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ABSTRACT Glycosylphosphatidylinositol (GPI) anchoring of the prion protein (PrPC)
influences PrPC misfolding into the disease-associated isoform, PrPres, as well as
prion propagation and infectivity. GPI proteins are found in cholesterol- and
sphingolipid-rich membrane regions called rafts. Exchanging the GPI anchor for a
nonraft transmembrane sequence redirects PrPC away from rafts. Previous studies
showed that nonraft transmembrane PrPC variants resist conversion to PrPres

when transfected into scrapie-infected N2a neuroblastoma cells, likely due to
segregation of transmembrane PrPC and GPI-anchored PrPres in distinct mem-
brane environments. Thus, it remained unclear whether transmembrane PrPC

might convert to PrPres if seeded by an exogenous source of PrPres not associ-
ated with host cell rafts and without the potential influence of endogenous ex-
pression of GPI-anchored PrPC. To further explore these questions, constructs
containing either a C-terminal wild-type GPI anchor signal sequence or a nonraft
transmembrane sequence containing a flexible linker were expressed in a cell
line derived from PrP knockout hippocampal neurons, NpL2. NpL2 cells have
physiological similarities to primary neurons, representing a novel and advanta-
geous model for studying transmissible spongiform encephalopathy (TSE) infec-
tion. Cells were infected with inocula from multiple prion strains and in different
biochemical states (i.e., membrane bound as in brain microsomes from wild-type
mice or purified GPI-anchorless amyloid fibrils). Only GPI-anchored PrPC sup-
ported persistent PrPres propagation. Our data provide strong evidence that in
cell culture GPI anchor-directed membrane association of PrPC is required for
persistent PrPres propagation, implicating raft microdomains as a location for
conversion.

IMPORTANCE Mechanisms of prion propagation, and what makes them transmis-
sible, are poorly understood. Glycosylphosphatidylinositol (GPI) membrane an-
choring of the prion protein (PrPC) directs it to specific regions of cell mem-
branes called rafts. In order to test the importance of the raft environment on
prion propagation, we developed a novel model for prion infection where cells
expressing either GPI-anchored PrPC or transmembrane-anchored PrPC, which
partitions it to a different location, were treated with infectious, misfolded forms
of the prion protein, PrPres. We show that only GPI-anchored PrPC was able to
convert to PrPres and able to serially propagate. The results strongly suggest that
GPI anchoring and the localization of PrPC to rafts are crucial to the ability of
PrPC to propagate as a prion.
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Misfolding and aggregation of the prion protein (PrPC) are associated with several
infectious disorders affecting mammals, including Creutzfeldt-Jakob disease in

humans, scrapie in sheep and goats, chronic wasting disease in cervids, and bovine
spongiform encephalopathy in cattle, collectively known as transmissible spongiform
encephalopathies (TSEs) (1). PrPC consists of a largely alpha-helical C-terminal folded
domain, while the N-terminal half of the protein is unstructured (2–4). Misfolding of
PrPC involves a conformational change in the protein combined with its self-assembly
that usually imparts detergent insolubility and protease resistance onto the aggregated
isoform, PrPres (5). In iatrogenic forms of prion disease, i.e., transmission through
medical procedure, the conformational conversion process is initiated by PrPres in the
inoculum inducing the conversion of host PrPC by a templating mechanism. The cell
surface has been proposed as one site of conversion of PrPC to PrPres (6–12). Productive
infection requires this process to become self-sustaining, with newly formed PrPres

seeding further conversion of PrPC.
PrPres is typically identified using proteinase K (PK), which completely degrades PrPC

but removes only the N-terminal �67 residues of PrPres to give characteristic TSE
strain-associated banding patterns on Western blots of un-, mono-, and diglycosylated
forms of PrPres (13). However, infectivity can be present in the absence of any detect-
able PrPres, possibly explained by the identification of strain-dependent infectious
conformers that are either generally protease sensitive (14–19) or sensitive to PK
specifically (20, 21). It is not clear whether these isoforms are generated on a different
pathway from PrPres and are structurally unrelated or are simply smaller aggregates on
the pathway to PrPres formation, although evidence points toward lower-molecular-
weight assemblies being more infectious (22) and more PK sensitive (17, 19, 23). Thus,
although protease resistance provides a useful tool to determine the presence of PrPres,
it may not reveal all infectious material. These observations have led to the develop-
ment of assays that do not involve any protease treatment, including the conformation-
dependent immunoassay (18, 24), amyloid-seeding assay (25), protein-misfolding cyclic
amplification (23), and quaking-induced conversion (26–28).

PrP is anchored to membranes by a glycosylphosphatidylinositol (GPI) moiety.
Consequently, PrPres and PrPC are found associated with raft microdomains (29–35).
PrPC and exogenous PrPres fibrils also undergo clathrin-dependent endocytosis after
binding to lipoprotein receptor-related protein 1 (LRP1) via N-terminal basic amino
acids in PrP (36, 37). Rafts have been defined as highly dynamic sterol- and
sphingolipid-enriched membrane regions that range in size from 10 to 200 nm (38).
Rafts are commonly extracted from cells as detergent-resistant membranes (DRMs)
using nonionic detergents at low temperatures which solubilize nonraft domains only
(39), although there is some controversy over whether these biochemically isolated
fractions represent rafts as they exist within the cell (38, 40, 41).

PrP GPI anchoring and localization to raft regions may also be of importance in bona
fide TSE pathology. Early evidence for the importance of PrPC raft association came
from experiments showing that pharmacological disruption of rafts decreases levels of
PrPres in scrapie-infected cells (42, 43). In vivo, transgenic mice expressing GPI-
anchorless PrPC develop an amyloid disease upon infection that, although transmissible
itself, differs from typical TSE with respect to pathology, clinical signs, and longer
incubation periods (44, 45). In cell culture, anchorless PrPC is able to convert to PrPres

acutely (46, 47) but requires coexpression of anchored PrPC to persistently infect cells,
indicating that GPI anchoring of PrPC is important for stable infection in vitro (47). GPI
anchor-dependent modulation of protein aggregation is not limited to PrP. Ectopic
expression of the cytoplasmic amyloid-forming yeast prion protein Sup35NM as a
GPI-anchored protein in mouse neuroblastoma cells has shown how GPI anchoring can
change the behavior of other amyloidogenic proteins besides PrP. Addition of a GPI
anchor to Sup35NM facilitated its prion-like propagation and intercellular spread in
mammalian cells; aggregation was not observed in control cells expressing anchorless
Sup35NM (48). Analogous to its effects on PrP aggregation, GPI anchoring also influ-
enced the nature of the Sup35NM aggregates by directing the formation of nonfibrillar
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species that lack many defining characteristics of amyloid (49). Collectively, these data
point toward GPI anchoring and raft localization as significant facets of prion propa-
gation and TSE pathogenesis.

