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Syntaxin 5 interacts with presenilin holoproteins, but not with their N- or
C-terminal fragments, and affects g-amyloid peptide production
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Mutations in presenilins 1 and 2 (PS1 and PS2) account for the ma-
jority of cases of early-onset familial Alzheimer’s disease. How-
ever, the trafficking and interaction of PSs with other proteins
in the early secretory pathways are poorly understood. Using
co-immunoprecipitation, we found that PS bound to Syx5 (syn-
taxin 5), which is a target-soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptor involved in endo-
plasmic reticulum (ER)-Golgi vesicular transport in vivo. Syx5
interacted only with the full-length PS holoproteins and not
with the naturally occurring N- or C-terminal fragments. The
PS holoproteins co-immunoprecipitated with the mutant SyxS5,
which localized to the ER and Golgi compartments, despite the
substitution of the transmembrane region with that of syntaxin
1A. In contrast, the transmembrane deletion mutant that localized
to the cytosol, but not to the ER or Golgi compartments, did
not co-immunoprecipitate the PS holoproteins. The PS1 variant

linked to familial Alzheimer’s disease (PS1AE9), lacking the
region that contains the endoproteolytic cleavage site in the cyto-
plasmic loop, showed markedly decreased binding to Syx5. Im-
munofluorescence and sucrose-density-gradient fractionation
analyses showed that the full-length PS holoproteins co-
localized with Syx5 to the ER and cis-Golgi compartments.
Furthermore, Syx5 overexpression resulted in the accumulation of
PS holoproteins and the S-amyloid precursor protein, and reduced
the secretion of the AB (amyloid B) peptide in COS-7 cells. In
summary, these results indicate that Syx5 binds to full-length PSs
and affects the processing and trafficking of S-amyloid precursor
protein in the early secretory compartments.

Key words: Alzheimer’s disease, B-amyloid, intracellular traf-
ficking, presenilin, syntaxin 5.

INTRODUCTION

Mutations in the genes that encode presenilins 1 and 2 (PS1 and
PS2) have been linked to familial forms of AD (Alzheimer’s
disease) (reviewed in [1,2]). PSs are expressed in neurons and glia
[3-5], and are localized predominantly to the ER (endoplasmic
reticulum), ERGIC (ER-Golgi intermediate compartment) and
the Golgi compartment [5-9]. Full-length PSs are primarily
ER-resident molecules that undergo endoproteolysis [10] within
the ER, with the NTF and CTF (N- and C-terminal fragments
respectively) being transported subsequently to the Golgi com-
partment followed by the formation of heterodimers [11]. The
levels and stoichiometry of these endoproteolytic fragments are
strongly regulated [10,12—14] and are incorporated into a complex
of high molecular mass [15-17]. Although the precise mech-
anisms are unknown, proteolytic processing of PS1 is not
associated with AD either in the presence or absence of PS1 mu-
tations [18]. Recent studies have suggested that PS1 acts as the
catalytic component of y-secretase [19-22], and is closely linked
to the processing of SAPP (8-amyloid precursor protein) to A 340
and ApB42 (amyloid B40 and $42) peptides (reviewed in [23]).
Cells that express mutant PSs that cause AD selectively produce
increased levels of AB42, which is the major amyloid peptide
in AD plaques, whereas PS gene knockouts have decreased pro-
duction levels of both AB40 and AB42 [24,25]. The y-secretase
activity has been localized to multiple subcellular compartments,
such as the ER, ERGIC, Golgi, post-Golgi, endosomes, lysosomes
and the plasma membrane [8,26-30]. PS cofactors, such as
nicastrin, APH-1 (anterior pharynx-1) and PEN-2 (presenilin en-

hancer-2), have been shown to play a role in the formation of the
y-secretase complex [31-36]. In addition, PSs have been shown
to be involved in the intracellular trafficking of SAPP [28,37-40],
B-catenin [41] and nicastrin [42—44] in the later secretory path-
ways. Although the precise mechanisms underlying these pheno-
mena remain unknown, it appears that PSs are involved in the
trafficking of familial AD-related proteins in the ER and Golgi
compartments before they reach the later secretory pathways,
since PSs are located primarily in the early secretory compart-
ment. However, the determinants of PS progression along the
secretory pathways and the mechanisms of intracellular traf-
ficking are poorly understood.

Previous studies using the yeast two-hybrid system showed that
HPC-1/syntaxin 1A interacts with the cytoplasmic loop region of
PS1 [45]. HPC-1/syntaxin 1A is a member of the syntaxin family
and is expressed in neuroendocrine cells [46—50]. Syntaxin 1A,
a t-SNARE (target-soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor), functions as a central
component of neurotransmitter release at the presynaptic plasma
membrane, where it forms the ‘SNARE complex’ membrane-
fusion machinery with other proteins (reviewed in [51]). Members
of the mammalian syntaxin family have been identified; most of
the individual isoforms localize to specific membrane compart-
ments along the secretory and endocytotic pathways and are
involved in the intracellular trafficking of vesicles [52-54].
However, soluble syntaxins, such as syntaxin 1C, also regulate
intracellular transport [55]. In contrast with the localization of
syntaxin 1A to the plasma membrane, full-length PS holoproteins
are present mainly in the ER to Golgi compartment in the cell.

