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Abstract
A key molecular event in prion diseases is the conversion of the normal cellular form of the prion protein (PrPC ) to an aberrant
form known as the scrapie isoform, PrPSc . Under normal physiological conditions PrPC is attached to the outer leaﬂet of the plasma
membrane via a GPI-anchor. It has been proposed that a direct interaction between PrP and lipid membranes could be involved in
the conversion of PrPC to its disease-associated corrupted conformation, PrPSc . Recombinant PrP can be refolded into an a-helical
structure, designated a-PrP isoform, or into b-sheet-rich states, designated b-PrP isoform. The current study investigates the binding
of recombinant PrP isoforms to model lipid membranes using surface plasmon resonance spectroscopy. The binding of a- and b-PrP
to negatively charged lipid membranes of POPG, zwitterionic membranes of DPPC, and model raft membranes composed of DPPC,
cholesterol, and sphingomyelin is compared at pH 7 and 5, to simulate the environment at the plasma membrane and within endosomes, respectively. It is found that PrP binds strongly to lipid membranes. The strength of the association of PrP with lipid
membranes depends on the protein conformation and pH, and involves both hydrophobic and electrostatic lipid–protein interactions. Competition binding measurements established that the binding of a-PrP to lipid membranes follows a decreasing order of
aﬃnity to POPG > DPPC > rafts.
Ó 2003 Elsevier Inc. All rights reserved.
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Transmissible spongiform encephalopathies (TSEs),
also known as prion diseases, are associated with the
conversion of the benign cellular form of the prion
protein (PrPC ) into an infectious scrapie isoform (PrPSc )
[1]. The transition between the cellular form and PrPSc
occurs by an unidentiﬁed post-translational mechanism
and appears to take place without any detectable covalent modiﬁcations to the protein molecule. A large
body of experimental evidence indicates that the fundamental diﬀerence between the two forms of PrP resides in their conformation, which results in
considerable diﬀerences in their physicochemical propq
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erties. PrPC is rich in a-helical structure, monomeric,
and susceptible to enzyme digestion, whereas PrPSc has a
large content of b-sheet, forms highly insoluble aggregates, and is partially resistant to proteolytic digestion
[2,3]. It is apparent that a major refolding event underlying the conversion of PrPC to PrPSc plays a key role in
the pathogenesis of prion diseases [4]. However, the
molecular details of this conformational transition are
not clearly understood.
The prion is a N-glycosylated protein, which occurs
predominantly in neurons where it is anchored to the
plasma membrane via a glycosyl phosphatidylinositol
(GPI) anchor [5]. Several experimental observations [6–
9] suggest that an interaction of PrP with the membrane surface may play a role in the conversion of
PrPC to PrPSc . In particular, the fact that PrPC is released from the cell surface after digestion with phosphatidylinositol-speciﬁc phospholipase C (PIPLC) and
PrPSc is not after similar treatment [7,8] strongly supports the idea that an altered membrane association of
PrP may be an important factor in the mechanism of
prion diseases.
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Like other GPI-anchored proteins, PrPC is segregated
into cholesterol and sphingomyelin-rich domains or lipid rafts in the plasma membrane [10–12] from where its
metabolic fate is determined. From the plasma membrane PrPC can be recycled, degraded or possibly converted to PrPSc . The subcellular site for the formation of
PrPSc is unknown; however, conversion occurs after
PrPC reaches the plasma membrane [13,14]. A recent
study of PrP conversion in a cell-free system utilising
puriﬁed raft membranes showed that conversion of raftassociated GPI-anchored PrPC to PrPSc requires insertion of PrPSc into the lipid membrane [15]. Evidence
from scrapie-infected cultured cells implicates the plasma membrane and endocytic organelles as relevant sites,
but it is unclear which provides a more favourable environment for conversion and whether compartments
along the secretory pathway might also be involved.
Once PrPSc is formed, it appears to accumulate in late
endosomes, lysosomes, and on the cell surface [12,16,17]
or in extracellular spaces in the form of amorphous
deposits, diﬀuse ﬁbrils or dense amyloid plaques [18].
In addition to fully secreted GPI-anchored PrP, anchorless forms of PrP have been shown to be produced
in the ER or released as soluble forms. Two transmembrane forms of PrP, either with the amino- or
carboxy-terminus in the lumen, are associated with the
ER membrane via a common transmembrane segment
comprising residues 113–135 [19,20]. Release of soluble
forms of PrP (lacking GPI anchor) from cells was ﬁrst
reported some years ago [21–24]. More recently, similar
results have been obtained using splenocytes or cerebellar granule neurons from transgenic mice overexpressing PrP [25]. Also, it has been reported that 10–20%
of PrPSc molecules extracted from infected hamsters are
truncated at Gly228 and therefore lacking GPI anchor
[26].
The majority of PrPSc generated in infected animals
contains a GPI anchor and the relevance of anchorless
forms of PrP is not clear. However, it is possible that
anchorless forms of PrP may be physiologically relevant
in the conversion process of PrP. A recent study has
tested the eﬀect of GPI anchor on prion conversion [27].
This work shows that either GPI-anchored (GPIþ ) PrP
or an anchor-deﬁcient (GPI ) form of PrP expressed in
ﬁbroblasts is stably associated with rafts, and the latter
alternative mode of membrane association (independent
of GPI) was not detectably altered by glycosylation and
was not markedly reduced by deletion of the N-terminus. Furthermore, using a cell-free conversion assay, it
was found that GPIþ PrP was not converted to PrPSc
without the action of PIPLC or addition of the membrane-fusion agent polyethylene glycol (PEG), whereas
GPI PrP was converted without PIPLC or PEG
treatment. These ﬁndings support the view that additional direct lipid–polypeptide interactions may play a
role in the conversion of PrPC to PrPSc .

