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Intramembrane Proteolysis by y-Secretase
and Signal Peptide Peptidases

Regina Fluhrer and Christian Haass(0<)

Abstract The amyloid cascade hypothesis describes a series of cumulative events
that are initiated by amyloid B-peptide and finally lead to synapse and neuron
loss. Obviously, the proteases involved in amyloid B-peptide generation are tar-
gets for therapeutic treatment strategies. For the development of a safe therapeutic
intervention, however, we must understand the precise physiological functions and
the cellular mechanisms involved in substrate recognition, selection and cleavage.
Moreover, homologous proteases, whose physiological function could be affected
by inhibitors, need to be discovered and assays must be developed to help deter-
mine the cross-reactive potential of such inhibitors. Here we will focus on the
intramembrane cleavage of the B-amyloid precursor protein, which is performed
by the y-secretase complex. In parallel, the cellular and biochemical properties of
other proteases belonging to the same family of GxGD-type aspartyl proteases, the
signal peptide peptidases and their homologues, will be described. We present a
common, multiple intramembrane cleavage mechanism performed by these pro-
teases and evidence that Alzheimer’s disease-associated mutations lead to a partial
loss of intramembrane proteolysis.

1 Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder world-
wide (Hardy and Selkoe 2002). The major pathological hallmarks of the disease
are senile plaques, composed of amyloid B-peptide (AB; Hardy and Selkoe 2002).
AP is generated from the B-amyloid precursor protein (BAPP) by two sequen-
tial endoproteolytic steps. While the first cleavage event, which is mediated by
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B-secretase, occurs in the hydrophilic environment of either the extracellular space
or the lumen of endosomal/lysosomal/Golgi vesicles, the second cleavage, mediated
by y-secretase, occurs within the hydrophobic environment of cellular membranes.
Intramembrane cleavage has been thought to be impossible for quite some time,
since it was believed that water molecules, which are absolutely required for prote-
olysis, are not abundant enough within the hydrophobic bilayer of the membrane.
Nonetheless, over the past few years, a number of enzymes have been discov-
ered that share the ability to cleave the transmembrane domain (TMD) of integral
membrane proteins (Wolfe and Kopan 2004). These intramembrane cleaving pro-
teases (ICLIPs) are classified according to the amino acid that is localized and
required within their catalytically active center. So far representatives of three pro-
tease classes have been identified: the site-2 (S2P) metalloprotease (Brown and
Goldstein 1999), the GxGD-type aspartyl proteases (Haass and Steiner 2002) and
the rhomboid serine proteases (Lemberg and Freeman 2007; Fig. 1).

ICLIP turned out to be an important part of a novel cellular pathway termed
regulated intramembrane proteolysis (RIP). RIP describes the sequential processing
of an increasing number of single-pass transmembrane proteins, which as a first step
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Fig. 1 Models showing regulated intramembrane proteolysis (RIP) by the different classes of
intramembrane cleaving proteases. The initial shedding event is marked by a black arrow; the
intramembrane cleavage is illustrated by a red arrow. (A) RIP of SREBP involving the intramem-
brane cleaving metallo protease S2P. (B) RIP of the Drosophila melanogaster protein Spitz
involving Rhomboid, an intramembrane cleaving serine protease. (C) RIP of BAPP and signal
peptides involving y-secretase and SPP, respectively. y-Secretase and SPP are representatives of
GxGD-type intramembrane cleaving aspartyl proteases
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undergo a shedding event, removing large parts of their ectodomain. The remaining
membrane-bound stub is subsequently cleaved by an ICLIP within its hydrophobic
TMD, releasing small peptides to the extracellular space as well as to the cytosol.
Cytosolic peptides, the intracellular domains (ICDs), are in some cases translocated
to the nucleus and can be involved in nuclear signaling and transcriptional regulation
(Haass 2004; Wolfe and Kopan 2004).

All currently known ICLIPs are polytopic proteins, with their active center most
likely embedded within certain TMDs. Apparently this enables these proteases to
form water-penetrated cavities, allowing proteolysis within the lipid bilayer of cel-
lular membranes (Feng et al. 2007; Lazarov et al. 2006; Lemberg and Freeman 2007,
Steiner et al. 2006).

