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Summary

Intramembrane proteases (IMPs) are interesting proteolytic enzymes since they are
able to perform the water-requiring hydrolysis reaction in the water-excluding lipid
membrane. IMPs are involved in various crucial cellular processes like development
or cell signalling but also play a role in the onset and progression of diseases such as
Alzheimer’s disease (AD) or certain cancers. The human aspartyl IMP γ-secretase
is directly involved in the onset of AD, since it cleaves the C-terminal fragment β

(CTFβ) of the β-amyloid precursor protein (APP) releasing amyloid β (Aβ) peptides
of which the longer forms like Aβ42 aggregate into oligomers and plaques which is
thought to be causative for AD. γ-Secretase is a multiprotein complex composed of
four subunits. The catalytically active subunit is presenilin (PS) which exists in two
homologs (PS1 and PS2). PS also has homologs in other organisms like the prese-
nilin/SPP homolog (PSH) found in an archaeabacterium. Like PS, PSH is able to
cleave APP-based substrates resulting in the release of an APP intracellular domain
(AICD) and Aβ species of various lengths. The Aβ species are released from the
substrate in a stepwise cleavage mechanism (processive cleavage). In contrast to PS,
the activity of PSH is not dependent on the formation of a complex with accessory
proteins and therefore allows to study PS function independent of complex forma-
tion.
The activity of IMPs is strongly dependent on their environment and can be modu-
lated by several factors like the surrounding pH, the composition of the lipid bilayer
or the thickness of the membrane. But little is known about the mechanism un-
derling this modulatory effect of the lipid membrane on IMPs and how the lipid
membrane influences the structural dynamics of IMPs. Furthermore, it is also un-
known whether – at least – aspartyl IMPs share structural motifs for substrate
recognition/binding and what role these motifs might play for their activity.
The first part of this study focusses on how the lipid environment modulates the
activity of PSH and tries to unravel the underlying mechanism. It was shown that
PSH produces longer Aβ peptides when its activity was assessed in a DDM micelle
environment. This attenuated processive cleavage was enhanced when PSH was re-
constituted into a POPC bilayer and shorter Aβ species were generated. Homology
model building could reveal that PSH shares substrate recognition/binding mo-
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Summary

tifs with γ-secretase, namely a small additional helix called transmembrane domain
(TMD)6a C-terminal of TMD6 and a cytosolic hybrid β-sheet formed by β-strands
from PSH and the APP-based C83 substrate. Mutational analysis could confirm the
existence of these elements and their importance for the PSH activity. MD simula-
tions based on this model suggest that the active site geometry is destabilized in the
detergent environment compared to the lipid environment and this was validated
by performing inhibitor affinity precipitation experiments. Taken together, these
results show that PSH share key structural elements with γ-secretease and that the
lipid environment is crucial for the correct formation of the active site geometry and
promotes the processive cleavage.
The second part of this study focused on the hybrid β-sheet of the γ-secretase–C83
complex. To this end, mutational analysis of one of the PS1 β-strands (β2) and of
the C83 β-strand (β3) were performed. These mutations were designed to disrupt
the β-sheet and all mutations studied here strongly reduced the total activity of γ-
secretase. Furthermore, most of the mutations also decreased the processive cleavage
resulting in the release of longer Aβ peptides and they also shifted the site of the
first γ-secretase cleavage, determining which Aβ product line is used. In addition,
the β2-strand mutations also reduced the endoproteolysis of PS1 into an N-terminal
fragment (NTF) and a CTF. Taken together, the hybrid β-strand is an important
structural element of the γ-secretase–substrate complex which influences the total
activity as well as the processive cleavage.
The results of this study help to explain how the lipid bilayer can modulate the
activity of IMPs by influencing the structural dynamics of the enzymes, especially
of important structural elements. One very important structural element of aspartyl
IMPs is the hybrid β-sheet formed in the enzyme–substrate complex which influences
the total activity as well as the processive cleavage since it is needed to correctly
position the scissile bond between the two catalytic aspartates and to drain out
excess water molecules from the active site.
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Zusammenfassung

Intramembranproteasen (IMPs) sind faszinierende Proteasen, die in der Lage sind
die wasserabhängie Hydrolysereaktion innerhalb der Lipidmembran durchzuführen.
IMPs spielen eine Rolle bei verschiedensten Prozessen wie der zellulären Entwick-
lung oder auch der Signalweitergabe, sind aber auch an der Entstehung und dem
Fortschreiten von Krankheiten, wie der Alzheimer Erkrankung (AD) oder bei ver-
schiedenen Krebsarten beteiligt. Eine dieser IMPs, ist die γ-Sekretase, eine humane
Aspartyl-Intramembranprotease, die direkt an der Entstehung von AD beteiligt ist.
Dabei spaltet diese Protease das C-terminale Fragment β (CTFβ) des Amyloidvor-
läuferproteins (APP) und setzt β-Amyloid-Peptide (Aβ) frei. Von diesen Peptiden
lagern sich die längeren Formen wie Aβ42 zu Oligomeren und Plaques zusammen,
was als ursächlich für Alzheimer angesehen wird. Die γ-Sekretase ist ein Multipro-
teinkomplex, der aus vier Untereinheiten besteht. Die katalytisch aktive Unterein-
heit ist Präsenilin (PS), das in zwei Homologen (PS1 und PS2) vorliegt. PS hat auch
Homologe in anderen Organismen, wie das Präsenilin/SPP-Homolog (PSH), das aus
einem Archaeon stammt. Ähnlich dem PS, kann PSH auch APP-basierte Substrate
spalten, was zur Freisetzung einer intrazellulären APP-Domäne (AICD) und Aβ-
Spezies unterschiedlicher Längen führt. Die Aβ-Spezies werden dabei schrittweise
vom Substrat abgespalten (sogenannte prozessive Spaltung). Diese Aktivität ist bei
PSH unabhängig von der Bildung eines Komplexes mit anderen Proteinen, so wie
es bei PS und der γ-Sekretase notwendig ist. Daher ist es mit PSH möglich PS-
Funktionen unabhängig einer Komplexbildung zu untersuchen.
Verschiedenste äußere Faktoren können die Aktivität von IMPs beeinflussen, wie
zum Beispiel der pH-Wert der Umgebung oder die Zusammensetzung der Lipidmem-
bran. Der zugrunde liegende Mechanismus des modulatorischen Effektes der Lipid-
membran auf IMPs ist noch wenig verstanden, insbesondere der Einfluss der Lipid-
membran auf die strukturelle Dynamik von IMPs. Darüber hinaus ist es noch weit-
gehend unverstanden welche Rolle strukturelle Motive für die Substraterkennung/-
bindung für die Aktivität von Aspartyl-Intramembranproteasen spielen und ob solche
Motive von verschiedenen Aspartyl-IMPs geteilt werden.
Der erste Teil der hier vorliegenden Studie geht der Frage nach, wie die Lipidumge-
bung die Aktivität von PSH moduliert und versucht den zugrunde liegenden Mech-

xvii



Zusammenfassung

anismus zu entschlüsseln. Dabei konnte gezeigt werden, dass PSH in einer reinen
DDM-Mizellenumgebung länger Aβ-Peptide produziert. Wurde die Aktivität von
PSH hingegen in einer POPC-Lipiddoppelschicht untersucht, so wurde die prozes-
sive Spaltung verstärkt und kürzere Aβ-Spezies erzeugt. Um den zugrunde liegen-
den Mechanismus dafür zu verstehen, wurde ein Homologiemodel erstellt, welches
zeigen konnte, dass PSH Substraterkennungs-/Bindungsmotive mit der γ-Sekretase
teilt: C-terminal der Transmembrandomäne (TMD) 6 eine kleine zusätzliche He-
lix (TMD6a) und auf der zytosolisches Seite ein hybrides β-Faltblatt, das durch
β-Stränge von PSH und dem APP-basierten C83-Substrat gebildet wird. Mit-
tels biochemischer Mutationsanalysen konnte gezeigt werden, dass diese Motive für
die Aktivität von PSH von entscheidender Bedeutung sind. Basierend auf diesem
Homologiemodel wurden Molekulardynamik-Simulationen durchgeführt, die darauf
hindeuten, dass die Geometrie des aktiven Zentrums in der Detergenzumgebung
im Vergleich zur Lipidumgebung destabilisiert ist, was durch die Durchführung von
Inhibitorbindestudien bestätigt werden konnte. Diese Ergebnisse zeigen zusammen-
fassen, dass PSH wichtige Strukturelemente mit der γ-Sekretase teilt und dass die
Lipidumgebung für die korrekte Ausbildung der Geometrie des aktiven Zentrums
entscheidend ist.
Der zweite Teil dieser Studie konzentrierte sich auf das hybride β-Faltblatt des
γ-Sekretase–C83-Komplexes. Zu diesem Zweck wurde eine Mutationsanalyse des
PS1-β-Stranges und des C83-β-Stranges (β3) durchgeführt und die Mutationen so
gewählt, dass die Ausbildung des β-Faltblattes verhindert wird. Alle untersuchten
Mutationen verringerten die Gesamtaktivität der γ-Sekretase stark, beeinflussten
darüber hinaus meist auch die prozessive Spaltung von APP, sodass längere Aβ-
Peptide freigesetzt wurden und verschoben ebenfalls die Stelle der ersten γ-Sekretase-
Spaltung. Darüber hinaus reduzierten die Mutationen im β2-Strang auch die En-
doproteolyse von PS1 in ein N- und ein C-terminales Fragment. Somit konnte
das hybride β-Faltblatt als ein wichtiges Strukturelement des γ-Sekretase–Substrat-
Komplexes etabliert werden, das sowohl die Gesamtaktivität als auch die prozessive
Spaltung beeinflusst.
Die Ergebnisse dieser Studie helfen zu erklären, wie die Lipiddoppelschicht die struk-
turelle Dynamik der Enzyme, insbesondere wichtiger Strukturelemente, beeinflusst
und damit letzten Endes die Aktivität von IMPs modulieren kann. Darüber hinaus
konnte gezeigt werden, dass das hybride β-Faltblatt ein sehr wichtiges Strukturele-
ment von substratgebundenen Aspartyl-IMPs ist. Dieses β-Faltblatt beeinflusst
sowohl die Gesamtaktivität als auch die prozessive Spaltung, da es für die korrekte
Positionierung der Schnittstelle zwischen den beiden katalytischen Aspartaten und
für das Abfließen überschüssiger Wassermoleküle aus dem aktiven Zentrum erforder-
lich ist.
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1 Introduction

1.1 Proteases and proteolysis

Proteases - or more precisely called peptidases - are catalytic enzymes found in all
kingdoms of life which cleave proteins by addition of a water molecule to a peptide
bond (Bond, 2019). Currently, the peptidase database MEROPS (Rawlings et al.,
2018) lists more than 850 known and putative human proteases. Proteases fulfill
important cellular functions and are therefore crucial in health and disease (Bond,
2019).
Protease are proteins with a highly specialized active site (also called catalytic site).
This active site is a three-dimensional cleft which binds the substrate and provides
the amino acid (aa) residues for the hydrolysis reaction (these residues are also
often called catalytic group) (Copeland, 2000). The substrate is bound by weak –
but also highly specific – interaction forces to the active site. Furthermore, the cleft
generates a specific microenvironment which is important for the enzymatic reaction.
Nevertheless, the active site is only a small portion of the whole enzyme. Proteases
contain also other important domains for their regulation and/or localization, like
autoinhibitory prodomains or sorting signals (López-Otín & Bond, 2008). For some
proteases, also so called exosites were reported (Klein et al., 2018). These are
substrate binding sites different from the active site. It is assumed that these exosites
are initial substrate binding or docking sites which might perform already a first
specificity check before the substrate is handed over to the active site.

1.1.1 Classes of proteases

When the first proteases where discovered they were classified by the cleavage site(s)
within their respective substrates (Brix & Stöcker, 2013; Klein et al., 2018). En-
dopeptidases cleave peptide bonds within the substrate. Exopeptidases – in con-
trast – act on the termini of their substrates and cleave off few aa from these ends.
They are further divided into aminopeptidases which act on the N-terminus of pro-
teins and carboxypeptidases which act on the C-terminus.
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Advances in biochemical and biophysical techniques led to an increased understand-
ing of proteases and their cleavage mechanisms and resulted in a new classification
of proteases by their active site (Brix & Stöcker, 2013; Klein et al., 2018). Today,
six families of proteases are distinguished by their catalytic site: metalloproteases,
aspartic proteases, glutamic proteases, serine proteases, threonine proteases and cys-
teine proteases.
As all other proteins, proteases are either soluble (such as pepsin or proteasome),
membrane-bound/anchored (such as ADAM10 or BACE1) or membrane-embedded
proteins (such as rhomboids or γ-secretase). The latter ones – also termed in-
tramembrane proteases – are a very special class of proteases since they are able to
cleave their substrate with in the rather hydrophobic membrane environment (Wolfe
(2009), discussed in detail in 1.1.5).

1.1.2 Proteolysis mechanisms

Proteases cleave peptide bonds within their respective protein substrate by the ad-
dition of a water to these peptide bonds. This hydrolysis of a peptide bond is in
principle a thermodynamically favoured but also a very slow process with a half-life
time of over 100 years (Berg et al., 2009). The slow reaction is a result of the planar
form of the peptide bond which forms a partial double bond. The C-atom of the car-
bonyl group is less electrophilic and therefore less accessible for a nucleophilic attack.
Proteases help to overcome the long half-life time by increasing the electrophilicity
of the C-atom and by reducing the distance between the substrate and the nucle-
ophile. Roughly, the cleavage mechanisms of the six protease families can be divided
into two basic subtypes: a single addition-elimination reaction or a double addition-
elimination reaction (Sterchi & Stöcker, 1999). In the single addition-elimination
reaction a water molecule directly attacks the carbonyl C-atom of the substrate
peptide bond leading to the formation of a tetrahedral intermediate. This interme-
diate is subsequently resolved by the hydrolysis of the attacked peptide bond. This
reaction mechanisms is carried out by metallo-, aspartic- and glutamic proteases
(Sterchi & Stöcker, 1999; Klein et al., 2018). The double addition-elimination reac-
tion is carried out by the cysteine, serine and threonine proteases. Here, the catalytic
aa residue directly acts as the nucleophile and attacks the carbonyl C-atom resulting
in a covalent acyl-enzyme intermediate and a free amino product. The intermedi-
ate is then resolved by the nucleophilic attack of a water molecule and the second
product is released (Sterchi & Stöcker, 1999; Klein et al., 2018).
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1.1.3 Regulation of proteases

Since proteases execute an irreversible reaction and due to their important par-
ticipation in diverse cellular pathways, their activity needs to be tightly regulated
(López-Otín & Bond, 2008). This regulation can happen on various cellular levels.
The first layer of protease regulation is gene expression (Twining, 1994). In response
to an injury or an inflammation reaction but also during development and ageing
the expression of certain proteases can be up- or downregulated to imitate a protease
response to a certain stimulus. After gene expression and translation, the protease
itself can also be regulated on various levels. A lot of proteases are expressed as
inactive zymogens which are either activated by autocatalytic cleavage events or by
the cleavage by another protease (Khan & James, 1998). The expression of proteases
as zymogens allows the storage of proteases in an inactive form. The fully active
form of a protease can also be regulated by various mechanisms like posttransla-
tional modifications, localization or inhibitors (Twining, 1994; López-Otín & Bond,
2008). Posttranslational modification can for example influence the conformation
of the active site, reduce the substrate binding or (in case of glycosylations) influ-
ence the localization. Proteases can further be sequestered into vesicles to avoid
cleavage of proteins in the cytosol or localized to the membrane to specifically act
on membrane-associated substrates (Twining, 1994). Active proteases can be in-
hibited by endogenous protease inhibitors which tightly bind to the protease (Bode
& Huber, 2000; Turk, 2006; López-Otín & Bond, 2008). These protease inhibitors
can even bind directly to the active site and poison the catalytic activity. Other in-
hibitors bind to a site different from the active site and thereby allosterically regulate
protease activity by inducing conformational changes within the protease. So far,
all known endogenous protease inhibitors are proteins. Known classes of these in-
hibitors are serpins (inhibit serine proteases), cystatins (inhibit cysteine protesease)
or tissue inhibitors of metalloproteases (TIMPS) (Twining, 1994).

1.1.4 Proteases in health and disease

Proteases are crucial for life (López-Otín & Bond, 2008). They are involved in
many cellular processes and misregulation in proteolytic cleavage events can result
in severe diseases (Klein et al., 2018). Proteases are for example involved in the
maturation of proteins, in the degradation of (misfolded) proteins, in the activation
of inactive proteins, in the shedding of ectodomains (cleavage of ectodomains), in
the regulation of signaling cascades, in apoptosis and cell death or in immunity
responses. Besides their important physiological functions, proteases are also in
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involved several diseases, like cancer (Song et al., 2021), cardiometabolic diseases
(Hua & Nair, 2015), Alzheimer’s disease (AD, De Strooper (2010)) or viral infections
(Sharma & Gupta, 2017). There, they can be either directly involved in disease onset
and/or progression but also in disease control. Therefore, proteases are interesting
targets for therapeutical interventions but their broad functional spectrum makes it
challenging to tackle specific protease functions.

1.1.5 Intramembrane proteases

At a first glance, intramembrane proteases (IMPs) seem to be quite unusual pro-
teases since they perform the water-requiring hydrolysis reaction within the hy-
drophobic membrane environment. But since the first discovery of an IMP in 1997
(Rawson et al., 1997), several IMPs belonging to the different catalytic classes were
identified. So far, metallo-, aspartyl, glutamyl and serine IMPs are known (Kühnle
et al., 2019). These IMPs have in common that they are multipass intramembrane
proteins which adopt a cup-shaped or a horseshoe-like structure (Beard et al., 2019)
and form a hydrophilic cavity in which water molecules can enter the catalytic site.
Structural investigations could show that water is indeed able to bind at least in
close proximity to the active site (Wang et al., 2006b; Manolaridis et al., 2013; Cho
et al., 2019).
IMPs play an important role in cell signalling and in the cellular response to en-
vironmental changes. Since they are able to cleave within the membrane plane,
they can liberate a cytosolic fragment which can function as a signalling molecule
within the cell. The cleavage of substrates by IMPs can thereby influence various
cellular processes like cell differentiation, lipid metabolism or cellular stress response
(Jurisch-Yaksi et al., 2013; Beard et al., 2019; Kühnle et al., 2019).

1.1.5.1 Classes of IMPs

The first discovered IMP was the site-2 protease (S2P, Rawson et al. (1997)), which
belongs to the class of metalloproteases and is conserved throughout all kingdoms of
life except for budding Saccharomyces cerevisiae (Kühnle et al., 2019). Structural
analysis of an archeal S2P protease showed that the catalytic zinc ion is embedded
in a bundle of six transmembrane domains (TMDs) and coordinated by the highly
conserved two His and one Asp aa side chains (Feng et al., 2007). In humans, S2P is
located in the lipid bilayer of the Golgi apparatus and involved in the regulation of
cholesterol production by liberating the signalling competent N-terminal part from
the sterol regulatory element binding proteins (SREBPs, Rawson (2013)). Another
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known human zinc metalloprotease is the ER-located protease ZMPSTE24. ZMP-
STE4 is composed of 7 TMDs which form a water-filled capped barrel within the
membrane in which the catalytic site is located (Pryor et al., 2013; Quigley et al.,
2013). Interestingly, the so far known canonical substrates are peripheral membrane
proteins and not integral membrane proteins. ZMPSTE4 cleaves proteins that clog
the translocon and thereby helps to restore the translocon activity (Ast et al., 2016;
Kayatekin et al., 2018). The cleavage of these substrates occurs at the membrane-
embedded catalytic site (Kühnle et al., 2019).
The largest group of IMPs is the family of rhomboid serine proteases (Lastun et al.,
2016). These proteases have been identified in all (sequenced) organisms and come
in two general topologies: either with 6 TMDs or with an additional TMD C-
or N-terminal of the protease core (7 TMDs in total). Besides the active pro-
teases, also inactive pseudoproteases, the so-called iRhoms are known. In mammals,
five rhomboid proteases have been identified RHBDL1-4 (rhomboid-like) and PARL
(presenilin-associated rhomboid-like); only for three of them (RHBDL2, RHBDL4
and PARL) the respective substrates and functions have been described (Kühnle
et al., 2019). The mammalian rhomboid proteases are found in the lipid bilayer of
all cellular compartments, RHBL1 is located in the Golgi apparatus, RHBL2 in the
plasma membrane, RHBL3 in the late endosome, RHBL4 in the ER and PARL in
the mitochondria. Rhomboids cleave type I TMD proteins close to the luminal site
but there are also few reports for non-canonical cleavage outside of the membrane.
The human rhomboid proteases are involved in several cellular functions and pro-
cesses like wound healing and angiogenesis (RHBL2), ER-associated degradation
(ERAD, RHBL4) or mitophagy (PARL) (Lastun et al., 2016; Beard et al., 2019;
Kühnle et al., 2019).
In humans, two members of the aspartyl IMP family are known: the presenilins and
the signal peptide peptidase (SPP)/SPP-like (SPPL) family (Kühnle et al., 2019).
The presenilin family is composed of two homologs, PS1 and PS2 and will be dis-
cussed in more detail in 1.4.1.1. The SPP/SPPL family is composed of the five
members SPP, SPPL2a-c and SPPL3 (Kühnle et al., 2019; Mentrup et al., 2020).
Presenilins and SPPs share a common structural fold with 9 TMDs but are oriented
inversely in the cellular membrane. While presenilins have their N-terminus in the
cytosol, the N-terminus of SPPs is located in the lumen. Both belong to the family
of GxGD-type aspartyl IMPs, and have their catalytic aspartes within the highly
conserved YD and GxGD motifs located in TMD6 and 7, respectively. Further-
more, they also share the conserved PAL motif in TMD9 (Friedmann et al., 2004).
In contrast to presenilins, SPPs can function without accessory protein and without
undergoing endoproteolysis. As already indicated by their inversed topology, SPPs
cleave type II TMD proteins and a growing number of substrates have been identi-
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fied for these proteases (Mentrup et al., 2020). For SPP, SPPL2a and b it was shown
that they cleave substrates within their TMD after ectodomain shedding, e.g. the
cleavage of TNFα by SPPL2a and b. In contrast, SPPL3 does not seem to require
ectodomain shedding and substrates are directly cleaved by SPPL3 (like for rhom-
boid proteases). SPP and SPPL2c are able to cleave tail-anchored proteins with a
type II TMD orientation (Mentrup et al., 2020). The various SPPLs are differently
located within the cell, SPPL2a is found in late endosomes/lysosomes, SPPL2b in
the plasma membrane, SPP and SPPL2c in the ER and SPPL3 in the Golgi ap-
paratus (Kühnle et al., 2019). They are involved in different cellular processes like
signal transduction, membrane trafficking or protein glycosylation (Mentrup et al.,
2020).
For the family of of glutamyl IMPs only one member has been identified so far,
the the Ras-converting enzmye 1 (RCE1) in S. cerevisiae (Boyartchuk et al., 1997;
Manolaridis et al., 2013) and no membrane protein as substrate is known but the
active site was found to be located within the membrane.

1.1.5.2 Substrate requirements & cleavage mechanism of IMPs

Whereas soluble proteases have a more or less clear substrate consensus (mainly due
to the primary aa sequence), the substrate recognition motif(s) of IMPs are mainly
unclear. Nevertheless, they show a high substrate specificity and a few principle
substrate requirements are known (Langosch et al., 2015). IMPs have a preference
for the orientation of their respective substrate(s), some preferring type I TMD sub-
strates (N-terminus oriented towards the extracellular space) other type II TMD
substrates (N-terminus oriented towards the cytosol) (Beard et al., 2019). Recently,
it was reported that IMPs might also be able to cleave a TMD or in close vicinity
of a TMD in a multipass membrane protein, whereas the exact mechanism of this
cleavage process is still mainly unclear (Grieve et al., 2021; Restrepo et al., 2022).
The cleavage of substrates by metallo- and aspartyl IMPs normally requires a prior
cleavage step by another protease within the ectodomain (Beard et al., 2019). The
remaining membrane-bound fragment is then the actual substrate of the IMP. For
bacterial rhomboid proteases also a recognition motif in the substrate around the
cleavage site is reported (Akiyama & Maegawa, 2007; Strisovsky et al., 2009) but
so far such a consensus motif is not reported for other IMPs. Furthermore, it is
suggested that IMPs can recognize and/or cleave only certain conformations of the
substrate’s TMD (Langosch et al., 2015).
The principle catalytic mechanisms of IMPs are the same as for all other proteases
(see also 1.1.2) but there are some additional challenges (Wolfe, 2009). As already
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discussed above, water needs to access the catalytic site which is embedded in the hy-
drophobic membrane environment. Furthermore, the α-helical structure of the sub-
strates is an unfavoured conformation for cleavage since the aa side chains sterically
hinder the access of water to the protein backbone (Wolfe, 2009). Therefore, TMD
substrates needs to unwind around the scissile bond to make the peptide bond avail-
able for cleavage. Several studies including structural analysis of protease-substrate
complexes (Brown et al., 2018; Clemente et al., 2018; Cho et al., 2019; Yang et al.,
2019; Zhou et al., 2019) could show for different IMPs and substrates that the sub-
strate TMD indeed undergoes conformational changes at and around the scissile
bond when bound at the active site. These conformational changes result in an
unwinding of the α-helix and make the peptide bond available for the cleavage.
In contrast to soluble protease, the cleavage of substrates by intramembrane pro-
teases is a very slow process (Dickey et al., 2013; Kamp et al., 2015; Naing et al.,
2015; Bolduc et al., 2016a; Naing et al., 2018). IMPs were found to be (several)
thousandfold slower than soluble proteases of the same catalytic class, cleaving only
round about 6 (Kamp et al., 2015) to 22 (Dickey et al., 2013) substrate molecules
within one hour within the cellular context. Interesting, while the turn-over rate was
similar for the proteases reconstituted into proteoliposomes, it was 10-fold higher in a
detergent system (Dickey et al., 2013). The factors which make the cleavage process
so slow are not understood yet. Maybe a prior substrate selection at an exosite, the
substrate handling within the protease and/or the necessary substrate unwinding
slows down the cleavage process (Dickey et al., 2013; Kamp et al., 2015).

