conversion in the presence of cattle,
sheep, and mouse-adapted prions, which express a
heterologous serine residue at position 170. In contrast,
RL mouse PrP converted deer and hamster prions,
which express a homologous asparagine at position
170. Prion susceptibility was switched in mice express-
ing the disordered loop variant (170S). Mice were
highly susceptible to cattle, sheep, and mouse prions
(170S) and weakly susceptible to deer and hamster
prions (170N). Because both the primary and second-
ary structure of PrPC had been modified, it was unclear
whether the switch in transmission barriers observed in
the RL mice was due to the new primary or secondary
RL structure.

Here we sought to refine our understanding of the
role of primary vs. secondary structure on cross-species
prion transmission. To that end, we used transgenic
mice that express mouse PrP with an ordered RL,
but due to a single residue substitution, D167S
(MoPrP167S; ref. 25). We intracerebrally inoculated
prions from species having a disordered or an ordered
RL into mice expressing MoPrP or MoPrP167S and
performed further seeding studies in vitro. We found
that MoPrP167S showed no detectable conversion from
prions of species having similar ordered RLs yet were
highly susceptible to prions from species having disor-
dered loops. Thus, the homologous RL secondary structure
had no effect on species barriers. Instead, primary loop
sequence homology better predicted efficient conversion.
Together with studies of our previously generated RL mice,
these findings indicate that the primary sequence of PrPC

and PrPSc at the �2-�2 loop drives transmission barriers for
certain strains in vivo.

MATERIALS AND METHODS

Prion inoculations

Wild-type (WT; C57BL/6) or Tg(MoPrP167S) mice (groups of
n�4–6; ref. 26) were intracerebrally inoculated into the left
parietal cortex with 30 �l of brain homogenate containing
Rocky Mountain Laboratory (RML) mouse scrapie prions or
CWD prions from a naturally infected mule deer previously
shown to contain infectious prions (27). Uninfected brain
homogenate was inoculated into the same mouse genotypes
as a negative control. Mice were monitored 3 times weekly,
and transmissible spongiform encephalopathy was diagnosed
according to clinical criteria including ataxia, kyphosis, stiff
tail, hind leg clasp, and hind leg paresis. Mice were sacrificed
at the onset of terminal disease when they showed signs
including weight loss, tremors, slow movements, and severe
kyphosis or by �620 d postinoculation. The incubation
period was calculated from the day of inoculation to the day
of terminal clinical disease. Mice were maintained under
specific pathogen-free conditions. All of the present studies
were reviewed and approved by the animal care and use
committee at the University of California, San Diego.

Sodium phosphotungstic acid (NaPTA) precipitation and
Western blotting

Brain homogenates (10%) from all CWD-inoculated mice
were subjected to NaPTA precipitation as described previ-
ously (28). In brief, brain extracts of �1 mg of protein in PBS
containing 2% sarcosyl were digested with an endonuclease
(Benzonase; Sigma-Aldrich, St. Louis, MO, USA) followed by
treatment with 50 �g/ml proteinase K (PK) at 37°C for 30
min. After addition of NaPTA, MgCl2, and protease inhibitors
(Complete Protease Inhibitor; Roche, Indianapolis, IN,
USA), extracts were incubated at 37°C for 30 min and
centrifuged at 18,000 g for 30 min at 37°C. Pellets were
resuspended in 0.1% sarcosyl. LDS loading buffer (Invitro-
gen, Grand Island, NY, USA) was then added, and samples
were heated to 95°C before electrophoresis through a 10%
Bis-Tris gel (Invitrogen) and transfer to a nitrocellulose
membrane by wet blotting. Proteins were detected with
anti-PrP antibody POM1 (epitope in the globular domain, aa
121–230, a kind gift from Dr. Adriano Aguzzi, Institute of
Neuropathology, University Hospital Zurich, Zurich, Switzer-
land; ref. 29) followed by a horseradish peroxidase (HRP)-
conjugated anti-mouse IgG antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA). Signals were
visualized using a chemiluminescent substrate (Supersignal
West Dura; Thermo Fisher Scientific, Waltham, MA, USA)
and an LAS-4000 imager (Fujifilm, Stamford, CT, USA). RML
prion- and mock-infected brain samples were digested with
PK and analyzed by Western blotting.

