
tial action of the β- and γ-secretases produces the amy-
loid β-peptide that accumulates in senile plaques ob-
served in Alzheimer’s disease. The α-secretase cleaves
the precursor protein within the amyloid β-peptide, thus
precluding its formation and instead releasing the large
N-terminal ectodomain, here called sAPP. This fragment
has been shown to function as a growth factor for fibrob-
lasts (Saitoh et al., 1989) and thyrocytes (Pietrzik et al.,
1998) and to stimulate neurite growth in neuroblastoma
cells (Mattson et al., 1993; Jin et al., 1994). In addition, it
has been suggested to play a role in the regulation of pro-
liferation and differentiation of cells in the epidermal lay-
ers of the skin (Hoffmann et al., 2000). Furthermore, sAPP
can act as a protective factor against metabolic distur-
bances in neurons (Masliah et al., 1997). Our earlier stud-
ies have shown that extracellularly administered sAPP
exhibits a patchy binding pattern in immunofluorescence
after binding to cell surfaces (Hoffmann et al., 1999). The
binding of sAPP which results in stimulation of a signal
transduction cascade in the cells (Pietrzik et al., 1998;
this study), is mediated by a receptor protein that has not
yet been identified. So far, the identities of the sAPP re-
ceptor and the binding microdomains have thus re-
mained unclear.

Membrane rafts are specialized microdomains charac-
terized by detergent insolubility of their protein contents
at +4°C and enrichment of certain proteins and lipids,
especially of glycosphingolipids and cholesterol (Simons
and Ikonen, 1997). It has been suggested that rafts play a
role in endocytosis, transcytosis, signal transduction and
disease pathogenesis (for review, see Brown and Lon-
don, 1998; Hooper, 1999; Simons and Toomre, 2000).
Caveolae are flask-shaped invaginations of the plasma
membrane that represent a special form of rafts and were
first described in epithelial cells by Yamada (Yamada,
1955). Many of the above-mentioned functions of rafts
have been later assigned to caveolae which also seem to
harbor a large number of proteins necessary for signal
transduction (reviewed in Anderson, 1998). A family of
small cholesterol-binding proteins called caveolins have
been shown to be enriched in caveolae and to play a crit-
ical role in their morphogenesis. Caveolins are also likely
to directly function in signaling through caveolae and in
binding other caveolar proteins through their scaffolding
domain (Luetterforst et al., 1999; Schlegel et al., 1999).
Some growth factor receptors have been localized to
caveolae or rafts, including epidermal growth factor
(EGF) receptor (Smart et al., 1995; Mineo et al., 1996;
Waugh et al., 1998), platelet-derived growth factor recep-
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The soluble N-terminal ectodomain of amyloid pre-
cursor protein (sAPP), resulting from �-secretase-
mediated proteolytic processing, has been shown to
function as a growth factor for epithelial cells, includ-
ing keratinocytes and thyrocytes. Extracellularly ap-
plied sAPP binds to a cell surface receptor and ex-
hibits a patchy binding pattern reminiscent of that
observed for raft proteins. Here we show that (i) the
receptor-bound sAPP resides in a detergent-insolu-
ble membrane microdomain which cofractionates in
density gradients with cholesterol-rich membrane
rafts and caveolae; (ii) the sAPP-binding microdo-
mains are different from caveolae; and (iii) sAPP is ca-
pable of binding to isolated rafts and inducing tyro-
sine phosphorylation of some raft proteins. These
observations suggest that a novel type of membrane
raft is involved in sAPP signaling.
Key words: Alzheimer’s disease /Detergent-resistant
membranes /Growth factor /Microdomain.

Introduction

Amyloid precursor protein (APP) is a type I membrane
protein that has been shown to play a central role in the
pathogenesis of Alzheimer’s disease, the most common
cause of senile dementia. Several isoforms of APP are
normally expressed in tissues due to alternative splicing
of the mRNA. The isoforms 751 and 770 that contain
the Kunitz protease inhibitor (KPI) domain are the most
abundant ones in peripheral tissues, whereas in neurons,
the KPI-less isoform 695 is predominantly expressed
(Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al.,
1988). All isoforms of the membrane-bound precursor
protein can be processed by three different proteases
called secretases, resulting in the release of various pro-
teolytic fragments of biological significance. The sequen-

The Receptor-Bound N-Terminal Ectodomain 
of the Amyloid Precursor Protein Is Associated with
Membrane Rafts
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tor (Liu et al., 1996, 1997) and CD40, a member of the
tumor necrosis factor receptor family (Kaykas et al.,
2001). Moreover, a direct role for caveolae in endocytosis
has been suggested (Parton et al., 1994; Parton, 1996;
Gilbert et al., 1999).