Abbreviations used: AD, Alzheimer’s disease; AB peptide, amyloid 8 peptide; BAPP, g-amyloid precursor protein; BCOP, g-coatmer-protein; CTF and
NTF, C- and N-terminal fragments; ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate compartment; HA, haemagglutinin; PS, presenilin; SERCA,

sarcoplasmic reticulum/ER Ca?t-ATPase; Syx5, syntaxin 5.

" To whom correspondence should be addressed (e-mail ksuga@kyorin-u.ac.jp).

© 2004 Biochemical Society



620 K. Suga and others

Among the syntaxins, syntaxin 5 (referred to as Syx5) is expressed
ubiquitously in many cell types and has been shown to be localized
in the ER and Golgi compartment of the early secretory pathways
[53,56-58], which represents the predominant localization of PS
holoproteins. Since the overall secondary structures of syntaxins
are well conserved among the syntaxin family proteins, we
hypothesized that Syx5 is the primary candidate for interaction
with PSs in the ER to Golgi compartment. In this context, we
investigated the distribution patterns and in vivo interactions of
PSs and SyxS5 in the early secretory pathways of mammalian cells.
In addition, we examined the effects of Syx5 overexpression on
the production of PS holoproteins and AB. Syx5 interacted with
PS holoproteins, but not with their endoproteolytic fragments, in
the ER to Golgi compartment. Syx5 overexpression resulted in the
accumulation of the PS and SAPP holoproteins and a reduction
in the level of AB secretion.

EXPERIMENTAL
Materials and antibodies

Anti-PS antibodies were prepared as described previously [18,59].
The mouse anti-PS1 antibody PSN2 was raised against N-ter-
minal residues 31-56 of PS1 (¢PSIN). The rabbit polyclonal
antibody PS2loop was raised against residues 320-352 within
the putative hydrophilic loop region of PS2 («PS2C). The rabbit
polyclonal antibodies S182Nterm2nd («PS1N) and AD3loop3rd
(«PS1C) were raised against the NTF and CTF respectively. The
mouse polyclonal antibody AD3L recognizes the peptide that cor-
responds to residues 295-325 of PS1 («PS1C). The rabbit poly-
clonal antibody C40 was raised against the last 40 amino
acid residues IHHGVVEVDAAVTPEERHLSKMQQNGYEN-
PTYKFFEQMQN) of human BAPP. The rat monoclonal anti-
HA antibody 3F10 (where HA stands for haemagglutinin) was
purchased from Roche Diagnostics (Indianapolis, IN, U.S.A.),
the murine monoclonal antibodies against GM130 and y -adaptin
were from BD Transduction Laboratories (San Diego, CA,
U.S.A.) and «-tubulin was from Sigma (St. Louis, MO, U.S.A.)
The polyclonal rabbit anti-8COP antibody (where BCOP stands
for B-coatmer-protein) and the murine monoclonal anti-SERCA?2
antibody (where SERCA stands for sarcoplasmic reticulum/ER
Ca’*-ATPase) were from Affinity Bioreagents (Golden, CO,
U.S.A.). Alexa Fluor 488 anti-mouse, anti-rat and anti-rabbit IgGs
were purchased from Molecular Probes (Eugene, OR, U.S.A.).
The Cy3-labelled anti-rat and anti-mouse IgGs were purchased
from Jackson Immunoresearch Laboratories (West Grove, PA,
U.S.A.). Rhodamine-labelled anti-rabbit IgG was purchased from
Cappel (Aurora, OH, U.S.A.). The protease inhibitor cocktail was
purchased from Wako Chemicals (Osaka, Japan).

Plasmid construction

Plasmids that contained the cDNAs for the full-length human
syntaxin 1A and Syx5 proteins were prepared as described pre-
viously [53]. The cDNAs that encoded the full-length human
syntaxins 1A and 2—4 were obtained by PCR amplification of
the total RNA from the human neuroblastoma cell line NB-1 and
from liver and kidney cDNA libraries (Invitrogen, Groningen, The
Netherlands). The PCR products were inserted into the pcDNA3-
HAN expression vector to create HA-tagged full-length syntaxin
constructs (h1-h5). The full-length cDNA fragment that encoded
the gene for the human Syx5 was inserted into the pcDNA3-
HAN expression vector (h5-pcDNA3-HAN) [53] and was used
to create transmembrane-truncated mutants (hSATM-pcDNA3-
HAN). The cDNA fragment for amino acids 1-279 of Syx5 was
produced by PCR with a 5'-primer that contained an additional in-
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frame BamHI site and a 3'-primer that contained an additional stop
codon sequence and a Notl site just downstream of the codon for
amino acid 279. The PCR product was digested with BamHI and
Notl and cloned into the BamHI and Notl sites of the pcDNA3-
HAN vector to produce hSATM-pcDNA3-HAN. A chimaeric
mutant of HA-tagged Syx5, in which the transmembrane region
was substituted with that of syntaxin 1A (h5-1ATMD-pcDNA3-
HAN), was generated as described previously [53]. The cDNAs
that encoded the full-length human PS1 and PS2 proteins were
cloned into the expression vectors pCI (Promega, Madison, WI,
U.S.A.) and pCMV (Clontech, Palo Alto, CA, U.S.A.), thereby
generating PS1-pCI and PS2-pCMYV respectively. The cDNA that
encoded the PS1 variant that lacked exon 9 (PS1AE9) [10] was
cloned into pClneo (Promega) to generate the PS1AE9-pClneo
plasmid. The presence of the desired deletions and the identities of
the inserted sequences were verified for all the constructs, both by
direct sequencing using the ABI373A Sequencer with the BigDye
filter (Applied Biosystems Japan, Tokyo, Japan) and by digestion
with the appropriate restriction enzymes.

