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ABSTRACT: The conversion of prion protein (PrP) to the pathogenic PrPSc conformation is central to prion
disease. Previous studies revealed that PrP interacts with lipids and the interaction induces PrP
conformational changes, yet it remains unclear whether in the absence of any denaturing treatment, PrP-
lipid interaction is sufficient to convert PrP to the classic proteinase K-resistant conformation. Using
recombinant mouse PrP, we analyzed PrP-lipid interaction under physiological conditions and followed
lipid-induced PrP conformational change with proteinase K (PK) digestion. We found that the PrP-lipid
interaction was initiated by electrostatic contact and followed by hydrophobic interaction. The PrP-lipid
interaction converted full-lengthR-helix-rich recombinant PrP to different forms. A significant portion of
PrP gained a conformation reminiscent of PrPSc, with a PrPSc-like PK-resistant core and increasedâ-sheet
content. The efficiency for lipid-induced PrP conversion depended on lipid headgroup structure and/or
the arrangement of lipids on the surface of vesicles. When lipid vesicles were disrupted by Triton X-100,
PrP aggregation was necessary to maintain the lipid-induced PrPSc-like conformation. However, the PK
resistance of lipid-induced PrPSc-like conformation does not depend on amyloid fiber formation. Our
results clearly revealed that the lipid interaction can overcome the energy barrier and convert full-length
R-helix-rich PrP to a PrPSc-like conformation under physiological conditions, supporting the relevance of
lipid-induced PrP conformational change to in vivo PrP conversion.

The conversion from the normal PrPC conformation to the
pathogenic PrPSc isoform is intimately associated with the
pathogenesis of prion disease (1-4). PrPC is tethered to lipid
membranes through its glycosylphosphatidylinositol (GPI)1

anchor. The discovery of two-dimensional arrays of PrPSc

(5) led to the postulation that lipid membrane may contribute
to the formation or stabilization of PrPSc during prion disease
(2). This notion is supported by many experimental observa-
tions. Early studies revealed that, once PrPC is converted to
PrPSc, phosphatidylinositol phopholipase C cannot release
it from lipid membranes (6, 7), indicating that PrPSc binds
to lipid membrane in a manner independent of its GPI anchor.
Results from the cell-free conversion assay suggest that a
GPI anchor-independent binding to lipid membranes is
required for a successful PrP conversion (8). In prion-infected
cells, changing lipid contents significantly alters the level
of PrPSc (9, 10). Re-incorporation of highly purified “prion
rod” into liposomes results in higher prion infectivity (11).
Similarly, the membrane-associated PrPSc infects cultured
cells with higher efficiency than detergent-purified PrPSc (12).

These results suggest the importance of a GPI anchor-
independent lipid interaction in PrP conversion.

The GPI anchor-independent PrP-lipid binding has been
investigated previously in several studies (13-17). A recent
report showed that the anionic lipid bicelles with a 65°C
heating step convertedR-helix-rich recombinant PrP to a
â-sheet conformation (17). Addition of nonionic detergent
to PrP and lipid bicelle mixtures induced amyloid fiber
formation, and PrP in the amyloid fibrillar state has a PK-
resistant core similar to PrPSc. This study clearly revealed a
profound effect of anionic lipids on PrP conformation, yet
the requirement of the 65°C heating step for PrP conversion
leaves the physiological relevance uncertain. Interestingly,
similar partial denaturing treatments are generally required
to convert R-helix-rich PrP to aâ-sheet amyloidogenic
conformation (18, 19), presumably due to the energy barrier
between the two conformational states (20).

Since PrPSc forms in vivo under physiological conditions,
some cellular factors have to alleviate the energy barrier and
facilitate PrP conversion. Recent advances in membrane
protein folding field revealed that the interfacial region of
lipid membranes has a potent ability to induce protein
secondary structures (21, 22), which suggest to us that the
appropriate lipid compositions should be able to overcome
the energy barrier and facilitate PrP conversion under
physiological conditions.

The PrP-lipid interaction under native conditions has been
studied using mainly biophysical methods. One study showed
that, upon binding to lipid vesicles, the N-terminal unstruc-
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tured part of PrP becomes partially ordered while the
C-terminal structured region is destabilized (13). A PrP
fragment{residues 90-231 [PrP(90-231)]} was found to
interact with a variety of lipid vesicles, resulting in secondary
structure changes (14-16). These results reveal that the
interaction with lipid membranes is capable of altering PrP
conformation under native conditions. In particular, the
interaction with anionic lipids induces theR-helix-rich
recombinant PrP(90-231) to gainâ-sheet content, which is
similar to the PrP conformational change during prion disease
(23-26). Besides the increase inâ-sheet content, PrPSc is
characterized by its C-terminal PK resistance, which is a
more widely used and more stringent standard for the PrPSc

conformation (1-4). However, it remains unclear whether
the lipid interaction under native conditions is sufficient to
induce an altered PrP conformation with the PrPSc-like PK
resistance pattern.