S2P is required for the regulation of cholesterol and fatty acid biosynthesis via
the liberation of the membrane-bound transcription factor, sterol regulatory ele-
ment binding protein (SREBP), by intramembrane proteolysis. In addition, S2P is
involved in intramembrane processing of ATF6, a protein required for chaperone
expression during unfolded protein response. Prior to intramembrane cleavage, both
substrates are first shed by a luminal cleavage via site-1-protease (S1P; Rawson et al.
1997; Ye et al. 2000; Fig. 1).

A member of the rapidly growing family of rhomboid proteases was first iden-
tified in Drosophila melanogaster and was shown to be the primary regulator of
epidermal growth factor (EGF) receptor signaling via the processing of Spitz, Karen
and Gurken (Lemberg and Freeman 2007; Fig. 1). Besides their function in EGF,
receptor signaling rhomboids are also involved in many other cellular pathways,
including apoptosis, generation of a peptidic quorum sensing signal in procaryots,
invasion of parasites, and mitochondrial fusion (Lemberg and Freeman 2007). High-
resolution structures of bacterial rhomboid proteases have recently provided insight
into the mechanism of intramembrane proteolysis by serine ICLIPs (Ben-Shem et al.
2007; Lemieux et al. 2007; Wang et al. 2006b; Wu et al. 2006). An intramembra-
nous active site Ser-His dyad as well as the presence of water within a hydrophilic
cavity formed by the TMDs have been demonstrated (Lemberg and Freeman 2007).
This finding therefore provided the ultimate and unequivocal proof that proteolysis
within the hydrophobic bilayer of the membrane is possible. Interestingly, the fam-
ily of rhombiod proteases seems to be the only ICLIP class that does not necessarily
require an initial shedding event preceding the intramembrane cleavage.

The class of GxGD-type aspartyl proteases (Fig. 1) so far covers three ICLIP
families, the presenilins (PS), known to be involved in the pathogenesis of AD,
the family of signal peptide peptidase (SPP) and SPP-like proteases (SPPL), and
the family of bacterial type IV prepelin peptidases (TFPPs; Friedmann et al. 2004;
LaPointe and Taylor 2000; Ponting et al. 2002; Steiner et al. 2000; Weihofen et al.
2002).

The PS and SPP/SPPL families share a lot of similarities, but fundamental dif-
ferences regarding their localization, their molecular composition and their cellular
function have also been recently discovered.
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Fig.2 Model depicting the y-secreatse complex and SPPL2b and the orientation of their substrates.
The conserved motifs contributing to the active site of the proteases are highlighted. Note that the
active site domains of the two enzymes are oriented in exactly the opposite way

In this chapter we will compare the biochemical, functional and structural prop-
erties of these protease families with a strong focus on AD y-secretase and SPPL2b,
the best-characterized member of the SPPL subfamily (Fig. 2).