Detection of insoluble PrP

Brain homogenate samples were lysed in a Tris HCl-based
buffer (10 mM Tris-HCl, pH 8.0, and 10 mM EDTA with 2%
sarcosyl) and incubated at 37°C for 1 h before ultracentrifu-
gation at 150,000 g for 1 h. The pellet fractions were collected
and analyzed by Western blotting for PrP.

PrP peptide ELISA

The peptide ELISA was performed as described in Lau et al.
(30) with minor modifications. Brain homogenate was mixed
with an equal volume of lysis buffer (100 mM Tris-HCl, pH
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7.5, and 150 mM NaCl) containing 2% sarcosyl and incubated
for 20 min at 37°C. The samples were then incubated with
peptide-coated magnetic beads (M-280; Invitrogen) for 1 h at
37°C with constant shaking. The beads were washed with TBS
containing 0.1% Tween 20 before denaturation with 0.1 M
NaOH and neutralization with 0.3 M NaH2PO4. PrP was then
measured by standard sandwich ELISA using a 96-well plate
precoated with 1.5 �g/ml POM-2 antibody and then using a
biotinylated POM-1 antibody (50 ng/ml), followed by strepta-
vidin-HRP (25 ng/ml) and a 1-Step Ultra TMB-ELISA sub-
strate (Thermo Fisher Scientific) for detection. RML prion-
infected and uninfected control brain samples were included
in every experiment. Samples were run in triplicate.

Serial automated protein misfolding cyclic amplification
(saPMCA)

Brain homogenates were prepared using mouse-adapted
scrapie (RML), sheep scrapie (SSBP/1), mule deer CWD, and
cattle BSE from the brains of clinically positive animals. The
in vitro prion replication, including PrPSc detection of ampli-
fied samples, was performed following the basic conditions
described previously (31). In brief, aliquots of 5 �l of 10%
brain homogenate from animals infected by each prion strain
were diluted into 50 �l of 10% previously perfused (5 mM
EDTA in PBS) C57BL/6 WT and Tg(MoPrP167S) brain ho-
mogenates and loaded into 0.2-ml PCR tubes. Mouse brain
homogenates (10%, w/v) were prepared in conversion buffer
(PBS containing 150 mM NaCl and 1% Triton X-100) with
the addition of Complete Protease Inhibitor. Each prion
strain was tested in triplicate. Tubes were positioned in an
adaptor placed on the plate holder of a microsonicator
(model S-4000MP1; QSonica, Newtown, CT, USA) and pro-
grammed to perform cycles of a 30-min incubation at 38°C
followed by a 20-s pulse of sonication set at potency of 80-90.
Samples were incubated without shaking in the water bath of
the sonicator. Serial rounds of PMCA consisted of 27 h of
standard PMCA followed by serial in vitro 1:10 passages in
fresh mouse brain substrate. The detailed protocol for saP-
MCA, including reagents, solutions, and troubleshooting, has
been published elsewhere (32).

The standard procedure to digest PrPSc was performed
following the basic conditions described previously (33). In
brief, 1 vol of amplified product was mixed with 1 vol of
digestion buffer (PBS, 2% Tween, and 2% Nonidet P-40) and
digested with PK (85 �g/�l) for 60 min at 42°C with shaking
(450 rpm). Digestion was stopped by addition of 10 �l of SDS
NuPAGE loading buffer and incubation at 100°C for 10 min.
Proteins were fractionated by SDS-PAGE (12% gel; Invitro-
gen) and transferred onto nitrocellulose membranes. Mem-
branes were incubated for 1 h with SAF-83 mAb (1:10,000;
Cayman Chemical, Ann Arbor, MI, USA) followed by goat
anti-mouse HRP. Immunoreactivity was detected using an
enhanced chemiluminescent substrate (SuperSignal West
Pico; Thermo Fisher Scientific). Western blot signals were
analyzed using the FluorChem Q system and AlphaView Q
software (Alpha Innotech, San Leandro, CA, USA).