Recombinant PrP used in studies described above differs
from mammalian cell-expressed PrPC in lacking N-linked
glycosylation and the GPI anchor. Despite these differences,
the relevance of recombinant PrP conversion to PrP confor-
mational change in prion disease has been well supported.
For example, amyloid fibers formed by recombinant PrP-
(89-230) induced prion disease in transgenic mice overex-
pressing a similar PrP fragment (27, 28). Expression of PrP
without the GPI anchor in transgenic mice supported PrP
conversion and the propagation of prion infectivity (29).
Notably, the transgene PrP in these mice is very similar to
recombinant PrP, without the GPI anchor and mostly ungly-
cosylated (29). In addition, the seeding ability and morphol-
ogy of recombinant PrP(23-144) amyloid fiber provide an
explanation for the peculiar prion strains and species barrier
(30, 31). These findings suggest that the investigation of
recombinant PrP conformational change will provide us with
insights into the pathogenic PrP conversion in prion disease.

In this study, we used full-length recombinant mouse PrP-
(23-230) to investigate whether PrP-lipid interaction can
induce a PrP conformation with the classic PK-resistant
pattern under physiological conditions. The answer to this
question is crucial for the relevance of lipid-induced PrP
conformational change to prion pathogenesis. We followed
the lipid-induced PrP conversion with PK digestion and
found that certain lipid compositions indeed converted
R-helix-rich PrP to a PrPSc-like conformation with the
characteristic PK-resistant pattern. The fact that lipid-induced
PrP conversion occurs under an environment reminiscent of
physiological condition supports the relevance of previously
reported PrP-lipid interaction (13-17) to the pathogenesis
of prion disease.

MATERIALS AND METHODS

Plasmid Construction, Recombinant PrP Expression, and
Purification. The coding sequence of mouse PrP(23-230)
was amplified by PCR and cloned into pPROEX-HTb
(Invitrogen) or pET-28a(+) (Novagen) vectors in frame
behind a linker sequence encoding six histidines followed
by a tobacco etch virus protease or a thrombin cleavage site,
respectively. One extra amino acid, glycine, or three amino
acids, Gly-Ser-His, remained at the N-terminus after tobacco
etch virus protease or thrombin cleavage of the linker,
respectively. Recombinant mouse PrP(23-230) protein

(rPrP) was purified as previously described (32). Protein
concentrations used in our experiments were OD280 ) 0.25-
0.36, reflecting different batches of purifications. The molar
concentrations were calculated using theε280 molar extinction
coefficient of 63,370 for mouse PrP(23-230) according to
the ExPASy Proteomics Server of the Swiss Institute of
Bioinformatics.

Preparation of Lipid Vesicles.Isolation of lipids from N2A
cells or mouse brains was described previously (33). Other
lipids were purchased from Avanti Polar Lipids, Inc. For
vesicle preparation, lipids in chloroform were dried under a
stream of nitrogen at 42°C and then hydrated in 20 mM
Tris-HCl buffer (pH 7.4) to reach a final concentration of
2.5 mg/mL unless indicated. Hydrated lipids were vortexed
and sonicated in a cup-hold sonicator (Misonix Inc., model
XL2020) until clear. The lipid vesicles were kept under
argon.

Gradient Assays.For the discontinuous density gradient
floatation assay, rPrP and lipid vesicles were mixed together
for 5 min and applied to the high-density phase of the
iodixanol density gradient as previously described (33). For
the sucrose density gradient, samples were loaded atop the
discontinuous sucrose gradient as previously described (34).

PrP Lipid Incubation and PK Digestion.Only soluble rPrP
after a 1 h 100000g centrifugation was used for analyses.
For rPrP and lipid incubation, 300µL of rPrP (OD280 )
0.25-0.36) was mixed with 100µL of lipid vesicles (lipid
concentration of 2.5 mg/mL except were indicated). PrP and
lipid mixtures were flushed with argon and incubated at
37 °C. For agitation with Triton X-100 treatment, the rPrP
and lipid mixtures were incubated at 37°C for the indicated
times. After the incubation, 0.5% Triton X-100 was added
and the mixture was agitated at 37°C in an Eppendorf
thermal mixer at 800 rpm. For PK digestion, 10µL samples
were removed and incubated with PK at 37°C for 30 min
with the indicated PK:rPrP molar ratios. The reaction was
stopped by adding 5 mM phenylmethanesulfonyl fluoride
(PMSF) and keeping the mixture on ice for 10 min. One-
tenth of PK-digested samples were subject to SDS-PAGE
and immunoblot analyses.

CD Spectroscopy.The far-UV CD spectra were obtained
using a JOBIN YVON spectropolarimeter at 37°C with an
integration time of 1 s and a resolution of 0.5 nm. Five scans
were averaged for each spectrum. The corresponding back-
grounds (buffer with lipid at corresponding concentrations)
were subtracted from the final spectra. No meaningful
spectrum could be obtained below 195 nm due to low signal-
to-noise ratio.