1.1.5.3 Regulation of IMPs

As for all other classes of proteases, IMPs can be regulated on several cellular levels,
like transcription, translation or localization. In addition, also the lipid bilayer
can regulate the activity of IMPs even though little is known about the details of
this mechanism so far. An in vitro study on rhomboid cleavage could show that
different membrane phospholipid environments differentially modulate the activity
of several rhomboid IMPs (Urban & Wolfe, 2005) but the mechanism behind this
observation remains elusive. Furthermore, the cleavage site within the substrate
Spitz by the rhomboid IMP GlpG differed from the natural cleavage site in E. coli
when assessed in DDM (Moin & Urban, 2012). The natural cleavage site was restored
in the in vitro system upon reconstitution of GlpG into proteoliposomes with various
lipid compositions. The modulation of IMP activity by the composition of the
membrane environment is not limited to rhomboid IMPs but was also observed for
γ-secretase (Urban &Wolfe, 2005; Osenkowski et al., 2008) where also cholesterol was
found as an important modulator for γ-secretase activity. Cholesterol decreases Aβ40
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levels and increases Aβ42 levels resuling in an increased Aβ42/Aβ40 ratio (Osenkowski
et al., 2008). Furthermore, not only the composition of the (lipid) environment can
regulate the activity of IMPs but also the thickness of the membrane bilayer as it
was observed for γ-secretase (Holmes et al., 2012; Winkler et al., 2012). Thicker
membranes result in a decreased Aβ42/43/Aβtotal ratio and an increased Aβ40/Aβtotal

ratio and Aβ38/Aβtotal ratio, respectively (Winkler et al., 2012).
Whether the effects of membrane composition and membrane properties on IMP
activity is solely a bulk effect or whether this involves also direct lipid-protease
interactions remains elusive. The available cryo-EM structures of γ-secretase provide
evidences for a direct lipid-protease interactions since they showed phospholipid and
cholesterol molecules directly bound to the protease (Bai et al., 2015b; Yang et al.,
2019; Zhou et al., 2019). Such a lipid-protease interaction was previously also found
in two crystal structures of rhomboid proteases (Ben-Shem et al., 2007; Lemieux
et al., 2007). But for non of these lipid molecules a direct functional role in rhomboid
and/or γ-secretase activity was described.

1.2 Alzheimer’s disease

One disease in which proteases play an important role – especially the IMP γ-
secretase – is AD (De Strooper, 2010). AD is the most common form of dementia
worldwide representing 60-80% of all dementia cases (Barker et al., 2002; Alzheimer’s
Association, 2020). Dementias are an increasing burden in an ageing society. Cur-
rently, more than 50 million people worldwide are suffering from any form of demen-
tia and this number steadily increases and is expected to reach 152 million people
in 2050 (Alzheimer’s Disease International, 2020). The increasing number of de-
mentia patients and their high care needs pose major (financial) challenges for the
healthcare system. Therefore, the understanding of disease mechanisms and the
development of effective therapeutics is crucial (Alzheimer’s Disease International,
2015; Winblad et al., 2016).
AD is a progressive neurodegenerative disease which was first described by Alois
Alzheimer at the beginning of the previous century. In 1906, Alzheimer reported
the case of his patient Auguste Deter (Alzheimer, 1907, 1911), a woman which
was suffering from disorientation, forgetfulness and the inability to perform simple
verbal and written tasks. When her brain was examined, profound brain atrophy
(neurodegeneration) and extra- and intracellular deposits were found. The extracel-
lular amyloid plaques and the intracellular neurofibrillary tangles (NFTs) are until
today the pathological hallmarks of AD and necessary for its unambiguous diagnosis
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(Hyman et al., 2012). The NFTs are deposits of hyperphosphorylated tau (Grundke-
Iqbal et al., 1986; Kosik et al., 1986; Goedert et al., 1988; Wischik et al., 1988a,b;
Köpke et al., 1993). Tau normally binds to microtubles and stabilizes them but it
gets hyperphosphorylated during disease progression, disassembles from the micro-
tubles and aggregates into tangles (Wang & Mandelkow, 2016). The deposition of
tau is also a hallmark of other neurodegenerative diseases – the so called tauopathies
(Arendt et al., 2016). The amyloid plaques are composed of aggregated, fibrillar Aβ

(Glenner & Wong, 1984; Masters et al., 1985) which is derived from amyloid precur-
sor protein (APP) processing (Estus et al. (1992); Haass et al. (1992b); Golde et al.
(1992); Busciglio et al. (1993); Haass et al. (2012), see also 1.3.1 and 1.4.4). Mainly
longer Aβ peptides like Aβ42 but also Aβ43 are found in these plaques (Iwatsubo
et al., 1994).
The exact pathological mechanism of AD is still not well understood but it is cur-
rently widely accepted that AD onset and progression is best described by the amy-
loid hypothesis or amyloid cascade hypothesis (Hardy & Higgins, 1992; Selkoe &
Hardy, 2016). The disease starts with increased levels of Aβ and/or relatively in-
creased levels of longer Aβ species. These can aggregate into plaques and induce
synaptic dysfunctions. In a process not yet understood, this leads to the hyperphos-
phorylation of tau and to its aggregation into NFTs. These pathological processes
result in an increased neurodegeneration leading ultimately to dementia.

1.2.1 Sporadic and familial AD

Most of the AD cases are sporadic forms of the disease (sporadic AD, SAD) with
a late onset (LOAD, late onset AD), typically at the age of 65 and older. What
exactly drives the accumulation of Aβ in SAD is still elusive and it is proposed that
reduced clearance/depletion of Aβ drive the Aβ accumulation. But several genetic
risk factors were found to contribute to AD. In the recent years, analysis of such risk
factors could show that the innate immune system and especially the brain resident
microglia cells can contribute to AD. Exposure of microglia with Aβ (plaques) in-
duced changes in cellular processes and "reprogrammed" microglia. These cells can
then not respond properly to pathological changes and might therefore contribute to
disease onset and/or progression (Jay et al., 2017; Keren-Shaul et al., 2017; Krase-
mann et al., 2017; Gratuze et al., 2018; Henstridge et al., 2019). The main risk factor
for sAD is the Apolipoprotein E (ApoE) which comes in three different variants ε2,
ε3 and ε4 (Holtzman et al., 2011; Liu et al., 2013). While ε2 seems to be a protective
ApoE variant, ε4 is associated with a 20-fold increased risk in sAD onset (Corder
et al., 1993; Strittmatter et al., 1993; Verghese et al., 2011). Interestingly, in 2019 a
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protective ApoE ε3 mutant was found (Arboleda-Velasquez et al., 2019). So far, the
exact mechanism how the ApoE variants contribute to AD onset and progression is
not fully understood but they differentially influence the aggregation and removal
of Aβ (Kim et al., 2009; Castellano et al., 2011; Verghese et al., 2011; Hashimoto
et al., 2012).
Only a minor proportion of AD cases is linked to mutations within genes directly
involved in disease onset. In these familial forms of AD (familial AD, FAD) autoso-
mal dominant mutations within the APP (Chartier-Harlin et al., 1991; Goate et al.,
1991; Murrell et al., 1991), PS1 (Sherrington et al., 1995) or PS2 (Levy-Lahad et al.,
1995; Rogaev et al., 1995) gene are causative for the disease. The Alzfroum mu-
tation database currently reports mutations at more than 235 aa positions of PS1,
more than 10 aa positions of PS2 and more than 20 aa positions of APP related to
AD. At several of these aa potions more than one AD causing mutation is known,
resulting in a large number of AD related mutations within these genes. The PS
mutations secrete longer Aβ species, especially Aβ42 and Aβ43, resulting in an in-
creased Aβ42/43/Aβ40 ratio (Borchelt et al., 1996; Scheuner et al., 1996; Citron et al.,
1997; Saito et al., 2011). Furthermore, longer Aβ species can also accumulate intra-
cellularly which might also contribute to the disease (Sannerud et al., 2016). The
main reason for the production of longer Aβ species is the decreased processivity of
γ-secretase, especially the reduced γ-cleavage from Aβ42 to Aβ38 and Aβ43 to Aβ40,
respectively (Chávez-Gutiérrez et al., 2012; Okochi et al., 2013; Fernandez et al.,
2014; Szaruga et al., 2015; Devkota et al., 2021). The mutations destabilize the
interaction between γ-secretase and Aβ42/43 which makes it easier for these peptides
to dissociate from the protease (Okochi et al., 2013; Szaruga et al., 2017). Further-
more, several studies could show that PS mutations also influence the conformation
of the active site (Chau et al., 2012) and thereby alter the binding/positioning of
the substrate to γ-secretase’s active site region (Fukumori & Steiner, 2016; Tram-
bauer et al., 2020) as well as binding of active site directed inhibitors (Xia et al.,
2000; Ikeuchi et al., 2003; Czirr et al., 2007). For some FAD mutants a reduced
total γ-secretase activity was observed which did not correlate with the increased
Aβ42/Aβ40 ratio (Moehlmann et al., 2002; Quintero-Monzon et al., 2011). Most of
the reported APP mutations are located within the APP C-terminal fragment β

(CTFβ) which is the direct γ-secretase substrate. One of the identified mutations
(A2T, Icelandic mutation, Aβ numbering) was found to be protective (Jonsson et al.,
2012; Benilova et al., 2014; Hashimoto & Matsuoka, 2014; Murray et al., 2016). The
other mutations within the APP CTFβ were identified as pathogenic. The Swedish
mutation (KM670/671NL) is located at the β-secretase cleavage site resulting in
increased levels of CTFβ and consequently also higher levels of Aβ (Citron et al.,
1992; Mullan et al., 1992; Haass et al., 1995; Kimura et al., 2016). The other APP
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mutations are located either at the γ-secretase cleavage sites or within the Aβ do-
main and therefore either shift the production of Aβ to longer and more aggregation
prone forms (Iwatsubo et al., 1994; Tamaoka et al., 1994; Weggen & Beher, 2012)
or the mutation itself changes the aggregation behavior of the secreted Aβ species
(Nilsberth et al., 2001; Hori et al., 2007; Hatami et al., 2017). Both, more Aβ and/or
more aggregation prone Aβ can be causative for AD.

1.2.2 Lipids in AD

Several studies could link fatty acids, lipids and lipid metabolism to AD (Yin, 2022)
and genome-wide association studies (GWAS) in AD patients identified several mis-
regulated genes linked to lipid metabolic pathways like apolipoproteins, cholesterol
transporters or lipid receptors (Pimenova et al., 2018; Vogrinc et al., 2021). Fur-
thermore, it was shown that nearly all lipid classes play a role in AD pathogenesis
(Di Paolo & Kim, 2011; Kao et al., 2020).
The cholesterol level is positively correlated with AD. Lower cholesterol levels abol-
ish the activity of β- and γ-secretase, whereas high cholesterol levels enhance the
activity of both proteases, resulting in an increased Aβ production (Simons et al.,
1998; Wahrle et al., 2002; Fassbender et al., 2001; Kalvodova et al., 2005; Osenkowski
et al., 2008; Cheng et al., 2014). High levels of sphingomyelin – a sphingolipid –
can decrease γ-secretase activity (Grimm et al., 2005) and it is suggested that sph-
ingolipids in general are able to modulate γ-secretase activity (Sawamura et al.,
2004). β-Secretase and γ-secretase both are more directed to lipid rafts – specialized
membrane subdomains rich of cholesterol and sphingolipids – further supporting the
important role of these lipids in AD (Di Paolo & Kim, 2011). But not only choles-
terol and sphingolipids play a role in AD and APP processing but also phospho-
lipids. A decrease in phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) results
in elevated Aβ42 levels (Landman et al., 2006). Furthermore, PtdIns(4,5)P2 reduces
γ-secretase activity in vitro and it was suggested that PtdIns(4,5)P2 and the APP
compete for γ-secretase binding (Osawa et al., 2008).
Lipids do not only influence the production of Aβ but can also contribute (indi-
rectly) to Aβ depostion and/or aggregation (Di Paolo & Kim, 2011). Furthermore,
Aβ can also influence lipid metabolism and homeostasis resulting in a complex in-
terplay between APP trafficking and processing, Aβ production and accumulation
and lipid homeostasis (Di Paolo & Kim, 2011). Since alterations in lipid levels were
observed in post mortem AD brains, lipids and lipid metabolism are considered as
potential AD therapeutics (Grimm et al., 2017). But the complex regulation of these
metabolic processes and the systemic effects of these treatment strategies makes it
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difficult to fine tune the therapeutical effect (Grimm et al., 2017; Chew et al., 2020).
Nevertheless, it might be still possible to use the alterations in lipid compositions
during AD as biomarkers for diagnosis or disease progression (Di Paolo & Kim, 2011;
Chew et al., 2020).

1.2.3 AD therapeutics

Since disease-modifying therapeutics were missing until recently, AD patients were
so far only treated symptomatically (Long & Holtzman, 2019). Since Aβ seems to be
the driving molecule in AD onset, it was also the primary target in the development
of disease-modifying therapies, either by reducing its production or by increasing
its degradation. However, most of the approaches targeting Aβ failed, be it the
inhibition of proteases involved in the generation of Aβ (Nie et al. (2020); Cho et al.
(2022), discussed also in 1.4.5.1) or the active immunisation of patients with aggre-
gated Aβ42 (Jäkel et al., 2019; Nicoll et al., 2019). The passive immunisation with
biotechnological produced monoclonal antibodies targeting Aβ like Aducanumab
(Sevigny et al., 2016) or Gantenerumab (Ostrowitzki et al., 2017) showed a decrease
in the Aβ accumulation in the patients’ brains. Nevertheless, the patients within
the clinical studies showed no or only mild cognitive improvements which in the
first place resulted in early discontinuation of these studies. Detailed analysis of
data from clinical studies performed with Aducanumab could show – according to
Biogen, which is owing Aducanumab – a slight cognitive improvement of patients
(Knopman et al., 2021) and led to the approval of this monoclonal antibody for AD
therapy in the United States (US) by the US Food and Drug Administration (FDA)
(Nisticò & Borg, 2021). Since summer 2021, Aducanumab is now available under
the brand name Aduhelm for treatment of AD patients in the US. The European
regulatory authorities have decided – based on the poor data on cognitive improve-
ments – not to admit Aduhelm for clinical use in Europe (Pawlowski & Warnecke,
2022). In autumn 2022, Eiasi and Biogen announced that their Aβ-targeting an-
tibody Lecanemab slowed cognitive decline in a phase 3 study (Rogers, 2022; van
Dyck et al., 2022).

1.3 The β-amyloid precursor protein (APP)

APP is an ubiquitously expressed protein with a single pass TMD, a large ectodomain
and a small intracellular domain (Dyrks et al., 1988). It belongs to the APP family
of proteins and has two homologs APLP1 and APLP2 in humans (Müller et al.,
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2017). The highly glycosylated ectodomain is mainly composed of the two folded
domains E1 and E2 which are separated by the unfolded acidic domain (figure 1.3.1).
The E1 is composed of two subdomains, the growth factor-like domain (GFLD) and
the copper binding domain (CuBD) (Müller & Zheng, 2012). The GFLD is able to
bind heparin with a highly positively charged patch. This heparin binding facilitates
the dimerization of APP in cis or trans (Hoefgen et al., 2014). The homodimeriza-
tion in cis is supported and strengthened by a GxxxG dimerization motif in the
TMD (Munter et al., 2007; Kaden et al., 2008). In addition, this motif also func-
tions as a cholesterol binding site for APP (Barrett et al., 2012). The Aβ domain
contains parts of the TMD as well as the N-terminal juxtamembrane domain. The
APP intracellular domain (AICD) contains a YENPTY internalization motif and
can be phosphorylated at several sites (Lai et al., 1995; Marquez-Sterling et al.,
1997; Bukhari et al., 2017).
As a result of alternative splicing events, APP exists in three isoforms, APP695,
APP751 and APP770 (Müller et al., 2017). APP770 contains in addition a Kunitz-
like protease inhibitor domain (KPI) and a short Ox-2 antigen domain between the
acidic domain and domain E2, APP751 only contains the KPI (figure 1.3.1).

Figure 1.3.1: Schematic representation of APP. The domain organization of the
three different APP isoforms is shown.

1.3.1 Processing of APP

APP is proteolytically cleaved by various proteases resulting in different cleav-
age products with diverse physiological functions. In general, canonical and non-
canonical processing pathways are distinguished (Müller et al., 2017). After its
synthesis in the endoplasmatic reticulum (ER), APP is maturing in the secretory
pathway and transported to the cell surface (Haass et al., 2012). From the cell
surface, APP can then be re-internalized by clathrin-mediated endocytosis into the
endosomal system where it is either degraded in the lysosomes or recycled to the cell
surface (Haass et al., 1992a; Nordstedt et al., 1993; Koo & Squazzo, 1994; Yamazaki
et al., 1996).
The canonical processing of APP is divided into a non-amyloidogenic and an amy-
loidogenic pathway which are both constitutively active (Haass & Selkoe, 1993) and
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both canonical pathways involve a first cleavage of APP in its ectodomain (Esch
et al., 1990; Sisodia et al., 1990; Haass & Selkoe, 1993). In the non-amyloidogenic
pathway (figure 1.3.2), APP is first cleaved at the cell surface in its ectodomain by α-
secretases which are metalloproteases of the ADAM family (Buxbaum et al., 1998;
Lammich et al., 1999). The physiological most relevant α-secretase is ADAM10
(Kuhn et al., 2010; Hitschler & Lang, 2022). The α-secretase cleavage between aa
K16 and L17 (Aβ numbering, K687 and L689 APP770 numbering, (figure 1.3.3))
results in the release of a soluble fragment (sAPPα). The remaining 83 aa long
C-terminal fragment (CTFα, C83) is then further processed by γ-secretase resulting
in the release of AICD and p3 fragments (Haass et al. (1993), discussed in detail in
1.4.4).

Figure 1.3.2: APP processing. APP is either cleaved in a non-amyloidogenic or an
amyloidogenic pathway. First APP ectodomain is shedded by either α- or β-secrtease
resulting in the CTFα or CTFβ, respectively. The CTFs are further cleaved by γ-secretase
into AICD and p3 or AICD and Aβ, respectively.

In the amyloidogenic pathway (figure 1.3.2), APP is first cleaved by the β-secretase
BACE1 in the ectodomain between aa M671 and D672 (APP770 numbering, before
D1, Aβ numbering) resulting in the release of the soluble sAPPβ (Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999). As for the CTFα, the remaining 99 aa long
CTFβ (C99) is processed by γ-secretase releasing an AICD and Aβ peptides (Haass
& Selkoe (1993), discussed in detail in 1.4.4). BACE1 can also cleave APP between
aa Y10 and E11 (Aβ numbering, (figure 1.3.3)) resulting in shorter CTFβ’ and N-
terminal shorter Aβ11-x peptides (Haass et al., 1992b; Vassar et al., 1999).
APP can also be cleaved by other proteases than α- or β-secretase in different non-
canonical pathways (Müller et al., 2017). The asparagine endopeptidase (AEP or
δ-secretase) cleaves between aa N373 and E374 or between aa N660 and I661 in the
ectodomain of APP (Zhang et al., 2015b). The fragment generated by the cleavage
between N373 and E374 is again substrate for a second δ-cleavage between N660 and
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I661. The resulting CTFδ is then further processed by β-secretase and γ-secretase
resulting in the release of AICD and Aβ peptides (Zhang et al., 2015b; Andrew
et al., 2016). Meprin-β cleaves the APP ecotdomain at different sites among others
one aa C-terminal of β-secretase resulting in a one aa shorter CTFβ* (C98, (figure
1.3.3)), which is further processed by γ-secretase to Aβ* (Bien et al., 2012). These
Aβ*2-x peptides tend to aggregate faster than Aβ peptides derived from β-secretase
cleavage (Schönherr et al., 2016). Another protease which cleaves APP ectodomain
is the Θ-secretase BACE2, a BACE1 homolog. BACE2 cleaves APP between aa
F19 and F20 (figure 1.3.3) and the resulting CTF is further processed into Aβ-like
fragments which might be non-amyloidogenic (Sun et al., 2006). APP can also be
cleaved my matrix metalloproteases (η-secretase) N-terminal of the α-/β-secretase
cleavage sites. The resulting CTFη is further processed by α- or β-secretase releasing
small Aη-α and Aη-β peptides (Willem et al., 2015). Caspases 3, 6 and 8 can cleave
APP or CTFα/β within the AICD between aa D68 and A69 resulting in two AICD
fragments: AICD31 (A69 to C-terminus) and AICD-Jcasp (released by γ-secretease
cleavage) (Lu et al., 2000; Bertrand et al., 2001; Dumanchin-Njock et al., 2001).
Both of these fragments are implicated in apoptosis.

Figure 1.3.3: Schematic representation of the Aβ domain. The Aβ domain (orange)
as well as parts of the neighbouring sequence are shown including the Aβ and APP770
numbering. The arrows indicate the cleavage sites of α-, β-secretases and meprin-β within
the APP ectodomain as well as the cleavage sites (ε, ζ, γ) of γ-secretase within the TMD
(gray).

1.3.2 Physiological functions of APP and Aβ

APP and its cleavage products can conduct a versatile set of physiological func-
tions. While APP695 is mainly expressed in the brain (Kang et al., 1987), APP751

and APP770 are mainly expressed outside the brain (Oltersdorf et al., 1989; van
Nostrand et al., 1991). These longer isoforms are associated with blood coagulation.
The shorter APP isoform plays a role in synaptic plasticity, memory and learning
(Roch et al., 1994; Dawson et al., 1999; Seabrook et al., 1999; Ring et al., 2007;
Nikolaev et al., 2009). These effects are mainly mediated by the ability of APP to
form cis and trans dimers (Müller et al., 2017). Together with adaptor proteins,
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APP can also transduce signals to downstream signalling cascades.
Furthermore, the proteolytic fragments of APP have several functions, even though
their detailed role is still unclear. sAPPα seems to play a main role for the synaptic
activity, in learning and memory. It stimulates the growth of synapses and regulates
synapse plasticity as well as spine density (Roch et al., 1994; Furukawa et al., 1996;
Ring et al., 2007; Richter et al., 2018; Rice et al., 2019). In contrast, the only 16 aa
longer sAPPβ does not convey the same function and its physiological role is still
elusiv (Richter et al., 2018). Aη-α and Aη-β were shown to impair the long term po-
tentiation (LTP) ex vivo and in vivo and to impair neuronal activity (Willem et al.,
2015; Mensch et al., 2021). The functions of the AICD are still highly debated
(Bukhari et al., 2017). While several in vitro studies could show that the AICD
can – in complex with binding partners – function as a transcription factor (Cao
& Südhof, 2001; Cupers et al., 2001; Kimberly et al., 2001) the results of in vivo
studies were not convincingly showing the same effect (Hébert et al., 2006; Waldron
et al., 2008). The highly labile AICD is stabilized by its binding partner – e.g. FE65
– and can thereby enter the cell nucleus where it can convey its potential function
(Kimberly et al., 2001). A transport of the AICD on its own into the nucleus seems
not to be possible (Bukhari et al., 2017).
Despite its extensively studied and well established role in AD, Aβ is proposed to
have also important (beneficial) roles in physiological processes like antimicrobial
defence, tumor suppression, blood-brain barrier (BBB) integrity or regulation of
synaptic functions (Brothers et al., 2018). It is still unclear which form of Aβ is
conveying which function in the brain. In principle Aβ is found in three different
forms: as monomers, as oligomers or as fibrils. Monomeric or oligomeric Aβ is
neurotoxic, reduces LTP (long-term potentiation) and leads to degeneration of den-
drites (Yankner et al., 1990; Lacor et al., 2007; Shankar et al., 2008; Li et al., 2009).
Nevertheless, there seems to be a complex regulation of beneficial and detrimental
roles of Aβ. The role of the total amount of Aβ and the role of the ratio between the
different Aβ species in this process are not yet well understood. Even though, the
role of Aβ in AD is well established, it is still unclear which Aβ species and which
Aβ forms are important in disease onset and progression. An important factor in
this process is the aggregation potential of Aβ (Shankar et al., 2008; Esparza et al.,
2013; Selkoe & Hardy, 2016). While longer Aβ species, like Aβ42 or Aβ43, are highly
aggregation prone (Jarrett et al., 1993; Jarrett & Lansbury, 1993; Mucke et al., 2000;
Saito et al., 2011), shorter species, like Aβ40, might decrease the aggregation of the
longer species (Kim et al., 2007; Yan & Wang, 2007; Moore et al., 2018). Therefore,
the ratio between longer and shorter species is important for disease onset (Kuper-
stein et al., 2010; Petit et al., 2022) and higher levels of Aβ38 correlate with a slower
cognitive decline in AD patients (Cullen et al., 2022). A recent study could further
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show that the Aβ37/Aβ42 ratio improves the discrimination between AD patients
and cognitively not impaired persons (Liu et al., 2022) . Nevertheless, it is still
under debate which form of Aβ is neurotoxic. Increasing evidences indicate that
soluble oligomeric forms of Aβ are toxic and disturb synaptic functions (Shankar
et al., 2008; Koffie et al., 2009; Esparza et al., 2013).
The role of the non-amyloidogenic Aβ counterpart p3 is not known yet and so far
no pathological effects of this peptide are reported.