Histopathology and immunohistochemical stains

Sections (2 �m thick) were cut onto positively charged
silanized glass slides and stained with hematoxylin and eosin
or immunostained using antibodies for PrP. For PrP staining,
sections were deparaffinized and incubated for 5 min in 88%
formic acid, then washed in water for 5 min, treated with 5
�g/ml of PK for 10 min, and washed in water for 5 min.
Sections were then autoclaved in citrate buffer (pH 6) and
cooled for 3 min. Immunohistochemical staining was per-

formed using the TSA Plus DNP kit (PerkinElmer Life and
Analytical Sciences, Waltham, MA, USA). Sections were
blocked and incubated with anti-PrP SAF-84 (1:400; Cayman
Chemical) for 45 min, followed by anti-mouse HRP (1:500;
Jackson ImmunoResearch Laboratories) for 30 min. Slides
were then incubated with anti-dinitrophenyl-HRP (1:100;
PerkinElmer Life and Analytical Sciences) for 30 min, fol-
lowed by a 6-min incubation with 3,3=-diaminobenzidine
substrate. Sections were counterstained with hematoxylin.

Luminescent conjugated polymer staining of tissue sections

The synthesis of polythiophene acetic acid (PTAA; mean
molecular mass, 3 kDa) has been reported (34, 35). Frozen
mouse brain sections were dried for 1 h and fixed in 100%
ethanol for 10 min. After sections were washed with deionized
water, they were equilibrated in PBS. Luminescent conju-
gated polymers were diluted in PBS (0.01 �g/�l), then added
to the brain sections and incubated for 30 min at room
temperature, and finally, the brain sections were washed with
PBS.

Conformation stability assay

Stability of prions after guanidine hydrochloride (GdnHCl)
denaturation was performed as described previously (36). In
brief, brain homogenates in Tris lysis buffer (10 mM Tris-HCl,
pH 7.4; 150 mM NaCl; and 2% sarcosyl) were mixed with an
equal volume of GdnHCl stock solution and incubated for 1
h at room temperature. The samples were then diluted with
lysis buffer to a final concentration of 0.15 M GdnHCl and
digested with PK at a ratio of 1:500 (1 �g of PK:500 �g of total
protein) for 1 h at 37°C. PK digestion was stopped with 3 mM
PMSF and Complete Protease Inhibitor, and samples were
centrifuged at 18,000 g for 1 h at 4°C. The pellets were washed
with 500 �l of 0.1 M NaHCO3 (pH 9.6) and centrifuged for 20
min at 18,000 g. Pellets were resuspended in 6 M guanidine
thiocyanate for 20 min and diluted 2-fold with 0.1 M
NaHCO3. Proteins were passively coated onto an ELISA plate.
PrP was detected with anti-PrP biotinylated-POM1 antibody
and streptavidin-HRP-conjugated anti-mouse IgG secondary
antibody. The signals were detected with a chemiluminescent
substrate (1-Step Ultra TMB-ELISA). Denaturation curves
were plotted as PrPSc absorbance signals against the GdnHCl
concentration and fitted to a sigmoid function (variable
slope). [GdnHCl]1/2 values for mice expressing MoPrP or
MoPrP167S infected with RML mouse prions were calculated
with each mouse as an individual data point, which was the
average signal for samples run in triplicate. [GdnHCl]1/2
values were expressed as the log EC50 using GraphPad Prism
5.0 (GraphPad Software Inc., San Diego, CA, USA). Between
5 and 7 mice were analyzed for each Prnp genotype (mouse
PrP or PrP167S). Statistical analysis was performed using an
unpaired, 2-tailed Student’s t test.