Recombinant PrP can be refolded as a predominantly
a-helical conformation, designated a-PrP, or forms rich
in b-sheet structure, designated b-PrP isoforms.
Whereas a-PrP is monomeric and susceptible to enzyme
digestion, b-PrP isoforms are oligomeric, partially resistant to proteolytic digestion, and form insoluble aggregates and ﬁbrils [28]. Thus, recombinant b-sheet
forms of PrP have properties of intermediate conformations of PrP that lead to PrPSc . In previous studies we
have characterised the interaction of a- and b-isoforms
of the truncated protein PrP(90–231) to model lipid
membranes, both at pH 7 and 5, to model the pH
environment of the plasma membrane and within endosomes, respectively [29,30]. These studies showed that
a- and b-PrP have diﬀerent binding aﬃnities to lipid
membranes and exhibit a diﬀerent pH-dependent binding behaviour. The key ﬁndings, resulting from a combination of ﬂuorescence, CD, FTIR, and EM studies,
were that: (a) binding of a- and b-PrP to negatively
charged lipid membranes results in increased b-sheet
structure in PrP, which destabilises the lipid membrane
and leads to amorphous aggregates of PrP; (b) binding
of a-PrP to raft membranes increases a-helical structure,
which does not destabilise the lipid membrane and does
not lead to PrP aggregation; and (c) binding of b-PrP to
rafts partially unfolds PrP, which does not destabilise
the lipid membrane but leads to ﬁbrillisation of PrP.
In the current study we investigate the binding of
a-PrP to lipid membranes using surface plasmon resonance (SPR). Binding measurements were carried at
pH 7 to represent the pH surrounding the plasma
membrane, and at pH 5 to model the acidic environment of endocytic vesicles. The binding of PrP to
membranes was studied with model lipid membranes
composed of a single lipid or a mixture of lipids. Single
lipid vesicles composed of negatively charged lipid,
palmitoyloleoylphosphatidylglycerol (POPG), or zwitterionic lipid, dipalmitoylphosphatidylcholine (DPPC),
were employed to identify the electrostatic and hydrophobic modes of interaction of PrP to lipid membranes. Mixed membranes composed of DPPC,
cholesterol, and sphingomyelin (SM) were used to
model the composition of rafts, where PrP accumulates
in the plasma membrane.

