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Abstract

Converting normal prion protein (PrPC) to the pathogenic PrPSC isoform is central to prion disease.
We previously showed that, in the presence of lipids, recombinant mouse PrP (rPrP) can be
converted into the highly infectious conformation, suggesting a crucial role of lipid-rPrP
interaction in PrP conversion. To understand the mechanism of lipid-rPrP interaction, we analyzed
the capability of various rPrP mutants to bind anionic lipids and to gain the lipid-induced
proteinase K (PK)-resistance. We found that the N-terminal positively charged region contributes
to the electrostatic rPrP-lipid binding, but does not affect lipid-induced PK-resistance. In contrast,
the highly conserved middle region of PrP, consisting of a positively charged region and a
hydrophobic domain, is essential for lipid-induced rPrP conversion. The hydrophobic domain
deletion mutant significantly weakened the hydrophobic rPrP-lipid interaction and abolished the
lipid-induced C-terminal PK-resistance. The rPrP mutant without positive charges in the middle
region reduced the amount of lipid-induced PK-resistant rPrP form. Consistent with a critical role
of the middle region in lipid-induced rPrP conversion, both disease-associated P105L and P102L
mutations, localized between lysine residues in the positively charged region, significantly
affected lipid-induced rPrP conversion. The hydrophobic domain localized 129 polymorphism
altered the strength of hydrophobic rPrP-lipid interaction. Collectively, our results suggest that the
interaction between the middle region of PrP and lipid is essential for the formation of PK-
resistant conformation. Moreover, the influence of disease-associated PrP mutations and 129
polymorphism on PrP-lipid interaction supports the relevance of PrP-lipid interaction to the
pathogenesis of prion disease.

Prion diseases are a group of transmissible neurodegenerative disorders including
Creutzfeldt-Jakob Disease (CJD) and Gerstmann-Straussler-Scheinker syndrome (GSS) in
humans, scrapie in sheep, and bovine spongiform encephalopathy in cows (1-3). The
transmission of prion disease is mediated by an unusual infectious agent, which is composed
of a pathogenic conformer of the normal prion protein (PrP) (1,4-6). The conformational
change of PrP, converting the normal protease sensitive PrPC to the pathogenic protease
resistant PrPSC form, is a critical pathogenic event in prion disease (7—11). We recently
reported that in the presence of anionic phospholipid POPG (1-palmitoyl-2-
oleoylphosphatidylglycerol) and total mouse liver RNA, bacterially expressed recombinant
PrP (rPrP) can be converted in vitro into the infectious conformer, causing prion disease in
wild type animals (12). The high prion infectivity associated with the recombinant prion
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highlights a critical role of POPG and RNA in converting rPrP into the infectious
conformation (13).

The facilitating role of factors such as phospholipid and RNA in PrP conversion is
consistent with previous reports. It has been shown that polyanions, particularly RNA
molecules, enhance the in vitro propagation of naturally occurring prions (14,15). Using
purified hamster PrPC, Deleault et al reported that the infectious prion can be formed de
novo in the presence of synthetic polyA RNA (16). Notably, the purified PrPC used in that
study contains a stoichiometric amount of co-purified lipid molecules, indicating a role of
lipid in PrP conversion (16). The role of lipid in PrP conversion has also been implicated by
several previous studies. The highly purified “prion rod” contains lipid molecules (17) and
re-incorporation of “prion rod” into lipid vesicles results in a higher prion infectivity (18).
Compared to detergent purified PrPSC, the lipid membrane-associated PrPSC infects cultured
cells with a higher efficiency (19). Altering the lipid composition of prion-infected cells
affects the amount of PrPS¢ produced in these cells (20,21). Moreover, a
glycosylphosphatidylinositol (GPI)-anchor independent PrP-lipid interaction has been found
to be essential for PrP conversion in vitro (22). These observations are consistent with the
notion that PrP-lipid interaction plays a critical role in PrP conversion.