Cell culture studies of PrP with amino acid exchanges at
residue 167

CAD-RML cells were transfected with plasmid pcDNA 3.1 en-
coding PrP using Lipofectamine. Cells were lysed at 45–48 h
posttransfection using a Tris-based lysis buffer containing 0.5%
Nonidet P-40 and 0.5% deoxycholate. Cell lysates containing
60–80 �g of protein were digested with 5 �g/ml PK for 30 min
at 37°C and analyzed along with 15–20 �g of protein from
undigested samples by SDS-PAGE. Immunoblotting was initially
performed using the anti-PrP antibody, 3F4, followed by immu-
noblotting using the anti-PrP antibody POM1 and anti-actin
antibody. Signals were captured and quantified using a Fujifilm
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LAS-4000 imager and Multigage software. The ratio of PK-
resistant PrP to total PrP was calculated. Five (RL) or 8 (167
mutation) experimental replicates were performed.

RESULTS

WT and Tg(MoPrP167S) mice are highly susceptible to
mouse prions and showed no detectable infection
after exposure to deer prions

We first assessed prion conversion in mice expressing
PrPC sequences that vary by one residue in the �2-�2
loop using 1) WT mice, which express PrPC with a
disordered loop, and 2) transgenic mice, which
express mouse PrPC with a RL due to a D167S
substitution [Tg(MoPrP167S)]. Tg(MoPrP167S) mice
from line 82 were propagated because mice express
low (1- to 2-fold WT) levels of PrPC (26). We inocu-
lated WT and Tg(MoPrP167S)82 mice with RML prions
from mice. The Tg(MoPrP167S)82 mice developed
prion disease with clinical signs of severe ataxia, kypho-
sis, stiff tail, and weight loss at time points similar to

those of WT mice [99�4 d in Tg(MoPrP167S) mice vs.
103�4 d in WT mice], suggesting that the RL structure
had no influence on RML prion conversion (Fig. 1A).

Evidence of transmission barriers can also be detected
during serial passage whereby the incubation period short-
ens. Therefore, we performed second and third passages of
RML-MoPrP167S. The Tg(MoPrP167S)82 mice developed
prion disease with a similar incubation period at each
passage, suggesting that there was no transmission barrier for
RML prions (Fig. 1A). We performed a PK digestion and
immunoblotting on Tg(MoPrP167S)82 brain samples and
readily detected PK-resistant PrPSc in mice from all three
passages (Fig. 2A).

Deer express PrPC with an ordered RL due to
the 170N and 174T residues. We inoculated known
infectious CWD prions from deer into WT and
Tg(MoPrP167S)82 mice. No mice developed clinical
signs of prion infection (Fig. 1B). In addition, no PrPSc

was detected in WT or Tg(MoPrP167S)82 mice after
NaPTA precipitation and immunoblotting (Fig. 2B) or
by immunohistochemical analysis for PrP in brain
sections (data not shown). To further test whether

Figure 2. Analysis for PrPSc in the
brain of Tg(MoPrP167S)82 mice in-
oculated with RML mouse scrapie
or CWD deer prions. A) PrPSc was
detected by Western blot in
Tg(MoPrP167S)82 mice for all pas-
sages of RML mouse scrapie. Elec-
trophoretic mobility and glyco-
form profile of RML prions in

Tg(MoPrP167S)82 mice from all passages is similar to that of RML prions in WT mice. B) Representative blot shows that no PrPSc was
detected in the Tg(MoPrP167S)82 or WT mice inoculated with CWD after NaPTA precipitation. C) Likewise, no aggregated PrP was
detected in Tg(MoPrP167S) or WT mice inoculated with CWD by PrP peptide ELISA, whereas PrP aggregates were detectable in RML
prion-inoculated Tg(MoPrP167S) mice and in CWD prion-inoculated Tg(MoPrP170N,174T) mice. D) Insoluble fraction of brain
homogenate from RML- and CWD-prion inoculated Tg(MoPrP167S) mice after ultracentrifugation (UC) shows little insoluble PrP in
the CWD prion-inoculated Tg(MoPrP167S) or WT mice, yet high levels in RML prion-inoculated Tg(MoPrP167S) mice. Numbers
correspond to different individual mice. The PrP signal was quantified, and levels relative to uninfected WT samples were plotted.

