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Presenilins were first discovered as sites of missense mutations responsible for early-onset
Alzheimer disease (AD). The encoded multipass membrane proteins were subsequently
found to be the catalytic components of g-secretases, membrane-embedded aspartyl protease
complexes responsible for generating the carboxyl terminus of the amyloidb-protein (Ab) from
the amyloid protein precursor (APP). The protease complex also cleaves avarietyof other type I
integral membrane proteins, most notably the Notch receptor, signaling from which is involved
in many cell differentiation events. Although g-secretase is a top target for developing disease-
modifying AD therapeutics, interference with Notch signaling should be avoided. Compounds
that alter Ab production by g-secretase without affecting Notch proteolysis and signaling have
been identified and are currently at various stages in the drug development pipeline.

As described in Haas et al. (2011), the amy-
loid protein precursor (APP) undergoes

successive proteolysis by b- and g-secretases to
produce the amyloid b-protein (Ab) that char-
acteristically deposits in the brain in Alzheimer
disease (AD). Both of these proteases are top
targets for AD drug discovery, although each
presents challenges for developing safe and ef-
fective therapeutics. g-Secretase is a large com-
plex of four different integral membrane
proteins, with presenilin as the catalytic compo-
nent comprising an unusual membrane-em-
bedded aspartyl protease. Herein, we describe
the discovery of the g-secretase components,

the biological functions of g-secretase, as well
as other roles of presenilin outside the protease
complex, what is known so far about the struc-
ture of the complex, the role of g-secretase in
disease (especially in AD), and the current
status and direction of g-secretase inhibitors
and modulators as candidate AD therapeutics.

THE IDENTIFICATION OF THE PRESENILINS
AND THE OTHER g-SECRETASE SUBUNITS

The name “g-secretase” was used for the first
time in 1993 to describe the proteolytic activity
that cleaves APP in the transmembrane domain
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(TMD) (Haass and Selkoe 1993). It took
about 10 years to identify all of the components
of the molecular machine responsible for this
cleavage (De Strooper 2003). The first step for-
ward was in 1995 when two lines of genetic
investigation merged unexpectedly into the
identification of the presenilins. Analysis of
families with inherited forms of AD were found
to contain mutations in the until then unknown
genes presenilin 1 (PSEN1; see Fig. 1 for protein
sequence, topology, and sites of mutations)
on chromosome 14q24.3 (Alzheimer’s Disease
Collaborative Group 1995; Sherrington et al.
1995) and presenilin 2 (PSEN2) on chromo-
some 1q42.2 (Levy-Lahad et al. 1995; Rogaev
et al. 1995). A second line of genetic investiga-
tion, in the worm Caenorhabditis elegans, inde-

pendently identified a presenilin gene as a sup-
pressor of lin-12 gain-of-function mutants
(Levitan and Greenwald 1995). lin-12 is the
worm ortholog of Notch, a gene critical for
cell signaling during development. Thus, pre-
senilin was important in the pathogenesis
of AD and at the same time for development
by regulating Notch signaling. However, the
link between these two functions remained
unclear, and it was proposed that presenilins
could act as a channel, a receptor, or a trans-
porter protein or even affect tau phosphoryla-
tion and dysfunction.

The first clue to the role of presenilins in
APP processing came from observations that
AD-causing mutations in PSEN1 and PSEN2
(more than 150 different mutations in these
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Figure 1. Amino acid sequence, topology, and mutations in presenilin 1. Single amino acid residues that have
been found to be substituted by mutations causing familial AD are indicated in red. Exon/intron boundaries,
the different transmembrane domains (TM1-TM9), residues (blue) involved in the interaction with amyloid
precursor protein (APP), telencephalin (TLN), PEN-2, Nicastrin (NCT), and APH-1 are indicated with brack-
ets. (This figure was adapted from Dillen and Annaert 2006; reprinted, with permission, from Elsevier #2006.
It is based on a figure published on the Alzforum website http://www.alzforum.org/res/com/mut/pre/
diagram1.asp.)
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genes have been identified) affect the generation
of Ab peptides, changing the relative amount of
Ab42 peptide (Ab containing 42 amino acid
residues) versus the shorter Ab40 (the more
abundantly generated peptide, containing 40
amino acid residues; see Haas et al. 2011).
This was shown in fibroblasts derived from
patients (Scheuner et al. 1996), by overexpress-
ing the mutant presenilins in cell lines (Borchelt
et al. 1996; Citron et al. 1997), and by experi-
ments in living mice, either overexpressing the
mutant presenilin in brain using various pro-
moters (Borchelt et al. 1996, 1997; Duff et al.
1996; Citron et al. 1997) or by knocking in
mutations in the endogenous mouse presenilin
gene (Siman et al. 2000; Flood et al. 2002).

