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The mode of internalization of glycosylphosphatidyl-
inositol-anchored proteins, lacking any cytoplasmic
domain by which to engage adaptors to recruit them
into coated pits, is problematical; that of prion protein
in particular is of interest since its cellular trafficking
appears to play an essential role in its pathogenic con-
version. Here we demonstrate, in primary cultured
neurons and the N2a neural cell line, that prion
protein is rapidly and constitutively endocytosed.
While still on the cell surface, prion protein leaves
lipid ‘raft’ domains to enter non-raft membrane, from
which it enters coated pits. The N-terminal domain
(residues 23-107) of prion protein is sufficient to
direct internalization, an activity dependent upon its
initial basic residues (NH,-KKRPKP). The effect of
this changing membrane environment upon the
susceptibility of prion protein to pathogenic conver-
sion is discussed.
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Introduction

Prion protein is a glycosylphosphatidylinositol (GPI)-
anchored glycoprotein (Stahl et al., 1987) abundantly
expressed on neurons, neuroendocrine cells and stromal
cells of the lymphoreticular system (Ford et al., 2002a,b).
The conformational conversion of normal cellular prion
protein (PrP€) into a protease-resistant, amyloidogenic
conformation (PrP™) is the defining step in prion infection
(Prusiner, 1998) for which expression of PrPC is both
required and rate limiting (Biieler et al., 1993; Weissmann
et al., 2001).

Efficient transfer of infection requires direct contact
between infected and target cells (Kanu et al., 2002),
although the conversion of PrPC to pathogenic PrP™ may
occur in a post-plasma membrane compartment (Caughey
and Raymond, 1991; Caughey et al., 1991; Borchelt et al.,
1992). PrPC cycles between the cell surface and endosomal
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compartments, a process thought to be critical to both its
normal and pathogenic function (Harris, 1999). The GPI
anchor of PrPC determines its route of internalization and
is necessary for the propagation of infection (Taraboulos
et al., 1995; Kaneko et al., 1997).

Although PrPC can be converted in cell-free systems
into a protease-resistant form (Caughey et al., 2001), no
one has yet produced infectious PrP™ by this means
(Chesebro, 1998; Hill et al., 1999). It appears that some
cellular mechanism is necessary to chaperone the forma-
tion of infectious PrPres, where the interaction of the PrP¢/
PrPrs complex with the hydrophobic environment of the
membrane, or the pH drop accompanying endocytosis, are
favoured candidates since both affect the conformation of
recombinant PrP (Morillas et al., 1999; Alonso et al.,
2001; Sanghera and Pinherio, 2002).

On the cell surface, PrP€ is found within ‘rafts’ (Kaneko
et al., 1997; Naslavsky et al., 1999; Baron et al., 2002),
microdomains formed in the membrane by the condensa-
tion of saturated sphingolipids with cholesterol to produce
an ordered lipid environment that corrals GPI-anchored,
but excludes most transmembrane, proteins (Simons and
Ikonen, 1997). This ordered lipid environment is insoluble
in non-ionic detergents, providing a simple indicator of
whether a particular protein is within raft or non-raft
membrane (Brown and Rose, 1992).

The rafts enclosing PrPC on neurons are distinctive,
being more soluble than and enclosing a different set of
proteins from those that surround Thy-1, the major
neuronal GPI-anchored protein (Madore et al., 1999).
Moreover a significant proportion of PrP€ (but not Thy-1)
is fully soluble in non-ionic detergents (Madore et al.,
1999) and cannot be within a raft as classically defined
(Simons and Ikonen, 1997).

The pH encountered by a protein depends on its route of
intracellular trafficking: recycled proteins such as the
transferrin receptor (TfR) rapidly exit early endosomes
(pH 5.8 = 0.2) to enter less acidic (pH 6.2) tubulovesicular
recycling endosomes, whereas proteins destined for
degradation pass into more acidic (pH ~5) late endosomes
and lysosomes (Gagescu et al., 2000). Internalized GPI-
anchored proteins can be routed along either of these paths
depending upon the cell type in which they are expressed
(Fivaz et al., 2002).

The route and mechanism of internalization of PrP€ are
controversial. Seminal studies by Harris and colleagues
showed that chicken PrPC transfected into mouse N2a
neuroblastoma cells was internalized via coated pits
(Shyng et al., 1994) in a process dependent upon its
N-terminal domain (Shyng et al., 1995a; Nunziante et al.,
2003). Subsequent studies (Kaneko et al., 1997; Marella
et al., 2002), also using N2a cells, have argued that
mammalian PrPC is internalized by one of the non-coated
pit mechanisms characterized for raft-associated proteins
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(Lamaze et al., 2001; Puri et al., 2001; Sabharanjak et al.,
2002). Relatively high levels (=100 uM) of Cu?*, binding
to histidine residues in the octapeptide repeat region of the
N-terminal domain of PrPC (Perera and Hooper, 2001),
have been found to stimulate (in N2a cells; Pauly and
Harris, 1998) or be required for (in SH-SYSY cells; Perera
and Hooper, 2001) endocytosis of transfected PrPC.
However, Nunziante et al. (2003) have shown that
mouse PrPC in which the N-terminal domain has been
substituted by the non-Cu?*-binding Xenopus homologue
is endocytosed on N2a cells.

