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y-Secretase cleavage of B-amyloid precursor protein
(APP) is crucial in the pathogenesis of Alzheimer dis-
ease, because it is the decisive step in the formation of
the C terminus of B-amyloid protein (AB). To better un-
derstand the molecular events involved in y-secretase
cleavage of APP, in this study we report the identifica-
tion of a new intracellular long AB species containing
residues 1-46 (AB,4), which led to the identification of a
novel {-cleavage site between the known y- and e-cleav-
age sites within the transmembrane domain of APP. Our
data clearly demonstrate that the new (-cleavage is a
presenilin-dependent event. It is also noted that the new
{-cleavage site at AB46 is the APP717 mutation site. Fur-
thermore, we show that the new {-cleavage is inhibited
by y-secretase inhibitors known as transition state ana-
logs but less affected by inhibitors known as non-tran-
sition state y-secretase inhibitors. Thus, the identifica-
tion of AB,; establishes a system to determine the
specificity or the preference of the known 7y-secretase
inhibitors by examining their effects on the formation
or turnover of A .

The amyloid deposits in the brain of Alzheimer disease (AD)!
patients are principally composed of the 39—-43-amino acid
residue amyloid B-peptide (AB), which is derived from a large
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B-amyloid precursor protein (APP). In the amyloidogenic path-
way, APP is first cleaved at the N terminus of AB sequence by
B-secretase, to produce a soluble ectodomain, SAPPS, and a
membrane-anchored C-terminal fragment, CTFB. CTFg is then
subsequently cleaved within the transmembrane domain by
vy-secretase to produce the full-length AB and the intracellular
domain (AICD) (1). B-Secretase has been identified as a type I
membrane aspartyl protease (2, 3). The findings that knockout
of presenilin 1 (PS1) and PS2 results in the abolishment of the
y-secretase cleavage of APP and that two aspartate residues in
two transmembrane domains of presenilin have been identified
as critical for the y-secretase activity suggest that presenilin
may be the y-secretase (4-7). Recently, several other mole-
cules, namely nicastrin, Aph-1, and Pen-2, have been identified
as essential components of the y-secretase complex of which
presenilin may function as the catalytic subunit (8).

Most of the AB species contain 40 or 42 amino acids. Re-
cently, sequence analysis revealed that the N terminus of AICD
starts at residue 50 of the AB sequence, which is 7-9 amino
acids away from the C termini of AB,, and AB,,. This led to the
finding of the e-cleavage site between AB49 and AB50 (9-12).
Now the cleavage at AB40/42 has been specifically referred to
as y-cleavage site (12). However, neither the intermediate AB
peptide, which ends at the e-cleavage site, nor the C-terminal
fragment, which starts with an N terminus generated by
y-cleavage, has ever been detected. One possibility is that -
and e-cleavages occur simultaneously. The other possibility is
that there may be additional cleavages(s) between - and
e-cleavages. Here we report that, in our effort to determine
these possibilities, we identified a new cleavage site at Ap46,
which we designated as {-cleavage site.

MATERIALS AND METHODS

y-Secretase inhibitors, DAPT, compound E, y-secretase inhibitor XIX
(XIX), L-685,458, and WPE-III-31C (31C), were from Calbiochem and
dissolved in dimethyl sulfoxide (Me,SO). AB,, was from Biopeptide.
AB,, and AB,,; were from American Peptide.

Cell Lines—Human neuroblastoma M17 cells, glioma HS683 cells,
and embryonic kidney 293 cells were purchased from American Type
Cell Collection. All stably transfected N2a cell lines were established as
described previously (13). All cells were maintained in Dulbecco’s mod-
ified Eagle’s medium supplied with 10% fetal bovine serum.