Cell culture, transfection and extract preparation

COS-7 and HeLa cells were cultured as described previously
[60]. On the day before transfection, the cells were inoculated
into 60 mm dishes for the immunoprecipitation experiments
and into 35 mm dishes with attached coverslips for the immuno-
cytochemical analyses. The cells were transfected using the
FuGene6 Transfection Reagent (Roche Diagnostics). Cells that
were co-transfected with wild-type or mutant PSs, together with
wild-type or mutant forms of Syx5, were harvested with a cell
scraper, recovered by centrifugation, lysed in extraction buffer
(50 mM Tris/HCI, pH 7.5/0.15 M NaCl/1 % Triton X-100) con-
taining a protease inhibitor cocktail and then sonicated for 30 s.
The insoluble material was removed by centrifugation at 15000 g
for 10 min and the supernatant was used as the extract sample.

Immunoprecipitation, SDS/PAGE and Western-blot analysis

The extracts were precleared at 4 °C for 1 h using Protein
G—Sepharose beads (Amersham Biosciences, Piscataway, NJ,
U.S.A.) to remove the material that was non-specifically bound,
and the samples were immunoprecipitated at 4 °C for 2 h with
anti-PS polyclonal antibodies or the anti-HA antibody 3F10. The
immunocomplexes were then precipitated overnight at 4 °C using
Protein G—Sepharose beads. The beads were washed twice with
the extraction buffer, followed by a single wash with 50 mM
Tris/HCI1 (pH 7.5), and the bound proteins were solubilized in
SDS sample buffer at 37 °C for 30 min. The samples were
subjected to SDS/PAGE (12 % gel) as described by Laemmli
[61] and transferred on to Immobilon P membranes (Millipore,
Bedford, MA, U.S.A.). The membranes were blocked with 5 %
(w/v) skimmed milk in PBS-T (PBS containing 0.1 % Tween 20)
for 1 h at room temperature (20 °C), and subsequently labelled
with the primary antibody for 1.5 h. After washing with PBS-T,
the blots were labelled with biotin-conjugated goat anti-IgG
antibodies (Vector Laboratories, Burlingame, CA, U.S.A.) for
30 min, followed by the avidin—biotin complex for 30 min (Vector
Laboratories). Immunoreactive bands were visualized on an X-ray
film using enhanced chemiluminescence reagents (ECL®;
Amersham Biosciences).

Discontinuous sucrose-density-gradient fractionation

On the day before transfection, the HeLa cells were inoculated
into 100 mm dishes. Cells that were transfected with the wild-type
or mutant PSs, together with wild-type or mutant forms of SyxS5,
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Figure 1 Localization of syntaxins and PSs
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(A) HA-tagged full-length syntaxins (syntaxins 1A and 2—4) were expressed in HeLa cells and fixed for 24 hafter transfection. Intracellular localization of the syntaxins was studied immunocytochemically.
Syntaxins 1A, 2, 3 and 4 (h1, h2, h3 and h4 respectively) are found in the plasma membrane, whereas HA-tagged full-length Syx5 (h5) is localized to intracellular membranes, such as the ER
and ERGIC, and is also found in the cis-Golgi compartment. (B) The locations of expressed PS1 and PS2 were examined. PS1 was probed with anti-PS1 polyclonal antibodies directed against
the N-terminal region of PS1 («PS1N) or the C-terminal region of PS1 (PS1C). PS2 was visualized with the anti-PS2 polyclonal antibody (oPS2C). Both PS1 and PS2 localize to intracellular
membranes, such as the ER and ERGIC, and are also found in the cis-Golgi. (C) Cells were co-transfected with the h5-containing plasmid, together with either the PS1 or PS2 expression plasmid,
and were fixed after 24 h of transfection. The cells were stained with the anti-HA antibody (green colour) in combination with anti-PS polyclonal antibodies («PS1C for PS1 and aPS2C for PS2; red
colour) using double-immunofluorescence methods, with co-localization indicated in yellow. Syx5 and PSs co-localize in the ER to Golgi compartment of the early secretory pathway when expressed

in Hela cells.

were harvested with a cell scraper and recovered by centrifugation.
To enrich ER- and Golgi-derived vesicles, discontinuous sucrose-
density-gradient fractionation was performed by the methods
of Greenfield et al. [26] and Gasparini et al. [62] with minor
modifications. The transfected cells were homogenized in a homo-
genization medium (10 mM Tris/HCI, pH 7.4/0.25M sucrose/
1 mM MgCl,/the protease inhibitor cocktail) in a final mixture
of 1 vol. of cell pellet to 5 vol. of homogenizing medium. The
homogenate (1 ml) was loaded on top of a step gradient that
comprised 1 ml of 2 M sucrose, 4 ml of 1.3 M sucrose, 3.5 ml of
1.16 M sucrose and 2.0 ml of 0.8 M sucrose. All the solutions con-
tained 10 mM Tris/HCI (pH 7.4) and 1 mM MgCl,. The gradients
were centrifuged for 2.5 h at 100000 g in a Hitachi P28S2 rotor.
A total of 13 fractions (750 ul) were collected from the top of
the gradient and assayed for total protein content by the Bradford
method, using BSA as the standard.