Although caveolae are very abundant e.g. in endothe-
lial and in several epithelial cells, many cell types express
neither caveolin-1 nor -3, and thus do not exhibit any
morphologically recognizable caveolar invaginations ei-
ther. Cells devoid of caveolae include neurons, thyro-
cytes and intestinal epithelial cells. A recent report on
Caveolin-1 knockout mice indicated that in the absence
of Caveolin-1 and therefore also of caveolae, most tis-
sues are able to compensate the lack of caveolae, prob-
ably by means of other rafts (Drab et al., 2001). Recent
findings indicate that, in addition to caveolae, other forms
of rafts exist, and therefore membrane rafts might be
more heterogeneous than originally suggested (Schnitzer
et al., 1995; Huang et al., 1997; Lang et al., 1998; Waugh
et al., 1998; Röper et al., 2000). For example, Reggie-1
(also called Flotillin-2 or ESA) colocalizes with clustered
GPI-anchored proteins in detergent-insoluble, non-cave-
olar micropatches in neurons (Schroeder et al., 1994;
Lang et al., 1998; Volonte et al., 1999; Stuermer et al.,
2001). Since Reggie-1 is very ubiquitously expressed, it
can be used as a marker protein for a non-caveolar lipid
raft domain even in cells that do not exhibit any caveolae.
In caveolae-containing cells, such as NRK cells and ker-
atinocytes used in this study, Reggie-1 does not colocal-
ize with Caveolin-1 (our unpublished results).

This study was carried out to identify the microdo-
mains of the plasma membrane that are responsible for
the binding of sAPP and thus harbor the unknown sAPP
receptor. Because the patchy labeling pattern of the cell
surface-bound sAPP resembles that observed for many
raft proteins, the role of membrane rafts in the binding of
sAPP onto plasma membrane was especially analyzed.
Our results show that a novel type of sAPP-binding mem-
brane raft is involved in sAPP-signaling and is presum-
ably responsible for the biological role of sAPP.

Results

Binding of sAPP to Keratinocytes and Kidney
Fibroblasts Reveals a Patchy Binding Pattern

Our earlier studies have shown that extracellularly admin-
istrated sAPP binds to the surfaces of various cell types
exhibiting a patchy binding pattern (Hoffmann et al.,
1999, 2000). Here we have analyzed the sAPP-binding
microdomains using the bacterially produced, His-
tagged recombinant sAPP isoform 695 which lacks the
Kunitz protease inhibitor domain and corresponds to the
natural isoform of APP which is the most abundant one in
neurons. We have previously shown that the binding of
this recombinantly produced His-tagged sAPP onto the
plasma membrane is specific, mediated by an unknown

receptor protein and results in signal transduction and
enhanced proliferation of epithelial cells (Pietrzik et al.,
1998; Hoffmann et al., 1999, 2000). Our recent findings
also show that the same sAPP isoform produced in eu-
karyotic cells also exhibits a similar binding pattern on
the cell surface and comparable physiological effects in-
cluding proliferation (our unpublished results). The bacte-
rially produced protein was used in this study since we
were able to specifically detect this unglycosylated sAPP
and to distinguish it from the glycosylated endogenous
APP/sAPP using two antibodies raised against the re-
combinant protein. Neither of these antibodies, the rabbit
antiserum 3329 and the purified chicken anti-sAPP anti-
body B1, recognize the glycosylated eucaryotic protein,
and their specificity against the recombinant protein has
been shown earlier (Hoffmann et al., 1999). Our binding
assay was performed on ice in order to specifically label
the plasma membrane and to prevent the endocytic up-
take of the bound sAPP. The binding pattern of the re-
combinant sAPP is very similar in case of both the ker-
atinocytic cell line HaCaT and normal rat kidney cells
(NRK) which were used in this study. We observed no
binding of a non-related His-tagged protein (HspBp1) to
the cells in the binding assays used in this study, indicat-
ing that the binding of sAPP is specific and not mediated
by the His-tag (data not shown).

sAPP Is Detergent Insoluble and Associates with
Rafts in Density Gradients 

To study biochemically if the cell surface-bound sAPP is
associated with membranes that show the typical char-
acteristics of sphingolipid rafts, we used two different es-
tablished and well-characterized density gradient cen-
trifugation techniques which we adapted for isolating
rafts from both NRK and HaCaT cells (Song et al., 1996;
Harder et al., 1998; Harder and Kuhn, 2000). The first
method is based on the extraction of cellular membranes
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Fig. 1 sAPP is Detergent-Insoluble and Cofractionates with
Rafts in Density Gradients.
Rafts were isolated from NRK cells incubated with sAPP using
the detergent-based method of Harder et al. (1998). Fractions
from the gradient were collected (fraction 1 always corresponds
to the top of the gradient) and equal volumes were analyzed by
Western blotting and staining with antibodies against sAPP,
Caveolin-1, or Reggie-1 as indicated. Caveolin-1 and Reggie-1-
containing rafts are found in fractions 2 to 4, cofractionating with
sAPP.
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in cold detergents such as Triton X-100 and subsequent
centrifugation in Optiprep density gradients (Harder et al.,
1998; Harder and Kuhn, 2000). The second method em-
ploys a detergent-free fractionation of membranes using
a sucrose density gradient (Song et al., 1996).