Materials and methods
Materials. Cholesterol, POPG, and sphingomyelin were purchased
from Avanti Polar Lipids (Alabaster, AL). DPPC and MOG were
from Sigma–Aldrich (Dorset, UK).
Expression, puriﬁcation, and refolding of PrP. Syrian hamster recombinant prion protein SHaPrP(90–231) was expressed using an alkaline phosphatase promoter in a protease-deﬁcient strain of
Escherichia coli (27C7) [31] and puriﬁed as described previously
[29,30]. PrP was refolded into an a-helical conformation (a-PrP) or to a
state with a higher content of b-sheet structure (b-PrP) [30]. The purity
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of the ﬁnal product was determined by SDS–polyacrylamide gel electrophoresis and electrospray ionisation mass spectrometry. Refolded
PrP was dialysed against 5 mM Mes, pH 5.5, and stored in small
aliquots. Protein samples were thawed prior to measurements, diluted
into the appropriate buﬀer (10 mM Hepes, pH 5 or 7), and used on the
same day. PrP concentration was determined spectrophotometrically
using a molar extinction coeﬃcient 2280 of 24,420 M1 cm1 [32].
Preparation of lipid vesicles. Small unilamellar lipid vesicles were
prepared by hydrating the required amount of dried lipid with the
desired buﬀer; 10 mM Hepes at pH 7 or 5.0. Buﬀers were deoxygenated with nitrogen gas and the hydrated lipids were maintained
under a nitrogen atmosphere. Phospholipids in chloroform solutions
were dried under a rotary evaporator and the resulting lipid ﬁlm
was left under vacuum overnight to remove all traces of organic
solvent. For the preparations of mixed lipid membranes, lipids were
co-dissolved in chloroform or chloroform/methanol and a lipid ﬁlm
formed as described above. After lipid hydration the resulting
multilamellar liposome suspension was sonicated in a bath sonicator
until a clear suspension of small unilamellar vesicles was obtained
(typically 6  1/2 h periods). Before deposition on the SPR chip, lipid suspensions were subjected to several cycles of vortexing and
warming at 40 °C.
SPR measurements. SPR binding studies of PrP to various lipid
membranes were performed at 25 °C on a Biacore 2000 instrument
using the Biacore pioneer chip L1. The gold surface of the L1 chip is
coated with a dextran layer containing lipophilic molecules for eﬃcient capture of lipid vesicles onto the surface, resulting in an extended lipid bilayer over the dextran layer. The chip was equilibrated
at 25 °C in 10 mM Hepes buﬀer with no sodium chloride, cleaned
with 40 mM octyl glucoside (40 lL), and washed thoroughly with
Hepes buﬀer. Lipid vesicles were deposited on the L1 chip by injecting 4  100 lL of their aqueous suspensions containing 0.5 mM
lipid, washed with 2  50 mM NaOH to stabilise the deposited lipid
layer and followed by a buﬀer injection to remove alkali. Fresh solutions of prion in Hepes buﬀer were injected at various concentrations (5–200 nM). To eliminate non-speciﬁc interactions, 50 lL of
bovine serum albumin (BSA) solution (1 mg/mL) was ﬂowed over the
prepared chip before applying the prion solutions. For a given series
of measurements varying prion concentration, the same lipid-coated
surface was reused after alkali regeneration for as long as a consistent
baseline was maintained. We found that using BSA to block nonspeciﬁc adsorption sites on the dextran surface also helped us to
maintain a consistent lipid surface that could be regenerated with two
pulses of 50 mM NaOH. Typically, 100 lL injections were applied at
a ﬂow rate of 30 lL/min.
For the measurements of inhibition of binding of PrP to lipid
membranes in the presence of NaCl, PrP was diluted from its stock
solution to 200 nM in the required buﬀer containing increasing concentrations of NaCl (0–100 mM) and allowed to equilibrate for a few
minutes before application over the lipid-coated chip. The deposition
of lipid membranes on the L1 chip for the NaCl inhibition measurements was performed as above at the required pH, but washed with
buﬀer containing the required NaCl concentration prior to the injection of the prion solution and during the desorption phase. The
competition measurements with DPPC, POPG, and MOG were carried in a similar manner as described for NaCl inhibition, using the
following ranges of competitor concentrations: DPPC (0–200 nM),
POPG (0–175 nM), and MOG (0–50 nM) with a constant prion protein
concentration of 200 nM.
A semi-quantitative comparative analysis of the association rates of
PrP to lipid membranes was performed using a non-kinetic linear ﬁtting model. In this analysis the rate of association is derived from the
gradient of the association part of the sensorgram. Only the section of
the sensorgrams up to one-third from the completion of injection of
the association phase was selected for the determination of the gradient, where the on and oﬀ rates are close to a steady state and the
surface is approaching saturation or has been saturated with prion.

