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ABSTRACT  Alzheimer´s disease (AD) is a devastating neurodegenerative dis-
ease of the elderly population. Genetic evidence strongly suggests that aber-
rant generation and/or clearance of the neurotoxic amyloid-ʲ ǇŜǇǘƛŘŜ ό!ʲύ ƛǎ 
triggering the disease. !ʲ ƛǎ ƎŜƴŜǊŀǘŜŘ from the amyloid precursor protein 
(APP) by the sequential cleavŀƎŜǎ ƻŦ ʲ- ŀƴŘ ʴ-secretase. The latter cleavage by 
-ɹsecretase, a unique and fascinating four-component protease complex, oc-
ŎǳǊǎ ƛƴ ǘƘŜ !tt ǘǊŀƴǎƳŜƳōǊŀƴŜ ŘƻƳŀƛƴ ǘƘŜǊŜōȅ ǊŜƭŜŀǎƛƴƎ !ʲ ǎǇŜŎƛŜǎ ƻŦ 37-43 
amino acids in length including the longer, highly pathoƎŜƴƛŎ ǇŜǇǘƛŘŜǎ !ʲпн 
ŀƴŘ !ʲпоΦ ¢ƘŜ ƭŀŎƪ ƻŦ ŀ ǇǊŜŎƛǎŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ !ʲ ƎŜƴŜǊŀǘƛƻƴ ŀǎ ǿŜƭƭ ŀǎ ƻŦ 
ǘƘŜ ŦǳƴŎǘƛƻƴǎ ƻŦ ƻǘƘŜǊ ʴ-secretase substrates has been one factor underlying 
the disappointing fŀƛƭǳǊŜ ƻŦ ʴ-secretase inhibitors in clinical trials, but on the 
other side also been a major driving force for structural and in depth mecha-
nistic studies on this key AD drug target in the past few years. Here we review 
recent breakthroughs in our understaƴŘƛƴƎ ƻŦ Ƙƻǿ ǘƘŜ ʴ-secretase complex 
ǊŜŎƻƎƴƛȊŜǎ ǎǳōǎǘǊŀǘŜǎΣ ƻŦ Ƙƻǿ ƛǘ ōƛƴŘǎ ŀƴŘ ǇǊƻŎŜǎǎŜǎ ʲ-secretase cleaved APP 
ƛƴǘƻ ŘƛŦŦŜǊŜƴǘ !ʲ ǎǇŜŎƛŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǇǊƻƎǊŜǎǎ ƳŀŘŜ ƻƴ ŀ ǉǳŜǎǘƛƻƴ ƻŦ ƻǳǘπ
standing interest, namely how clinical AD mutations in the catalytic subunit 
presenilin and the ɹ-secretase cleavage region of APP lead to relative increas-
Ŝǎ ƻŦ !ʲпнκпоΦ Finally, we discuss how the knowledge emerging from these 
studies could be used to therapeutically target this enzyme in a safe way. 
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INTRODUCTION 
Alzheimer´s disease (AD) is the most common form of de-
mentia worldwide currently affecting about 47 millions 
people. The disease affects the elderly typically above an 
age of ~65 and manifests with progressive memory im-
pairment and cognitive decline. About a third of the people 
at an age of 85 are diagnosed with AD. Aging is thus the 
most important risk factor for the disease. In very rare cas-

es, AD can also be genetically inherited. These familial 
forms of AD (FAD) are typically characterized by a much 
earlier onset of the disease below 65 years, which can oc-
cur in very aggressive forms already in adolescence. To 
date, there is no therapy available that can prevent the 
disease or cure it [1].   

Pathologically, AD is characterized by a massive deposi-
tion of abnormal protein aggregates present as extracellu-
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Abbreviations: 
A  ̡ς amyloid- ,̡ 
AD ς !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ 
AICD ς APP intracellular domain, 
APP ς amyloid precursor protein, 
CTF ς C-terminal fragment, 
EM ς electron microscopy,  
FAD ς familial AD, 
GSI ς ɹ -secretase inhibitor, 
GSM - ɹ -secretase modulator, 
ICD ς intracellular domain, 
NCT ς nicastrin, 
NTF ς N-terminal fragment, 
TMD ς transmembrane domain, 
TSA ς transition-stage analogue, 
wt ς wild-type. 
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lar plaques of amyloid-ʲ ǇŜǇǘƛŘŜ ό!ʲύ ƛƴ ǘƘŜ ōǊŀƛƴ ǇŀǊŜƴπ
chyma and as neurofibrillary tangles, intraneuronal depos-
its composed of the microtubule binding protein tau [2]. In 
addition, dystrophic neurites and neuropil threads of tau 
are commonly observed in AD. It is widely believed that 
ŀōƴƻǊƳŀƭ ƭŜǾŜƭǎ ƻŦ !ʲ ǘǊƛƎƎŜǊ ǘƘŜ ŘƛǎŜŀǎŜ [3]. !ʲ ƛǎ ŀ ǎƳŀƭƭ 
hydrophobic ~4 kDa peptide, which is derived by sequen-
tial proteolytic processing of the amyloid precursor protein 
(APP), a single pass transmembrane protein with type I 
topology which is expressed in neurons as 695 amino acid 
splice variant [4] (Fig. 1). In the first step, APP is cleaved by 
-̡secretase. This cleavage, which is carried out by the 

membrane-bound aspartyl ǇǊƻǘŜŀǎŜ .!/9 όʲ-site APP-
cleaving enzyme) [5], removes the bulk of the APP ecto-
domain and leaves a 99 amino acid C-terminal fragment 
(CTF) in the membrane. ¢Ƙƛǎ /фф ƻǊ !tt /¢Cʲ ǘŜǊƳŜŘ 
fragment is cleaved in the next step by a membrane pro-
tein complŜȄ ǘŜǊƳŜŘ ʴ-secretase [6]. This intramembrane-
cleaving aspartyl protease complex cleaves C99 in the 
ǘǊŀƴǎƳŜƳōǊŀƴŜ ŘƻƳŀƛƴ ό¢a5ύ ŀǘ ǘƘŜ ʶ-site thereby releas-
ing the APP intracellular domain (AICD) from the mem-
brane into the cytosol. In a stepwise process, which will be 
ŜȄǇƭŀƛƴŜŘ ƛƴ ŘŜǘŀƛƭ ŦǳǊǘƘŜǊ ōŜƭƻǿΣ ŀ ǾŀǊƛŜǘȅ ƻŦ !ʲ forms are 
ƎŜƴŜǊŀǘŜŘ ōȅ ŀŘŘƛǘƛƻƴŀƭ ʴ-ǎŜŎǊŜǘŀǎŜ ŎƭŜŀǾŀƎŜǎ ŀǘ ǘƘŜ ʸ- and 
-ɹsites that trim the TMD [7] (Fig. 1). Trimming occurs until 

the TMD is short enough to release predominantly 38-42 
ŀƳƛƴƻ ŀŎƛŘ ƭƻƴƎ !ʲ ŦƻǊƳǎ ŦǊƻƳ ǘƘŜ ƳŜƳōǊŀƴŜ ƛƴǘƻ ǘƘŜ 
extracellular space or into the lumen of secretory pathway 
organelles. !ʲпл ƛǎ ƎŜƴŜǊŀǘŜŘ ŀǎ ƳŀƧƻǊ ǇǊƻŘǳŎǘ ŀƭƻƴƎ Ƴƛπ
nor amounts of the shoǊǘŜǊ !ʲоу ŀƴŘ ǘƘŜ ƭƻƴƎŜǊ !ʲпнΦ 
Besides these species, very little amounts oŦ !ʲот ŀƴŘ 
!ʲпо ŀǊŜ ƎŜƴŜǊŀǘŜŘΦ DŜƴŜǊŀǘƛƻƴ ƻŦ !ʲ ƛǎ ǇǊŜǾŜƴǘŜŘ ōȅ ŀƴ 
ŀƭǘŜǊƴŀǘƛǾŜƭȅ ƻŎŎǳǊǊƛƴƎ !tt ŎƭŜŀǾŀƎŜ ōȅ ʰ-secretase [8], 
ǿƘƛŎƘ ŎƭŜŀǾŜǎ ǿƛǘƘƛƴ ǘƘŜ !ʲ ǊŜƎƛƻƴ ŀƴŘ ƎŜƴŜǊŀǘŜǎ ǘƘŜ 
shorter APP CTF, C83.   
!ƭǘƘƻǳƎƘ !ʲпн ƛǎ ƴƻǊƳŀƭƭȅ ƎŜƴŜǊŀǘŜŘ ƻƴƭȅ ƛƴ ƳƛƴƻǊ 