We have investigated the endocytosis of endogenously
expressed mouse PrPC on primary cultured adult mouse
sensory neurons, and on N2a cells. Thy-1, the major GPI-
anchored protein of adult neurons (Morris, 1992), has been
used as a control GPI-anchored protein. TfR, the proto-
typical transmembrane protein endocytosed by coated pits
(e.g. Gagescu et al., 2000) and excluded from lipid rafts
(e.g. Shogomori and Futerman, 2001), has been used as a
positive control, supplemented in fluorescence by the low-
density lipoprotein receptor (LDL-R) which is similarly
well established as a non-raft protein that is endocytosed
via coated pits (Matter et al., 1994; Czekay et al., 2001).

Results

PrP¢ but not Thy-1 is rapidly endocytosed by
sensory neurons

Immunofluorescent labelling of cultured neurons, distin-
guishing surface (green) from internal (red) antigen
(Figure 1A and B) demonstrated a marked difference in
cellular distribution between the two GPI proteins: virtu-
ally all Thy-1 was located on the cell surface, whereas the
majority of PrP€ was located intracellularly.

Fig. 1. Kinetics and mechanism of endocytosis of PrPC. (A and B) PrPC¢
(A) but not Thy-1 (B) is mostly intracellular. Sensory neurons, labelled
at 10°C with Alexa 488 (green)-coupled Fab, were fixed, permeabilized
and re-labelled with Alexa 594 (red) Fab to differentiate between
external and internal protein. Sections in (A) are several um below the
nucleus, near the adherent surface, and show internal PrPC€ in tubular
structures. Thy-1 sections in (B) are just below the nucleus; the arrow
points to internal Thy-1. (C-E) Co-labelling of neurons for PrPC
(Alexa 488-Fab) and TfR (Texas red-Tf) at 10°C, followed by
incubation at 37°C for 0 (C) or 2 (D and E) min. Arrows in (C) point
to TfR underlying PrPC at or near the surface. The asterisks indicate
TfR that is clearly internal. Cells with low (D) and high (E) levels of
PrPC have internalized 95.9 and 91.4%, respectively, of their surface
label; arrows point to weak label remaining at the cell surface.
(F) Labelling for Thy-1 (green) after 6 min at 37°C; arrows show
surface label, asterisks show internalized label (4.8% of the total). TfR
is not shown as it overlies and hides internalized Thy-1. (G and H) PrPC€
trafficking, pulsed on the surface with Alexa 488 (green) Fab, chased at
37°C with Alexa 594 (red) Fab for 10 min (G; 28.2% green Fab on
surface) or 15 min (H; 83.7% on surface). (I-L) Dual labelling of N2a
cells after 15 min internalization at 37°C of directly coupled Fab
labelling endogenous PrPC (green), and either Thy-1 (red) in its native
(D) and fusion PrP!%-Thy-1 (J) forms, or the 3F4 epitope on cells
expressing 3F4-tagged PrP (K) or N-terminally mutated 3F4-tagged
PrP (L). Arrows in (J) and (K) point to examples of co-labelling of
internal tubulovesicular structures, in (L) to dual label for PrP¢ and
N-terminally mutated PrP at the cell surface, whereas only label for
PrPC has been internalized. Throughout, a 200 nm z-axis series of
images has been collected and volume deconvolved, and 10 (neurons)
or four (N2a cells) sections reassembled and fluorescence in different
compartments measured using Volocity (Improvision) software. Scale
bars are 10 um.
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To investigate the contribution of endocytic trafficking
to the intracellular pool of PrPC, monovalent antibody
reagents (see Supplementary data available at The EMBO
Journal Online) were used to label endogenous PrPC and
Thy-1 for fluorescence and electron microscopy. To
optimize image capture to enable detection of the low




A =
@ 100
&
E
2 0
3
v oe
o
T w0
o
£
E
$ __,‘p-ff
[ - - - -
] 2 4 % 3 10 12 14 1
mins at37°C
B =
£ 100+
-
£
T g0
e
E
o
w
5
]
r-
"
£ 20
o

mins at 37°C

Fig. 2. Kinetics of internalization of PrPC, Thy-1 and TfR by sensory
neurons. (A) Percentage surface label for: PrPC, diamonds (solid line);
Thy-1, triangles; TfR, squares. (B) Percentage of internalized label in
different compartments, showing: PrPC within tubules, diamonds (bold
line); PrPC co-localized with TfR within tubules, squares (bold dashed
line); TfR within tubules, diamonds (thin line); PrPC in endocytic
vesicles, triangles (dashed line); PrPC co-localized with TfR in endo-
cytic vesicles, circles (dashed line). Mean = SD, 6-16 cells analysed at
each point. Labelled structures >5 voxels (0.01 um?) have been taken
as tubular; and smaller structures (mostly 1 voxel) as endocytic
vesicles. The tubules visible in Figure 1 are 0.1-1.2 um? in the 2 pm
slice sampled.

intensity of label for endogenous PrPC (<10% that of TfR,
itself expressed at low levels on post-mitotic neurons
compared with cell lines), following incubation at 37°C
for different time points, cells have been fixed and
coverslipped.