Immunocytochemistry
Immunocytochemical analyses were performed essentially as de-
scribed previously [60].

Quantification of AB using a sandwich ELISA

COS-7 cells were plated on 24-well plates (in 1 ml of medium)
before the day of transfection. Cells were transfected with the in-
dicated plasmids along with cDNA encoding APP695 (APP695-

pCI) and the medium was collected 72 h after the transfection.
AB40 and Ap42 peptides secreted into the culture medium
(100 ul) were quantified by sandwich ELISA specific for each
peptide according to the manufacture’s instructions (BioSource,
Camarillo, CA, U.S.A.; Innogenetics, Ghent, Belgium respect-
ively).

RESULTS
Intracellular localization of syntaxins and PSs

Syntaxins 1A and 2—4 have been localized to the plasma mem-
brane [49,60,63—-65]. On the other hand, Syx5 is located in the
ER to Golgi compartment [56—58]. First, we compared the distri-
bution patterns of the exogenous syntaxins and PSs that were
expressed in HeLa cells. As expected, syntaxins 1-4 (h1-h4 re-
spectively; Figure 1A) were located mainly in the plasma mem-
brane, whereas Syx5 (h5) was located predominantly in the ER to
Golgi compartment. Consistent with the observations made with
other cell types [56-58], both endogenous (results not shown)
and HA-tagged Syx5 co-localized with the cis-Golgi (marked by
GM130), ERGIC, Golgi (marked by SCOP) and partially with
the ER (marked by SERCA) in HeLa cells. Similar results were
obtained for COS-7 cells (results not shown). Using specific anti-
bodies for human PS1 (¢PS1N and «PS1C) and PS2 («PS2C), we
showed that the transfected PS1 and PS2 proteins were present in
intracellular membranes, such as the ER to Golgi compartment,
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Figure 2 Binding of PS1 and PS2 to Syx5 in vivo

(A) The PS1- and PS2-expressing plasmids were transfected into HeLa cells, along with the plasmid that carried either the HA-tagged full-length Syx5 (h5) or the transmembrane-truncated Syx5
(h5ATM). At 48 h post-transfection, the cells were harvested and immunoprecipitated (IP), and the immunocomplexes were subjected to SDS/PAGE and Western-blot analysis, as described in
the Experimental section. The ‘Input’ panels show the h5 protein bands in the ‘Input’ fraction that was probed with «HA. PS precipitation in each sample was confirmed by immunoblotting of the
same samples with the «PS1 or «PS2 murine antibodies (results not shown). Full-length Syx5 (h5) co-precipitates efficiently with PS1 and PS2 when orPS1 and «PS2 antibodies respectively are
used. Truncation mutants that lack the transmembrane region (h5 ATM) do not co-precipitate with PSs in Hela cells. (B) The COS-7 cells were co-transfected with h5 or the h5 mutant, in which the
transmembrane region was substituted with that of syntaxin 1A (h5-1ATMD), along with the PS1-gxpressing plasmid. The cells were then extracted and immunoprecipitated with either control IgGs
or the anti-HA antibody and then subjected to SDS/PAGE and Western-blot analysis, as described in the Experimental section. The ‘Input’ panels show the PS protein bands in the ‘Input’ fraction that
was probed with aPSTN or «PS1C. Syx5 precipitation was confirmed by immunoblotting of the same samples with the anti-HA antibody (results not shown). PS1 co-immunoprecipitates with h5
and h5-1ATMD. Note that only the full-length PS (FL) and not the NTF or CTF of PS co-immunoprecipitate with h5 and h5-1ATMD. (C) An experiment similar to that shown in (B) was performed
with the PS2-expressing plasmid. The right panel shows the PS protein bands that were present in the input fraction. Syx5 precipitation was confirmed by immunoblotting of the same samples with
the anti-HA antibody (results not shown). Full-length PS2 (FL), but not the CTFs, co-precipitated with h5 and h5-1ATMD (middle panel). The asterisk indicates non-specific bands. FL, full-length
holoprotein; HC, immunoglobulin heavy chain; LC, immunoglobulin light chain.

in HeLa cells (Figure 1B), as has been reported for other cell types
[5,6,11]. The PSs co-localized with SCOP and SERCA, which are
known to be enriched in the Golgi and ERGIC and in the ER re-
spectively (results not shown). These results suggest that Syx5
is located in the ER to Golgi compartment in the early secretory
pathway. As shown in Figure 1(C), when Syx5 was co-expressed
with the PSs, both PS1 and PS2 co-localized with Syx5 in the ER

presence of PSs and Syx5 in the intracellular compartment,
the Syx5 mutant that lacked the putative transmembrane region
(h5SATM) was used. This mutant Syx5 localized to the cytosol
when it was expressed in the cells (results not shown). The cells
were transfected with HA-tagged full-length Syx5 (hS5) or
h5ATM, together with PS1 or PS2, and immunoprecipitations
were performed with specific antibodies against human PSI

to Golgi compartment.