In order to test the hypothesis that raft localization promotes conversion of PrPC to
PrPres, other groups have developed cell culture systems in which PrPC is anchored to
membranes via a transmembrane (TM) domain instead of a GPI anchor (42, 50). In these
studies, the constructs were expressed in persistently infected N2a cells already prop-
agating PrPres; no exogenous inoculum was added, and in neither case were they found
to convert to PrPres. An explanation for the lack of conversion could be that the PrPres

in the cells resided in a different membrane environment (rafts) from the site of the
PrPC substrate (nonraft); hence, the interaction required for templated conversion of
transmembrane PrPC (TM PrP) was prohibited. This conclusion is supported by the
observation that PrPC and PrPres must reside in a contiguous membrane for the former
to undergo conversion, as the two must be sterically allowed to interact, likely in a
specific orientation (7, 51). Other groups have examined PrPC glycosylation and traf-
ficking using a construct containing a TM domain from CD4 or the C terminus of
angiotensin-converting enzyme (ACE) (52–56). Although no infection studies were
conducted, these experiments showed that TM PrP undergoes proper glycosylation and
trafficking to the cell surface, suggesting that TM anchoring has no gross effect on PrP
folding and, hence, TM PrP resistance to conversion to PrPres is likely due to the effects
of TM anchoring on PrP localization.

To gain comprehensive insight into how membrane anchoring and raft association
influence the propagation of PrPres, here we used a novel approach by stably express-
ing PrPC variants that traffic to different membrane subdomains, i.e., raft and nonraft,
in a PrP knockout hippocampal cell line called NpL2, isolated from Zurich I Prnp�/�

mice (57). Importantly, two different exogenous sources of PrPres were added to the
cultures to attempt to initiate an infection, wild-type (WT) PrPres in the form of
brain-derived membranes or amyloid fibrils purified from the brains of scrapie-infected
mice expressing anchorless PrPC (44). Since the GPI anchor of WT PrPres might target
this inoculum to raft membranes, the testing of both anchorless and anchored PrPres

inocula provided assurance that cells expressing either PrPC variant were exposed to at
least one type of PrPres seed with the potential to interact with and convert PrPC

irrespective of where the PrPC is localized. Several methods were used to examine the
persistent propagation of PrPres, including highly sensitive assays. WT or TM mouse PrPC

constructs were stably expressed in NpL2 cells (57, 58), which have been used previ-
ously for studies on prion biology (59–61). Only WT, raft-associated PrPC supported
persistent TSE infection, initiated by inocula containing GPI-anchored or anchorless
PrPres. In addition to developing a novel model for studying TSE infection, these
experiments provide a rigorous examination into the role of membrane subdomain
location in the persistent propagation of PrPres and reveal that, in this model, raft
association is a requirement for conversion.

RESULTS
NpL2 cells stably express wild-type and transmembrane forms of PrP which

show a similar distribution. In order to generate a cell line suitable for use in infection
experiments, the parent cell line (NpL2) was transduced with viral particles containing
the constructs shown in Fig. 1A. The WT PrP construct (top) contains the full-length
sequence of 254 amino acids. The GPI anchor signal sequence begins at residue 230
(serine), and so the rest of the sequence was truncated in the TM construct. A flexible
linker with sequence SAGAGS was modeled based on other, similar approaches (50, 62,
63) to approximate the flexibility and distance from the membrane imparted onto PrP
by the GPI anchor (64). The C-terminal green fluorescent protein (GFP) domain contains
an A206K substitution to avoid dimerization of the fluorophore (65), which could
promote aggregation of PrP by bringing two molecules into close proximity. GFP was
added for imaging purposes; any aggregation of the TM PrP construct would result in
clusters of GFP fluorescence, which could be observed in real time as seen with
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GPI-anchored Sup35NM (48, 49). Furthermore, this domain serves to firmly anchor the
TM PrP in the membrane such that it could not be removed without either proteolysis
or severe compromise of the integrity of the plasma membrane.

As expression levels in bulk cell populations were relatively low and it is known that
some cell lines can express clone-dependent resistance to infection (66), we created

FIG 1 WT and TM PrPC are expressed, glycosylated, and trafficked to the cell surface in NpL2 cells. (A) Constructs of either
WT or TM PrPC were stably expressed in PrP knockout NpL2 cells. The WT sequence was full-length mouse PrP (254 amino
acids), whereas the TM sequence consisted of residues 1 to 230 of WT PrP followed by a flexible linker region (SAGAGS),
a 22-amino-acid TM domain (Qa), a FLAG tag, and a GFP domain containing an A206K substitution to prevent dimerization
of GFP. CMV, cytomegalovirus. (B) Representative Western blot of lysates from NpL2 cells either untransfected (NpL2) or
expressing WT or TM PrPC. Brackets indicate full-length PrP bands. White vertical lines indicate removal of irrelevant lanes.
(C) Western blot of lysates from untransfected or PrP-expressing cells that were untreated (U) or treated with PNGase F (P).
Samples were analyzed on gels electrophoresed in MOPS running buffer to improve resolution of the TM PrPC glycoforms.
(D) Immunolabeling of permeabilized (top row) and nonpermeabilized (middle row) cells using anti-PrP antibody 6D11 and
imaging by wide-field fluorescence microscopy. Bright-field images of nonpermeabilized cells are shown in the bottom
row. Bar, 20 �m. Numbers at left of blots in panels B and C are molecular masses in kilodaltons.
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multiple cloned cell lines for each construct. WT and TM PrP clones were matched for
expression of total PrP (Fig. 1B). It should be noted that the expression levels were
comparatively low, approximately 3-fold lower than those of PrPC expression in N2a
cells (data not shown). This is not uncommon for NpL2 cell lines created using
the pMSCV expression system (T. Onodera, personal communication) and reduces the
possibility of spontaneous aggregation of PrPC into PrPres. WT lysates showed the
typical banding pattern for PrP with a diglycosylated form running at �37 kDa, a
monoglycosylated form at �30 kDa, and an unglycosylated form at �27 kDa. There was
a predominant band for the TM PrP at �65 kDa; the greater molecular mass than that
of WT PrP was consistent with the expected size increase due to the Qa TM domain,
FLAG epitope, and 27-kDa GFP tag. Two weaker bands (which can be seen more clearly
in Fig. 1C) were also present, corresponding to the mono- and unglycosylated forms of
TM PrP as shown by peptide-N-glycosidase F (PNGase F) treatment. A faint, diffuse,
glycosylated band at around 45 kDa was also present, possibly a cleavage product.
Cloned cell lines were selected so that expression levels of PrPC both overall and on the
cell surface were similar between clones (also Fig. 1D). Quantification of lysates from 3
independent cultures of the full-length forms of WT and TM PrP revealed that the two
forms expressed similar levels of PrP (TM level was 82% � 6.8% of WT level).

