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T
he amyloid precursor protein
(APP) is the precursor to the
amyloid β-protein (Aβ), which is
the major constituent of amyloid

plaques found in brains of individuals with
Alzheimer’s disease (AD). Because amy-
loid (senile) plaques are one of the path-
ological hallmarks of AD, processing of
APP and generation of Aβ from APP have
been areas of intense study. Cloning of the
APP cDNA in 1987 led to an immediate
conundrum: release of Aβ from APP
would involve at least two cleavages, be-
cause Aβ is not located at either N or C
terminus (1). More troubling was the im-
plication that one of the two predicted
cleavages at the C terminus of Aβ would
take place in the predicted transmem-
brane domain, a proteolytic event that did
not have any biological precedence at that
time. This intramembranous cleavage
event was subsequently coined γ-secretase
activity without knowledge of its identity.
In 1995, the presenilin-1 (PSEN1) gene

was identified along with the description of
a number of mutations in this gene asso-
ciated with familial AD (FAD) (2). To
date, more than 170 FAD-linked muta-
tions in the PSEN1 gene have been re-
ported worldwide and account for the
majority of cases of hereditary AD (http://
www.molgen.ua.ac.be/ADMutations). The
first evidence that presenilins (PSs) are
critically linked to γ-secretase activity was
the finding that deficiency in PS1 resulted
in markedly diminished production of Aβ
peptides (3). Subsequently, it was shown
that two aspartate residues within two
predicted transmembrane regions are
critical for activity, suggesting that PS was
a novel aspartyl protease and may be the
actual catalytic unit of γ-secretase (4).
Further evidence was obtained when
photoactivatable transition-state analog
inhibitor probes were found to covalently
bind to PS1 (5). Confusing matters, how-
ever, were the subsequent findings of
obligatory partners to PS and γ-secretase
activity. γ-Secretase activity requires asso-
ciation of PS with three other subunits—
namely, nicastrin (NCT), anterior pharynx
defective 1 (APH-1), and presenilin en-
hancer (PEN2), to form the catalytically
active γ-secretase complex (6). In yeast,
ectopic expression indicated that these
four subunits are required and sufficient
for function, and they appear to exist in
a 1:1:1:1 stoichiometry (7, 8). Finally, it
was recognized that endoproteolytic pro-

cessing of PS, generating amino-terminal
fragments (NTFs) and carboxyl-terminal
fragments (CTFs), is required for activity
(9). Given this complexity, establishing
the precise role of each subunit of the
γ-secretase complex has not been possible
in the absence of an in vitro system that
allows reconstitution of γ-secretase activity
from purified components. This long-
sought-after goal has been achieved, and
the recent findings in PNAS by Ahn et al.
(10) provide conclusive evidence that ac-
tivated PS is catalytically competent by
itself and therefore constitutes the cata-
lytic core of the γ-secretase complex.
Technically, in vitro reconstitution of

γ-secretase activity is a challenge not only
because of the topology of PS, with eight
to nine transmembrane domains (an issue
that remains somewhat controversial), but
also because the other three components
have to be taken into account. If PS hol-
oprotein alone possessed the enzymatic
activity, this objective would perhaps not
be as difficult. Given these considerations,
Ahn et al. take a creative route by using
a highly purified bacterially expressed
recombinant PS1, harboring the naturally
occurring FAD mutation lacking exon 9
(ΔE9), and incorporating the recombinant
protein into artificial liposomes (10). The
selection of this particular PS1 variant is
one key to their success, because PS1ΔE9

lacks the endoproteolytic cleavage site yet
remains constitutively active. The purified
proteoliposomes were then tested for in
vitro γ-secretase assay after detergent sol-
ubilization with an artificial truncated APP
substrate. Validity of the reconstituted
system was confirmed by a number of
control experiments, and the results are
strikingly clear: PS1ΔE9 incorporated into
liposomes together with substrate pro-
duced bona fide intrinsic γ-secretase ac-
tivity without the other three components
of the γ-secretase complex.
Ever since the FAD-linked PS1 muta-

tions have been identified, most if not all
of the mutations that have been analyzed
show two consistently perturbed pheno-
types: slight to significant reduction in
γ-secretase activity and an increase in the
ratio of Aβ42/Aβ40 peptides (6). It has
been known for some time that Aβ pep-
tides are heterogenous. Though the ma-
jority of Aβ peptides produced is the 40-aa
isoform (Aβ40), it has been hypothesized
that it is the longer more fibril-prone and
neurotoxic 42-aa isoform (Aβ42) that is
pathogenic. In this context, virtually all PS
mutations increased the ratio of the long
vs. short Aβ species (Aβ42/Aβ40). A sec-
ond major finding of the Ahn et al. study
(10) is that the PS1ΔE9 mutation in-
creased the Aβ42/Aβ40 ratio while slightly
reducing Aβ40 levels when compared with
a PS1ΔE9 variant with the C290S muta-
tion—the latter predicted to mimic wild-
type PS1 activity. Two other FAD PS1
mutations, when incorporated into the
PS1ΔE9 backbone, were able to augment
Aβ42/Aβ40 ratios. Last, certain APP mu-
tations are known to alter Aβ profiles, and
in this in vitro system, PS1ΔE9 recombi-
nant protein was also able to elevate Aβ42/
Aβ40 ratios when coincorporated into
proteoliposomes with APP substrate
carrying these mutations. Together, these
findings show that the PS1 mutations
themselves, without other cellular
processes, were responsible for the per-
turbations in activity reflected in the
Aβ42/Aβ40 ratios.

