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y-Secretase mediates the final proteolytic cleavage, which lib-
erates amyloid B-peptide (Af3), the major component of senile
plaques in the brains of Alzheimer disease patients. Therefore,
y-secretase is a prime target for AB-lowering therapeutic strat-
egies. y-Secretase is a protein complex composed of four differ-
ent subunits, presenilin (PS), APH-1, nicastrin, and PEN-2,
which are most likely present in a 1:1:1:1 stoichiometry. PS har-
bors the catalytically active site, which is critically required for
the aspartyl protease activity of y-secretase. Moreover, numer-
ous familial Alzheimer disease-associated mutations within the
PSs increase the production of the aggregation-prone and neu-
rotoxic 42-amino acid AB. Nicastrin may serve as a substrate
receptor, although this has recently been challenged. PEN-2 is
required to stabilize PS within the yy-secretase complex. No par-
ticular function has so far been assigned to APH-1. The four
components are sufficient and required for y-secretase activity.
At least six different y-secretase complexes exist that are
composed of different variants of PS and APH-1. All y-secre-
tase complexes can exert pathological AB production.
Assembly of the y-secretase complex occurs within the endo-
plasmic reticulum, and only fully assembled and functional
y-secretase complexes are transported to the plasma mem-
brane. Structural analysis by electron microscopy and chem-
ical cross-linking reveals a water-containing cavity, which
allows intramembrane proteolysis. Specific and highly sensi-
tive y-secretase inhibitors have been developed; however,
they interfere with the physiological function of y-secretase
in Notch signaling and thus cause rather significant side
effects in human trials. Modulators of y-secretase, which
selectively affect the production of the pathological 42-amino
acid A, do not inhibit Notch signaling.
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y-Secretase Releases Amyloid 3-Peptide by an
Intramembrane Cleavage

AD? is the most frequent dementia in the world, affecting
millions of people. The amyloid cascade hypothesis, which
describes a number of consecutive steps finally leading to syn-
apse dysfunction, synapse loss, and neuronal cell death, is based
on the cellular production of AB, which initiates the deadly
cascade (1). AB metabolism is in the center of intense research
because A lowering strategies may finally lead to therapeutic
treatment or even prevention of AD. The highly amyloidogenic
A is released from its precursor, APP, by two sequential pro-
teolytic cleavages mediated by 3- and y-secretases. 3-Secretase
(BACE1 (B-site APP-cleaving enzyme 1)) (reviewed by Cole
and Vassar (64) in the second article of this minireview series)
removes the bulk of the ectodomain of APP and leaves behind a
small membrane-retained CTF (Fig. 14). Whereas -secretase
cleavage is mediated by a rather conventional aspartyl protease,
the second cut is mediated by an unusual protease, y-secretase.
With the identification of APP (2), it became apparent that A3
has to be liberated from the membrane probably by an
intramembrane cleavage event (Fig. 1, A and B). However, in
such a hydrophobic environment, water molecules are either
absent or at least very rare. Therefore, biochemists did not
believe in physiologically occurring intramembrane cleavage of
peptide bonds, and in fact, AD researchers assumed for a long
time that A could be generated only upon membrane destruc-
tion and subsequent release of the precursor into the brain
parenchyma, where conventional proteases would then have
access. However, three laboratories independently discovered
that ABis physiologically produced throughout life by a cellular
pathway that must involve intramembrane proteolysis because
membrane damage and release of the precursor could be clearly
excluded (3-5). Thus, APP processing turned out to be the first
example not only for intramembrane cleavage but also for a
cellular pathway now termed regulated intramembrane prote-
olysis. Regulated intramembrane proteolysis describes the
sequential processing of an increasing number of single-pass
transmembrane proteins, which in some cases is coupled to
nuclear signaling (6). In the first step, shedding removes large
parts of the substrate’s ectodomain. In many cases, the shed-
dases belong to the family of the ADAM (a disintegrin and
metalloprotease) proteases. Other sheddases such as BACE1
may cleave a more restricted panel of substrates (see review
article by Cole and Vassar (64)). The remaining stub is then
cleaved within its TMD by intramembrane-cleaving proteases
termed I-CLiPs (7). In several cases, it is now known that the
intramembrane cleavage results in the release of an ICD,
which is involved in nuclear signaling and transcriptional
regulation (7, 8). However, there is strong evidence that at
least the intramembrane-cleaving y-secretase may also fulfill