NRK or HaCaT cells were incubated with 100 nM sAPP,
homogenized in the appropriate buffer with or without
detergent by mechanical shearing or sonication and
loaded onto density gradients as described in Materials
and Methods. After centrifugation, the gradients were un-
loaded from the top into fractions as indicated. Equal vo-
lumina of all fractions were run on SDS-PAGE, blotted
onto PVDF membranes and stained with various antibod-
ies as indicated below. 

Figure 1 shows a Western blot of the final gradient
fractions isolated from NRK cells extracted with 1% Tri-
ton X-100. The raft proteins Caveolin-1 and Reggie-1 are
found enriched mostly in fractions 2 and 3 of the gradient,
corresponding to the light fractions with 20 – 25% Op-
tiprep. sAPP is detected mainly in fraction 3 and to a less-
er extent in fraction 4, thus to the most part cofractionat-
ing with Caveolin-1 and Reggie-1. The signal for sAPP
detected in the gradients corresponds to the amount that
was originally bound to the cell surface and loaded into
the gradient, as determined by semiquantitative Western
Blot (data not shown). This demonstrates that sAPP re-
mains bound to its receptor despite detergent extraction.
Similar results were obtained with HaCaT and MDCK
cells or when 20 mM CHAPS was used instead of Triton
X-100 (data not shown).

We also used a detergent-free method based on car-
bonate fractionation and sucrose gradient centrifugation

to isolate rafts from sAPP-incubated HaCaT or NRK cells
(Song et al., 1996). As above, almost all of the sAPP (Fig-
ure 2, uppermost panel) was found enriched in the same
fractions as caveolin-1 and Reggie-1, flotating at frac-
tions 4 – 6 (Figure 2, second and third panel). The bulk of
the cellular protein is found at the bottom of the gradient,
as shown by total protein amounts measured from the
gradient fractions (Figure 2, lowermost panel). It should
be noted that only some 5 – 10% of the total cellular pro-
tein is present in the raft fractions and therefore the en-
richment of sAPP in these fractions is very pronounced.
Quantification of the blots showed that about 90% of the
total sAPP resides in raft fractions 4 – 6. Essentially all of
the sAPP originally bound to the cell surface can be de-
tected in the gradient fractions, indicating that the bind-
ing of sAPP with its receptor can withstand the fractiona-
tion and gradient centrifugation. 

Together, the data from the density gradient fractiona-
tions indicate that sAPP bound onto the cell surface is in-
deed detergent insoluble and physically associated with
light membrane rafts. Furthermore, the fact that sAPP
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Fig. 2 sAPP, Reggie-1 and Caveolin-1 Cofractionate in Densi-
ty Gradients of Carbonate-Fractionated Membranes.
Rafts were isolated from HaCaT cells incubated with sAPP using
the detergent-free method of Song et al. (1996). By Western
blotting, the rafts were found to reside in fractions 4 to 6, as evi-
denced by enrichment of caveolin-1 in these fractions. sAPP
cofractionated with rafts in fractions 4 – 6, together with Cave-
olin-1 and Reggie-1. Lowermost panel: only less than 10% of
the total cellular protein is found in the rafts fractions, whereas
almost all of the sAPP resides in these fractions. Thus, the en-
richment of sAPP in the raft fractions is considerable.

Fig. 3 sAPP Is Capable of Binding to Isolated Raft Fractions
and Inducing Tyrosine Phosphorylation.
(A) Rafts were isolated from HaCaT cells using the detergent-
free fractionation. Raft fractions were pooled, pelleted by cen-
trifugation and aliquots were incubated with 1 – 100 nM recombi-
nant sAPP. The membranes with the bound sAPP were
harvested by high-speed centrifugation and analyzed by West-
ern blotting with antibodies against sAPP or Caveolin-1. Upper
panel: the binding of sAPP to membrane rafts is dose depend-
ent. Lower panel: control blot for Caveolin-1 to verify equal load-
ing. (B) Rafts isolated from HaCaT cells with a detergent free
method were incubated with sAPP in the presence of ATP and
phosphatase inhibitors. Proteins were separated by SDS-PAGE
and blotted. Upper panel: Tyr-phosphorylated proteins were de-
tected with an anti-phosphotyrosine antibody. At least two
phosphorylated high molecular mass (100 – 250 kDa) proteins
are detected in the sAPP incubated rafts (right lane) but not in
the control (left lane). Lower panel: staining of the samples with
anti-Caveolin-1 antibody shows that the samples contain an
equal amount of raft preparation.
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is found in the detergent-insoluble fractions in both
NRK and HaCaT cells suggests that sAPP localizes onto
a similar kind of membrane microdomain in both cell
lines.