The PrP-lipid interaction has been studied mainly using biophysical approaches. It has been
shown that rPrP binds to lipids and the binding alters secondary structures (23-27) and
destabilizes the C-terminal part of PrP (23). Upon additional treatments, lipid bound rPrP
was found to form amyloid fibers (25,27). It has also been shown that concentrated GPI-
anchored PrP on a raft-like membrane domain induces PrP to form intermolecular B-sheets
(28). We previously reported that anionic lipid-rPrP interaction converts rPrP to a
conformation similar to the pathogenic PrPSC conformation, with increased p-sheet content
and C-terminal PK-resistance (29). These findings revealed that PrP binds to certain types of
lipids independent of its GPI-anchor, and the lipid-interaction leads to conformational
changes of PrP. However, it remains unclear which regions of PrP are involved in the lipid-
interaction, which residues of PrP are critical in converting rPrP into the PrPSC-like PK-
resistant conformation, and whether disease-associated mutations affect PrP-lipid
interaction. Given the role of anionic POPG in converting rPrP into the highly infectious
form (12), answers to these questions will help us to elucidate the molecular mechanism of
PrP conversion.

In this study, we dissected the lipid-PrP interaction by using various rPrP mutants to
compare their lipid binding capability and the lipid-induced C-terminal PK-resistance. We
found that the highly conserved middle region of PrP, consisting of a positively charged
region with four lysine residues (amino acid 100 — 110) followed by a hydrophobic domain
(amino acid 111 — 134), is crucial for lipid induced rPrP conformational change. The middle
region localized disease-associated P102L and P105L mutations and the 129 polymorphism
have distinct effects on rPrP-lipid interaction. Collectively, these results provide additional
support for the relevance of PrP-lipid interaction to the pathogenesis of prion disease.

EXPERIMENTAL PROCEDURES

Primers

23BamHI: 5'-AAAGGATCCAAAAAGCGGCCAAAGCCTGGA-3
120Hindlll: 5-CCCAAGCTTATACTGCCCCAGCTGCCGCAGC-3'
121BamHI: 5-TTTGGATCCGTGGGGGGCCTTGGTGGCTAC-3'
230RHindlll: 5-CCCAAGCTTAGGATCTTCTCCCGTCGTAATA-3'
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DELN: 5-ACGTGCATGCTTGAGGTTGGTTTTTGG-3'

DELC: 5-ACATGCATGCCATGAGCAGGCCCATGATCC-3’

IMF: 5-AATCAGTGGAACATACCAGCATACCAAAAACCAACCTC-3
IMR: 5-GAGGTTGGTTTTTGGTATGCTGGGTATGTTCCACTGATT-3'
2MF: 5'-CCCAGCATACCAATAACCAACCTCATACATGTGGCAGGG-3
2MR: 5'-CCCTGCCACATGTATGAGGTTGGTTATTGGTATGCTGGG-3'

Generation of PrP mutants

DNA fragments of mouse PrP23-120 and PrP121-230 were amplified using primers
23BamHI and 120HindlIl, and 121BamHI and 230Hindl1l, respectively. PCR products were
then cloned into the expression vector pPROEX-HTb (Invitrogen) using restriction
endonucleases BamHI and Hindlll. To generate mutant AH, mouse PrP23-110 DNA
sequence was amplified using primers 23BamHI and DELN and then linked to the ECORV
site of pBluescript (SK) vector. The mouse PrP132-230 DNA sequence was amplified using
primers DELC and 230HindI1l and then linked to pBluescript (SK)-PrP23-110 via Sphl and
Hindl1I sites to generate pBluescript (SK)-AH plasmid. AH DNA sequence was cut off from
the pBluescript vector by BamHI and Hindlll and linked to pPROEX-HTh. All mutant DNA
sequences in pPPROEX-HTb are behind a linker sequence encoding six histidines. The
histidine tag is followed by a tobacco etch virus (TEV) protease cleavage site; after TEV
protease cleavage of the histidine tag, only one extra amino acid, glycine, remained at the N-
terminus of PrP. For K/I mutant, primers 1MF and 1MR were used first to mutate lysine
residues at 100, and 103 to isoleucine residues with pPROEX-HTb-mosue PrP23-230 as
template; then primers 2MF and 2MR were used to mutate the 105 and 109 lysine residues
to isoleucine residues using the previously mutated plasmid as template. The generation of
human PrP mutants ACC1, P102L, P105L and 129V were described previously (30).

Recombinant PrP expression and purification

Recombinant mouse PrP23-230, PrP23-120, PrP121-230, AH, K/I, and recombinant human
PrPs were purified as previously described (31,32). Aliquots of purified PrPs in deionized
water were stored at —80°C. The protein concentration used in our experiment was ODogg =
0.25. If necessary, the molar concentration was calculated using the molar extinction
coefficient gpgg according to ExPASy Proteomics Server of the Swiss Institute of
Bioinformatics.