3 The abbreviations used are: AD, Alzheimer disease; AB, amyloid B-peptide;
APP, B-amyloid precursor protein; CTF, C-terminal fragment; TMD, trans-
membrane domain; ICD, intracellular domain; PS, presenilin; SPP, signal
peptide peptidase; SPPL, SPP-like; FAD, familial AD; NCT, nicastrin; GSI,
y-secretase inhibitor.
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FIGURE 1. A, schematic representation of APP processing by - and y-secretases. B, multiple intramembrane
cleavages are mediated by y-secretase. The known cleavage sites and the resulting processing products are
indicated. Major cleavage sites in the APP TMD are indicated by large arrows. The AB domain is depicted in
orange, and the APP ICD (AICD) in green. The TMD is enlarged. Dashed arrows indicate the potential direction of

the cleavages. For details, see text. NTF, N-terminal fragment.

a second and probably major function. In that case, y-secre-
tase seems to be required for the efficient destruction of
membrane-retained protein fragments. This activity has
been referred to as the “membrane-proteasome” function of
y-secretase (9). Whereas y-secretase takes apart membrane
stubs, the final degradation of the ICD (see for example, Ref.
10) and the secreted peptides (see for example, Ref. 11) is
performed by other proteases.

y-Secretase Is a GXGD-type Aspartyl Protease Activity

v-Secretase is the founding member of the intramembrane-
cleaving aspartyl proteases. Although y-secretase was the first
proposed protease activity, which mediates intramembrane
cleavage, its identification took a long time, and structural data
are still available only to a very limited extent (12). There is a
good reason for this “slowed” progress as compared with other
intramembrane-cleaving proteases because y-secretase turned
out to be a complicated complex composed of four essential
subunits (13), the precise interactions of which are technically
very difficult to investigate. One of the subunits, PS, contains
the two catalytically active aspartate residues (14), which are
located within TMD6 and TMD7 (Fig. 14). The N-terminal
catalytically active site of PS is embedded in a conserved YD
motif, whereas the C-terminal active-site domain contains the
equally conserved GXGD motif (15), which now serves as the
family-characterizing name of the GXGD-type aspartyl pro-
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teases (16). Besides +y-secretase/PS,
two families of related proteases,
which also belong to the GXGD-
type aspartyl proteases, have been
identified. These include the pro-
caryotic type 4 prepilin peptidases
and SPP, as well as the SPP
homologs, the SPPL proteases (see
also the related data on SPP/SPPL
by Fluhrer et al.*). The catalytic sub-
unit of y-secretase, PS, is the best
studied GXGD-type I-CLiP (17) and
represents the prototype of this
novel class of aspartyl proteases
(16). PS is a polytopic membrane
protein consisting of nine TMDs

and is endoproteolytically cleaved

cytosol  into an ~30-kDa N-terminal and
~20-kDa C-terminal fragment (Fig.

c 1A) (18). This cleavage occurs

within the large cytoplasmic loop
between TMD6 and TMD?7 within a
short hydrophobic domain that is
believed to dive into the membrane
and is very likely an autoproteolytic
event (13), although this has not
been formally proven. Endoprote-
olysis is not an absolute prerequisite
for y-secretase activity (19) as ini-
tially suggested (14), but it may
rather be required to maximize sta-
ble conformation of the two active-
site aspartates in TMD6 and TMD?7 of PS.

PS was initially identified as a protein genetically linked to AD
pathogenesis by the discovery that mutations in the two homologs
of PS in humans, PS1 and PS2, are associated with FAD (summa-
rized in Refs. 8 and 17). These FAD mutations affect the cleavage
specificity of y-secretase by causing an increase of the 42-amino
acid variant of AB (Fig. 1B), very similar to that of a subset of FAD
mutations identified earlier in the C-terminal part of the APP
TMD close to the y-secretase cleavage sites (20, 21). Thus, muta-
tions in both the protease and its substrate cause an alteration in
y-secretase cleavage specificity and give rise to enhanced produc-
tion of the disease-causing A342. Mutations in PS1 are the pre-
dominant cause of FAD, as more than 150 FAD mutations have
been identified in this gene compared with only few mutations in
the PS2 gene. This is likely due to its lower neuronal expression
(22) and/or specific activity (23, 24) compared with PS1. The
greater impact of PS1 than PS2 on +y-secretase activity is also
reflected by the finding that the PS1 knock-out allows only very
little residual y-secretase activity, which is completely lost in the
PS1/PS2 double knock-out (25-28). y-Secretase has a number of
substrates other than APP, which are all type I transmembrane
proteins that undergo shedding prior to the cleavage by y-secre-
tase (16). The cell differentiation regulator protein Notch is appar-

“R. Fluhrer, H. Steiner, and C. Haass, submitted for publication.
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ently the most important physiological substrate of y-secretase, as
genetic ablations of PS and other y-secretase subunits (see below)
are associated with severe Notch phenotypes (29).