sAPP Can Bind onto Isolated Raft Membranes,
Inducing Tyrosine Phosphorylation 

To test if sAPP is also able to bind onto the isolated raft
membranes, rafts were isolated from HaCaT cells with

the detergent free method. The raft-containing fractions
were pooled and the membranes were pelleted through
high-speed centrifugation, resuspended into buffer and
incubated with 1 – 100 nM sAPP. The membrane fraction
was again collected by high-speed centrifugation and
analyzed for the presence of sAPP by Western blot. The
isolated raft fractions are capable of binding sAPP in a
dose-dependent manner, as demonstrated in Figure 3A
(upper panel). The Western blots were stained for Cave-
olin-1, an abundant protein in the isolated keratinocyte
rafts, to demonstrate that an equal amount of the raft
preparation was present in all samples (Figure 3A, lower
panel).

sAPP incubation of cells has been shown to result in
the activation of the MAP kinase pathway and signal
transduction in thyroid cells (Pietrzik et al., 1998). Be-
cause rafts are considered to be the centers of signal
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Fig. 4 Cell-Surface Bound sAPP Does Not Colocalize with
Clathrin, Reggie-1 or Caveolin-1.
Recombinant sAPP was allowed to bind to the surface of NRK
cells on ice, and the cells were fixed and permeabilized. A dou-
ble immunofluorescent staining was performed for sAPP (green
in A-C) and (in red) A: clathrin, B: Reggie-1, and C: Caveolin-1.
Scale bar: 10 µm. Note the lack of colocalization of sAPP with
any of the three proteins.

Fig. 5 Endocytosed sAPP Colocalizes with Caveolin-1 But Not
with Clathrin.
Recombinant sAPP was allowed to bind onto the surface of NRK
cells on ice and thereafter to be endocytosed 3 min. A double
immunofluorescent staining was performed for sAPP (green)
and for Caveolin-1 (red in A) or clathrin (red in B). A significant
colocalization of sAPP with Caveolin-1 was observed after 3 min
of endocytosis. Colocalization with clathrin was not observed
(B). Scale bar: 10 µm.
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transduction and many of the participating molecules
have been shown to be enriched in rafts (for review, see
Simons and Toomre, 2000), we analyzed whether sAPP is
also capable of inducing tyrosine phosphorylation in iso-
lated rafts, as has been shown for platelet-derived
growth factor (Liu et al., 1996, 1997). 

HaCaT cells were grown in the absence of serum for
48 h and rafts were isolated using the detergent-free
method of Song et al. (1996). The isolated membranes
were washed, pelleted and resuspended in phosphoryla-
tion buffer containing ATP and Na-orthovanadate.
Aliquots were incubated with 100 nM sAPP at 4°C for
30 min and thereafter for 5 min at 37°C. Controls were
mock-incubated without sAPP. The reaction was rapidly
stopped on ice bath, the proteins were precipitated with
tri-chloro acetic acid and separated by SDS-PAGE.
Staining for Caveolin-1 was again used to verify that an
equal amount of the raft preparation was present in all
samples (Figure 3B, lower panel). Staining of the blots
with phosphotyrosine-specific antibodies (Figure 3B, up-
per panel) shows that at least two high molecular weight
(100- 250 kDa) bands representing Tyr-phosphorylated
proteins were detected in the sAPP-incubated rafts but
not in the controls. This indicates that sAPP specifically
induces tyrosine phosphorylation of a set of proteins that
reside in the membrane rafts, and thus the sAPP/recep-
tor complexes are likely to signal through rafts.

sAPP Transiently Localizes in Caveolae 

Possible candidates for sAPP-binding microdomains are
caveolae which are present at the cell surface of epithe-
lial and fibroblastoid cells. Although our biochemical data
from the density gradient isolations argue against it, an-
other possible explanation for sAPP binding patches
would be that they represent clathrin-coated pits. There-
fore, a double immunofluorescence analysis was per-
formed on NRK cells in order to identify these micro-
domains (Figure 4). Cells incubated with sAPP were
double labeled for sAPP (green) with either the rabbit
polyclonal antiserum 3329 (Figure 4A and B) or the chick-
en antibody B1 (Figure 4C) and (red) for clathrin (Fig-
ure 4A), Reggie-1 (Figure 4B) or Caveolin-1 (Figure 4C).
As shown in Figure 4, no overlap (yellow) was detected
between sAPP and clathrin, Reggie-1, or Caveolin-1. 