The function of presenilin in the g-secretase
proteolytic activity became apparent when neu-
rons were derived from PSEN1 knockout mice
and used to show that PSEN1 was critically
involved in the generation of all Ab peptides
(De Strooper et al. 1998). This experiment
established presenilin as an important AD
drug target (Haass and Selkoe 1998). The cen-
tral role of presenilin in the g-secretase process-
ing of Notch was established a year later in
mouse and Drosophila (De Strooper et al.
1999; Struhl and Greenwald 1999). Further-
more, because a g-secretase inhibitor was
shown to block not only APP processing but
also Notch cleavage (De Strooper et al. 1999),
it was suggested that a presenilin-dependent
protease was responsible for both cleavages,
and that blocking this enzyme would cause
major side effects in patients. Notch is indeed
not only involved in embryogenesis and devel-
opment but also in differentiation of immune
cells, the goblet cells in the intestine, and others
(van Es et al. 2005).

At the same time, other studies suggested
that presenilin was actually the catalytic subunit
of g-secretase. Site-directed mutagenesis of two
aspartyl residues embedded in the TMDs VI
and VII of PSEN1 resulted in a dominant-
negative effect on g-secretase activity, suggest-
ing that presenilin was a protease, specifically
of the aspartyl type (Wolfe et al. 1999b). These
mutations did not affect the expression or the
incorporation of presenilin into the g-secretase

complex (Nyabi et al. 2003), and are in a con-
served region of the presenilin proteins (Steiner
et al. 2000). They are found in a family of related
intramembrane-cleaving proteases, the signal
peptide peptidases (SPP) (Ponting et al. 2002;
Weihofen et al. 2002). Finally, transition-state
analog (i.e., active site-directed) g-secretase
inhibitors were shown to directly bind to the
presenilin subunit of the g-secretase complex
(Esler et al. 2000; Li, Xu et al. 2000), providing
convincing evidence that presenilin is indeed a
protease.

In mammals, two homologous proteins
exist, i.e., PSEN1 and PSEN2. They are both
synthesized as precursor proteins of 50 kDa
with nine TMDs (Laudon et al. 2005; Spasic
et al. 2006), and are cleaved into a 30 kDa
amino-terminal fragment (NTF) and a 20 kDa
carboxy-terminal fragment (CTF) during mat-
uration (Thinakaran et al. 1996), probably by
autocatalysis (Wolfe et al. 1999b,c; Fukumori
et al. 2010).

Together with other proteases, presenilins
represent a novel class of intramembrane-
cleaving proteases or i-clips (Wolfe et al.
1999c; Wolfe and Kopan 2004). However, the
presenilins are different from other i-clips, in
the sense that they need three other protein sub-
units to achieve optimal activity. Early reports
already suggested that it is not possible to over-
express presenilin in a functionally active way,
as additional proteins (“limiting factors”) are
needed for presenilin to mature into stable
NTF plus CTF heterodimers (Baumann et al.
1997; Thinakaran et al. 1997). The first “limit-
ing” factor was coisolated in an immuno-
chemical purification protocol using antibodies
against presenilin. The resultant 130 kDa type
I integral membrane protein was baptized
Nicastrin (Yu et al. 2000). The genes for Nicas-
trin and for the two other proteins of the
g-secretase complex were also identified inde-
pendently in screens for modifiers of Notch
homologs glp-1 and lin-12 in C. elegans.
Aph-1 (for “anterior pharynx-defective pheno-
type”) is a 30 kDa protein with 7 TMDs (Goutte
et al. 2000; Levitan et al. 2001; Goutte et al.
2002), and Pen-2 (for “presenilin enhancer”)
is a 12 kDa hairpinlike, two-transmembrane
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protein (Francis et al. 2002). A series of reconsti-
tution and knockdown experiments established
that the four proteins (Fig. 2) are necessary and
sufficient for g-secretase processing (Edbauer
et al. 2003; Kimberly et al. 2003; Takasugi
et al. 2003). Both genetic screens (Francis et al.
2002) and recent purifications of the g-secretase
complex (Teranishi et al. 2009; Wakabayashi
et al. 2009; Winkler et al. 2009) were not able
to identify additional proteins stably associated
with the complex, suggesting strongly that the
core of the complex has been identified. Addi-
tional proteins might, however, be involved in
the regulation of the activity or subcellular
localization of the complex (Chen et al. 2006;
Wakabayashi et al. 2009; He et al. 2010).

The stoichiometry of the g-secretase com-
plex is likely 1:1:1:1, based on molecular mass
estimates in blue native electrophoresis (Kim-
berly et al. 2003), quantitative western blot anal-
ysis (Sato et al. 2007), and electron microscopy
(EM) studies of the purified complex (Osen-
kowski et al. 2009). Thus, as there are two differ-
ent PSEN genes and two different Aph1 genes
(Aph1a and Aph1b) encoded in the human
genome, it follows that at least four different
g-secretase complexes exist (De Strooper

2003). The situation is actually even more
complicated, as alternatively spliced forms for
the presenilins and for Aph-1a have been re-
ported (Alzheimer’s Disease Collaborative
Group 1995; Gu et al. 2003). The biological sig-
nificance of this heterogeneity is only now being
explored.

