Dynamic Change in Precision of ¢-Cleavage of SAPP

transferrin (Sigma-Aldrich) in conditioned medium. To
remove remaining surface-bound biotin—transferrin, cells
were washed three times with Hank’s balanced salt solution,
pH 4.0. To determine the level of surface-bound transferrin,
the treated cells were incubated for 30 min with biotin—
transferrin at 4 °C and washed three times with Hank’s
balanced salt solution, pH 7.4 (26). The resulting cell lysates
were separated by SDS—~PAGE and transferred to the PVDF
membrane. Biotin—transferrin was detected by neutravidin—
horseradish peroxidase (Pierce). The level of endocytosis in
each condition was expressed as of the ratio of internalized
vs surface-bound transferrin (31).

RESULTS

The Cell-Free Assay Constitutes Bona Fide e- and
y-Cleavages by PS/y-Secretase. BAPP, a type 1 transmem-
brane protein, undergoes PS-dependent proteolysis in its
transmembrane domain, following “shedding” of the extra-
cellular domain at - or o-sites (/7). The intramembrane
proteolysis is composed of at least two distinct proteolytic
cleavages (dual cleavage), namely, at the ¢- and y-sites
(Figure 1A) (2).

To determine whether the precision of cleavage in in-
tramembrane proteolysis by each PS/y-secretase is homo-
geneous in cells, we established a cell-free y-secretase assay
using a detergent-free membrane fraction (Figure 1) (28).
First, de novo AICD generation from carboxyl-terminal
fragment (CTF) stubs of SAPP was analyzed (Figure 1B,C).
Following a 20 min metabolic labeling of K293 cells stably
expressing SAPP sw and a 30 min chase, we extracted CMFs
from the cells and incubated them under various conditions
(celi-free incubation). To detect the C-terminus of SAPP,
cell lysates were immunoprecipitated with rabbit antiserum
6618, separated by SDS—PAGE, and analyzed by autorad-
iography. As shown in Figure 1B, during cell-free incubation
of the purified CMF, radiolabeled CTF stubs of BAPP rapidly
underwent endoproteolysis and concomitantly generated
labeled AICD. Termination of the PS function by either
exogenous expression of the PS1 dominant negative mutant
(D385N) (32) or by addition of a specific y-secretase
inhibitor to CMF (Figure 1C) inhibited generation of AICD.

We next examined the precision of both - and y-cleavages
in the cell-free assay using IP-MS analysis (Figure 1D). We
first examined the molecular species of AICD generated
during cell-free incubation. The IP-MS analysis showed that
the MS profile of AICD was consistent with that previousty
reported (Figure 1D, left panel) (7—9). In addition, the MS
spectrum of Af3 generated during cell-free incubation (Figure
1D, right panel) was almost identical to that of AB present
in the conditioned medium just before extraction of the CMF
(data not shown). We therefore conclude that the cleavages
in the cell-free assay constitute bona fide PS-dependent e-
and y-cleavages (Figure 1E).

The Precision of e-Cleavage Drastically Changes upon
Inhibition of Endocytosis. Proteolysis by PS/y-secretase
occurs on cell organelles including the PM and endosomes
before and after endocytosis (33). Here, we focused on
whether the precision of e- and y-cleavage changes upon
inhibition of endocytosis. To inhibit endocytosis, we used
the “tet-off system” (Clontech) in which the expression of
the dynamin-1 (Dyn-1) dominant negative mutant K44A is
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FIGURE 1: Generation of de novo AICD and Af in the cell-free
y-secretase assay. (A) Schematic representation of dual cleavage
of the BAPP transmembrane domain. See Results for details. (B)
Analysis of cell-free y-secretase assay products by immunopre-
cipitation/autoradiography using CMF from cells stably expressing
BAPP sw. Note that the ~7 kDa product (AICD) was generated
over time along with a concurrent reduction in the level of substrates
(CTF stubs of SAPP). (C) Analysis of cell-free y-secretase assay
products by immunoprecipitation/autoradiography using CMFs from
(i) cells expressing a dominant negative PS1 mutant (PS1 D385N)
or (ii) cells treated with or without 10 uM L685,458. (D) Molecular
species of de novo AICD and Af generated in the cell-free assay.
Molecular weights of de novo AICD (left panel) and Af (right
panel) are shown. Following a 20 min cell-free incubation, the
soluble fraction of CMF was immunoprecipitated with antibody
6618 (left panel) or 4G8 (right panel). Panels B—D show
representative data from more than three independent experiments.
(E) Schematic representation of the ¢- and y-cleavages of SAPP.
Arrowheads indicate the cleavage sites found in the assay.