Apart from the catalytic subunit PS, three other integral
membrane proteins, NCT, APH-1 (anterior pharynx-defective-
1), and PEN-2 (presenilin enhancer-2), are essential y-secretase
complex subunits (30, 31). NCT is an ~100-kDa type I mem-
brane glycoprotein with a large ectodomain and a short cyto-
plasmic domain (32) and serves as a 7y-secretase substrate
receptor (33). y-Secretase substrates are initially recognized by
NCT, which is believed to identify the free N terminus of a
y-secretase substrate (33). The initial recognition of substrates
by NCT requires the bulk of the substrate ectodomain to be
removed by shedding. Shedded substrates of y-secretase then
typically retain 20-30 amino acids of their ectodomain (34).
However, the model that NCT functions as a substrate receptor
(33) that selects substrates of appropriate length has recently
been challenged (35). Following the initial binding, the sub-
strate moves to another, second binding site, the docking site,
prior to substrate cleavage. Pharmacological mapping of the
docking site to the PS N-terminal/C-terminal fragment inter-
face in very close proximity to the active site might implicate
the GXGD active-site motif as part of this site (36). The func-
tional role of the docking site is still unclear, but it is possible
that this site contributes to or serves as a final substrate identi-
fication/selection site. Indeed, this is suggested by the recent
observation that residue X of the GXGD active-site motif (Leu®®?
in PS1) is critical for APP/Notch substrate selectivity (37).

The other two complex components, the ~20-kDa seven-
TMD protein APH-1 and the smallest subunit, the ~10-kDa
hairpin PEN-2 protein, are highly hydrophobic subunits (30,
31). PEN-2 is required for the stabilization of the PS fragments
in the complex (38, 39), whereas the function of APH-1 is cur-
rently unclear. Two homologs of APH-1, APH-1a and APH-1b,
have been identified in humans. APH-1a exists in a long (APH-
1aL) and short (APH-1aS) splice variant differing in the C ter-
minus of the protein. Because neither the catalytic subunits PS1
and PS2 nor APH-1a (including splice variants) and APH-1b
occur in the same complexes (40, 41), a minimal set of at least
six (not taking PS splice variants into account) distinct y-secre-
tase complexes exist in human cells. Whether these complexes
differ in specificity for the many y-secretase substrates has been
only poorly investigated so far. Subtle differences have been
reported for APH-1a- and APH-1b-containing complexes (42).
PS1 complexes have a higher specific activity for APP compared
with PS2 complexes (23, 24, 43). Complexes containing either
PS1 or PS2 FAD mutant variants in combination with any of the
APH-1 species preserve pathogenic activity, i.e. Af342-increas-
ing activity (43). This suggests that no discrete pathogenic
y-secretase complexes exist.

Assembly and Stoichiometry of the y-Secretase Complex
The four subunits of y-secretase assemble into a functional
complex in the early compartments of the secretory pathway
(reviewed in Ref. 44). NCT and APH-1 form an initial assembly
intermediate, which stabilizes the PS holoprotein. Finally,
PEN-2 assembles into this ternary complex and triggers endo-
proteolysis of PS. When assembly is completed, the complex
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travels to its functional sites at the plasma membrane and the
late compartments of the secretory pathway. Complex forma-
tion is tightly regulated and depends on the availability of the
individual subunits, which is apparently maintained by a bal-
anced expression of the subunits. The subunits, which are in
excess over the others and thus lack their stabilizing partners,
are rapidly degraded. Once assembled into the full complex or
into an assembly intermediate, the subunits become highly sta-
ble. Apart from degradation, complex formation is also con-
trolled by the presence of the auxiliary protein Rerl, which
helps to retain unassembled PEN-2 (45) or NCT within the
endoplasmic reticulum (46). Several TMDs in the individual
subunits, as well as the C termini of PEN-2 and PS, are essential
domains and provide interaction sites crucial for y-secretase
assembly (44). Native gel electrophoresis suggests that y-secre-
tase has a molecular mass of ~500 kDa, which is approximately
twice the sum of the molecular masses of the four essential
subunits (~200-250 kDa) (8, 47, 48). Although quantitation of
the four subunits in an active y-secretase complex suggests a
1:1:1:1 stoichiometry (48), evidence for PS dimerization has
also been provided (49). In addition, the complex may contain
additive nonessential regulatory subunits such as TMP21 (50)
and CD147 (51) (see below).

A Water-containing Cavity

Because of the tremendous difficulty in obtaining high
amounts of pure crystallizable y-secretase, high resolution
structural information is not yet available for this I-CLiP. How-
ever, the first structural studies by Lazarov et al. (12) using
electron microscopy recently showed a large spherical struc-
ture of y-secretase with the interesting feature of two small
central openings, one oriented to the extracellular space and
the other to the cytosol. These small openings in the particle
might represent exit sites of an internal water-containing cavity
for the cleavage products. Consistent with a water-containing
cavity are two recent studies showing that the active-site region
in TMD6 and TMD7 of PS is water-accessible (52, 53). Very
recently, it was demonstrated that TMD9 and the hydrophobic
domain in the large cytoplasmic loop of PS (between TMD6
and TMD?) are dynamic parts of the water-containing cavity;
moreover, the conserved PAL motif at the cytoplasmic edge of
TMD?9 directly contributes to the catalytic center because it can
be cross-linked to the active site located within TMD6 (54).