THE BIOLOGICAL FUNCTIONS
OF PRESENILIN

As discussed, the main function of the preseni-
lins is to provide the catalytic subunits to the
different g-secretases (De Strooper et al. 1998,
1999; Wolfe et al. 1999b; Esler et al. 2000; Li
et al. 2000). Over the years, other presenilin
functions have been proposed—in protein traf-
ficking and turnover, in calcium homeostasis, in
regulation of b-catenin signaling, and others—
sometimes within and sometimes outside of the
g-secretase complex. These putatively “nonpro-
teolytic” functions can be shown using preseni-
lins in which the catalytic aspartyl residues
(Wolfe et al. 1999b) are replaced by other amino
acid residues and showing that a particular
function is not dependent on these aspartyl res-
idues. This criterion has been met in several

NTF

Presenilin Nicastrin Aph-1 Pen-2

Lumen /
extracellular

CTF

D D

Cytosol

Figure 2. Subunits of the g-secretase complex and their membrane topologies. Presenilin is proteolytically pro-
cessed into two fragments during maturation of the complex, an amino-terminal fragment (NTF) and a
carboxy-terminal fragment (CTF). The two transmembrane catalytic aspartic acid residues, one in the NTF
and one in the CTF, are indicated by D. Other subunits are Nicastrin, APH-1, and PEN-2.
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instances, e.g., for the calcium leak function
of presenilin in the endoplasmic reticulum (Tu
et al. 2006; Nelson et al. 2007), for the growth
alterations caused by deficiencies in cytoskele-
ton function in a presenilin-deficient variant
of the moss Physcomitrella patens (Khandelwal
et al. 2007), or in the turnover of the membrane
protein telencephalin (Esselens et al. 2004).

To focus first on the proteolytic functions of
g-secretase (Fig. 3), the crucial and conserved
role of presenilin in Notch signaling (Levitan
and Greenwald 1995; De Strooper et al. 1999;
Struhl and Greenwald 1999) has been repeat-
edly shown. In all species, severe developmental
defects are associated with altered expression
of Notch target genes such as the “hairy and
enhancer of split” (HES) family. By using condi-
tionally targeted alleles or partial knockouts of
presenilin or else g-secretase inhibitors, it is

possible to evaluate the role of presenilin in
Notch signaling in adulthood. Deficiencies in
T- and B-cell differentiation (Doerfler et al.
2001; Hadland et al. 2001; Qyang et al. 2004;
Tournoy et al. 2004; Wong et al. 2004), bloody
diarrhea as a consequence of hampered intesti-
nal goblet cell differentiation (Searfoss et al.
2003; Wong et al. 2004; van Es et al. 2005),
and skin and hair defects (Xia et al. 2001; Tour-
noy et al. 2004), have been observed. Condi-
tional knockout of presenilins in the forebrain
(using an aCaMKII promoter to drive Cre
expression) leads to progressive neurodegenera-
tion, which has been proposed as an argument
that loss of presenilin function could contribute
to the pathogenesis of sporadic AD independ-
ently of affecting Ab42 generation (discussed
in Shen and Kelleher 2007). However, the pre-
dictable absence of Ab deposition in these

Cell signaling

Notch
substrate

APP
substrate

AICD
CC

N NN

Nβ

γ

ε

Aβ

N

S4

S3

NICD

Cancers
Alzheimer

C C

Disease

Biology

Membrane protein turnover

Notch
Erb-B4
N-cadherin
E-cadherin

N

N N

Figure 3. The role of the g-secretase complex in biology and disease. Proteolytic processing of certain substrates
(e.g., Notch, ErbB4, N-cadherin, E-cadherin) leads to cell signaling. Alternatively, processing of substrates by
g-secretase is simply a means of clearing protein stubs from the membrane. Excessive signaling from the Notch
receptor leads to certain forms of cancer, and formation of the amyloid b-protein from its precursor APP by
g-secretase is involved in the pathogenesis of Alzheimer disease.
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knockout mice means that they do not consti-
tute a model of AD.

It is clear that Notch phenotypes are pre-
dominant in presenilin-deficient animals, and
interference with the Notch signaling path-
way is the greatest concern when developing
g-secretase inhibitors to treat AD patients.
However, over the years, more than 60 other
proteins have been proposed as substrates for
the g-secretases (for an overview, see Hemming
et al. 2008, Wakabayashi and De Strooper 2008,
and McCarthy et al. 2009). Interestingly, the
phenotypes of the mice in which individual
subunits of g-secretase (i.e., PSEN1 or PSEN2
and Aph1a or Aph1b/c) have been knocked
out are quite divergent, suggesting some specif-
icity in the substrates cleaved by the different
g-secretase complexes in vivo. The Aph1b/c
containing g-secretase complexes can, for in-
stance, be completely removed from the mouse
genome without causing any Notch defects,
whereas similar inactivation of the Aph1a-com-
plexes leads to severe embryonic phenotypes
(Ma et al. 2005; Serneels et al. 2005, 2009). In-
terestingly, Aph1b/c knockout mice display
subtle behavioral phenotypes characterized by
disturbed prepulse inhibition, increased am-
phetamine sensitivity,andalterations inanoper-
ational memory task (Dejaegere et al. 2008).
Accumulation of neuregulin CTFs in brain
extracts of these mice suggested that neuregulin
is a substrate of Aph1b/c-g-secretase. Similar
phenotypes have been seen in neuregulin-defi-
cient mice (Stefansson et al. 2002) and interest-
ingly, also in BACE-1 knockout mice (Savo-
nenko et al. 2008), in agreement with the fact
that BACE-1 is the principal sheddase of neure-
gulin (Willem et al. 2006).