TfR was, as expected, rapidly endocytosed and trans-
ported to large tubulovesicular recycling endosomes
(Figures 1D and E, and 2). PrP€ was internalized almost
as quickly, with proportions similar to TfR internalized
after 2 and 3 min (Figure 2A). Two observations suggested
that endocytosis of TfR was slightly faster: at O min (after
10 min pre-inubation at 10°C), label for TfR underlay PrP€
at the cell surface, and occasionally some labelled TfR but
not PrPC was clearly within the cell (Figure 1C); and more
internalized TfR was in tubular structures at 2 min
(Figure 2B; P = 0.01). Within tubules, almost all PrP¢
co-localized with TfR (Figure 2B); the small amount that
did not was at outer layers of tubules whose core was
intensely labelled for both (e.g. Figure 1E).

Co-localization of PrP€ and TfR in early endosomes,
prior to their arrival in recycling tubules, would be
stronger evidence that the two proteins are endocytosed
together. Although early endocytic vesicles are too small
to be resolved in the light microscope, at 2 min
internalized fluorescence was dominated by very small
objects (>95% were 1 voxel, 0.002 um?) that rapidly
formed tubules (Figure 2B). We assume these to be early
endocytic vesicles. The majority were labelled either for
PrPC or TfR; only 6% of PrPC vesicles co-labelled for TfR

Endocytosis of prion protein

Table L. Extent of co-localization of proteins in vesicles < 0.01 um3
(5 voxels) after 2 min endocytosis

PrP with TfR LDL-R with TfR PrP with LDL-R
% endocytosis  92.4 * 6.4 and 90.6 = 5.7and  93.1 * 4.1 and
83.5 £ 10 86.3 = 3.2 919 = 1.5
% co-localized 6.1 = 3.4 59 22 0.7 =+ 34

(Figure 2B). To determine the degree of co-localization
expected for receptors internalized by the same mechan-
ism (coated pits), internalization of the LDL-R was
compared with that of TfR and PrPC. The intensity of
label for LDL-R (1-5 X 10° fluorescent units per 0.2 wm
optical section) was similar to PrPC, 10% that of TfR.
LDL-R was endocytosed as fast as TfR and PrP€, and
showed an identical level of co-localization with TfR in
early endosomes (Table I). The 6% co-localization of PrPC¢
with TfR was therefore in the range expected for proteins
expressed at this level and internalized via coated pits. Co-
localization of PrP€ with LDL-R was 10 times lower, in
keeping with the lower level of LDL-R labelling.

The rate of recycling of PrPC to the cell surface also
mirrored that of TfR. For PrPC, recycling was assessed by
pulse—chase labelling (green Fab anti-PrP bound at 10°C
chased with red Fab at 37°C). Recycling of green Fab to
the cell surface, first detected in a few cells after 6 min
(Figure 2A), reached substantial levels in all by 10 min
(Figures 1G and 2A); by 15 min, the green Fab was either
predominantly on the cell surface (Figure 1H) or had
already started to be re-internalized. Endocytosed Tf
returned to the surface as apo-Tf is released, allowing its
receptor to bind fresh Texas red-Tf; adding fresh Texas
red-Tf to the medium at the beginning of the 37°C
incubation labelled recycled TfR on the surface
(Figure 2A). As with PrPC, cells with recycled TfR were
first seen after 6 min, with all cells showing clear surface
label at 10 min.

In contrast to the rapid trafficking of PrPC and TIR,
Thy-1 was slower (Figure 2A). Internalized label was first
detected within small vesicles and tubules (Figure 1F) that
co-labelled with TfR. No internalized Thy-1 label was
found in cortical tubulovesicular structures devoid of
TfR label described for some GPI-anchored proteins
(Sabharanjak et al., 2002).

The early stages of endocytosis of PrPC, labelled with
Fab—5 nm gold, were examined in the electron micro-
scope. After 2 min incubation at 37°C, PrPC label was
found in ~5%, and TfR in <1%, of coated pits and coated
vesicles (Figure 3A-E), proportions that decreased ~10-
fold thereafter. Occasional co-labelling of PrPC and TfR
within or adjacent to a coated pit or vesicle was found
(Figure 3A and E). In contrast, Thy-1 label was not found
within coated vesicles; it was occasionally seen at the lip
of a coated pit, but not within its concavity, in agreement
with previous studies (Lemansky e al., 1990; Bamezai
et al., 1992; Tiveron et al., 1994; Madore et al., 1999).

Even in mitotic cells expressing high levels of TfR, only
a few percent are within coated pits, most being clustered
in regions above clathrin lattices (Lamaze et al., 2001).
On sensory neurons, although >95% of PrP¢ was not
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associated with TfR, the converse was not true: TfR was
readily found within or beside clusters of PrPC, whether in
80-100 nm thick cross-section (Figure 3F-H) or in oblique
sections providing an en face view of the surface

(Figure 3I-K). TfR was significantly associated with
PrPC but not Thy-1 (Figure 4A).