Figure 1. The RL structure has no effect on
transmission barriers to mouse or deer prions
in Tg(MoPrP167S) mice. A) Survival curves for
WT and Tg(MoPrP167S)82 (L82) mice, inocu-
lated with RML mouse-adapted scrapie.
Tg(MoPrP167S)-RML was passaged 3 times, and
all mice developed clinical prion disease. B)
Survival curves for WT and Tg(MoPrP167S)82
mice inoculated with CWD deer prions. At 500
d postinoculation, no clinical signs of prion
disease were noted in any CWD-inoculated
mice.
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PrPSc could be detected using highly sensitive assays
without the use of PK, we performed PrP peptide
precipitation and ELISA (30). Again we were not able
to detect PrPSc in CWD-inoculated Tg(MoPrP167S)82 or
WT brains (Fig. 2C). In addition, we performed ultra-
centrifugation of brain homogenate and measured the
amount of insoluble PrP in the pellet fraction. Abun-
dant insoluble PrP was detected in RML prion-inocu-
lated Tg(MoPrP167S)82 mice, but only at background
levels in the CWD-inoculated Tg(MoPrP167S)82 and WT
mice comparable to levels in uninfected mice (Fig. 2D).
The identical CWD-infected brain homogenate has
been shown to be infectious to Tga20 mice (�400–600
dpi) and to Tg1020 mice (�220 dpi) in two previous
studies (24, 27). Thus, overall the transmission barriers
for the Tg(MoPrP167S) mice expressing RL PrP exactly
matched that of mice expressing flexible loop MoPrP
(Table 1).

Mouse PrP and MoPrP167S PrP conversion efficiency on
seeding with prions from 5 species in the PMCA assay

Our initial results using mouse and deer prions indi-
cated that the transmission barriers were not altered by
the D167S substitution. To further investigate the trans-
mission barrier, we used PMCA, which has been shown
to successfully mimic species barriers reported in vivo
(37–39). Here, using brain homogenate from WT and
Tg(MoPrP167S)82 mice as substrates for PrPC, we
seeded the PMCA reaction with prions from hamsters,
cattle, sheep, mice, and deer. Three separate replicate
samples were seeded with each strain and amplified for
4 to 5 rounds, using 27 cycles of sonication and a 1:10
dilution into fresh substrate with each subsequent round.
Here again we found no differences in prion species
barriers caused by the single D167S residue substitution
(Fig. 3). Both mouse and Tg(MoPrP167S)82 substrate
successfully amplified seeds from mouse and bovine pri-
ons, yet did not amplify prions from hamster, sheep, or
deer (Table 2). In contrast, deer, sheep, and hamster
substrate supported efficient amplification of hamster,
sheep, and deer prions (data not shown).

Substitution of other residues at position 167 does
not affect conversion with RML prions

To further exclude the possibility that the D167S
substitution has led to barriers to prion conversion, we
used a persistently RML prion-infected CAD neuronal
cell line (40) expressing the D167S variant. The WT

PrPC and D167S variant contained the 3F4 epitope tag
(L109M, V112M) to distinguish the PrP from endoge-
nous WT mouse RML prions. Constructs were trans-
fected into RML prion-infected CAD cells, cells were
lysed after 45–48 h, and the amount of PrP converted
was measured by PK digestion followed by immunoblot-
ting with an antibody against the 3F4 epitope tag. We
found that the WT PrPC and D167S variant were
converted in the RML prion-infected cells, indicating
that the single substitution had little effect on transmis-
sion efficiency (Fig. 4A).