1.4 The intramembrane protease γ-secretease

γ-Secretase is an integral membrane protein complex composed of four subunits
(figure 1.4.1): presenilin (PS), nicastrin (NCT), presenilin enhancer 2 (PEN-2) and
anterior pharynx defective 1 (APH-1) (Edbauer et al., 2003; Kimberly et al., 2003;
Takasugi et al., 2003) with PS being the catalytic subunit of the protease (Steiner
et al., 1999a; Wolfe et al., 1999; Esler et al., 2000; Kimberly et al., 2000; Li et al.,
2000; Steiner et al., 2000). Both, PS and APH-1 exist as two homologs, PS1 and
PS2 as well as APH-1a and APH-1b. Therefore, γ-secretase can assemble in at least
four distinct complexes in the cell (Hébert et al., 2004; Shirotani et al., 2004b). This
complexity is increased by alternative splicing events of APH-1a (Lee et al., 2002;
Gu et al., 2003). The four subunits are found in a 1:1:1:1 ratio in the complex (figure
1.4.1) and are necessary and sufficient for the catalytic activity of the protease (Sato
et al., 2007). The four subunits are arranged in a horseshoe-like shape and are made
of 19 TMDs from which PEN-2 TMD1 adopts a hairpin-like structure (Bai et al.,
2015b).

Figure 1.4.1: Schematic representation of the γ-secretase complex. The subunits
of γ-secretase are shown: PS NTF (blue), PS CTF (darkblue), NCT (green), APH-1 (red),
PEN-2 (yellow). The catalytic aspartates in TMD 6 and 7 are represented as red arrow
heads.
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1.4.1 Structure and assembly of the γ-secretease complex

1.4.1.1 Presenilin (PS)

Presenilin is a polytopic membrane protein made of 9 TMDs, with the N-terminus
located in the cytosol and the C-terminus in the lumen (Kaether et al., 2004; Hen-
ricson et al., 2005; Laudon et al., 2005; Oh & Turner, 2005a,b; Spasic et al., 2006).
PS1 is composed of 467 aa and PS2 of 448 aa and the two human PS homologs
share a sequence identity of 66%. PS is the catalytic subunit of the γ-secretase
complex with the two conserved catalytic aspartates D257 and D385 in case of PS1
and D263 and D366 in case of PS2 are located in TMD6 and 7 (Steiner et al., 1999a;
Wolfe et al., 1999; Kimberly et al., 2000). The aspartate residues are found in the
two highly conserved YD (TMD76) and GxGD (TMD7) motifs (Steiner et al., 2000;
Ponting et al., 2002; Torres-Arancivia et al., 2010). Studies have shown that the two
conserved glycine residues of this motif (G382, G384) are important for substrate
cleavage and only tolerate the mutation to an alanine residue indicating that small
amino acid site chains are needed at these positions (Steiner et al., 2000; Pérez-
Revuelta et al., 2010). Nevertheless, the mutations G382A and G384A lead to an
increased Aβ42/Aβ40. At the position between the two conserved glycine residues
(x383) more aa residues are tolerated and it seems that this position guides the sub-
strate selectivity (Yamasaki et al., 2006; Kretner et al., 2013). Another important
motif within PS is the PAL motif (aa 433-435, PS1) which is located in TMD9. It
is part of the active site and stabilize its conformation (Wang et al., 2004, 2006a;
Sato et al., 2008; Tolia et al., 2008). Recent structural investigations also imply a
role of the PAL motif in stabilizing the enyzme–substrate interaction at the active
site (Yang et al., 2019; Zhou et al., 2019).
During the maturation of the γ-secretase complex, presenilin is autocatalytically
cleaved in the large cytosolic loop between TMD6 and 7 (Thinakaran et al., 1996;
Wolfe et al., 1999; Edbauer et al., 2003; Fukumori et al., 2010). This endoprote-
olysis between T291 and A299 (PS1) is a stepwise/processive cleavage mechanism
(Fukumori et al., 2010) and results in the formation of a 30 kDa NTF (N-terminal
fragment) with 6 TMDs and a 20 kDa CTF (C-terminal fragment) with 3 TMDs
(Thinakaran et al., 1996; Podlisny et al., 1997; Beher et al., 2001; Campbell et al.,
2002). These fragments remain tightly bound in the complex. Mutations in the
PS gene can reduce or even prevent this endoproteolysis step. The mutation PS1
M292D at the cleavage site in the loop completely abolish the endoproteolysis but
does not change the activity of the γ-secretase complex (Steiner et al., 1999b). Sim-
ilarly, the double mutation M298D/V299A at the endoptoreolysis site of PS2 did
not change the total activity but influenced the processive cleavage (Jacobsen et al.,
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1999). In contrast, other mutations like PS1 R278I (Saito et al., 2011) strongly
reduce endoproteolyis and as well the activity of the protease.

1.4.1.2 Nicastrin (NCT)

NCT is a type I TMD protein and with 110 kDa (709 aa) the largest member of
the γ-secretase complex (Yu et al., 2000). It has a large stable ectodomain (Fluhrer
et al., 2011) which undergoes extensive N- and O-glycosylations during the transport
of the complex through the secretory pathway (Edbauer et al., 2002; Leem et al.,
2002; Capell et al., 2005). This glycosylation is – as the endoproteolysis of PS – a
marker for the maturation of the complex (Kaether et al., 2002). Nevertheless, the
role and importance of the gylcosylation for the protease maturation and activity is
still debated. Most studies so far suggest that the glycosylation does not influence
the activity of γ-secretase (Yang et al., 2002; Herreman et al., 2003; Dries & Yu, 2008;
López et al., 2015) but another study came to an opposite result (Moniruzzaman
et al., 2018).
NCT is proposed to be the substrate receptor of the γ-secretase complex (Shah
et al., 2005). NCT consists of a so called DAP domain (DYGIS and peptidase
domain) composed of round about 200 aa (Fagan et al., 2001). Within this domain
two important motifs were identified, the DYGIS motif and aa E333. The DYGIS
motif is important for the interaction with PS and mutations reduce this interaction
resulting in decreased activity (Yu et al., 2000; Chen et al., 2001). E333 seems to
be important for NCT’s function as substrate receptor (Shah et al., 2005). E333 is
proposed to recognize the free N-terminus of substrates via ionic interactions (Shah
et al., 2005; Dries et al., 2009). But mutation studies could show that this residue
is also important for the complex maturation and not only for substrate recognition
(Shirotani et al., 2004a; Chávez-Gutiérrez et al., 2008). Furthermore, the high-
resolution structures of γ-secretase in complex with its substrates did not show any
interaction of the substrate with this specific residue (Yang et al., 2019; Zhou et al.,
2019). The view on the receptor role of NCT has therefore changed and it is thought
that nicastrin strerically exclude substrates with large ectodomains (Bolduc et al.,
2016a). Furthermore, in a recent study a new substrate interaction site was shown.
Residues I241 and N242 of NCT form an interface which is interacting with the
TMD flanking aa K28 of APP and controls the length of the produced Aβ species
(Petit et al., 2019).
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1.4.1.3 PEN-2

PEN-2 is the smallest component of the γ-secretase complex (101 aa) with a molec-
ular weight of 12 kDa. For long time it was assumed that PEN-2 forms two TMDs
with both termini located in the lumen (Crystal et al., 2003). But further biochem-
ical and structural investigations revealed that TMD1 is forming two half TMDs
which do not completely span the lipid bilayer and are arranged in a hairpin-like
structure (Bai et al., 2015b; Zhang et al., 2015a). Upon its binding to the ternary
complex composed of NCT, PS and APH-1, PS endoproteolysis is induced (Luo
et al., 2003; Takasugi et al., 2003). Its C-terminus stabilizes the whole γ-secretase
complex after endoproteolysis (Hasegawa et al., 2004; Prokop et al., 2004, 2005). In
addition, it seems possible that PEN-2 influences the structure of the active site and
therefore also the activity of the complex (Shiraishi et al., 2004; Isoo et al., 2007).

1.4.1.4 APH-1

APH-1 is composed of 7 TMDs and small extracellular elements (Fortna et al.,
2004). It seems to be kind of a scaffolding protein for the γ-secretase complex since
it is important for its stability and correct structural arrangement (Francis et al.,
2002; Goutte et al., 2002; Lee et al., 2002). In humans two homologs are known
APH-1a (29 kDa, 265 aa) and APH-1b (28.5 kDa, 257 aa) (Francis et al., 2002; Gu
et al., 2003). Due to alternative splicing events APH-1a additionally exists in a large
(APH-1aL) or a small (APH-1aS) isoform (Lee et al., 2002; Gu et al., 2003). As for
PS, only one of the APH-1 isoforms is found in the γ-secretase complex (Shirotani
et al., 2004b). Therefore, the assembly of six different γ-secretase complexes is in
principle possible.

1.4.1.5 Complex assembly, maturation and localization

All components of the γ-secretase complex are co-translationally translocated into
the ER and there also rapidly degraded in their uncomplexed form (Escamilla-Ayala
et al., 2020). The assembly of the complex is occurring in a stepwise process and is
happening in pre-Golgi compartments or during the transport between these com-
partments. This requires the release of the single components from the ER by
packing into vesicles. A recent study (Wouters et al., 2021) could shed new light on
the assembly of the γ-secretase complex. Each complex component is independently
from the other components packed into COPII vesicles and NCT and PS1 are pref-
erentially sorted to different COPII vesicles. NCT prefers Sec24C/D coated vesicles
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whereas PS1 prefers Sec24A coated vesicles (Wouters et al., 2021). In line with pre-
vious data (Gu et al., 2003; LaVoie et al., 2003; Morais et al., 2003), it was shown
that NCT and APH-1 form a subcomplex dimer in the ER. Furthermore, also PS1
and PEN-2 are forming a subcomplex dimer at this site (Wouters et al., 2021). Most
likely in the ER-Golgi intermediate compartment these two heterodimeric subcom-
plexes assemble together to the tetrameric γ-secretase complex. How this assembly
of the two subcomplex dimers works is not clear so far. The preferential sorting
of the complex components into different Sec24 vesicles might be a way to prevent
early complex assembly in the ER (Wouters et al., 2021). It also still remains elu-
sive what sorts the NCT/APH-1 dimer into their respective vesicles since they are
lacking a clear cargo protein motif. Maybe the interaction with cargo molecules like
Rer1p (Retrieval of ER protein) might facilitate sorting. Other studies showed that
Rer1p interacts with immature NCT and might thereby prevent its assembly with
APH-1 (Spasic et al., 2007). Furthermore, it was suggested that Rer1p is capable
to bind uncomplexed PEN-2 to stabilize this subunit until it is assembled in the
γ-secretase complex (Kaether et al., 2007). After complex assembly, it is further
maturated, especially by the glycosylation of NCT (Herreman et al., 2003) and by
the endoproteolyis of PS into NTF and CTF (Luo et al., 2003). In addition, NCT
and PS can be post-translationally modified by phosphorylation, myristoylation and
ubiquitination which regulate the cellular turnover of the protease (Escamilla-Ayala
et al., 2020).
After complex assembly and maturation the γ-secretase complexes are sorted to
their cellular compartments. Thereby, the localization of the complexes is mainly
dependent on the PS variant within the respective complex. While PS1 complexes
are mainly localized at the cell surface and within the secretory pathway (Kaether
et al., 2002; Chyung et al., 2005; Meckler & Checler, 2016), PS2 complexes are exclu-
sively localized at late endosomes and lysosomes (Meckler & Checler, 2016; Sannerud
et al., 2016). Due to their rather strict intracellular localization, PS2–γ-secretase
complexes are mainly responsible for the production of intracellular Aβ. This intra-
cellular Aβ is normally produced in the more toxic Aβ42 form and might therefore
contribute to AD pathogenesis (Kanatsu et al., 2014; Sannerud et al., 2016). Within
the respective cellular membrane γ-secretase is not randomly distributed but rather
confined in specific detergent-resistant subdomains like lipid rafts or tetraspanin-
enriched microdomains (Wahrle et al., 2002; Vetrivel et al., 2004; Hur et al., 2008;
Wakabayashi et al., 2009). The lipid composition of these subdomains, especially
their cholesterol and sphingolipid content, influence the activity of γ-secretease (Ehe-
halt et al., 2003; Osenkowski et al., 2008; Vetrivel & Thinakaran, 2010).

21



Introduction

1.4.1.6 Structure and dynamics of γ-secretase

In the last decade enormous work has been done to unravel the structure of the
γ-secretase complex. In 2006, first structural data at a resolution of 15 Å were
obtained based on negative stained samples analyzed by electron microscopy (EM)
(Lazarov et al., 2006). These low resolution data showed an aqueous chamber and
two pores in the complex. A central aqueous pore was further identified in in two
independent studies (Renzi et al., 2011; Li et al., 2014). In addition, also a lateral
cleft was identified which was proposed to be an initial substrate binding site (Li
et al., 2014). Sampling different conformations of γ-secretase revealed that the pro-
tease complex can exist in extended, intermediate and compact conformations (Elad
et al., 2015). Interestingly, the binding of a γ-secretase inhibitor seems to induce the
compact γ-secretase conformation (Elad et al., 2015). Already these early studies
could show that γ-secretase can by highly dynamic.
First deeper insights into the structural arrangement of γ-secretase came around
the same time by higher resolution cryo-EM studies (Lu et al., 2014; Bai et al.,
2015b). Already in a structure of 4.5 Å resolution the general assembly of γ-secretase
(NCT/Pen-2/PS1/APH-1a) with 19 TMDs in a horseshoe-shaped structure was ob-
served but the low resolution especially in the loop regions made it impossible to
assign the individual TMDs to the components of the complex (Lu et al., 2014).
Nevertheless, the ectodomain of NCT could be identified unambiguously and was
shown to fold directly above the TMDs. The atomic structure of the same complex
at an average resolution of 3.4 Å allowed then the assignment of the TMDs to the
components of the complex (figure 1.4.2, (Bai et al., 2015b)). Most of the TMDs
were well resolved and only TMD2 and 6 of PS1 were less well resolved which indi-
cates a great flexibility of these two TMDs. The increased resolution of the structure
also allowed to identify the position of the two catalytic aspartates (figure 1.4.2).
Interestingly, these are located at the convex side of the horseshoe-shaped complex.
In addition, this study also revealed that TMD1 of PEN-2 is forming a hairpin-like
structure with two half-TMDs and not a single membrane-spanning TMD (figure
1.4.2). Advances in filtering and classification techniques subsequentially led to the
identification of three distinct conformations of PS1 in the γ-secretase complex (Bai
et al., 2015a), underscoring the flexibility of the protease.
Even though the low resolution areas within the γ-secretase structures are indicative
for higher protein flexibility, the structures only represent a static snapshot and do
not provide information about the dynamics of the complex. Molecular dynamics
(MD) simulations based on the available structures can shed a light on this topic
(Hitzenberger et al., 2020). Several studies using different simulation approaches
could show that the ectodomain of NCT is the most mobile subunit of the whole
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Figure 1.4.2: Structure of γ-secretase. Cartoon representation of γ-secretase cryo-EM
strcuture (PDB 5FN3). NCT (green), PS1 NTF (cyan), PS1 CTF (darkcyan), APH-1a
(red), PEN-2 (yellow), catalytic aspartates D257 and D385 (red spheres).

complex: it moves up and down relative to the PS1 TMDs, it rotates to the left
and right and in itself it is composed of a small and large lobe which move inde-
pendently from each other (Aguayo-Ortiz et al., 2017; Lee et al., 2017; Hitzenberger
& Zacharias, 2019a). These movements and the different possible conformational
states of NCT do not influence the conformation and dynamics of PS1. Simulations
could further show that PS1 undergoes large TMD rearrangements when it shifts
from an inactive to an active state, especially in TMDs1, 6, 7, 8 and 9 (Aguayo-Ortiz
et al., 2017; Hitzenberger & Zacharias, 2019a). The simulation studies can provide
further interesting new hypothesise on the flexibility and structural arrangements
of γ-secretase which can be tested in future structural and biochemical experiments
(Hitzenberger et al., 2020).

1.4.1.7 γ-Secretase interacting proteins

Even though it was shown that the four components of γ-secretase are necessary and
sufficient for its activity (Edbauer et al., 2003), more than 40 interacting proteins
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have been identified that are able to influence the assembly, localization and/or ac-
tivity of the complex (Escamilla-Ayala et al., 2020). The role of these interacting
proteins is still largely controversial. CD147 (or also called Basigin) – for example –
is suggest to be a negative regulator of γ-secretase and its knockdown increases the
production of Aβ (Zhou et al., 2005). But the direct interaction between CD147
and γ-secretase could was not shown so far (Vetrivel et al., 2008; Winkler et al.,
2009) and it is suggested that CD147 rather plays a role in the degradation of Aβ

than in its production (Vetrivel et al., 2008). In contrast, the γ-secretase-activating
protein (GSAP) is a positive regulator of the complex and its knockdown results
in a decreased Aβ production (He et al., 2010). In another study this effect was
not reproduced and the role of GSAP for the γ-secretase activity remains uncertain
(Hussain et al., 2013). Recently, a novel interactor was identified, the innate immu-
nity protein IFITM3 (interferon-induced transmembrane protein 3) which directly
binds to γ-secretase (Hur et al., 2020). Upon an inflammatory stimulus, the expres-
sion of IFITM3 is increased and results into an increased activity of the protease.
Besides the interaction with modulating proteins, it was described that γ-secretase
can also form a super-complex with either ADAM10 (Chen et al., 2015) or BACE1
(Liu et al., 2019). It is suggested, that ADAM10 or BACE1 are not directly interact-
ing with the γ-secretase but that this interaction is rather mediated by tetraspanines.
A ternary complex composed of all three secretase has been described in one study
(Wang & Pei, 2018) but not seen in others (Chen et al., 2015; Liu et al., 2019).
Since the experiments on these super-complexes were performed in a detergent en-
vironment, it is unclear whether they really exist in cells (Escamilla-Ayala et al.,
2020).

1.4.2 γ-Secretase substrates

Up to date, more than 140 substrates for γ-secretase have been identified (Güner
& Lichtenthaler, 2020) but specific factors for the substrate selectivity are mainly
elusive so far. Nevertheless, all the substrates have to fulfill two criteria to make
them γ-secretase substrates (Güner & Lichtenthaler, 2020). First, the γ-secretase
substrates all have a type I TMD orientation. Second, the ectodomains of these
substrates have to be either naturally short or have to be shortened by the cleavage
through sheddases, like ADAM10 or BACE1. γ-Secretase can tolerate substrates
with a ectodomain shorter than 300 aa but efficient cleavage was observed for sub-
strates with ectodomians shorter than 50 aa(Struhl & Adachi, 2000). Typically the
length of substrate ectodomains is 10 to 30 aa (Güner & Lichtenthaler, 2020). Well
known and studied substrates are for example members of the Notch (De Strooper
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et al., 1999; Saxena et al., 2001) and APP family (De Strooper et al., 1998; Scheinfeld
et al., 2002), Trem2 (Triggering receptor expressed on myeloid cells-2, Wunderlich
et al. (2013)), Neuregulin-1 (Bao et al., 2003) or E- and N-cadherin (Marambaud
et al., 2002, 2003). There seems to be some putative substrates which do not fulfill
the criteria of having a type I TMD orientation like neuregulin-1 type III (NRG1).
It is a membrane protein with two TMDs. However, these TMDs first undergo
shedding in their connecting loop resulting in two single pass TMDs. One of these
TMDs is in type I orientation and subsequently a γ-secretase substrate (Fleck et al.,
2016). Recently, it was reported that γ-secretase is able to cleave the C-terminus of
Frizzled2 (Fz2) in Drosophila which is a receptor composed of 7 TMDs (Restrepo
et al., 2022). Nevertheless, the exact mechanism of this cleavage and whether γ-
secretase directly cleaves the polytopic membrane protein remains elusive.
The cleavage of the substrate by γ-secretease liberates an intracellular domain (ICD)
from the respective substrate into the cytosol which is – in most of the cases –
rather labile and rapidly degraded. Nevertheless, for some substrates like Notch1
(De Strooper et al., 1999) or N-cadherin (Marambaud et al., 2003) a transcriptional
activity of these ICDs was shown. Furthermore, substrate cleavage can not only
promote signalling but also terminate signalling like it is observed for a substrate
called deleted in colorectal cancer (DCC, Parent et al. (2005); Jurisch-Yaksi et al.
(2013)). All in all, the versatile set of γ-secretase substrates and their partition in
diverse cellular pathways make γ-secretase a crucial protease in various physiological
processes like synaptogenesis, cellular differentiation and immune response. There-
fore, γ-secretase is also implicated to play important roles in several diseases like
AD, cancer or cardiovascular disease (Jurisch-Yaksi et al., 2013).

1.4.3 Substrate recognition

Within the last years, several studies gave new insights in the substrate recognition
process by γ-secretase. Of note, most of the studies on substrate recognition were
performed with the APP substrate. Despite the large and versatile set of substrates,
the active site of γ-secretase plays an important role for substrate recognition. In
addition to the above discussed GxGD motif in TMD7 of PS (see also 1.4.1.1), three
binding pockets have been identified in the active site (Bolduc et al., 2016b; Hitzen-
berger & Zacharias, 2019c), a small pocket flanked by two large pockets. The aa
side chains of the substrate are able to accommodate within these pockets, whereas
the small size of the middle pocket excludes mainly large aromatic aa side chains.
Mutations of these substrate side chains resulted in a Aβ42/Aβ40 ratio shift (Bolduc
et al., 2016b).
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The role of the γ-secretase subunit NCT in substrate recognition has been estab-
lished by several studies. A study with the APP-derived, His-tagged recombinant
substrate APP C100-His6 (referred to as C99) has shown that specific residues in
the N-terminal part of C99 directly interact with NCT (Fukumori & Steiner, 2016),
especially C99 H6. Furthermore in another study it was shown that NCT func-
tions as a sterical hindrance for large substrate ectodomains (Bolduc et al., 2016a)
which might explain why substrates need to be shedded (or have a naturally short
ectodomain) before undergoing γ-secretase cleavage.
The afore mentioned study by Fukumori and Steiner was the first extensive study
to elucidate the participation of the C99 aa in substrate recognition. By introduc-
ing 68 single aa substitutions to the photocrosslinkable unnatural aa p-benzoyl-L-
phenylalanine (Bpa) it was possible to map which substrate aa is in contact with the
enzyme and which subunit is interacting with the substrate (Fukumori & Steiner,
2016). C99-Bpa was mainly interacting with PS1 NTF (more than 40 residues of
C99), most prominently residues at and around the cleavage sites (V44, T48 and
L49). Some more prominent interactions were also found for residues at and around
the cleavage sites with PS1 CTF (L51 and M52), indicating the important role of
PS1 (and especially PS1 NTF) as substrate recognition site. Interestingly, also more
distant residues in the extracellular part of the substrate were interacting with PS1
NTF as well, here most prominently C99 E3. In addition to the interaction with
NCT, PS1 NTF and CTF, also some interactions with PEN-2 were found (most
prominently C99 A30). Overall the interactions distant from the cleavage sites were
less prominent, indicating the PS1 NTF, NCT and PEN-2 might provide exosites
for initial substrate binding. This finding was supported by an accumulation of
substrate at these sites when the active site of γ-secretase was blocked with the ac-
tive site directed inhibitor L-685,458. Taken all these findings together, a stepwise
substrate recognition was proposed in which the exosite(s) play(s) in concert with
the active site: first the substrate is recognized at (an) exosite(s) at NCT and/or
PEN-2; then handed over to (an) exosite(s) in PS1 NTF before it enters the active
site of γ-secretase (Fukumori & Steiner, 2016).
Recent cryo-EM structural data on γ-secretase in complex with two of its substrates
(Yang et al., 2019; Zhou et al., 2019) could confirm some of the biochemical data
on substrate recognition. In these studies the Notch1-derived Notch100 substrate
and the APP-derived APP C83 substrate were used and covalently bound with a
disulfide bridge to the large PS1 extracellular loop 1 (between TMD1 and TMD2).
The structures for both substrates were highly similar and differences mainly arose
from the differences in the primary sequence of the substrate. In the following,
the findings will be discussed based on C83 (Zhou et al., 2019). The substrate is
buried in a hydrophobic cavity composed of TMD2, TMD3, TMD5, TMD6 and

26



The intramembrane protease γ-secretease

TMD7 of PS1 (figure 1.4.3A). The short N-terminal part protrudes into a cavity
made of NCT, supporting its role in substrate recognition. At its C-terminus the α-
helical TMD of the substrate unwinds at the initial cleavage sites between T48/L49
and L49/V50 followed by a newly formed, four aa long β-strand (M51-K54, β3).
This β-strand is embedded in an antiparallel hybrid β-sheet composed two more

Figure 1.4.3: Structure of γ-secretase with APP C83. (A) Cartoon representation
of the cryo-EM structure of γ-secretase in complex with APP C83 substrate (PDB 6IYC).
NCT (green), PS1 NTF (cyan), PS1 CTF (darkcyan), APH-1a (red), PEN-2 (yellow),
C83 (orange), catalytic aspartates D257 and D385 (red spheres). (B) Close up on the
area around the active site (marked in (A)) with the unwound substrate and the newly
formed hybrid β-sheet between PS1 and substrate as well as PS1 TMD6a. (C) Schematic
representation of hybrid β-sheet and TMD6a including the respective sequences.