The addition of mature, complex N-linked sugars on PrPC is one indicator of proper
folding and transport to the cell surface (52, 56, 67) and can influence conversion and
TSE pathogenesis (68–74). In order to establish if WT and TM PrP were glycosylated
similarly, lysates were treated with PNGase F, which cleaves N-linked oligosaccharides
from glycoproteins (Fig. 1C). For both WT and TM cell lysates, the band in lysates
digested with PNGase F comigrated with the presumptive unglycosylated PrP band in
the untreated lane, indicating that the majority of the steady-state population of PrP
detected was glycosylated correctly.

To further verify that the distributions of PrP were similar between TM and WT
clones, cell surface and intracellular PrP was labeled with an anti-PrP antibody, 6D11
(Fig. 1D). Wide-field epifluorescence imaging of immunolabeled cells confirmed a
similar subcellular localization of PrP to the cell surface and prominent perinuclear
regions, akin to previously observed distributions of WT PrP with and without a GFP tag
(75). Some background labeling was seen in the permeabilized nontransduced NpL2
negative-control cells. However, this was readily distinguished from the labeling in WT
and TM cells. Labeling with other anti-PrP antibodies directed at different epitopes gave
similar results, suggesting that WT and TM PrP have similar overall folds on a gross level
(data not shown).

Collectively, these results show that TM PrP resembled WT PrP in terms of expression
level, glycosylation pattern, and distribution, all of which are implicated in the ability of
PrPC to convert to PrPres.

TM PrP does not localize to detergent-resistant membranes. Cholesterol and
sphingolipid-rich raft membranes contain GPI-anchored proteins, including PrP, and are
insoluble in cold nonionic detergent (31–33, 39). To assay for raft localization of WT and
TM PrP, we used a previously reported in situ method involving cell surface PrP
immunofluorescence staining combined with detergent extraction (54, 76). Figure 2
shows that untreated cells stably expressing WT or TM PrP were labeled all around the
plasma membrane (top row). The specificity of immunolabeling was shown by the
absence of fluorescent labeling in untransduced NpL2 control cells (Fig. 2, left column).
Only TM PrP was removed from the cell membrane following treatment with cold 1%
Triton X-100 (TX-100) (Fig. 2F), suggesting that it is located in a different membrane
subdomain from WT PrP, where a large fraction of WT PrP resisted cold TX-100
treatment (Fig. 2E). WT PrP displayed a more punctate distribution after TX-100
treatment, possibly due to raft coalescence following application of detergent or
solubilization of some cell surface nonraft PrPC as described by Sunyach et al. (77).
Methyl-beta cyclodextrin (M�CD) is a compound that disrupts rafts by binding to and
depleting them of cholesterol. As expected, no discernible difference in WT or TM PrP
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distribution could be observed following M�CD treatment (Fig. 2H) because the spatial
resolution limitations of our confocal imaging system would not allow the direct
visualization of rafts, the upper limit of which has been defined as approximately 200
nm (38, 78). In order to demonstrate that M�CD had an effect, cells were exposed to
M�CD and then extracted with cold TX-100. Following this treatment, WT PrP was
removed completely from the membrane, presumably because rafts were no longer
intact; thus, TX-100 was able to solubilize the entire membrane. These results showed
that WT PrP was located in cholesterol-rich rafts in the plasma membrane, whereas TM
PrP was located outside rafts.

WT but not TM PrP faithfully propagates PrPres upon infection independent of
strain or inoculum type. Having established that WT PrP resides in a different
membrane subdomain from TM PrP in NpL2 cells, we wished to examine how this
affected the ability of either construct to convert to PrPres following the application of
inocula of different TSE strains and types to the cell lines in culture. Specifically, the
persistent propagation, i.e., the generation of misfolded PrP that is able to transmit its

FIG 2 TM PrPC is not located in raft subdomains of the plasma membrane. Cells were immunolabeled
with anti-PrP antibody 6D11 at 4°C and then either left untreated or exposed to 1% TX-100, 2 mM M�CD,
or 2 mM M�CD and then 1% TX-100, followed by processing for fluorescent labeling as described in
Materials and Methods. Cells were imaged by confocal microscopy. Images were deconvolved, and a
representative Z slice from the middle of cells is shown. Bar, 20 �m.
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fold to new PrPC substrate in daughter cells over several generations of PrPres, was
examined. The blot shown in Fig. 3 corresponds to cells at passage 5, with serial 10-fold
dilutions at each passage, by which stage the original inoculum has been diluted out,
as shown by the control lanes (NpL2 group, lanes 2 to 4). WT cells infected with either
22L scrapie microsomes (lane 6) or GPI-anchorless fibrils extracted from mice infected
with 22L (lane 7) or RML (lane 8) persistently propagated PK-resistant PrPres when
infection was initiated with an inoculum containing 100 ng of PrPres. The banding
pattern was typical of PrPres with the diglycosylated band at �30 kDa, monoglycosy-
lated band at �25 kDa, and unglycosylated band at �20 kDa, all shifted to a �6- to
7-kDa-smaller apparent molecular mass than PrPC. Adding microsomes from uninfected
mice to WT cultures did not produce any PrPres, showing that its induction required
exposure to scrapie infectivity. Using these conditions (20 �g/ml PK and PrPres precip-
itation with 0.3% phosphotungstic acid [PTA]), no PrPres was detected in TM PrP-
expressing cells (lanes 10 to 12).

WT cells were then examined at later passages to determine if PrPres propagation
was stable. Figure 4A shows that expression of PrPC did not change significantly as cells
were passaged. Control cells (Fig. 4B) showed that no spontaneous PrPres formation
occurred when microsomes from uninfected mice were added to the cells, as observed
in Fig. 3. Following treatment with either 22L microsomes (Fig. 4C) or 22L GPI-
anchorless amyloid fibrils (Fig. 4D), PrPres was detected in cells using PK treatment of
cell lysates followed by PTA precipitation to concentrate PrPres. In both cases, the level
of PrPres decreased as cells were passaged following infection. However, at least for the
cells infected with anchorless fibrils, PrPres propagated over extended serial passages
(�30).