Immunoprecipitation and Western Blotting—Eight hours after treat-
ment with inhibitors, cells were harvested and lysed in Western blot
lysis buffer (50 mm Tris-HCI, pH 6.8, 8 M urea, 5% B-mercaptoethanol,
2% SDS, and protease inhibitors). Secreted AB was immunoprecipitated
from conditioned medium (CM) using a Ap-specific antibody 6E10
(Senetek). Both cell lysates and the immunoprecipitates were analyzed
by 10% Bicine/urea SDS-PAGE or 10-18% regular SDS-PAGE. After
being transferred to a polyvinylidene fluoride membrane (Millipore)
and probed with specific antibodies, the immunoreactivity bands were
visualized using ECL-Plus (Amersham Biosciences).

Mass Spectrometric Analyses—N2a cells cultured in the presence of
DAPT were lysed with 1% Nonidet P-40 in IP buffer (50 mm Tris-HCI,
pH 7.4, 150 mm NacCl, 0.5% sodium deoxycholate, 5 mm EDTA, protease
inhibitor mixture). After centrifugation at 20,000 X g at 4 °C for 15 min,
the supernatant was diluted with equal amounts of IP buffer to bring
down the concentration of Nonidet P-40 to 0.5%. The intracellular AB
species were immunoprecipitated using 6E10. The immunoprecipitate
was eluted from beads with a buffer of 1% trifluoroacetic acid and 45%
acetonitrile and then subjected to matrix-assisted laser desorption/
ionization mass spectrometric (MALDI-MS) analysis performed on a
Voyager-DE STR mass spectrometer as described previously (14).
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Fic. 1. Detection of a new intracellular AB species. A, APP
derivatives in lysates or media of cells treated with (lanes 2-5) or
without (lane 1) various inhibitors (500 nMm DAPT, 100 nm DAPM, 3 nMm
compound E (CPDE), and 5 nm XIX, respectively) for 8 h were analyzed
by 10-18% Tris/glycine-SDS-PAGE (top and second panels) or by
Bicine/urea SDS-PAGE (third and bottom panels). Lane 6 is the mix of
synthetic AB,, and AB,,. Lane 7 is the synthetic AB,;. The top panel is
the blot probed with C15. The second, third, and bottom panels are the
blots probed with 6E10. Since the CTFB and CTF« derived from recom-
binant APPsw are tagged with a myc epitope, they were detected as
bands with slower migration rates than the endogenous CTFa
(CTFafend), top panel) (15). The bottom panel is the AB immunopre-
cipitated from CM. B, cell lysates of human glioma HS683 (lanes 1 and
2) and human neuroblastoma M17 (lanes 3 and 4) cells treated with (3
nM) or without (=) compound E (CPDE) as indicated for 8 h were
analyzed for the presence of the new A species. As controls, cell lysates
of N2a cells stably expressing APPsw and PS1wt treated with (lane 6)
or without (lane 5) compound E were included. Lane 7 is the mix of
synthetic AB,, and AB,,.

RESULTS

Identification of a New Intracellular AB Species—NZ2a cells
stably expressing wild type PS1 (PS1wt) and the myc-tagged
Swedish mutant APP (APPsw), which have been used in pre-
vious studies (13, 15), were treated with or without y-secretase
inhibitors: DAPT, DAPM, compound E, and XIX. The cell ly-
sates were analyzed by 10-18% Tris/glycine SDS-PAGE fol-
lowed by Western blotting, using either 6E10, a monoclonal
antibody specific to residues 1-17 of human AB, or C15, an
antibody raised against the C-terminal 15 amino acids of APP.
As shown in Fig. 1A, treatment with these inhibitors resulted
in the accumulation of the C-terminal fragments of APP,
namely CTFB and CTFq«, generated by B- and a-secretases,
respectively, as detected by C15 (compare lanes 2-5 with lane
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1, top panel). Surprisingly, when the same samples were
probed by 6E10, a band, which is tentatively labeled as ABq
(lane 1, second panel) and has a migration rate much faster
than that of CTFB but slightly slower than those of synthetic
AB4o, AB4s, and AB,5 (compare lane I with lanes 6 and 7, second
panel), was detected in untreated cells. More interestingly, this
band was markedly increased in cells treated with y-secretase
inhibitors (compare lanes 2-5 with lane 1, second panel). The
fact that this band was not detected by C15 but was detected by
6E10 suggests that it is more likely a novel intracellular AB-
containing peptide with a higher molecular mass than AB,s.
The same samples were also analyzed by 10% Bicine/urea
SDS-PAGE as described previously (16). As shown in the third
panel, this new AB species (lanes 1-5) migrated much faster
than AB,q.4s and AB,; (lanes 6 and 7), indicating that this new
AP species is more hydrophobic than AB,;. Next, we examined
the effects of these inhibitors on the formation of secreted AB.
As shown in the bottom panel of Fig. 1A, secreted AB,, and
AB,, were detected in CM of untreated cells (lane 1) but not
detected in CM of cells treated with inhibitors (lanes 2-5), a
result consistent with many previous studies.