β-strands coming from PS1 NTF (Y288-S290, β1) and PS1 CTF (R377-L381, β2)
(1.4.3B and C). Main-chain H-bond interactions between substrate and PS1 L432
(preceding the PAL motif) further stabilize the substrate positioning. Deletion of
these newly identified substrate recognition motifs resulted in the complete abolish-
ing of γ-secretase activity (Zhou et al., 2019) pointing towards an essential role of
these motifs. Furthermore, the C-terminus of TMD6 undergoes a conformational
rearrangement resulting in the formation of a small additional helix called TMD6a
(L267-R278) which also seems to be important for the correct positioning and un-
folding of the substrate (Zhou et al., 2019). In good agreement with the biochemical
data (Fukumori & Steiner, 2016), V44 is in the structure directly interacting with
W165 located in PS1 TMD3 and embedded in a groove between PS1 TMD2 and
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3 comprised of aa residues M146, L150, W165 and S169 (Zhou et al., 2019). It is
important to keep in mind that both methods, the structural investigations as well
as the biochemical cross-linking experiments have certain limitations. The introduc-
tion of the Bpa-mutation in the substrate might already induce a different substrate
recognition compared to the wild-type substrate (Fukumori & Steiner, 2016). For
the structural investigations, the covalent binding of the substrate to PS might have
induced a non-natural enzyme-substrate interaction. In addition, γ-secretease ac-
tivity was abolished by mutation of the catalytic aspartate D385 to alanine which
might also influence the substrate binding at the active site (Yang et al., 2019; Zhou
et al., 2019).

1.4.4 Cleavage mechanism

The cleavage mechanism of γ-secretase is a very interesting mechanism since it is not
only performing an endopeptidase cleavage to liberate an ICD from its respective
substrate but also shortens the remaining membrane bound stub in a sequential
carboxypeptidase mechanism by 6 to 12 aa. So far, the detailed cleavage mechanism
has only been reported for the APP CTFβ (and APP CTFα, Funamoto et al. (2020))
but it is likely that this mechanism is also found for other substrates like Notch1
(Okochi et al., 2006; Ran et al., 2017; Funamoto et al., 2020).
In a first cleavage step, γ-secretase cleaves CTFβ after L49 and also to a smaller
amount after T48. This cleavage step is called ε-cleavage and liberates two AICD
species, AICD50 and AICD51 respectively, into the cytosol (Gu et al., 2001; Sastre
et al., 2001; Yu et al., 2001; Weidemann et al., 2002). The membrane remnant
fragments Aβ49 and Aβ48 are then further processed to Aβ38 and Aβ42 or Aβ40,
respectively (Takami et al., 2009; Matsumura et al., 2014). Thereby, γ-secretase
cleaves in a stepwise manner, mainly liberating tri-peptides from the substrate.
Aβ49 is further processed to Aβ46 (ζ-cleavage), followed by Aβ43 and resulting in
Aβ40 (γ-cleavage). In small amounts Aβ40 is further cleaved to Aβ37 (Zhao et al.,
2004; Qi-Takahara et al., 2005; Zhao et al., 2005; Yagishita et al., 2006). Similar,
Aβ48 is first processed to Aβ45 and then to Aβ42 (Yagishita et al., 2006). The release
of the tetrapeptide VVIA from Aβ42 results into Aβ38. Aβ38 can also be produced
by the liberation of the pentapeptide VVIAT from Aβ43 (Takami et al., 2009). The
liberation of VVIA and VVIAT resulting in Aβ38 is thereby equally important in
cells (Okochi et al., 2013). The production of Aβ species is therefore possible by
two product lines, the Aβ40 product line starting with Aβ49 and the Aβ42 product
line starting with Aβ48. Aβ is mainly produced by the Aβ40 product, with Aβ40

accounting for 80-90% off all secreted Aβ species. Further studies could show that –
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depending on the condition – not only tri- and tetrapeptides from these two product
lines are released but γ-secretase is also able to release other tri-, tetra-, penta- and
even hexapeptides (Matsumura et al., 2014; Olsson et al., 2014). These cleavage
events result in additional Aβ-species and additional switches between the product
lines. The released peptides - also called γ-byproducts - are not secreted and might
serve as another marker for γ-secretase activity than Aβ secretion (Funamoto et al.,
2020). Similarly, for the endoporteolysis of PS also a step-wise cleavage in a three
amino acid spacing was observed but no direct measurement of tripeptide release
was performed (Fukumori et al., 2010).

Figure 1.4.4: Schematic representation of the Aβ product lines. In the Aβ40
product line (right side), Aβ49 is cleaved to Aβ46, then to Aβ43 resulting in Aβ40 and to
minor amount further cleaved into Aβ37. In the Aβ42 product line (left side), Aβ48 is
cleaved to Aβ45, then to Aβ42 and further to Aβ38. Some Aβ38 is also directly produced
from Aβ43.

A recent study (Bhattarai et al., 2022) could show by MD simulations that the
ζ-cleavage from Aβ49 to Aβ46 requires conformational rearrangements in the γ-
secretase–substrate complexes including the downward movement of L49 by roughly
5 Å and the unwinding of the substrate helix from T43 to I45. These structural re-
arrangements are only possible if the N-terminal positively charged AICD remained
bound to the γ-secretase (Bhattarai et al., 2022). An experimental validation of
these findings is still missing.
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One of the determinants in regulating the processive cleavage of APP is the N-
terminal TMD anchoring aa lysine (K28, Aβ-numbering). Several mutational stud-
ies (Ren et al., 2007; Page et al., 2010; Kukar et al., 2011; Ousson et al., 2013; Jung
et al., 2014; Petit et al., 2019) confirmed the important role of this residue in APP
cleavage and especially APP processing. Replacing the charged aa lysine by the
uncharged aa alanine (K28A) resulted in a strongly increased processivity and the
production of (very) short Aβ species like Aβ33, Aβ34 and even shorter Aβ27 (Kukar
et al., 2011; Jung et al., 2014). Aβ species longer than Aβ34 have not been reported
for this mutation so far. The K28A mutation does not only influence the proces-
sivity but also shifts the ε-cleavage site preference towards cleavage at ε49 releasing
AICD50 (Kukar et al., 2011). Another mutation which increases the processivity is
the replacement of lysine by the negatively charged glutamate (K28E, Page et al.
(2010); Ousson et al. (2013); Jung et al. (2014); Petit et al. (2019)). This mutation
results in Aβ species between Aβ32 and Aβ40 with Aβ37 being the main species gener-
ated (Page et al., 2010; Ousson et al., 2013; Jung et al., 2014). In contrast to K28A,
K28E did not change the specificity for the ε-cleavage site (Jung et al., 2014).
More recent biochemical (Petit et al., 2019) and MD simualtion studies (Hitzen-
berger & Zacharias, 2019b) could shed more light on the role of K28 in the APP
processing. On the one hand K28 seems to be not only a membrane anchor for the
TMD but also anchors the substrate to NCT by direct interaction with NCT I214
(Petit et al., 2019) and might therefore stabilize the enzyme-substrate interaction.
On the other hand, K28 needs to slide vertically through the lipid bilayer during
the processive cleavage (Hitzenberger & Zacharias, 2019b). Thereby, the charged
lysine is pulled into the hydrophobic membrane environment which is energetically
unfavoured and therefore only possible until a certain point. The energetical barrier
becomes too high when Aβ43 is becoming substrate for γ-secretase and this might
explain why the APP processing mainly stops at Aβ40 (Hitzenberger & Zacharias,
2019b).

1.4.5 Pharmacological treatment of γ-secretase

Since γ-secretase is involved in the onset/progression of AD it is a valuable target
for pharmacological treatment of this disease and therefore, several attempts were
made to design molecules that either inhibit or modulate γ-secretase (Nie et al.,
2020).
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1.4.5.1 γ-Secretase inhibitors (GSIs)

γ-Secretase inhibitors (GSIs) were the first class of molecules that were designed to
specifically target the protease (Golde et al., 2013). These GSIs can be in principle
divided in two classes, the transition state analogues (TSAs) and the non-transition
state analogues (non-TSAs). The inhibitors L-685,458 (also termed Merck A, Shear-
man et al. (2000)) and III-31C (Esler et al., 2002) belong to the class of TSAs (figure
1.4.5A and B). L-685,458 contains an hydroxyethylene dipeptide isostere which is
the functional transition state mimic and the inhibitor shows a high potency to
inhibit the cleavage of APP by γ-secretase (Shearman et al., 2000). III-31C is a
hydroxyethylurea peptidomimetic (Esler et al., 2002) and also very potent in inhi-
bition of γ-secretase cleavage (Kornilova et al., 2003). Chemical derivatives of these
TSAs were used to study the biochemistry of γ-secretease. A biotinylated version
of L-685,458 (Merck C, L-685,458-bt, Beher et al. (2003), figure 1.4.5C) is able to
precipitate active γ-secretase and precipitation experiments could show that only a
small portion of γ-secretase complexes in cells is in an active conformation. Further-
more, photoaffinity labeling experiments with TSAs specifically labeled PS NTF and
CTF (Esler et al., 2000; Kimberly et al., 2000; Li et al., 2000) confirming that PS is
the catalytic subunit of γ-secretase. Interestingly, several studies with TSAs could
further show that the substrate is still able to bind to γ-secretase when a TSA is
bound indicating additional substrate binding/docking sites that are spatially sep-
arated from the active site (Esler et al., 2002; Beher et al., 2003; Kornilova et al.,
2003; Berezovska et al., 2003; Ramdya et al., 2003; Kornilova et al., 2005).

Figure 1.4.5: Chemical structures of TSA GSIs. (A) L-685,458 (Merck A). (B)
III-31C. (C) L-685,456-biotin (Merck C).

31



Introduction

Another class of GSIs that was developed to potently and specifically inhibit γ-
secretase are the non-TSAs. DAPT (Dovey et al., 2001), LY411575 (Lanz et al.,
2004), Begacestat (Mayer et al., 2008), MRK-560 (Best et al., 2006), Semagacestat
(Henley et al., 2009) and Avagacestat (Gillman et al., 2010) belong to this class
of GSIs (figure 1.4.6 A-F). These inhibitors belong to different chemical classes.
DAPT for example is a dipeptidic GSI (Dovey et al., 2001) and Semagacestat and
LY411575 arebenzazepine-derivatives as further developments of these dipeptidic
GSIs (Henley et al., 2009; Lanz et al., 2004). Begacestat and Avagacestat belong

Figure 1.4.6: Chemical structures of non-TSA GSIs. (A) DAPT. (B) LY411575.
(C) Begacestat. (D) MRK-560. (E) Avagacestat. (F) Semagacetat.

to the class of sulfonamides and were designed as so-called "Notch-sparing" GSIs
(Mayer et al., 2008; Gillman et al., 2010). These GSIs were designed to specifi-
cally inhibit the cleavage of APP by γ-secretase but not the cleavage of Notch. The
reason for the development of the Notch-sparing GSIs were side effects observed in
clinical studies with other GSIs. In a phase III trial with Semagacestat, inhibitor-
treated patients cognitively declined faster than patients that received a placebo
control. Furthermore, the risk for developing severe skin cancer was increased in
patients administered with Semagacestat. This finally led to the termination of the
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clinical trial (Doody et al., 2013). One of the reasons for the observed side effects
might be the APP-unspecific inhibition of γ-secretase by Semagacestat, especially
the inhibition of Notch cleavage but possibly also of other γ-secretase substrates.
Nevertheless, whether the Notch-sparing GSIs are truly Notch-sparing and could
prevent from these side effects is still under debate (Chávez-Gutiérrez et al., 2012;
Crump et al., 2012). Recently, also another mechanism was suggested for the side
effects observed for non-TSA GSIs. Contradictory to what would be expected, the
treatment of cells with non-TSA GSIs resulted in an increased intracellular accu-
mulation of γ-byproducts and in the same line also of longer Aβ-species, like Aβ45

or Aβ46 (Tagami et al., 2017). These byproducts as well as the longer Aβ species
might contribute to the side effects. Therefore, non-TSAs like Semagacestat might
be not true GSIs but pseudo-GSIs. Due to their Notch inhibitory effects, some GSIs
are currently repurposed for the treatment of several Notch-dependent cancer types
(Golde et al., 2013; Habets et al., 2019; Ghanbari-Movahed et al., 2021).
Recent structural investigations by cryo-EM could reveal how L-685,458 and Sema-
gacestat as well as Avagacestat are bound to γ-secretase (Yang et al., 2021). Inter-
estingly, all three inhibitors occupy the position of the β-strand of the γ-secretase
substrate (figure 1.4.7). As expected from its chemistry, TSA L-685,458 protrudes
into a cleft above the catalytic aspartates and the transition state mimic is placed
between the two catalytic aspartates (figure 1.4.7A). Both L-685,458 and the non-

Figure 1.4.7: Structure of γ-secretase with bound GSIs. Close up into active site
of γ-secretase with (A) bound L-685,458 (black, PDB 7C9I) and (B) bound Semagacestat
(black, PDB 6LR4). Only PS (cyan) and the bound GSIs are shown, red spheres show
the side chains of the catalytic aspartates.

TSA GSIs occupy the space of the β3-strand from the substrate but the non-TSAs
form fewer interactions with the protease than L-685,458 (Yang et al., 2021). The
structure might help to explain why non-TSAs might be pseudo-GSIs. It might
be possible that due to the fewer interactions with the protease, non-TSA GSIs
might not completely out-compete the substrate from the enzyme compared to TSA
GSIs. Therefore it might be possible that non-TSA GSIs are only able to bind to
γ-secretase after the first cleavage steps of γ-secretase resulting in the generation of
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the first γ-byproducts and longer Aβ species.

1.4.5.2 γ-secretase modulators (GSMs)

To overcome the issues resulting from the inhibition of γ-secretase another therapeu-
tic approach came into focus: the modulation of γ-secretase activity by GSMs (Golde
et al., 2013). Even though the detailed mechanism how GSMs act on γ-secretase is
not well understood, it is clear that these compounds are able to shift the produc-
tion of Aβ species towards shorter species without affecting the actual cleavage of
substrates. GSMs act thereby after the ε-cleavage but do not change the efficiency
as well as the position of this cleavage (Ebke et al., 2011; Chávez-Gutiérrez et al.,
2012; Dimitrov et al., 2013). Like this, important cleavage products, like NICD,
are still released and can fulfill their (signaling) functions (Crump et al., 2013).
The modulators promote the cleavage from from Aβ42 or Aβ43 to shorter species by
by stabilizing the substrate–protease interaction resulting in an increased residence
time of the substrate during the cleavage process (Chávez-Gutiérrez et al., 2012;
Okochi et al., 2013; Szaruga et al., 2017).
The first molecules discovered to modulate γ-secretase were the non-steroidal anti-
inflammatory agents (NSAIDs) like ibuprofen, indomethacin or sulindac sulfide
(Oehlrich et al., 2011) which have an acidic group that is important for the modu-
latory effect of these molecules (Weggen et al., 2001; Zall et al., 2011). Structurally
related molecules lacking this acidic group increased the level of Aβ42 and were re-
ferred to as inverse GSMs (iGSMs) (Kukar et al., 2005). The discovery of molecules
that are able to modulate γ-secretase led to further developments of GSMs. Thereby
one can discriminate between two main developments lines: the further development
of the acidic GSMs and the search for NSAID-independent GSMs (Luo & Li, 2022).
The second generation of acidic GSMs improved the potency of modulation, the
pharamacokinetics and the brain penetrance. One example for these GSMs is GSM-
1, an acidic piperidine developed by Merck (Page et al., 2008). The search for
NSAID-independent GSMs resulted in one basic chemical scaffold: the heterocyclic
GSMs. These GSMs are typically composed of four connected (hetero)aromatic rings
from which the central ring system is normally in a planar conformation (Mekala
et al., 2020). Interestingly, these new class of GSMs does not only act on Aβ42 but
also reduce Aβ40 and increase Aβ37 (Mekala et al., 2020; Luo & Li, 2022).
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1.5 PSH - a model protease for γ-secretease?

The presenilin/SPP homolog PSH, also termed MCMJR1 (Torres-Arancivia et al.,
2010) or mIAP (Naing et al., 2018), is an aspartyl intramembrane protease which
was identified in the archeaon Methanoculleus marisnigri JR1 (Torres-Arancivia
et al., 2010). Sequence analysis and alignment revealed that it is a multipass trans-
membrane protein which shares the well conserved GxGD and YD motifs with other
aspartyl intramembrane proteases like PS and SPP.

1.5.1 Structure and topology of PSH

The bioinformatic analysis of the PSH sequence suggested that it is composed of 8
TMDs with the catalytic aspartates D162 and D210 located in TMD5 and 6 (Torres-
Arancivia et al., 2010). Subsequent structural studies on PSH could then reveal that
PSH is composed of 9 TMDs and that the catalytic aspartates are located in TMD6
and 7 (figure 1.5.1) (Li et al., 2013), as it is known also from PS and SPPs. Since all
studies carried out so far were performed with overexpressed and solubilized PSH
in non-natural environments, it still remains elusive how PSH is orientated in the
membrane of M. marisnigri. Since PSH is able to cleave type I TMD proteins in
vitro it might have the same orientation than PS. PSH adopts a protein fold – the
so called presenilin fold: TMD1 to 6 form a horseshoe-shaped structure which is
surrounding TMD7 to 9. The side chains of the two catalytic aspartates in TMD6

Figure 1.5.1: Topology and structure of PSH. (A) Topological representation of PSH
with its 9 TMDs. The catalytic aspartates in TMD6 and 7 are indicated with red arrow
heads. (B) Crystal structure of PSH (PDB 4HYG). The red spheres show the side chains
of the catalytic aspartates D162 and D210.

and 7 are separated by 6.7 Å which most likely reflects an inactive state of the
protease (Li et al., 2013). It might be possible that upon substrate binding, PSH
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adopts another conformation which is more favorable for cleavage. In contrast to PS
and SPP, no clear PAL motif was identified for PSH. Based on sequence alignment,
the sequence PPL (aa 276-278) located in TMD9 is suggested to be the PAL motif;
but experimental proof for this hypothesis is missing (Torres-Arancivia et al., 2010).
Furthermore, there is no evidence that PSH undergoes endoproteolysis as PS. As a
result of the experimental procedure in which PSH was treated with V8 protease to
remove the loop between TMD6 and 7 for crystallization purposes, PSH is shown
as an NTF and a CTF in the crystal structure (Li et al., 2013) but whether this has
any functional consequences for PSH is not clear.

1.5.2 Cleavage mechanism of PSH

Several studies could show that PSH is indeed a fully functional aspartyl intramem-
brane proteases which is able to cleave type I transmembrane proteins (Torres-
Arancivia et al., 2010; Dang et al., 2015; Naing et al., 2015) within their respective
TMD. This cleavage seems also to be independent of any accessory protein as it is
known for PS. The mutation of the two putative catalytic aspartates to alanines
abolished the cleavage (Torres-Arancivia et al., 2010; Li et al., 2013) proving that
D162 and D220 are indeed the catalytic residues. Interestingly, PSH is able to
cleave APP-based substrates (Li et al., 2013; Dang et al., 2015) resulting in the
release of AICD and different Aβ species, indicating that the cleavage mechanism of
PSH is similar to γ-secretase’s cleavage mechanism and might also include processive
trimming of the substrate’s TMD. This is further supported by the observation that
TSA GSIs are able to abolish the cleavage (Torres-Arancivia et al., 2010; Dang et al.,
2015; Naing et al., 2015) and the observation that GSMs are able to modulate PSH
(Dang et al., 2015) even though rather high concentrations of the GSM are needed
for PSH modulation. Of note, the several studies on PSH cleavage used different
model substrates and different experimental conditions which makes it difficult to
compare them and to draw clear conclusions on the cleavage mechanism. In addi-
tion, so far no natural PSH substrate from M. marisnigri is known. It might be
possible that natural substrates of PSH undergo a different cleavage mechanism.
As already reported for other intramembrane proteases, PSH is also a slow enzyme
with a low kcat rate (Naing et al., 2015, 2018). Nevertheless, a direct comparison with
the catalytic rates of γ-secretase is difficult, especially since different substrates were
used for the various studies. The PSH studies used either a Renin-based FRET-
substrate (Naing et al., 2015) or an APP-TMD FRET-subtrate (Naing et al., 2018)
whereas for γ-secretase APP C99 was used as substrate (Kamp et al., 2015).
Since so far no studies with PSH were performed in its natural context or with a
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natural substrate the exact function of PSH and its role within M. marisnigri are
completely unclear. Based on our knowledge about other intramembrane proteases
one can deduce that PSH might also fulfill signalling functions. Despite its ability to
cleave type I transmembrane proteins one study also showed that PSH – in vitro –
has also a cation channel activity which is linked to its protease activity (Kuo et al.,
2015) which might extend its function in the archeaon.

1.6 Objectives of study

The aim of this study is to increase the understanding of how the activity of IMPs
is modulated by their environment and to elucidate how structural elements of the
enzyme–substrate complex influence the cleavage by IMPs.
The first part of this study investigates how the lipid environment influences the
activity of the archaeal IMP PSH. It is known that the lipid environment influences
the activity if IMPs (Urban & Wolfe, 2005; Osenkowski et al., 2008; Holmes et al.,
2012; Moin & Urban, 2012; Winkler et al., 2012) but little is known on the mecha-
nism underlying these lipid-dependent modulatory effects. Therefore, this study will
not only analyze how a lipid bilayer compared to a detergent micelle will influence
the activity of PSH but also the structural dynamics and the active site geometry.
Since γ-secretease is not active in a detergent environment without the addition of
lipids (Fraering et al., 2004; Wrigley et al., 2005; Zhou et al., 2010), this study is
restricted to PSH.
The second part will investigate how the hybrid β-sheet and the TMD6a of the
enzyme–substrate complexes influence the activity of the respective enzymes. This
will be analyzed for PSH as well as γ-secretase. For the γ-secretase previous studies
already showed that the hybrid β-sheet is important for its activity (Yang et al.,
2019; Zhou et al., 2019) but more detailed analysis are missing. This study investi-
gates how mutations and deletions within the hybrid β-sheet of PSH and γ-secretase
influence the enzymes’ activity and processive cleavage mechanism. Furthermore,
mutational analyzes on PSH TMD6a will reveal the role of this structural element
in PSH activity.
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2 Materials & Methods

2.1 Materials

2.1.1 Devices and consumables

All devices and consumables used in this study are listed with their respective man-
ufacturer in the following table.