ŀƳƻǳƴǘǎΣ ƛǘ ƛǎ ǘƘŜ ƛƴƛǘƛŀƭƭȅ ŀƴŘ ƳŀƧƻǊ !ʲ ŦƻǊƳ ŘŜǇƻǎƛǘŜŘ ƛƴ 
plaques [9]. Lǘ ƛǎ ƳƻǊŜ ƘȅŘǊƻǇƘƻōƛŎ ǘƘŀƴ !ʲпл ŀƴŘ ŘƛǎǇƭŀȅǎ 

a considerably higher propensity to form neurotoxic aggre-
gates and is thus believed to be the culprit of AD patho-
genesis [2]. ! ŎŜƴǘǊŀƭ ǇŀǘƘƻƭƻƎƛŎŀƭ ǊƻƭŜ ƻŦ !ʲпн ƛǎ ŜǾƛŘŜƴǘ 
from the finding that mutations associated with FAD were 
identified in APP and presenilin [10-12], the catalytic subu-
ƴƛǘ ƻŦ ʴ-secretase [6, 13]. They affect the cleavage of 
-ɹsecretase such that increased amounts of the pathogenic 
!ʲпн ǊŜƭŀǘƛǾŜ ǘƻ !ʲпл ŀǊŜ ƎŜƴŜǊŀǘŜŘ [14-16]. Missense 
mutations in APP were the first reported FAD mutations 
[17, 18]. Most of these mutations are found within the APP 
¢a5 ƛƴ ǘƘŜ ʴ-secretase cleavage region and like presenilin 
C!5 Ƴǳǘŀǘƛƻƴǎ ƛƴŎǊŜŀǎŜ ǘƘŜ !ʲпнκ!ʲпл Ǌŀǘƛƻ [19] (Fig. 1). 
Mutations were also found that increase the total amounts 
ƻŦ !ʲ ƎŜƴŜǊŀǘŜŘΦ A double mutation at ǘƘŜ ʲ-secretase 
cleavage site occurring in a Swedish family [20, 21] and 
more recently, also a duplication of the APP gene could be 
linked to FAD [22]. Interestingly, another mutation close to 
ǘƘŜ ʲ-ǎŜŎǊŜǘŀǎŜ ŎƭŜŀǾŀƎŜ ǎƛǘŜ ǘƘŀǘ ƭƻǿŜǊǎ !ʲ ƭŜǾŜƭǎ ŀƴŘ 
protects against AD has been identified in the Icelandic 
population [23]. FAD mutations were also found in the 
N-terminal and mid-ŘƻƳŀƛƴ ƻŦ !ʲ [19]. These mutations 
increase the aggregation properties of A̡Φ Also for the 
more common sporadic forms of AD, genetic components, 
which increase the risk of developing the disease, have 
been identified. ¢ƘŜǎŜ ƛƴŎƭǳŘŜ ǘƘŜ ʶп ŀƭƭŜƭŜ ƻŦ ǘƘŜ ŀǇƻƭƛǇƻπ
ǇǊƻǘŜƛƴ 9 ό!th9ύ ƎŜƴŜΣ ǿƘƛŎƘ ŀŦŦŜŎǘǎ !ʲ ŀƎƎǊŜƎŀǘƛƻƴ 
and/or clearance [24] as well as the microglial protein 
TREM2 (triggering receptor expressed on myeloid cells 2) 
ǘƘŀǘ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ŎƭŜŀǊŀƴŎŜ ƻŦ !ʲ ǇƭŀǉǳŜǎ [25]. Finally, 
ŀ ŎŜƴǘǊŀƭ ǊƻƭŜ ƻŦ !ʲ ƛƴ ǘƘŜ ŜǘƛƻƭƻƎȅ ƻŦ !5 ƛǎ ŦǳǊǘƘŜǊ ǎǳǇǇƻǊǘπ
ed by genome-wide association studies of AD, which indi-
cate a role of genes involved in lipid metabolism and intra-
cellular protein trafficking ς ŀƭƭ ŦŀŎǘƻǊǎΣ ǿƘƛŎƘ ŀŦŦŜŎǘ !ʲ 
metabolism [26].   
{ƛƴŎŜ ʴ-secretase makes the final cut in the generation 

ƻŦ !ʲΣ ƛǘ ƛǎ ƻōǾƛƻǳǎ ǘƘŀǘ ǘƘŜ ŜƴȊȅƳŜ ƛǎ ƻƴŜ ƻf the major 
drug targets in AD. We will now have a closer look at its 
structure and functions and in particular at the mechanism 

FIGURE 1: APP processing and generation 
ƻŦ !ʲΦ APP is first cleaved ōȅ ʲ-secretase 
όʲύ ƛƴ ƛǘǎ ŜŎǘƻŘƻƳŀƛƴ ŎƭƻǎŜ ǘƻ ǘƘŜ ŜȄǘǊŀŎŜƭπ
lular/luminal membrane border thereby 
generating a 99 amino acid C-terminal 
APP fragment (C99). Consecutive cleavag-
Ŝǎ ƻŦ /фф ōȅ ʴ-ǎŜŎǊŜǘŀǎŜ ŀǘ ʶ-Σ ʸ-Σ ŀƴŘ ʴ-
sites releases the APP intracellular do-
main (AICD) into the cytosol and 37-43 
ŀƳƛƴƻ ŀŎƛŘ !ʲ ǎǇŜŎƛŜǎ ƛƴǘƻ ǘƘŜ ŜȄǘǊŀŎŜƭƭǳπ
lar space or lumen of secretory pathway 
ƻǊƎŀƴŜƭƭŜǎΦ  [ƻƴƎŜǊ !ʲ ŦƻǊƳǎ ǎǳŎƘ ŀǎ ƛƴ 
ǇŀǊǘƛŎǳƭŀǊ !ʲпн ŀǊŜ ƘƛƎƘƭȅ ŀƎƎǊŜƎŀǘƛƻƴ 
prone and ultimately deposit as plaques 
in AD patient brains. An alternative cleav-
ŀƎŜ ƻŦ !tt ōȅ ʰ-ǎŜŎǊŜǘŀǎŜ όʰύ ƛƴ ǘƘŜ !ʲ 
ŘƻƳŀƛƴ ǇǊŜǾŜƴǘǎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ !ʲΦ 
Pathogenic APP FAD mutations that have 
been shown or are likely to cause relative 
ƛƴŎǊŜŀǎŜǎ ƛƴ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ !ʲпн ǎǇŜπ
ŎƛŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ʴ-secretase cleav-
age region of the APP TMD and in the 
AICD. 
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ƻŦ Ƙƻǿ ƛǘ ƎŜƴŜǊŀǘŜǎ ǇŀǘƘƻƎŜƴƛŎΣ ƭƻƴƎŜǊ !ʲ ǎpecies in the 
following chapters. 