561

Results
Binding of PrP to lipid membranes
Recombinant PrP(90–231) can be refolded from
E. coli inclusion bodies either as an a-helical conformation (a-PrP) or a state with a higher content of bsheet structure (b-PrP). Refolding under oxidising conditions yields the a-PrP isoform, which shows a characteristic far-UV CD spectrum with well-deﬁned
minima at 208 and 222 nm and a FTIR spectrum with a
predominant amide I band 1656 cm1 [30]. In contrast,
refolding of PrP(90–231) under reducing conditions
produces a b-PrP isoform which shows a far-UV CD
spectrum with a minimum 218 nm and an intense
amide I band 1626 cm1 , which are spectral signatures
of b-sheet structure [30]. Peak ﬁtting analysis of the
amide I band revealed that a-PrP has 37% a-helix, 22%
random coil, and 9.5% b-sheet, in good agreement with
the NMR structure [33]. b-PrP has a lower content of ahelical structure (21%), a high content of b-sheet (35%),
and only 4% random coil. The secondary structure
content of b-PrP is overall analogous to the secondary
structure of the proteinase K-resistant core of PrP
extracted from tissues of diseased animals [2].
In surface plasmon resonance (SPR) a signal is produced when light is reﬂected from a thin layer of gold on
the chip surface due to diﬀerences in refractive index
arising from a deposited layer on the face of the gold
opposite to that of the incident light. SPR causes a reduction in the intensity of reﬂected light at a speciﬁc
angle of reﬂection and an SPR response is detected in
resonance units (RU). Plotting the SPR response against
time during the course of an interaction provides a
quantitative measure of the progress of the interaction,
and this plot is called a sensorgram. Typical sensorgrams for the interaction of a-PrP with lipid membranes
deposited on a L1 sensor chip are shown in Fig. 1. The
ﬁrst phase of increasing response signal corresponds to
the association of PrP to the deposited lipid membrane,
followed by a phase of decreasing SPR signal corresponding to the dissociation of PrP. With all lipid
membranes a strong association is observed followed by
weak dissociation when buﬀer alone is injected. Regeneration of the chip surface is achieved with alkali
washes.
Recombinant prion protein SHaPrP(90–231) has a
net positive charge of +9 at pH 5 and +4 at pH 7.
Positively charged residues are clustered on the protein
surface, predominantly at the side of the protein molecule comprising the N-terminus, leaving the opposite
side of the molecule with a more hydrophobic surface
[29]. PrP must then be regarded as a multivalent analyte
containing several clustered ionic sites as well as hydrophobic faces. This complex nature of PrP combined
with the poor dissociation of a-PrP from lipid
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membranes (Fig. 1) hampers our data analysis at a full
kinetic level. Without an accurate estimation of the
number of binding sites in PrP, calculation of molar rate
constants for the association (ka ) and dissociation (kd ) of
PrP to lipid membranes was diﬃcult and, therefore, it
was not possible to derive the equilibrium constants for
association (KA ) and dissociation (KD ) of PrP. Instead, a
semi-quantitative comparative analysis of the binding of
PrP to lipid membranes is presented.
Based on a non-kinetic linear analysis the rate of
association can be derived from the gradient of the association phase of the sensorgram. A summary of the
association of a-PrP to single lipid membranes of POPG