The biochemical evidence that the APP and
its close relatives, amyloid precursor-like pro-
tein (APLP)-1 and -2 are substrates of g-secre-
tase in vivo is also beyond discussion (De
Strooper et al. 1998; Naruse et al. 1998; Schein-
feld et al. 2002; Eggert et al. 2004; Yanagida
et al. 2009). As described in Müller and Zheng
(2011), APP-deficient animals have yielded lit-
tle direct information with regard to the specific
molecular pathways for which APP is required,
and it therefore remains unclear to what extent

g-secretase processing of APP (apart from gen-
erating the infamous Ab peptide) has biological
consequences. g-Secretase inactivation causes
accumulation of APP carboxy-terminal frag-
ments (APP-CTF) to levels which are two- to
threefold higher than what is observed in wild-
type cells, and Ab peptide is no longer pro-
duced. It is possible that the main role of
g-secretase processing of the APP membrane-
bound fragments is to clear these hydrophobic
remnants (Kopan and Ilagan 2004), although
some evidence suggests that the released APP
intracellular domain might be involved in
signaling processes (critically discussed in Rein-
hard et al. 2005). Importantly, also in the con-
text of the development of g-secretase inhib-
itors for the clinic, it seems that additional
clearance mechanisms can compensate for the
loss of g-secretase processing by removing
APP CTFs via alternative pathways. Other sub-
strates that have been well studied are the N- and
E-cadherins. Presenilin-1 forms complexes with
these proteins and the a- and b-catenins at
the cell surface (Georgakopoulos et al. 1999).
g-Secretase proteolysis of E-cadherin results in
the release of the associatedb- (anda-) catenins
and disassembly of the adherens junction (Mar-
ambaud et al. 2002). N-cadherin cleavage by
g-secretase is stimulated by NMDA agonists.
The cleavage gives rise to an intracellular N-
cadherin fragment that binds to CBP (the cyclic
AMP response element binding protein [CREB]
binding protein) (Marambaud et al. 2003).

Presenilins have also been implicated in the
cellular trafficking of proteins. Given the many
substrates of presenilin, it is not unexpected
that interference with proteolysis will lead to
abnormal accumulation of protein fragments
in the cell. However, a number of cell-surface
proteins that are apparently not substrates of
g-secretase, including intercellular adhesion
molecule 5 (ICAM5) or telencephalin (Esselens
et al. 2004), epidermal growth factor receptor
(EGFR) (Repetto et al. 2007), and b1-integrins
(Zou et al. 2008), are also mislocalized in
presenilin-deficient cells. Defective transport
between endosomes and lysosomes or other
deficits in late endosomal or other degradative
organelles have been proposed to explain the
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abnormal accumulation of these proteins in
presenilin knockout cells (Esselens et al. 2004;
Wilson et al. 2004; Repetto et al. 2007; Lee
et al. 2010).

The role of presenilin in Ca2þ homeostasis is
even more controversial. There is consensus that
clinical mutations in presenilin disturb the
Ca2þ pool at the level of the ER (Bezprozvanny
and Mattson 2008). The mechanisms, however,
are debated and include higher expression of the
Ryanodine receptor (RyR) (Chan et al. 2000;
Hayrapetyan et al. 2008), stimulation of inosi-
tol-3-phosphate (IP3)-induced ER Ca2þ release
(Leissring et al. 1999; Kasri et al. 2006; Cheung
et al. 2008), or stimulation of sarco(endo)plas-
mic reticulum Ca2þ-ATPase (SERCA) pumps
(Green et al. 2008). Presenilins might act as
Ca2þ leak channels themselves (Tu et al. 2006).
This leakage function is only observed with full-
length presenilin-1 (i.e., before it becomes in-
corporated into the g-secretase complex), and
again, presenilin-containing aspartate muta-
tions are able to maintain this function.

STRUCTURE-FUNCTION RELATIONSHIP
OF g-SECRETASE

The first step in understanding the structure of a
membrane protein complex such as g-secretase
is to determine the membrane topology of the
individual components. Presenilin 1 (PSEN1)
and PSEN2 are integral membrane proteins
that span membranes multiple times: Initially,
the amino and carboxyl termini of PSEN1 and
PSEN2 were predicted to be oriented to the
cytoplasmic side (Doan et al. 1996), but a later
N-linked glycosylation scanning approach
revealed that PSEN spans the membrane nine
times, with amino and carboxyl termini being
oriented to the cytoplasmic and luminal sides,
respectively (Laudon et al. 2005). Nicastrin is
a type I single-span membrane protein with a
large extracellular domain, the latter being
heavily glycosylated and tightly folded on matu-
ration (Shirotani et al. 2003). Aph-1 is ap-
parently a 7-TMD protein with its amino and
carboxyl termini located on the luminal and
cytoplasmic sides, respectively (Fortna et al.
2004). Pen-2 spans the membrane twice, with

both the amino and carboxyl termini being
found on the luminal side (Crystal et al. 2003).