Larger sectors of the membrane, immunolabelled on
both sides, were examined using the ‘tear-off’ technique
(Sanan and Anderson, 1991). When applied to neurons
labelled externally for PrPC and internally for the clathrin
adaptor AP2 (10 nm gold; Figure 3L—P), virtually all AP2
was associated with structures that appeared (from the
perspective of looking down on the cytoplasmic surface)
to be ‘raised’. Although isolated ‘hillocks’ of these
structures occurred, they more usually formed networks
of tubular structures. At O min, 90.3 = 8.7% of AP2 was on
a raised structure, as was 50.1 * 25.6% of PrP€ and
2.2 £ 5.8% of Thy-1 (all three values differ, P < 0.0001;
30 fields counted). In some preparations, the electron
density of the membrane surface obscured the raised
structures, but co-localization of AP2 over clusters of PrP€
was readily found (Figure 3Q). Some PrPC label on flat
areas was sufficiently distant from AP2 to suggest it was

Mo. particles of gold label
=

<10 ] < <0 &) 50
Proximity (nm) to nearest Tf label

Fig. 4. Proximity of label for PrPC (black) and Thy-1 (stripes) to
labelled TfR on the surface of neurons (A) or N2a cells (B). Cells were
double labelled at 10°C for TfR (20 nm gold) and either PrPC or Thy-1
(5 nm gold). The numbers of 5 nm gold particles falling within a ring
of the stated radius from the edge of the nearest TfR label were counted
(at 100 000X magnification); where no PrPC or Thy-1 occurred within
50 nm of a TfR cluster, a single count was recorded (>50 nm). The
distribution of label within 50 nm of TfR differed significantly between
PrP and Thy-1 for neurons (P < 0.001; n = 110) and N2a cells (P < 0.05,
n = 150).

Fig. 3. PrPC immunolabelling of sensory neurons, seen by transmission
electron microscopy of sectioned material (A-K) or of tear-off samples
of the cell surface (L-S), using anti-PrP Fab directly coupled to 5 nm
gold with biotinylated Tf coupled to 20 nm avidin-gold (A-K) or AP2
labelled with 10 nm gold (L-S). (A-E) Examples of PrPC entering
coated pits or vesicles after 2 min at 37°C, with occasional co-
localization with TfR (A and E). (F-K) Co-localized TfR and PrP on
the cell surface. (L) Overlapping PrP and AP2 at electron-dense
cytoplasmic tubular structures (M and N) Regions arrowed in (L) at
higher power; arrows in (M) and (N) point to 10 nm AP2 label. (P) A
cluster of PrPC partially overlapping an AP2-labelled electron-dense
region (arrowed). (Q) Clusters of PrP€ overlying AP2 (small arrows),
with another PrPC cluster (large arrow) not associated with AP2. In this
sample, the cytoplasmic surface is less distinct (presumably masked by
cytoplasmic protein), somewhat obscuring the AP2-positive electron-
dense structures. (R and S) Examples of clusters of PrP not associated
with AP2 label (the nearest AP2 label is arrowed). Scale bars are
50 nm.



Fig. 5. Endocytosis by N2a cells of PrP€ (5 nm gold) and TfR (20 nm
gold). (A-D) Co-labelling of clusters of PrP¢ and TfR on the cell
surface in transverse (A, higher power view of co-labelled cluster in
inset) and oblique (C and D) sections. (E-G) PrPC in coated pits
(in these cells coated pits often came off trabeculae as in F) or coated
vesicle [G; clusters of PrPC (upper left) are on the cell surface].
(H-J) PrP€ co-localized with TfR in intracellular vesicles after 2 min
incubation. The electron-dense cytoplasm of these cells obscured the
vesicular membrane. Scale bars are 50 nm.

raft, rather than clathrin, associated (Figure 3R and S).
PrPC clusters partially overlapping AP2 hillocks and flat,
AP2-negative areas possibly indicated the transition from
raft to non-raft area (Figure 3P). Such movement of PrPC¢
but not Thy-1 was apparent quantitatively: from 0 to 2 min
incubation, the proportion of PrP¢ >250 nm distant from
AP2 decreased from 71.5 = 6.5 to 285 * 7.7%
(P = 0.0001), whereas that of Thy-1 remained stable
(44.7 £ 9.5 and 45.9 = 9.7%, P = 0.68).

In these studies (and those described below for N2a
cells), no Cu?* was added to the medium, which was the
same as that used with transfected cells in which 100 uM
Cu?* was required for endocytosis of PrPC (Perera
and Hooper, 2001). Addition of the copper chelator
bathocuproine disulfonic acid at high concentrations
(=200 uM) inhibited PrPC internalization in some cells,
but equally inhibited TfR uptake by the same cells, whose
shrunken appearance suggested that the inhibition was
pathological rather than physiological. Lower concentra-
tions (2 and 20 uM) of chelator did not affect internaliza-
tion of PrP€ or TfR (data not shown), suggesting that the
rapid and complete endocytosis of neuronal PrP¢ was not
dependent upon trace levels of Cu?* inadvertently present
in our preparation.

PrPC¢ is also endocytosed via coated pits on

N2a cells

Primary cultures, in which a few hundred adult sensory
neurons grow axons over a substrate of Schwann cells and
fibroblasts, are not suitable for biochemical analysis. We
therefore assessed whether N2a cells, which have been
widely used to study the trafficking of transfected PrPC,

Endocytosis of prion protein
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Fig. 6. Much cell surface, and all endocytosed, PrP€ on N2a cells is in
membrane that is fully solubilized in Brij 96 and Triton X-100.
(A) Western blot of PrP€ and Thy-1 in density gradient fractions after
solubilization in 0.5% Brij 96 or Triton X-100. Fractions pooled for the
raft and fully solubilized fractions are indicated. (Rafts float at lower
density in Brij 96 than Triton X-100; Madore et al., 1999.) (B) Cells
reacted with disulfide-linked biotin were either solubilized immediately
(‘surface’) in Brij 96 or Triton X-100, or first incubated for 15 min at
37°C before surface biotin was stripped by reductive cleavage (‘inter-
nal’) and then solubilized. PrPC in pooled raft/solubilized fractions was
immunoprecipitated and visualized by streptavidin—horseradish peroxi-
dase (HRP). Lanes 1 and 3, immunoprecipate; lanes 2 and 4, post-
precipitate  supernatant. (C) Controls for reductive cleavage.
Electrophoresed samples probed with streptavidin—HRP were: 1, bio-
tinylated cells cleaved with glutathione; 2, cells biotinylated only; and
3, cells biotinylated, incubated for 15 min at 37°C then cleaved with
glutathione. (D) Confirmation by western blot that immunoprecipitation
of PrPC in (B) was quantitative: lanes 1 and 3, immunoprecipitate;
lanes 2 and 4, post-precipitate supernatant.