induced by tetracycline withdrawal (tet (—) treatment) in
HeLa cells (Figure 2A) (26). We first examined the extent
to which this mutant suppresses endocytosis of the transferrin
receptor. We found that expression of Dyn-1 K44A inhibited
the intracellular uptake of biotinylated transferrin (Figure 1
in Supporting Information) by approximately 87 &+ 2%
(Figure 2B).

Next, we analyzed the e-cleavage in the cell-free y-secre-
tase assay using CMF from cells cultured with or without
tetracycline (Figure 2C,D). Unlike the analysis of K293 cells,
the mass spectral analysis showed that AICDe51 was a major
species formed by CMF from HeLa cells stably expressing
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FIGURE 2: Effects of Dyn-1 K44A expression in HeLa cells on the cell-free y-secretase assay. (A) Induction of Dyn-1 K44A expression.
Cells were treated without (—) or with (+) tetracycline, and cell lysates were immunoblotted with 12CAS5 (upper panel) or anti-tubulin
(Jower panel). The results show that Dyn-1 K44A is induced by removal of tetracycline. (B) Inhibition of endocytosis by Dyn-1 K44A
expression. The ratio ‘of internalized transferrin at 37 °C to cell surface bound transferrin at 4 °C in cells not expressing Dyn-1 K44A
(tet(+)) was defined as 100%. The ratio of endocytosis decreased to 13 = 2% when the expression of the mutant was induced (tet(—)). The
asterisk indicates statistical significance (P < 0.05 by Student’s t-test). (C) Mass spectra of cell-free generated AICD species. The CMFs
from HeLa cells expressing SAPP sw cultured with or without tetracycline were incubated in the cell-free assay. Asterisks indicate the
AICDe48 species. (D) The level of AICDs generated in the cell-free assay. The AICDs generated in cell-free assays were immunoprecipitated
and immunoblotted with the 6618 antiserum (left panel). The intensity of each AICD band was measured by chemiluminescence (right
panel). Generation of de novo AICDs was defined as the difference of the AICD band intensities with or without a 20 min cell-free
incubation. The asterisk indicates statistical significance (P < 0.01 by Student’s r-test). (E) Molecular species of AICD observed after a
first (left panel) and a second 20 min incubation with L685,458 (lower right panel) or vehicle control DMSO (upper right panel) using
CMF from HeLa cells expressing SAPP sw cultured without tetracycline. (F) Mass spectra of the A species generated in the cell-free
reaction, The samples were the same as those analyzed in panel C. (G) The level of Af produced in the cell-free assay. The Af generated
in the cell-free assay was analyzed by immunoprecipitation, followed by immunoblotting with the 4G8 antibody (left panel). The intensity
of each Aff band was measured by chemiluminescence (right panel). The asterisk indicates statistical significance (P < 0.01 by Student’s
t-test). In (A), (C), (E), and (F) and in the left panels of (D) and (G), the results are representative data of more than three independent
experiments. The results in (B) and the right panels of (D} and (G) indicate the means = standard deviations of at least triplicate determinations.
tet = tetracycline.