To investigate whether any other residue substitutions
at position 167 would affect RML prion conversion, we
expressed 3F4 epitope-tagged mouse PrPC with three
additional residue substitutions at position 167: alanine,
glycine, and glutamate. Interestingly, we found that all
constructs were converted by RML prions at levels similar
to or slightly less than those for the WT-3F4 PrPC (Fig. 4).
However, PrPC with the original RL substitutions, 170N

TABLE 1. Amino acid sequence at the �2-�2 loop of PrPC and in vivo barrier to prion conversion

PrP construct expressed in
transgenic mice

Primary sequence
167–175

Secondary structure
of �2-�2 loop

Transmission barrier to
RML mouse prions

Transmission barrier to
CWD deer prions

MoPrP DQYSNQNNF Disordered No Yes
MoPrP167S SQYSNQNNF Ordered, rigid No Yes
MoPrP170N,174Ta DQYNNQNTF Ordered, rigid Yes Yesb

CerPrPa DQYNNQNTF Ordered, rigid Yes No

aThe transmission barriers were described previously (24, 39).bAll mice developed prion disease �400 d after inoculation, whereas mice
expressing MoPrP or MoPrP167S required �400 d after inoculation to develop CWD-induced prion disease or resisted CWD infection.

Figure 3. Biochemical analysis of different samples generated
in vitro by saPMCA using WT or Tg(MoPrP167S)82 brain
homogenates as substrate. WT and Tg(MoPrP167S) brain
homogenates seeded with different prion strains (mouse,
RML; mule deer, CWD; cattle, BSE; hamster, 263K; and
sheep, SSBP/1) or left unseeded were subjected to saPMCA.
Seeded samples from round 5 were digested with 85 �g/ml of
PK and analyzed by Western blot using monoclonal antibody
SAF83. Almost identical amplification of mouse and cattle
prions but not of hamster, sheep, or deer prions occurred with
both substrates. Unseeded samples used as PMCA negative
controls did not show any PK-resistant PrP band in any of the
PMCA rounds performed. A, in vitro amplified sample; NA,
nonamplified sample; C, control non-PK-digested normal
mouse brain homogenate.
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and N174T, was poorly converted by mouse prions (Fig.
4), consistent with our previously reported results using in
vivo mouse models and PMCA (24).

D167S substitution alters the plaque morphology and
PTAA emission spectra of RML mouse prions

Having shown no apparent transmission barrier to mouse
prions in the Tg(MoPrP167S) mice, we hypothesized that the

brain histopathology and biochemical properties would be
identical in WT and Tg(MoPrP167S) mice. To test this
hypothesis, we next assessed the PrPSc aggregate morphol-
ogy and PTAA binding in the brains of RML prion-infected
WT and Tg(MoPrP167S) mice. Surprisingly, there were subtle
changes in the plaque morphology in the PrP-immuno-
stained brain sections. The Tg(MoPrP167S)82 mice devel-
oped slightly larger and more dense plaques than the WT
mice (Fig. 5A).

PTAA binds amyloid and has been used to distin-
guish prion strains (41). PTAA does not typically
bind to RML aggregates in tissue sections (41). We
found no binding of PTAA to RML prions in WT
mice brain sections as reported previously, yet PTAA
did bind to a subpopulation of the MoPrP167S-RML
aggregates in all passages in mice from line 82 (Fig.
5B). Together these findings suggest that although
RML prion transmission was efficient, the resulting
PrPSc conformation of the MoPrP167S-RML differed.

Conformational stability of MoPrP167S-RML differs
from that of WT-RML

We assessed whether biochemical differences could be de-
tected between the RML prions in WT and Tg(MoPrP167S)
mice. We found no significant differences in the PK-
resistant PrPSc core size or the glycoform ratios of PrP in
the brains of MoPrP-RML- and MoPrP167S-RML-infected
mice (Fig. 2 and Supplemental Fig. S1).

To test whether differences had developed in the PrPSc

conformational stability in the 167S RML variant, we
exposed aliquots of RML-infected brain homogenate to
14 concentrations of GdnHCl, digested samples with PK,
and measured the PrPSc remaining by ELISA. Overall, the
stability of the MoPrP167S-RML was modestly but signifi-
cantly increased compared with that of the MoPrP-RML
(MoPrP167S 1.2�0.06 vs. MoPrP 0.95�0.03; P�0.006,
unpaired, 2-tailed Student’s t test; Fig. 6). The ability of
MoPrP167S aggregates to bind to PTAA, together with the

TABLE 2. Automated serial PMCA using WT or
Tg(MoPrP167S) brain homogenate as the substrate