reproduced the neuronal difference in surface localization
and trafficking of Thy-1 and PrPC. Thy-1 is not expressed
endogenously by N2a cells; we therefore expressed it by
transfection and selected by flow cytometry a polyclonal
population that expressed surface levels of Thy-1 com-
parable with their level of endogenous PrPC. As with brain
membranes (Madore er al., 1999), endogenous mouse
PrP€ on the N2a cells was more soluble than Thy-1
(Figure 6A); and PrPC but not Thy-1 was endocytosed by
these cells (Figures 1I and 8). They therefore seemed an
acceptable model for the membrane organization and
trafficking of both GPI-anchored proteins.

Endogenously expressed PrPC was endocytosed on N2a
cells more slowly than on sensory neurons, with ~25%
internalized within 10 min (Figures 5, 7C and 8; cf. Shyng
et al., 1993). TfR on the cell surface was again
significantly associated with PrPC but not Thy-1
(Figures 4B and 5A-D). TfR and PrP€ occurred frequently
within coated pits and vesicles (Figure SE-G). Double
labelling for PrPC and TfR was readily found at all stages
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Fig. 7. The N-terminal domain of PrPC is sufficient to specify the
solubility and endocytosis of a GPI-anchored protein. (A) Scheme
showing the fusion protein PrP!’-Thy-1, in which the N-terminal
domain of PrP€ is joined via a flexible linker to full-length Thy-1. SS,
signal sequence of PrP; OR, octapeptide repeats; CHO, the N-linked
carbohydrate chains of Thy-1; S-S, disulfide bonds of Thy-1. Amino
acids are abbreviated in single letter code. (B) Western blots of density
gradient fractions after solubilization of N2a cells in Brij 96 with
(right) or without (left) 0.5% sodium deoxycholate, probed for PrPC,
Thy-1 or fusion PrP'%-Thy-1. (C) Endocytosis measured by protection
of biotinylated protein from extracellular reductive cleavage. N2a cells
were surface biotinylated, and either solubilized immediately (total) or
incubated at 37°C for the number of minutes indicated before external
biotin was removed by glutathione cleavage; endogenous PrPC (left)
and Thy-1 (middle) or fusion PrP'97-Thy-1 (right) were immunopreci-
pitated and detected using streptavidin—HRP (upper panel) or western
blotting (lower panel).

of intracellular trafficking, from coated pits and vesicles,
through small vesicles to tubulovesicular structures
(Figure 5). The route of endocytosis of PrPC¢ on N2a
cells appeared, therefore, to reproduce that followed on
neurons, although with slower kinetics. Endocytosis of
Thy-1 was too slow to be detected over 15-25 min.

Is a fraction of surface PrP¢ outside lipid rafts?

Since the TfR is used as the prototypical non-raft protein,
could a proportion of PrP€ be outside rafts? We have used
insolubility in Brij 96 as a criterion of raft association,
since it has particular advantages for isolating neuronal
rafts (Madore er al., 1999); however, insolubility of
protein in Triton X-100 has long been accepted as
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Fig. 8. Distribution of 5 nm gold-Fab detecting PrP, PrP'’-Thy-1
(Fusion) and Thy-1 on the cell surface (black) and within intracellular
vesicles (stripes) on N2a cells after 10 min incubation at 37°C. The
percentages of labelled PrPC and fusion protein on the cell surface and
within intracellular vesicles were similar (P = 0.57 and 0.64, respect-
ively) and differed from Thy-1 (P < 0.0001).

indicative of raft association (Brown and Rose, 1992;
Simons and Ikonen, 1997).

A substantial proportion of brain PrP€, but not Thy-1, is
fully solubilized in both Brij 96 and Triton X-100 (Madore
et al., 1999; and Supplementary data). For N2a cells also,
~50% of PrP€ was found in the fully solubilized fraction
after extraction with either Brij 96 or Triton X-100, in
contrast to Thy-1, >99% of which floated in the raft
fraction (Figure 6A). The soluble (non-‘raft’) PrPC
undoubtedly includes some newly synthesized protein in
the endoplasmic reticulum (ER), which does not become
incorporated into detergent-resistant domains until a late
Golgi compartment (Brown and Rose, 1992). To identify
specifically surface PrPC, N2a cells were biotinylated with
membrane-impermeant reagent at 4°C, solubilized in Brij
96 or Triton X-100, floated on a sucrose density gradient,
and the raft and fully solubilized membrane fractions
immunoprecipitated to identify biotinylated PrPC present
in each fraction. Both detergents fully solubilized ~30—
50% of surface PrPC, with the remainder in the raft fraction
(Figure 6B).