Stepwise Intramembrane Cleavage by y-Secretase

Once the substrate has accessed the catalytic site, it is cleaved
within its TMD at two major topologically distinct sites termed
the e- and vy-sites (Fig. 1B) (summarized in Ref. 20). The current
model suggests that the cleavage occurs in a stepwise manner,
with y-secretase cutting the APP CTF first at the e-site, which is
close to the cytoplasmic border of the membrane. This cleavage
releases the APP ICD from the membrane and leaves a long A3
species in the membrane. Further cleavages then occur roughly
every third amino acid down the a-helical TMD via the {- to the
7v-site until the peptide is short enough to be released from the
membrane (Fig. 1B). The cleavages at the individual sites are
heterogeneous and give rise to roughly two different product
lines, AB49 (€)-AB46 ({)-AB43 (y)-AB40 (y) and AB37 (),
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whereas the other product line generates AB48 (€)-AB45 ({)-
AB42 (y)-AB39 () (Fig. 1B) (55). The latter line of products can
indeed be detected in some but not all PS FAD mutants inves-
tigated so far (55). However, the precise mechanism of sequen-
tial processing is still unclear. Moreover, the two product lines
described above do not explain the generation of AB38. Inter-
estingly, dimerization of the APP TMD has been suggested to
be another important mechanistic determinant for the genera-
tion of AB42. Dimerization of the APP CTF is mediated by
GXXXG dimerization motifs, which, when disrupted, leads to a
rather selectively reduced production of AB42 without signifi-
cantly affecting the generation of AB40 (56).

y-Secretase as a Therapeutic Target

Inhibition of y-secretase activity is an important approach
for therapeutic treatment of AD, and GSI identification and
development are in an advanced state (57). GSIs targeting the
active site of y-secretase in PS interfere with the cleavage of
other physiologically important substrates such as Notch, by
blocking the generation of the Notch ICD. GSIs thereby affect
normal cell differentiation and are associated with severe side
effects (58). The development of APP/Notch-selective inhibi-
tors is thus a major focus of the pharmaceutical industry and
academic institutions. A subset of nonsteroidal anti-inflamma-
tory drugs has been shown to selectively decrease cleavage at
the y-42 site and to enhance cleavage at the y-38 site without
affecting cleavage at the y-40 site (59). Although a number of
compounds that modulate 7y-secretase cleavage have been
identified, AB38 and AB342 production is not generally coupled
(60). Most important, however, nonsteroidal anti-inflamma-
tory drugs do not affect cleavage at the e-site and thus do not
affect the y-secretase-mediated release of the ICD from Notch
(59). Modulation of vy-secretase cleavage specificity at the
y-sites might represent a safer way to inhibit AB42 production,
and the development of potent modulators is on the way.
However, a so far unresolved problem is that the currently
known inhibitors and modulators are in many cases ineffec-
tive in inhibiting the pathological activity of FAD mutant PS
(60, 61), suggesting structural changes of mutant y-secretase
complexes, rendering them resistant to inhibitor/modulator
binding.

Another interesting observation that might be exploited for
drug targeting in the future is the selective modulation of e-site
versus ‘y-site cleavage of APP by y-secretase interactors such as
TMP21 (50). Although the mechanism is so far unclear, defi-
ciency in TMP21 causes a selective increase of y-secretase
cleavage at the y-site without affecting the e-site. This negative
mode of modulation of cleavage at the vy-site has also been
observed for CD147 (51), another putative regulatory y-secre-
tase subunit. However, it should also be noted that, more
recently, CD147 has been implicated in the degradation of
secreted AB and may thus not be directly involved in modulat-
ing <y-secretase activity (62). Interestingly, mutations in the
extracellular juxtamembrane domain of APP have recently
been shown to affect y-site cleavage without affecting y-secre-
tase cleavage at the e-site (63). Thus, there are also sequence
determinants affecting y-site versus e-site cleavage within the
substrate. Clearly, further studies are required to clarify the
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mode of action of these modulatory 7y-secretase interactors.
Nevertheless, y-secretase-related research progressed tremen-
dously over the last years and enabled chemists for the first time
to develop and investigate sensitive inhibitors/modulators,
which in the long run may turn out to pave the way to an amy-
loid-lowering therapy.
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