Another fundamental issue toward eluci-
dating the structure of the g-secretase complex
is determining its protein–protein contacts.
Which components are bound to each other,
and what are the binding domains? Nicastrin
and Aph-1 form an initial subcomplex in the
endoplasmic reticulum (LaVoie et al. 2003),
and multiple TMDs of Aph-1 are involved in
the binding to Nicastrin (Pardossi-Piquard
et al. 2009; Chiang et al. 2010). The Nicastrin/
Aph-1 subcomplex then interacts with the
PSEN and Pen-2 subcomplex (Fraering et al.
2004a). Site-directed mutagenesis combined
with coimmunoprecipitation studies showed
that the carboxy-terminal domain of PSEN
interacts with the TMD of Nicastrin (Capell
et al. 2003; Kaether et al. 2004). Aph-1 also
directly interacts with the carboxy-terminal
region of PSEN (Steiner et al. 2008). Binding
of Pen-2 to PSEN occurs independently of the
Nct/Aph-1 interaction (Fraering et al. 2004a).
It has also been shown that PSEN1 interacts
with Pen-2 through its fourth TMD (Kim and
Sisodia 2005; Watanabe et al. 2005).

Because of the unique features of g-secre-
tase as a membrane-embedded protein com-
plex harboring at least 19 membrane-spanning
regions and executing intramembrane hydroly-
sis of substrate proteins, there is great interest
in its precise structure. However, crystalliza-
tion of the purified g-secretase complex has
not been achieved yet. Hence, a couple of indi-
rect approaches have been conducted to begin
to predict the structure of the complex. EM
and single-particle image analysis on human
g-secretase complexes purified from mamma-
lian cells revealed a cylindrical interior chamber
of �20–40 Å length, consistent with a proteo-
lytic site occluded from the hydrophobic en-
vironment of the lipid bilayer. Lectin tagging
of the Nicastrin ectodomain enabled proper
orientation of the globular, �120 Å-long com-
plex within the membrane (Lazarov et al. 2006).
Further analysis of the structure of g-secretase
complex by cryoelectron microscopy and single-
particle image reconstruction at 12 Å resolution
revealed several domains on the extracellular
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side, three low-density cavities, and a surface
groove in the transmembrane region of the
complex (Osenkowski et al. 2009). Human
g-secretase complexes reconstituted in Sf9 cells
have also been purified and analyzed by EM
and 3D reconstruction (Ogura et al. 2006).
The resultant three-dimensional structure of
g-secretase at 48 Å resolution occupied a vol-
ume of 560 � 320 � 240 Å, which resembled
a flattened heart comprised of two oppositely
faced, dimpled domains; a low-density space
containing multiple pores resided between
the domains, which may house the catalytic
site. The differences in the predicted shape and
size of the complex between the two studies
may reflect monomeric versus dimeric or oligo-
meric states and may stem from the distinct
conditions for reconstitution, detergent extrac-
tion and purification, as well as the limitation
of the resolution of the method for revealing
the internal structure of g-secretase at the atom-
ic level.

The most intriguing aspect in the structure-
function relationship of g-secretase is how it
executes the proteolytic cleavage of the mem-
brane-spanning segment of substrate proteins
within the hydrophobic lipid bilayer. To exam-
ine the water accessibility of the regions flanking
the catalytic aspartate residues in the sixth and
seventh TMDs of PSEN1, the substituted cys-
teine accessibility method (SCAM) was applied.
This involves the use of disulfide-forming re-
agents to probe accessibility of specific amino
acids that have been changed to cysteines. Via
SCAM, TMD6 and TMD7 were found to be
partly facing a hydrophilic environment (i.e.,
in a catalytic pore structure) that enables the
intramembrane proteolysis (Fig. 4A) (Sato
et al. 2006; Tolia et al. 2006). Residues at the
luminal portion of TMD6 are predicted to
form a subsite for substrate or inhibitor binding
on the a-helix facing a hydrophilic milieu,
whereas those around the GxGD catalytic motif
within TMD7 are highly water accessible, sug-
gesting formation of a hydrophilic cavity within
the membrane region. The SCAM data also sug-
gested that the two catalytic aspartates are
closely opposed to each other. Subsequently,
the structures of TMD 8, 9, and the carboxyl

terminus of PSEN1, which are located carboxy
terminally to the catalytic domain and include
the conserved PAL motif and the hydrophobic
carboxy-terminal tip, both of which are impli-
cated in the formation of the g-secretase com-
plex and its catalytic activity, were analyzed
by SCAM (Fig. 4B) (Sato et al. 2008; Tolia
et al. 2008). The amino acid residues around the
proline-alanine-leucine (PAL) motif and the
luminal side of TMD9 were highly water acces-
sible and located in proximity to the catalytic
center. The region starting from the luminal
end of TMD9 toward the carboxyl terminus
formed an amphipathic a-helix-like structure
that extended along the interface between the
membrane and the extracellular milieu. Com-
petition analysis using g-secretase inhibitors
showed the involvement of TMD9 in the initial
binding of substrates, as well as in the subse-
quent catalytic process as a subsite. Recently,
TMD1 of PS1 also was shown to be involved
in the hydrophilic catalytic pore, serving as a
part of subsite for g-secretase cleavage, together
with TMD 6, 7, and 9 (Takagi et al. 2010).