or DPPC, and raft membranes composed of DPPC,
cholesterol, and sphingomyelin (DPPC/chol/SM,
50:30:20, molar ratio) at pH 7 and 5 is presented in
Fig. 2. The binding rate of a-PrP to the three types of
lipid membranes studied here is very similar at a given
pH, but the level of PrP association is higher at pH 5
than at pH 7 (at pH 7 SPR response values are half of
those observed at pH 5; Fig. 2).
Binding of the b-PrP isoform to lipid membranes of
POPG, DPPC, and rafts shows a much stronger association than that observed with the a-PrP isoform
(Fig. 3). The gradient of the association phase of b-PrP
to membranes has values twice of those observed for the

Fig. 1. Representative SPR sensorgrams for the binding of a-PrP to
raft membranes (1, 3, 5) and DPPC (2, 4, 6). Top traces (1, 2) show a
strong association phase and negligible dissociation at pH 5, followed
by three pulses of alkali regeneration with 50 mM NaOH. Middle
traces (3, 4) show binding and noticeable desorption at pH 7 followed
by two pulses of alkali regeneration. Lower traces (5, 6) show the reduced association of PrP in the presence of 10 mM NaCl at pH 5. Lipid
vesicles were immobilised on the surface of L1 sensor chip and PrP was
presented from the mobile phase at a concentration of 200 nM.

Fig. 3. The gradient of the association phase of SPR sensorgrams as a
function of protein concentration for the binding of b-PrP to POPG
(circles), rafts (squares), and DPPC membranes (triangles) at pH 7.
Error bars represent the variation of 2–3 measurements.

Fig. 2. The gradient of the association phase of SPR sensorgrams as a function of protein concentration for the binding of a-PrP to POPG (circles),
rafts (squares), and DPPC membranes (triangles) at pH 7 (A) and pH 5 (B). Error bars represent the variation of 2–3 measurements.
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association of a-PrP (Figs. 2 and 3). However, the
binding of b-PrP to membranes was so strong that b-PrP
could not be fully removed after alkali regeneration and
membranes had to be stripped with 0.5% SDS after 9–10
protein injections and a new lipid surface prepared.
Therefore, SPR measurements with b-PrP were limited.
Binding inhibition of NaCl
It has been suggested that binding of PrP to lipid
membranes involves both electrostatic and hydrophobic
interactions [29,30]. To further demonstrate the involvement of charge interactions in the binding of PrP
to lipid membranes we have measured the SPR response
signal for the interaction of a-PrP in the presence of
increasing concentrations of NaCl. The eﬀect of increasing concentrations of salt on the association of aPrP to lipid membranes at pH 5 is shown in Fig. 4.

Fig. 4. The gradient of the association phase of SPR sensorgrams for
the binding of a-PrP to POPG (circles), rafts (triangles), and DPPC
membranes (squares) at pH 5 as a function of increasing concentrations of NaCl. Lipid vesicles were immobilised on the surface of L1
sensor chip and a-PrP (200 nM) was applied from the mobile phase in
Hepes buﬀer containing increasing concentrations of NaCl.
Table 1
IC50 for the inhibition of binding of a-PrP to lipid membranesa
Inhibitor