Since some growth factor receptors can transiently as-
sociate with caveolae during signal transduction (Liu
et al., 1996, 1997), we next asked whether the receptor-
associated sAPP could also be found in caveolae during
endocytosis. For this purpose, sAPP was allowed to bind
on the surface of NRK cells on ice, and the cells were
thereafter incubated 3 min at 37°C to allow the endocyt-
ic uptake of the cell surface-bound sAPP. The endocy-
tosed sAPP was visualized with the chicken antibody,
and a double labeling was performed for Caveolin-1 or
clathrin. After 3 min of endocytosis, a very pronounced
colocalization of sAPP with Caveolin-1 was observed
(Figure 5A, compare with Figure 4C). The endocytosis of

sAPP does not appear to be mediated by clathrin-coated
structures, as no colocalization of clathrin with sAPP is
seen after 3 min (Figure 5B) of endocytosis. 

In order to clarify if the caveolae-associated sAPP can
be endocytosed, we performed immunoelectron micro-
scopic (EM) analysis of ultrathin (60 nm) cryosections of
NRK cells using sAPP directly coupled onto 5 nm col-
loidal gold (sAPP-gold). A similar binding pattern on the
cell surface was observed with gold-coupled sAPP as
compared to the non-coupled one, indicating that the
gold-coupling does not interfere with the binding of sAPP
on cell surfaces (data not shown). NRK cells were chosen
for these analyses because of their well-characterized
morphology and abundance of caveolae (our unpub-
lished results). The cells were incubated with sAPP-gold
on ice for 30 min and thereafter 3 – 30 min at 37°C for en-
docytosis. The cells were cooled down, fixed on ice with
glutaraldehyde and paraformaldehyde and embedded in
gelatine. Ultrathin sections were cut and labeled with an-
tibodies against caveolin-1 or clathrin. The primary anti-
bodies were detected using protein A coupled to 15 nm
gold particles (PAG15). 

In accordance with the results of the immunofluores-
cence analysis, the membrane-bound, non-endocytosed
sAPP seems to reside physically very close to caveolae,
often being detected within 200 nm from the mouth of
the caveolar invaginations, but rarely inside caveolae
(Figure 6A, B). However, after 3 min of endocytosis,
sAPP-gold is frequently found inside the caveolar clefts,
clearly colocalizing with Caveolin-1 (Figure 6C-D). Again,
a colocalization of sAPP with clathrin could not be de-
tected at any point of endocytosis, nor did we see any
sAPP-gold at the plasma membrane coated pits, strong-
ly indicating that clathrin-coated pits are not involved in
the endocytosis of sAPP (data not shown).

After 30 min of endocytosis, sAPP is found mainly in
multivesicular bodies that represent late endosomes and
lysosomes, as indicated by the colocalization of the en-
docytosed sAPP with both lyso-bis-phosphatidic acid
(LBPA, also known as bis-monoacyl-glycerophosphate;
Figure 6E), known to localize in late endosomes, and with
LIMP II; a lysosomal membrane protein (Figure 6F). These
results suggest that sAPP is taken to lysosomes for
degradation after endocytosis.

Discussion

Characteristics of sAPP Binding Rafts

We have shown here a significant enrichment of sAPP in
the detergent-insoluble membrane fractions. However,
our experiments to colocalize sAPP with some typical raft
markers could not reveal the identity of the sAPP binding
microdomains, but excluded both caveolae and the Reg-
gie-1 rafts as primary domains for the sAPP receptor. Our
finding that sAPP is able to bind onto surfaces of cells de-
ficient in GPI-anchor synthesis strongly suggest that the
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receptor for sAPP is not a GPI-anchored protein (our un-
published results). This is also in agreement with the lack
of colocalization of sAPP with Reggie-1, which has been
shown to colocalize with GPI-anchored proteins in rafts
(Lang et al., 1998; Stuermer et al., 2001).

Our data suggest that the microdomains involved in
the binding of sAPP represent a novel kind of non-caveo-
lar raft. The sAPP-binding rafts described here are Triton-
insoluble, but they seem to be physically distinct from
caveolae, as also morphologically evidenced by our elec-
tron microscopic data. Furthermore, our preliminary re-
sults from immunoisolation of the sAPP-binding rafts
suggest that the sAPP rafts do not contain Caveolin-1
and are thus a physically separate entity (our unpublished
findings). In addition, disruption of the actin cytoskeleton
which results in collapse of caveolae, does not affect the
patchy binding pattern of sAPP, suggesting that the sAPP
rafts are not tightly associated with the cytoskeleton (our
unpublished results).