Recently, the structure of the CTF of hu-
man PS1 was analyzed by nuclear magnetic
resonance studies in SDS micelles (Sobhanifar
et al. 2010). The structure revealed a topology
where the membrane was likely traversed three
times in accordance with the nine TMD model
of PS1, but containing unique structural fea-
tures adapted to accommodate intramembrane
catalysis, including a putative half-membrane-
spanning helix amino-terminally harboring
the second catalytic aspartate (residue 385), a
severely kinked helical structure toward the
carboxyl terminus, as well as a soluble helix in
the unstructured amino-terminal loop of the
CTF. These predicted structures were in good
accordance with those obtained by SCAM
analysis.

PRESENILINS AND DISEASE

As mentioned earlier, presenilin mutations
were first identified in connection with familial
AD, and subsequent work established that pre-
senilin is the catalytic component of the g-secre-
tase complex that produces Ab. This and other
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Figure 4. Predicted structure in and around the putative catalytic pore of PS1 based on the results of SCAM anal-
ysis. (A) Helical wheel model of TMD6 and 7 viewed from the amino terminus. The arrows and asterisks indicate
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evidence strongly implicate Ab, particularly
Ab42, in the pathogenesis of monogenic, dom-
inant familial AD cases (i.e., those with mis-
sense mutations in APP, PSEN1, or PSEN2
genes). AD-associated mutations in the preseni-
lins alter the ratio of Ab42/Ab40, a critical
factor in the tendency of Ab to aggregate into
neurotoxic species, whether the deleterious
aggregates are fibrillar plaques or (according
to current thinking) soluble oligomers (re-
viewed in Mucke 2011). Thus, these missense
mutations alter the biochemical character of
the g-secretase complex and its interaction
with the APP substrate to skew the transmem-
brane cleavage toward longer, more aggrega-
tion-prone forms of Ab.

Interestingly, most of the AD-associated
mutations in presenilin also cause a reduction
in overall proteolytic activity (Song et al. 1999;
Moehlmann et al. 2002; Schroeter et al. 2003;
Bentahir et al. 2006), raising the question of
whether a partial loss of presenilin function
causes familial AD. Indeed, conditional knock-
out of PSEN1 and PSEN2 in the mouse brain
results in neurodegeneration and memory defi-
cits reminiscent of AD, albeit with no Ab pro-
duction (Saura et al. 2004; Wines-Samuelson
et al. 2010). However, all of the mutations in
the presenilins associated with AD (over 160
such mutations have been identified) are dom-
inant, one mutant allele being sufficient to
cause the carrier to develop AD in midlife.
Furthermore, none of these AD-associated
mutations result in truncation or loss of the pre-
senilin protein, and the mutant protein assem-
bles with other g-secretase components into full
complexes that are proteolytically active (and
thus compatible with entirely normal develop-
ment). Complete loss-of-function mutations
in PSEN1, Pen-2, and Nicastrin in humans cause
familial forms of a severe skin disorder, not
neurodegeneration or AD (Wang et al. 2010).
Although many of the AD-mutant forms of
PSEN1 lead to some reduction in proteolytic
function, some mutants display only subtle
reductions, if any at all (Kulic et al. 2000). More-
over, no familial AD mutations have been found
in any other g-secretase substrate besides APP,
strongly suggesting that it is alteration of APP

proteolysis by the mutant presenilins that is
the key to the pathogenesis of AD. Together,
these observations suggest that an altered
Ab42/Ab40 ratio is the critical factor by which
presenilin mutations cause familial AD. Such
mutations may or may not be accompanied by
a reduction of proteolytic activity, but a
complete loss of activity is not observed with
any of these mutations. The phenotypes
observed in the conditional knockout mice
may reflect an essential role of presenilins in
neuronal health or function (e.g., neurotrans-
mitter release; Zhang et al. 2009) that is
only revealed on complete removal of these
proteins, and deficient Notch signaling is cer-
tainly to be considered as a contributing factor
in AD pathogenesis (Costa et al. 2003, 2005;
Ge et al. 2004; Presente et al. 2004; Wang et al.
2004). Nevertheless, reduced function in cer-
tain signaling pathways may be a secondary
contributing factor in the early-onset AD
cases associated with presenilin mutations,
although they cause no other known medical
consequences.

Aside from onset in middle age and domi-
nant genetic inheritance, the relatively rare fa-
milial AD cases mostly display essentially the
same progression of symptoms and the same
plaque and tangle pathology as late-onset spo-
radic AD. Thus, the clear involvement of Ab
in familial AD also implicates this peptide in
the pathogenesis of the much more common
sporadic form of the disease. As the presenilin-
containing g-secretase complex carries out the
proteolysis that determines the carboxyl termi-
nus of Ab and the critical Ab42/Ab40 ratio, the
protease complex is likewise implicated in the
pathogenic pathway of sporadic AD. That being
said, there is little evidence that the structure
and properties of presenilin/g-secretase are dif-
ferent in sporadic AD patients versus non-AD
controls, or that sporadic AD involves specific
changes in the Ab42/Ab40 ratio that are pro-
duced by g-secretase. Nevertheless, it remains
possible that local cellular changes alter APP
proteolysis by g-secretase to produce longer
forms of Ab. For instance, environmental fac-
tors such as diet may influence membrane com-
position to elicit such changes. Whether or not
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such speculations are ultimately borne out, all
Ab is produced via the g-secretase complex,
which makes the protease critical to the disease
process. Without g-secretase-mediated produc-
tion of Ab, the disease process should not occur.