TM PrP does not convert into a more protease-sensitive form of PrPres. Using
the conditions outlined above, i.e., digesting lysates with 20 �g/ml PK and precipitating

FIG 3 WT but not TM cells persistently propagate 22L and RML mouse scrapie. Western blot of cell lysates
showing formation of PK-resistant PrP following infection with either 22L PrPres present in WT brain
microsome fractions (MS) or as amyloid fibrils (GPI-) extracted from mice producing a GPI-anchorless
form of 22L or RML PrPres. N MS, cells treated with control brain microsomes from uninfected mice. Cells
are at passage 5 postinfection. White vertical lines indicate removal of irrelevant lanes. Numbers at left
are molecular masses in kilodaltons.
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aggregated PrPres with 0.3% PTA, no misfolded PrP was detected in infected TM cells
after 5 serial passages. There have been reports in the literature of infectious, PK-
sensitive forms of misfolded PrP (17, 18, 25, 79) that can be revealed by PTA precipi-
tation alone or in combination with alternative proteases such as pronase E (21) or
thermolysin (20). Initially, we characterized the PK resistance of WT PrPres in persistently
infected WT cells by titrating in concentrations of PK from 0 to 200 �g/ml (Fig. 5A).

FIG 4 PrPres propagation in infected WT cells over extended passages. Cells expressing WT PrP were
treated with brain microsomes from uninfected mice (A and B) or 22L microsomes (C) or 22L GPI-
anchorless fibrils (D). Lysates were either loaded without further treatment (A) or treated with PK and PTA
(B to D). Quantification was carried out on lysates from two independent cultures run on separate gels.
Error bars indicate standard deviations. Band intensity is shown in arbitrary units. Five hundred micro-
grams of total protein was loaded per lane. Numbers at left are molecular masses in kilodaltons.
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FIG 5 PK sensitivity of WT and TM PrP. (A) PK titration (0 to 200 �g/ml) followed by PTA precipitation of
WT cell lysates 13 passages after infection with 22L scrapie microsomes. Quantification of PrPres bands
on the gel presented is shown in the graph. Band intensity is shown in arbitrary units. (B) Cell lysates of
untransfected NpL2, WT, or TM cells infected with normal brain microsomes (N MS), 22L microsomes (22L
MS), or anchorless fibrils (22L GPI-) with either PTA precipitation alone (top) or 1 �g/ml PK followed by
PTA precipitation (bottom). Numbers to the left of gels are molecular masses in kilodaltons.
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Without PK, total PrP migrated as 4 to 5 bands, suggesting that both PrPC and PrPres

had been precipitated by PTA (Fig. 5A and B). Background precipitation of PrPC with
PTA was not unexpected and has been reported previously (80). The presence of TSE
infection-specific, PTA-precipitated bands that comigrated with PK-truncated PrPres

suggested that WT PrPres was truncated by endogenous proteases in the NpL2 cell
model, as has been reported to occur in other cell lines (81, 82). With 1 �g/ml PK and
more, all PrPC was degraded and only PrPres was visualized, at least some of which was
resistant to very high PK concentrations of 200 �g/ml. In contrast, no infection-specific
PTA-precipitated bands were detected in lysates from TM PrP cells without PK treat-
ment, indicating that PTA precipitation alone did not detect any TM PrPres (Fig. 5B,
upper gel). Knowing that all PrPC would be degraded with as little as 1 �g/ml PK, we
applied these conditions to lysates from infected TM PrP cells (Fig. 5B, lower gel). As
observed above, PrPres was detected only in control WT cells. PK concentrations as low
as 0.01 �g/ml were tested; the lowest concentration that could successfully cleave most
PrPC was 0.1 �g/ml, but this still did not reveal any PK-resistant TM PrP species, nor did
treating the lysates with cold PK, which has also been used to detect nonnative
abnormal PrP isomers (data not shown) (83–86).

In order to examine whether TM PrP had misfolded into an isoform sensitive to PK
specifically, the alternative proteases chymotrypsin, pronase E, and thermolysin were
used, all of which have previously revealed nonnative, misfolded PrP (20, 21, 87) (Fig.
6A). Once again, no PrPres was detected in TM lysates. Immunoblotting with alternative
anti-PrP antibodies (6D11 and 31C6) was performed to ensure that TM PrPres was not
detected as a result of adopting an unusual conformation that either resisted D13
detection after transfer to polyvinylidene difluoride (PVDF) or lacked the D13 epitope
due to proteolytic cleavage at a more internal residue than that in WT PrPres. 6D11 has
an epitope in a similar region as D13 (residues 93 to 109 compared to residues 96 to
104), and the epitope for 31C6 (residues 143 to 149) lies further toward the C terminus.
While both of these antibodies detected WT PrPres, no PrPres bands were detected in
the TM cell lysate, suggesting that TM PrP did not misfold into a nonnative, protease-
sensitive conformation (Fig. 6B).

Absence of RT-QuIC seeding activity in TM cells exposed to TSE infectivity. The
ability to seed conversion of new substrate is a requirement of any protein-based
infectious agent able to spread and propagate its fold. To determine if exposure to TSE
infectivity induced TM PrP conversion into a self-propagating misfolded conformation
at a level below the detection limit of Western blot analysis, we employed real-time
quaking-induced conversion (RT-QuIC), which can detect subnanomolar amounts of
aggregates that can seed conversion of recombinant PrP (rPrP) to thioflavin T (ThT)-
positive amyloid fibrils (28, 88). The minimal sample preparation (resuspension of a cell
pellet into a low concentration of detergent followed by homogenization) eliminates
any concerns that protease digestion and precipitation methods might remove any
converted TM PrP. Lysates from WT cells persistently infected with anchorless 22L fibrils
(open circles) or 22L microsomes (open triangles) were both able to seed rPrP conver-
sion, shown in Fig. 7B. The culture infected with fibrils had particularly strong seeding
activity, and an increase in fluorescence occurred within 10 h, comparable to the lag
phase for the scrapie brain homogenate used as a positive control (gray solid line).
Uninfected brain homogenate was used as a negative control; the rise seen in all three
experiments at around 50 h was due to spontaneous aggregation of the recombinant
protein that can occur at late time points in RT-QuIC (26, 28). Thus, any increase in
fluorescence past this point would be excluded as nonspecific signal. NpL2 cells treated
with TSE inocula followed by serial passage were all negative (Fig. 7A), showing that
positive samples were due to newly induced self-propagating PrPres and not residual
inoculum. RT-QuIC assays of corresponding TM samples showed that lysates of 22L
microsome-treated cells induced an increase in ThT fluorescence beginning around
40 h (Fig. 7C, TM, 22L MS), a time point just prior to an increase in fluorescence from
the negative controls [Fig. 7C, TM, N MS and BH (Sc-)]. Repeat analysis of the same
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lysate gave a similar result, but no positive samples were detected in subsequent
independent attempts to infect TM PrP cells (data not shown). Given the modest
separation between time points for the increase in ThT fluorescence of 22L microsome-
treated TM PrP and the negative controls and the fact that only two of four replicate
wells showed increased ThT fluorescence, this result could not be considered a robust
positive signal. Nevertheless, it provided an indication that there may be extremely low
levels of misfolded TM PrP, although, if present, this was in stark contrast to the highly
PK-resistant, easily detected aggregated PrPres formed in WT cultures.