To determine the physiological relevance of this new A
species, we examined its presence in other types of cells. As
shown in the top panel of Fig. 1B, in the presence of 3 nm
compound E, this new A species was also detected in human
glioma HS683 cells (lane 2) and human neuroblastoma M17
cell (lane 4) without overexpressing APP. This AB species was
also detected in human embryonic kidney 293 cells (data not
shown). When analyzed by a Bicine/urea SDS-PAGE (bottom
panel), as expected, the new A species migrated much faster
than AB,y,s (compare lanes 2, 4, and 6 with lane 7). The
detection of this new A species in different types of cells, and
specifically, in cells without overexpressing APP indicates that
this new A species is a normal metabolic product of APP.

Identification of a New (-Cleavage Site at AB46—To deter-
mine the identity of the novel AB-containing peptide, mass
spectrometric analysis was carried out. The new AB species
was immunoprecipitated with 6E10 from the lysates of cells
treated with DAPT and analyzed by MALDI-MS. As shown in
Fig. 2, a major spectral peak with a mass of 4927.53 Da, which
is in agreement with the expected mass of 4926 for AB,,, was
observed. Thus, we determined the new AB species as AB,s and
identified a new cleavage site at AB46 within the transmem-
brane domain of APP between the known y-cleavage site at
AB40/42 and the e-cleavage site at AB49. We named this new
cleavage site as “{-cleavage” site, following the tradition by
which other APP processing sites were named. It is noted that
in addition to AB,q, a weak spectral peak corresponding to AB,;
(measured mass = 4614.86 Da; expected mass = 4615 Da) was
detected in the immunoprecipitate.

{-Cleavage Is PS1-dependent—The novel finding that the
new (-cleavage product AB,s was not inhibited but rather in-
creased by the known vy-secretase inhibitors DAPT etc.
prompted us to determine whether {-cleavage is dependent on
presenilin. To this end, we examined the effect of the dominant
negative aspartate mutant PS1 on the formation of AB,s. In
addition to the cells that stably express both APPsw and
PS1wt, another line of cells, APPsw/PS1(D385A), which stably
expresses both APPsw and the dominant negative mutant
PS1(D385A) and has been used in a previous study (13), was
employed. Cells were treated with or without 0.5 um DAPT for
8 h. The cell lysates and the secreted AB immunoprecipitated
from CM were analyzed by 10-18% SDS-PAGE followed by
Western blotting using specific antibodies. As shown in the top
panel of Fig. 3, full-length PS1 was detected in all cells. The
PS1 processing product, the N-terminal fragment of PS1, was
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Fic. 2. MALDI-MS spectra for AB species immunoprecipitated from lysate of cells treated with DAPT. Mass spectrometric analysis
was performed as described previously (14) except that after applying the sample matrix solution to the sample plate, formic acid and isopropanol

were added to a final concentration of 30% each.