In addition to its role in Ab generation and
AD, presenilin/g-secretase is an essential com-
ponent of the Notch signaling pathway, as noted
earlier. As Notch signaling often keeps precur-
sor cells in a dividing, less specialized state,
overactivation of this pathway can cause cancer.
Indeed, mutations in Notch are implicated in
various forms of cancer (Shih Ie and Wang
2007). These mutations result in a Notch pro-
tein that can signal even in the absence of its
cognate protein ligand (such as Delta and
Jagged). For instance, a chromosomal translo-
cation that results in a truncated, constitutively
active form of Notch1 is found in rare cases of
human T-cell acute lymphoblastic leukemia
(T-ALL) (Ellisen et al. 1991; Grabher et al.
2006), whereas activating point mutations in
Notch1 have been found in 50% of all T-ALL
(Weng et al. 2004). Elevation of Notch3 expres-
sion is implicated in subsets of non-small-cell
lung cancer (Dang et al. 2000) and ovarian can-
cer (Park et al. 2006), and activation of Notch
signaling is also implicated in breast cancer
(Hu et al. 2006). For this reason, g-secretase is
considered a potential anticancer target, i.e.,
blocking the overactivated Notch signaling
pathway by preventing the release of the Notch
intracellular domain, a transcriptional acti-
vator (e.g., Tammam et al. 2009). However,
some cancer-causing Notch mutations bypass
g-secretase altogether, producing a truncated
form of the receptor comprised of only the
intracellular domain (i.e., not membrane local-
ized) (Pear and Aster 2004). Thus, knowledge of
the specific Notch mutations in individual
patients would be critical in deciding whether
to use a g-secretase inhibitor to treat cancers.
In contrast, in the skin, Notch acts as a tumor
suppressor, andg-secretase inhibition can cause
skin cancer by interfering with Notch signaling
(Demehri et al. 2009) (see below). This further
complicates the use of such inhibitors to treat
other types of cancer that involve Notch
overactivation.

g-SECRETASE AS A DRUG TARGET

Because the presenilin-containing g-secretase
complex plays an essential role in producing
the Ab peptide, considerable efforts have gone
into the discovery and development of small-
molecule inhibitors as potential therapeutics
for AD. Early inhibitors were useful chemical
tools for characterizing g-secretase as an aspar-
tyl protease (Wolfe et al. 1999a; Shearman et al.
2000), for labeling presenilin to provide evi-
dence that the active site resides at the interface
between PS1 NTF and CTF (Esler et al. 2000; Li
et al. 2000), for purification of the protease
complex (Esler et al. 2002; Beher et al. 2003;
Fraering et al. 2004b), and for addressing its
mechanism of action (Esler et al. 2002; Korni-
lova et al. 2005). Most of these compounds,
however, were peptidomimetics with poor drug-
like qualities. The development of inhibitors
with better in vivo activity led to the demonstra-
tion of Ab lowering in the brains of transgenic
mice overexpressing AD-associated human APP
mutants (Dovey et al. 2001; Lanz et al. 2004).
However, treatment over an extended period
(e.g., 2 wk) resulted in gastrointestinal toxicity
and immunosuppression, owing to interference
with the Notch signaling pathway (Searfoss
et al. 2003; Wong et al. 2004).

Other evidence shows that, in contrast to its
role in cell proliferation in many other cell types,
Notch signaling acts as a tumor suppressor in
epithelia (Nicolas et al. 2003; Proweller et al.
2006; Demehri et al. 2009), and that reduction
of g-secretase components can result in skin
cancers (Xia et al. 2001; Li et al. 2007). Indeed,
it has become clear that compounds targeting
g-secretase for the potential treatment of AD
should alter Ab production without signifi-
cantly lowering the normal, physiologically reg-
ulated release of the Notch intracellular domain.
The g-secretase inhibitor that had advanced the
furthest in clinical trials, LY450139 (semagace-
stat; Fig. 5) from Eli Lilly (Fleisher et al. 2008),
displayed very little, if any, selectivity for APP
compared to Notch, raising concern that doses
that effectively lower brain Ab production
would cause systemic toxicity owing to inhibi-
tion of Notch signaling. Indeed, a phase 3 trial
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of this compound was halted owing to increased
incidences of skin cancer, GI side effects, and
some worsening of cognitive function.