Lipid vesicles
POPG

Rafts

DPPC

NaCl
MOG
DPPC
POPG

100  103
5  102
50  102
<25  103

50  103
5  102
50  102
<25  103

25  103
5  102
5  102
<25  103

a

IC50 values are expressed in mol of inhibitor per mol of prion
protein and were calculated from salt inhibition and competition
measurements described in Results.
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Membranes of POPG show a 50% reduction in the association of PrP at a concentration of NaCl 20 mM.
An equivalent reduction in the binding of a-PrP to
DPPC and raft membranes occurs at lower salt concentrations 10 and 5 mM NaCl, respectively. The salt
inhibition eﬀects are expressed in Table 1 as inhibitory
concentrations for 50% binding inhibition (IC50 ) in
moles of inhibitor per of mole of PrP.
Binding competition measurements
To establish the relative aﬃnities of a-PrP to the
diﬀerent types of membranes and identify the relative
strengths of hydrophobic and ionic components in the
association of a-PrP with membranes, a series of
competition measurements were performed. Low concentrations of free lipid ( 6 200 nM) pre-incubated with
a ﬁxed concentration of PrP (200 nM) were used to
investigate their eﬀects as competitive inhibitors to
lower or prevent binding of a-PrP to a given membrane deposited on the chip. The competition of the
neutral lipid, monooleoylglycerol (MOG), zwitterionic
diacyl lipid, DPPC, and negatively charged diacyl lipid,
POPG, was investigated for their relative inhibitory
eﬀects to the binding of a-PrP to POPG, DPPC, and
raft membranes (Fig. 5). MOG has a similar inhibition
eﬀect on the binding of a-PrP to all three types of
membranes, showing 90% inhibition at a concentration of only 50 nM MOG (Fig. 5A). Near 80% inhibition of binding is achieved with 200 nM DPPC
(Fig. 5B) and 90% inhibition is observed with 200 nM
POPG (Fig. 5C). Similar inhibition curves were observed for the three types of membranes for MOG
(Fig. 5A) with an IC50 5  102 mol of MOG/mol of
a-PrP (Table 1), indicating that a similar hydrophobic
component is present in the three types of membranes
and equally eliminated by the competitive interaction
with MOG. Inhibition with DPPC resulted in similar
curves for POPG and raft membranes (Fig. 5B) with
an IC50 50  102 mol of DPPC/mol of a-PrP (Table
1), indicating that a similar zwitterionic component in
the interaction of a-PrP with POPG and raft membranes is similarly eliminated by the competitive
binding of monomeric DPPC to a-PrP. POPG is the
most eﬀective competitive inhibitor with an
IC50 < 25  103 mol of POPG/mol of a-PrP (Table 1),
indicating that the aﬃnity of a-PrP to POPG is higher
than that to DPPC and raft membranes.

Discussion
Previous studies have suggested that a direct interaction of PrP with the plasma membrane, other than
via its GPI anchor, might play a role in the conversion
of PrPC to PrPSc [7,8,15,27]. From these studies it is
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Fig. 5. Inhibition of MOG (A), DPPC (B), and POPG (C) to the binding of a-PrP to POPG (ﬁlled circles), rafts (open circles), and DPPC membranes
(triangles). Lipid vesicles were immobilised on the surface of L1 sensor chip. Solutions of 200 nM PrP were pre-incubated in Hepes buﬀer containing
increasing concentrations of inhibitor and presented to the immobilised lipid from the mobile phase. Before injection of PrP the deposited lipid
membrane on the chip was washed with buﬀer containing the corresponding concentrations of inhibitor.

unknown whether the interaction of PrP with membranes would occur with the starting PrPC conformation, which would become somehow altered by the
association with lipid molecules or with an intermediate conformation of PrP primed for conversion, which
results in PrPSc itself having an aberrant interaction
with the plasma membrane. In order to understand
how an interaction of PrP with lipid membranes might
be involved in the conversion process of PrP, it is ﬁrst
necessary to identify the binding properties of PrP to
lipid membranes. However, very few studies have been
devoted to characterising the interaction of PrP with
lipid membranes. Morillas et al. [34] showed that the
interaction of recombinant human PrP requires a
negatively charged lipid using mixed micelles of lysoPC/lyso-PS. This interaction was found to be pHdependent becoming particularly strong under acid
conditions. Our previous studies have investigated the
interaction of recombinant Syrian hamster PrP with
lipid vesicles, both for the a-helical isoform, a-PrP [29]
and the b-sheet enriched form, b-PrP [30].
Our current SPR study of the interaction of PrP with
three types of lipid membranes, single lipid membranes
of negatively charged lipid POPG or zwitterionic DPPC,
and mixed lipid raft membranes composed of DPPC,
cholesterol, and sphingomyelin shows that a-PrP binds
very similarly to all three types of membranes (Fig. 2).
This interaction is stronger at pH 5 than at pH 7, in
good agreement with previous ﬁndings [29,30,34].
However, in contrast with previous binding results using
protein Trp ﬂuorescence, where no binding was observed for a-PrP with raft membranes at pH 5 [29], here
we ﬁnd that a-PrP binds strongly to raft membranes at
pH 5. This disparity might be explained by the experimental diﬀerences in the two studies. First, the Trp
binding measurements employed sonicated vesicles, with
their characteristic high membrane curvature, whilst in
the current SPR study membranes are deposited on the