 

{¢w¦/¢¦w9 !b5 C¦b/¢Lhb hC ʴ-SECRETASE IN AD 
AND BEYOND  
-ɹSecretase is a protein complex composed of four subu-

nits [27-29], whose structure has recently been solved at 
atomic resolution by cryo-electron microscopy [30] (Fig. 2). 
The largest subunit nicastrin (NCT) is a type I membrane 
protein [31], whose large bilobar highly glycosylated extra-
cellular domain covers the horseshoe-like transmembrane 
part of the complex [32]. The catalytic subunit of the com-
plex, presenilin, is a polytopic membrane protein with nine 
TMDs. TMDs 6 and 7 carry the active site aspartate resi-
dues [33-35]. Upon assembly and maturation of the com-
plex [36], presenilin is cleaved within the large cytoplasmic 
loop into two fragments, the N-terminal fragment (NTF) 
comprising TMDs 1-6 and the CTF comprising TMDs 7-9 
[37]. Presenilin endoproteolysis is heterogeneous and oc-
curs in a stepwise manner [38, 39] by autoproteolysis [27, 
33, 34, 40]. The complex can be composed either of prese-
nilin-1 (PS1) or its homolog presenilin-2 (PS2) [41]. Likewise, 
the subunit APH-1 (anterior pharynx-defective 1) [42-44], a 
polytopic membrane protein with seven TMDs, which 
serves a stabilizing, structural role in the complex, exists as 
APH-1a or APH-1b variant that are part of separate com-
plexes [45, 46]. Finally, there is the smallest subunit of the 
complex, PEN-2 (presenilin enhancer 2) [42, 47]. Of its two 
hydrophobic domains, one forms a straight TMD, while the 
other one adopts a hairpin-like structure embedded in the 
membrane as two half-helices [48, 49]. Low-resolution 
electron microscopy (EM)-structures indicate that the en-
zyme has substantial conformational flexibility and is com-
pacted upon inhibitor binding [50, 51]. The identification of 
three different apo-states in the atomic cryo-EM structure 
has shown that in particular presenilin together with PEN-2 
shows considerable flexibility in the complex [52]. The dif-
ferent complexes display differential subcellular locations 

[53, 54]. Careful cell biological experiments show that PS1-
ŎƻƴǘŀƛƴƛƴƎ ʴ-secretase complexes are more broadly dis-
tributed within the secretory pathway, whereas PS2-
ŎƻƴǘŀƛƴƛƴƎ ʴ-secretase complexes localize preferentially to 
the late endosome/lysosome. These different locations 
ƘŀǾŜ ŀƴ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ƭƻƴƎŜǊ !ʲ ǎǇŜŎƛŜǎΣ ŀǎ 
the lysosomal P{н ʴ-secretase complexes are responsible 
ŦƻǊ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ōǳƭƪ ƻŦ ŀƴ ƛƴǘǊŀŎŜƭƭǳƭŀǊ !ʲпн Ǉƻƻƭ 
[54].   

Research over nearly two decades has shown that 
-ɹsecretase cleaves numerous other proteins besides APP, 

and the list of its substrates has grown to more than hun-
dred since the last overview in 2011 [55]. A general feature 
ǘƘŀǘ Ƙŀǎ ŜƳŜǊƎŜŘ ƛǎ ǘƘŀǘ ʴ-secretase substrates are princi-
pally in type I membrane protein orientation, i.e. with an 
extracellular N-terminus and an intracellular C-terminus, 
and as an additional key feature have short ectodomains. 
These are typically generated by ectodomain shedding by 
proteases such as BACE or in probably most of the cases by 
metalloproteases of the ADAM (a disintegrin and metallo-
ǇǊƻǘŜŀǎŜύ ŦŀƳƛƭȅΣ ǎǳŎƘ ŀǎ ǘƘŜ ʰ-secretases ADAM10 and 17 
[56]. In case of APP, besides C99, the shorter CTFs C89 and 
C83 are generated by the cleavage of these sheddases [57]. 
However, naturally short substrates, which do not undergo 
ectodomain shedding such as BCMA (B-cell maturation 
antigen), have also recently been identified [58]. Apart 
from APP, at least one other major and critical substrate, 
which stands out is the cell surface receptor Notch1 [59, 
60]. /ƭŜŀǾŀƎŜ ƻŦ bƻǘŎƘм ōȅ ʴ-secretase is an essential func-
tion of the enzyme required for cell-fate decisions during 
embryonic development and remains also critical in adult-
hood [61]. As demonstrated first for this receptor, the in-
ǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ όL/5ύ ƎŜƴŜǊŀǘŜŘ ōȅ ʴ-secretase cleavage 
translocates to the nucleus to activate transcription of tar-
get genes [62]. Similar signaling activities have been re-
ported also for a number of other subsequently identified 
-ɹsecretase substrates and have also been suggested for 

APP [63], although this has remained controversial for this 

CLD¦w9 нΥ {ǘǊǳŎǘǳǊŜ ƻŦ ʴ-
secretase. The atomic resolu-
ǘƛƻƴ ǎǘǊǳŎǘǳǊŜ ƻŦ ʴ-secretase 
(PDB: 5FN3) shows a mem-
brane embedded core con-
taining the catalytic subunit 
presenilin-1 cleaved into NTF 
(blue) and CTF (cyan) flanked 
by the subunits PEN-2 (yellow) 
and APH-1a (purple), which is 
covered by the large bilobar 
extracellular domain of the 
nicastrin subunit (green). This 
domain allows nicastrin to 
serve as gatekeeper control-
ling substrate access to the 
active site by excluding pro-
teins with too large (or steri-
cally incompatible) ectodo-
mains. Red spheres depict the 
active sites aspartate resi-
dues. 
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substrate [64]. ²ƘƛƭŜ ʴ-secretase cleavage can lead to sig-
naling pathway activation, examples for the opposite pro-
cess have also been identified, where substrate cleavage 
abolishes signaling events [65, 66]. The regulation of signal-
ing pathways by the release of biologically active ICDs is 
ǘƘǳǎ ŎƭŜŀǊƭȅ ŀ Ǿƛǘŀƭ ŦǳƴŎǘƛƻƴ ƻŦ ʴ-secretase events [67]. 
However, a more general and simple function of 
-ɹsecretase could be to clear the membrane from substrate 

CTFs that are left behind after ectodomain shedding [68]. 
Since an accumulation of these fragments could be toxic as 
inferable from observations with APP CTFs [69-73], this 
άƳŜƳōǊŀƴŜ ǇǊƻǘŜŀǎƻƳŜέ ŦǳƴŎǘƛƻƴ ŎƻǳƭŘ ǎŜǊǾŜ ǘƻ ŎƻƴǘǊƻƭ 
toxic membrane protein abundance.   
²ƛǘƘ ǘƘŜ ŘƛǎŎƻǾŜǊȅ ƻŦ ǎƻ Ƴŀƴȅ ʴ-secretase substrates it 

has become clear that the enzyme has multiple biological 
functions ranging from developmental processes of various 
organs to functions in the nervous system of the adult 
brain [55, 67]. .ŜǎƛŘŜǎ !5Σ ŀƭǘŜǊŜŘ ʴ-secretase function can 
also be associated with other diseases including most 
prominently cancer, which has excellently been covered 
elsewhere [67]. It should also be noted here that 
-ɹsecretase-independent functions of presenilin have been 

identified which have recently been reviewed elsewhere 
[74].    