Preparation of lipid vesicles

The 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-
HCI buffer (pH 7.4) to reach a final concentration of 2.5 mg/ml. The hydrated lipids were
vortexed and then sonicated in a cup-hold sonicator (Misonix Inc. Model XL2020) until
clear. Prepared lipid vesicles were flushed with argon and stored at 4°C.

Gradient analysis

For the discontinuous iodixanol density gradient floatation assay, rPrP and lipid vesicles
were mixed together for 10 minutes at room temperature and applied to the high density
phase of the iodixanol gradient as previously described (29,33). For high salt and pH
extraction, 0.5 M NaHCOg3 (pH 11) or a solution of 1.5 M KCI+10 mM NaOH was added to
rPrP-lipid mixtures prior to the gradient analysis. For salt competition assay, rPrP was pre-
equilibrated with various concentrations of KCI for 5 minutes at room temperature.
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Immediately before mixing rPrP with lipids, same concentrations of KCI were added to the
lipid vesicles. The mixed rPrP and lipid solution was incubated at room temperature for 10
minutes prior to the iodixanol density gradient analysis. Twelve fractions (200 ul/fraction)
were collected from top to bottom of the gradient or as indicated.

PrP lipid incubation and PK digestion

For all analyses, rPrP was first subject to a 1-hour 100,000g centrifugation and only soluble
rPrP was used. For rPrP and lipid incubation, 300 pl of rPrP (ODygg = 0.25) was mixed with
100 pl of lipid vesicles (2.5 mg/ml). The incubation was carried out at 37°C for indicated
time periods. For all PK digestions, 10 ul of incubated samples were subjected to PK
digestion at 37°C for 30 minutes with a PK:rPrP molar ratio of 1:16. The reaction was
stopped by adding 5 mM phenylmethyl-sulfonylfluoride (PMSF) and kept on ice for 10
minutes. One tenth of PK digested samples were separated by SDS-PAGE and the PrP was
detected by immunoblot analyses with the POML1 anti-PrP antibody (34).

Statistical analysis

RESULTS

Student T test was performed for statistical analysis, and the level of significance was set at
p <0.05.

N-terminal part of PrP initiates electrostatic interaction between PrP and anionic lipid

Structural studies revealed that the N-terminal part of PrP is flexible and unstructured, while
the C-terminal part is well structured containing 2 p-strands and 3 a-helices (35,36) (Fig.
1A). In order to determine which part of rPrP is important for its interaction with lipids, we
generated two rPrP mutants, the N-terminal rPrP23-120 and the C-terminal rPrP121-230.
The mutants were incubated with POPG and then analyzed by the iodixanol gradient. In this
discontinuous density gradient, samples were loaded at the bottom, and the lipid-bound
protein would migrate to the top of the gradient after ultracentrifugation (29,33). We found
that the N-terminal rPrP23-120 bound strongly to POPG, whereas the majority of the C-
terminal rPrP121-230 fragment failed to interact with POPG (Fig. 1B). The N-terminal
rPrP23-120 contains two clusters of positively charged amino acid residues: one at the very
N-terminus (positively charged cluster 1, designated as CC1) and the other in the middle
region (positively charged cluster 2, designated as CC2) (Fig. 2A). Therefore, this result is
consistent with our previous finding that the PrP-lipid interaction is initiated by electrostatic
contact (29), suggesting that these positively charged regions are important for the initial
electrostatic contact between rPrP and anionic POPG.

The conserved hydrophobic domain of PrP is required for hydrophobic rPrP-lipid

interaction

In addition to the electrostatic interaction, rPrP also interacts with anionic lipids
hydrophobically (29). To determine whether the hydrophobic domain (amino acid 111-134)
of PrP (Fig. 2A) is involved in the hydrophobic lipid-PrP interaction, we generated a mouse
rPrP mutant in which the hydrophobic domain was deleted (amino acid 111-131 deletion,
designated as: AH). To rule out the possibility that the deletion mutant alters the density and
interferes with the gradient analysis, we subjected the AH mutant to the iodixanol gradient
analysis (29,33). After ultracentrifugation, AH remained at the bottom of the gradient,
revealing that the hydrophobic domain deletion did not drastically alter the rPrP density
(Fig. 2B, top panel). When AH was mixed with lipids, it bound to the lipids and migrated to
the top of the gradient (Fig. 2B, middle panel). In contrast to wild-type rPrP-lipid interaction
(29), the AH-lipid binding was almost completely disrupted by the extraction with a high
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salt and high pH solution (Fig. 2B, bottom panel), indicating a significantly weakened
hydrophobic interaction.