detected in cells expressing wild type PS1 (lanes 1 and 2, top
panel) but not in cells expressing the dominant negative
PS1(D385A) mutant (lanes 3 and 4, top panel), which has been
shown not to undergo endoproteolytic processing (7). As shown
in the middle panel, in the presence of DAPT, AB,; was de-
tected in cells expressing wild type PS1 (lane 2) with concom-
itant decrease in secreted AB (bottom panel, lane 2). Interest-
ingly, AB,q, as well as secreted AB, was not detected in cells
expressing dominant negative PS1 mutant, regardless of the
presence or absence of DAPT (lanes 3 and 4), indicating that
AB, formation is PS1-dependent.

Transition State Analogs Inhibit {-Cleavage—The data pre-
sented in Fig. 1 show that the known +y-secretase inhibitors
DAPT etc. at the concentrations used, completely inhibited the
formation of secreted AB,, and AB,, produced by y-cleavage
but had less effect on the formation of AB,s produced by {-cleav-
age. This observation raises a possibility that these inhibitors
may have differential effects on y- and (¢-cleavages. In this
regard, it was noted that the inhibitors tested, namely DAPT,
DAPM, compound E, and XIX, are known as non-transition
state inhibitors. This prompted us to determine the effect of the
inhibitors known as transition state analogs on the new
{-cleavage. As shown in Fig. 4, in cells treated with DAPT,
DAPM, compound E, and inhibitor XIX (lanes 10-17 and lanes
20-27), a dose-dependent decrease in secreted AB,, and AB,, in
CM (compare with samples from untreated control cells in
lanes 9 and 19, lower panel) and, specifically at the lower range
of concentrations of these inhibitors, a concomitant increase in
CTFB and AB,s (upper panel) were observed for all these in-
hibitors. Surprisingly, it was found that AB,s was not detected
in the cells treated with transition state analogs, L.-685,458 and
31C (lanes 2-8, upper panel), although these inhibitors caused
a marked and dose-dependent decrease in secreted AB,, and
AB,, in CM (compare lanes 2—8 with lane 1, lower panel). This
result reveals an important notion that {-cleavage, which is
responsible for the formation of AB,s, is specifically inhibited
by inhibitors known as transition state analogs and is less
affected by inhibitors known as non-transition state inhibitors.
All inhibitors examined at the ranges of concentrations used
were found to have no effect on the cell growth and the expres-
sion and processing of PS1 (data not shown).

DISCUSSION

In this study we detected a new intracellular AB-containing
peptide, AB,s. The presence of AB,g in intact cells was con-
firmed in different types of cells. The finding of this new intra-
cellular AB,q is also supported by recent observations that AB
species ending at residue 46 can be detected in human tissue of
subjects with and without AD (17, 18). It is noted that AB,g4 exists
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Fic. 3. Requirement of presenilin for A, formation. Cell lines
are labeled at the top. Lysates of cells cultured in the presence (+) or
absence (—) of 0.5 um DAPT were analyzed by Western blot for the
expression of PS1 (top panel) using anti-PS1N, which is specific for the
N-terminal domain of PS1 and was raised against a peptide of 24 amino
acids corresponding to residues 27-50 of human PS1. Full-length APP
(fAPP), CTFB, and A, in the cell lysate were detected by 6E10 (middle
panel). Secreted AB and soluble APP (sAPP) immunoprecipitated from
CM were also detected by 6E10 (bottom panel).

at very low concentration in the absence of inhibitors. This may
accounts for the difficulty in detecting it in living cells.

The identification of this new AB,4 offers several novel in-
sights into the mechanism of the normal and pathogenic in-
tramembranous processing of APP and the formation of AB.