Transmission Electron Microscopy.Twenty microliters of
each sample was mixed with 2% glutaraldehyde and kept at
room temperature for 5 min. Copper precoated EM grids
(Electron Microscopy Sciences) were layered on top of the
sample drops for 5 min. The sample-containing grids were
washed with distilled water, followed by staining with one
drop of uranyl acetate (20 mg/mL) for 2 min at room
temperature. Samples were analyzed on a Philips CM12
transmission electron microscopy at 80 kV with various
magnifications.

RESULTS

Binding of rPrP to Lipids InVolVes both Electrostatic and
Hydrophobic Interactions.We reported that full-length
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recombinant mouse PrP(23-230) (rPrP) bound to total lipids
isolated from mouse brain in a previous study (33). To
determine whether rPrP binds to lipids isolated from other
sources, we monitored the binding of rPrP to total lipids
isolated from cultured N2A cells (N2A lipids). Using the
iodixanol density gradient (Figure 1A) (33), we found that
rPrP bound to N2A lipids and migrated to the top of the
gradient (Figure 1B). The binding resisted disruptions with
high salt concentration and/or high pH, indicating a hydro-
phobic interaction. Interestingly, when rPrP was first equili-
brated with 1.5 M KCl and then allowed to mix with N2A
lipids, the binding was largely eliminated (Figure 1C).

Previous spectroscopic results suggested that the PrP-
lipid interaction involves a binding step followed by its
insertion into lipid bilayer (14). Therefore, the dramatic
inhibitory effect observed here (Figure 1C) suggested to us
that an initial electrostatic contact is likely involved in the
early binding step, which was disrupted by the presence of
1.5 M KCl. This possibility was tested using individual
phospholipids carrying different charges (Figure 1D and
Table 1). We used phospholipids with palmitoyl and oleoyl
chains because phospholipids with a monounsaturated fatty
acyl chain have lower phase transition temperatures and are
much more resistant to lipid peroxidation than polyunsatu-
rated fatty acyl chains. Under our experimental condition,
almost 100% of rPrP bound to anionic POPG or POPS. In
contrast, there was no binding of rPrP to zwitterionic POPC
or cationic DOTAP (Figure 1D). These results support the

possibility that the PrP-lipid interaction is initiated by
electrostatic contacts.

Interaction with Lipid Induces a Conformational Change
in rPrP. To ensure that our experimental system recapitulated
the reported biophysical characteristics of PrP-lipid interac-
tion under native conditions (14, 15), we monitored the
influence of lipid interaction on rPrP conformation by far-
UV circular dichroism (CD). The spectrum of rPrP alone is
consistent with a conformation enriched withR-helices
(Figure 2A) (35), which was further verified by the two-
dimensional1H-15N NMR spectrum showing that its overall
fold was predominantlyR-helices (Figure S1 of the Sup-
porting Information). After incubation with POPG at 37°C
for 1 h (Figure 2A), the CD spectrum of rPrP showed an
increase in negative ellipticity with a minimum peak around
216 nm, suggesting an increase inâ-sheet content. These
results are consistent with previous reports (14, 15).

After establishing the system, we first tested the effect of
longer incubation with lipid vesicles on PrP conformation.
We found that a 24 or 48 h incubation of rPrP with POPG
at 37°C resulted in additional changes in CD spectra (Figure
2A), which may suggest further conformational alterations.
As a control, rPrP was incubated with zwitterionic POPC,
and no conformational change was detected even after a
prolonged incubation (Figure S2 of the Supporting Informa-
tion). To determine whether the increase in theâ-sheet
content of rPrP is accompanied by increased PK resistance,
PK digestion was performed with PK:rPrP molar ratios of
1:16, 1:7.5, and 1:3. Two PK-resistant bands around 15 and
14.5 kDa were detected after a 24 h incubation with POPG
(Figure 2C), whereas rPrP incubated with either buffer alone
or POPC remained PK sensitive. Interestingly, the interaction
with POPG also dramatically stabilized rPrP at 37°C (Figure
2C, compare samples without PK digestion).