Interactions of PSs with Syx5 in vivo

We examined the in vivo interactions of PSs with Syx5, using
co-immunoprecipitation methods. For detecting the simultaneous
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and PS2. We found that Syx5 co-immunoprecipitated with both
PS1 and PS2 when it was expressed in HeLa (Figure 2A, top
panels) and COS-7 (results not shown) cells. In addition, PS1
and PS2 co-immunoprecipitated with Syx5 from the COS-7 (Fig-
ures 2B and 2C) and HeLa cells (results not shown) when the
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Figure 3 Sucrose-density-gradient fractionation of the cells that expressed
PSs and Syx5

Hela cells that expressed both Syx5 (h5) and either PS1 or PS2 were fractionated on
discontinuous sucrose-density gradients (see the Experimental section). Equal volumes from
each fraction were separated by SDS/PAGE, followed by immunoblotting with the indicated anti-
bodies. Fractions enriched for ER-derived vesicles, as assessed using the SERCA marker for the
ER, were found in the heavy fractions (fractions 4-12). Fractions enriched for Golgi-derived ves-
icles, as assessed using three different Golgi markers (8COP for ERGIC and Golgi, y-adaptin for
trans-Golgi network and GM130 for cis-Golgi), were present in the light fractions (fractions 1-4).
The full-length PSs (PSFL) were broadly localized from the ER to the Golgi fractions, whereas
their proteolytic fragments (PS1CTF and PS2CTF) were distributed predominantly in the Golgi
fractions. The distribution of Syx5 (h5) paralleled that of the full-length PSs (PSFL).

anti-HA antibody was used. As shown in Figure 2(B), the full-
length holoprotein of PS1 (FL), which is approx. 50 kDa in mass,
co-immunoprecipitated with Syx5, but not with either the proteo-
lytically cleaved NTF or the CTF of PS1. Similarly, the full-length
holoprotein of PS2, but not the CTF, co-immunoprecipitated
with Syx5 (Figure 2C, middle panel). These results indicate that
only PS holoproteins interact with Syx5 and the interaction
domains in PSs probably map to the cytoplasmic loop region,
which contains the cleavage site. Furthermore, this was also true
for the Syx5 mutant, in which the transmembrane domain was
substituted with that of syntaxin 1A (h5-1ATMD; Figures 2B
and 2C, middle panel). This mutant was shown previously to
localize to the Golgi compartment in a similar manner to that of
the wild-type Syx5 [53]. The truncation mutant hSATM, which
lacks the transmembrane region and localizes to the cytosol, did
not co-precipitate with PSs in HeLa cells (Figure 2A, top panels).
Therefore it seems probable that the interactions between Syx5
and the full-length PSs rely more on the cytoplasmic regions than
on the transmembrane domains and that these interactions occur
in specific membrane compartments of the cells.

Subcellular localization of PSs and Syx5

The full-length PS1 and PS2 proteins are proteolytically cleaved
within cells to form stable complexes that consist of heteromers
of NTF and CTF [10,14,66]. We have shown that PSs and Syx5
co-localize to the ER to Golgi compartment, using specific anti-
bodies against PS1 and PS2 (Figure 1C). However, the immuno-
cytochemical studies could not differentiate between the
full-length PS proteins and fragments thereof. Therefore we per-
formed subcellular fractionation experiments to examine further
the precise distribution of nascent PSs and their endoproteolytic
fragments in HeLa cells. To enrich for ER- and Golgi-derived
vesicles, we used discontinuous sucrose-density-gradient frac-
tionation and determined the distributions of full-length PSs and
fragments of the PSs, together with the distribution of SyxS5.
As shown in Figure 3, full-length PS1 and PS2 proteins were
observed primarily in the fractions (fractions 4-9) that were desig-
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Figure 4

(R) Hela cells that expressed both HA-tagged full-length Syx5 (h5) and PSTAE9 were
fractionated on discontinuous sucrose-density gradients. Full-length PSTAE9 migrated with an
apparent molecular mass of 47 kDa. (B) Cells were transfected with the h5-containing plasmid
and the PS1AE9-expressing plasmid and fixed after 24 h of transfection. The cells were stained
with the anti-HA antibody in combination with the anti-PS polyclonal antibodies («PS1C).
(C) Cells were transfected with h5, together with the PS1AE9-expressing plasmid. The proteins
were extracted and immunoprecipitated (IP) with either control IgGs or the anti-HA antibody
and then subjected to SDS/PAGE and Western-blot analysis, as described in the Experimental
section. Results are representative of three independent experiments. The PS1AE9 mutant
protein showed decreased binding to h5, despite the presence of considerable amounts of the
full-length PS1AE9 in the input fraction (AESFL). AESFL, full-length holoprotein of PS1AE;
wtFL, full-length holoprotein of wild-type PS1.

nated as light ER fractions, based on the presence of SERCA
(an ER-derived marker) and calnexin (results not shown). With
respect to the NTF and CTF of the PSs, they were distributed
mainly in the dense Golgi fractions (fractions 2—5), as indicated
by the presence of y-adaptin, BCOP and GM130 (trans-Golgi
network, ERGIC and cis-Golgi markers respectively). These
results were essentially identical with those reported previously
[11]. The subcellular localizations of the full-length PS1 and PS2
holoproteins paralleled specifically the distribution of Syx5. These
results suggest that full-length PS holoproteins interact with Syx5
in specific intracellular compartments.