BAPP sw in our cell-free assay (Figure 2C, left panel, and
Figure 3A, right panel). Surprisingly, expression of Dyn-1
K44A greatly increased the peak height of AICDe49 relative
to that of AICDe51, indicating a change in the precision of
e-cleavage upon inhibition of endocytosis (Figure 2C; see
also Table 1). A very similar large relative increase of the
peak height of AICDe49 compared to that of AICDe51 was
also observed upon addition of 100 nM bafilomycin Al
(Figure 2B in Supporting Information), which inhibited
endocytosis by approximately 69 + 5% (Figures 1 and 2A
in Supporting Information) (34). Moreover, we found that
the relative ratio of the AICDe49 peak height to that of
AICDe51 semiquantitatively correlated with the relative
amount of each AICDe49 species, indicating that AICDe49
and AICDeS! have similar ionization efficiencies in the

matrix-associated laser desorption ionization/time-of-flight
mass spectrometry (see Figure 3 in Supporting Information).
We also examined whether the level of e-cleavage changes
upon inhibition of endocytosis by immunoblotting (Figure
2D). We detected a significant decrease in intensity of the
AICD band upon Dyn-1 K44A expression, indicating that
the level of e-cleavage decreases upon inhibition of endocy-
tosis. These findings suggest that inhibition of endocytosis
causes a drastic change in the precision of e-cleavage.
We further investigated whether both AICDe51 and
AICDe49 are, indeed, direct products of PS/y-secretase. We
first generated de novo AICD by a 20 min cell-free
incubation (Figure 2E, left panel). The solution was further
incubated for 20 min with (Figure 2E, lower right panel) or
without (Figure 2E, upper right panel) the vy-secretase
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FIGURE 3: Cell-free y-secretase assay using PM- and endosome-
rich fractions. (A) Mass spectra of de novo AICD generated in the
cell-free assay using whole CMFs from K293 (left panel) and HeLa
(right panel) cells. Asterisks indicate AICDe48 species. (B)
Postnuclear supematant fractions of SAPP sw-expressing K293 cells
were separated by iodixanol gradient centrifugation and analyzed
by immunoblotting using antibodies to organelle marker proteins.
(C) Mass spectra of de novo AICD generated by fractions 1 and 5
from K293 cells. (D) Mass spectra of de novo AICD generated by
PM- or endosome-rich fractions from HeLa cells expressing SAPP
sw. Results in (A) to (D) are representative of more than three
independent experiments.

inhibitor L685,458. This inhibitor neither increased the
relative peak height of AICDe51 nor reduced that of
AICDe49/AICDe48, suggesting that AICDe51 is not a
degradation product of AICDe49/AICDe48 but rather is
generated directly by PS/y-secretase. '

These results indicated that there is a striking change in
the precision of e-cleavage upon inhibition of endocytosis.
We therefore examined whether there is also a parallel
remarkable change in the precision of y-cleavage. We chose
IP-MS analysis in order to observe all of the de novo Af
species. In clear contrast to the analysis of AICD (Figure
2C), IP-MS analysis did not reveal drastic differences in the
profiles of de novo A species (i.e., AB37, AB38, AB39,
Af340, and AB42) between reactions using CMF from control
cells (Figure 2F, left panel) and cells expressing Dyn-1 K44A
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(Figure 2F, right panel). Also, very similar results were
observed upon inhibition of endocytosis by bafilomycin Al
(Figure 2C in Supporting Information). Immunoprecipitation/
immunoblotting analysis for detecting Aff species revealed
a significant decrease upon expression of Dyn-1 K44A
(Figure 2G). Thus, in parallel to AICD, we detected a
decrease in the level of de novo Af3 levels in the presence
of Dyn-1 K44A expression. These results indicated a
concomitant decrease in both e- and y-cleavage efficiencies
by PS/y-secretase upon inhibition of endocytosis.

The Precision of e-Cleavage in the PM-Rich Fractions Is
Distinct from That in the Endosome-Rich Fractions. Our cell-
free p-secretase assay revealed that inhibition of endocytosis
by expression of the Dyn-1 K44A mutant causes a drastic
change in the precision of e-cleavage by PS/y-secretase but
does not concurrently cause such a change in the precision
of y-cleavage. This prompted us to investigate whether there
are differences in the precision of e-cleavage on the PM and
endosomes. Using CMFs from K293 and HeLa cells, we
performed cell-free y-secretase assays and examined the mass
spectra of the generated AICD. As described above (Figures
1D and 2C), in unstimulated K293 and HeLa cells, the
relative amounts of €49 and €51 produced are different,
indicating that the precision of cleavage at the e-site is distinct
in the two cell lines (Figure 3A).