L1 chip dextran layer as an extended planar bilayer.
Second, the range of lipid-to-protein ratio is at least 100to 5000-fold higher in SPR measurements, assuming a
50% deposition of lipid on the chip surface than in the
Trp binding study. The diﬀerent morphology of the lipid
bilayer (curved vs. planar) results in diﬀerences in the
hydrophobic and electrostatic components available for
the interaction with proteins. The curvature in vesicles
exposes more the hydrophobic core of the bilayer than
in a planar membrane. In the planar lipid bilayer composed of a single charged lipid, such as POPG, headgroup–headgroup charge repulsions will diminish the
thigh lipid packing and therefore make the hydrophobic
domain of the bilayer readily available for the interaction with hydrophobic sites in a protein. On the other
hand, in a planar zwitterionic bilayer the lipid molecules
can be more tightly packed than in a vesicle, resulting in
a more dense electrostatic membrane surface and a less
available hydrophobic core of the bilayer for hydrophobic interactions with the protein.
We observed a stronger binding of a-PrP at pH 5
than at pH 7 with all three types of membranes studied
here. Due to protonation and deprotonation of His
residues in PrP, the protein has a large diﬀerence in its
overall surface charges between pH 7 and 5, having a net
positive charge of +9 at pH 5 and +4 at pH 7. This
charge diﬀerence combined with the observation that
binding is stronger at pH 5 than at pH 7 (Fig. 2) reveals
a strong electrostatic interaction in the binding of a-PrP
to lipid membranes. This result corroborates that observed previously for the binding of a-PrP to POPG
membranes [29]. The ﬁnding that a-PrP binds also more
strongly at pH 5 to zwitterionic DPPC and raft membranes reveals that a strong ionic interaction between
charged residues on the protein surface and charges in
the phosphocholine lipid headgroup is involved. These
results indicate that with all membranes analysed here
binding of PrP appears to be driven ﬁrst by long-range
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ionic interactions likely followed by hydrophobic lipid–
protein interactions.
Competition binding measurements with MOG revealed a similar hydrophobic component on the interaction of a-PrP with the three types of lipid membranes
studied (Fig. 5A). Thus, diﬀerences in the aﬃnity of aPrP to these membranes must result from variations in
electrostatic components. Binding measurements in the
presence of NaCl established that ionic interactions are
most strong for POPG membranes, with an IC50 of
100  103 mol of NaCl per mol of PrP, followed by
DPPC membranes with an IC50 of 50  103 mol of NaCl
per mol of PrP (Table 1). In previous salt inhibition
measurements of the binding of a-PrP to zwitterionic
membranes, using vesicles and monitored by Trp ﬂuorescence, little or no eﬀect on the binding of a-PrP was
observed [29]. This diﬀerence corroborates our interpretation that in planar zwitterionic membranes lipid
molecules pack more tightly producing a denser ionic
surface and therefore occluding the hydrophobic core of
the lipid bilayer. Thus, in our current SPR study electrostatic interactions between PrP and DPPC or raft
membranes appear stronger, as revealed by the salt inhibition eﬀects. An extended planar bilayer might represent better the plasma membrane, whereas highly
curved bilayers in small vesicles should serve as better
models of endocytic vesicles.
Compared to DPPC membranes, a reduction in salt
inhibition for the binding of a-PrP to rafts was observed (IC50 of 25  103 mol of NaCl per mole of PrP;
Table 1), revealing a weaker electrostatic component
on the interaction of a-PrP with rafts relative to the
interaction with DPPC. Charge contributions in raft
membranes arise from the phosphocholine moiety in
DPPC and SM, but these are diluted by the presence of
cholesterol, thus resulting in a lower membrane surface
charge density compared to single lipid membranes of
DPPC.
It is noteworthy that salt inhibition results show a
biphasic decay, particularly noticeable with raft membranes (Fig. 4). PrP has a complex electrostatic surface
potential with several clusters of charges interspaced