PrPC source
Experiment 1

(4 rounds)
Experiment 2

(5 rounds)

Unseeded
WT 0/3 0/3
Tg(MoPrP167S) 0/3 0/3

Sheep (SSBP1)
WT 0/3 0/3
Tg(MoPrP167S) 0/3 0/3

Deer CWD
WT 0/3 0/3
Tg(MoPrP167S) 0/3 0/3

Hamster (263K)
WT 0/3 0/3
Tg(MoPrP167S) 0/3 0/3

Mouse (RML)
WT 3/3 3/3
Tg(MoPrP167S) 3/3 3/3

Cattle BSE
WT 1/3 3/3
Tg(MoPrP167S) 1/3 2/3

Brains from WT and Tg(MoPrP167S) mice were extracted after
perfusion with PBS 	 5 mM EDTA and used as substrate or source of
PrPC. Brain homogenates (60 �l) were treated in replicates of 3
(n�3) with saPMCA and were incubated-sonicated for 27 h in each
round. After each round of PMCA, the PK-resistant PrP (PrPSc) in the
incubated-sonicated samples was diluted 1:10 into a freshly prepared
WT and Tg(MoPrP167S) mouse brain homogenate to start the next
PMCA round. This process was repeated for 4 or 5 rounds (P5). The
fraction of PrPSc-positive tubes is indicated.

Figure 4. RML mouse prions in immortalized CAD cells efficiently convert mouse PrPC with amino acid substitutions at position
167. A) Western blot shows that the 3F4 epitope-tagged PrPSc from WT and 167 mutants (167A, 167G, 167S, and 167E) are
efficiently converted by the RML prions, whereas the RL mutant with the 170N, 174T substitutions is poorly converted. B)
Membrane from panel A immunoblotted with anti-PrP antibody POM1 shows that the endogenous PrPSc levels are unaffected
by the PrPSc mutants. C) Ratio of PK-digested PrPSc to total PrP signal relative to WT (normalized to an upper limit of 1.0). There
was no significant difference (P�0.01) between WT PrP and the 167 PrP mutants when the raw values were compared. There
was a significant difference between the WT and RL mutant (170N, 174T) in a Student’s t test. **P � 0.001.
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increased conformational stability, suggests that the RML
conformation is modified in the MoPrP167S variant.

DISCUSSION

�2-�2 loop homology and cross-species prion conversion

Barriers to interspecies prion transmission are due in part
to structural differences between PrPC and PrPSc, and
even variation of one residue can inhibit prion conversion
(12). Key residue differences in the unstructured N-ter-
minal region or the globular C-terminal domain can
interfere with prion conversion experimentally (42–45),
yet how secondary structural changes influence prion
conversion is unknown. Here, using rationally designed
modifications of mouse PrP structure, the effect of a
primary and secondary structural change on interspecies
prion transmission could be uncoupled.

In earlier work, we showed that transgenic mice ex-
pressing mouse PrP or mouse PrP with the S170N and
N174T substitutions, which result in a rigid �2-�2 loop,
show profound differences in cross-species prion suscep-

tibility (24). Only the Tg(MoPrP170N,174T) mice were
highly susceptible to hamster and deer prions, which
share the rigid �2-�2 loop as well as the 170 asparagine.

In the present study, we assess species barriers using
transgenic mice that express PrPC with a rigid �2-�2 loop
due to a D167S substitution. Through testing prion
susceptibility of transgenic mice and through PMCA
experiments of MoPrP167S, we show poor or no con-
version of infectious prions from species having a RL,
indicating that the common RL structure provided no
advantage in conversion efficiency. Mice expressing
PrP with a disordered (WT) or an ordered (MoPrP167S)
loop showed no difference in transmission barriers.
Consistent with these findings, persistently prion-in-
fected CAD cells expressing mutant PrPC showed that
residue exchanges at position 167 had little effect on
prion conversion. The overall homology of the amino
acid sequence of the �2-�2 loop between host PrPC and
incoming PrPSc influenced prion conversion. Thus,
taken together, the results of the D167S substitution
provide a deeper understanding of the earlier trans-
mission studies and indicate that the sequence ho-
mology at residue 170, and not the RL structure,