To determine the effect of salt, 150 mM NaCl was added
to the reaction mixture. We observed further changes in the
CD spectra (Figure 2B). Interestingly, addition of 150 mM
NaCl significantly enhanced the efficiency for PK-resistant
rPrP formation (Figure 2D). A single 15 kDa PK-resistant
band was clearly detectable after incubation for merely 1 h.
The amount of PK-resistant rPrP is similar to the undigested
control sample loaded on SDS-PAGE (Figure 2D,-PK).
Since rPrP in the undigested control sample was 10% of that
used in PK digestion, we estimated that around 10% of lipid-
interacting rPrP gained PK resistance despite an almost 100%
binding of rPrP to anionic POPG (Figure 1D). Digestion of
lipid-interacting rPrP with increased amounts of PK revealed
that the lipid-induced rPrP conformation has a remarkably
high PK resistance (Figure 2E), and the PK-resistant band
was clearly detectable after a 30 min digestion at 37°C with
the PK:rPrP molar ratio as high as 150:1 (equal to 3.75 mg/
mL PK). In contrast, rPrP remained PK-sensitive after
incubation with either salt alone or salt and POPC (Figure

FIGURE 1: Interactions between rPrP and lipid vesicles. (A) The
iodixanol density gradient. (B) rPrP was mixed with lipids isolated
from N2A cells, with or without 1.5 M KCl or 1.5 MKCl and 10
mM NaOH extraction. (C) rPrP was first equilibrated with 1.5 M
KCl and then mixed with N2A lipids with KCl the concentration
maintained at 1.5 M. (D) rPrP was mixed with lipid vesicles
composed of 2.5 mg/mL POPG, POPS, POPC, or DOTAP. PrP
was detected by immunoblot analysis with the POM1 monoclonal
antibody (52).

Table 1: Lipids Used in This Study

POPG 1-palmitoyl-2-oleoylphosphatidylglycerol
POPS 1-palmitoyl-2-oleoylphosphatidylserine
POPC 1-palmitoyl-2-oleoylphosphatidylcholine
POPA 1-palmitoyl-2-oleoylphosphatidic acid
DOTAP 1,2-dioleoyl-3-trimethylammonium propane
brain sulfatide HSO4-3-Galâ1-1′ceramid
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2D), indicating that the anionic POPG-rPrP interaction is
the major determinant of rPrP conformational change.

Both Charge and Lipid Headgroup Structure Influence
rPrP Conformational Change.The requirement for the
anionic POPG led us to ask whether the negative charges
on lipid vesicles are important for rPrP conversion. Using

zwitterionic POPC mixing with decreasing amounts of
POPG, we observed a reduced binding of rPrP to lipid
vesicles (Figure 3A). When the POPC:POPG ratio was at
9:1 (designated as C9G1), the majority of rPrP remained
lipid-bound and migrated to the top of the gradient. The
appearance of rPrP in the second fraction (Figure 3A) is
likely due to the aggregation of rPrP-bound lipid vesicles
since visible aggregates were observed under this condition.
When the POPC:POPG ratio reached 99:1 (C99G1), the
majority of rPrP remained in the bottom fractions of the
gradient (Figure 3A), indicating that they were not lipid-
bound. Similarly, the intensity of the 15 kDa PK-resistant
band decreased with reduced POPG content (Figure 3B),
suggesting that the rPrP conformational change was closely
associated with its interaction with anionic POPG.

The morphology of lipid vesicles was monitored by freeze
fracture electron microscopy. As expected from lipid vesicles
prepared by sonication, POPC and C9G1 formed small
liposomes (Figure S3 of the Supporting Information). Fewer
lipid vesicles were observed with anionic POPG, presumably
due to the repulsion by its negative charge resulting in micelle
formation instead of liposome. These results suggested that
the charge-dependent lipid binding and conformational
change of rPrP appeared to be independent of the shape of
lipid vesicles. This conclusion was further supported by
preparing large unilamellar vesicles (7:3 POPC:POPG, 600
nm in diameter) by extrusion, which induced the similar 15
kDa PK-resistant rPrP band (Figure 3C).

Next, we asked whether rPrP conformational change is
solely governed by negative charges or by both negative
charge and lipid structure. Under the same condition, much
less PK-resistant rPrP was detected after incubation with
anionic POPS (Figure 4A). However, when the same amount
of POPS was simply mixed with zwitterionic POPC at a 1:1
ratio, the conversion of rPrP to the PK-resistant conformation
was at least as efficient as with POPG. Under our experi-

FIGURE 2: Anionic lipid interaction induced a conformational
change in rPrP. (A) Far-UV CD spectra for rPrP or rPrP incubated
with POPG for the indicated time. The unit ofθ is degrees cm-1

mol-1 L. (B) Same as panel A except 150 mM NaCl was added.
(C) PK digestion of rPrP after incubation at 37°C for the indicated
time with buffer, POPG, or POPC. The PK:rPrP molar ratios were
1:16, 1:7.5, and 1:3. (D) Same as panel C except 150 mM NaCl
was added. (E) rPrP was incubated with POPG vesicles for 1 h at
37 °C in the presence of 150 mM NaCl and then subjected to PK
digestion with PK:rPrP molar ratios of 1:16, 1:7.5, 1:3, 1:1.5, 3:1,
15:1, 30:1, 75:1, 150:1, and 300:1. PrP was detected by immunoblot
analysis with the POM1 antibody.