Instrumentation or consumable Manufacturer

4800 MALDI TOF/TOF Analyzer Applied Biosystems
96 well plate (96 Maxisorb) Thermo Scientific
Aβ Peptide Panel 1 Kit Meso Scale Discovery (MSD)
Blotting paper (MN 218 B) Macherey-Nagel
Cell culture dish (12 wells, single dish 10 cm diameter) Thermo Scientific
Cell scraper Costar
Centrifuges and rotors

Mini centrifuge (Mini Star Silverline) VWR International
Ultracentrifuge (Optima MAX-XP), rotor TLA-55 Beckman
Ultracentrifuge (L7-55), rotor Ti 70 Beckman
Tabletop centrifuge for Eppendorf tubes Eppendorf
Tabletop centrifuge with cooling PQELAB
(PerfectSpin 24R Refrigated centrifuge)
Cooling centrifuge (Megafuge 40R) Thermo Scientific
Large cooling centrifuge (Avanti J-20XP) Beckman
Rotors JA10 and JA25.50 Beckman

Centrifugation tubes (for 70 Ti, 30 ml) Beckman
CO2 incubator Heraeus, Kendro
Combitips advanced Eppendorf
Cuvettes (disposable) Sarstedt
Developing solutions

Developer G153 A & B Agfa
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Rapid fixer G354 Agfa
Eppendorf Multipette 4780 Eppendorf
Eppendorf tubes (0.2 ml, 0.5 ml, 1.5 ml, 2 ml) Eppendorf
Eppendorf tubes for ultracentrifugation (1.5 ml) Beckman
Falcon tubes (15 ml, 50 ml) Sarstedt
Film developer(CP1000) Agfa
Films (Super RX) Fuji
Fluoroscan Asket FI Labsystems
Freezer -20 °C Elektrolux, Liebherr
Freezer -80 °C Heraeus
Fridge 4 °C Elektrolux, Siemens
Gas burner WLD Tec
Gel electrophoresis chamber Hoefer

(Mighty small II Hoefer)
Gel electrophoresis chamber Bio-Rad

(Mini PROTEAN 3)
Gel electrophoresis chamber Invitrogen

X Cell Sure Lock mini
Gel casting apparatus Bio-Rad, Hoefer
Glass bottles, flasks and cylinders VWR International
Hamilton glass pipette Hamilton
Heating blocks (37, 42, 65, 96 °C) Liebisch
Incubators 37 and 56 °C Heraeus, Kendro
Inoculation loop Sarstedt
Isopropanol boxes (Nalgene Mr. Frosty Cryo 1 °C) Thermo Scientific
Magnet stirrer IKA Labortechnik
Membranes

Nitrocellulose membrane 0.45 and 0.2 μm (Protran) GE Healthcare
PVDF membrane (Immobilion-P) Millipore

Microwave Sharp
Microscope Helmut Hund GmbH
Multichannel pipette Eppendorf
N2 tank (Chronos) Messer Griesheim
Nanodrop (NanoPhotometer) Implen
Needles (Sterican 21 and 27 G) B. Braun
NucleoBond Xtra Midi kit Macherey-Nagel
NucleoSpin Plasmid, mini kit for plasmid DNA Macherey-Nagel
Parafilm Bemis
Pasteur pipettes Sarstedt
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PCR machines (Mastercycler Nexus) Eppendorf
pH Electrode (InLab Expert Pro) Mettler Toledo
pH Meter (FiveEasyTM FE20) Mettler Toledo
Photometer

for cuvettes: SmartSpecTMPlus Bio-Rad
for 96 well plates BioTek

Pipettes (P2, P10, P20, P100, P200, P1000) Gilson
Pipettes with filters, steril Sarstedt
(2 ml, 5 ml, 10 ml, 25 ml)
Pipette tips (for Gilson pipettes) Sarstedt
Pipette boy (Accu-Jet) Brand
Power pack (power pac 300) Bio-Rad
Power pack (EPS 3501 XC, EPS 1001) for Hoefer systems GE Healthcare
Quantifier (LAS-4000, ImageQuant 800) Fuji/Amersham
rapifleX MALDI Tissuetyper Bruker
Rotator (Rotator GenieTM) Scientific Industries
Scales

analytical (0.0001 - 200 g) Sartorius
standard (0.001 - 200 g) Sartorius

Scalpel B. Braun
Scanner Epson
Shaking incubator (Multitron) Infors HT
Shaker (KS-2) Edmund Bühler GmbH
Sonifier (W-250D) with large and small tip Branson
Syringes (1 ml, 5 ml) B. Braun
Thermoshaker (ThermoMixer C) Eppendorf
UV lamp (8 W, 230 V, 50 Hz, 0.16 Amps) UVP
Vortexer (Vortex Genie 2) Scientic Industries
Water deionization (Milli-Q) Millipore
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2.1.2 Reagents

If not otherwise stated chemicals and reagents had the purity level p.a. (pro analy-
sis).

Reagent Manufacturer

Acetic acid Merck
Acetonitrile (HPLC grade) Roth
Acryl-/bisacrylamide solution 19:1 (40%) Bio-Rad
Acryl-/bisacrylamide solution 37.5:1 (40%) Serva
Ampicillin sodium salt Roth
Ammonium peroxodisulfate (APS) Roth
Bacto agar BD
Bacto trypton BD
Bacto yeast extract BD
Begacestat F. Hoffmann-

La Roche Ltd.
Bicine, 2-(Bis(2-hydroxyethyl)amino)acetic acid Sigma
Bisacrylamide, N,N’-Methylenebisacrylamide Serva
Bis-tris methane, 2-[Bis(2-hydroxyethyl)amino]- Sigma
2-(hydroxymethyl)propane-1,3-diol
Bromophenol blue Fluka
Bovine serum albumin (BSA) Sigma
CaCl2 Merck
Calbiosorb adsorbent beads Calbiochem
CHAPSO, 3-[(3-Cholamidopropyl)dimethyl- Biomol
ammonio]-1-propanesulfonate
Chloramphenicol Sigma
Citric acid monohydrate Merck
α-Cyano-4-hydroxycinnamic acid Sigma
DAPT Boehringer-Ingelheim
DDM, n-Dodecyl-β-D-maltopyranoside Calbiochem
Dimethyl sulfoxide (DMSO) Sigma
Dithiothreitol (DTT) Biomol
DMEM GlutaMAXTM-I Gibco
(Dulbecco’s modified Eagle’s medium)
ECL immunoblot detection kit GE Healthcare
Ethylenediaminetetraacetic acid (EDTA) Sigma
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Ethanol (80%) Merck
Fetal bovine serum (FBS) Sigma
G418 (Geniticin) Invitrogen
Glycerine Roth
Glycine Applichem
I-Block Tropix
Hydrochloric acid Sigma
III-31C Sigma
Imidazole Sigma
Isopropyl β-D-1-thiogalactopyranoside (IPTG) Roth
KCl Merck
KH2PO4 Merck
L-685,458 (Inhibitor X, MerckA) Merck
Lipofectamine 2000 Invitrogen
LY-411,575 F. Hoffmann-

La Roche Ltd.
β-Mercaptoethanol Roth
Merck C (L-685,458-biotin) TAROS
MgCl2 Merck
MRK-560 F. Hoffmann-

La Roche Ltd.
NaCl Roth
Na2HPO4 × 2H2O Merck
NaOH Roth
4-16% Novex NativePAGE Invitrogen
Ni-NTA Agarose Qiagen
Octyl-β-D-glucopyranoside Sigma
Opti-MEM Reduced Serum Media Gibco
Penicillin/Streptomycin (Pen/Strep) PAA
L-α-Phosphatidylcholine, Typ XVI-E Sigma
PIPES, piperazine-N,N’-bis(2-ethanesulfonic acid) Sigma
Ponceau S Sigma
2-Propanol (Isopropanol) Merck
Protease inhibitor cOmplete Roche
Protease inhibitor cOmplete, EDTA-free Roche
Protein A Sepharose GE Healthcare
Protein G Sepharose GE Healthcare
Puromycin Invitrogen
Rhodamine-DHPE Invitrogen
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Sodium azide Merck
Sodium dodecyl sulfate (SDS) Serva
SeeBlue Plus2 Pre-stained Protein Standard Invitrogen
Sephacryl S-200 HR Pharmacia
Tri-sodium citrate dihydrate Sigma
Streptavidin Sepharose GE Healthcare
Sulphuric acid Honeywell
TEMED, N,N,N’,N’-Tetramethylethane-1,2-diamine Roth
Tetracycline hydrochloride Sigma
Tricin, N-(Tri(hydroxymethyl)methyl)glycine Biomol
Trifluoroacetic acid (TFA, HPLC grade) Sigma
Tris, Tris(hydroxymethyl)aminomethane Applichem
10-20% Tris-Tricine-Gels Invitrogen
Triton X-100 Merck
Trypsin/EDTA Invitrogen
Tween-20 (Polysorbate 20) Merck
Urea Serva
Urea BioUltra Sigma
Zeocin Invitrogen
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2.1.3 Antibodies

All antibodies used in this studies are listed in the following table. All mouse and
rat primary antibodies are monoclonal antibodies, all rabbit primary antibodies are
polyclonal antibodies unless otherwise stated.

antibody epitope species IB IP source
6F4 PSH rat 3 μg/ml - Feilen et al. (2022)

aa 192-204
2D8 Aβ rat 3 μg/ml - Shirotani et al. (2007)

aa 1-16
4G8 Aβ mouse - 4 μg/ml BioLegend (800702)

aa 17-24
Aβ22-35 Aβ rabbit 1:1000 - Sigma (A3356)

aa 22-35
22C11 APP mouse 1:5000 3 μg/ml Merck (MAB348)

aa 66-81
Y1881,2 APP-CTF rabbit 1:5000 - Abcam (ab32136)
6687 APP695 rabbit - 1:3000 Steiner et al. (2000)

aa 675-695
N1660 NCT rabbit 1 μg/ml - Sigma (N1660)

aa 1693-1709
2G7 PS1 NTF rat 3 μg/ml - Trambauer et al. (2020)

aa 39-52
Penta-His His5 peptide mouse 1:2000 - Qiagen (34660)
α-mouse HRP mouse IgG goat 1:5000 - Promega (W402B)
α-rabbit HRP rabbit IgG goat 1:5000 - Promega (W401B)
α-rat HRP rat IgG goat 1:3000 - Merck Millipore (AP136P)

aa: amino acid, IB:immunoblot, IP: immunoprecipitation; 1exact epitope proprietary to
manufacturer; 2monoclonal antibody
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2.1.4 Primers

Primers used to generate mutant constructs are listed with their respective sequence
in the following table.

alias primer sequence
prLF129 mutPSH_D162A_fw CTGGCAGTGTATGCTGCTATTTCTGTTTACC

prLF130 mutPSH_D162A_rev GGTAAACAGAAATAGCAGCATACACTGCCAG

prLF131 mutPSH_D219A_fw GGGCATGGGTGCTCTGATTATGCCG

prLF132 mutPSH_D219A_rev CGGCATAATCAGAGCACCCATGCCC

prLF157 PS1_d377-381_fw GGTGAAGACCCAGAGGAAGGATTGGGAGATTTCATTTTCTACAG

prLF158 PS1_d377-381_rev CTGTAGAAAATGAAATCTCCCAATCCTTCCTCTGGGTCTTCACC

prLF239 PS1_K380P_fw GAAAGGGGAGTACCACTTGGATTGGGAGATTTC

prLF240 PS1_K380P_rev GAAATCTCCCAATCCAAGTGGTACTCCCCTTTC

prLF259 mutC100_L52P_fw CCTTGGTGATGCCGAAGAAGAAACAGTACACATCC

prLF260 mutC100_L52P_rev GGATGTGTACTGTTTCTTCTTCGGCATCACCAAGG

prLF263 mutC100_M51P_fw CATCACCTTGGTGCCGCTGAAGAAGAAACAGTAC

prLF264 mutC100_M51P_rev GTACTGTTTCTTCTTCAGCGGCACCAAGGTGATG

prLF265 PSH_d213-216_fw GGCGAAGAACGCGGTGGCATGGGTGATCTG

prLF266 PSH_d213-216_rev CAGATCACCCATGCCACCGCGTTCTTCGCC

prLF267 PSH_d213-217_fw2 GGCGAAGAACGCGGTATGGGTGATCTG

prLF268 PSH_d213-217_rev2 CAGATCACCCATACCGCGTTCTTCGCC

prLF274 mutPSH_M172K_fw GTACCAAACACAAGATCACGCTGGCAG

prLF275 mutPSH_M172K_rev CTGCCAGCGTGATCTTGTGTTTGGTAC

prLF278 mutPSH_I173K_fw GTACCAAACACATGAAAACGCTGGCAG

prLF279 mutPSH_I173K_rev CTGCCAGCGTTTTCATGTGTTTGGTAC

prLF282 mutPSH_L175K_fw CATGATCACGAAAGCAGAAGGCGTGC

prLF283 mutPSH_L175K_rev GCACGCCTTCTGCTTTCGTGATCATG

prLF286 mutPSH_A176K_fw CATGATCACGCTGAAGGAAGGCGTGC

prLF287 mutPSH_A176K_rev GCACGCCTTCCTTCAGCGTGATCATG

prLF288 mutPSH_A213P_fw GAACGCGGTCCATTCGTTATGGGCATGGG

prLF289 mutPSH_A213P_rev CCCATGCCCATAACGAATGGACCGCGTTC

prLF290 mutPSH_F214P_fw GAACGCGGTGCACCCGTTATGGGCATGGG

prLF291 mutPSH_F214P_rev CCCATGCCCATAACGGGTGCACCGCGTTC

prLF292 mutPSH_V215P_fw GAACGCGGTGCATTCCCTATGGGCATGGG

prLF293 mutPSH_V215P_rev CCCATGCCCATAGGGAATGCACCGCGTTC
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2.1.5 Plasmids

Plasmids used and generated in this study are listed with their respective source in
the following table.

name backbone resistance source
PSH wt pET-21b amp Li et al. (2013)
mutPSH_D162A pET-21b amp this study
mutPSH_D220A pET-21b amp this study
mutPSH_D162/220A pET-21b amp this study
mutPSH_M172K pET-21b amp this study
mutPSH_I173K pET-21b amp this study
mutPSH_L175K pET-21b amp this study
mutPSH_A176K pET-21b amp this study
mutPSH_A213P pET-21b amp this study
mutPSH_F214P pET-21b amp this study
mutPSH_V275P pET-21b amp this study
mutPSH_d213-216 pET-21b amp this study
mutPSH_d213-217 pET-21b amp this study
PS1 pcDNA3.1 zeo(+) amp Loetscher et al. (1997)
PS1_d377-381 pcDNA3.1 zeo(+) amp this study
PS1_K380P pcDNA3.1 zeo(+) amp this study
PS1_M292D pcDNA3.1 zeo(+) amp Steiner et al. (1999b)
APP-C100 pQE60 amp Edbauer et al. (2003)
APP-C100_L52P pQE60 amp this study
APP-C100_M51P pQE60 amp this study
APP-C83 pQE60 amp Akio

amp: ampicillin, tet: tetracycline
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2.1.6 Cell lines

Cell lines used and generated in this study are listed with their respective source in
the following table.

cell line clone no resistance transgene source
HEK293 - - - Selkoe et al. (1988)
HEK293/sw - G APPsw Citron et al. (1996)
HEK293/sw PS1/2 dKO 2 G, Z APPsw this study1

HEK293/sw PS1/2 dKO 3 G, Z APPsw, PS1 provided by
wtPS1 Johannes Trambauer
HEK293/sw PS1/2 dKO 9 G, Z APPsw this study
PS1 M292D PS1 M292D
HEK293/sw PS1/2 dKO 8 G, Z APPsw this study
PS1 K380P PS1 K380P
HEK293/sw PS1/2 dKO 3 G, Z APPsw this study
PS1 Δ377-381 PS1 Δ377-381

G: G418 (Geniticin) Z: Zeocin; 1 original cell stocks were provided by Masayasu Okochi (Tagami
et al., 2017); a new single cell clone was generated from these stocks.

2.1.7 γ-Secretase inhibitors

GSIs used in this study are listed with their respective IC50 for Aβ40 in the following
table. The IC50 values were determined in cells if not otherwise stated.

substance IC50 for Aβ40 reference
L-685,458 113 nM Shearman et al. (2000)
III-31C 200 nM Kornilova et al. (2003)
DAPT 20 nM Dovey et al. (2001)
LY-411575 0.085 nM Wong et al. (2004)
Begacestat 14.8 nM Martone et al. (2009)
MRK-560 0.65 nM Best et al. (2006)
Merck C 13.7 nM1 Beher et al. (2003)
(L-685,458-bt)

1 IC50 value of Merck C was not determined but of a derivative lacking the biotin moiety
(Merck B); also, value was determined in an in vitro assay and not in cells.
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2.2 Methods

2.2.1 Molecular biology methods

2.2.1.1 Site-directed mutagenesis

To introduce specific mutations into plasmid DNA, site-directed mutagenesis was
performed via polymerase chain reaction (PCR). Therefore, specific primers (listed
in 2.1.4) were designed. In these primers, the mutating bases in the middle were
flanked by round about 15 bases on both sites, the primers always ended with a G or
C at both ends and had a melting temperature between 60 to 70 °C. The lyophilized
primers (Thermo Scientific) were reconstituted with H2O to a final concentration of
100 pmol/ μl.
The PCR approach was the following:

template DNA 10 ng
forward primer 1 μl
reverse primer 1 μl
dNTP mix (10 mm, Roche) 0.5 μl
10× reaction buffer 2 μl
Pfu DNA polymerase (1 U/ μl, PeqLab) 1 μl
H2O ad 20 μl

As control the same approach was pipetted without polymerase (replaced by H2O).
The reaction was incuabted in a thermocycler follwowing this protocol. The anneal-
ing temperature was adjusted to the melting temperature of the primers (normally
-5 °C of the melting temperature).

step time temperature number of cycles
initial denaturation 5 min 95 °C 1
denaturation 0.5 min -
primer annealing 1 min annealing temperature 15-20

55-65 °C
elongation 2 min per kB 72 °C

of fragment
final elongation 15 min 72 °C 1

After the amplification, 1 μl DpnI was added and incubated for 1 to 2 h at 37 °C
to digest the parental plasmid. Half of the reaction mix was then transformed
into chemical competent Escherichia coli DH5α cells (described in 2.2.1.3). From
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the grown colonies, single colonies were picked (3 to 8 colonies per construct) and
plasmid preparations were performed (described in 2.2.1.4). The purified plasmids
were send for sequencing to check for mutagenesis (described in 2.2.1.6).

2.2.1.2 Generation of chemical competent E. coli cells

LB medium 1% Bacto Tryptone, 0.5% yeast extract, 17.25 mM NaCl, autoclaved
at 120 °C and 1.2 bar for 20 min

transformation buffer 10 mM PIPES (pH 6.6), 50 mM CaCl2, 15% glycerol

A 10 ml LB pre-culture of E. coli DH5α or BL21(DE3)RIL cells was grown at 37 °C
over night. The next day, 200 ml culture was inoculated to OD600 of 0.05 and cells
were grown at 37 °C until OD600 of 0.2 to 0.3. Cells were chilled on ice for 10 min
and then pelleted by centrifugation at 5000 rpm and 4 °C for 10 min. Cells were
resuspended in 100 ml transformation buffer and incubated on ice for further 20 min.
After another round of centrifugation, cells were resuspended in 1 ml transformation
buffer and aliquoted. Aliquots were flash frozen in liquid nitrogen and cells were
stored at -80 °C until usage.

2.2.1.3 Transformation of DNA into competent E. coli cells

Competent cells were thawed on ice. To 50 μl of competent cells 5 to 10 μl of plasmid
were added and cells were incubated on ice for 1 h. Then cells were heat shocked
at 42 °C for 45 s and cooled down on ice for 2 min. After addition of 500 μl LB
medium without antibiotics cells recovered by shaking at 37 °C for 1 h. Cells were
plated onto LB agar plates with respective selection antibiotics and incubated over
night at 37 °C.

2.2.1.4 Plasmid preparation

LB medium 1% Bacto Tryptone, 0.5% yeast extract, 17.25 mM NaCl,
autoclaved at 120 °C and 1.2 bar for 20 min

ampicillin 1000× stock 100 mg/ml in 70% ethanol
kanamycin 1000× stock 30 mg/ml in 50% glycerol
chloramphenicol 1000× stock 34 mg/ml in 70% ethanol
tetracycline 1000× stock 10 mg/ml in 70% ethanol

Small scale preparation of plasmid DNA was performed with the NucleoSpin Plasmid
Kit following the manufacturer’s protocol. 5 to 7 ml LB medium containing the
respective antibiotics were inoculated with a single E. coli DH5α colony and grown
at 37 °C. The plasmid was eluted from the column with 30 to 50 μl H2O.
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Larger preparation of plasmid DNA was performed with the NucleoBond Xtra Midi
Kit following the manufacturer’s protocol and using 200 ml LB cultures (as described
above). The resulting DNA pellet was desolved in 100 μl water and the final DNA
concentration was adjusted to 1 μg/μl.

2.2.1.5 Measurement of DNA concentration

The concentration of DNA was determined by measurement of the absorption at
260 nm using a Nanophotometer (Nanodrop). Simultaneously, the absorption at
280 nm was measure to determine potential contaminations with proteins. The
ration A260nm/A280nm should thereby be at least 1.8.

2.2.1.6 Plasmid sequencing

Plasmid DNA was Sanger sequenced with GATC Biotech / Eurofins following the
recommendations of the company.

2.2.2 Tissue culture methods

2.2.2.1 Culturing HEK293 cells

Penicillin/Streptomycin (Pen/Strep) 100 U/ml/100 μg/ml, PAA
G418 (Geneticine) 200 μg/ml, Invitrogen
Zeocin 200 μg/ml, Invitrogen

All cell lines were cultured in DMEM with addition of 10% FBS and Pen/Strep at
37 °C in the presence of 5% CO2. Cell line specific (see 2.1.6) selection antibiotics
were used for stable expression of cell line specific proteins. To split cells into a new
dish, a confluent dish of cells was washed with 2 to 4 ml PBS and cells were detached
by incubating with 1 ml Trypsin/EDTA for up to 5 min at 37 °C. Detached cells
were transferred to 3 ml medium with selection antibiotics, pelleted at 1000×g for
5 min, resuspended in medium and then distributed into new dishes with respective
medium.
For cryopreservation pelleted cells were resuspended in freezing medium (FBS con-
taining 10% DMSO) and frozen in an isopropanol freezing box at -80 °C.
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2.2.2.2 Transfection of HEK293 cells

DNA 16 μg in 1.5 ml OptiMEM
Lipofectamine 2000 40 μl in 1.5 ml OptiMEM

To generate stable cell lines, cells were seeded in antibiotic free medium the day
before transfection so that the dish was 75% confluent at day of transfection. Lipo-
fectamine and DNA solution were mixed together and incubated for 20 min at room
temperature and then added to the cells. The next day, cells were splitted and
seeded in different dilutions (1:10 to 1:1000) and cells were grown until single cell
clones appeared. Cell clones were transferred to 12 well plates and further grown
until they were analyzed.

2.2.3 Biochemical methods

2.2.3.1 Purification of C100-His6 & C83-His6 substrates from E. coli
cells

TE buffer 20 mM Tris-HCl (pH 7.5), 1 mM EDTA
urea buffer 20 mM Tris-HCl (pH 8.5), 6 M urea, 1% Triton X-100, 1% SDS,

1 mM CaCl2, 100 mM NaCl
dilution buffer 20 mM Tris-HCl (pH 8.5), 150 mM NaCl
Triton X-100 wash buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 1% Triton X-100
SDS wash buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 0.2% SDS
imidazole wash buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 0.2% SDS,

20 mm imidazole
elution buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 0.2% SDS,

100 mm imidazole
final elution buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 0.2% SDS,

500 mm imidazole

A 50 ml LB pre-culture with chloramphenicol and ampicillin was inoculated with
BL21(DE3)RIL cells harbouring the pQE60 vector encoding the C100-His6 or C83-
His6 substrate respectively and grown over night at 37 °C. The next day, 500 ml LB
culture with the same antibiotics was inoculated and cells were grown until OD600

of 0.6. Expression of the protein was induced by addition of 1 mM IPTG (final
concentration) and cells were grown further for 4 to 5 h. Cells were pelleted, resus-
pended in ice cold TE buffer with PI complete (10 ml per g cell pellet) and opened
up by sonification on ice (30 s on, 30 s off, 50% duty cycle, total sonication time: 5
min). After centrifugation (12000 rpm, 4 °C, 15 min), the pellet was resuspended
in the same volume of TE buffer and the procedure was repeated. The final pellet
was resuspended in urea buffer with PI complete (4 ml per g of cell pellet) and
solubilised by shaking in the cold over night.
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To remove non-solubilzed particles, the urea solution was centrifuged (12000 rpm,
4 °C, 15 min) and the protein concentration of the supernatant was determined by
BCA. The supernatant was diluted 1:5 with dilution buffer, Ni-NTA agarose was
added (1 ml Ni-NTA agarose per 40 mg protein) and incubated at room tempera-
ture by shaking for 2 h. The beads were transferred to an empty plastic column and
washed with 5 bead volumes (BV) Triton X-100 wash buffer and 5 BV SDS wash
buffer followed by 3 BV imidazole wash buffer. Protein was eluted into 5×1 BV
elution buffer and 1 BV final elution buffer.
The purification was controlled by SDS-PAGE followed by Comassie staining or im-
munoblotting. Fractions with the highest amount of purified protein were pooled,
protein concentration was determined and aliquots were stored at -20 °C.

2.2.3.2 Precipitation of flAPP from HEK293 cells

lysis buffer 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 1% CHAPSO
wash buffer 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA
elution buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl, 1% SDS
dilution buffer 20 mM Tris-HCl (pH 8.5), 300 mM NaCl

The precipitation of flAPP was adapted from Vieira et al. (2010). One dish of
HEK293 cells expressing full-length Swedish APP (flAPP/sw) was lysed in 1 ml
lysis buffer containing PI complete for 30 min on ice followed by centrifugation
(13000×g, 4 °C, 15 min) to remove cell debris. The supernatant was pre-cleared by
incubation with 25 μl protein A sepharose (PAS) for 1 h at 4 °C and PAS beads were
removed by centrifugation at 1500× g and 4 °C for 1 min. To precipitate flAPP/sw,
the pre-cleared supernatant was incubated with APP-specific antibody 22C11 and
PAS over night at 4 °C. flAPP was eluted from the beads by incubation with 25 μl
elution buffer containing PI complete for 1 h at room temperature. Protein was
diluted to 0.2% SDS with dilution buffer and stored at 4 °C.