Fig. 1. Model of PS1 activation. Uncleaved PS1
holoprotein may obstruct positioning of the sub-
strate with respect to the catalytic aspartate resi-
dues, but removal of exon 9 in the PS1ΔE9 mu-
tation allows access to the catalytic site. Interaction
of PEN2 with PS1 holoprotein results in endopro-
teolytic cleavage of PS1 to generate PS1 NTF and
PS1 CTF. Once PS1 is cleaved, the γ-secretase sub-
strate can reach the catalytic aspartate residues
where an intracellular domain and an extracellu-
lar/lumen peptide (Aβ) are released after proteol-
ysis. PS1 (purple), exon 9 of PS1 (blue), catalytic as-
partates (asterisks), PEN-2 (black), substrate (red).

Author contributions: C.B.L, S.L.W., and E.H.K. wrote the
paper.

The authors declare no conflict of interest.

See companion article on page 21435.
1To whom correspondence should be addressed. E-mail:
edkoo@ucsd.edu.

21236–21237 | PNAS | December 14, 2010 | vol. 107 | no. 50 www.pnas.org/cgi/doi/10.1073/pnas.1016284108

http://www.molgen.ua.ac.be/ADMutations
http://www.molgen.ua.ac.be/ADMutations
mailto:edkoo@ucsd.edu


The third important finding from Ahn
et al. (10) concerns wild-type PS1. The
authors state that they failed to detect
γ-secretase activity when wild-type full-
length recombinant PS1 was tested in their
in vitro system. At face value, this finding
seems to confirm the notion that PS1
holoprotein is inactive. Because PEN2 has
been suggested to play an essential role in
PS endoproteolysis (11), Ahn et al. (10)
added purified recombinant PEN2 into
proteoliposomes containing PS1 hol-
oprotein and APP substrate. In this set-
ting, not only were PS1 NTF and CTF
detected, indicating endoproteolysis, but
bona fide γ-secretase activity was also ob-
served. Therefore, these findings suggest
that PS1 is normally an inactive zymogen
that requires processing and activation
(Fig. 1), a step that requires PEN2. Un-
resolved in this experiment is what it
means for PS1 to be activated (is it simply
endoproteolysis, or something else?) or
whether activation by PEN2 renders PS1
autocatalytic, allowing it to cleave itself
as well as other γ-secretase substrates.
Alternatively, it remains possible that
PEN2 possesses an as-yet unrecognized
enzymatic activity, representing the so-
called presenilinase.
The identification of the γ-secretase

complex has been immensely important
for AD research, but has also led to the
recognition that the intramembrane pro-
teolysis is crucial to other cellular pro-
cesses. Intramembrane cleaving proteases
(i-CLIPs) are now recognized as proteases
that cleave a myriad of membrane protein
substrates (12). Signal peptide peptidase
(SPP) is an i-CLIP and bacterial SPP
known to function without obligatory
partners (12). Thus, the findings by Ahn

et al. (10) bring the functional homology
of SPP and PS a step closer together. At
another cellular level, this cleavage within
the transmembrane domain, an event also
termed regulated intramembrane pro-
teolysis (RIP),releases the cytosolic do-
main of these type I membrane proteins

PS is catalytically

competent by itself and

therefore constitutes the

catalytic core of the

γ-secretase complex.

from their membrane tether. In doing so,
it allows the now-released cytosolic
domains to translocate into the nucleus to
transmit nuclear signals, such as in the
case for the Notch receptor, among many
proposed functions. Interestingly, more
than 50 membrane proteins have been
noted to be substrates for γ-secretase
cleavage, and they all share an antecedent
proteolytic processing in the ectodomain,
leaving short domains but, surprisingly,
little sequence specificity (12). As such,
RIP allows the released peptide domains
to perform specific cellular functions, but
it has also been proposed that this regu-
lated proteolytic process is simply part of
the degradation pathway of membrane
proteins (13).
The reconstitution system described

by Ahn et al. (10) displays many of the
essential “signatures” of γ-secretase activ-
ity. Although their findings convincingly
show the isolated catalytic activity of PS, a

number of critical questions remain un-
answered. Nevertheless, having an in vitro
system at hand should aid in resolving
these pressing issues: (i) How does PS
function at the atomic level and how is the
catalytic core protected from the hydro-
phobic environment of the membrane?
(ii) What are the precise roles of the other
three associated subunits (NCT, APH-1,
and PEN2) and how do they facilitate the
assembly of PS into a stable and fully
active enzyme complex? (iii) What are the
conformational changes necessary to
activate PS from its zymogen form? (iv)
How do the disease-associated mutations
cause the changes in γ-secretase cleavages
to alter Aβ generation? (v) Is the proc-
essive model of Aβ generation from APP
correct? This latter model, derived largely
from a series of elegant studies by Ihara
and colleagues, proposes that an initial
ε-cleavage of APP takes place near
the cytosolic membrane interface, fol-
lowed by sequential cuts occurring every
three amino acids along the α-helical face
of APP within the plasma membrane,
resulting in progressively shorter Aβ pep-
tides, finally ending in their release from
the cell (14). In summary, much still re-
mains to be done in unraveling the mys-
teries of this enigmatic series of proteolytic
events. Nevertheless, the PNAS study by
Ahn et al. (10) opens up the possibility
of exploiting molecular dynamics simu-
lations of this simpler enzymatic process
using 1H NMR in combination with high-
resolution X-ray crystallographic analyses.
It is not the end, but rather the end of the
beginning, in the long journey to a com-
prehensive understanding of γ-secretase
activity and the spectrum of physiological
and pathophysiological roles it serves.
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