DISCUSSION

By adding a TM sequence to the C terminus of PrP, we aimed to explore how GPI
anchoring and raft association can influence the persistent propagation of PrPres. In
doing so, we have developed a new model for studying persistent TSE infection that we
consider advantageous over others. The parental cell line used, NpL2, was derived from
a PrP knockout mouse (57) and chosen because there would be no interference from
endogenous PrP, which is expressed in many other models, including the commonly
used N2a neuroblastoma cell line. Thus, we are able to categorically state that any new
PrPres detected is formed exclusively by the expressed constructs without any contri-
bution from WT PrPC. This is significant, as some phenotypes can be at least partially
rescued when WT PrPC is coexpressed with mutant PrPC (89). Importantly, this approach
eliminates the need to introduce changes to the PrP sequence that would be required

FIG 6 Detecting abnormal PrP isoforms using alternative proteases and antibodies. (A) Proteases other
than PK were used to digest cell lysates from infected cell cultures at passage 5. Indicated cell lines were
infected with 22L or normal (N) microsomes as indicated. Samples were analyzed by Western blotting
with D13 antibody. PE, pronase E; TL, thermolysin. The white vertical line indicates removal of irrelevant
lanes. (B) Anti-PrP antibodies 6D11 and 31C6 were used to assay for misfolded PrP from infected cultures
at passage 5. Samples were treated with PK and PTA prior to Western blot analysis with the antibodies
indicated. The �30-kDa band present in the TM lanes corresponds to antibody cross-reactivity with PK
in samples as shown by its presence in the corresponding NpL2 control lanes as well as other infection
experiments initiated with normal microsomes (data not shown). This cross-reactivity may be more likely
to occur in experiments when higher PK digest reaction equivalents are loaded on the gel. Numbers to
the left of blots are molecular masses in kilodaltons.

Transmembrane PrP Resists Prion Infection Journal of Virology

January 2017 Volume 91 Issue 2 e01686-16 jvi.asm.org 11

http://jvi.asm.org


to distinguish endogenous PrPres from exogenous PrPres, for example, by incorporating
epitope tags, which under certain circumstances can influence PrP misfolding or the
resulting conformation (90, 91). In addition, NpL2 cells are hippocampal in origin and
unlike N2a cells do not require differentiation in order to enhance neuronal properties.
It is well established that N2a cells are genetically unstable and display clone-
dependent susceptibility to TSE infection (66, 92). Although we cannot discount the
possibility of clonal effects in our model, all WT clones tested were able to support
infection and all TM PrP clones resisted infection. Furthermore, NpL2 cells require highly
enriched neurobasal medium supplemented with B27 formulated for culture of primary
neurons, suggesting that they are physiologically closer to primary cells than other cell
lines used to study TSE infection that are cultured in serum-supplemented rich medium
such as Opti-MEM or Dulbecco’s modified Eagle medium (DMEM). We have shown that
NpL2 WT PrP cells can persistently propagate PrPres over more than 30 passages and
that PrPres displays the typical properties of protease resistance and self-perpetuating
formation following an initial infection, recapitulating important aspects of TSE disease.
We did observe that the amount of PrPres propagated diminished as cells were
passaged; the possible reasons for this, such as death of infected cells, selection for an
infection-resistant population of cells during passage (S. Priola, personal communica-
tion), or culture medium, which has been shown to have lot-dependent efficiency in

FIG 7 Persistent propagation of prion seeding activity in 22L-infected WT PrP cells. Lysates from NpL2 (A),
WT (B), or TM (C) cells that had been treated with either normal brain microsomes (crosses), 22L
microsomes (open triangles), or anchorless 22L fibrils (open circles) and passaged eight times were tested
for prion seeding activity by RT-QuIC. Brain homogenates (10�4-fold dilution) from mice either infected
with scrapie strain RML (Sc�, gray solid line) or uninfected (Sc-, gray dashed line) were used as controls.
At approximately 50 h, the uninfected brain homogenate control began to show an increase in
fluorescence intensity, indicating that the recombinant substrate had begun to spontaneously aggre-
gate. Traces represent the average values from 4 wells.
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maintaining infection in N2a cells (G. Raymond, personal communication), are of
interest but beyond the scope of this work. Nevertheless, at up to around 30 passages
WT PrPres was still easily detectable by the methods used here, and it is possible that
in clones with a higher expression level of PrPC this may be increased.

A careful characterization of WT- and TM PrPC-expressing cells was carried out and,
consistent with prior reports from multiple labs (42, 50, 52, 54–56), they were similar in
terms of expression level and distribution, but TM PrPC was located in a different
plasma membrane subdomain from WT PrPC, as would be expected for a protein that
was transmembrane rather than GPI anchored. The data presented here suggest that
TM PrP is in theory a potential substrate for conversion for the following reasons: (i) the
constructs have identical ectodomains and differ only in their membrane anchoring
and the GFP addition at the C terminus of the TM PrP, (ii) Western blotting and
deglycosylation showed that the majority of TM PrPC was the expected size and
glycosylated with mature complex N-linked glycans, and (iii) immunolabeling revealed
that there was a significant population of PrP on the cell surface where interaction with
exogenous inoculum and conversion may take place (6, 11, 93). These data show very
little difference between WT and TM PrPC other than a significant alteration in where
each resides within the membrane due to the different membrane anchors.