2.2.3.3 Purification of PSH from E. coli cells

resuspension buffer 25 mM Tris-HCl (pH 8.0), 150 mM NaCl
solubilisation buffer 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2% DDM
wash buffer 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 20 mM imidazole, 0.6%

DDM
elution buffer 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 250 mM imidazole, 0.6%

DDM

The protocol was adapted from Li et al. (2013). A 50 ml LB pre-culture with
ampicillin and chloramphenicol was inoculated with E. coli BL21(DE3)RIL cells
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transformed with pET-21b vector encoding the N-terminal His8-tagged PSH con-
struct and grown at 37 °C over night. For expression of the protein, 500 ml LB
culture were inoculated with the pre-culture and grown at 37 °C to OD600 of 1.5.
After induction with 0.2 mM IPTG, cells were grown over night at 22 °C; cells were
harvested and resuspended in resuspension buffer (10 ml per g cell pellet). Cells
were sonified (30 s on, 30 s off, 50% duty cycle, total sonication time: 5 min) and
cell suspension was pre-cleared by centrifugation (23000×g, 4 °C, 10 min). The
supernatant was ultracentrifuged (150000×g, 4 °C, 1 h) and the pellet was resus-
pended in solubilisation buffer (7 ml per g cell pellet) and solubilised by rocking
in the cold for 1 h. After removing the insoluble particles by ultracentrifugation
(150000×g, 4 °C, 30 min), supernatant was incubated with 100 to 200 μl Ni-NTA
slurry for 2 h at room temperature. Ni-NTA beads were subjected to an empty
plastic column and washed with 6 BV wash buffer. Protein was eluted from the
beads with 4×1 BV elution buffer. Purification was checked by SDS-PAGE followed
by Comassie staining and immunoblotting.

2.2.3.4 Reconstitution of PSH into POPC SUVs

reconstitution buffer 5 mM Na citrate (pH 6.4), 3.5 % glycerol, 30 mM DTT

Preparation of POPC SUVs. L-α-phosphatidylcholine (POPC) was hydrated in
water (10 mg/ml) and sonicated in pulsed mode until clarity. The small unilamellar
vesicles (SUVs) were diluted into reconstituion buffer to a final concentration of
3.45 mg/ml (5×POPC) and stored at -20 °C until further use.

Reconstitution of PSH into vesicles. 5×POPC were diluted with reconstitution
buffer to 2×POPC. For reconstitution of PSH into POPC SUVs, 1 volume of purified
PSH was incubated with 4 volumes of the 2×POPC vesicle preparation. An excess
of Calbiosorb adsorbent beads was added and the solution was incubated by shaking
at 4 °C for 30 min. Then the adsorbent beads were replaced by fresh beads and the
solution was further incubated over night by shaking at 4 °C.

Verification of reconstitution. To check proper reconstitution of PSH into POPC
vesicles, POPC was reconstituted into POPC vesicles containing the fluorescent lipid
rhodamine-DHPE (1000:1 molar ratio) following the protocol described above. A
small gel filtration column was packed with 250 µl Sephacryl S-200 HR and equili-
brated with reconstitution buffer. The PSH-containing liposomes were subjected to
this column and small fractions (20 µl) were collected. Fractions were analyzed for
fluorescent vesicles (λex 530 nm, λem 590 nm) with fluorometer Fluoroscan Asket Fl
and for PSH by immunoblotting (2.2.3.14).
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2.2.3.5 PSH in vitro assay

To test the activity of PSH, in vitro assays were performed with the C100-His6,
C83-His6 or flAPP substrate, respectively. 0.5 μM of the substrate were incubated
with 1 to 2 μM PSH, either DDM-solubilized or reconstituted in POPC SUVs, in a
master buffer (20 mm Bicine, 20 mm HEPES, 20 mm MES) over night at 37 °C. For
the DDM-solubilized PSH the final DDM concentration in the assay was 0.02% and
for the PSH in POPC SUVs DDM was added to a final concentration of 0.008%. To
test the influence of the pH the master buffer was adjusted to different pH values be-
tween 5.5 and 9.0. Later, the in vitro assay was performed at pH 7.0 if not otherwise
stated. To control for cleavage specificity GSI L-685,458 was added to a final con-
centration of 20 μM. Depending on the following analysis the reaction was stopped
by addition of Tris-Bicine urea sample buffer (2.2.3.14) or IP-MS buffer (2.2.3.9).

2.2.3.6 Preparation of HEK293 cell lysates

STEN lysis buffer 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1% NP-40

Harvesting of HEK293 cells. Confluent dishes of HEK293 cells were washed
with ice cold PBS and scrapped in 1 ml PBS per dish. Cells were pelleted by
centrifugation (1500×g, 4 °C, 5 min), flash frozen in liquid nitrogen and stored at
-20 °C.

Cell lysis. Cells were resuspended in 500 μl STEN lysis buffer supplemented with
1×PI complete and incubated for 30 min on ice. Then the cell suspension was
centrifuged (160000×g, 4 °C, 20 min) and the supernatant was transferred to a
fresh reaction tube.

2.2.3.7 Preparation of HEK293 membrane fractions

hypotonic buffer 15 mM Na citrate (pH 6.4), 10 mM KCl

Harvesting of HEK293 cells. Confluent dishes of HEK293 cells were washed
with ice cold PBS and scrapped in 1 ml PBS per dish. Cells were pelleted by
centrifugation (1500×g, 4 °C, 5 min), flash frozen in liquid nitrogen and stored at
-20 °C.

Cell lysis and membrane preparation. Cells were resuspended in hypotonic
buffer supplemented with 1×PI complete (1 ml per 1 dish of cells) and OD600 was
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adjusted to 2. Cell suspension was flash frozen in liquid nitrogen, thawed on ice
and needled with a 23 gauge needle. The cell suspension was pre-cleared by cen-
trifugation (1000×g, 4 °C, 15 min) and the supernatant was aliquoted (one aliquot
corresponds to dish of cells) and centrifuged at 16000×g rpm and 4 °C for 45 min.
Membrane pellets were stored at -80 °C until usage.

2.2.3.8 γ-Secetrase in vitro assay

citrate buffer 150 mM Na citrate (pH 6.4)
2× assay buffer 150 mM Na citrate (pH 6.4), 1 mg/ml PC, 20 mM DTT, 0.2 mg/ml BSA

Membrane lysate. A membrane pellet from one dish of cells (see 2.2.3.7) was
resuspended in 100 μl citrate buffer containing 1% CHAPSO and PI complete and
incubated on ice for 20 min. The lysate was centrifuged at 100000×g and 4 °C
for 30 min and the supernatant was either directly used for activity assays or flash
frozen in liquid nitrogen and stored at -80 °C.

Activity assay. For each reaction 5 μl of membrane lysate was used. This was
diluted with 5 μl citrate buffer (without CHAPSO) and 10 μl freshly prepared 2×
assay buffer resulting in a final CHAPSO concentration of 0.25%. For the assay
buffer, PC was freshly sonified from a stock solution. 0.5 μM C100-His6 substrate
were added (final SDS concentration below 0.008%) and reaction was incubated
over night at 37 °C. To control cleavage specificity the assay was performed in the
presence of 1 to 2 μM GSI L-685,458. The reaction was stopped by addition of
Tris-Bicine urea sample buffer (2.2.3.14) or IP-MS buffer (2.2.3.9).

Activity assay with purified γ-secretase. Purified γ-secretase was provided
by Lucía Chávez-Gutiérrez. The activity assay was based on the activity assay
for γ-secretase from HEK293 membrane lysates. 0.15 ng purified γ-secretase were
incubated with 0.5 μM C100-His6 substrate over night at 37 °C in assay buffer. To
control cleavage specificity the assay was performed in the presence of 1 to 2 μM
GSI L-685,458. The reaction was stopped by addition of Tris-Bicine urea sample
buffer (2.2.3.14) or IP-MS buffer (2.2.3.9)

2.2.3.9 Mass spectrometry analyis

Tris-EDTA solution 750 mM Tris-HCl (pH 8.0), 125 mM EDTA
20× IP-MS buffer 200 mM Tris-HCl (pH 8.0), 2.8 M NaCl, 100 mM NaCl, 2% Octyl

β-D-glucopyranoside
MS matrix TFA:water:acetonitril (1:20:20), saturated with α-Cyano-4-

hydroxycinnamic acid
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In vitro assays with either PSH or γ-secretase were diluted with 1 ml IP-MS buffer.
To precipitate Aβ species, 4 μl Aβ-specific antibody 4G8 and 12 μl protein G
sepharose (PGS) were added to the diluted assay. To precipitate AICD species,
15 μl of PAS preloaded with 4 μl antibody 6687 were added. Immunoprecipitation
was performed over night in the cold room by shaking. For precipitation of Aβ

species from medium of cells, 5 ml of medium incubated over night on a confluent
dish of HEK293 cells were centrifuged (5000 rpm, 4 °C, 5 min) to remove cell de-
bris. The cleared medium was neutralized with 1:25 Tris-EDTA solution. Aβ species
were precipitated as described above. After precipitation, PGS or PAS beads were
washed with 3×1 ml IP-MS buffer and 3×1 ml water and beads were completely
dried with a syringe.
Aβ and AICD species were eluted from the beads by addition of 10 μl matrix. The
matrix solution was then spotted 3×0.4 μl onto the sample plate. MS-samples were
analyzed on a 4800 MALDI TOF/TOF Analyzer or rapifleX MALDI Tissuetyper
instrument in linear mode. Data were vizualized with GraphPad Prism and for
comparison of different spectra the intensity of the highest peak was set to 100%.

2.2.3.10 Electrochemiluminescence immunoassay

Electrochemiluminescence immunoassay (ECL-IA) with samples from PSH in vitro
assays was performed following the manufacturers protocol using the Aβ Peptide
Panel 1 Kit (MSD) with SULFO-tagged anti-Aβ antibody (4G8). Antibody was
diluted 1:50 in Diluent 100. Briefly, samples were centrifuged at 21000×g for 30 min
and supernatant was diluted 1:25 in Diluent 35. 4-spot MULTI-SPOT® plates were
blocked with Diluent 35 for 1 h at room temperature then washed with MSD Wash
Buffer. Samples (or calibrators) and SULFO-tagged antibody 4G8 were added to
each well (in technical duplicates) and incubated for 2 h at room temperature. After
another round of washing, Read Buffer T was added and light emission at 620 nm
was measured.

2.2.3.11 Inhibitor affinity precipitation

MES buffer 50 mM MES (pH 6.0), 500 mM NaCl, 5 mM MgCl2
Blocking buffer 1% I-Block (Tropix) in PBS

The protocol for the inhibitor affinity precipitation was adopted from Beher et al.
(2003).
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Preparation of streptavidin sepharose beads. Beads were washed three times
with PBS and then blocked with blocking buffer over night at 4 °C. The next day,
beads were additionally blocked for 30 min at room temperature with fresh blocking
buffer.

PSH. PSH (DDM-solubilised or POPC-reconstituted) was diluted with MES buffer
to 1 to 2 μM protein. As for the in vitro assay, the final DDM concentration in
the case of DDM-solubilised PSH was 0.02% and in the case of reconstituted PSH
DDM was added to a final concentration of 0.008%. The diluted protein solution
was incubated for 30 min at 4 °C with streptavidin sepharose beads to preclear the
solution and then incubated with 10 μ GSI inhibitor Merck C (L-685,458-biotin) in
the presence of fresh streptavidin beads for 2 h at room temperature. Non-specific
binding was analyzed either by omitting Merck C or by competition with 100-fold
molar excess of the unbiotinylated (parental) compound L-685,458. Samples were
eluted from the beads with 1.5× Laemmli urea sample buffer containing 4 mM biotin
and then analyzed by SDS-PAGE (see 2.2.3.14).

2.2.3.12 Nano differential scanning fluorimetry (nanoDSF)

For nanoDSF, 10 μl of WT and mutant PSH (25 μM) were loaded into NanoTemper
Tycho NT.6 capillaries and analyzed on the Tycho NT.6 system. The data is auto-
matically analyzed by the Tycho software and calculates the inflection temperatures
(Ti). Ti is a measure for the protein unfolding temperature.

2.2.3.13 Dynamic light scattering (DLS)

To prepare protein samples, 60 μl of WT and mutant PSH (25 μM) were ultracen-
tifuged (100000×g and 4 °C) for 30 min. DLS measurements were performed on
a Malvern Instruments High Performance Particle Sizer using a Hellma Analytics
High Precision Cell.
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2.2.3.14 SDS-PAGE

Depending on the analysed proteins different gel systems were used. Total sAPP,
APP, AICD and Aβ were normally analysed by separating them on Tris-Tricine gels.
Single cell clones were analysed on 10% Urea Tris-Glycine gels to separate PS1-NTF
and Nicastrin. 10% Urea Tris-Glycine gels were also used to analyse PSH except
of PSH purification which was analysed via 15% Tris-Glycine gels. Aβ species were
separated via Tris-Bicine urea gels.
Samples were prepared with the respective sample buffers and denatured at 65 °C
for 5 min. For analysing Aβ species, samples were denatured at 95 °C for 10 min.

Tris-Tricine gels from Invitrogen

10× Tris-Tricine running buffer 1 M Tris-HCl, 1 M Tricine, 1% SDS
3× Laemmli urea sample buffer 188 mM Tris-HCl (pH 6.8), 6% SDS, 30% glycerol,

7.5% β-mercaptoethanol, 6 M urea, spatula tip bro-
mophenol blue

The samples were separated in a X Cell Sure Lock mini gelelectrophoresis chamber
first at 80 V to focus samples in the running front and then at 120 V until full
separation.

Tris-Tricine gels according to Schaegger

Schaegger gel buffer 3 M Tris-HCl (pH 8,45), 0.3% SDS
10× Tris-Tricine running buffer 1 M Tris-HCl, 1M Tricine, 1% SDS
5× Schaegger gel anode buffer 1 M Tris-HCl (pH 8.9)
3× Laemmli urea sample buffer 188 mM Tris-HCl (pH 6.8), 6% SDS, 30% glycerol,

7.5% β-mercaptoethanol, 6 M urea, spatula tip bro-
mophenol blue

The Tris-Tricine gels according to Schaegger represent an alternative to the commer-
cial Tris-Tricine gels from Invitrogen. They were mainly used to analyse purification
of C100-His6 substrates and pre-experiments. The recipe is for two gels with 1.5 mm
thickness. Samples were analysed analogous to the commercial gels described above
in a mini-Protean 3 gel electrophoresis chamber except that two different running
buffers (Tris-Tricine running buffer for the cathode and Schaegger gel anode buffer)
were used.
Separation and spacer gels were polymerized and poured at the same time. 5 ml
of the separation gel solution is overlayed carefully with 2.5 ml spacer gel solution.
After complete polymerisation of this layer, the stacking gel was polymerised on top.
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16% separation gel 9% spacer gel 4% stacking gel
2.7 cm 1.7 cm

H2O - 3.5 ml 4.2 ml
glycerol (32%) 3.5 ml - -
gel buffer 3.5 ml 2.5 ml 1.55 ml
acryl-/bisacrylamide 3.5 ml 1.5 ml 0.5 ml
(32:1, 49.5%)
APS (10%) 65 μl 70 μl 100 μl
TEMED 6.5 μl 8 μl 15 μl

Urea Tris-Glyicine gels

4× stacking gel buffer 0.5 M Tris-HCl (pH 6.8), 0.4% SDS
4× separating gel buffer 1.5 M Tris-HCl (pH 8.8), 0.4% SDS
Tris-Glycine running buffer 25 mM Tris-HCl, 200 mM glycine, 0.1% SDS
3× Laemmli urea sample buffer 188 mM Tris-HCl (pH 6.8), 6% SDS, 30% glycerol,

7.5% β-mercaptoethanol, 6 M urea, spatula tip bro-
mophenol blue

The recipe is for two gels with 1.5 mm thickness.

10% separation gel 12% separation gel stacking gel
urea (8 M) 5.25 ml 5.25 ml 5 ml
H2O 2.25 ml 1.5 ml 1.825 ml
stacking gel buffer - - 2.5 ml
separation gel buffer 3.75 ml 4.5 -
acryl-/bisacrylamide 3.5 ml 1.5 ml 0.5 ml
(37.5:1, 40%)
APS (10%) 70 μl 70 μl 50 μl
TEMED 70 μl 70 μl 50 μl

8 M urea solution was prepared freshly each time. Separation and stacking gel were
polymerized and poured after each other. The samples were separated in a mini-
Protean 3 gel electrophoresis chamber with Tris-Glycine running buffer at constant
40 mA.

Tris-Glyicine gels

4× stacking gel buffer 0.5 M Tris-HCl (pH 6.8), 0.4% SDS
4× separating gel buffer 1.5 M Tris-HCl (pH 8.8), 0.4% SDS
Tris-Glycine running buffer 25 mM Tris-HCl, 200 mM Glycine, 0.1% SDS
4× Laemmli sample buffer 250 mM Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 10% β-

mercaptoethanol, spatula tip bromophenol blue
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The recipe is for two gels with 1.5 mm thickness. Preparation and sample separa-
tion was performed as for Urea Tris-Glycine gels with the exception that no urea
was used in the gels and the Laemmli sample buffer was used for sample preparation.

12% separation gel 15% separation gel stacking gel
H2O 2.25 ml 1.5 ml 1.825 ml
stacking gel buffer - - 2.5 ml
separation gel buffer 3.75 ml 4.5 -
acryl-/bisacrylamide 3.5 ml 1.5 ml 0.5 ml
(37.5:1, 40%)
APS (10%) 70 μl 70 μl 50 μl
TEMED 70 μl 70 μl 50 μl

Tris-Bicine urea gels according to Wiltfang

stacking gel buffer 0.72 M Bis-Tris, 0.32 M Bicine
spacer gel buffer 0.8 M Bis-Tris, 0.2 M H2SO4
separating gel buffer 1.6 M Tris, 0.4 M H2SO4
cathode buffer 0.2 M Bicine, 0.1 M NaOH, 0.25% SDS
anode buffer 0.2 M Tris, 0.05 M H2SO4
3× Tris-Bicine urea sample buffer 0.72 M Bis-Tris, 0.72 M Bicine, 2% SDS, 45% sac-

cherose, 7.5% β-mercaptoethanol, spatula tip bro-
mophenol blue

The Tris-Bicine urea gel described here is adopted from Wiltfang and used to sepa-
rate the different Aβ species. The recipe is for two gels with 1.5 mm thickness.

11% separation gel 6% spacer 9.14% stacking gel
1.2 cm 1.1 cm

urea 9.6 g - -
H2O 2 ml 1.36 ml 0.74 ml
stacking gel buffer - - 1.5 ml
spacer gel buffer - 2 ml -
separation gel buffer 5 ml - -
SDS (20%) 100 μl 20 μl 15 μl
acryl-/bisacrylamide 5.5 ml 0.6 ml 0.675 ml
(37.5:1, 40%)
APS (10%) 80 μl 16 μl 18 μl
TEMED 10 μl 4 μl 18 μl

For the separation gel urea was dissolved in H2O and separation gel buffer and
heated until complete dissolution of the urea. The three layers were polymerized
and poured one after the other in between 8×9 cm Hoefer gel plates and normally
used directly the following day. Samples were separated in a Mighty small II Hoefer
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gel electrophoresis chamber with the respective cathode and anode buffer. Samples
were collected in the running front at 80 V and then separated at 30 mA (per gel)
at a maximum of 150 V.

2.2.3.15 Blue Native (BN)-PAGE

Dark blue cathode buffer 50 mM Tricine, 15 mM Bis-Tris, 0.02% Comassie Blue G-250
Light blue cathode buffer 50 mM Tricine, 15 mM Bis-Tris, 0.002% Comassie Blue G-250
Anode buffer 50 mM Tricine, 15 mM Bis-Tris
3× BN sample buffer 150 mM Bis-Tris, 200 mM ε-aminocaproic acid, 20% glycerol
Tris-Glycine running buffer 25 mM Tris-HCl, 200 mM glycine, 0.1% SDS

To analyze the aggregation of WT and mutant PSH, protein samples were separated
on 4-16% Bis-Tris gels. Samples were prepared in BN sample buffer with the ad-
dition of Comassie to 1/4 of the detergent concentration. Samples were separated
at constant 150 V and after 1/3 of sample separation, the dark blue cathode buffer
was exchanged by the light blue cathode buffer. Before immunoblotting, the gel
was soaked for 15 min in Tris-Glycine running buffer and immunoblotting was per-
formed as described in 2.2.3.16 with the exception that proteins were transferred at
constant 40 V for 60 min.

2.2.3.16 Immunoblotting

10× Tris-Glycine blotting buffer 250 mM Tris-HCl, 2M Glycin
10× TBS/Tween 100 mM Tris-HCl pH 7.4, 1.5 M NaCl, 1% Tween-20
Blocking solution 0.2% I-Block (Tropix), 0.1% Tween-20, in PBS
10× PBS 1.4 M NaCl, 100 mM Na2HPO4 × 2H2O, 17.5 mM

KH2PO4, 27 mM KCl, pH 7.4

Transfer of proteins. After SDS-PAGE, separated proteins were transferred onto
membranes for specific protein detection. PSH was blotted onto PVDF membranes,
all other proteins onto nitrocellulose membranes. For proteins below 15 kDa, ni-
trocellulose membrane with a pore size of 0.2 μm was used, for larger proteins
nitrocellulose membrane with a pore size of 0.45 μm was used. PVDF membrane
was hydrated in isopropanol for some minutes and then washed with H2O. All mem-
branes were equilibrated in blotting buffer.
Gel and membrane were placed into a blotting cassette (Bio-Rad) together with a
sponge and 4 sheets of filter paper on each sites. The gel was placed in direction of
the cathode, the membrane in the direction of the anode. The transfer took place
in a mini trans-blot transfer chamber filled with blotting buffer and an ice pack
at 400 mA for 60 min. For smaller proteins and peptides the transfer time was
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reduced to 50 min. When necessary, nitrocellulose membrane was cooked in PBS
after transfer for 5 min allowing the antibody epitope to expose.

Blocking and incubation with primary antibody. After blotting, membranes
were incubated in blocking solution at room temperature for at least 1 h. This
step blocks unspecific binding sites on the membrane. Then the primary antibody
diluted in blocking solution was added and incubated by gently shaking over night
in the cold room .

Washing and incubation with secondary antibody. Blots were washed 3×10 min
with TBS/Tween and then membrane was incubated with secondary antibody di-
luted in blocking solution for 1 h at room temperature.

Washing and detection. After incubation with secondary antibody, blots were
washed again 3×10 min with TBS/Tween. Then membranes were quickly pulled
through H2O and incubated for 2 min with the ECL substrate. After this films were
exposed to visualize protein bands. For quantification membranes were exposed in
the LAS-4000 or ImageQuant 800 image reader.

2.2.4 Computational methods

2.2.4.1 Homology model building & molecular dynamics simulations

The homology model building as well as the molecular dynamics (MD) simulations
were performed by Shu-Yu Chen and Martin Zacharias from the Technical University
Munich. Details on these methods can be found in Feilen et al. (2022).

2.2.4.2 Structure predictions using AlphaFold

To predict the structures of PSH–C83 and PSH–C99 complexes AlphaFold-Multimer
(Jumper et al., 2021; Evans et al., 2022) coupled to Google Colaboratory was used.
The prediction of the enzyme–substrate complexes is based on the aa sequences
of PSH, C83 and C99 and was performed with the default AlphaFold-Multimer
settings.
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3 Results

3.1 Basic biochemical characteristics of PSH

3.1.1 Monoclonal specific PSH antibodies

So far, no specific antibodies against PSH are available and the detection of PSH
in immunoblotting relies on tags added to the protein. In collaboration with the
Monoclonal Antibody Core Facility at the Helmholtz Center Munich, monoclonal
PSH-specific antibodies were generated. To this end, three epitopes (PSH1-3) were
chosen, two (PSH1 and 2) – partially overlapping – in the loop between TMD6 and
7 and one (PSH3) in the loop between TMD8 and 9 (figure 3.1.1A).

Figure 3.1.1: Screening for PSH-specific antibodies. (A) Schematic representation
of PSH with indicated epitopes PSH1-3 (left) and the sequences of the epitopes (right). (B)
Immunoblotting for PSH with different PSH-specific antibodies using nitrocellulose (n) or
PVDF (p) membranes. The hash sign mark PSH multimers.
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Antibodies were raised in Wistar rats against the respective peptides. In total,
27 primary supernatants against all three epitopes were tested in immunoblotting
using nitrocellulose and PVDF membranes. From these, 7 antibodies were able to
detect PSH, two against epitope PSH1, three against epitope PSH2 and two against
epitope PSH3 (figure 3.1.1B) and these were then monoclonalized. Some of the
antibodies, like 9D7 or 23G10, not only detected the monomeric form of PSH but
also multimeric PSH. The antibody 6F4 against PSH1 is used in this study for PSH
detection.