Recently, more reports have emerged describing nov-
el kinds of rafts, some of which show different solubility in
detergents. A recent study showed that prominin, a mi-
crovillar protein, is associated with an apical raft that is
Triton X-100 soluble but insoluble in Lubrol WX (Röper
et al., 2000). Hayashi and coworkers recently showed
that the mature form of full-length APP is present in a
unique cholesterol-rich microdomain in some cell types
(Hayashi et al., 2000). In addition, activation of the epi-
dermal growth factor receptor has also been localized to
a raft that is distinct from caveolar membranes (Santiago-
Garcia et al., 2001). However, none of these studies re-

vealed the exact identity of the described non-caveolar
microdomains. It is unlikely that any of these would be
identical to the sAPP-binding raft, as we did not detect
any colocalization of sAPP with either the endogenous
APP or with the activated EGF receptor (our unpublished
findings). We are currently attempting to purify the sAPP
binding raft membranes further to homogeneity in order
to identify their protein and lipid components.

Recruitment of Receptor-Bound sAPP to Caveolae?

On the basis of our results which indicate that sAPP is re-
cruited into caveolae after a few minutes of uptake, it is
possible that the internalization of sAPP occurs via cave-
olae that undergo endocytosis (Parton et al., 1994;
Gilbert et al., 1999). However, we cannot rule out that af-
ter being recruited into caveolae for signal transduction,
the sAPP receptor-ligand complex is relocated from
caveolae to another domain at the plasma membrane,
and only thereafter is internalized and taken to lysosomes
for degradation. It has been shown that the EGF receptor
migrates out of caveolae in response to ligand binding
and consequent tyrosine phosphorylation of the receptor
(Mineo et al., 1999). This process seems to be necessary
for regulation of the signal transduction cascade, but mi-
gration from the caveolae is not linked with endocytosis
of the EGF receptor via coated pits. Even GPI-anchored
proteins crosslinked by antibodies at 4°C can migrate
into caveolae when incubated at 37°C, although they
have clearly been shown to first cluster in non-caveolar
rafts containing the Reggie-1 protein (Lang et al., 1998,
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Fig. 6 Endocytosed sAPP-Gold Is Located in Caveolae and Later Taken into Lysosomes.
NRK cells were incubated with sAPP coupled with 5 nm gold (arrowheads in A–D) and processed for cryosectioning. Ultrathin sections
were labeled with a Caveolin-1 antibody (A–D), an antibody against lyso-bis-phosphatidic acid (E) or against LIMP II (F), all detected
with 15 nm protein A gold. (A and B): cell surface-bound sAPP is located at the immediate vicinity but mostly not inside caveolae.
(C and D): after 3 min of endocytosis, sAPP is taken up into caveolae. Scale bar: 100 nm. After 30 min of endocytosis, sAPP is found in
multivesicular bodies colocalizing with LBPA (E) and LIMP II (F).
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Stuermer et al., 2001). As internalization of ligands such
as folate that are normally taken up by caveolae occurs
normally in Caveolin-1 knock-out mice, it seems that the
Caveolin-negative cells can also compensate the lack of
endocytic functions that normally take place through
caveolae (Drab et al., 2001). Thus, further studies will be
necessary to characterize the endocytic pathway of
sAPP and its receptor. However, the uptake of sAPP is
mediated by a clathrin-independent pathway, as we
could not observe any colocalization of sAPP with
clathrin either morphologically or biochemically.

sAPP Signaling through Rafts?

In addition to the morphological and biochemical data,
we were able to provide functional evidence for the asso-
ciation of sAPP with rafts by induction of protein tyrosine
phosphorylation in isolated rafts after sAPP incubation.
Earlier findings have suggested that sAPP could stimu-
late the phosphorylation of Elk-1 in thyrocytes, pointing
to the involvement of the MAP kinase pathway in sAPP-
induced signal transduction (Pietrzik et al., 1998). How-
ever, the phosphorylated proteins detected in isolated
rafts after sAPP incubation are unlikely to represent
Elk-1, which has a molecular mass of only about 70 kDa.
So far, we have not been able to identify these proteins
because only very small amounts are present in isolated
rafts, but it is possible that either of these phosphorylat-
ed proteins might even be the sAPP receptor. However,
this finding provides functional evidence for the associa-
tion of sAPP and its receptor with membrane rafts and in-
dicates that this complex is capable of signaling through
rafts/caveolae.