First, the identification of AB,q reveals a novel cleavage site,
{-cleavage site between the two known y- and e-cleavage sites.
Our data also clearly reveal that this new {-cleavage occurs as
a presenilin-dependent event, indicating that it is a new in-
tramembranous cleavage of APP by y-secretase or related pro-
tease activity. Moreover, the facts that AB,4 can be detected in
the absence of inhibitors and it is the predominant intracellu-
lar AB species as determined by both Western blot and mass
spectrometry analyses strongly indicate that the cleavage site
at AB46 is another major cleavage site in APP, besides the
known +y-cleavage site at AB40/42 and the e-cleavage site at
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FiG. 4. Deferential inhibitions of AB,; formation by transition state analogs and non-transition state inhibitors. Accumulation of
CTFp and the new intracellular AB,s (upper panel) and the secreted AB,, and AB,, immunoprecipitated from CM with 6E10 (lower panel) were
analyzed by 10% Bicine/urea PAGE followed by Western blotting using 6E10. Inhibitors and concentrations used are indicated on the top of the
gels. Lanes 1, 9, and 19 are controls of samples from untreated cells. Lanes 18 and 28 are the mix of synthetic AB,, and AB,, used as standards.

AB49. 1t is also noted that the new {-cleavage site at AB46 is
the site at which the AD-linked APP mutation, APP717 muta-
tion also known as London mutation, occurs (19, 20). Thus, our
finding reveals an interesting fact that the well characterized
AD-linked APP717 mutation actually occurs at a major APP
processing site, the {-site near the C terminus of AB. Also the
other well characterized AD-linked APP mutation, the Swedish
mutation occurs at another major cleavage site, the B-site at
the N terminus of AB.

Second, our dose-curve experiments clearly demonstrate
that, at the lower range of concentrations, DAPT, DAPM, com-
pound E, and XIX cause a dose-dependent decrease in secreted
AB,o2 and a concomitant increase in AB,4, suggesting a pos-
sible precursor-product relationship between AB,s and AB,p/40-
However, the observation that {-cleavage can be differentially
inhibited by +y-secretase inhibitors known as transition state
analogs but less affected by the inhibitors known as non-tran-
sition state inhibitors also raises a possibility that {-cleavage
may be catalyzed by a y-secretase-like activity. According to
this model, the dose-dependent decrease in secreted AP,y
and the concomitant increase in AB,4 caused by non-transition
state inhibitors at the lower range of concentrations may be
related to the substrate availability, i.e. when the true y-secre-
tase, which cleaves APP at AB40/42, is inhibited, it makes more
CTFp available for the putative y-secretase-like activity, which
produces AB,g. At higher ranges of concentrations, these inhib-
itors also caused a dose-dependent increase of CTFf, suggest-
ing an allosteric mechanism of the inhibitory effects of these
inhibitors on the turnover of AB,; and CTFpB.

Third and more importantly, the identification of AB,; made
it possible to determine the specificity of the known y-secretase
inhibitors. Our experiment examining the effects of the known
inhibitors on the formation and turnover of the newly identified
AB,g led to a novel finding that the newly identified {-cleavage
is specifically inhibited by inhibitors known as transition state
analogs and is less affected by inhibitors known as non-transi-
tion state inhibitors. According to the amyloid hypothesis (1),
the longer and more hydrophobic and more amyloidogenic A is
more toxic and pathogenic. In this regard, it is notable that
DAPT, DAPM, compound E, and XIX, which were previously
known to inhibit the formation of secreted AB, cause an intra-
cellular accumulation of an even longer AB species, AB,g. This
finding provides information important for the strategy of pre-
vention and treatment of AD aimed at the design of y-secretase
inhibitors. Therefore, the observation that {-cleavage is differ-
entially inhibited by so called transition state inhibitors and is
less affected by non-transition state inhibitors is significant

because it establishes, for the first time, a system to determine
the specificity or the preference of the known vy-secretase in-
hibitors by examining their effects on the formation or turnover
of AB4s. In general, the identification of the intracellular ABq4
and the new {-cleavage site may provide a potential new ther-
apeutic target for the treatment and prevention of AD.
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