We next examined the production of AICD species in PM-
and endosome-rich fractions isolated by iodixanol density
gradient centrifugation from CMF prepared from K293 cells
expressing SAPP sw. Na—K ATPase, a marker of PM, was
detected primarily in the lightest fraction (fraction 1; Figure
3B, first panel), whereas the early endosome markers early
endosome antigen 1 (Figure 3B, second panel) and matured
nicastrin (Figure 3B, third panel) were detected together in
higher density fractions (fractions 4 and 5). GM130, a marker
of Golgi, was found mainly in fractions 3 and 7 (Figure 3B,
fourth panel). These resulis suggest that fractions 1 and 5
are the PM- and endosome-rich fractions, respectively. When
these fractions were employed in the cell-free y-secretase
assay, we found that the peak height of AICDe51 relative
to that of AICDe49 was larger in the endosome-rich fraction
than in the PM-rich fraction (Figure 3C). In contrast, the
peak height of AICDe49 relative to that of AICDe51 was
higher in the PM-rich fraction than the endosome-rich
fraction (Figure 3C). Similarly, using membrane fractions
from HeLa cells, we found that AICDe49 was the dominant
product in PM-rich fractions, whereas AICDe51 was the
main product in endosome-rich fractions. These results
indicate that the precision of e-cleavage differs on PM and
endosomes. Specifically, cleavage at €49, which lies deeper
inside the transmembrane domain, tends to occur more on
PM than endosomes, whereas the opposite is true for
cleavage at €51, which lies closer to the cytosolic side and
the interface between transmembrane and intracellular do-
mains.

The Precision of e-Cleavage Is Affected by pH. Our results
show that the precision of cleavage at the e-site changes
drastically upon inhibition of endocytosis and is affected by
the subcellular location, The process of cleavage by PS/y-
secretase may therefore change according to the surrounding
conditions. For this reason, we examined whether changing
the pH during the cell-free y-secretase assay affects the level
and precision of - and y-cleavage. IP-MS showed that, when
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Table 1: Amino Acid Sequences of AICDe¢49 and AICDe51 Species

MW (obsd) species sequence MW (calcd)
5911 AICDe49 VOSMLKKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN® 5910.7
5680 AICDe51 168  KKKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN®? 5680.4
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FIGURE 4: Effects of pH on - and y-cleavage. (A) Mass spectra of AICD generated in the cell-free assay at pHs between 7.5 and 5.0.
CMFs from BAPP sw-expressing K293 cells were resuspended in reaction buffer at the indicated pH. Asterisks indicate AICDe48 species.
(B) The level of AICDs generated at various pHs. The cell-free incubation was performed in the presence of either 1.685,458 or vehicle
alone (DMSO) (left panel). The asterisk indicates that the intensity of the AICD band at pH 5.0 was statistically lower than those at pH 6.0
and 7.0 (P < 0.01 by Student’s t-test). (C) Mass spectra of A generated in the cell-free assay at pH 5.0 and 7.0. (D) The level of A
generated at various pHs and in the presence of L685,458 or vehicle control (DMSO). The asterisk indicates statistical significance (P <
0.01 by Student’s t-test). In (A) and (C) and the left panels of (B) and (D), the results are representative of more than three independent
experiments. In the right panels of (B) and (D), the results indicate the means = standard deviations from at least triplicate determinations.