To evaluate the solubility of endocytosed PrPC, after
biotinylation at 4°C, cells were held at 37°C for 15 min,
then residual surface biotin removed by reductive cleavage
at 4°C prior to solubilization and gradient centrifugation.
Immunoprecipitation revealed that >95% of biotinylated
PrPC, protected from reductive cleavage by being inter-
nalized (Figure 6C), was recovered in the fully solubilized
fraction (Figure 6B).

A significant proportion of surface PrPC, and virtually
all internalized PrP€, is therefore within a membrane
environment that is fully solubilized by both Triton X-100
and Brij 96.

The N-terminus of PrP¢ is sufficient to change

the lipid environment, and drive endocytosis,

of GPIl-anchored Thy-1

During each cycle of its normal endosomal trafficking, a
small fraction of PrPC is cleaved around residue 110,
leaving its residual C-terminal domain in the membrane;
the truncated GPI-anchored protein devoid of its
N-terminal domain is not endocytosed (Shyng et al.,
1993). We find that this truncated C-terminal domain is
less soluble than full-length PrPC, having instead the
insolubility characteristic of Thy-1 (see Supplementary
data).
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Fig. 9. Endocytosis of fusion PrP'7-Thy-1 by N2a cells after 2 min at
37°C. (A-C) Co-localized TfR and fusion protein on the cell surface.
(D-F) Fusion protein in coated pits (D also contains a TfR label). Scale
bars are 50 nm.

The N-terminal domain is therefore necessary for both
the endocytosis of PrPC and the degree of order of the
lipids surrounding it. Is it sufficient? To examine this
question, we substituted the C-terminal domain of PrP by
linking its N-terminal 107 residues via a flexible six amino
acid linker to full-length Thy-1 (PrP!9-Thy-1; Figure 7A),
a protein with different trafficking properties but similar to
the C-terminal domain of PrPC in size (121 amino acids,
compared with 111 of Thy-1), N-glycosylation and mode
of membrane anchorage (Morris, 1992).

PrP'97_Thy-1 was expressed on the surface of stably
transfected N2a cells; cells expressing ~25% the level of
endogenous PrPC were selected by flow cytometry to
ensure that the fusion protein was present at trace levels
and did not ‘swamp’ the lipid environment or protein
interactions of endogenous PrPC. The fusion protein was
found in membrane domains that largely resisted solubi-
lization in Brij 96 but were almost entirely solubilized in
Brij 96/sodium deoxycholate (Figure 7B), characteristics
of PrPC rather than Thy-1 (Figure 7B). Unlike Thy-1 itself
(Figures 1I and 7C), the fusion protein associated on the
cell surface with TfR (Figure 9A—C) and was internalized
via coated pits and coated vesicles (Figure 9D-F) to an
extent similar to endogenous PrP€ on the same cells
(Figure 8).

The N-terminal domain of prion protein is therefore
sufficient to change both the membrane environment and
trafficking properties of a foreign GPI-anchored protein to
those more typical of full-length PrPC.

A basic amino acid motif in the N-terminal domain
of PrP¢ js required for endocytosis

The N-terminal cluster of basic residues (NH,-KKRPKP)
is a candidate binding site for negatively charged
proteoglycans that are known to stimulate endocytosis of
PrPC (Shyng et al., 1995b). We therefore substituted three
of these basic residues (Figure 10A), retaining their size
and hydrophilicity along with the dibasic N-terminal 2K
to ensure cleavage of the signal sequence. These substi-
tutions were made on full-length mouse PrP internally
epitope tagged by substituting the hamster PrP sequence at
residues 109-112 so that the protein could be distin-
guished from endogenous mouse PrP¢ by 3F4 monoclonal
antibody (Kascsak et al., 1987). The native 3F4-tagged
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Fig. 10. Effect of diminishing the charge of the N-terminal cluster of
basic amino acids on the internalization and solubility of 3F4-tagged
PrPC. (A) Scheme showing the mutations introduced to tag mouse PrPC€
with the hamster 3F4 epitope, and then to mutate three N-terminal
basic residues. (B) Endocytosis of 3F4-tagged PrP (left), and of
N-terminally mutated *N-PrP (3F4 tagged) (right), measured by protec-
tion from reductive cleavage. (C) Western blots of native and
N-terminally mutated PrP (3F4-tagged) after density gradient centrifu-
gation, following solubilization in 0.5% Brij 96 with (left) or without
(right) 0.5% sodium deoxycholate.

mouse PrPC was indistinguishable from endogenous PrPC
in being endocytosed (Figure 10B), co-localizing with
endogenous PrPC (Figure 1K). However, the mutant
protein was not endocytosed (Figure 10B) and by
immunofluorescence remained almost entirely on the cell
surface (Figure 1L), like Thy-1 rather than PrPC
(Figure 11).

When the solubility of the mutant protein was analysed
on sucrose gradients, it displayed the same characteristics
as native epitope-tagged PrPC (Figure 10C), suggesting
that the signal within the N-terminal domain for
endocytosis was separable from that directing the protein
to a different lipid environment.