Next, we determined whether the AH mutant was able to gain the lipid-induced C-terminal
PK-resistance. We previously showed that the anionic lipid interaction causes rPrP to gain
different PK-resistant forms (29). Because the C-terminal 15 kDa PK-resistant fragment is
similar to the PK-resistant core of recombinant prion in size and pattern (12), we used it as a
marker to monitor the rPrP-lipid interaction and the subsequent conformational change.
After incubation with various anionic lipids that are capable of converting rPrP ((29) and
Fig. 2C, last lane), we found that no C-terminal PK-resistant fragment of mutant AH was
detected in any of the samples (Fig. 2C, pointed by an empty arrow).

The POML1 antibody used in this experiment recognizes a discontinuous epitope in the
globular domain of PrP (amino acid 121-230) (34). The AH mutant deleted a fragment
within this region, raising the possibility that the lack of the C-terminal PK-resistant band
were due to the loss of POM1 epitope. To rule out this possibility, we performed
immunoblot analysis with 8H4 antibody, which has a more defined C-terminal epitope
(amino acid 175-195) outside of the hydrophobic domain. Our result verified that the lack of
C-terminal PK-resistant rPrP fragment was not due to the loss of POM1 epitope (data not
shown). Together, our results support that the hydrophobic domain of PrP is required for the
hydrophaobic rPrP-lipid interaction, which is important for rPrP to gain the C-terminal PK-
resistance.

Although the C-terminal PK-resistant form was not detected, various levels of full-length
PK-resistant AH was detected in samples incubated with anionic lipids, but not in control
samples in which AH was incubated with or without zwitterionic POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) (Fig. 2C). Based on the fact that AH was completely
digested in control samples and the wild-type rPrP showed a correct PK-resistant pattern
after incubation with anionic POPG (Fig. 2C, last lane) (29), we concluded that the
appearance of full-length PK-resistant AH was not due to a insufficient PK-digestion.
Actually, the separation of full-length and C-terminal PK-resistant forms in these samples
and in experiments described below supports that, as we previously suggested (29), these are
different rPrP forms that resulted from the rPrP-lipid interaction.

Middle region localized lysine residues affect rPrP-lipid interaction

The finding that the hydrophobic domain plays an important role in rPrP-lipid interaction led
us to predict that CC2 (Fig. 2A), a positively charged region immediately preceding the
hydrophobic domain, will likely modulate rPrP-lipid interaction. To test this hypothesis, we
generated a mouse rPrP mutant in which all four lysine residues in CC2 (residue 100, 103,
105, and 109 of mouse PrP) were replaced by isoleucine (designated as K/I). Taking
advantage of the fact that high concentrations of salt inhibit the initial electrostatic rPrP-lipid
contact (29), we performed a salt competition analysis to compare the strength of
electrostatic rPrP-lipid interaction between wild-type and mutant rPrPs. In the presence of
600 mM KClI, the majority of wild-type rPrP bound to POPG. When the salt concentration
increased to 700 mM KClI, only about 70% of rPrP remained lipid bound (Fig. 3A, top
panels, and Fig. 3B). Interestingly, although the K/l mutant lost quite a few positive charges,
the pattern of K/I mutant binding to POPG was similar to that of wild-type rPrP in the salt
competition assay (Fig. 3). This result indicates that the loss of positive charges in CC2 does
not significantly alter the strength of electrostatic rPrP-lipid interaction.

When the K/I mutant-lipid complex was extracted with a high salt and high pH solution, the
K/I mutant remained lipid-bound and migrated to the top fractions (Fig. 4A), suggesting a
hydrophobic interaction between the K/I mutant and lipids. Intriguingly, while the

Biochemistry. Author manuscript; available in PMC 2011 September 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 6

elimination of these four lysine residues did not seem to alter the strength of electrostatic or
hydrophobic lipid-rPrP interaction, it did significantly reduce the lipid-induced C-terminal
PK-resistant rPrP (Fig. 4B & C). This finding suggests that the lysine residues in CC2
modulate the rPrP-lipid interaction in such a manner that assists the generation of C-terminal
PK-resistant rPrP form.