Figure 5. PrPSc deposits vary in the brains of WT and
Tg(MoPrP167S)82 mice infected with RML mouse prions. A) In a WT
mouse, diffuse PrPSc aggregates are distributed throughout the
hippocampus (top panel, h) and striatum (bottom panel, s) with
less PrPSc in the corpus callosum (top panel, cc). In contrast, brain
from a Tg(MoPrP167S)82 mouse shows diffuse and dense aggregates
in the hippocampus and corpus callosum (top panel) and dense

punctuate aggregates in the striatum. B) Only RML prion-infected Tg(MoPrP167S)82 mice developed plaques that bind
PTAA. Positive control is from an RML prion-infected transgenic mouse expressing glycosylphosphatidylinositol-anchorless
PrP. Scale bars � 200 �m (A); 15 �m (B).

Figure 6. Conformational stability of RML prions in mice expressing MoPrP or MoPrP167S. A) Brain homogenate was denatured
with increasing concentrations of GdnHCl and partially digested with PK. PrPSc was detected by ELISA. Denaturation curves
were plotted as PrPSc absorbance signals against the GdnHCl concentration and fitted to a sigmoid function. Half-maximal
denaturation occurred at GdnHCl concentrations that were greater for MoPrP167S-RML than for MoPrP-RML. B) Plot of
[GdnHCl]1/2 values for mice expressing MoPrP or MoPrP167S infected with RML mouse prions showing each mouse as an
individual data point, which is the average signal for samples run in triplicate. *P � 0.01.
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enabled CWD- and hamster scrapie-driven conver-
sion described in the Tg(MoPrP170N,174T) mice.

The importance of the primary sequence in mamma-
lian PrP conversion is consistent with yeast prion stud-
ies, which have elegantly shown that small stretches of
the primary sequence underlie the intermolecular con-
tacts required for conversion (reviewed in ref. 46).
These short recognition sequences control prion prop-
agation and may vary, depending on the strain (47, 48).
Similar to mammalian PrP, single-residue substitutions
at key sites in a yeast prion can alter the prion strain
(49) as well as alter critical steps in prion propagation,
such as aggregate delivery to daughter cells (50).

Mouse-adapted prions efficiently convert the MoPrP167S

variant and modify the PrPSc conformational properties

Heterologous PrPC and PrPSc sequences can lead to
inefficient prion conversion and prolonged incubation
periods in rodent models (51). In addition, the brain
regions targeted, aggregate morphology, and PrPSc

conformational properties may also be modified. Sub-
sequent serial passage through the variant sequence
typically leads to a reduced and more consistent incu-
bation period (52). Here we show that despite no
significant difference in the incubation period on
initial or subsequent passage of RML mouse prions in
Tg(MoPrP)167S mice, the PrPSc conformational proper-
ties have changed remarkably from RML prions, as
indicated by the binding of PTAA to plaques and the
increased PrPSc stability after exposure to chaotropes.
These results indicate that the PrPSc assemblies were modi-
fied on transmission through a heterologous sequence,
although prion conversion remained highly efficient.

How might the �2-�2 loop sequence affect the PrPSc

structure at the atomic level? Because atomic level
crystal structures of �2-�2 loop peptides have shown
that loop peptides form a steric zipper structure (19),
substituting a residue may alter the side chain packing
arrangement of the �-sheet interface or the range of
available packing arrangements (20). Thus, the confor-
mational differences in prions caused by 1 to 2 residue
exchanges in the �2-�2 loop might be akin to the
variation observed among certain steric zippers (20).

Taken together, these findings underscore the key
role of homology of the primary sequence at certain
critical residues, such as 170N, in cross-species prion
transmission and in prion conformation. The interact-
ing recognition sequences between PrPC and PrPSc may
be determined by the incoming PrPSc conformation.
Identifying the interacting residues for particular prion
conformations may enable better predictions of cross-
species prion transmission as well as potential targets
for therapeutic intervention.
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