2 Structural and Molecular Organization of Intramembrane
Cleaving GxGD-type Aspartyl Proteases

Although PSs were the founding members of the class of GxGD-type aspartyl
proteases, they turned out to be the most complicated family. While the PSs,
which provide the active center of y-secretase, are members of a high molecular
weight complex (Haass and Steiner 2002), SPP/SPPLs and TFPPs seem to act as
dimers or even only monomers (LaPointe and Taylor 2000; Weihofen et al. 2002).
In addition to PS, the y-secretase complex contains three other essential integral
membrane proteins: nicastrin (NCT), anterior pharynx defective 1 (APH-1) and pre-
senilin enhancer 2 (PEN-2; Francis et al. 2002; Goutte et al. 2002; Fig. 2). NCT,
a ~ 100kDa type I transmembrane glycoprotein carrying a large ectodomain and
a short cytoplasmic domain (Yu et al. 2000), probably serves as y-secretase sub-
strate receptor (Shah et al. 2005). PEN-2 is required for the stabilization of the
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autocatalytically generated PS fragments (Thinakaran et al. 1996) in the complex
(Hasegawa et al. 2004; Prokop et al. 2004), whereas the function of APH-1 is still
unclear. Together with the ~ 50kDa PS, the components form a complex of roughly
500 kDa, implying that each component may be represented twice within the com-
plex. Whether y-secretase indeed needs to form a dimer to be active or whether
a single complex by itself provides proteolytic activity is currently under debate
(Sato et al. 2007). The absolute requirement of these four components to form an
active y-secretase complex was proven by the reconstitution of y-secretase in yeast
(Edbauer et al. 2003). Only upon expression of all four y-secretase complex compo-
nents is proteolytic activity achieved; overexpression of PS alone is not sufficient.
In contrast, to obtain increased SPP/SPPL activity, it is sufficient to simply overex-
press the protease (Fluhrer et al. 2006; Friedmann et al. 2006; Nyborg et al. 2004a),
indicating that SPP/SPPLs do not need any other essential co-factors for proteolytic
activity (Fig. 2). There is evidence that SPP as well as SPPLs form homodimers
(Friedmann et al. 2004a, b). The homodimer was selectively labeled by an active site
inhibitor, strongly supporting the notion that dimerization is required for biological
activity. However, in a later study using a different inhibitor, selective labeling of
the monomer was observed (Sato et al. 2006). Whether SPP/SPPLs under phys-
iological conditions have additional transient interactors positively or negatively
regulating their proteolytic activity needs to be investigated. For y-secretase, CD147
and TMP21 are proposed to fulfill such a regulatory activity (Chen et al. 2006;
Zhou et al. 2005), although a very recent observation suggests that CD147 does not
directly interact with y-secretase but rather modulates extracellular degradation of
AP (Vetrivel et al. 2008).

While SPP/SPPLs are active as full-length proteins, PS undergoes endoprote-
olysis (Thinakaran et al. 1996). This endoproteolytic cleavage is most likely an
autoproteolytic event (Edbauer et al. 2003; Wolfe et al. 1999); however, this has
not been directly proven.

The catalytic center of GxGD-type aspartyl proteases contains two critical aspar-
tate residues located within the two neighboring TMDs 6 and 7 of the protein
(Fig. 2). The N-terminal catalytically active site aspartate is embedded in a con-
served YD motif, whereas the C-terminal active site domain contains the equally
conserved GxGD motif (Steiner et al. 2000; Wolfe et al. 1999). While the catalytic
motifs of PSs and SPP/SPPLs are likely located within the hydrophobic core of TM6
and TM7, the active site of the bacterial TFFPs is most likely located at the cyto-
plasmic border and probably not within the membrane (LaPointe and Taylor 2000).
Mutagenesis of either critical aspartate residue in PSs, SPP and TFFPs abolishes
their proteolytic activity (LaPointe and Taylor 2000; Weihofen et al. 2002; Wolfe
etal. 1999). In zebrafish, expression of GxGD aspartate mutants of SPP/SPPLs phe-
nocopy a morpholino-mediated, knockdown phenotype of the respective SPP/SPPL
family member (Krawitz et al. 2005). The formal proof of the requirement of
the aspartate within the YD motif of SPPL family members is still missing. The
glycine directly N-terminal to the aspartate within the GxGD motif is also required
for proteolytic activity of GxGD-aspartyl proteases. In PS1 and SPPL2b, the only
other amino acid tolerated at this position is an alanine. Nonetheless the substrate
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conversion of SPPL2b carrying the G/A mutation is significantly slower compared
to the wt enzyme (Fluhrer and Haass, unpublished data). PS carrying the G/A muta-
tion strongly affects the AB 42/40 ratio by selectively lowering A 40 production
(Steiner et al. 2000;; Fluhrer and Haass, unpublished data). The function of the Y
within the YD motif of SPP/SPPLs and TFPPs has not been investigated so far, but it
is known that, for example, the mutation YD/SD in PS1 causes early onset familial
AD (FAD) (Miklossy et al. 2003 and www.molgen.ua.ac.be/ADMutations). So it is
tempting to speculate, that like the glycine in close vicinity to the aspartate in the
GxGD motif, the tyrosine in the YD motif is required for proper function of the
enzyme. At least in PSs and SPP/SPPL family members, a third highly conserved
motif, likely to contribute to the active center of GxGD-type aspartyl proteases,
is found. The so-called PAL sequence is located in the most C-terminal TMD of
GxGD-type aspartyl proteases. The important participation of the PAL motif in the
catalytic center is supported by the finding that a transition-state analog inhibitor
fails to bind to SPP and PS upon mutagenesis of the PAL sequence (Wang et al.
2006a). It is currently unknown how the PAL domain affects PS and SPP activity;
however, one may assume a close proximity of the TMDs.