Disease-associated P105L and P102L mutations and N-terminal positively charged region
affect rPrP-lipid interaction in different manners

To determine the influence of disease-associated mutation and the N-terminal positively
charged region on rPrP-lipid interaction, we analyzed two CC2 localized disease-associated
mutations, P102L and P105L, and a PrP mutant without CC1, the very N-terminal positively
charged amino acid cluster (amino acid 23-27 deletion, designated as: ACC1). Since P102L
and P105L are mutations causing human disease, these mutants were made with
recombinant human PrP and wild-type human rPrP (designated as: rhPrP) was included as a
control to assess the influences of these mutations.

First, we performed the salt competition assay with rhPrP. The majority of rhPrP bound to
POPG in the presence of 500 mM KClI, and increasing salt concentrations above 500 mM
reduced the amounts of lipid bound rhPrP (Fig. 5A and 5B). Next, we analyzed the lipid-
binding capability of various rhPrP mutants in the presence of 500 mM KCI. As expected, a
significant portion of ACC1 mutant failed to bind POPG in the presence of 500 mM KCl
(Fig. 5C, second panel, and Fig. 5D, p = 8.45x107%), which is likely due to its reduced
positive charges at the N-terminus. Surprisingly, the P105L mutant, which retains all the
positively charged amino acids, exhibited a significantly reduced POPG binding as well
(Fig. 5C, third panel, and Fig. 5D, p = 0.000732). In contrast, the P102L mutant, which is
only 3 amino acids upstream and has exactly the same amino acid replacement as the P105L
mutant, bound to POPG equally as well as rhPrP (Fig 5C, 4th panel and Fig. 5D).

Despite different behaviors in the salt competition assay, all mutants were 100% POPG
bound at physiological salt concentration (data not shown). Moreover, they remained lipid
bound after extraction with a high salt and high pH solution (Fig. 6A). This result indicates
that these mutations do not significantly affect the strength of hydrophobic rPrP-lipid
interaction.

PK digestion was performed to analyze the influence of these mutations on lipid-induced C-
terminal PK-resistance and dramatic differences were observed (Fig. 6B). After a 1-hour
incubation with POPG at physiological salt concentration (150 mM NaCl), the ACC1 mutant
generated a similar amount of the 15 kDa C-terminal PK-resistant fragment as wild-type PrP
(Fig. 6B, +PK, the equal amounts of rhPrPs input were verified by immunoblot analysis with
samples without PK digestion, Fig. 6B, —PK). However, a much weaker 15 kDa PK-
resistant band was detected with the P105L mutant under the same condition (Fig. 6B and
6C, p = 4.06x1079), while a PK-resistant fragment with slightly smaller molecular weight
(~14 kDa) was increased. Surprisingly, the P102L mutant, which interacts with lipids
similarly to wild-type PrP, completely failed to generate any PK-resistant band (Fig. 6B and
6C). Together with lipid binding data, these results suggest that both the positively charged
CC1 and CC2 regions contribute to rPrP-lipid interaction. Yet the generation of C-terminal
PK-resistant rPrP form is mainly influenced by how the CC2 interacts with lipids.

The middle region localized 129 polymorphism affects rPrP-lipid interaction

The 129 ploymorphism, which is localized in the hydrophobic domain, has a significant
influence on the pathogenesis of prion disease (37). We tested its influence on rPrP-lipid
interaction by generating recombinant human PrP with either methionine or valine at residue
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129 (designated as 129M and 129V). The salt competition assay was performed with POPG
or mixed lipids isolated from mouse brain (MBL). When POPG was used, almost 100% of
129M and 129V were lipid-bound in the presence of 500 mM KCI (Fig. 5A and data not
shown). When MBL was used, the overall capability of rhPrP to bind MBL was reduced
(comparing Fig. 7A and Fig. 5A), and some rhPrP remained at the bottom of the gradient.
However, no significant difference was observed between 129M and 129V, suggesting that
the 129 polymorphism does not significantly alter the strength of electrostatic rPrP-lipid
interaction (Fig. 7A and 7B). The high salt and high pH extraction analysis was performed
to determine whether the 129 polymorphism alters the strength of hydrophobic rhPrP-lipid
interaction. While no difference was observed when POPG was used (data not shown), a
significant difference between 129M and 129V was detected when the rhPrP-MBL
complexes were extracted by 0.5 M NaHCO3 (pH 11.0). As shown in figure 7C, a
significant portion of 129V was extracted from the complex, while the majority of 129M
remained lipid bound (Fig. 7C and 7D, p = 0.003258). This result suggested that the 129
polymorphism alters the hydrophobic strength of rPrP binding to certain types of lipids.