A precise understanding of how the enzyme recognizes, 
selects and finally cleaves its substrates is crucial for the 
development of APP-selŜŎǘƛǾŜ ʴ-secretase-targeting drugs 
that should ideally not touch the cleavage of Notch1 and 
other critical substrates. Understanding this process is an 
area of active research where important developments 
have recently been achieved. 

 

SUBSTRATE RECOGNITION .¸ ʴ-SECRETASE 
At the very basic level of recognition, substrates of 
-ɹsecretase have to locate in the same subcellular com-

partment as the protease in order to be cleavable. The 
more restricted localization of PS2-ŎƻƴǘŀƛƴƛƴƎ ʴ-secretase 
complexes to late endosomes/lysosomes thus provides 
some selectivity in substrate recognition and cleavage as 
substrates that are targeted to these compartments will 
preferentially be cleaved by PS2 rather than PS1 [54]. Once 
substrate and enzyme encounter each other in the correct 
compartments, a crucial requirement for the selection of 
ǎǳōǎǘǊŀǘŜǎ ōȅ ʴ-secretase is that these have short ectodo-
mains typically between 15-30 amino acids in length. The 
shorter these are the better substrates are cleavable [75, 
76]. Early studies showed that substrates become increas-
ingly less well cleavable when their ectodomain lengths are 
increased above 50 amino acids [77]. This has subsequently 
been expanded by showing that NCT acts as a gatekeeper 
controlling whether type I membrane proteins getting in 
contact with the protease complex have appropriate ecto-
domain lengths that fit in size underneath the large globu-
lar extracellular domain of NCT [76] (Fig. 2). In agreement 
with such a substrate size control function of NCT are ob-
servations that antibodies against the NCT ectodomain can 
block substrate binding and catalysis [78, 79]. Although 
experimentally not yet shown, it is likely that bound anti-

bodies sterically hinder substrate access to the enzyme. 
This could occur either directly or by inducing a conforma-
tional change of the NCT ectodomain towards the mem-
brane-embedded part of the complex thereby interfering 
with substrate recruitment. Flexibility of NCT has been 
inferred by lower resolution EM studies [50, 51] and is 
supported by molecular dynamics computer simulations 
[80, 81].   

Following this initial recognition step, in which type I 
membrane proteins with too large ectodomains are pre-
vented from recruitment to the protease by steric hinder-
ance [76], substrates gain access to the catalytic site in a 
stepwise-manner by sequential interactions with exosites, 
substrate binding sites outside the active site [82]. Pho-
toaffinity-labeling studies with C99 using site-specifically 
introduced p-benzoyl-phenylalanine as crosslinkable amino 
acid identified the PS1 NTF as major substrate-binding site. 
Prominent contact points of C99 occurred in the cleavage 
site region and included among other residues V44 be-
ǘǿŜŜƴ ǘƘŜ ʴ- ŀƴŘ ʸ-ǎƛǘŜǎ ŀƴŘ ŀǊƻǳƴŘ ǘƘŜ ʶ-cleavage sites 
L49 that contact the PS1 NTF as well as residues M51 and 
L52 that predominantly contact the PS1 CTF [82] (Fig. 3A). 
In addition, NCT, PEN-2 and the PS1 NTF were identified as 
exosite-ōŜŀǊƛƴƎ ʴ-secretase subunits. Here, the most prom-
inent contact points of C99 were H6 with NCT, A30 with 
PEN-2 and E3 with the PS1 NTF (Fig. 3A). Furthermore, as 
demonstrated for C99 by the photocrosslinking experi-
ments, exosites in NCT and PEN-2 mediate the first interac-
tioƴǎ ǿƛǘƘ ʴ-secretase (stage 1). Upon release from these 
sites, C99 binds to exosites in the PS1 NTF (stage 2). Fol-
lowing this stage, C99 can engage the catalytic site for 
cleavage (stage 3) (Fig. 3B). Binding of C99 to NCT at stage 
1 is consistent with earlier findings that suggested an ac-
tive role of this subunit in substrate recognition as a sub-
strate receptor [83]. Although the contact points of C99 in 
the enzyme are currently not known, the initially proposed 
model that NCT interacts with the free N-terminus of sub-
strates via an electrostatic interaction with E333 in its DAP 
domain (DYIGS and peptidase; residues 261-502) [83] has 
been controversial [76, 84, 85] and ultimately seems un-
likely (Fig. 3C). As seen in the structure, E333 located in the 
large lobe cannot directly be accessed by a substrate be-
ŎŀǳǎŜ ƛǘ ƛǎ ŎƻǾŜǊŜŘ ōȅ ŀ άƭƛŘέ ǊŜƎƛƻƴ ƛƴ ǘƘŜ ǎƳŀƭƭ ƭƻōŜΣ ǿƘƛŎƘ 
would need to be displaced by a conformational change 
involving rotation around a pivot [30, 86]. Since mutations 
of lid and pivot residues did not interfere with substrate 
cleavage [87], the proposed mechanism cannot apply and 
suggests that the substrate may contact NCT at another 
region. Interestingly, L571, another residue of the large 
ƭƻōŜ ƛƴ ʰ-helix 16 is less buried than E333 and was found to 
be critically required for substrate binding and catalysis 
[79], indicating that the substrate´s N-terminal extracellu-
lar domain may contact the protease in this region (Fig. 3C). 
Another candidate interaction site could be the loop of 
residues 240ς244 of NCT, which is in close proximity to a 
co-purified potential substrate-mimic that adopts a kinked 
ǘǊŀƴǎƳŜƳōǊŀƴŜ ʰ-helix in the class 1 apo state of the en-
zyme [52] (Fig. 3C). For PEN-2, the candidate-binding re-
gion of  C99, which  interacts  with  the  extracellular  juxta- 
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membrane region of C99 including the N-terminal TMD 
end, is likely its corresponding extracellular juxtamem-
brane region starting from the C-terminal end of TMD 2. 
Whether C99 interacts with NCT or PEN-2 at stage 1 se-
quentially or simultaneously is not yet clear.   

It is highly likely that the substrate movements of C99 
from the exosites encountered in stages 1 and 2 to the 
active site are associated with substantial conformational 
changes of the PEN-2 and presenilin TMD core of the com-
plex. Lateral movement of PEN-2 towards the active site, 
potentially together with NCT and rearrangements of PS1 
NTF TMDs 2-6 could translocate exosite-bound substrates 
to the active site. Based on the cryo-EM class 1 structure 
with the kinked substrate mimic, substrate entry to the 
active site may occur through the cavity formed by TMD2, 
TMD3 and TMD5 [52] (Fig. 3C). The PS1 hydrophilic loop 1 
may play an important role in this process by allowing 
movements of TMD2, which like TMD6 is highly dynamic 
[30, 48, 52]. This would be consistent with mutational 
analysis that implicated this region in substrate binding 
[88] and supported by the clustering of many FAD muta-
tions in this loop. Ultimately, as suggested by mutational 
analysis, a final substrate selection step likely takes place 
close to the catalytic aspartates and involves the GxGD-
motif in TMD7. The conserved glycines are highly critical 
ŦƻǊ ʴ-secretase activity [89, 90] and L383 of PS1 at position 
x of the motif in PS1 provides substrate selectivity of APP 
over other substrates, such as Notch1 or CD44, that are not 
cleavable with certain substitutions of this residue [91, 92]. 
This suggests that the GxGD motif is a critical region for the 
proper exposure of the substrate scissile bonds to the cata-
lytic residues. Substrates not meeting the steric require-
ments may fall off from the enzyme at this stage. Similar 
observations have been made by mutational analysis of the 

conserved PAL motif, which is also located in close vicinity 
to the active site [93, 94].  