FIGURE 3: Negative charges on lipid vesicles affect rPrP binding
and conformational change. (A) rPrP was mixed with lipid vesicles
composed of POPC and POPG at the indicated ratios. The
concentration of total lipids was 2.5 mg/mL, except for the top
panel (1:1*) where it was 5 mg/mL. The presence of rPrP was
detected by Coomassie blue staining. (B) PK digestion of rPrP
incubated at 37°C with indicated lipid vesicles in the presence of
150 mM NaCl for 1 h. (C) PK digestion of rPrP incubated with
600 nm diameter liposomes composed of POPC and POPG at a
7:3 molar ratio. The incubation was carried out at 37°C for 24 h
in the presence of 150 mM NaCl. The PK:rPrP molar ratios were
1:16, 1:7.5, and 1:3 for both panels B and C, and PrP was detected
by immunoblot analysis with the POM1 antibody.
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mental condition, the binding of rPrP to either POPS or
POPG was almost 100% (Figure 1D). In addition, the fatty
acyl chains were exactly the same between POPS and POPG.
Therefore, these results indicated that the structure of the
lipid headgroup affects the resulting rPrP conformation. This
notion was further supported by using anionic POPA and
brain-enriched glycolipid, sulfatide (3′-sulfogalactosylcera-
mide) (Table 1). Although rPrP bound to both anionic lipids
similar to its binding to POPG (data not shown), no PK-
resistant rPrP was detected after incubation with either POPA
or sulfatide alone (Figure 4B). However, when mixed with
zwitterionic POPC at a 1:1 ratio, a strong PK-resistant PrP
band was observed with sulfatide, POPG, and POPS, but
very little with the POPA/POPC mixture. Collectively, these
results indicated that the conversion of rPrP to the PK-
resistant conformation depended on the negative charges of
lipid vesicles as well as the structure and/or the arrangement
of lipid headgroups.

The 15 kDa PK-Resistant Fragment Is the C-Terminal
rPrP Fragment.PrPSc has a highly PK-resistant C-terminal
fragment, while its N-terminus remains PK-sensitive (1). The
specific C-terminal PK resistance differentiates between
nonspecific PrP aggregation and the PrPSc conformation. To
determine whether the 15 kDa PK-resistant rPrP band was
at the C-terminus, we probed it with a panel of antibodies.
All the antibodies recognizing C-terminal epitopes of PrP
detected the 15 kDa band (Figure 5A, solid arrow), which
was not recognized by the N-terminal epitope-specific 8B4
antibody (36, 37), indicating that the 15 kDa band is similar
to the PK-resistant core of PrPSc.

Surprisingly, the 8B4 antibody detected an additional PK-
resistant band around 13.5 kDa, which was not recognized
by any of other antibodies (Figure 5A, empty arrow). This
puzzling observation raised the question of whether the
N-terminal PK-resistant conformation was also induced by
other lipid compositions. We incubated rPrP with various
lipid combinations for 1 (Figure 5B, lanes 3-8) or 24 h

(Figure 5B, lanes 9-14) and detected the PK-resistant PrP
fragments with either POM1 or 8B4 antibody. While the
levels of C-terminal 15 kDa resistant fragment remained
relatively similar, very little N-terminal resistant fragment
was detected with mixed lipids isolated from N2A cells or
mouse brains (Figure 5B, lanes 6, 7, 13, and 14 for POM1
and 8B4), indicating that the two PK-resistant fragments were
not always associated with each other.

Aggregation of PrP Stabilizes the Lipid-Induced PK-
Resistant PrP Conformation.Disrupting lipid vesicles with
0.5% Triton X-100 completely abolished the PK resistance
of rPrP (Figure 6A), which suggested that the binding of
rPrP to lipid vesicles might be required for the stability of
the altered rPrP conformation. Disrupting lipid vesicles would
render them PK-sensitive. Since authentic PrPSc is highly
aggregated, we hypothesized that the aggregation of rPrP
molecules may stabilize the lipid-induced PK-resistant
conformation when lipid vesicles are disrupted.

To increase the likelihood that rPrP would aggregate, the
lipid rPrP mixtures were agitated at 37°C for 16 h in the
presence of Triton X-100. The aggregation status of rPrP
was monitored by a sucrose gradient analysis (34). In this
gradient, the majority of the monomeric rPrP remained at
the top, even after a 16 h agitation in the presence of Triton
X-100 (Figure 6B, top and second panel). After binding to
POPG vesicles, rPrP spread at the middle and bottom
fractions of the gradient, likely due to the migration of POPG
vesicles in the gradient. When Triton X-100 was included,
the majority of rPrP appeared at the bottom of the gradient
(Figure 6B, bottom panel), indicating the disruption of POPG
vesicles and aggregation of rPrP. The reappearance of a small
amount of rPrP in the top fractions supported a thorough
detergent extraction.