we changed the buffer pH from 7.5 to 5.0, the relative
cleavage efficiency at the €49 and €51 sites changed (Figure
4A). The more acidic the pH, the higher the AICDe51 peak
became, demonstrating that the pH affects cleavage at the
e-site. Immunoblotting also showed that lowering the pH to
5.0 decreased the amount of AICD produced, indicating a
reduction in the total amount of cleavage at the e-site (Figure
4B). De novo AICD production was almost completely
suppressed by an inhibitor of PS-dependent y-secretase
(L685,458) at various pHs. Therefore, the AICD production
that we observed was mostly due to proteolysis by PS-
dependent y-secretase (Figure 4B). These results indicate that
alteration of the pH affects both the precision and the level
of e-site cleavage. We also studied the effect of pH on the
precision and amount of y-site cleavage. As shown in Figure
4C, we could not detect any e-cleavage-like changes in the
precision of y-cleavage. Also, lowering the pH to 5.0 caused
a reduction in the total amount of de novo Af production
(Figure 4D). Therefore, lowering the pH reduced the level
of cleavage at both the y- and e-sites. Collectively, these
results show that the pH in the cell-free assay affects the
precision of cleavage at the e-site.

DISCUSSION

In this study, we investigated intramembrane proteolysis
of SAPP and demonstrated dynamic changes in the precision

of cleavage by the PS/y-secretase. Using a cell-free y-secre-
tase assay, we showed that the precision of e-site cleavage
changes depending on the subcellular location and pH. These
results suggest that the precision of cleavage by the PS/y-
secretase complex can be regulated physiologically.

Inhibition of endocytosis also induced a change in the
precision of e-cleavage, suggesting that the function of PS/
y-secretase is related to endocytosis. The precision of
e-cleavage on PM and endosomes differs, demonstrating that
the function of PS/y-secretase may be heterogeneous in cells.
It is unlikely that the change in precision of e-cleavage
observed in this study is due to differences in the thickness
of PM and endosome membranes because very similar
changes were caused by altering the pH in the cell-free assay.
Moreover, our results suggest that the precision of e-cleavage
is more dynamic than that of y-cleavage. Therefore, our
results can be explained by (i) additional physiological factors
that interact with the active PS/y-secretase complex or (ii)
altered substrate recognition/access at different pH conditions
that exist at the plasma membrane and endosomes.

Because the PS/y-secretase complex mediates both y- and
e-cleavages in the transmembrane domain of SAPP (2), one
might predict that the processes of y- and e-cleavage would
behave the same. Previous results have shown, however, that
the effects of PS mutations on the relative levels of y42 and
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e-site cleavages do not always correlate (/7). Furthermore,
in the current study, we showed that the precision of ¢- and
y-site cleavages on PM and endosomes did not change in
paraliel. Our results support the hypothesis that the e-cleavage
process is distinct from that of the y-cleavage, although both
occur on the same transmembrane domain and are mediated
by the same PS-dependent y-secretases.

Recent reports have described the existence of several long
Af3 species that are thought to be membrane-bound remnants
from e-cleavage of CTF stubs (35—37). Also, it has been
reported that there is an association between the cleavages
at €51 and at 42, which are types of ¢- and y-site cleavages,
respectively (16). These findings indicate that there is a time-
dependent relationship between y- and e-cleavages, namely,
that y-cleavage follows e-cleavage (36, 37). If this is
generally true, de novo AICD and Af is generated from
distinct substrates in our cell-free assay; in other words,
AICDs is generated from CTF stubs of SAPP, whereas Af3
must be generated from long and membrane-bound Af.
Otherwise, our results suggest that the process determining
the precision of e-cleavage is distinct from that for the
y-cleavage. Thus, it appears that the time-dependent associa-
tion between y- and e-cleavages either is not dominant but
rather simply reflects the rate of each cleavage under
physiological conditions.

In our cell-free assay, conditions mimicking physiological
cell functions (i.e., changes in subcellular location, endocy-
tosis, and pH) affected the efficiency of cleavage at €49 and
€51; however, we could not find any consistent correlations
between relative peak heights of AICDe48 and those of
AICDe49 or AICDESL, even though AICDe48 was one of
the major species.