3 Cellular Localization

Originally it was believed that PSs were exclusively localized to early secretory
compartments like the ER and the intermediate compartment (Annaert and De
Strooper 1999; Cupers et al. 2001). These findings created a large debate in the
field, since y-secretase activity per se was believed to take place at the cell sur-
face (Haass et al. 1993). This phenomenon is known in the literature as the “spatial
paradox” (Checler 2001; Cupers et al. 2001). With the identification of Nicastrin
as a component of the y-secretase complex (Yu et al. 2000), it was shown that the
Y-secretase complex assembles in the ER and is then targeted through the secre-
tory pathway, where Nicastrin becomes endoglycosidase H-resistant (Kaether et al.
2002). Cell-surface biotinylation assays and live cell microscopy further demon-
strate that a small but fully active amount of y-secretase is localized to the cell
surface (Kaether et al. 2002), whereas a majority of unincorporated PS1 is retained
in the ER (Capell et al. 2005; Kaether et al. 2004). Recently, a first protein factor,
namely Rerl (Retention in the endoplasmic reticulum 1), was shown to be required
for y-secretase complex formation or retention of PEN-2 within the ER (Annaert
et al. 1999; Kaether et al. 2007).

SPP is exclusively detected in the endoplasmic reticulum (ER; Friedmann et al.
2006; Krawitz et al. 2005; Fig. 3), accompanied by the substrate preference of SPP
that cleaves signal peptides of proteins translated into the ER (Weihofen et al. 2002).
Interestingly, although sharing a high sequence homology, SPP and SPPLs localize
to different cellular compartments (Fig. 3). SPPL2a and b accumulate on the plasma
membrane and within endosomal/lysosomal compartments (Friedmann et al. 2006;
Krawitz et al. 2005; Fig. 3). SPPL3 has been detected in the ER (Krawitz et al.
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Fig. 3 Differential localization of SPP/SPPL family members. Immunofluorescence staining of
SPP, SPPL2b and SPPL3 reveals endoplasmic reticulum (ER) localization for SPP and SPPL3;
SPPL2b predominantly localizes to later secretory compartments, including endosomes/lysosomes

2005; Fig. 3) as well as within later compartments (Friedmann et al. 2006). Since
SPP only cleaves substrates located in the ER membrane (Lemberg and Martoglio
2002; Weihofen et al. 2002) and all known substrates for SPPL2a and SPPL2b are
targeted to the cell surface (Fluhrer et al. 2006; Friedmann et al. 2006; Kirkin et al.
2007; Martin et al. 2008), the substrate selection of SPP/SPPLs may be achieved
by their differential subcellular localization. How the distinct cellular localization
of SPP/SPPLs is achieved is not yet entirely clear, but SPP may be actively retained
within the ER by its putative KKXX retention signal (Weihofen et al. 2002), which
is not present in any of the members of the SPPL family.