with more hydrophobic patches [29]. Therefore, it is
plausible that binding of PrP to a membrane results in a
heterogeneous population of bound states, with protein
molecules in diﬀerent orientations relative to the membrane surface. In addition, it is anticipated that screening of charges with salt might facilitate hydrophobic
lipid–protein interactions. Thus, the observed biphasic
decay of the salt inhibition results might be associated
with distinct binding modes of PrP with a lipid membrane, either involving diﬀerent ionic interactions
through diverse sites on the protein surface or hydrophobic lipid–protein interactions.
Experimental evidence from studies involving animal
extracted PrPSc [7,8] and cell-free PrP conversion sys-
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tems [15,27] suggests that PrPSc has an aberrant association with lipid membranes involving direct lipid–
polypeptide interactions in addition to GPI anchor.
The use of recombinant b-PrP isoform, which has some
of the properties of PrPSc or of intermediate conformations of PrP that lead to the formation of PrPSc ,
serves to model the interaction of PrPSc with membranes.
The high SPR association response observed for the
interaction of b-PrP with lipid membranes (Fig. 3)
shows that b-PrP associates more strongly with membranes than the a-PrP isoform. It is pertinent to point
out that plots of the gradient of the SPR association
phase for b-PrP do not achieve saturation (Fig. 3). The
observed increasing trend in the binding curves for bPrP, combined with the high propensity of b-PrP to
oligomerise and form larger aggregates and ﬁbrils,
suggests that binding of b-PrP carries on involving
protein–protein interactions. This interpretation is
corroborated by EM results where aggregation and
ﬁbrillisation of b-PrP was shown to occur in these
membranes [30]. Plots of the gradient of the SPR association phase for a-PrP have a more deﬁned binding
saturation level (Fig. 2), but at higher protein concentrations (200 nM) a deviation starts to appear,
which may also be associated with the initiation of
protein oligomerisation on the membrane surface.
Aggregation of a-PrP with lipid membranes was also
observed in EM measurements and was particularly
strong with POPG membranes [30].
The binding of b-PrP was very strong at pH 5 and
under these conditions b-PrP could not be dissociated
from the membrane. A strong binding of b-PrP to lipid
membranes is consistent with previous Trp binding results [30], where a pronounced binding enhancement of
b-PrP to POPG and rafts was observed at pH 5 compared to pH 7. The overall eﬀect of stronger association
of both a- and b-PrP to lipid membranes at pH 5 suggests that endosomes and lysosomes, where the pH is
more acidic than at the plasma membrane reaching
values pH 5, can provide an environment conducive to
strong association of PrP with the membrane surface.
Depending on the starting conformation of PrP, this
interaction can be irreversible and could result in drastic
consequences. On a membrane-associated state, a PrP
molecule destined for degradation can become more
protected to proteolytic digestion and start to accumulate in the cell. Alternatively, because PrP is constitutively recycled between the endocytic compartment and
the plasma membrane [35], a corrupted conformation
generated in endosomes can appear at the plasma
membrane where it could serve as a catalyst for the
conversion of PrPC .
In conclusion, it is apparent that long-range ionic
lipid–protein interactions play a crucial role in the
association of PrP with lipid membranes and are likely
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to constitute the driving force for the initial binding.
However, once on the membrane surface short-range
hydrophobic lipid–protein interactions take place. These
lipid–protein interactions can alter the protein conformation, which may result in a higher propensity for the
association of PrP with other PrP molecules on the
membrane surface. Thus, the two-dimensional conﬁnement of PrP molecules on a membrane surface, coupled
to acidic conditions such as in endosomes, may provide
a favourable environment for the conversion of PrP.
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