In summary, we demonstrate here that the precision of
e-cleavage of BAPP changes depending on endocytotic
function. In future studies, we will examine whether similar
changes in the precision of PS-mediated cleavage in the
TM-C also occur for other substrates, such as Notch-1.
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SUPPORTING INFORMATION AVAILABLE

Four figures indicating that (i) inhibition of endocytosis
by bafilomycin Al treatment caused a drastic change of
e-cleavage precision, (ii) the relative ratio of the AICDe¢49
peak height to that of AICDe51 semiquantitatively correlated
with the relative amount of each AICD species, and (iii) wt
BAPP as well as SAPP sw caused the drastic change in the
precision of e-cleavage. This material is available fiee of
charge via the Internet at http://pubs.acs.org.
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The amyloid hypothesis has been one of the popular
ideas aimed at explaining pathogenesis-of Alzheimer’s
disease (AD).! This posits that the process, by which
secreted soluble amyloid B-protein (AP) turns into its
aggregated insoluble form, is essential for the devel-
opment of AD. AB, which was originally identified bio-
chemically and is always present as insoluble amyloid
fibril in senile plaques (SP) of AD brains,-was found to
be released physiologically from cells-in the form of
soluble peptides.?® The amyloid hypothesis was a
logical solution to this contradiction. Except for
unusual conditions, -all pathological AD mutants of
presenilins (PS) and B-amyloid precursor protein
(BAPP) affect the precision of the y-cleavage site of
BAPP,! that is, the mutants cause a partial shift of the
y-cleavage site in the direction of the C-terminal with
2~3 amino acids.! As a result, the generative ratio of
AP species ending 42 (AR numbering) in relation to that
of the major A species ending 40 is up-regulated.
SP is also an invariant phenotype of sporadic AD
(SAD), and AB42 deposition in SP is obsetved in the
majority of AD cases. However, because of the highly
aggregative nature of AB42, it has been very difficult
to determine whether the precision of the y-cleavage
is affected, and thus whether Af42 generation is up-
regulated in sporadic AD brains. Nevertheless, AB42
peptide could be not only, as seen earlier, a substance
which regulates the AD pathological process, but the-

oretically also one of the most effective bio-markers
for AD. However, again because of its extremely
aggregative nature, the AB42 level in CSF or peripheral
blood of AD patients usually decreases and does not
reflect its generation,” which-makes it difficult to use
this level as a prediagnostic marker of AD.

We recently found that-a=group of peptides may
be secreted by the same mechanism as that for y-
secretase of BAPPS” We also found that the precision
of this cleavage is affected by familial Alzheimer's
disease-associated PS1 mutations similar to the
pathological endoproteolysis of BAPP? Therefore, by
measuring these AB-like peptides instead of A, it
may be possible to determine whether y-cleavage of
PAPP is affected in the SAD brain. Furthermore, it is
theoretically possible that this might lead to the use
of peptides levels as a prediagnostic marker for AD.

RIP SIGNALING

Recently, a novel sighaling paradigm has been pro-
posed, in which membrane-anchored cell-surface
receptors themselves undergo sequential endopro-
teolysis upon ligand binding and their intracellular
domains directly translocate to the nucleus and func-
tion as transcription modifiers.®® The biochemical
characteristic of such a signaling mechanism is the
importance of intramembranous endoproteclysis,
which releases the cytosolic domain of the receptor
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from membranes.®® That is, fragments which translo-
cate to the nucleus and modify transcription are
immediately generated by a special form of intramem-
branous endoproteolysis. This cleavage is known as
regulated intramembranous proteolysis (RIP).° RIP is
an as yet largely unknown endoproteolysis that can
hydrolyze a peptide bond in a highly hydrophobic
environment. RIP was first described in connection
with the sequential endoproteolysis of sterol regula-
tory element-binding protein (SREBP) (Fig. 1a),® a
membrane-bound transcription factor that regulates
cholesterol homeostasis.

A type-ll membrane-anchored transcriptional factor
ATF8, which is activated in ER stress response, has
also been shown to be a substrate for the sequential
cleavages by S1P and S2P (Fig. 1a)." Striking simi-
larities in endoproteolysis of ATF6 and SREBP can
easily be found. In both cases, “ectodomain shed-
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Figure 1 (a) Sequential cleavages of ATF-6 and SREBPs share
common features. (b) Common sequential cleavage mechanism
(RIP) when substrates share the type-1 topology in their transmem-
brane domain.
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ding” by 81P triggers intramembranous endoproteol-
ysis by 82P, which in turn generates NTF that
translocate to the nucleus.” Induction of GRP78, an
ER chaperone, is eliminated in cells lacking S2P."