3.1.2 PSH purification

PSH was purified based on the previous published protocol by (Li et al., 2013)
after expression in E.coli BL21(RE3)RIL. Membranes were solubilized in DDM and
the His-tagged PSH was bound to Ni-NTA beads. After column washing, PSH was
eluted from the column in a buffer containing 0.6% DDM. The analysis of the purity
by Coomassie Blue staining after separation by SDS-PAGE revealed that the samples
still contained some impurities, but monomeric PSH was the most prominent band
in the elution fractions (figure 3.1.2). Elution fractions containing more monomeric
PSH (e.g. E2) also showed more multimeric/aggregate PSH. The identity of the
bands on the Coomassie Blue-stained gel were confirmed by immunoblotting using
the PSH-specific antibody 6F4 (figure 3.1.2). Furthermore, the immunoblotting also
revealed smaller PSH fragments in the elution fractions. These will be discussed
further in 3.1.3.

Figure 3.1.2: Analysis of PSH purification. Analysis of PSH purification by
Coomassie Blue staining (left) and immunoblotting with PSH-specific antibody 6F4
(right). Equal volumnia from each sample were loaded. The hash sign marks PSH mul-
timers, the asterisk marks PSH fragments. -: before induction of expression, +: after
induction of expression, P: pellet, SN: supernatant, SN-UZ: supernatant after ultracen-
trifugation, L. load, FT: flow-through, W: wash, E: elution.
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3.1.3 PSH endoproteolysis

Whether PSH undergoes endoproteolyis like PS is not clear and has not been studied
in detail yet. Therefore, catalytic dead mutants PSH D162A, PSH D220A and PSH
D162/220A were generated, expressed and purified. Purified wild type (WT) and
mutant PSH were incubated over night at 37 °C and then analyzed by immunoblot-
ting using PSH-specific antibody 6F4.
For all PSH constructs, a band was detected at the expected size of PSH at round
about 32 kDa (figure 3.1.3). Furthermore, additional bands were detected below
this PSH band at different sizes. Most prominent were bands at roughly 17 kDa
and 14 kDa. Additionally also a band at roughly 10 kDa was observed for all PSH
constructs but most prominently for WT and D220A PSH (figure 3.1.3). Since all of
these bands were visible for all constructs, they are independent from PSH activity
and might result from degradation or cleavage by another protease.
Therefore, PSH is not endoproteolysed as γ-secretase and the endoproteolysis is not
a prerequisite for PSH activity. In this aspect PSH resembles more the SPP IMPs
than γ-secretase.

Figure 3.1.3: Analysis of PSH endoproteolysis. Immunoblotting for PSH (6F4) of
WT and mutant PSH (D162A, D220A and D162/220A) after incubation at 37 °C over
night and separation by Tris-Tricine SDS-PAGE. The asterisks mark PSH degradation
bands

3.1.4 Cleavage of C99 by PSH

Several studies were already carried out to investigate the cleavage mechanism of
PSH (Dang et al., 2015; Naing et al., 2018). Due to experimental variations within
these studies, the data on PSH cleavage are not conclusive. One study suggested that
the Aβ species produced are similar than the ones produced by γ-secretase (Dang
et al., 2015) whereas another study showed that preferably longer Aβ species are
produced (Naing et al., 2018). Therefore, the cleavage of purified PSH was evalu-
ated in an in vitro assay with DDM. As reported, PSH is able to cleave C99-based
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APP C100-His6 substrate into AICD and Aβ (figure 3.1.4A). This cleavage was in-
hibited by the TSA GSI L-685,458. In contrast to the inhibition of γ-secretase, a
10-fold higher molar concentration was needed for a proper inhibition of PSH. The
Aβ species were further analyzed by Tris-Bicine urea SDS-PAGE (figure 3.1.4B)
and MALDI-TOF mass spectrometry (figure 3.1.4C). The profiles of the Aβ species
revealed that PSH is mainly producing Aβ40 and Aβ42 with a clear preference for
Aβ42. Moreover, also longer Aβ species, like Aβ46, were detected. These data indicate
that besides its ability to cleave C99, PSH is under these experimental conditions
impaired in its processive cleavage mechanism and preferably produces longer Aβ

species.

Figure 3.1.4: Cleavage of APP C99 by PSH. (A) Immunoblotting for AICD (Y188)
and Aβ (2D8) after incubation of C100-His6 with PSH in DDMmicelles at 37 °C over night.
(B) Immunoblotting for Aβ species (2D8) produced by PSH from C100-His6 separated by
Tris-Bicine urea SDS-PAGE. (C) MALDI-TOF analysis of Aβ species produced by PSH
in DDM micelles (adapted from Feilen et al. (2022)).

3.1.5 Protein quality control

Throughout this study several mutants of PSH and their ability to cleave APP-
derived substrates will be analyzed. The introduction of mutants can change the
folding of a protein resulting in severe misfolding and/or even aggregation of the
protein. To rule out these possibilities for the PSH mutations introduced here, the
aggregation and folding of WT and mutant PSH was analyzed by dynamic light
scattering (DLS), Blue Native (BN)-PAGE and nano differential scanning fluorime-
try (nanoDSF).
In DLS experiemts an average particle size (Z-Ave) above 100 nm is indicative of
protein aggregates. For WT and mutant PSH, the observed average particle size was
always below 100 nm, indicating that non of the PSH constructs is aggregated in so-
lution (figure 3.1.5A). This is further supported by BN-PAGE immunoblot analysis;
WT and mutant PSH only showed two bands, one for monomeric PSH and another
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one for dimeric PSH. Larger protein aggregates were not observed (figure 3.1.5B). All
the analyzed constructs also behaved similar in nanoDSF experiments and showed
an inflection temperature (Ti) of round about 72.5 °C (figure 3.1.5C) which corre-
spond to an unfolding of the protein at his temperature. The combination of these
three protein quality control analysis show that the introduction of a single point
mutation or the deletion of four to five aa within PSH do not alter the folding,
thermal stability and aggregation of the protein.

Figure 3.1.5: PSH quality control. (A) Z-Ave values of WT and mutant PSH as
measured by DLS. (B) Immunoblotting for PSH (6F4) after separating of WT and mutant
PSH by BN-PAGE. (C) Fluorescence signals (upper panel) and Ti values (lower panel) of
WT and mutant PSH as measured by nanoDSF (adapted from Feilen et al. (2022)).
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3.2 Influence of lipid environment on PSH
activity and structure

3.2.1 PSH reconstituion

To test whether and how a bilayer environment influences PSH activity, PSH was
reconstituted into POPC SUVs. To check proper incorporation of PSH into SUVs,
POPC SUVs were prepared containing the fluorescent marker lipid rhodamine-
DHPE (1:1000 molar ratio) and PSH was reconstituted into these vesicles. Fol-
lowing gel filtration via a small size Sephacryl S200 HR column (200 μl), fractions
were analyzed fluorometrically and via immunoblotting for PSH. Fluorescently la-
beled vesicles eluted in one single peak (fractions 3 to 6) and immunoblotting could
confirm that these vesicles also contained PSH. Some PSH was not properly incor-
porated into vesicles and eluted in later fractions (fractions 7 to 10) but most of the
PSH was properly reconstituted into POPC SUVs (figure 3.2.1).

Figure 3.2.1: Check for PSH reconstitution into POPC SUVs. (A) Representative
graph of fluorometric analysis of fractions after gel filtration of PSH-containing POPC
vesicles with rhodamine-DHPE as fluorescent marker lipid. (B) Immunoblotting for PSH
(6F4) in the gel filtration fractions (adapted from Feilen et al. (2022)).

3.2.2 Environmental dependent cleavage

Previous studies on γ-secretase (Quintero-Monzon et al., 2011) or rhomboid pro-
teases (Moin & Urban, 2012) showed that the assay condition (pH, salt concen-
tration) and the lipid environment can influence the cleavage by IMPs. Since the
processive cleavage of C99 by PSH in DDM micelles was decreased, several in vitro
assay conditions were tested for their potency to modulate PSH (processive) cleav-
age.
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To asses whether and how the assay condition influence PSH, the cleavage of C99
by PSH was analyzed over a broad range of different pH values (from pH 5.5 to
pH 9.0) and in two different environments, DDM micelles and POPC bilayer. PSH
was active in both environments and produced AICD and Aβ from C99 and showed
its highest activity at pH 7.0 to 7.5 (figure 3.2.2A).

Figure 3.2.2: Cleavage of PSH in DDM micelles and POPC vesicles. (A) Im-
munoblotting for AICD (Y188) and Aβ (2D8) after incubation of C100-His6 with PSH in
DDM micelles and POPC vesicles at 37 °C over night. (B) Immunoblotting for Aβ species
(2D8) produced by PSH from C100-His6 in DDM micelles and POPC vesicles separated
by Tris-Bicine SDS-PAGE (adapted from Feilen et al. (2022)).

Beyond its pH optimum, the activity of PSH sharply dropped at more alkaline pH.
The reconstitution of PSH into a POPC bilayer strongly increased its processivity.
This drop in total activity was accompanied by a decrease in processive cleavage as
evident by the increase in longer Aβ-sepecies (Aβ42 and longer, figure 3.2.2B). Com-
pared to PSH in DDM micelles, POPC-reconstituted PSH showed an increase in the
shorter Aβ species Aβ38 and Aβ40 and a reduction in longer Aβ species (figure 3.2.2B).
The processivity of PSH in DDM and POPC environments was further analyzed by
direct comparison of Aβ profiles at pH 7.0 by MALDI TOF mass spectrometry. In
line with the observations from the immunoblot, POPC increased the processivity
of PSH, resulting in the production of shorter Aβ species (figure 3.2.3A).
In principle, the increases in shorter Aβ species, especially Aβ38, might also have
arisen from a preferred usage of the Aβ42 over the Aβ40 product line. To elucidate
on this possibility, the AICD species generated from C99 by PSH in DDM and
POPC environment were compared by MALDI TOF mass spectrometry. In both
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conditions, C99 is cleaved at both ε-cleavage sites (ε48 and ε49) releasing the two
distinct AICD species AICD51 and AICD50 (figure 3.2.3B).

Figure 3.2.3: Mass spectrometry analysis of PSH cleavage. (A) MALDI-TOF
analysis of Aβ species produced by PSH in DDM micelles and POPC vesicles at pH 7.0.
(B) MALDI-TOF analysis of AICD species produced by PSH in DDM micelles and POPC
vesicles at pH 7.0 (adapted from Feilen et al. (2022))

Taken these data together, POPC is able to modulate PSH activity and to increase
its processivity resulting in the generation of shorter Aβ species.

3.2.3 Activity of PSH in brain lipid environment

Since PSH might serve as a surrogate protease to study the activity of PS inde-
pendent of the other proteins of the γ-secretase complex, PSH activity should be
assessed in a natural γ-secretase environment. To mimic this environment, PSH was
reconstituted into brain lipid vesicles and the cleavage of C99 by PSH was analyzed
at pH 7.0.
PSH was also active in the brain lipid environment, resulting in the release of AICD
and Aβ (figure 3.2.4A). Strikingly, the brain lipid environment increased the pro-
cessivity of PSH even more than the POPC environment and short Aβ species like
Aβ38 and Aβ37 were mainly released (figure 3.2.4B, C).
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The PSH processive cleavage is not only modulated by reconstitution of PSH into
a lipid bilayer but also by the composition of this lipid bilayer.

Figure 3.2.4: Cleavage of PSH in brain lipid vesicles (A) Immunoblotting for AICD
(Y188) and Aβ (2D8) after incubation of C100-His6 with PSH in DDM micelles, POPC
vesicles and brain lipid vesicles at 37 °C over night. (B) Immunoblotting for Aβ species
(2D8) produced by PSH from C100-His6 in DDM micelles, POPC vesicles and brain lipid
vesicles separated by Tris-Bicine SDS-PAGE. (C) MALDI-TOF analysis of Aβ species
produced by PSH in brain lipid vesicles vesicles at pH 7.0 (adapted from Feilen et al.
(2022))

3.2.4 Cleavage of APP C83

Another APP-based substrate is C83 which derives from APP by α-secretase cleav-
age and it is N-terminally 16 aa shorter than C99. Studies could show that C83 is the
better substrate compared to C99 for γ-secretase (Funamoto et al., 2013) resulting
in an increased production of AICD. It is elusive whether C83 is also a substrate for
PSH and whether the changes observed in the processivity of C99 are also observed
for C83.
Therefore, the cleavage of C83 by PSH in DDM and POPC environment was anal-
ysed at pH 7.0. PSH was able to cleave C83 in both environments resulting in the
release of AICD and p3 (figure 3.2.5A). Immunoblotting with the penta-His anti-
body to detect the AICD indicate that C83 is cleaved more efficiently than C99 by
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PSH in both environments. In contrast, the immunoblotting for p3 and Aβ, respec-
tively, with antibody Aβ22-35 indicate that C99 is cleaved more efficiently. It might
be possible that the epitope of the antibody Aβ22-35 is differently recognized for
p3 and Aβ and this might result in these observed differences. As already observed
for C99 (figure 3.2.5C), the bilayer environment again increased the processivity
resulting in an increased p340/p342 ratio in the POPC environment compared to the
DDM environment (figure 3.2.5B). Due to technical limitations it was not possible
to detect p338 in the ECL-IA and to detect p3 species by mass spectrometry.
Taken together C83 is another (non-)natural substrate of PSH, which is cleaved in
a similar manner than C99 and also showed an increased processive cleavage in the
POPC bilayer. Therefore, the observed differences in the processive cleavage seem to
be independent of the substrate and solely dependent on the protease environment.

Figure 3.2.5: Cleavage of APP C83 by PSH. (A) Immunoblotting for AICD and Aβ

and p3 (Aβ22-35) after incubation of C100-His6 and C83-His6 with PSH in DDM micelles
and POPC vesicles at 37 °C over night. (B, C) p340/p342 ratio (B) and Aβ40/Aβ42 ratio (C)
produced from 100-His6 and C83-His6 by PSH respectively analyzed by ECL-IA. Data are
represented as mean ± SD (n = 3 biological replicates, adapted from Feilen et al. (2022)).

3.2.5 PSH inhibtion by GSIs

It was shown that PSH is inhibited by TSA GSI L-685,458 even though rather high
concentrations are needed to achieve proper inhibition. Furthermore, several studies
utilized different other GSIs to inhibit PSH cleavage (Li et al., 2013; Dang et al.,
2015; Naing et al., 2015) but a systematic analysis of the inhibition profile is missing
so far.
First, the inhibition profile of L-685,458 and of its biotinylated derivative Merck C
was assessed in DDM micelles and POPC bilayer. Both GSIs were able to in-
hibit PSH in both conditions but for L-685,458 lower molecular concentrations were
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needed than for Merck C (figure 3.2.6). Furthermore, the inhibition of PSH by both
inhibitors was weaker in DDM micelles than in the POPC bilayer, indicating that
the inhibitor binding site is less well formed in DDM micelles.

Figure 3.2.6: PSH inhibition profiles. Inhibition of PSH cleavage in DDM micelles
and POPC vesicles by increasing concentrations of L-685,458 (A) and Merck C (B) anal-
ysed by immunoblotting for AICD (Y188) and Aβ (2D8) after incubation with C100-His6
at 37 °C over night. The asterisks mark two PSH-independent substrate degradation
bands (adapted from Feilen et al. (2022)).

In addition, the capability of different TSA and non-TSA GSIs to inhibit PSH was
evaluated in the POPC bilayer at pH 7.0. The two TSA GSIs L-685,458 and III-31C
inhibited PSH activity at high molar concentrations (20 μM). In contrast all four
tested non-TSAs (DAPT, LY411575, Begacestat and MRK-560) did not inhibit PSH
at the same high concentration (figure 3.2.7). The low potency of TSAs to inhibit
PSH indicate that the binding site of TSA within PSH might be somewhat different
than in γ-secretase and maybe important interactions are missing. The inability of
non-TSAs in inhibiting PSH indicate further that the binding sites for non-TSAs
are not existing in PSH or the interactions are very weak and non-TSAs might only
transiently bind to PSH.
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Figure 3.2.7: PSH inhibition by TSAs and non-TSAs. Inhibition of PSH cleavage in
POPC vesicles by TSA and non-TSA GSIs assessed by immunoblotting for AICD (Y188)
and Aβ (2D8) after incubation with C100-His6 at 37 °C over night (adapted from Feilen
et al. (2022)).

3.2.6 Inhibitor affinity precipitation

The increased processivity of PSH in a bilayer environment is indicative of a more
stable enzyme–substrate interaction and a stabilized PSH conformation under this
condition. Additionally, the lower potency of TSAs in DDM micelles further indicate
that the active site might be destabilized in the micelles. To test whether and how
the POPC bilayer might influence the conformation of the PSH active site, inhibitor
affinity precipitation with Merck C was performed. Merck C captured PSH in DDM
and POPC environment. This specific binding of Merck C to PSH was competed
by the parental compund L-685,458 and the competition of Merck C binding in the
DDM environment by the parental compound was less effective than in the POPC
bilayer. In the POPC environment ∼10-fold more PSH was specifically captured by
Merck C compared to the DDM environment (∼0.74% versus ∼0.05%).

Figure 3.2.8: PSH inhibitor affinity precipitation. (A) Immunoblotting for PSH
(6F4) after inhibitor affinity precipitation of PSH in DDM micelles and POPC bilayer with
Merck C. Specificity of Merck C binding was controlled by competition with the parental
compound L-685,458. The input represents 2.5% of total PSH. (B) Quantitation of specific
PSH binding in DDM micelles (red) and POPC bilayer (blue). Data are represented as
mean ± SD (n = 4 biological replicates, adapted from Feilen et al. (2022)).
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Therefore, together with the inhibition profile data for L-685,458 and Merck C, these
data show that POPC seems to stabilize the geometry of the active site resulting in
the increased processivity observed in this environment (figure 3.2.8).

3.2.7 Molecular dynamics simulation of PSH in DDM and
POPC environment

The biochemical data on PSH in a POPC bilayer indicate that the active site of
PSH is stabilized and that most likely the whole PSH structure might be stabilized
resulting in increased processivity. In a collaborative approach, Shu-Yu Chen and
Martin Zacharias from the Technical University Munich, performed MD simulations
on a PSH homology model to investigate how DDM and POPC influence the struc-
tural dynamics of PSH (and its active site).
Since structural information on the PSH–substrate complex are missing, an ho-
mology model way built based on the available cryo-EM structure of γ-secretase
in complex with C83 (PDB 6iyc, (Zhou et al., 2019)). The PSH model showed
structural features which were also found in the γ-secretase–C83 complex but not in
the substrate-free (apo) PSH structure (figure 3.2.9A). C-terminal of PSH TMD6
a conformation transition was observed, resulting in the formation of an additional
small TMD formed by residues H171-E177, called TMD6a. Furthermore, residues
preceding the catalytic aspartate in TMD7 (A213-G217) form a β-strand called β2.
This β-strand is part of a small anti-parallel β-sheet with a β-strand (β3, V50-K54)
formed C-terminal of the ε-cleavage sites in C83 (figure 3.2.9B). Backbone interac-
tions with residue Q272 preceding TMD9 stabilizes this β-sheet. The positioning of
TMD6a in the homology model is stabilized by a salt bridge between R70 in TMD3
and E181 in THD6a (figure 3.2.9C). This salt bridge replaces the hydrogen interac-
tion between Y159 in TMD3 and R278 in TMD6a in the γ-secretase–C83 structure
(figure 3.2.9D).
Molecular dynamics simulations performed with the substrate-bound (holo) PSH
model in DDM and POPC environment revealed differences in the geometry of the
active site. In the POPC bilayer, PSH was sampled more frequently in a hydrolysis-
compatible conformation, meaning a Cγ-Cγ distance between the catalytic aspar-
tates D162 and D220 below 7 Å (figure 3.2.10A). The shorter Cγ-Cγ distance not
only brings the two catalytic aspartates closer together and closer to the substrate
but also allows the positioning of one water molecule between the catalytic aspar-
tates and C83 (figure 3.2.10C).
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Figure 3.2.9: PSH homology model. (A) Side (left panel) and top (right panel) view
of the PSH homology model (blue) aligned with the crystal structure of PSH (PDB 4HYG)
in the apo form. The APP C83 substrate is shown in orange. (B) Enlarged view on the
hybrid β-sheet formed between C83 (orange) and PSH (blue) in the homology model. (C)
Interaction between R70 in TMD3 and E181 in TMD6a in the C83-bound PSH model.
(D) Interaction between Y159 in TMD3 and R278 in TMD6a in C83-bound γ-secretase
cryo-EM structure (PDB 6IYC) (adapted from Feilen et al. (2022)).

The larger Cγ-Cγ distance in the DDM environment results in the drainage of more
than one water molecule from the cytosol into the gap between the catalytic aspar-
tates which disturbs the catalytic mechanism (figure 3.2.10B). The differences in the
Cγ-Cγ distance between the two environments observed in the MD simulations is
in the line with the experimental data on inhibitor potency and PSH affinity pre-
cipitation in both environment. The biochemical data already suggested that DDM
alters the geometry of the active site (see 3.2.5 and 3.2.6).
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Figure 3.2.10: PSH active site geometry. (A) Histogram of Cγ-Cγ distances between
PSH D162 and D220 sampled in DDM micelles (red) and POPC bilayer (blue). Snapshot
of the active site of PSH in DDM (B) and POPC (C) environment with water molecules
accessing this cavity (adapted from Feilen et al. (2022)).

3.2.8 Structural elements of the PSH–substrate complex

Sequence alignments of PSH with PS1 and the PSH homology model suggest that
PSH residues A213 to G217 form a β-strand (β2) and residues H171 to E177 C-
terminal of TMD6 form the small helix TMD6a. These were previously already iden-
tified as structural important features in the γ-secretase–substrate complexes (Yang
et al., 2019; Zhou et al., 2019). To investigate whether these putative structural el-
ements exist in PSH and have a functional role, mutational analysis were performed
and the activity of the mutant PSH was compared to the WT PSH in DDM and
POPC environments.
For the β2-strand, residues A213, F214 and V215 were each mutated to prolines and
the β-strand was deleted from A213 to M216 and from A213 to G217, respectively.
In both environments, the single proline mutations as well as the β-strand deletions
strongly decreased the cleavage of C99 by PSH. Only in the POPC environment
some activity for A213P was observed. Since A213 is located at the beginning of
the putative β-strand, a mutation at this position might influence the PSH activity
to a lesser extend than proline mutations within the β-strand.
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Figure 3.2.11: Activity of PSH β2-strand mutants. Immunoblotting for AICD
(Y188) and Aβ (2D8) after incubation of C100-His6 with WT and mutant PSH in DDM
micelles and POPC vesicles at 37 °C over night. The asterisks mark two PSH-independent
substrate degradation bands (adapted from Feilen et al. (2022)).

Four residues of TMD6a (M172, I173, L175 and A176) form a hydrophobic patch
which is in contact with substrate residues at the ε-cleavage site region. To test
whether these residues are also functional important, they were mutated to the
charged aa lysine to disrupt the hydrophobic patch and the activity of mutated
PSH was assesses in DDM and POPC environment. All four lysine mutants showed
a completely abolished activity towards C99 in DDM micelles and the POPC bi-
layer.

Figure 3.2.12: Activity of PSH TMD6 mutants. Immunoblotting for AICD (Y188)
and Aβ (2D8) after incubation of C100-His6 with WT and mutant PSH in DDM micelles
and POPC vesicles at 37 °C over night. The asterisks mark two PSH-independent substrate
degradation bands (adapted from Feilen et al. (2022)).

These results show that the aa residues of the β2-strand as well as of TMD6a are
of functional importance. Furthermore, this strongly suggest that these two struc-
tural elements are indeed formed in the PSH–substrate complex and of functional
relevance there.
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3.2.9 Cleavage of full-length APP

The cleavage of APP by γ-secretase requires its previous shedding by either α- or
β-seretase to fit under the large Nct ectodomain of the γ-secretase complex. Since
PSH is not forming a complex with any accessory protein, no "lid" might hinder the
cleavage of full-length (fl) APP (bearing the Swedish mutation). To test this hy-
pothesis, flAPP was incubated with DDM-solubilized and POPC-reconstituted PSH.
Interestingly, PSH differentially cleaved flAPP depending on the environment. In
DDM micelles, PSH was not able to cleave flAPP and no cleavage products (AICD
and Aβ) were detected (figure 3.2.13). In the POPC bilayer, flAPP was cleaved
by PSH resulting in the release of a fragment which corresponds to an APP CTF.
This cleavage was not inhibited by L-685,458 but by the PSH aspartate mutant
D162/220A. The inhibition of this cleavage by the aspartate mutants indicates that
the cleavage is dependent on the catalytic activity of PSH. It is expected that the
inhibitor L-685,458 should also show an inhibition of this cleavage but this is not
observed here. The reason for this needs to be elucidated further. Furthermore, the
production of AICD and Aβ-peptides was observed which presumably arise from
the generated CTF (figure 3.2.13). One should note that the presumable cleavage
site within the APP ectodomain and the active site of PSH are far away from each
other and on opposite sites of the lipid bilayer. The exact cleavage site for the CTF
generation and the exact mechanism of this cleavage needs to be elucidated in future.