 

SEQUENTIAL CLEAVAGE OF THE APP TMD BY 
-ɹSECRETASE 
²ƘŜƴ /фф Ƙŀǎ ǊŜŀŎƘŜŘ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ǊŜƎƛƻƴΣ ʴ-secretase 
ƎŜƴŜǊŀǘŜǎ !ʲ ōȅ ŎƻƴǎŜŎǳǘƛǾŜ ƛƴǘǊŀƳŜƳōǊŀƴŜ ŎƭŜŀǾŀƎŜǎ ŀǘ 
ǘƘŜ ʶ-Σ ʸ-Σ ŀƴŘ ʴ-cleavage sites (Fig. 4A). Following an initial 
ŜƴŘƻǇǊƻǘŜƻƭȅǘƛŎ ŎƭŜŀǾŀƎŜ ŀǘ ǘƘŜ ʶ-пф ƻǊ ʶ-48 cleavage sites 
[95-98]Σ ʴ-secretase cleaves the remaining membrane-
ōƻǳƴŘ ƭƻƴƎ !ʲ ŎƻǳƴǘŜǊǇŀǊǘǎ ōȅ ǎǘŜǇǿƛǎŜ ŎŀǊōƻȄȅǘŜǊƳƛƴŀƭ 
trimming [99-101]. In the majoǊ ǇŀǘƘǿŀȅΣ !ʲпл ƛǎ ǇǊƻπ
ŘǳŎŜŘ ƛƴ ŀ ǇǊƻŘǳŎǘ ƭƛƴŜ ǎǘŀǊǘƛƴƎ ŦǊƻƳ !ʲпф Ǿƛŀ ǘƘŜ ƛƴǘŜǊπ
ƳŜŘƛŀǘŜǎ !ʲпс ŀƴŘ !ʲпоΦ !ʲпн ƛǎ ƎŜƴŜǊŀǘŜŘ ƭƛƪŜǿƛǎŜ ƛƴ ŀ 
ƳƛƴƻǊ ǇǊƻŘǳŎǘ ƭƛƴŜ ǎǘŀǊǘƛƴƎ ŦǊƻƳ !ʲпу Ǿƛŀ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ 
!ʲпрΦ Cleavages in the two lines can also continue further 
to tƘŜ ǎƘƻǊǘŜǊ ǎǇŜŎƛŜǎ !ʲот ƻǊ !ʲоуΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ   
{ƛƴŎŜ ǘƘŜ ʴ-cleavages occur in the middle of the TMD, 

ǿƘƛƭŜ ǘƘŜ ʶ-cleavages close to the cytosol border of the 
TMD, the C-ǘŜǊƳƛƴƛ ƻŦ !ʲплκпн ƎŜƴŜǊŀǘŜŘ ōȅ ʴ-cleavage 
and the N-ǘŜǊƳƛƴƛ ƻŦ !L/5 ōȅ ʶ-cleavage are distinct. It had 
ǘƘǳǎ ƛƴƛǘƛŀƭƭȅ ōŜŜƴ ǳƴŎƭŜŀǊ ǿƘŜǘƘŜǊ ʶ-cleavage would pre-
ŎŜŘŜ ʴ-cleavage or the other way round or whether both 
cleavages may occur independently. A landmark discovery 
that provided a first evidence for a stepwise cleavage was 
the detection of C-ǘŜǊƳƛƴŀƭƭȅ ŜƭƻƴƎŀǘŜŘ !ʲ ǎǇŜŎƛŜǎ ǎǳŎƘ ŀǎ 
!ʲпоΣ !ʲпрκпсΣ ŀƴŘ !ʲпуκпф in lysates of cultured cells [99, 
101, 102]. Since corresponding N-terminally elongated 
AICD species (AICD-ʴпо ƻǊ !L/5-ʸпрκпсύ ǿŜǊŜ ŀƭǎƻ ƴƻǘ 
ŦƻǳƴŘ ŦƻǊ ǘƘŜ ƭƻƴƎŜǊ !ʲпо ŀƴŘ !ʲпрκпс ǎǇŜŎƛŜǎΣ ƛǘ ǿŀǎ 
ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ʶ-ŎƭŜŀǾŀƎŜ ŀǘ ǘƘŜ ʶпуκпф ǎƛǘŜǎ ƛǎ Ŧƻƭπ
lowed by sequential cleavages proceeding to the 
N-terminus at every third or fourth residue, thereby result-
ƛƴƎ ƛƴ ƎŜƴŜǊŀǘƛƻƴ ƻŦ !ʲпл ŀƴŘ !ʲпн [99]. Thus, assuming an 

-hhelical conformation of the C99 TMD, small three to four 

CLD¦w9 оΥ {ǳōǎǘǊŀǘŜ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ /фф ōȅ ʴ-secretase. (A) {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ /фф ǊŜǎƛŘǳŜǎ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ʴ-
secretase subunits as determined by site-directed photocrosslinking using the unnatural amino acid p-benzoyl-phenylalanine. (B) Model de-
picting the stepwise translocation of C99 from exosites (purple) in NCT and PEN-2 (stage 1) and the PS1 NTF (stage 2) to the active site (stage 
3). (C) {ǘǊǳŎǘǳǊŜ ƻŦ ʴ-secretase (5FN3) with a co-ƛǎƻƭŀǘŜŘ ʰ-helix (orange), which might represent a substrate-mimic. Red spheres depict the 
active site aspartate residues. Light pink spheres represent candidate sites for substrate interactions with NCT. Although not visible in this 
view, L571 is less buried than E333. Numbers indicate TMDs of the PS1 NTF that surround the substrate-ƳƛƳƛŎƪƛƴƎ ʰ-helix. 
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amino acid peptides are produced every time the cleavage 
proceeds along the helix [99] (Fig. 4A). Accordingly, follow-
ing the release of AICD-ʶпф ŀƴŘ !L/5-ʶпуΣ ǘƘŜ ǘǿƻ !ʲ ǇǊƻπ
ŘǳŎǘƛƻƴ ǇŀǘƘǿŀȅǎ ƻǳǘƭƛƴŜŘ ŀōƻǾŜ ƛƴ ǿƘƛŎƘ !ʲпл ƛǎ ǇǊƻπ
ŘǳŎŜŘ ŦǊƻƳ !ʲпф ŀƴŘ !ʲпн ŦǊƻƳ !ʲпу ǿŜǊŜ ǇǊƻǇƻǎŜŘ [99].   