On the other hand, when a disintegrin and metallo-
protease (ADAM) and presenilin (PS) dependent
y-secretase mechanism is involved in RIP, the trans-
membrane domains of the substrate receptors appear
to have a type-I topology (see Fig. 1b). In addition to
Notch receptors,'?'® BAPR™ ErbB-4,' E-Cadherin,®
LRR' CD44,"'® Nectin-1¢,"® Notch ligands, Delta and
Jagged,?®#' DCC,? P75 neurotrophin receptor,2® Alca-
dein,? and Syndecan 3% have so far been identified
as substrates for this mechanism. Although still con-
troversial, these proteins are basically thought to
undergo “extracellular shedding”, which is a prereqg-
uisite for consecutive PS dependent proteolysis.

PS comprise eight potent transmembrane proteins
with both an N- and a C-terminus in cytosol,?® and
occur in high molecular weight complexes consist-
ing of Nicastrin, Pen-2, and Aph-1.2"#® PS produce
y-secretase activity, which generates both the C-
terminus of AB and the N-terminus of the BAPP intra-
cellular cytoplasmic domain (AICD).?® Genomic
knock-out of PS1 or PS1/2 causes Notch phenotype
in vivo, which shows that the major function of PS is
to mediate Notch signaling.®® Notch signaling was
found to be a common signaling mechanism for meta-
zoans, which plays an essential role in neural differ-
entiation from ectoderm.® Recently, however, this
signaling has been found to play various roles during
not only development but also adulthood. Notch sig-
naling is realized only when Notch ligands (DSL family
proteins) expressed in signaling cells bind to Notch
receptors expressed in the signal receiving cells.
Upon binding to ligands, Notch receptors undergo
sequential endoproteolysis, which results in the
release of the cytosolic C-terminal fragment, NICD,
which is believed to directly translocate to the nucleus
and regulate transcription of target genes.?

PHYSIOLOGICAL SECRETION OF

AB-LIKE FRAGMENTS

We have analyzed in detall the PS-dependent
intramembranous proteolysis of Notch-1% and CD447
and found that, as a result of the endoproteolysis, the
AB-like Notch (Notch-1 AB-like peptide: Nf) or CD44
(CD44 AB-like peptide: CD44p) fragment was extra-
cellularly secreted in the form of NFT’ (see Fig. 2). This
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Figure 2 AB-like peptides are secreted through signal transduction
mediated by presenilin-dependent RIP.
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Figure 3 PS-dependent intramembranous  proteolysis, which we
termed the “Dual Cleavage” mechanism. Arrows indicate pro-
teolytic cleavage sites. Small transmembrane peptides between 2
cleavage sites have not yet been identified.

indicates that at least several peptides that contain a
transmembrane domain-like A are secreted in vivo
(Fig. 2). Therefore, one might suggest that secretion
of peptides containing the transmembrane domain
may be a phenomenon common to several substrates
for PS dependent endoproteolysis. Interestingly, the
C-termini of these secreted peptides do not directly
correspond to the N-termini of cytosolic CTFs func-
tioning as signaling molecules, but are formed by
distinct proteolysis upstream of the N-termini of CTFs
(Fig. 2). Thus, intramembranous endoproteolysis,
which liberates an Ap-like peptide, essentially consists
of a distinct dual endoproteolysis, which we have
‘termed “Dual Cleavage Mechanism” (Fig. 3).5" These
findings could indicate that “dual cleavage” is neces-
sary to degrade and liberate peptides from membrane.

Notch-1 BAPP

Cytosof

Figure 4 Similar effects of FAD-associated PS mutations on “dual”
v-cleavage of BAPP and Notch-1.