Two general classes of compounds target-
ing g-secretase have been found to alter Ab pro-
duction with varying degrees of selectivity with
respect to Notch. The first are so-called
g-secretase modulators, which do not inhibit
Ab production, but instead shift production
away from the more aggregation-prone Ab42
and increase formation of a more soluble
38-residue form (Ab38). These g-secretase
modulators are exemplified by a subset of non-
steroidal antiinflammatory drugs (NSAIDs)
(such as ibuprofen and sulindac sulfide) that
were the first compounds discovered to alter
the g-secretase processing of APP in this
therapeutically important manner (Weggen
et al. 2001). Only certain NSAIDs display this

property, and in a manner that does not depend
on inhibition of cyclooxygenase (the target of
NSAIDs that mediates their antiinflammatory
activity). The first compound in this class to
enter into clinical trials, R-flurbiprofen (taren-
flurbil, Flurizan), is a single enantiomer of a
clinically approved racemic NSAID (Eriksen
et al. 2003; Galasko et al. 2007; Kukar et al.
2007). Unlike its mirror image, R-flurbiprofen
does not inhibit cyclooxygenase, but it never-
theless retains the ability to lower Ab42. This
drug candidate, however, eventually failed
owing to lack of efficacy (Green et al. 2009), a
result that was not surprising given the very
poor potency and brain penetration of this
agent. Other compounds with similar proper-
ties, but that are much more potent, are in
various stages of development. How these
compounds elicit their effects is unclear. Some
evidence suggests that the compounds selec-
tively target the APP substrate (Kukar et al.
2008), whereas other studies suggest a direct
interaction with the protease complex, even in
the absence of substrate (Beher et al. 2004).
The former mode of interaction (substrate tar-
geting) would be unusual, while the latter
mode (allosteric inhibition) is more common.

The second class of therapeutically promis-
ing molecules is the so-called “Notch-sparing”
g-secretase inhibitors. These compounds are
capable of decreasing the proteolysis of APP
by g-secretase (and thereby decreasing the pro-
duction of all forms of Ab) while allowing the
enzyme to continue processing the Notch
receptor. Early compounds reported with this
property were weak inhibitors identified by
screening kinase inhibitors: The screen was
based on the finding that the g-secretase com-
plex contains an ATP-binding site that affects
the processing of APP but not that of Notch
(Fraering et al. 2005). As kinase inhibitors
typically interact with ATP-binding sites, the
thought was that some kinase inhibitors
might interact with an ATP-binding site on g-
secretase. The abl kinase inhibitor imatinib
(Gleevec) was the first reported Notch-sparing
g-secretase inhibitor, doing so in an abl ki-
nase-independent manner (Netzer et al. 2003).
Recent affinity isolation of the imatinib target
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Figure 5. g-Secretase inhibitors recently or currently
in clinical trials for the treatment of Alzheimer dis-
ease. LY450139 shows little selectivity for APP with
respect to the Notch receptor, whereas GSI-953 and
BMS-708,163 are clearly selective.
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apparently responsible for the Ab-lowering
effects identified g-secretase activating protein
(GSAP), a novel 16 kDa protein that can inter-
act stably with the g-secretase complex (He
et al. 2010).

Since the identification of these initial, weak
agents, a number of much more potent Notch-
sparing inhibitors have been reported, with
several that are currently in early- to mid-stage
clinical trials (Kreft et al. 2009). These include
BMS-708,163 (Fig. 5) from Bristol-Myers-
Squibb (BMS) (Gillman et al. 2010), PF-
3,084,014 from Pfizer (Lanz et al. 2010), and
GSI-953 (begacestat; Fig. 5) from Wyeth (now
part of Pfizer) (Mayer et al. 2008). The Wyeth
compound displays nanomolar potency but
only 14-fold selectivity for APP over Notch,
which may not be sufficient to avoid peripheral
Notch-related toxicities. The BMS and Pfizer
compounds are both highly potent (nanomolar
to subnanomolar) and selective (�200- to
300-fold); however, it is still unclear whether
this selectivity will be sufficient if the com-
pounds do not have high brain penetration.

Avoiding interference with g-secretase pro-
teolysis of Notch could provide compounds
that will have other toxicities that had been
masked by the Notch-deficient phenotypes. As
mentioned earlier, g-secretase cleaves many
type I membrane proteins after ectodomain
release by cell surface sheddases (Beel and San-
ders 2008). In some cases, proteolysis of the
substrate results in a signaling event or other
specific cellular function, for example, the
g-secretase proteolysis of N-cadherin (Maram-
baud et al. 2003) mentioned earlier. Also,
neuregulin-1-triggered g-secretase cleavage of
ErbB4 inhibits astrocyte differentiation by
interacting with repressors of astrocyte gene
expression (Sardi et al. 2006). It is presently
unclear whether interference with these cellular
functions will result in toxicity in vivo. In other
cases, however, proteolysis of a substrate by
g-secretase may not serve a specific cellular
function but may simply be a means of clear-
ing the membrane of protein stubs left behind
after ectodomain shedding (Kopan and Ilagan
2004). Although this might appear to be an
essential housekeeping function, no general

mechanism-based cell toxicity has been observed
from g-secretase inhibitors, perhaps owing to
redundant function by other membrane-
embedded proteases. Another important issue
is selectivity with respect to the family of pre-
senilin homologs exemplified by signal peptide
peptidase (Golde et al. 2009). Such “off-target”
interactions could also result in toxicity in vivo.

CONCLUDING REMARKS

Since the discovery of PSEN mutations as-
sociated with early-onset AD in 1995, our
understanding of the nature of the g-secretase
complex and the normal and pathological func-
tions of presenilins has come far. Challenges for
the future include elucidating the detailed
structure of this 19-TMD complex and translat-
ing our understanding into practical therapeu-
tics for AD. The hope is that a second edition
of this collection will describe major advances
on these and other research fronts, and perhaps
even some success in the clinic.
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