DISCUSSION

The significance of PrP-lipid interaction in the pathogenesis of prion disease has been
implicated by previous studies (17-21). The successful conversion of rPrP into a highly
infectious prion in the presence of lipids (12) supports an important role of the PrP-lipid
interaction in this process. We previously showed that the anionic lipid-PrP interaction is
mediated by both electrostatic and hydrophobic contacts, and that the lipid interaction
converts rPrP into a conformation with a 15 kDa C-terminal PK-resistant fragment. The
efficiency of lipid-induced rPrP conversion depends on the structure of lipid headgroups
and/or the presentation of these headgroups on the surface of lipid vesicles (29). In this
study, we analyzed PrP domains involved in the PrP-lipid interaction and revealed different
roles of the N-terminal and middle regions of PrP. Moreover, our results of disease-
associated P102L and P105L mutations and the 129 polymorphism are consistent with the
notion that the PrP-lipid interaction plays a role in the pathogenesis of prion disease.

Our results of the salt competition study of wild-type and ACC1 mutant PrPs (Fig. 5C and
5D) clearly showed that the N-terminal positively charged region is involved in the
electrostatic interaction. The fact that the ACC1 mutant behaves similarly to the wild-type
PrP in high salt and high pH extraction and in PK-digestion experiments (Fig. 6A and 6B)
indicates that the N-terminal CC1 region does not significantly contribute to the
hydrophobic PrP-lipid interaction and the subsequent conformational change of PrP,
supporting that the lipid-induced PrP conformational change mainly involves the middle and
C-terminal parts of PrP (38).

The highly conserved middle region contains a cluster of four positively charged lysine
residues and a hydrophobic domain (39,40). The AH mutant analyses suggest that the
hydrophobic domain is the major PrP domain responsible for the hydrophobic PrP-lipid
interaction. Moreover, the inability of the AH mutant to gain the C-terminal PK-resistance
after incubation with a variety of anionic lipids (Fig. 2C and 4B) suggests that the
hydrophobic PrP-lipid interaction is essential for its conversion to the PK-resistant form. In
addition to the hydrophobic domain, our results also reveal that the four lysine residues in
the CC2 region influence the PrP conformational change. The K/I mutant significantly
reduced the amount of lipid-induced C-terminal PK-resistance (Fig. 4B). Both middle region
localized P102L and P105L mutants reduced the amount of C-terminal PK-resistant form
(Fig. 6B). Notably, both 102 and 105 proline residues are flanked by lysine residues in the
middle region. Since proline is conformationally restrained, the replacement of proline with
leucine would alter the presentation of positively charged lysine residues. Together, our
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results suggest that the four lysine residues in CC2 region are crucial in orienting the
hydrophobic PrP-lipid contact in such a manner that leads rPrP to convert to the C-terminal
PK-resistant conformation.

The reduced C-terminal PK-resistant bands associated with the P102L and P105L mutations
are consistent with several previous reports of P105L associated GSS cases or transgenic
mice expressing P102L mutant, which showed severe neurodegeneration without detectable
amount of PK-resistant PrP (41-43). The toxic mechanism of these mutations may involve
disruptions in normal PrP folding, in PrP metabolism, or in PrP’s interaction with other
ligands for its normal function. Our results, that these two mutants differ drastically from
wild-type PrP in lipid binding, may suggest a role of the PrP-lipid interaction in these
processes.