FIGURE 4: Different lipid compositions affect rPrP conformation.
(A) rPrP was incubated with POPS (2.5 mg/mL), POPS and POPC
(5 mg/mL), or POPG (2.5 mg/mL) and subjected to PK digestion
with PK:rPrP molar ratios of 1:16, 1:7.5, and 1:3. (B) rPrP was
incubated with various lipids as indicated with the total lipid
concentration kept at 2.5 mg/mL before mixing with rPrP, and
subjected to PK digestion with a PK:rPrP molar ratio of 1:16. PrP
was detected by immunoblot analysis with the POM1 antibody.

FIGURE 5: Characterizing the PK-resistant PrP conformation. (A)
rPrP was incubated with C9G1 vesicles and subjected to PK
digestion with PK:rPrP molar ratios of 1:7.5. Antibodies recognizing
the indicated epitopes were used to detect the PK-resistant PrP
fragment. (B) Lane 1 contained undigested PrP and lane 2 protein
standards. Lanes 3-8 contained PrP incubated with different lipids
for 1 h and subjected to PK digestion with a PK:PrP molar ratio of
1:16. The following lipids were used: POPC (lane 3), POPG (lane
4), C9G1 (lane 5), POPS and POPC (lane 6), N2A lipids (lane 7),
and mouse brain lipids (lane 8). Lanes 9-14 were the same as
lanes 3-8 but with a 24 h incubation. PrP was detected by
immunoblot analyses with the POM1 or 8B4 antibody as indicated.
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To determine whether PK resistance remained in ag-
gregated rPrP molecules, rPrP was incubated with various
lipid combinations followed by agitation in the presence of
Triton X-100 and then subjected to PK digestion. The PK:
rPrP molar ratio was 1:16, which was much higher than the
regular ratio of 1:50. In control samples incubated in buffer
alone or with POPC (Figure 6C, lanes 1 and 2), rPrP
remained PK-sensitive. However, in samples incubated with
lipid combinations that were able to induce the PK-resistant
rPrP, the 15 kDa C-terminal fragment was detected (Figure
6C, POM1, lanes 3-5), while the N-terminal PK-resistant
fragment was not (Figure 6C, 8B4). Together, these results
indicated that the aggregation of rPrP molecules is able to
stabilize the anionic lipid-induced PrPSc-like conformation.

An alternative approach is to decrease the lipid:rPrP
ratio, which will improve the opportunity for rPrP molecules
to interact with each other on the surface of lipid vesicles
and, thereby, stabilize the anionic lipid-induced PK-resistant
conformation. To test this possibility, we decreased the
amount of POPG to 10% of the amount used in previous
analyses (designated as POPG10%). As controls, rPrP/POPC

and rPrP/POPG mixtures were subjected to the same treat-
ment.

All rPrP/lipid mixtures were incubated at 37°C for 6 days.
After the incubation, part of the mixtures was agitated for
an additional 16 h at 37°C in the presence or absence of
Triton X-100 (Figure 7A). Without Triton, a weaker 15 kDa
PK-resistant rPrP band was detected with POPG10% (Figure
7A, -Triton X-100, POM1; compare lanes 2 and 3), which
is consistent with the notion that the rPrP conformational
change is dependent on the amount of anionic lipids.
Interestingly, the N-terminal PK-resistant band was not
detected in rPrP incubated with POPG10% (Figure 7A,
-Triton X-100, 8B4), suggesting that its appearance requires
a higher POPG:rPrP ratio. In the presence of Triton (Figure
7A, +Triton X-100), only the 15 kDa C-terminal PK-resistant
fragment was detected, supporting the possibility that the
aggregation of rPrP molecules stabilized the PK-resistant
conformation with the C-terminal resistant fragment.

Another part of the mixture was incubated at 37°C for
an additional 16 h but without agitation. Without Triton, the
result was similar to that described above, more PK-resistant
rPrP with POPG and no N-terminal resistant band with
POPG10% (Figure 7B,-Triton X-100). However, in samples
incubated with Triton, more PK-resistant rPrP was detected
in rPrP incubated with POPG10% (Figure 7B,+Triton
X-100, POM1; compare lanes 2 and 3). This result indicated
that a lower lipid:rPrP ratio increased the level of rPrP
aggregation on the surface of lipid vesicles, which stabilized

FIGURE 6: Aggregation stabilizing the PK-resistant rPrP conforma-
tion. (A) rPrP was mixed with POPC and POPG in the presence of
150 mM NaCl and incubated at 37°C for 1 h. PK digestion was
carried out with a PK:rPrP molar ratio of 1:16 in the presence or
absence of 0.5% Triton X-100. PrP was detected by immunoblot
analysis with the polyclonal M20 antibody. (B) rPrP with indicated
treatments was loaded on top of the sucrose gradient, and the
presence of rPrP was detected with immunoblot analysis with the
POM1 antibody. For panels with Triton X-100 treatment, rPrP and
lipid mixtures were incubated at 37°C for 1 h. Then, 0.5% Triton
X-100 (final concentration) was added and agitated at 37°C for
16 h. (C) rPrP was incubated with buffer (lane 1), POPC (lane 2),
POPG (lane 3), POPC and POPG at a 1:1 ratio (lane 4), and C9G1
(lane 5) for 1 h at 37°C in the presence of 150 mM NaCl. After
incubation, 0.5% Triton X-100 (final concentration) was added and
samples were agitated for 16 h at 37°C at 800 rpm. PK digestion
was performed with a PK:rPrP ratio of 1:16. PrP was detected by
immunoblot analyses with POM1 and 8B4 antibodies.