The concept of raft domains in the plasma membrane of living cells has come under
intense questioning, partly because DRMs may not be representative of fractions as
they exist within the cell and may be formed artificially as a consequence of the
biochemical isolation procedure. Despite the contention, generic heterogeneity within
the membrane is accepted as being of functional importance (94). For example, it can
serve to group together in close proximity the components required for a particular
function, such as neurotransmitter signaling (95). Analogously, it is conceivable that
raft-mediated clustering of PrPC substrate could improve efficiency of conversion to
PrPres. The issue of whether rafts are representative of such distinct membrane com-
partmentalization will continue to be debated, but our results do suggest a degree of
organization within the membrane where GPI-anchored PrP is located in a separate
region from TM PrP, which is in a membrane environment that is easily solubilized by
cold TX-100.

Despite extensive attempts using multiple approaches, no TM PrPres, which may
adopt a misfolded conformation different from WT PrPres, was detected. Lysate from
infected TM cells in multiple independent experiments showed possible trace seeding
activity by RT-QuIC (Fig. 7C, TM, 22L MS). Although these data suggest that it is possible
for TM PrPC to support persistent conversion to a nonnative isoform that contains
seeding activity, the low incidence indicates that the efficiency of TM PrPC to convert
is very poor. It might be that if expressed at higher levels, TM PrPC would support
persistent conversion with greater efficiency. However, the WT control clone had similar
PrPC expression levels and propagated PrPres at a readily detectable level, showing that
susceptibility to persistent infection was not restricted by the amount of substrate
available. Also, evidence from other cell culture models of TSE infection indicates that
cells expressing low levels of PrPC support persistent infection (96, 97). Thus, our data
argue that the membrane subdomain within which PrPC is localized has a strong
influence on whether it can undergo conversion to PrPres.

These results are consistent with data from other laboratories that further suggest
the importance of PrPC membrane anchoring and raft localization. Even for PrPC

localized within rafts, there is evidence that posttranslational modification of PrPC may
affect trafficking, raft composition, and other aspects of PrP biology. Sialylation of the
GPI anchor has been proposed as influencing PrPC conversion to PrPres, as well as PrPres

infectivity and toxicity (98–101). Using a GPI painting model with purified, N-linked
glycan-deglycosylated (N-deglycosylated) PrPC, Bate and coworkers reported that
asialo-GPI N-deglycosylated PrPC resisted conversion to PrPC and inhibited conversion
of endogenously expressed PrPC (100). These effects were correlated with the
N-deglycosylated asialo-GPI PrPC exhibiting a prolonged half-life and associating with
rafts of altered lipid composition compared with the sialo-GPI PrPC control (100). In our
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system, unlike sialo-GPI, the SAGAGS linker of our TM anchor has a neutral charge. It is
possible that this charge difference and/or other effects on the local membrane
microenvironment may also contribute to the inability of TM PrPC to support PrPres

propagation. However, the role of PrPC GPI anchor sialylation on conversion is some-
what controversial as asialo-GPI PrPres is generated both in vivo and in cell culture
models of infection (98, 102). Since the asialo-GPI PrPC in these systems is endoge-
nously expressed and contains N-linked glycans, these molecules are arguably more
comparable to TM PrPC in the present study.

It should be noted that our data pertain to the analysis of PrPres propagation in cells.
This is not to imply that generation of PrPres and TSE infectivity can occur only in
association with membranes. There are now many reports of the protein misfolding
cyclic amplification (PMCA) procedure that produce PrPres and infectivity under cell-free
conditions with the assistance of detergents and sonication, circumstances under
which one would expect PrPC and other molecules to be solubilized from membranes
(101, 103–105). Several PMCA studies have also shown the importance of various
cofactors in the conversion process (104, 106–110). In PMCA reactions, all of these
cofactors, including any that associate with rafts, should be free to interact with PrPC,
but all components might be expected to have a lower local concentration than that
achieved for membrane-bound components in cells. Perhaps this in part accounts for
the PrPC concentration dependence of PMCA reactions (111). Whatever the case, prion
propagation in cells and PMCA are both complex and different but not mutually
exclusive processes.

Our work extends the information provided by previous studies and introduces new
facets that we believe to be important for determining how membrane anchoring
influences PrP conversion. First, GPI anchoring of PrPC imparts a distancing from the
membrane and consequentially a flexibility on it (64) that might be important in aiding
conversion, possibly by allowing PrPC to interact with cofactors enriched in raft
microdomains that either are required for or assist conversion, such as glycosamino-
glycans (GAGs), the 37-kDa/67-kDa laminin receptor, and glypicans (50, 92, 112–115).
This positioning may also be required for PrPres binding to PrPC substrate and subse-
quent templating of its fold (7, 116, 117). In designing the TM construct for this study,
a spacer region was introduced to position PrPC away from the membrane in order to
mimic WT PrPC, differentiating our construct from all published TM PrPC constructs. In
addition, we attempted to infect the cells with an exogenous source of PrPres and
assayed for TM PrPC conversion using sensitive assays for forms of TM-PrPres with
reduced PK resistance, none of which has been attempted previously.

In the present study, two different types of PrPres inoculum were used: membrane-
bound (in the form of microsomal brain membranes containing GPI-anchored PrPres)
and purified GPI-anchorless PrPres fibrils. The PrPres aggregates in the two inocula have
different ultrastructures, with fibrils adopting an amyloid conformation and microsome-
bound aggregates adopting a nonfibrillar, apparently nonamyloid structure (7, 35, 44,
49, 118–121). Furthermore, PrPres in the two inocula might be expected to interact
differently with distinct membrane regions. Cell-free studies have shown that raft-
associated PrPC present in DRMs will convert only if the exogenously applied PrPres

inserts into a contiguous membrane (7, 51). It is possible that during infection
membrane-bound, raft-associated PrPres would likewise have to insert into the cell
membrane and partition to host cell rafts (7, 8), perhaps by membrane fusion or GPI
painting (122–125), in order to achieve the proximity and orientation required for
templating WT PrPC substrate. If this membrane insertion and raft partitioning of
GPI-anchored PrPres occur, TM PrPC, which is not in rafts, may not be expected to
convert as it would not be proximal to PrPres. On the other hand, anchorless fibrils in
solution have greater rotational freedom than GPI-anchored PrPres aggregates tethered
to membranes and are not subject to GPI anchor-dependent raft targeting. It is possible
that the PK-treated anchorless fibrils could indirectly associate with membranes via
PrPres-binding membrane molecules such as GAGs (126, 127).