EFFECTS OF PS FAD MUTATION ON
INTRAMEMBRANOUS ENDOPROTEOLYSIS
OF NOTCH-1 AGREE WITH THOSE OF PAPP
An important finding is that, similar to the pathological
cut of PAPP, the precision of the fy-cleavage-
generating C-terminus of Nf is affected by FAD-
associated PS1/2 mutations (Fig. 4 and data not
shown).® Fig. 4 summarizes how dual y-cleavage of
Notch-1/BAPP and transmembrane domain are mod-
ified by PS1 L166P pathological mutation. Cleavage
efficiency of neither S4 of Notch-1 nor y40 of BAPP is
changed by the mutation® (Okochi unpublished
observation), whereas the precision of both cuts is
affected,"® which leads to increased generation of C-
terminally elongated NB/AB, derived from minor cleav-
ages occurring more C-terminally than the major cuts.
In K293 cells expressing the PS1 L166P mutant, y42/
43 (AR numbering) cleavage increases but not that of
v40 of BAPP (Moehimann PNAS). Similarly, Notch 54
cleavage at S4-1733-5 occurring more C-terminally
than major S4-1731 increases in the cell.® In any case
the PS mutant causes C-terminus AB-like peptide (AB/
NB) elongation.

Both S3 of Notch-1 and y49 of BAPP are the
other cleavage sites of dual intramembranous pro-
teolysis at the cytoplasmic border of membrane.
Importantly, efficiency of both. Notch and BAPP
endoproteolysis is decreased by the mutation.”
That is, both NICD and AICD generation decrease in
the mutant expressing cells. Considering that the
mutant does not cause decreased generation of Nf/
AP reflecting S4/y40 cleavage, mutant effects on S4/
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v40 and S3/y49 cleavages are distinct. In addition
to major y49 cleavage, a minor cut occurs at the
Y48 site of the single amino acid N-terminus in the
case of BAPP. However, since the y48 cut level was
not affected by the mutation in our study, relative
cleavage efficiency at y48 to v49 looks to be up-
regulated. Collectively, PS1L166P mutant effects
on vy-cleavage of BAPP and Notch-1 are extremely
similar. Gonsidering that both BAPP and Notch-1
undergo intramembranous endoproteolysis by an
indistinguishable dual cleavage mechanism, we pro-
pose that PS1 pathogenic mutation affects the
cleavages of BAPP and Notch-1 through an
unknown identical mechanism.

AB-LIKE PEPTIDES AS A SURROGATE OF AP
Almost 20 years ago biochemical analysis of the AD
brain revealed AP as a major constituent of senile
plaque. However, before us, other AB-like peptide
sequences have not been identified. These facts sug-
gest that the characteristic of AR to accumulate in
senile plaque might be specific to AR among AB-like
peptides. In this case, the level of AB-like peptides,
such as NB, could be used as a surrogate of AB. For
example, by measuring the relative level of NB1733-
35 to that of major Nf1731 in CSF or peripheral blood,
it may be possible to determine the AB42/40 genera-
tion ratio (see also Fig. 5). Or AB deposition leading
to AD may gradually take place over a number of
years. ltis likely that, through the process, y-secretase
activity is up-regulated® or the precision of 7
cleavage in the brain is affected.’ Therefore, by mea-
suring the level of AB-like peptide as a surrogate of
AB in healthy individuals, it may be possible to assess
how fast and how much AB is going to accumulate in
brain (Fig. 5).
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Figure 5 (a) Assessment of activity and precision of y-secretase by
measuring A like peptide as surrogate of AB. The figure indicates
our proposal. In brain of AD or those in whom the AD pathological
process has already started, extracellularly secreted AB is trapped
within brain when accumulated in senile plaques and other regions.
Because of this, a lower level of AB in peripheral blood than that
generated. is recovered. On the other hand, AB-like peptide pro-
duced by the same PS/y-secretase mechanism as AB does not
accumulate In plagues, which indicates that most of it is basically
released in peripheral blood and the peripheral blood level reflects
its generation. (b) Assessment of AB accumulation speed by AB
clearance index. In the case that generation of Ap-like peptide
reflects PS/y-secretase activity exactly, relative reduction of Ap to
Af-like peptides in peripheral blood indicates AB accumulation in
brain.
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