Interaction of the PS1 variant (PS1AE9) with Syx5

Since we have shown that the cytoplasmic region of SyxS5 is
necessary for interaction with PSs and only full-length PSs co-pre-
cipitate with Syx5 (Figure 2), it seems probable that the cyto-
plasmic loop regions of the PSs mediate the binding to Syx5, as
has been observed for syntaxin 1A using two-hybrid systems in
yeast. We took advantage of the familial AD-linked PS1 variant
that lacks exon 9 (PS1AE9) [10] to examine whether the PS1
mutant could interact with Syx5. This mutant lacks the region that
corresponds to amino acids 291-319 of PS1, which contains
the endoproteolytic cleavage site of the cytoplasmic loop region.
Immunocytochemical and fractionation studies were performed to
compare the intracellular distribution pattern of the PS1AE9 holo-
protein with that of the wild-type PS. As shown in Figure 4(A),
sucrose-density-gradient fractionation analysis revealed that a
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major proportion of PSIAE9 was in the ER fraction (frac-
tions 4-9), whereas PSIAE9 was located in the light Golgi
fractions (fractions 1-3) in higher amounts when compared with
the wild-type PS1 holoprotein (Figure 3, top panel). It should be
noted that the Syx5 protein was not distributed in the light
Golgi fractions (Figure 4A, lower panel). The increase in the
amount of PS1AED9 in the Golgi fraction was examined further by
immunocytochemistry (Figure 4B). Compared with the wild-type
PS1 (Figure 1C), PS1AE9-associated immunofluorescence was
absent from the cis-Golgi, but was more clearly evident in the late
compartment of the Golgi (Figure 4B). Although the distribution
of PS1AE9 overlapped with that of Syx5 (Figures 4A and 4B),
the full-length PS1AE9 mutant protein showed a marked decrease
in binding ability to Syx5 (Figure 4C, middle panel). Similarly,
the binding of Syx5 decreased when it was immunoprecipitated
with the anti-PS1 antibody (results not shown).

Effect of Syx5 overexpression on the production of PS,
APP holoproteins and Ag

In a final series of experiments, we investigated the effect of
Syx5 overexpression on the production of PS proteins, SAPP
and A in COS-7 cells. Cells in which Syx5 was overexpressed
had higher levels of PS1 holoproteins when compared with the
mock-transfected cells (Figure 5A, left panels). Similarly, PS2-
expressing cells that simultaneously overexpressed Syx5 accumu-
lated PS2 holoproteins (Figure 5A, right panels). The NTF of PS1
did not show significant changes in the levels of the expressed pro-
teins (Figure SA, left panels). Accumulation of PS1 holoproteins
was also observed in HeLa cells that overexpressed Syx5 (results
not shown). We also examined whether Syx5 overexpression
influenced the level of the substrate for y-secretase. COS-7 cells
were transfected with h5 or mock-transfected, together with the
cDNA that encodes human BAPP (APP695-pCI). The total levels
of intracellular BAPP holoproteins were determined by immuno-
blotting. As shown in Figure 5(B, top panel), the h5-transfected
cells that overexpressed Syx5 showed a 3.6-fold increase in the
levels of intracellular BAPP holoproteins when compared with
the mock-transfected cells (average of three independent trials;
values were determined from densitometric analysis of ECL®
films). The endogenous NTF of PS1 (PSINTF) was not signifi-
cantly altered by Syx5 overexpression (Figure 5B, middle panel).
In parallel with the studies to detect the levels of intracellular
BAPP and PSINTF, the levels of AB secretion from the same
cells were examined. The levels of AB40 and AB42 that were
secreted in the medium were quantified by sandwich A8 ELISAs,
as described in the Experimental section. In cells that were
transfected with APP695 alone, AB42 accounted for less than
10% of the total amount of AS (AB40 plus AB42) that was
secreted into the medium (results not shown). Interestingly, as
shown in Figure 5(C), the overexpression of Syx5 (h5) reduced
Ap40 secretion by 43% compared with that of the mock-
transfected cells (32.0 9.9 and 56.0 £ 30.5 pg/ml respectively;
P < 0.05). Since the amount of ApB42 secreted from the COS-
7 cells that overexpressed Syx5 was below the level of detection,
it was difficult to assess the effect of Syx5 overexpression on the
secretion of AB42. Nevertheless, these results indicate that Syx5,
in co-operation with PSs, alters the production of AB peptides by
affecting the processing and/or trafficking of SAPP.