Using a cell-ŦǊŜŜ ʴ-secretase cleavage assay, in which 
cleavage of a recombinant C99 substrate by detergent-
ǎƻƭǳōƛƭƛȊŜŘ ʴ-secretase is directly analyzed, the putative tri- 
ƻǊ ǘŜǘǊŀǇŜǇǘƛŘŜǎ ōŜǘǿŜŜƴ ǘƘŜ ʶ-Σ ʸ- ŀƴŘ ʴ-cleavage sites 
(G37GVVIATVIVITL49) were identified by liquid chromato-
graphy tandem-mass spectrometry [100]. Thus, ITL, VIV, 
ŀƴŘ L!¢ ǇŜǇǘƛŘŜǎΣ ƻŦ ǘƘŜ !ʲпл ǇǊƻŘǳŎǘ ƭƛƴŜΣ ŀǎ ǿŜƭƭ ŀǎ ±L¢Σ 
¢±LΣ ŀƴŘ ±±L! ǇŜǇǘƛŘŜǎ ƻŦ ǘƘŜ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜ ǿŜǊŜ ŘŜπ
ǘŜŎǘŜŘ ŀǎ άʴ-ōȅǇǊƻŘǳŎǘǎέ [103] of the cleavage reaction (Fig. 
4B). In ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ǎŜǉǳŜƴǘƛŀƭ ʴ-cleavage model, 
the peptides were generated in a time-dependent manner 
[100]. Further strong evidence for this model was obtained 
by successfully measuring these small peptides also inside 
cultured cells [104] and in vivo in the brain of PS1 I213T 

knock-in mice overexpressing Swedish APP [103]. Interest-
ingly, also a VVIAT pentapeptide resulting from a cleavage 
ƻŦ !ʲпо ǘƻ !ʲоу ǿŀǎ detected both in the cell-free 
-ɹsecretase cleavage assay and in cultured cells [104] (Fig. 

4B). Notably, Ḑпл҈ ƻŦ !ʲоу ǿŀǎ ŘŜǊƛǾŜŘ ŦǊƻƳ !ʲпо ƛƴ ŎŜƭƭǎ 
ǎƘƻǿƛƴƎ ǘƘŀǘ !ʲоу Ŏŀƴ ƴƻǘ ƻƴƭȅ ƘŀǾŜ !ʲпн ŀǎ ŀ ǇǊŜŎǳǊǎƻǊ 
ŀƴŘ ǘƘŀǘ ǘƘŜ !ʲплκпн ǇǊƻŘǳŎǘ ƭƛƴŜǎ Ŏŀƴ ƻǾŜǊƭŀǇΦ In line 
with these findings, it could further be shown that both 
!ʲпн ŀƴŘ !ʲпо ƛǘǎŜƭŦ Ŏŀƴ ǎŜǊǾŜ ŀǎ ʴ-secretase substrates 
ŀƴŘ ōŜ ŎƭŜŀǾŜŘ ǘƻ !ʲоу [104]. Alternative minor produc-
tion pathways with additional product line crossings were 
identified in other studies [105, 106]. Altogether, the de-
tailed analyses of the sequential cleavage mechanism of 
APP showed that it is much more complicated than it was 
initially considered (Fig. 4B). A critical implication of the 
sequential cleavage model for AD pathogenesis is that a 
ǇǊƻŎŜǎǎƛǾƛǘȅ ƛƳǇŀƛǊƳŜƴǘ ƛƴ ǘƘŜ !ʲ ǇǊƻŘǳŎǘ ƭƛƴŜǎ ǿƛƭƭ ƭŜŀŘ ǘƻ 
ƛƴŎǊŜŀǎŜǎ ƛƴ ǘƘŜ ǇŀǘƘƻƎŜƴƛŎ !ʲпнκпо ǎǇŜŎƛŜǎ ŀƴŘ ŀƴ ƛƴǘǊŀπ
ŎŜƭƭǳƭŀǊ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ƭƻƴƎŜǊ !ʲ ǎǇŜŎƛŜǎ ƛƴ ƳŜƳōǊŀƴŜǎΣ 

FIGURE 4: Stepwise cleavage model of APP. (A) ¢ƘŜ ǘǿƻ ǇǊƻŘǳŎǘ ƭƛƴŜǎ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ !ʲпл ŀƴŘ !ʲпн ŀǊŜ ŘŜǇƛŎǘŜŘΦ Lƴ ǘƘŜ 
ƳŀƧƻǊ ǇǊƻŘǳŎǘ ƭƛƴŜ !ʲпл ƛǎ ƎŜƴŜǊŀǘŜŘ ōȅ ŎƻƴǎŜŎǳǘƛǾŜ ǘǊƛǇŜǇǘƛŘŜ-ǊŜƭŜŀǎƛƴƎ ŎƭŜŀǾŀƎŜǎ όƎǊŜŜƴύ ŀǘ ǘƘŜ ʶ-пфΣ ʸ-пс ŀƴŘ ʴ-43 sites. In a minor 
ǇǊƻŘǳŎǘ ƭƛƴŜΣ !ʲпн ƛǎ ƎŜƴŜǊŀǘŜŘ ƛƴ ŀ ǎƛƳƛƭŀǊ ƳŀƴƴŜǊ ōȅ ŎƻƴǎŜŎǳǘƛǾŜ ŎƭŜŀǾŀƎŜǎ όǊŜŘύ ŀǘ ǘƘŜ ʶ-пу ŀƴŘ ʸ-45 sites. (B) .ŜǎƛŘŜǎ ʴ-byproducts from 
the two main product lines (green and red) including a hexapeptide ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ŘƛǊŜŎǘ ŎƭŜŀǾŀƎŜ ƻŦ !ʲпф ǘƻ !ʲпоΣ ƳǳƭǘƛǇƭŜ ŀŘŘƛǘƛƻƴŀƭ 
minor peptides have been identified suggesting multiple product line crossings. ¢ƘŜ ǇŜƴǘŀǇŜǇǘƛŘŜ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ŎƭŜŀǾŀƎŜ ƻŦ !ʲпо ǘƻ !ʲоу 
is indicated in purple. (C) Sequential cleavage continuously requires sterically compatible interactions of P2´ residues with the S2´ enzyme 
ǎǳōǎƛǘŜ ƻŦ ʴ-secretase; major product line shown. The adjacent P4´ residue K53 is additionally presented for the comparison of side chain 
proportions. 
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which may also be pathologically relevant in AD for the 
origin of neuritic plaques as a consequence of neuronal 
loss [107].   
¢ƘŜ ƳŜŎƘŀƴƛǎƳ ōȅ ǿƘƛŎƘ ʴ-secretase releases tripep-

ǘƛŘŜǎ ƛƴ ǘƘŜ ǎŜǉǳŜƴǘƛŀƭ ŎƭŜŀǾŀƎŜ ƻŦ /фф ǘƻ !ʲ ǿŀǎ ǿƻǊƪŜŘ 
ƻǳǘ ōȅ ŀ ǊŜŎŜƴǘ ǎǘǳŘȅ ǎƘƻǿƛƴƎ ǘƘŀǘ ʴ-secretase has three 
distinct amino-acid-binding pockets in the active site region 
corresponding to the S1´, S2´ and S3´ subsites through 
which the enzyme forms a stable enzyme-substrate scis-
sion complex [108] (Fig. 4C). Fitting of the P1-́ P3´ residues 
into these pockets brings the substrates into position for 
each catalytic cycle of the sequential cleavage. The S2´ 
pocket is smaller than the S1´ and S3´ pockets, which im-
poses steric requirements on the P2´ site of C99 and the 
ŜƴǎǳƛƴƎ !ʲ ǎǳōǎǘǊŀǘŜǎ (Fig. 4C). It is currently unknown 
ǿƘŜǘƘŜǊ ƻǘƘŜǊ ǎǳōǎǘǊŀǘŜǎ ƻŦ ʴ-secretase follow the sequen-
tial cleavage model. However, this is not unlikely, since 
ƭƻƴƎŜǊ !ʲ-ƭƛƪŜ ǇŜǇǘƛŘŜǎ ǎǳŎƘ ŀǎ !t[мʲну ǇǊƻŘǳŎŜŘ ŦǊƻƳ 
!t[tм ƻǊ bʲнр ǇǊƻduced from Notch1, can serve as 
-ɹsecretase substrates and be cleaved in vitro ƛƴǘƻ !t[мʲнр 
ŀƴŘ bʲнмΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ƛƴŘƛŎŀǘƛƴƎ ǎŜǉǳŜƴǘƛŀƭ cleavage 
mechanisms as well [104]. In addition, multiple cleavage 

sites have been identified in a number of substrates now 
that may possibly relate to consecutive cleavages along 
one or more product lines as well [109].    