4 Substrate Requirements and Physiological Function

Members of the SPP/SPPL family apparently only accept single pass trans-
membrane proteins of type II orientation as substrates, whereas PSs exclusively
recognize type I trans-membrane proteins (Fig. 2). Since both protease families
seem to have numerous substrates, it is discussed that GxGD-type aspartyl proteases
fulfill the function of a so-called membrane proteasome (Kopan and Ilagan 2004),
removing the sticky transmembrane domains from the cellular membranes that are
left behind after proteolytic processing of transmembrane proteins, e.g., shedding
of ligands or receptors at the cell surface. How PSs and SPP/SPPLs are able to
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discriminate between type I and type II substrates is currently not fully under-
stood. Strikingly, the active site domains in PSs and SPP/SPPLs are predicted
to be arranged in exactly opposite orientations (Weihofen and Martoglio 2003;
Fig. 2), which might reflect the opposite orientation of the substrates. Another pos-
sibility for substrate discrimination is the receptor proteins or domains within the
v-secretase complex and SPP/SPPL. The initial recognition of y-secretase substrates
requires the main part of the substrate ectodomain to be removed by shedding. The
Y-secretase substrates are then recognized by NCT, which identifies the free N-
terminus of the substrate (Shah et al. 2005). Therefore. shedding is a prerequisite
for every physiological y-secretase substrate. Since SPP/SPPLs do not require any
co-factors for activity (Fig. 2), the receptor for substrate recognition must be located
within SPP/SPPLs themselves, but a defined domain for the substrate recognition
has not yet been identified. Maybe the active site itself is involved in substrate
recognition, as has recently been shown for PS1, where the active site domain
overlaps with a second substrate recognition site (Kornilova et al. 2005; Yamasaki
et al. 2006). Shedding of type-II proteins seems to greatly facilitate intramembrane
proteolysis of SPPL substrates. In contrast to y-secretase substrates, shedding is
not an absolute prerequisite for intramembrane proteolysis (Martin, Fluhrer and
Haass, unpublished data). This may reflect the absence of NCT as a docking protein
involved in substrate identification.

SPP predominantly cleaves signal peptides that are removed from the nascent
protein chain by signal-peptidase (SP) in the ER (Fig. 1), in the middle of their hy-
drophobic core. All signal peptides adopt a type II orientation during co-translation
and are therefore, in principle, preferred substrates of SPP (Weihofen et al. 2002).
But although a variety of signal peptides from human and viral proteins - like the
hormone prolactin, MHC class I molecules and calreticulin - are cleaved by SPP,
examples of signal peptides that are not substrates for SPP, like that of RNAse A
and human cytomegalovirus glycoprotein UL40, have been published (Lemberg and
Martoglio 2002). Therefore, another protease with SPP function might exist, at least
in humans. Potential candidate proteins would be the SPP homologues, SPPL3 and
SPPL2c, which may both localize to the ER (Friedmann et al. 2006; Krawitz et al.
2005). But so far no substrates have been described for these proteases. Interest-
ingly, however, the knockdown phenotypes of the SPP and the SPPL3 homologue
in zebrafish result in virtually indistinguishable phenotypes (Krawitz et al. 2005),
which might point to a similar cellular function for the two proteases.

The best-understood y-secretase substrates are APP and the Notch-receptor,
Notch 1. Although the intramembrane proteolysis of BAPP contributes to the
production of AP (Fig. 4) and therefore to the pathogenesis of AD, the intramem-
brane proteolysis of Notch 1 is of much greater physiological relevance. This is
reflected by the fact that ablation of PS1/2 and other y-secretase complex com-
ponents in many different organisms results in a lethal Notch phenotype (Selkoe
and Kopan 2003). The Notch receptors are known to bind ligands like Serrate
and Jagged on the cell surface (Selkoe and Kopan 2003). Upon ligand binding,
the receptor/ligand-complex starts being endocytosed by the ligand-expressing cell,
inducing shedding of the receptor by ADAM proteases (Gordon et al. 2007). On the
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Fig. 4 Model showing RIP of APP and TNFo. The individual cleavage products after shedding
and intramembrane proteolysis are depicted

receptor-expressing cell, y-secretase cleaves the remaining stub of the Notch recep-
tor, liberating the Notch ICD, which has been shown to translocate to the nucleus
regulating gene transcription (Selkoe and Kopan 2003).