DISCUSSION
Distribution and interactions of PSs with Syx5 in vivo

We have shown previously that syntaxin 1A is transported to the
plasma membrane along a secretory pathway [60,67]. In this
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Figure 5 Effect of Syx5 overexpression on PS, APP holoproteins and AB
production

(R) The PS1-and PS2-expressing plasmids were transfected into COS-7 cells, together with the
plasmid that carries the HA-tagged full-length Syx5 (h5) or the empty vector alone (Mock). At48 h
post-transfection, the cells were harvested and the lysates were subjected to immunoblotting, as
described in the Experimental section. An antibody against «-tubulin was used as the loading
control. Overexpression of Syx5 results in increased expression of intracellular PS holoproteins
(PSTFL, PS2FL) when compared with the mock-transfected cells. (B) The COS-7 cells were
doubly transfected with the indicated plasmid along with the cDNA that encodes APP695
(APP695-pCl). The cells were harvested and extracted, 72 h after transfection. Equal amounts
of protein were loaded in each lane and subjected to immunoblotting, as described in (A).
A representative blot of three independent experiments is shown. Significant accumulation of
BAPP is observed in the cells that overexpressed Syx5. (C) Culture supernatants were collected
from the cells as described in (B). The amount of AB40 secreted was measured by selective
sandwich ELISA. The values shown are the average of six (three independent ELISAs) and 12
samples (four independent ELISAs) for h5 and Mock respectively. The error bars indicate S.D.
(*P < 0.05; Student’s ¢ test). Mock, empty pcDNA3 vector.

pathway, syntaxin 1A is first inserted into the ER and subsequently
transported to the Golgi compartment, followed by trafficking to
the plasma membrane. It has been proposed that PSs utilize a
similar secretory pathway from the ER and Golgi compartments
and that a small proportion of the total PS is targeted to the cell
surface [28]. An in vitro experiment showed that syntaxin 1A
interacts with the cytoplasmic loop region of PS1 [45]. This result
suggests that this type of interaction occurs somewhere in the
secretory pathway before reaching the plasma membrane. We
do not know how syntaxin 1A interacts with PS1. Since syn-
taxin 1A interacts with various types of proteins [48,68—72] and
has similar secondary structures to Syx5, syntaxin 1A and Syx5
may interact co-operatively or sequentially with full-length PS1
along the secretory pathway. Although the overall secondary
structures of syntaxins are well conserved among the syntaxin
family, as shown in Figure 1(A), they are found in specific com-
partments and contribute to the specificity of intracellular mem-
brane fusion. Therefore, taking into account the predominant
distribution patterns of the PSs and syntaxin proteins, we
performed experiments to examine whether Syx5, which resides
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only in the early secretory pathway, is the major isoform of syn-
taxin that interacts with PSs within cells. We showed by immuno-
cytochemical analysis that the PS and Syx5 distributions overlap
in the early secretory pathway (Figure 1). We performed dis-
continuous sucrose-density-gradient fractionation to elucidate
further the distribution patterns of the full-length PSs and frag-
ments thereof (Figure 3). As reported previously [11], the full-
length PSs are located mainly in the ER, in contrast with the
preferred localizations of the NTF and CTF of PSs in the Golgi
compartment (Figure 3). Consistent with the results obtained from
the immunocytochemical analysis (Figure 1C), the subcellular
localization of Syx5 paralleled PS distribution, particularly with
respect to the full-length holoproteins (Figure 3). These results
represent the basis for the interactions between these two proteins
in vivo. Indeed, we showed that the full-length PS1 and PS2 holo-
proteins but not the naturally occurring NTF and CTF (PSINTF,
PS1CTF and PS2CTF) co-immunoprecipitated with Syx5 (Fig-
ures 2A-2C). The full-length PSs interacted with the mutant
Syx5 (h5-1ATMD), in which the transmembrane region was
substituted with that of syntaxin 1A (Figures 2B and 2C), but
did not interact with the deletion mutant (hS ATM) that lacked the
transmembrane region, which was found in the cytosol but not in
the ER or Golgi (Figure 2A). Despite differences in the length and
amino acid composition of the transmembrane regions between
syntaxin 1A and Syx5, the h5-1ATMD mutant localizes to the ER
and Golgi [53]. Since h5-1ATMD has binding properties similar
to those of the wild-type Syx5 (Figures 2B and 2C), the trans-
membrane region of SyxS5 is not highly specific for Syx5 binding
to full-length PSs, but is necessary for the interactions that occur
in specific membrane compartments in vivo. The fact that the
PS1AE9 mutant showed a marked decrease in binding ability to
Syx5 (Figure 4C) suggests that the interaction domain is near
the site at which PS holoproteins are cleaved to generate active
heteromers of the NTF and CTF. Considering these findings,
it seems probable that Syx5 interacts with full-length PSs, at
least via their cytoplasmic regions, and that these interactions
rely more on the cytoplasmic regions than on the transmembrane
domains.