Discussion

PrPC is generally thought of as a cell surface protein
confined by its GPI anchor to sphingolipid rafts, from
which it is endocytosed by a Cu?*-activated mechanism,
possibly to provide a Cu?* uptake system (Harris, 1999;
Brown, 2001). This study shows that endogenous neuronal
PrPC is endocytosed at a much faster rate than suggested
by studies with transfected cell lines (Harris, 1999; Perera
and Hooper, 2001; Magalhaes et al., 2002; Marella et al.,
2002; Nunziante et al., 2003). It further demonstrates the
following: (i) PrPC leaves the detergent-insoluble ‘raft’
environment to cluster, along with the TfR, in non-raft
membrane prior to endocytosis. PrPC on the cell surface
thus rapidly trafficks through two very different membrane
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environments, possibly with very different consequences
for its conformational stability. (ii) PrPC is not endo-
cytosed as a general function of its GPI anchor, but rather
as a specific property of its N-terminal domain and in
particular of its immediate N-terminal basic residues.
(iii) Endocytosis of endogenous neuronal PrPC does not
require added Cu?*; the physiological role of the traffick-
ing of this protein may be wider than (or unrelated to) the
uptake of this cation.

Route of endocytosis of PrP¢

Proof that a protein is internalized via a clathrin-
independent mechanism can be relatively straightforward;
if it is unaffected by the changes in cell metabolism
induced by blocking clathrin-dependent internalization
(changes resulting in cell death unless effective clathrin-
independent mechanisms are rapidly activated; Damke
et al., 1995; Sieczkarski and Whittaker, 2002; Wettey
et al., 2002), then a coated pit-independent mechanism
must be involved. The converse is not as easy to
demonstrate. Failure to internalize a protein in a clathrin-
blocked cell might be due to the cell’s imminent demise;
where induction of alternative mechanisms is sufficiently
robust to spare the cell, there can be no guarantee that the
pattern of internalization of the protein has not been
altered.

Such considerations are particularly pertinent for PrP¢
which, lacking a cytoplasmic domain that could bind
directly to adaptor proteins, can only be internalized by
binding to other endocytosed surface components such as
lipid rafts or transmembrane proteins/proteoglycans. Such
accessory components may not be present in amounts
sufficient to drive the endocytosis of PrPC overexpressed
in a cell line, allowing alternative mechanisms (such as the
Cu?*-dependent mechanism; Perera and Hooper, 2001;
Magalhaes et al., 2002) to come into play. We have
therefore characterized the internalization of endogen-
ously expressed PrPC on neurons, the major cell type
expressing this protein in vivo (Ford et al., 2002a,b).

On neurons, PrPC is readily found within coated pits and
coated vesicles, and associates with the TfR on the outer,
and AP2 on the inner, surface of the membrane. PrPC is
transferred rapidly and directly to the recycling endosome
and back to the cell surface with kinetics only marginally
slower than those of the TfR, and distinctly faster than
those of Thy-1. The trafficking of PrPC thus clearly differs
from the much slower, multistep clathrin-independent
trafficking described for some other GPI-anchored
proteins (Mayor et al., 1998; Chatterjee et al., 2001;
Sabharanjak et al., 2002). Our results argue that PrPC is
internalized via coated pits into recycling endosomes from
which it is rapidly retrieved to the cell surface. Green
fluorescent protein (GFP)-tagged PrPC (but not GPI-GFP)
has been shown to be endocytosed via Rab5-containing
early endosomes, implying a coated pit-mediated uptake
of the hybrid protein (Magalhaes et al., 2002).

Our finding that endocytosed PrPC is fully soluble in
non-ionic detergents agrees with previous studies on the
solubility of GPI-anchored proteins that are internalized
via coated pits (Rijnboutt er al., 1996; Vilhardt et al.,
1999) or are present in recycling endosomes (Fivaz et al.,
2002); conversely, raft proteins that are internalized via
clathrin-independent means remain in insoluble mem-
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brane in the process (Vilhardt et al., 1999; Lamaze et al.,
2001). The egress of GPI-anchored proteins from rafts
may be necessary in order to enter coated pits, since the
structure of ordered lipid domains is unlikely to accom-
modate the tight curvature of coated pits/vesicles (Morris
et al.,2003). What is remarkable about PrPC€ is how rapidly
it leaves its raft domains (or the raft domains break up
around 1it) as its endocytic complex forms on the cell
surface.

Trafficking role of the N-terminal domain of PrP¢
Shyng et al. (1995a) excised increasingly greater regions
of the N-terminal domain (retaining NH2KK, with 3+
charges, throughout) and found a progressive reduction of
up to 70% in PrP¢ endocytosis. Nunziante er al. (2003)
found that including all the basic motif in the deletion
completely abrogated endocytosis. For both studies, it is
unclear whether the excised region is inherently necessary
for endocytosis, or acts in conjuction with the C-terminal
domain. Our demonstration that PrP’s N-terminal domain
is sufficient to drive endocytosis, and determine the
membrane microenvironment, of a foreign GPI-anchored
protein (Thy-1) shows that both these properties are
intrinsic to this domain.

Changing NH2KKRPKP to NHZKWHPHP, thereby
lowering the charge of this motif from +5 to +2 on the
cell surface (restored to +4 at pH 6 within endosomes), was
a relatively subtle mutation that completely abrogated
endocytosis. This motif forms part of a known binding site
(Pan et al., 2002; Warner et al., 2002) for sulfated
proteoglycans, major negatively charged groups on the
cell surface that stimulate endocytosis of PrP¢ (Shyng
et al., 1995b), antagonize prion infection (Gilbert and
Rudyk, 1999) and occur within prion plaques (McBride
et al., 1998). We find (J.Deng, A.Jen and R.J.Morris, in
preparation) that reduction of heparan sulfate on the
surface of sensory neurons lowers the rate of endocytosis
of PrPC, suggesting that proteoglycans are part of the
endocytic complex.