Recently, tumor necrosis factor oo (TNFo; Fluhrer et al. 2006; Friedmann et al.
20006), the FAS ligand (FasL; Kirkin et al. 2007) and Bri2 (Itm2b; Martin et al.
2008) have been identified as substrates for intramembrane proteolysis by SPPL2a
and SPPL2b. All three substrates, like Notch and APP, undergo shedding by a pro-
tease of the ADAM family (Fluhrer et al. 2006; Friedmann et al. 2006; Kirkin et al.
2007; Martin et al. 2008). TNFo is a well-known, pro-inflammatory cytokine that
has a critical role in autoimmune disorders such as rheumatoid arthritis and Crohn’s
disease (Locksley et al. 2001; Vassalli 1992). These effects are mediated by the
ectodomain of TNFo. (TNFo soluble), which is released by TACE/ADAMI17 from
the cell surface of the TNFo-expressing cell (Hooper et al. 1997; Schlondorff and
Blobel 1999; Fig. 4). The TNFa ectodomain then enters the blood stream (Gearing
et al. 1994; McGeehan et al. 1994) and binds to a variety of different receptors
on the signal-receiving cell, triggering the respective signal cascade. In the signal-
sending cell, the TNFo stub (TNFo. NTF) is left behind (Fig. 4). This TNFo NTF
is substrate to intramembrane proteolysis by SPPL2a and SPPL2b (Fluhrer et al.
2006; Friedmann et al. 20006), releasing a short TNFo. ICD to the cytosol and the
corresponding part, the TNFo. C-domain, to the extracellular/luminal space of the
cell (Fluhrer et al. 2006; Fig. 4). The ICD of TNFo has been shown to stimulate
expression of interleukin-12 in the signal-sending cell (Friedmann et al. 2006), a
mechanism that is referred to as TNFo backward signaling. Similarly, the ICD
of the FasL translocates to the nucleus, where it may act as a suppressor of gene
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transcription (Kirkin et al. 2007). No physiological function has yet been assigned
for the corresponding Bri2 ICD.

Interestingly, a variety of the RIP substrates, like APP, Bri2 and TNFa, have
been shown to dimerize or even trimerize (Kriegler et al. 1988; Munter et al. 2007;
Tsachaki et al. 2008). The dimerization of APP and Bri2 is mediated by GxxxG
dimerization motifs (Munter et al. 2007; Tsachaki et al. 2008) that,, when dis-
rupted, lead to altered intramembrane cleavage, at least in the case of APP (Munter
et al. 2007). However, the precise mechanism of how the GxxxG motif triggers
intramembrane proteolysis is currently unclear.

5 Cleavage Mechanism

Mostly, all TMDs of RIP substrates are predicted to adopt an o-helical confirma-
tion. Therefore, it is likely that the TMDs require unwinding prior to the occurrence
of endoproteolysis. For SPP substrates, this is proposed to be promoted by helix-
breaking residues within the hydrophobic core of the signal peptides (Lemberg and
Martoglio 2002). Mutation of such residues in the TMD of TNFo., on the other
hand, does not significantly affect intramembrane proteolysis by SPPL2b (Fluhrer
and Haass, unpublished data). Unfortunately, structural information is not avail-
able for any of the human SPP family members. Therefore, it is difficult to predict
how exactly the intramembrane cleavage is mechanistically performed. However,
the N-terminus of the secreted TNFo. C-domain and the C-terminus of the TNFo
ICD do not exactly match, but are rather separated by 10-15 amino acids (Fluhrer
et al. 2006; Fig. 4). Maybe the unwinding of the o-helical substrate conformation is
facilitated by multiple cleavage events, which step by step open the o-helix like an
elastic spring. Consequently, these multiple cleavage events allow efficient release
of hydrophobic TMDs from cellular membranes. If such multiple cleavages occur
with other SPP/SPPL substrates as well is currently unknown. However, a synthetic
substrate for SPP has been shown to undergo one major as well as several other
minor intramembrane cuts (Sato et al. 2006). Like for TNFo, multiple cleavage
events have been reported specifically for the y-secretase substrates APP and Notch
(Fluhrer et al. 2008), further supporting the idea of unwinding the o-helix of the
substrate with every individual cleavage. Once the substrate has accessed the cat-
alytic site of y-secretase, it is cleaved within its TMD at three topologically distinct
sites, termed €-, {- and y-sites (Haass and Selkoe 2007). In the case of APP, the first
cleavage at the e-site releases the APP intracellular domain (AICD; Fig. 4) into the
cytosol. The remaining part of the APP TMD is further cleaved at the §- and y-sites
until A is short enough to be released from the membrane (Fig. 4). Interestingly,
the cleavages at the -, {- and y-sites are heterogeneous, suggesting the existence of
two different product lines, leading to the benign AP 40 on the one hand and to the
pathogenic AB42 on the other hand (Qi-Takahara et al. 2005). The pathogenic prod-
uct line generating AP42 seems to be dominant in some but not all PS FAD mutants
(Qi-Takahara et al. 2005). FAD mutations seem to directly or indirectly affect the
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confirmation of the active site of y-secretase, selectively slowing the product line
leading to the benign AB40 and therefore causing a relative increase of the patho-
logic AB42, leading to early onset AD (Fluhrer and Haass, unpublished data). When
a FAD mutation was transferred to the corresponding site in SPPL2b, the sequen-
tial cleavage of TNFo. was similarly slowed (Fluhrer and Haass, unpublished data).
However, the precise mechanism of sequential processing by intramembrane GxGD
aspartyl proteases is still unclear.