Physiological significance of the interactions between
PSs and Syx5

By overexpressing PS, we demonstrated successfully the binding
of Syx5 to full-length PSs that are present at low levels within the
cells (Figure 2). Significant accumulations of PS1 and PS2 holo-
proteins were observed in the cells that overexpressed Syx5
(Figure 5A). Since the full-length form of PS protein has been
shown to be degraded rapidly via the ER-associated degradation
pathway [13], interaction with Syx5 may protect the PS from ER-
associated degradation. Since the abundance of endoproteolytic
fragments was not significantly altered by Syx5 overexpression
(Figures 5A and 5B), it seems unlikely that Syx5 has a profound
effect on the activity of PS endoproteolysis.

Consistent with the results of a previous study [11], when the
subcellular fractionation analysis in Figure 4(A) is compared with
that in Figure 3 (left panel), it is noteworthy that in the Golgi
fraction, PSTAEY is more abundant compared with the wild-type
full-length PS1. Although most of the wild-type PS1 and PS1AE9
holoproteins are localized to the ER, these results suggest that a
larger fraction of the PS1AE9 holoprotein is transported to the
late compartment of the Golgi compared with that of the wild-
type PS, probably due to reduced interaction with Syx5. The
failure of PS1AE9 to associate with Syx5 may cause the accumul-
ation of the PS1AE9 holoprotein in the late compartment of the
secretory pathways, in which the y-secretase complex is activated.

Although it lacks proteolytic processing [11,66], PSIAE9 is
an active familial AD molecule that possesses y -secretase activity
[10,73-75]. Thus an increase in the amount of PS1AE9 in the late
compartment of the secretory pathways may lead to increased
levels of AB40 and AB42 production.

It has been reported that y-secretase is active in the late
secretory pathway and in the endosomal pathway, where little
or no PS1 is detected [76—79]. Recent studies have demonstrated
that APH-1 and PEN-2 associate with full-length PS1 and affect
the endoproteolysis of PS1 [35,80]. It is noteworthy that these
PS cofactors are reportedly localized to the ER and cis-Golgi,
where Syx5 resides. Although it is not known if these factors
form a complex with PS1 and Syx5, Syx5 may play a role in the
trafficking and maturation of the PS complexes that are required
for y-secretase activity in the late secretory compartments. In the
later secretory pathways, it has been shown that PS1 binds to
nicastrin and serves as an essential component of the y-sec-
retase complex [28,81,82]. PS1 interacts preferentially with the
mature form of nicastrin, which suggests that correct trafficking
and co-localization of the PS complex components are essential
for the execution of y-secretase activity [42—44,81]. In addition,
in studies using the PS1 mutant, it was reported that PS1 regulates
the intracellular trafficking of SAPP and other type I membrane
proteins as substrates for y-secretase [28,37—40,83,84]. These
reports suggest that the interaction with PSs is closely related
to the intracellular localization and trafficking of PS cofactors
and other proteins in the secretory pathway. However, it seems
unlikely that PSs determine the fate of other proteins and
contribute to their trafficking between the specific compartments.
The correct trafficking of PSs, as well as that of other proteins re-
lated to AD, may be determined by interactions with proteins
that are involved in vesicular transport between the specific com-
partments of the cells. In support of this idea, it has been shown
that PS1 mutants have impaired kinesin-based axonal transport
of vesicles that contain PS1, BAPP and glycogen synthase kinase
38 in neurons [85-87]. Furthermore, the PS1 mutant has been
shown to disturb the membrane transport of APP-CTF in the
late secretory pathway by affecting Rab8 metabolism in PC12D
cells [88]. PS1 is suggested to regulate intracellular trafficking
of full-length SAPP through the secretory pathways [28,39]. On
the other hand, SyxS5 is present only in the ER to Golgi compart-
ment, and it is suggested to be involved in vesicular transport in
the early secretory pathway [89-91]. Since we have demonstrated
that Syx5 interacts with PSs within the pathway, Syx5 is unlikely
to have a direct role in the catalytic activity of y-secretase. Rather,
it seems probable that Syx5, in co-operation with PSs, alters the
production of AS peptides by affecting the processing and/or
trafficking of BAPP, which is destined for the site in which active
y-secretase appears. This notion is supported by the finding
that Syx5 overexpression reduced the amount of AB40 peptide
secreted (Figure 5C). The reduction in AB secretion was not
due to either the decreased expression of SAPP or a significant
reduction in the total amount of NTF of PS1 (Figure 5B, middle
panel), which is suggested to be stabilized in the y-secretase
complex [15-17]. Instead, the reduced secretion of the AB40
peptide (Figure 5C) was correlated with an increase in the amount
of BAPP that was accumulated inside the cells (Figure 5B, top
panel). The precise mechanisms underlying these phenomena
are currently unknown. However, it is possible that Syx5 regulates
the trafficking of multiple membrane proteins that are involved in
AD and that the interactions between Syx5 and PSs define the
intracellular localization of PS cofactors, as well as the substrates
of y-secretase. If this is the case, the impairment of Syx5-mediated
transport of these proteins in the early secretory compartment may
lead to changes in AS peptide production in the later secretory
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pathways. Further investigations of the Syx5 interaction with PS
complexes may reveal new insights into the physiological roles of
PSs as well as the pathological mechanisms of AD. More rigorous
studies will demonstrate the roles of Syx5 in the interaction and
trafficking of PSs and SAPP and in the generation of AS peptides
within neuronal cell lines.
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