FIGURE 7: PK-resistant rPrP conformation that formed with a lower
lipid:rPrP ratio. Recombinant PrP was incubated with POPC (lane
1), POPG (lane 2), or POPG10% (lane 3) for 6 days at 37°C in
the presence of 150 mM NaCl. (A) After incubation, samples were
agitated at 800 rpm for 16 h in the presence or absence of 0.5%
Triton X-100. PK digestion was carried out at 37°C for 30 min
with a PK:rPrP molar ratio of 1:16. PrP was detected with the
POM1 or 8B4 antibody as indicated. (B) Same as panel A except
samples were incubated without agitation.
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the PK-resistant conformation even when lipid vesicles were
disrupted by Triton X-100. In all these manipulations, the
rPrP incubated with zwitterionic POPC remained PK-
sensitive (lane 1 in all panels of Figure 7A,B), supporting
the requirement of anionic lipid interaction for rPrP conver-
sion. Together, these results suggested that the anionic lipid-
induced PrPSc-like rPrP conformation, but not the N-terminal
PK-resistant rPrP form, can be stabilized by the aggregation
of rPrP molecules.

Lipid-Induced PK Resistance of rPrP Does Not Correlate
with Fiber Formation.Electron microscopic (EM) analysis
was performed to monitor the morphology of rPrP incubated
under various conditions (Figure 8). In the presence of 150
mM NaCl, rPrP incubated with POPG formed a “wormlike”
structure with a diameter of∼40-50 nm (Figure 8A), which
were not observed in control samples containing POPG alone
or rPrP with POPC (data not shown). However, these
wormlike structures did not grow into amyloid fibers even
after a very long period of incubation (data not shown).
Rarely, amyloid fiber-like structures with a width of
∼10 nm could be found with samples incubated with
POPG10% (Figure 8B). When rPrP was incubated with
C9G1 vesicles, large network-like structures were observed
(Figure 8C). After agitation in the presence of Triton X-100,
the large network-like structures disappeared and only
amorphous aggregates were observed (Figure 8D). Since PK-
resistant rPrP was detected under all these conditions, these
results suggested that amyloid fiber formation was not
required for the anionic lipid-induced PK-resistant rPrP
conformation.

DISCUSSION

Consistent with previous reports (13-17), we showed that
rPrP interacts with anionic lipids and the interaction increased
the â-sheet content of rPrP. In addition, our study also
revealed that, under physiological conditions, the binding of
rPrP to certain anionic lipid vesicles is sufficient to convert
a significant portion ofR-helix-rich rPrP to a conformation
similar to PrPSc, which has the characteristic PK-resistant

pattern. The amount of negative charges and the lipid
headgroup structure of lipid vesicles significantly affect the
resulting rPrP conformation. When lipid vesicles are dis-
rupted by detergent, PrP aggregation is necessary to maintain
the anionic lipid-induced PK-resistant conformation. Our
findings support both the physiological relevance of previ-
ously reported lipid-induced PrP conformational change (13-
17) and the proposition that lipid membranes may provide a
support for the PrPSc conformation (2, 38).

Using lipid bicelles, Luhrs et al. (17) showed that a 65°C
heating step was required in their system for rPrP confor-
mational change. In our system, the lipid-induced PrPSc-like
conformation was formed under physiological conditions.
This difference is likely due to the difference in lipid vesicles
used in two studies. The lipid bicelles used in their study
differ in both composition and shape from lipid vesicles used
in our study, which may result in a different presentation of
lipid headgroups. Nevertheless, both our studies support a
significant influence of anionic lipid membranes on rPrP
conformation, which may contribute to PrP conversion as
previously proposed (2, 38).

An interesting finding in our study is that the lipid-induced
PrPSc-like conformation does not correlate to amyloid fiber
formation. Previous reports of full-length rPrP conversion
are all associated with the generation of amyloid fibers, which
are formed after denaturant treatment (19), denaturant
treatment with a heating step (39), or lipid bicelles with a
65 °C heating step (17). Since full-length PrPSc isolated from
diseased brain is not in an amyloid fiber state (40, 41) and
the most infectious prion protein particles are PrP oligomers
instead of amyloid fibers (42), the non-amyloid-associated
PrPSc-like conformation identified in this study may reca-
pitulate certain characteristics of PrPSc.