Some paradoxical results were obtained comparing the K/I mutant and the P102L or P105L
mutant. The K/I mutant, with all 4 middle region localized lysines mutated, did not appear to
alter the strength of either the electrostatic or hydrophobic PrP-lipid interaction (Fig. 3A and
4A). However, the P105L mutant did significantly alter the strength of electrostatic PrP-lipid
interaction (Fig. 5C). Moreover, although the P102L mutant did not alter the rPrP-lipid
binding properties in our assays (Fig. 5C), it completely failed to convert to the PK-resistant
form (Fig. 6B). However, with the K/l and P105L mutants, the 15 kDa C-terminal PK-
resistant band was reduced, but still detectable (Fig. 4B and 6B). These paradoxical results
suggest that, besides their effects on flanking lysine residues, the P105L and P102L
mutations likely have an impact on the global structure of rPrP as well (30), which could
affect rPrP binding to lipid or the lipid-induced rPrP conformation. Nevertheless, our results
clearly reveal the importance of the CC2 region in PrP-lipid interaction and in lipid-induced
PrP conversion.

The 129 polymorphism, localized in the hydrophobic domain, significantly affects the
susceptibility and pathogenesis of prion disease (37). However, structural studies revealed
similar conformation and stability between PrP variants bearing M or V at residue 129 (44),
suggesting that it is not their influence on PrP structure, but rather their differences in
interacting with other ligands may contribute to the different pathogenic changes. We found
that the M and V variants differ in their hydrophobic interactions with lipids and a stronger
hydrophaobic interaction was detected for 129M (Fig. 7C and D). Although valine is more
hydrophobic than methionine, the hydrophobic PrP-lipid interaction does not rely only on
residue 129, but involves multiple hydrophobic amino acids. Substituting methionine with
valine increases the hydrophobicity and likely causes a tighter interaction between residue
129 and fatty acyl chains. The tight lipid interaction at residue 129 could alter the interaction
between lipids and other surrounding hydrophobic amino acids. As a result, the total
strength of the hydrophobic lipid interaction is reduced for 129V.

Collectively, our results provide novel insights into the PrP-lipid interaction and indicate a
significant role of the highly conserved middle region in lipid-induced PrP conversion. The
facts that disease-associated mutations and the 129 polymorphism significantly alter PrP-
lipid interaction support the relevance of PrP-lipid interaction in the pathogenesis of prion
disease.
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Abbreviations

Prp prion protein
PK proteinase K
rPrP recombinant mouse PrP
CJD Creutzfeldt-Jakob Disease
GSS Gerstmann-Straussler-Scheinker
GPI glycosylphosphatidylinositol
CcC1 positively charged cluster 1
cC2 positively charged cluster 2
AH recombinant mouse PrP with amino acid residues 111-131 deletion
K/1 recombinant mouse PrP replacing lysine residues at 100, 103, 105 and 109 with
isoleucines
rhPrP recombinant human PrP
ACCl1 recombinant human PrP without the very N-terminal 5 amino acids
P105L recombinant human PrP with a leucine at residue 105
P102L recombinant human PrP with a leucine at residue 102
MBL total mouse brain lipids
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt)
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
Suf Sulfatides (Brain): Cerebroside (Brain, Porcine) (ammonium salt)
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Figure 1. The N-terminal fragment of rPrP interacts with anionic lipid

(A) HNlustration of mouse rPrP. (B) lodixanol density gradient analysis of rPrP23-120 +
POPG or rPrP121-230 + POPG. Eight fractions (300 ul/fraction) were collected from top to
bottom, and the rPrPs were detected by Coomassie Brilliant Blue staining.
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Figure 2. The highly conserved hydrophobic domain of PrP is required for hydrophobic rPrP-
lipid interaction

(A) Hlustration of mouse PrP23-230. The amino acids were numbered according to mouse
PrP sequence. (B) lodixanol density gradient analyses of mouse rPrPAH alone, rPrPAH +
total lipids isolated from N2A neuroblastoma cells (N2A lipids), rPrPAH + N2A lipids
extracted with the 1.5 M KCI plus 10 mM NaOH solution. (C) Mouse rPrP or rPrPAH were
incubated with indicated lipids for 1 hour and subjected to PK digestion. Solid arrowhead
points at the 15 kDa PK-resistant band generated from wild-type rPrP. Empty arrow points
at the expected position of PK-resistant band of rPrPAH. Suf, Sulfatide; Suf/POPC, sulfatide
and POPC at a mass ratio of 1:1; MBL, mouse brain lipids. PrP was detected by immunoblot
analysis with POML1 antibody.
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Figure 3. Positively charged lysine residues in the middle region do not affect electrostatic
interaction between rPrP and anionic lipids