The rapid, constitutive and distinctive mode of inter-
nalization of PrPC, dependent upon the phylogenetically
conserved basic cluster of N-terminal residues (Simonic
et al., 2000; Strumbo et al., 2001; Rivera-Milla et al.,
2003), is presumably central to its normal function. This
protein is notoriously ‘sticky’, binding to many proteins
and surfaces, a property that may reflect a natural role as a
component of a scavenger receptor complex, similar to
that of another GPI-anchored protein, CD14 (Triantafilou
and Triantafilou, 2002). Known scavenger receptors in the
nervous system are expressed only on glia (Husemann
et al., 2002); PrP¢ may perform a scavaging function
directly for neurons.

Pathogenic implications of PrPC trafficking at the
cell surface

Since the basic N-terminal motif we have identified as
essential for the endocytosis of PrPC is required for the
pathogenic conversion of this protein (Zulianello et al.,
2000; Supattapone et al., 2001), does this imply that
endocytosis is essential for the propagation of prion
infection? Our results allow a more subtle mechanism; this
motif may play an essential role in the assembly of an
endocytic complex within non-raft membrane on the cell



surface. The involvement of the basic motif, and the
N-terminal domain more generally, in the conversion of
PrPC could reside in its determination of the molecular
environment of this protein on the cell surface rather than
in directing endocytosis per se.

The diversity of membrane environment sampled by
PrP€ may explain apparently contradictory results con-
cerning the infection of PrPC by exogenous PrPrs, Passage
of prion infection between cells is optimally efficient if
presented by direct cell contact between the infected cell
and its target, i.e. by PrPC and PrP™s being on opposed cell
surfaces (Kanu et al., 2002). However, PrP¢ within
isolated lipid rafts is highly resistant to conversion to
PrPrs in a non-cellular assay (Baron et al., 2002), and
inhibition of sphingolipid synthesis in cells, depleting an
essential raft component, increases the rate of conversion
of PrPC (Naslavsky er al., 1999). Both these findings
suggest that the native conformation of PrPC is protected
within the raft environment. Perhaps it is PrPC within the
endocytic complex, and not that within rafts, that is
susceptible to infection. Not only must the protein
interactions of PrP¢ be very different in these two
environments, lipid interactions must also differ signifi-
cantly (Morris et al., 2003). On neurons, raft sphingolipids
are heavily glycosylated, forming a hydrophilic glycocalx
above the membrane that would help stabilize the
hydrophilic, o-helical form of PrPC; the surface outside
rafts is dominated by non-glycosylated phosphatidylcho-
line that presents a more hydrophobic face to membrane
proteins, possibly favouring the hydrophobic PrP™s form.

Materials and methods

Labels, plasmids and biochemistry

PrPC was detected with Fab preparations of monoclonal SAF34 (Demart
et al., 1999) and sheep MoPa.!S (Ford et al., 2002a); both gave identical
patterns of labelling, remained bound at pH as low as 4.0, and were used
interchangeably. 3F4-tagged PrP was detected with monoclonal 3F4
(DAKO) (Kascsak et al., 1987), and Thy-1 with monoclonal Fabs as
before (Tiveron et al., 1994). Biotinylated or Texas red-coupled Tf were
from Molecular Probes, and LDL was from Sigma. Their production,
coupling and the steps taken to avoid multivalent binding are described in
the Supplementary data, along with the construction of plasmids
expressing mutant forms of PrP. Labelling of AP2 (Oncogene Inc.) was
detected with 10 nm anti-Ig-coated beads (British BioCell Ltd).
Immunoprecipitation and raft isolation are described in the
Supplementary data.

Cells and transfections

Mouse neuroblastoma N2a cells expressing endogenous mouse PrPC were
maintained in 20 mM HEPES/Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL) with 10% fetal calf serum. Cells were transfected
with expression vectors using Lipofectamine, selected in 1 mg/ml G418
(both Gibco-BRL) and sorted on a Cytomation multilaser flow cytometer
to obtain polyclonal populations of cells stably expressing defined levels
of the transfected proteins. Adult mouse sensory neurons (Madore ef al.,
1999) were assayed after 2-3 days in vitro.

Endocytosis assays and fluorescent analysis

Endocytosis assays and fluorescent analysis are described in detail in the
Supplementary data. Briefly, cells were serum starved for 2 h in HEPES/
DMEM, pre-labelled at 10°C for 30 min with Fabs, with Tf or LDL added
for the last 10 min; the coverslips were then placed in a 37°C incubator for
the period indicated, fixed and processed for light or electron microscopy.
Fluorescent images were collected with a Hamamatsu Orca ER camera on
a Zeiss Axiovert 100 microscope using Improvision (Warwick, UK)
OpenLab 2.0.5 software directing a piezo z-axis drive in 200 nm steps
with filter wheel control of excitation and Pinkel filter set (Omega
Optical) to handle emitted wavelengths. Images were volume
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deconvolved and passed to Volocity (Improvision) for three-dimensional
analysis. For electron microscopy, grids were viewed in a Hitachi 7600 at
75 kV with images collected digitally. Significance of data was assessed
by paired two-tailed #-tests or analysis of variance with Fisher’s protected
LSD as appropriate.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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