Another novel finding in our study is that the anionic lipid
vesicles induce two rPrP forms with either the C-terminus
or the N-terminus of rPrP being resistant to PK digestion.
The appearance of both N- and C-terminal PK-resistant
fragments after lipid binding is suspiciously similar to that
of the transmembrane form of PrP (43). However, it is
unlikely that the transmembrane PrP was formed in our
system since neither signal sequences nor translocon was
present. Generally, a protein cannot by itself penetrate across
a lipid membrane. Although some protein toxins, such as
diphtheria and anthrax toxin, are known to form proteina-
ceous channels and translocate part of the toxin across
membrane (44), PrP is not known to have any of these
characteristics. In addition, PK-resistant rPrP was efficiently
formed after incubation with anionic POPG, which tends to
form micelles without an interior aqueous core and would
prohibit a transmembrane topology. Moreover, a transmem-
brane protein would have been protected from any amount
of PK because the lipid bilayer is impermeable to PK. In
contrast, the lipid-induced PK-resistant rPrP is susceptible
to the digestion of a large amount of PK (Figure 2E).
Furthermore, only the C-terminal PrPSc-like PK-resistant band
remains after agitation in the presence of Triton X-100. Even
for some unexplainable reasons that rPrP were still protected
by lipid vesicles after Triton extraction, both N- and
C-terminal PK-resistant bands should have been protected.
These analyses suggest to us that the presence of two PK-
resistant forms of rPrP is not due to the formation of

FIGURE 8: Morphology of rPrP aggregates. (A) Recombinant PrP
was incubated with POPG at 37°C for 24 h in the presence of 150
mM NaCl. (B) Recombinant PrP incubated with POPG10% (the
POPG concentration before mixing with rPrP was 0.25 mg/mL)
at 37 °C for 1 month in the presence of 150 mM NaCl. (C)
Recombinant PrP was incubated with C9G1 at 37°C for 17 days
in the presence of 150 mM NaCl. (D) The PrP/C9G1 mixture from
panel C was agitated for 16 h in the presence of 0.5% Triton X-100.
Arrows point to smaller aggregates. The bar corresponds to 50 nm.
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transmembrane PrP. Instead, a lipid-induced rPrP confor-
mational change is a more plausible explanation.

The role of lipid in PrP conversion seems paradoxical to
the observation that PrP was efficiently converted in the
presence of detergent in a modified version of protein
misfolding cyclic amplification (PMCA) (45) or in PMCA
(46). However, detergent extraction may not completely
remove lipid molecules from aggregated protein, which is
supported by the presence of lipid molecules in highly
purified prion rods (47). In addition, these in vitro PrP
conversion assays are performed with brain homogenates and
the presence of other polyanions like RNA and proteoglycan
may substitute for the role of anionic lipid membranes (48,
49). Furthermore, detergent itself is a bipolar molecule, which
may replace the role of lipid to certain extent. It has been
shown that anionic detergent sarkosyl induces PrP aggrega-
tion and fibril formation, but without the proper PK resistance
(50). Low concentrations of SDS maintain aâ-sheet-rich,
transiently soluble state of PrP(27-30) (51). Thus, the
presence of detergent in the in vitro PrP conversion assays
does not necessary rule out the involvement of lipid
membrane in PrP conversion in a biological system. On the
contrary, the electrostatic interaction-initiated PrP-lipid
contact is consistent with the observations that charged
molecules like polyamines or sulfated molecules inhibit PrPSc

production in cultured cells (3). In addition, the cell surface-
localized anionic proteoglycans, the raft-localized ganglio-
sides with bulky carbohydrate structures and terminal sialic
acids, and the N-linked oligosaccharides on PrP would
prevent PrP-lipid interaction, which would be consistent
with the rarity of spontaneous PrP conversion.

The transgenic mouse experiment revealed that PrP
without its GPI anchor still supports the conformation change
and the propagation of prion infectivity (29), yet the
generation of prion infectivity in these mice does not exclude
the involvement of lipid membrane. Secreted anchorless PrP
may interact with lipid membranes it normally would not
encounter, which may be responsible for the massive
accumulation of PK-resistant PrP around vascular endothelial
cells (29). The authors of that study postulated a possible
facilitating effect by lipid membrane-associated proteogly-
cans (29). It is also possible that the lipid membranes
themselves play a role in this process.

Our study characterized how lipid convertsR-helix-rich
rPrP to a PrPSc-like conformation with an increasedâ-sheet
content and a PK-resistant pattern similar to that of PrPSc.
The fact that lipid-induced PrP conversion occurs under
physiological conditions provides strong support for the
relevance of lipid-PrP interaction to the pathogenic changes
in prion disease. Further investigation of this process together
with the relationship between lipid-induced PrPSc-like con-
formation and prion infectivity may help us to elucidate the
pathogenic mechanism of prion disease.
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