6 Inhibition of Intramembrane Cleaving Aspartyl Proteases:
a Therapeutic Target

Since substrates of intramembrane proteases are frequently involved in the develop-
ment of diseases (see above), the proteases processing these substrates are drug
targets. Inhibition of y-secretase activity, for example, is an important approach
for therapeutic treatment of AD and y-secretase inhibitor identification and devel-
opment reaches an advanced state (Churcher and Beher 2005). Unfortunately,
v-secretase inhibitors not only block the processing of APP, avoiding the produc-
tion of A, but also interfere with Notch signaling. Therefore, y-secretase inhibitors
affect cellular differentiation and cause severe side effects. Moreover, active site
Y-secretase inhibitors have been shown to cross react with SPP (Iben et al. 2007;
Weihofen et al. 2003) and are likely to also block the members of the SPPL family,
since the active site of the GxGD proteases is highly conserved.

Therefore, the development of selective inhibitors is a major challenge for the
pharmaceutical industry and academic institutions. Besides synthetic y-secretase
inhibitors, a very well-known class of non-steroidal anti-inflammatory drugs
(NSAIDs) has been shown to selectively decrease cleavage of y-secretase at the
7-42 site of APP without affecting cleavage at the y-40 and the £-site (Weggen et al.
2001). Thus NSAIDS do not affect the y-secretase-mediated release of NICD from
Notch (Weggen et al. 2001). Whether these NSAIDs directly bind y-secretase or
APP is currently under debate (Beher et al. 2004; Takahashi et al. 2003). Interest-
ingly, NSAIDs also seem to affect the proteolytic activity of SPP (Sato et al. 2006),
either pointing to a direct binding to the enzyme or to a more general mechanism,
such as an effect on the lipid composition of the membrane and, therefore, indirectly
affecting the conformation of GxGD proteases.

7 Conclusions

We have described and compared the biochemical and cellular properties of GxGD-
type aspartyl proteases. Although we observed some fundamental differences in
terms of substrate recognition and orientation, as well as the requirement of shedding
and the role of essential co-factors, the molecular mechanisms of intramembrane
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proteolysis appear to be surprisingly similar. Multiple intramembrane cleavages are
performed to release small peptides and to finally remove the TMD from the cellular
membranes. FAD-associated mutations affect the kinetics of these intramembrane
cleavages. In the case of APP processing specifically, the production of the benign
AB40 is reduced whereas the generation of the neurotoxic AB42 remains unaffected.
A similar partial loss of function was observed when a FAD-like mutation occurring
in PS1 was introduced at a homologous position of SPPL2b. Our findings, therefore,
finally provide a solution for the long-lasting debate over whether PS mutations
cause a loss or a gain of function. Based on the evidence presented, these mutations
cause a partial loss of function. This finding may have important therapeutic impli-
cations, since treatment of patients with low concentrations of y-secretase inhibitors
(used to avoid an inhibition of Notch signaling) may lead to a selective reduction of
AB40 and thus increase the AR42/40 ratio. Moreover, care must be taken to avoid
cross-reactivity of y-secretase inhibitors with the homologous SPP/SPPL.
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