The molecular properties of substrates, which are rec-
ƻƎƴƛȊŜŘ ōȅ ʴ-secretase differentiating them from nonsub-
strates, are largely unknown. Since cleavages of C99 and 
Notch1 are kinetically extremely slow with very low turno-
ver numbers kcat [76, 110], it is likely that conformational 
flexibility of the substrate, in particular TMD helix dynamics, 
plays an important role to find the conformations that al-
low productive accommodation into the enzyme at the 
exosites and/or the active site [111, 112]. Indeed, insertion 
of helix stabilizing and destabilizing residues in the cleav-
age domain has an inhibiting or promoting impact, respec-
tively, on the cleavability of C99 [113, 114].  

 

MECHANISMS OF PRESENILIN AND APP FAD 
MUTATIONS UNDERLYING THE GENERATION OF 
t!¢IhD9bL/ !ʲ {t9/L9{ 
By far the most mutations associated with FAD are found in 
the PS1 gene. To date over 210 pathogenic mutations have 
been identified covering ~25% of the residues (Fig. 5). Al-

FIGURE 5: FAD mutations in presenilin. Schematic representation of the nine TMD structure of presenilin in its cleaved form with the NTF 
(blue) and CTF (cyan). Pathogenic presenilin mutations (www.alzforum.org/mutations) are found in all TMDs and in some of the HLs. The 
compared to PS1 less frequent PS2 FAD mutations are represented in italics. The red arrow indicates the site of endoproteolysis. 
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most all of them are missense mutations that localize all 
over the protein clustering in the TMDs, in hydrophilic loop 
(HL) 1 and HL6 N-terminal to the endoproteolytic cleavage 
site within exon9. Mutations in PS2 show a similar broad 
distribution over the molecule but are much less frequent 
and have a later disease onset that is likely due to the low-
er expression of PS2. Although it had already been shown 
shortly after the discovery of presenilins that the muta-
ǘƛƻƴǎ ŎƘŀƴƎŜ ǘƘŜ !ʲпнκпл Ǌŀǘƛƻ [15], the mechanism(s) 
behind this phenomenon has remained obscure for a long 
time and only recently become more clear. Following the 
ŜƴŘƻǇǊƻǘŜƻƭȅǘƛŎ ŎƭŜŀǾŀƎŜ ŀǘ ǘƘŜ ʶ-site, the carboxy-
terminal trimming of the 42-product line becomes im-
paired such that the enzyme cannot efficiently convert 
!ʲпн ǘƻ !ʲоу [115-117] (Fig. 6A). As a consequence, the 
ƎŜƴŜǊŀǘƛƻƴ ƻŦ !ʲоу ŘŜŎǊŜŀǎŜǎ ŎŀǳǎƛƴƎ ŀƴ increase in the 
!ʲпнκоу ǊŀǘƛƻΦ In addition, this leads to a relative increase 
ƻŦ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ !ʲпн ƻǾŜǊ ǘƘŀǘ ƻŦ !ʲпл ŀƴŘ ǘƘǳǎ ǘƻ ŀƴ 
ƛƴŎǊŜŀǎŜŘ !ʲпнκ!ʲпл ǊŀǘƛƻΦ [ƛƪŜǿƛǎŜΣ ǘǊƛƳƳƛƴƎ Ŏŀƴ ŀƭǎƻ 
become impaired in the 40-product line manifesting in 
ƛƴŎǊŜŀǎŜŘ !ʲпоκпл ǊŀǘƛƻǎΦ Depending on the mutation, 
these principal effects can also occur in combination, lead-
ing to an increŀǎŜŘ Ǌŀǘƛƻ ƻŦ !ʲпнκпо ǘƻ !ʲплΦ Why these 
processivity changes occur for presenilin FAD mutations 
has been enigmatic and only recently convincing explana-
tions could be offered. Thus, it could be shown that PS1 

FAD mutations display an increase in the dissociation rate 
ƻŦ !ʲпн ŦǊƻƳ ǘƘŜ ŜƴȊȅƳŜ [104]. In line with these findings, 
it was next found that FAD mutations destabilize the en-
zyme and as a consequence also the enzyme-substrate 
interactions [118]. Enzyme destabilization affected the 
initial enzyme-C99 interaction leading to impaired endo-
ǇŜǇǘƛŘŀǎŜ ŎƭŜŀǾŀƎŜ ŀǘ ǘƘŜ ʶ-site and continued to also 
weaken the interactions with the enzyme of the subse-
quŜƴǘƭȅ ƎŜƴŜǊŀǘŜŘ !ʲ ǎǳōǎǘǊŀǘŜǎΦ In addition to these find-
ings, it was found that interactions of C99 with 
-ɹsecretase are altered by FAD mutants in the substrate 

cleavage domain, thereby changing the positioning of the 
substrate in the active site region [82] (Fig. 6B). Consistent 
with these recent results, earlier studies had suggested 
that FAD mutations affect the topography of the active site 
as shown by reduced inhibitor potencies [119-121] and 
altered interactions with active-site targeted inhibitors 
[122]. The model emerging from these studies that puts all 
observations together is that FAD mutations in presenilin 
cause structural alterations, which can, depending on the 
particular mutation, destabilize the enzyme to various ex-
tents. This leads to altered C99 binding and labile interac-
tions of the ǎǳōǎŜǉǳŜƴǘƭȅ ƎŜƴŜǊŀǘŜŘ ƭƻƴƎŜǊ !ʲ ǎǇŜŎƛŜǎ 
which dissociate faster from the enzyme than in the wild-
type (wt) situation.   
 

FIGURE 6: Mechanism of prese-
nilin FAD mutations. (A) Model 
depicting impaired processivity in 
ǘƘŜ !ʲпл ŀƴŘ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜǎ 
causing relative increases in the 
ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ƭƻƴƎŜǊ !ʲ ǎǇŜπ
ŎƛŜǎ !ʲпн ŀƴŘ !ʲпоΦ {ǘǊǳŎǘǳǊŀƭ 
instability of FAD mutant prese-
nilin leads to impaired processivity 
manifested by faster dissociation 
rates and premature release of 
ƭƻƴƎ !ʲ ǎǳŎƘ ŀǎ !ʲпн ŦǊƻƳ ǘƘŜ 
enzyme. (B) Presenilin FAD muta-
tions cause a mispositioning of 
C99 as shown by altered interac-
tions of the substrate cleavage 
domain with the enzyme. Residues 
that were identified to show in-
creased or decreased interactions 
with two different PS1 FAD mu-
tants are shown in red and blue, 
respectively. Yellow asterisk indi-
cates a FAD mutation. 
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The mechanism of APP FAD mutations is less clear than 
that of the FAD mutations in presenilin described above. It 
had been reported that FAD mutations located in the 
-ɹsecretase cleavage region behave differently from those 