We observed that purified anchorless fibrils were also able to seed persistent
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conversion of raft-bound WT PrPC to PrPres, showing that exogenous PrPres does not
have to be membrane bound or GPI anchored and that the conformation of the fibrils
is sufficient to transmit their fold onto a new substrate. McNally and coworkers similarly
observed efficient infection of WT PrPC-expressing cells using brain homogenate from
22L-infected transgenic mice expressing anchorless PrPC (47). However, anchorless
fibrils were not able to induce self-propagating conversion of TM PrPC. We also showed
that templating and propagation of PrPres were not strain dependent, as both RML and
22L scrapie strains were able to initiate stable infection of cells expressing WT PrPC but
not TM PrPC (Fig. 3). Careful attempts were made to ensure that TM PrPC had the best
possible opportunity to interact with the exogenous PrPres so that an infection could be
initiated, including the use of inocula containing a very high dose of PrPres per cell.
Despite this and using a variety of methods to detect protease-sensitive PrPres con-
formers, in this system TM anchoring of PrPC did not support aggregation that
propagated persistently. It is possible that acute formation of TM PrPres occurred;
however, here our interest was in persistent aggregation, as this is more relevant to
intercellular transmission and establishment of a productive infection in vivo.

The resistance of TM PrPC-expressing cells to infection even with anchorless fibrils
suggests that the ability to stably propagate a misfolded conformer is not due to
conformational templating alone. There may be different mechanisms by which differ-
ent forms of PrPres, such as fibrillar and membrane bound, are able to bind to and
interact with PrPC, although membrane association might be important in both cases.
It has been shown previously that PrPC does not solely interact with membranes via its
GPI anchor, as GPI-anchorless forms of PrPC can bind to artificial raft membranes and
other liposomes (51, 128, 129). Therefore, it might be expected that if membrane
association were required, anchorless fibrils would have been able to induce misfolding
of TM PrPC. This either did not happen at all or did so extremely inefficiently, pointing
toward the possibility that the differential partitioning of WT and TM PrPC may be
responsible for the inability of TM PrPC to misfold. These results corroborate the vast
literature stating that a raft-associated cofactor may be required not only for PrPC

conversion but also for its persistent propagation and infectivity in vivo. One example
is glypican-1 (a GPI-anchored heparan sulfate proteoglycan), proposed as a scaffold that
mediates the interaction of PrPres with PrPC within rafts (115, 130, 131).

MATERIALS AND METHODS
Generation of constructs, transfections, and cell culture. The WT mouse PrP open reading frame

(a kind gift from Ryuichiro Atarashi, Nagasaki University, Nagasaki, Japan) flanked by HindIII and XbaI sites
on the 5= and 3= ends, respectively, and cloned into a pCR2.1 cloning vector (Gibco) was used as a source
of WT mouse PrP. Cassettes of Qa PrP (containing 5=-mouse PrP 1–230-SAGAGS-Qa TM domain-FLAG
epitope-3=) and A206K monomeric GFP (65, 132) were both custom synthesized by Blue Heron (Bothell,
WA, USA). The Qa PrP cassette was engineered to contain flanking HindIII and XbaI restriction sites and
a PacI site immediately 3= to the FLAG epitope sequence. The A206K GFP cassette was inserted into the
PacI site of the Qa PrP cassette using 5=- and 3=-flanking PacI restriction sites engineered into the A206K
GFP cassette to create the final TM PrP construct. The WT PrP and TM PrP reading frames were excised
as HindIII/XbaI fragments and subcloned into pcDNA3.1(�). Finally, the WT PrP and TM PrP inserts were
then excised by PmeI digestion and ligated to HpaI-digested pMSCV (Clontech) for expression in
mammalian cells using the murine stem cell virus retroviral expression system. The final constructs were
verified by sequencing. The expression plasmids were first transfected using nucleofection (Lonza,
Germany) into a packaging cell line, PT67 (3 to 5 �g/ml final DNA concentration). Stably transfected cells
were selected for using 3 �g/ml puromycin. Viral particles containing the recombinant pMSCV constructs
were collected in the supernatant from stably transfected cells and transduced into NpL2 cells. Stably
transduced NpL2 cells were selected for using puromycin. The resulting bulk populations were screened
for PrP expression by immunoblotting and immunolabeling (see below), and then cloned cell lines were
isolated using limited-dilution cloning in 96-well plates. Several clones were screened again for PrP
expression; those with similar expression levels were chosen for use in the remaining experiments. NpL2
cells were grown in neurobasal medium supplemented with B27, 1% penicillin-streptomycin, and 1%
L-glutamine (all from Gibco) and maintained in a humidified environment with 5% CO2. Experiments
were carried out on two WT PrP- and two TM PrP-expressing clones to verify trends (only one is shown
in the results).

Ethics statement. Animal experiments were conducted in an Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC)-accredited facility in accordance with
animal welfare guidelines under animal study protocols (2010-30 and 2010-45) approved by the Animal
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Care and Use Committee of the Rocky Mountain Laboratories, National Institute of Allergy and Infectious
Diseases, National Institutes of Health.

Infection of cells. Medium was removed from NpL2 cells at 50 to 60% confluence in 96-well plates.
One hundred nanograms of PrPres as contained in brain microsomes (small membrane vesicles repre-
senting the total membrane fraction derived from brain homogenates; for preparation, see reference 7)
or purified PrPres fibrils (35) was diluted into 50 �l of neurobasal medium, all of which was added to each
well (the low volume was intended to encourage contact between the inoculum and cell surface PrPC).
Cells were incubated for 4 to 5 h, and then 150 �l fresh medium was added to each well and incubated
for 2 days. After this time, cells were trypsinized and transferred to a 24-well plate. Cells were then
passaged when they reached 80 to 90% confluence every 3 days. At passages where cells were to be
assayed by Western blotting, a portion of the leftover cell suspension was transferred to a 6-well plate
and allowed to reach confluence before transfer to a T25 flask, was again allowed to reach around 90%
confluence, and then was lysed. Infection experiments were carried out 7 times (microsomes) or 5 times
(anchorless fibrils) on two independent TM PrP clones with similar expression levels.

Raft assay. Cells at 50% confluence were washed with wash buffer (25% Superblock [Gibco] in
phosphate-buffered saline [PBS]), incubated with primary anti-PrP antibody 6D11 (Covance) (1:1,000
dilution in wash buffer), and placed at 4°C for 1 h. Following three 5-min washes with wash buffer, cells
were treated with either cold 1% Triton X-100 (TX-100) in PBS at 4°C for 10 min or 2 mM methyl-beta
cyclodextrin (M�CD) at 37°C for 1 h followed by 1% TX-100 or were left untreated. After three more 5-min
washes with wash buffer (at 4°C for TX-100 samples), cells were fixed with 4% paraformaldehyde (PFA)
(Electron Microscope Supplies)-0.02% glutaraldehyde-4% sucrose in PBS for 15 min, followed by incu-
bation with 50 mM glycine in PBS for 10 min. Cells were then washed as before, blocked using
Superblock for 30 min, and incubated with an Alexa Fluor 568-conjugated anti-mouse secondary
antibody (Gibco) (1:1,000 dilution in wash buffer) for 1 h. Cells were finally washed with PBS and imaged
as outlined below.