Identity of the sAPP Receptor

Previous reports have shown that the lipoprotein recep-
tor-related protein (LRP) can bind sAPP and mediate its
uptake and degradation. However, the interaction of
sAPP with LRP is dependent on the KPI domain of sAPP.
In this study we have used the sAPP isoform 695 which
does not contain any KPI domain, and thus the raft-asso-
ciated sAPP receptor capable of binding sAPP 695 must
be different from LRP. In addition, we were not able to de-
tect any colocalization of sAPP 695 with LRP (our unpub-
lished data).

Recently, it was reported that the three isoforms of
sAPP can bind to the macrophage scavenger receptor,
type A (SREC; Santiago-Garcia et al., 2001). The study
also identified sAPP as a macrophage binding and acti-
vating protein capable of competing the binding of acety-
lated low density lipoprotein particles to SREC. However,
it is unlikely that SREC would be the receptor for sAPP
that mediates the effect in epithelial cells for the following
reasons. Firstly, SREC does not colocalize with sAPP in
HaCaT cells, and secondly, SREC does not seem to be
expressed in many of the cell lines that are capable of
binding sAPP (our unpublished results). 

The raft association of sAPP and the consequent in-

duction of tyrosine phosphorylation described here are in
good agreement with the suggested role of sAPP as a
growth factor. Recent findings also show that APP can
stimulate the motility of cells (Sabo et al., 2001) and our
own results suggest that sAPP functions as a motogen
for keratinocytes (Kirfel et al., 2002). This might have im-
portant biological implications in the epidermis, since
both motility and proliferation of keratinocytes need to be
stimulated during wound healing, for example. A major
goal of our future research efforts will be to identify the
sAPP receptor and to characterize the raft-mediated sig-
nal transduction events more in detail. 

Materials and Methods 

Cell Lines and Antibodies

Normal rat kidney (NRK) cells were purchased from American
Type Culture Collection and cultured in DMEM supplemented
with 10% fetal calf serum (FCS) and penicillin/streptomycin. Ha-
CaT cells (a human keratinocyte cell line; Boukamp et al., 1988)
were cultured in DMEM containing nonessential amino acids +
10% FCS. 

The polyclonal rabbit antiserum 3329 and chicken anti-sAPP,
both raised against bacterially produced recombinant sAPP iso-
form 695, have been described earlier (Hoffmann et al., 1999).
Polyclonal Caveolin-1 antibody N-20 was purchased from San-
ta Cruz, the monoclonal antibodies for Reggie-1 (ESA) and
clathrin were from Transduction Laboratories (San Diego, USA)
and the phosphotyrosine antibody from Sigma (Taufkirchen,
Germany). Rabbit anti-mouse IgG used as a bridge in immuno-
gold labeling was purchased from Dako (Copenhagen, Den-
mark), all peroxidase- and fluorochrome-conjugated secondary
antibodies were from Jackson Immunoresearch through Diano-
va (Hamburg, Germany). Protein A coupled to colloidal gold was
purchased from the laboratory of Hans Geuze (Utrecht, Holland).

Recombinant sAPP

The production of His-tagged sAPP in bacteria and its purifica-
tion by means of metal affinity chromatography has been de-
scribed before (Pietrzik et al., 1998). The resulting recombinant
protein shows a single band of about 72 kDa in Coomassie Blue-
stained gels and can be detected with the sAPP antibodies 3329
and B1, as well as with antibodies against APP that recognize an
epitope in the N-terminal domain, such as the 22C11 monoclon-
al antibody (Weidemann et al., 1989). In some purification batch-
es, an additional band on the gel is detected which resides close
to the major band. However, this band also reacts with sAPP/
APP antibodies and thus represents heterogeneity of the recom-
binant sAPP probably due to proteolysis and not a contamina-
tion of the preparation by some other protein.

sAPP Binding and Endocytosis 

Cells grown either on plastic culture dishes or glass cover slips
were washed with cold phosphate-buffered saline (PBS),
blocked with 3% bovine serum albumine (BSA) in PBS on ice
and incubated 20 – 30 min on ice with bacterially produced, His-
tagged sAPP (100 nM) diluted into 1% BSA in PBS. After strin-
gent washing, the cells were either processed further or first in-
cubated 3 min at 37°C to allow for the endocytic uptake of the
cell-surface bound sAPP. After endocytosis, the cells were rap-
idly cooled on ice by washing with ice-cold PBS and thereafter
processed further as indicated in Results. 
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Isolation of Rafts

Rafts were isolated from HaCaT or NRK cells using the methods
described by Harder et al. (1998), Harder and Kuhn (2000) and
Song et al. (1996) with minor modifications. For detergent ex-
traction, 1% Triton X-100 was used instead of 2%. 