in presenilin that typically affect the efficiency of the con-
ǾŜǊǎƛƻƴǎ ƻŦ !ʲпн ǘƻ !ʲоу ŀƴŘ ƻŦ !ʲпо ǘƻ !ʲплΣ ŀƴŘ ǳƴƭƛƪŜ 
ǘƘŜǎŜΣ ŎŀǳǎŜ ŀ ǎƘƛŦǘ ǘƻ ǘƘŜ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜ [115] (Fig. 7A). 
When this product line is entered, not only increased 
ŀƳƻǳƴǘǎ ƻŦ !ʲпн ŀǊŜ ƎŜƴŜǊŀǘŜŘΦ Remarkably, also in-
ŎǊŜŀǎŜŘ !ʲоу ƭŜǾŜƭǎΣ ƻŦǘŜƴ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘƻǎŜ ƻŦ !ʲпнΣ 
have been observed [115], although not all studies showed 
consistent results [99, 106, 115, 118, 123-125]. Considering 
ǘƘŀǘ ǘƘŜ ŀŦŦƛƴƛǘƛŜǎ ƻŦ ǘƘŜ ǎŜǉǳŜƴǘƛŀƭƭȅ ƎŜƴŜǊŀǘŜŘ !ʲ ǎǇŜŎƛŜǎ 
for the enzyme are decreasing from longer to shorter pep-
tides [118], the accumulaǘƛƻƴ ƻŦ !ʲоу ǘƻ ǎƛƳƛƭŀǊ levels as 
!ʲпн ƛǎ ǎǳǊǇǊƛǎƛƴƎΦ !ƭǘƘƻǳƎƘ !ʲоу Ŏŀƴ ŀƭǎƻ ōŜ ƎŜƴŜǊŀǘŜŘ 
ŦǊƻƳ !ʲпо ώмлпϐΣ ǘƘƛǎ ǎƘƻǳƭŘ ƻŎŎǳǊ ƻƴƭȅ ǘƻ ŀ ǾŜǊȅ ƳƛƴƻǊ 
ŜȄǘŜƴǘ ǎƛƴŎŜ ǘƘŜ !ʲпл ǇǊƻŘǳŎǘ ƭƛƴŜ ƛǎ ƴƻǘ ǘƘŜ ǇǊŜŦŜǊǊŜŘ 
product line of APP FAD mutations. How APP FAD muta-
tioƴǎ ŎŀǳǎŜ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ !ʲпнκпл Ǌŀǘƛƻ Ŏŀƴ ǘƘŜǊŜŦƻǊŜ 
not yet fully sufficiently be explained by these observations 
ŀƴŘ ŀŘŘƛǘƛƻƴŀƭ ƳŜŎƘŀƴƛǎƳǎ ōŜǎƛŘŜǎ ʶ-site shifts have to be 
at play. Indeed, it has been demonstrated that the nature 
and the location of the FAD mutation will dictate which 
product line is selected [108]. It could be shown that the 
three residues locating C-terminal to the cleavage sites, i.e. 
residues P1´ - P3,́ need to fit to the apparently large S1´, 
the  small  S2´, and  the large S3´ subsite  pockets of the en- 
zyme. Thus, the presence of aromatic amino acids at the 
P2´ position will clash with the small S2´ pocket, thereby 
ōƭƻŎƪƛƴƎ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ !ʲпл ƻǊ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜ όFig. 7B). 

For example, a phenylalanine occurring at the P2´ site of 
ǘƘŜ ʴ-43 cleavage site as in the I45F FAD mutant, will cause 
ŀ ǎƘƛŦǘ ŦǊƻƳ ǘƘŜ !ʲпл ǇǊƻŘǳŎǘ ƭƛƴŜ ǘƻ ǘƘŜ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜ  
because the bulky phenylalanine will better accommodate 
to the large S3´ ǇƻŎƪŜǘ ƻŦ ǘƘŜ ʴ-42 cleavage site (Fig. 7C). 
Interestingly, this happens without the typicŀƭ ʶ-site shift 
[108]. However, the other so far known FAD mutant with a 
phenylalanine mutation, the V46F mutant, is not causing a 
product line block as the phenylalanine substitution does 
not clash with the small S2´ pocket in either of the two 
pathways. Lƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ƛƴŎǊŜŀǎŜŘ !ʲпнκпл Ǌŀǘƛƻ ƛǎ 
ŎŀǳǎŜŘ ōȅ ǘƘŜ ǇǊƻŘǳŎǘ ƭƛƴŜ ǎƘƛŦǘ ŀǘ ǘƘŜ ʶ-site.   

Taken together, while presenilin FAD mutations display 
reduced carboxy-terminal trimming within the two product 
lines and/or product line shifts, the APP FAD mutations 
seem to combine product line shifts with substrate side 
chain compatible occupancy of the S1´- S3´ pockets. A 
problem that is not yet solved with the currently available 
models is the geƴŜǊŀǘƛƻƴ ƻŦ !ʲоуΦ This species is generated 
for a number of PS1 FAD mutants at levels comparable to 
the wt enzyme and in increased amounts for at least some 
APP FAD mutants, although it should not be generated 
ǿƘŜƴ !ʲпн ŀƴŘ !ʲпо ŘƛǎǎƻŎƛŀǘŜ ŦŀǎǘŜǊ ŦǊƻƳ ǘƘŜ enzyme 
due to destabilized enzyme-substrate interactions in the 
mutant case [118]. Although exciting research of the past 
few years has thus provided increasing mechanistic insights, 
the models derived from these studies are still too simple 
to explain all experimental observations at the mechanistic 
level.   
 
 

FIGURE 7: Mechanism of APP FAD mutations. (A) aƻŘŜƭ ŘŜǇƛŎǘƛƴƎ ǘƘŜ ǎƘƛŦǘ ƛƴ ǘƘŜ !ʲпл ŀƴŘ !ʲпн ǇǊƻŘǳŎǘ ƭƛƴŜǎ ōȅ !tt C!5 Ƴǳǘŀǘƛƻƴǎ 
ǘƘŜǊŜōȅ ŎŀǳǎƛƴƎ ǊŜƭŀǘƛǾŜ ƛƴŎǊŜŀǎŜǎ ƛƴ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ƭƻƴƎŜǊ !ʲпн ǎǇŜŎƛŜǎΦ ¸Ŝƭƭƻǿ ŀǎǘŜǊƛǎƪ ƛƴŘƛŎŀǘŜǎ ŀ C!5 ƳǳǘŀǘƛƻƴΦ (B) Product line 
usage is governed by interactions ǿƛǘƘ ǘƘŜ {нȰ ŜƴȊȅƳŜ ǎǳōǎƛǘŜ ƻŦ ʴ-secretase. Sterically demanding aromatic amino acids at the P2´ posi-
ǘƛƻƴ ƻŦ /фф ǎǳŎƘ ŀǎ ƛƴ ǘƘŜ ǎȅƴǘƘŜǘƛŎ aрмC Ƴǳǘŀƴǘ ŎƭŀǎƘ ǿƛǘƘ ǘƘŜ {нȰ ǎǳōǎƛǘŜ ƻŦ ǘƘŜ !ʲпл-line. (C) Pathway block by a clash of the aromatic 
P2´ with the S2Ȱ ǎǳōǎƛǘŜ ƻŦ ǘƘŜ !ʲпл-line in the FAD-ŀǎǎƻŎƛŀǘŜŘ LпрC Ƴǳǘŀƴǘ ŎŀǳǎŜǎ ŀ ǎƘƛŦǘ ǘƻ ǘƘŜ !ʲпн-product line. Since this mutant does 
ƴƻǘ ŀƭǘŜǊ ǘƘŜ ƛƴƛǘƛŀƭ ʶ-ǎƛǘŜ ŎƭŜŀǾŀƎŜΣ !ʲпн ƛǎ Ƴƻǎǘ ƭƛƪŜƭȅ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ !ʲпсΦ 


