SDS-PAGE and Western blotting. For detection of PrPC, cells from an approximately 90% confluent
T25 flask were first washed twice with warm phosphate-buffered balanced saline (PBBS) and then lysed
in 1.5 ml ice-cold lysis buffer (PBS [10 mM Na2HPO4-10 mM NaH2PO4-130 mM NaCl, pH 7.4], 0.5% TX-100,
0.5% sodium deoxycholate supplemented with a protease inhibitor cocktail tablet [Roche; 1 tablet in 10
ml lysis buffer]) for 2 min. The resulting lysate was kept on ice and centrifuged at 2,700 � g for 5 min
at 4°C to pellet the nuclei, which were discarded. Total protein concentrations were determined using a
bicinchoninic acid (BCA) assay (Pierce), and 20 �g of total protein was precipitated overnight at �20°C
using 4 volumes of cold methanol. Following centrifugation at 22,000 � g for 20 min at 4°C, methanol
was aspirated and the pellet was allowed to dry before resuspension in 1� sample buffer (0.125 M
Tris-HCl, pH 6.8, 5% glycerol, 6 mM EDTA, 10% SDS, 0.04% bromophenol blue supplemented immediately
prior to use with 0.05 M dithiothreitol [DTT]), heating at 95°C for 8 min, loading onto a 10% Bis-Tris
NuPAGE gel (Gibco), and being run at 200 V with 2-(N-morpholino)ethanesulfonic acid (MES) running
buffer (Gibco). Semidry transfers were carried out at 150 mA/gel onto Immobilon-P membranes (Milli-
pore) that were subsequently blocked with 5% milk (Bio-Rad) prepared in Tris-buffered saline (TBS; 25
mM Tris-HCl, 150 mM NaCl, pH 7.5) plus 0.1% Tween 20. Blots were probed with anti-PrP antibody D13
(a gift from J. Striebel, Rocky Mountain Laboratories) (diluted 1:100 in blocking solution) and an
anti-human alkaline phosphatase-conjugated secondary antibody (Jackson ImmunoResearch) diluted
1:2,500 in blocking solution. Membranes were incubated in Attophos substrate (Promega) and allowed
to dry completely before imaging using a Typhoon scanner. Quantification was carried out using
ImageQuant TL software.

For detection of PrPres, the procedure was carried out as described above with the adjustments
outlined below. Protease inhibitors were omitted from the lysis buffer, and lysates containing 0.5 mg (for
WT) or 1.0 mg (for NpL2 and TM) total protein were digested with 20 �g/ml PK for 1 h at 37°C in order
to digest any PrPC. The PK digest was stopped by adding 1 mM Pefabloc and then incubating the mixture
on ice for 5 min. To concentrate aggregated PrPres, prewarmed phosphotungstic acid (PTA) was added
to an 0.3% final concentration and samples were incubated at 37°C with agitation for 1 h. Following
centrifugation at 22,000 � g for 30 min at room temperature, the supernatant was aspirated and the
pellet was resuspended in 2� sample buffer, boiled, and loaded onto a gel. Where alternative proteases
to PK were used, these were at 20 �g/ml (thermolysin) or 100 �g/ml (pronase E and chymotrypsin). All
enzymes were purchased from Sigma, and digestion was carried out according to the manufacturer’s
protocol.

For samples deglycosylated using peptide-N-glycosidase (PNGase) F (New England BioLabs), 10 �g of
total protein was methanol precipitated, and then 10 �l of glycoprotein denaturing buffer was used to
resuspend the pellet. Denaturation was achieved by heating at 100°C for 10 min, and then the
mixture was made up to 20 �l with 2 �l G7 reaction buffer (supplied in kit), 2 �l NP-40, 2 �l Milli-Q
water, and 4 �l PNGase F. The reaction mixture was incubated at 37°C for 1 h and precipitated using
methanol-chloroform, and the pellet was loaded onto a 10% Bis-Tris NuPAGE gel run with 3-(N-
morpholino)ethanesulfonic acid (MOPS) running buffer (Gibco).

Immunolabeling. For labeling cell surface PrP, cells were fixed for 15 min with 3.7% PFA in PBS
supplemented with 4% sucrose to prevent artifactual blebbing of the cells. After a wash with PBS, cells
were incubated with 50 mM glycine in PBS for 5 min to block any unreacted aldehydes and then blocked
using Superblock for 30 min. Primary anti-PrP antibody 6D11 (1:1,000 dilution in wash buffer) was
incubated with cells at 4°C for 1 h. After washing with PBS, anti-mouse-Alexa Fluor 568 (1:1,000 dilution
in wash buffer) secondary antibody was added for 1 h at room temperature. Cells were then washed and
imaged in PBS within 24 h. For labeling intracellular PrP, a similar protocol was followed except that the
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concentration of PFA was lowered to 2%, and following treatment with glycine, cells were permeabilized
with 0.3% TX-100 in PBS for 10 min.

Wide-field fluorescence microscopy images were taken using a 40� Plan Fluor numerical aperture 0.6
objective and Hamamatsu Orca ER II camera. Confocal images were acquired on a Nikon LiveScan
confocal microscope described previously (48, 49). Huygens software (Scientific Volume Imaging) was
used to deconvolve confocal images. Images were analyzed using NIS-Elements software.

RT-QuIC assay. Real-time quaking-induced conversion was carried out as described elsewhere (26,
28). In order to concentrate the lysate, a confluent layer of cells from a T25 flask was scraped into PBS
and centrifuged at 2,700 � g for 5 min. The pellet was washed with PBS and then resuspended into 50
to 100 �l of 0.05% TX-100 in PBS. This low level of detergent was required to break up the cell
membranes and release any misfolded protein that might be able to seed conversion of the substrate.
The pellet was then manually homogenized using a Kimble Chase Kontes pellet pestle, and the total
protein concentration was measured using a BCA assay. Total protein was normalized so that equal
amounts were loaded into the RT-QuIC reaction mixture diluted either 10-fold (cell lysates) or 1,000-fold
(control brain homogenates) in PBS-0.1% SDS.
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