(A) Salt competition assays for wild type rPrP and the K/I mutant. The rPrPs and POPG
were pre-equilibrated with KCI at indicated concentrations and then mixed together. After a
10 minute incubation at room temperature, rPrP-lipid mixtures were subjected to iodixanol
density gradient separation. PrP was detected by immunoblot analysis with POM1 antibody.
(B) Densitometric analyses of results in (A). The density sum of all 12 fractions in each
experiment was used as the total amount of rPrP, and the density sum of the first six
fractions was used as the amount of lipid bound rPrP. The binding assays were repeated 3
times for each sample under indicated conditions. Error bar represents the standard
deviation.
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Figure 4. Middle region localized lysine residues affect lipid-induce rPrP conformational change
(A) lodixanol density gradient analysis of mouse rPrP K/I + N2A lipids or K/I + N2A lipids
extracted with a 1.5 M KCI plus 10 mM NaOH solution as indicated. (B) Wild type mouse
rPrP, AH, or K/I were incubated with indicated lipids for 1 hour and subjected to PK
digestion. MBL, mouse brain lipids. PrP was detected by immunoblot analysis with POM1
antibody. (C) Densitometric analysis of the 15 kDa PK-resistant band. The density of the 15
kDa band generated from POPG incubated rPrP was set as 1. The density of the 15 kDa
band generated from POPG incubated AH or K/I mutant was used to calculate the PK
resistance. The PK-digestion assay was repeated 3 times for each sample. The error bar
represents the standard deviation and the asterisk indicates a significant difference.
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Figure 5. Middle region localized P105L and P102L mutations and positive charges at N-
terminus have different effects on electrostatic rPrP-lipid interaction

(A) Salt competition assays for wild type human rPrP incubated with POPG in the presence
of indicated salt concentrations. After binding, the POPG-rPrP complex was separated by
the iodixanol density gradient. (B) Densitometric analyses of results in (A). (C) Salt
competition assays for human rPrP mutants ACC1, P105L, or P102L incubated with POPG
in the presence of 500 mM KCI. PrP was detected by immunoblot analysis with POM1
antibody. (D) Densitometric analyses of results in (C). For densitometric analyses, the
density sum of all 12 fractions in each experiment was used as the total amount of rPrP, and
the density sum of the first six fractions was used as the amount of lipid bound rPrP. The
binding assays were repeated 3 times for each sample. The error bar represents the standard
deviation and the asterisk indicates a significant difference.
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Figure 6. Disease-associated P105L and P102L mutations and N-terminal positively charged
region affect lipid-induced rPrP conformational change in different manners

(A) Wild type human rPrP, ACC1, P105L, or P102L mutant was incubated with POPG and
then extracted by an alkaline solution of 1.5M KCI and 10mM NaOH prior to the iodixanol
density gradient analysis. (B) Wild type human rPrP, ACC1, P105L, or P102L were
incubated with POPG for 1 hour and subjected to PK digestion. PrP was detected by
immunoblot analysis with POML1 antibody. (C) Densitometric analyses of PK digestion
results in (B). The density of the 15 kDa PK-resistant band of wild-type rPrP was set as 1.
The density of the 15 kDa band of ACC1, P105L or P102L mutant was used to calculate the
PK resistance. The PK-digestion assay was repeated 3 times for each sample. The error bar
represents the standard deviation and the asterisk indicates a significant difference.
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Figure 7. The middle region localized 129 polymorphism affects hydrophobic rPrP-lipid

interaction

(A) Salt competition assay for human rPrP 129M or 129V incubated with mouse brain lipids
(MBL) in the presence of 500 mM KCI. (B) Densitometric analyses of results in (A). (C)
Human rPrP 129M+MBL or 129V+MBL complex were extracted by a 0.5 M NaHCQO3, pH
11.0 solution prior to the iodixanol density gradient analysis. PrP was detected by
immunoblot analysis with POM1 antibody. (D) Densitometric analyses of results in (C). For
densitometric analysis, the density sum of all 12 fractions in each experiment was used as
the total amount of rPrP, and the density sum of the first six fractions was used as the
amount of lipid bound rPrP. The binding assays were repeated 3 times for each sample. The
error bar represents the standard deviation and the asterisk indicates a significant difference.
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