The Optiprep (Axis Shield, Oslo, Norway) density gradients
were collected from the top in six 0.6 ml (detergent extraction)
and the sucrose gradients in twelve 1 ml fractions (detergent-
free extraction) and analyzed by SDS-PAGE and Western blot-
ting. The blots were probed with anti-caveolin, anti-sAPP or anti-
Reggie-1 antibodies. 

Binding of sAPP to Raft Fractions 

Rafts isolated from HaCaT cells by the detergent-free method
were pelleted by ultracentrifugation at 100 000 g for 1 h in a
Beckman 50Ti rotor. The pellet was resuspended in 500 µl 1%
BSA/PBS and incubated with 100 nM sAPPrec for 30 min on ice.
For a control, rafts were incubated without sAPP. Another round
of ultracentrifugation at 100 000 g was performed to separate
raft-bound sAPP from unbound sAPP in the supernatant. The
pelleted rafts were resuspended in 100 µl loading buffer + DTT,
and 20 µl aliquots of the rafts were subjected to SDS-PAGE and
Western blotting. The bound sAPP was detected using the 3329
antibody specific for the recombinant sAPP.

Induction of Tyrosine Phosphorylation by sAPP

The stimulation of Tyr-phosphorylation in isolated rafts was per-
formed as described by Liu et al. (1996). Raft fractions from sev-
eral gradients prepared by the method of Song et al. (1996) were
pooled, aliquots (20 µg of protein) were diluted with 3 volumes of
Mes, pH 6.5, and the membranes were pelleted by centrifuga-
tion 60 min at 100 000 g in a Beckman 55.2Ti-rotor. The raft
membranes were resuspended in 500 µl of phosphorylation
buffer (1× MEM pH 7.4, 80 µg/ml BSA, 1 mM NaF, 0.2 mM

Na3VO4, 1 mM MgCl2, 0.1 mM ATP) and incubated with sAPP for
20 min at 4°C followed by 5 min in a 37°C water bath. The reac-
tion was stopped by incubation in a salt/ice bath. Proteins were
precipitated with trichloroacetic acid, washed with acetone and
resuspended in 100 µl of reducing SDS-PAGE loading buffer.
Aliquots of proteins were separated by SDS-PAGE on 7.5% gels
and blotted onto PVDF. Western blots were probed with anti-
phosphotyrosine and anti-Caveolin-1 antibodies.

Immunofluorescence 

Cells were incubated with sAPP as described above and there-
after either fixed directly or incubated at 37°C to allow endocy-
tosis of sAPP (see above). The fixation was performed with
paraformaldehyde (PFA) (unless stated otherwise) or methanol
as indicated for each experiment.

Colocalization experiments of sAPP and raft marker proteins
by indirect immunofluorescence were performed after sAPP-
binding. For double labeling experiments with Caveolin, the
polyclonal rabbit anti-Caveolin-1 antibody was used and sAPP
was detected with the chicken anti-sAPP antibody B1. For the
Reggie-1/sAPP and clathrin/sAPP double labelings, the cells
were fixed with methanol. In these cases, sAPP was detected
with the rabbit anti-sAPP antiserum 3329. As secondary anti-
bodies for the above labelings, we used a TRITC-conjugated
goat anti-rabbit antibody (for Caveolin-1), a FITC-conjugated
anti-chicken antibody (for anti-sAPP B1), a Cy3-conjugated goat
anti-mouse antibody (for Reggie-1 and clathrin), or a DTAF-con-
jugated goat anti-rabbit antibody (for sAPP antiserum 3329).
Fluorescently labeled cells were viewed with a Zeiss Confocal
Laser Scanning Microscope (Carl Zeiss, Jena, Germany). 

Cryo Immunoelectron Microscopy

Immunogold labeling of ultrathin cryosections was performed as
described according to the Tokuyasu method (Tokuyasu, 1973;
Slot and Geuze, 1985). NRK cells were incubated with sAPP
coupled into 5 nm colloidal gold, washed and fixed 2 h at room
temperature with 2% PFA and 0.2% glutaraldehyde in 0.1 M

phosphate buffer, pH 7.2. The cells were embedded into 10%
gelatine and frozen in liquid nitrogen. Ultrathin (50 – 60nm) sec-
tions were cut with a diamond knife (Drukker, Holland), recov-
ered from the knife edge with 2% methylcellulose/1.2 M sucrose
and placed on a formwar-coated copper grid. Sections were la-
beled with primary antibodies against caveolin or clathrin, and
the antibodies were detected with protein A gold (PAG). In case
of monoclonal antibodies, a bridging anti-mouse antibody
(Dako, Denmark) was used before the PAG incubation. Sections
were contrasted with uranyl acetate, embedded in methyl cellu-
lose/uranyl acetate and viewed under a Philips CM120 electron
microscope (Philips, Eindhoven, The Netherlands) under 80 kV.
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