Figure 3.2.13: Cleavage of flAPP by PSH. Immunoblotting for AICD (Y188) and Aβ

(2D8) after incubation of flAPP with PSH in DDM micelles and POPC vesicles at 37 °C
over night.
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3.2.10 Structure prediction of PSH–substrate complexes

The structure information on the PSH-C83 complex used in this study, rely on the
building of an homology model. Model building strongly relies on the quality of
the input data and is therefore also prone to misinterpretation. But the biochemical
validation of the two important structural elements TMD6a and β2 strongly support
that the homology model presented here might be true (see 3.2.8). The AI system
AlphaFold is a tool which can predict the 3D structure of proteins based on their
aa sequence (Jumper et al., 2021; Tunyasuvunakool et al., 2021; Varadi et al., 2022)
and its latest development AlphaFold-Multimer allows now also the prediction of 3D
structures of protein complexes (Evans et al., 2022). Therefore, AlphaFold-Multimer
was used to predict the structure of PSH in complex with C83 or C99 based on the
fl aa sequences of PSH, C83 and C99.
In both predicted PSH–substrate complexes, the respective substrate is located in
between TMD2 and 3 and protudes into the catalytic cleft in between the two
catalytic aspartates D162 and D220 (figure 3.2.14). Furthermore, for both enzyme–
substrate complexes an additional small TMD6a, C-terminal of TMD6, is predicted
and also an antiparallel β-sheet formed by two β-strands from PSH at is cytosolic
site. AlphaFold also estimates the prediction confidence for each residue (pLDDT).
For the PSH predictions, most regions had a pLDDT value above 70 (figure 3.2.14C,
D), meaning that these regions are at least well predicted. The regions which were
less well predicted (50 ≤ pLTDD ≤ 70) correspond mainly to the loop regions of
PSH. For parts of the large loop connecting TMD6 and 7 the pLDDT value was even
below 50 which indicates that these regions are disordered. For the C83 and C99
predictions the pLDDT value was mainly for all residues below 50 (figure 3.2.14C,
D) making an interpretation of these predictions difficult.
Even though the pLDDT value for the substrate predictions was low, the general
features of both enzyme–substrate complexes will still be described. In comparison
to the PSH–C83 homology model, several differences are observed. While in both
predicted structures two β-strands for PSH are observed (β1 – M187-P191 and β2 –
A213-G217), only β2 was found in the homology model. Interestingly, aa that form
this β-strand were the same in the predicted structures as well as in the homology
model (A213-G217, table 3.2.1). Furthermore, the predicted structures did not show
a β-strand within the respective substrate which was found in the homology model
(β3, V50-K54). In the predicted structures, residues H171-T182 form TMD6a and
similarly, residues H171-E177 in the homology model form the small helix TMD6a
(table 3.2.1). The homology model and the structure predictions largely differ in
the position at which the unwinding of the substrate helix starts. In the model, the
helix unwinds after V46, in the predictions the helix unwinds after Y57 (C83) or
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T58 (C99), respectively (table 3.2.1).

Figure 3.2.14: Prediction of PSH–substrate complexes. AlphaFold-Multimer pre-
diction of PSH–C83 (A) and PSH–C99 (B) complexes. PSH is depicted in blue and the
substrates (C83/C99) are depicted in orange. Only C-terminal truncated substrates are
shown (C83: L17-V66, C99: D1-V66). The red spheres show the catalytic aspartates.
pLDDT values for each residue of the predicted PSH–C83 (C) and PSH–C99 (D) struc-
tures. The dotted horizontal lines represent pLDDT values of 90, 70 and 50, respectively
and the vertical line mark the end of PSH residues.

The predicted PSH–substrate structures reveal show similar structural features as
the homology model and might in addition to this homology model help to guide
new experiments like further mutational analysis. This is especially interesting for
the PSH–C99 complex which can not be modeled by homology modeling because of
missing structural information on the first 16 N-terminal aa residues.
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Table 3.2.1: Position of structural elements. Amino acid positions of structural
elements β1, β2, β3 and TMD6a as well as beginning of substrate helix unwinding of
predicted PSH–substrate complexes and homology model.

PSH–C83 PSH–C99 homology model
β1 M187-P191 M187-P191 –
β2 A213-G217 A213-G217 A213-G217
β3 – – V50-K54
TMD6a H171-T182 H171-T182 H171-E177
unwinding Y57 T58 V46

3.3 The hybrid β-sheet of γ-secretase–substrate
complex

The structural investigations of γ-secretease with two of its substrates identified a
newly formed hybrid β-sheet at the cytosolic site of the complex, composed of two β-
strands (β1 (Y288-S290) and β2 (R377-L381)) from γ-secretase and one β-strand (β3)
from the respective substrate (Yang et al., 2019; Zhou et al., 2019). The subsequent
functional analysis revealed that – at least – the β-strands formed in the γ-secretase
are of functional importance (Yang et al., 2019; Zhou et al., 2019).

3.3.1 The β2-strand of γ-secretase

The afore mentioned studies investigated the functional importance of the γ-secretase
β-strands by deleting the respective aa. Since a deletion of several aa within a protein
might result into larger structural changes, the role of β2-strand was investigated
here by additionally mutating K380 to proline which should disrupt the β-strand
and the hydrogen bonds within the hybrid β-sheet.
First PS1 K380P and PS1 Δ377-381 were analysed in HEK293 cells. To this end,
PS1 K380P and PS1 Δ377-381 as well as WT PS1 and PS1 M292D, a mutant PS1
which is not endoproteolysed but processes APP CTFs like WT PS1 (Steiner et al.,
1999b), were stably expressed in HEK293 cells stably overexpressing Swedish (sw)
mutant APP and lacking endogenous PS1 and 2 (HEK293/sw PS1/2 dKO). When
assessed for γ-secretase complex assembly and PS1 endoproteolysis, PS1 K380P
and PS1 Δ377-381 showed a normal complex assembly and normal maturation
of NCT (figure 3.3.1A). But both mutants were defective in their endoproteoly-
sis. While PS1 Δ377-381 was not endoproteolysed at all, PS1 K380P showed some
residual endoproteolysis but most of the PS1 remained uncleaved (figure 3.3.1A).
Next, the processing of APP CTFs by these mutants was analysed. PS1 K380P
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Figure 3.3.1: Analysis of endoproteolysis and APP processing of PS1 mutants.
(A) PS1 endoproteolysis and NCTmaturation of mutant PS1 analyzed by immunoblotting.
WT and mutant PS1 were overexpressed in HEK293/sw PS1/2 dKO cells. (B) Secretion
of sAPP and Aβ from HEK293/sw PS1/2 dKO cells overexpressing WT and mutant PS1
into the medium analyzed by immunoblotting. The lower panel shows a longer exposure
of the Aβ immunoblot. (C) MALID-TOF analysis of immunoprecipitated Aβ species from
conditioned media of HEK293/sw PS1/2 dKO cells overexpressing WT and mutant PS1.

and PS1 Δ377-381 showed an accumulation of APP CTFs in the cell lysates (fig-
ure 3.3.1B), indicative of impaired cleavage by these PS mutants. In line, both
mutants showed a strongly reduced secretion of Aβ into the medium of the cells (fig-
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ure 3.3.1B). But in contrast to previously published results on cleavage of C99 by
PS1 Δ377-381 in an cell-free assay approach (Zhou et al., 2019), PS1 Δ377-381 is
at least partially active in cells. The secreted Aβ was further analysed by IP-MS
MALDI-TOF. In both mutants the secretion of Aβ43 was observed (figure 3.3.1C).
The impaired endoproteolysis as well as the impaired APP cleavage and secretion of
Aβ43 resemble the strong, Aβ43-producing loss-of-function FAD PS1 mutants (Kret-
ner et al., 2016; Trambauer et al., 2020).
The discrepancy in the activity of PS1 Δ377-381 towards APP between this study
and previous published data (Zhou et al., 2019) might arise from the different ex-
perimental setup. To rule out this possibility, cell-free assays were performed with
PS1 K380P and PS1 Δ377-381. C99-based recombinant C100-His6 substrate was in-
cubated with CHAPSO-solubilized HEK293/sw PS1/2 dKO membranes (expressing
the respective PS1 variant) over night at 37 °C. As already observed in the cellu-
lar system, both mutants were strongly impaired in cleavage of C100-His6 and for
PS1 Δ377-381 no activity could be detected by immunoblotting, at least for Aβ pro-
duction (figure 3.3.2A). A faint AICD band for the Δ377-381 mutation might indicate
that this mutation also has a strongly decreased activity. It is possible that the re-
duced activity of PS1 Δ377-381 is only hardly assessable with the methods used here
or that in the cell-free system the reduction is stronger than in the cellular system.
Strikingly, PS1 K380P was not inhibited by L-685,458 at the same concentration
(2 µM) used for the other PS1 constructs. It might be possible that the binding
of L-685,458 to PS1 K380P is reduced since this residue stabilizes the interaction
with the GSI by two backbone hydrogen bonds (Yang et al., 2021). Furthermore,

Figure 3.3.2: Activity of PS1 β2-strand mutations in vitro. Immunoblotting for
AICD (penta-His) and Aβ (2D8) after incubation of C100-His6 with CHAPSO-solubilized
γ-secretase complexes containing WT and mutant PS1 at 37 °C over night. The lower
panels show a longer exposure.

the AICD species generated by these mutants were analysed by MALDI-TOF. No
AICD was detected for PS1 Δ377-381 but for PS1 K380P. PS1 K380P exclusively
cleaves after L49 (ε49), releasing AICD50 (figure 3.3.3). This shows that PS1 K380P
is not only impaired in the processivity but also preferentially cleaves in the Aβ40

product line.
Taken together, the β2-strand of γ-secretase is important for the endoproteolysis of
PS and for the cleavage of γ-secretase substrates. Thereby it is not only affecting
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the processive cleavage but also the Aβ product line preference.

Figure 3.3.3: AICD generation by PS1 β2-strand mutations in vitro. MALDI-
TOF analysis of immunoprecipitated AICD species generated produced by CHAPSO-
solubilized γ-secretase complexes containing WT and mutant PS1 in vitro. The asterisk
marks a peak that was also found in the inhibitor control.

3.3.2 The β-strand of APP

Another part of the hybrid β-sheet in the γ-secretase–substrate complex is the β3-
strand formed C-terminal of the cleavage site of the substrate, which is involved in
the helical unfolding at the scissile bond. The influence of this β-strand on APP
cleavage was assessed in an cell-free approach. To this end, cleavage of mutant
C100-His6 bearing proline mutations at aa M51 and L52 was compared to cleavage
of WT substrate by CHAPSO-solubilized γ-secretase. For M51P no AICD and Aβ

fragments were detected figure 3.3.4A) indicating that APP M51P is not cleaved
at all by γ-secretase under these conditions. In contrast, for L52P Aβ and AICD
fragments were detected but no inhibition of the AICD cleavage was observed (figure
3.3.4A). This indicates that L52P is not only cleaved by γ-secretase but also by
another protease. To analyse this, the cell-free assay was additionally performed
with CHAPSO-solubilized membranes from HEK293 PS1/2 dKO cells and for L52P
again a cleavage fragment corresponding to AICD was identified (figure 3.3.4A). This
shows that L52P is not only cleaved by γ-secretase but also by (an)other – so far not
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identified – protease(s), perhaps a rhomboid IMP which also cleaves type I TMD
proteins. To further elucidate on the cleavage of WT and mutant APP, the cell-free
assay was additionally performed with purified γ-secretase coomplex composed of
PS1, NCT, APH-1a and PEN-2 (provided by Lucía Chávez-Gutiérrez). All three
APP constructs were cleaved by the purified γ-secretase complex with WT being the
most efficiently cleaved followed by L52P and M51P (figure 3.3.4B). In contrast to
the cell-free assay performed with CHAPSO-solubilized membranes, also cleavage
fragments for M51P were observed but with a very low abundance. Since this
cleavage assay is performed in a pure system, only γ-secretase-dependent cleavage
fragments were observed. Analysis of Aβ species by Tris-Bicine urea SDS-PAGE
(figure 3.3.4C) did not show large differences between the Aβ species generated by
from WT and L52P.

Figure 3.3.4: Cleavage of APP β3-strand mutants. (A) Immunoblotting for AICD
(penta-His) and Aβ (2D8) after incubation of WT and mutant C100-His6 with CHAPSO-
solubilized γ-secretase at 37 °C over night. The asterisks mark two γ-secretase-independent
substrate degradation bands. (B) Immunoblotting for AICD (penta-His) and Aβ (2D8) af-
ter incubation of WT and mutant C100-His6 with purified γ-secretase at 37 °C over night.
The asterisks mark two γ-secretase-independent substrate degradation bands. (C) Im-
munoblotting for Aβ species (2D8) produced by purified γ-secretase from WT and mutant
C100-His6 in short (left) and long (right) exposure.
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AICD species were analyzed from cell-free assays performed with purified γ-secretase.
Due to the low abundance of cleavage fragments of M51P it was not possible to detect
AICD species in mass spectrometry experiments. For the WT the two expected
AICD species AICD50 and AICD51 were identified, corresponding to cleavage at ε49
and ε48 (figure 3.3.5). L52P is exclusively cleaved after T48 (ε48) releasing AICD51
(figure 3.3.5) which has already been previously reported for this well-known FAD
mutation (L723P, (Dimitrov et al., 2013)).

Figure 3.3.5: AICD generation from APP β3-strand mutants. MALDI-TOF
analysis of immunoprecipitated AICD species generated produced by purified γ-secretase
from WT C100-His6 and C100-His6 L52P
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4 Discussion

This dissertation focuses on two presenilin IMPs, the archaeal presenilin homolog
PSH and the human γ-secretase. In the first part, the influence of a detergent
environment versus a lipid bilayer on the activity and active site geometry of PSH
were investigated. This was accompanied by studies on the importance of two
structural elements of the PSH–substrate complex (β2-strand and TMD6a). The
second part focused on the structurally and functionally important hybrid β-sheet
in the γ-secretase–substrate complex.

4.1 PSH as a model protease for γ-secretase

The discovery of PSH in 2010 (Torres-Arancivia et al., 2010) offered new possibil-
ities to study the activity of presenilin IMPs since PSH is in – contrast to PS –
active without accessory proteins. And even though the cleavage of APP-derived
substrates by PSH was analysed in several studies (Dang et al., 2015; Clemente
et al., 2018; Naing et al., 2018), the results on the cleavage differed dependent of the
experimental designs of these studies. Dang et al. (2015) used a C99 construct with
an N-terminal MBP-fusion and a C-terminal octa-His tag and could show that PSH
processes C99 in a similar manner than γ-secretase. In contrast, Naing et al. (2018)
used a C100FRET construct and short C99 TMD-based constructs N-terminally
fused to MBP and C-terminal to a SUMO-tag. These experiments showed a pre-
ferred cleavage at Aβ42 over Aβ40. This already indicates that the experimental
set-up can strongly influence the cleavage by PSH. Furthermore, little is known
about some basic characteristics of PSH. No study so far revealed whether PSH is
endoproteolysed as PS or what topology it might have in its natural environment.
Therefore it might still be possible that the natural PSH substrates are of type II
topology and the cleavage of APP-based type I TMD substrates is an artefact of
the in vitro system in which PSH can adopt both possible topologies.
This present study did also not focus largely on the basic characteristics of PSH
since this would include studies in M. marisnigri and also the identification of nat-
ural PSH substrates. Nevertheless, inactivating the catalytic activity by alanine
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mutants showed that PSH is – in contrast to PS – not endoproteolysed and in
this aspect more reflecting the SPP proteases. In addition, the cleavage of the
APP-based C99 substrate by PSH was confirmed in DDM micelles. Compared to
γ-secretase the processivity of PSH towards C99 was reduced and longer Aβ species
were generated as it was also observed in previous studies (Naing et al., 2018). This
study here could also show that PSH is not only able to cleave C99 but also another
APP-based substrate C83 also in a similar manner than γ-secretase, making C83
another authentic but non-natural PSH substrate. Interestingly, the cleavage could
be inhibited by TSA GSIs, inhibitors specifically designed to inhibit γ-secretase but
higher concentrations were needed than for a proper inhibition of γ-secretase. Dang
et al. (2015) already reported a high IC50 for PSH inhibition by another TSA GSI
III-31C (10 μM). Furthermore, non-TSA GSIs were at the same high molecular con-
centration not able to inhibit PSH cleavage. This indicates that the binding sites
for GSIs is structurally somewhat different and that potential interaction points
might not exist in PSH. As it was shown for γ-secretase, both TSA and non-TSA
inhibitors occupy a similar binding site at the active site of the enzyme, but TSA
GSIs additionally protrude into the catalytic cleft (Yang et al., 2021). Assuming
that both types of GSIs bind in a similar way to PSH as they bind to γ-secretase, this
further supports the hypothesis that inhibitor binding sites are missing within PSH
resulting in the reduced activity of TSA GSIs and the complete abolished activity
of non-TSA GSIs towards PSH. This is further supported by the observation that
L-685,458 is less potently inhibiting PSH in the DDM micelles than in the POPC
bilayer. The destabilized active site geometry in the detergent environment there-
fore not only weakens the enzyme–substrate interaction but also the enzyme–GSI
interaction. This also helps to understand why the Merck C binding was less well
competed by the parental compound L-685,458 in the DDM micelles in addition to
a higher unspecific PSH binding to the strepativdin beads.
Even though PSH is able to cleave type I TMD proteins in the in vitro system and
the cleavage of C83 and C99 strongly resembles the cleavage by γ-secretase, one can
not rule out the possibility that PSH might be more SPP-like than PS-like. PSH is
not endoproteolysed like PS and resembles more SPP in this aspect. Furthermore,
a higher sequence conservation between PSH and SPP compared to PS1 and an
evolutionary closer relation between PSH and SPP is reported (Raut et al., 2021).
Theoretically, it might also be possible that PSH is found in both topologies within
the membrane of M. marisnigri and therefore might cleave type I and type II TMD
proteins. Future studies on PSH in its natural environment and the identification
of natural substrates are necessary to shed light on this. Nevertheless, the rather
authentic cleavage of APP-based substrates by PSH releasing Aβ, p3 and AICD still
makes PSH an interesting surrogate for γ-secretase cleavage, especially to study PS
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functions in the absence of accessory proteins.

4.2 Effects of detergent and lipid environments
on intramembrane proteolysis

Previous studies could already show that the lipid environment (Osenkowski et al.,
2008; Moin & Urban, 2012; Winkler et al., 2012) and also the condition of the in vitro
assay (Quintero-Monzon et al., 2011) can strongly influence the activity of IMPs.
Moin & Urban (2012) could show that the E. coli rhomboid IMP GlpG cleaves at
different cleavage sites within its substrates depending on the in vitro assay system.
Reconstituted in proteoliposomes, the cleavage sites were the same than the ones in
E. coli. In contrast, GlpG cleaved its substrates at different cleavage sites when the
cleavage was analysed in DDM micelles (Moin & Urban, 2012). Studies performed
on γ-secretease cleavage in lipid membranes of various compositions (Osenkowski
et al., 2008) and different membrane thickness (Winkler et al., 2012) showed a com-
plex modulation of enzyme activity by the lipid environment. Not only the total
activity of γ-secretase but also the processivity strongly depends on membrane lipid
composition and thickness. But little did these studies reveal about the mechanism
underlying the modulation of IMP activity by the lipid environment. The membrane
environment seem to restrict the helical conformation of the substrate which is only
opened when the substrate enters the active site of the enzyme. In contrast, the
helical conformation is less strict in a detergent micelles which might explain the
difference in cleavage site usage in GlpG (Moin & Urban, 2012).
PSH activity is dependent on the pH, showing an optimum at around pH 7.0-7.5 in
DDM and POPC environment and a sharp drop in total activity at higher pH. The
drop in total activity is accompanied by a decreased processvity and the generation
of longer Aβ species. This was similarly observed for γ-secretease which is impaired
in total activity as well as processivity at more alkaline pH (Quintero-Monzon et al.,
2011). Interestingly – in contradiction to the observed impaired processivity – Aβ38

increased at alkaline pH for γ-secretase (Quintero-Monzon et al., 2011).
Since the lipid environment can influence IMP activity, the influence of such an en-
vironment on PSH was also assessed. The experiments were all performed in POPC
environment, the most abundant phospholipid in humans. Importantly, the POPC
environment does not reflect the natural membrane environment of PSH, of which
nothing is also known so far. In general, the backbone of archaeal phospholipids is
glycerol-1-phosphate to which highly methylated isoprenoid chains are ether-linked
which makes archaeal membranes quite thermally stable (Caforio & Driessen, 2017).
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Since these lipids are commercially not available, it was not possible to perform
experiments in an natural PSH environment. Therefore, the experiments were re-
stricted to POPC vesicles. For both APP-based substrates C99 and C83 the lipid
environment greatly enhanced the processivity of PSH compared to DDM micelles
resulting in the release of shorter Aβ and p3 species, respectively. PSH was also ac-
tive when reconstituted into vesicles composed of brain lipids and this environment
enhanced the processive cleavage even more than the POPC environment. These
data do not only show that the lipid environment per se is important for the activity
of aspartyl intramembrane proteases but also the specific composition of this lipid
environment can modulate the IMP activity.
Whether the lipid environment effect is mediated as a bulk effect or whether it in-
volves direct protein–lipid interactions remains unclear. Structural investigations
on different IMPs already revealed lipid molecules bound to the respective protease
(Ben-Shem et al., 2007; Lemieux et al., 2007; Bai et al., 2015b; Yang et al., 2019;
Zhou et al., 2019). Since these lipid molecules were still bound after extensive purifi-
cation of the proteases, it might be possible that these lipid molecules tightly interact
with the respective protease. Especially for γ-secretase one lipid molecule was found
to be located in between the TMD of NCT and several TMDs of APH-1 (Bai et al.,
2015b), further supporting a strong binding of some lipid molecules to the protease.
Nevertheless, non of these studies investigated these protease–lipid interactions in
depth nor biochemically identified a lipid binding site. It might be possible that
the conformational stabilization of the enzyme–substrate complex (E-S) by the lipid
environment is more related to a lipid bulk effect and that the interaction with spe-
cific lipids might fine tune the activity of the protease. Future studies are needed
to unravel the protein–lipid interaction and its role in modulating IMP activity. In
depth inspections of the MD simulations performed on the PSH–substrate complex
(Feilen et al., 2022) could already reveal some potential POPC binding sites – e.g.
in the gap between the N-terminal part of the TMD of C83 and the C-terminal part
of TMD3 – and these might be a good starting point for future investigations.
The remarkably increase in processivity in the POPC environment was supported
by an increased stability of the active site geometry of POPC-reconstituted PSH.
Already in the MD simulations a Cγ-Cγ distance shorter than 7 Å – which is here
defined as a measure for a proteolyis-compatible active site geometry – was more
frequently sampled in the POPC bilayer than in the DDM micelle. The larger Cγ-Cγ

distance in the DDM environment results in a drainage of water molecules from the
cytosol to the active site which disrupt important hydrogen-bond interactions. In
contrast, the shorter Cγ-Cγ distance in the POPC bilayer squeezes out excess water
molecules from the active site leaving only the one water molecule which is necessary
for the hydrolysis reaction between the catalytic aspartates and the substrate. The
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inhibitor affinity precipitation experiments using Merck C, a biotinylated derivative
of the GSI L-685,458, could confirm the observations from the MD simulations. In
the POPC bilayer, more PSH was precipitated by Merck C, indicating a stronger
binding of Merck C to PSH in this environment. Since Merck C (and L-685,458)
is directed to the active site of PSH the stronger binding reflects a more stabilized
active site geometry in POPC.
Previous experiments with γ-secretase already observed cleavage differences in a
micelle environment compared to a lipid raft-like membrane environment (Szaruga
et al., 2017). The lipid environment promoted the processive cleavage of γ-secretase
by stabilizing the enzyme–substrate complex and facilitates the binding of shorter
Aβ species to γ-secretase. The biochemical experiments in combination with the MD
simulations in the present study now can explain these observation in more detail:
the lipid bilayer stabilizes the conformation of the E-S and reduces conformational
flexibility resulting in an increased processive cleavage.
In general, this study further supports the notion that the lipid environment is im-
portant for the activity of IMPs in general by stabilizing the active site geometry.

4.3 Cleavage of flAPP by PSH

For γ-secretase, it is known that substrates require a short ectodomain to fit under
the NCT ectodomain and to be cleaved by γ-secretase. Since no such "lid" is knwon
for PSH, it might be able to also directly cleave substrates with large ectodomains.
For both environments – DDM micelles and POPC bilayer – no direct cleavage of
flAPP into AICD and Aβ was observed. But unexpectedly, flAPP is shed by PSH in
the POPC environment. The resulting CTF is then substrate for the canonical PSH
cleavage. The exact mechanism of this non-canonical cleavage remains elusive espe-
cially since the APP cleavage site and the PSH active site are distantly located at
opposite sites of the membrane plane. It might be possible that two PSH molecules
that are differentially oriented act here together. First, flAPP is shed by PSH in a
"SPP-like topology" resulting in the formation of a CTF. This CTF is then cleaved
in by PSH which is inversely oriented ("PS-like topology") in the canonical way
(figure 4.3.1). This combination of non-canonical shedding and canonical cleavage
might be an artefact of the in vitro assay, in which both – the substrate and the
enyzme – are found in both orientations. Interestingly, the non-canonical shedding
was only observed in the POPC environment but not in DDM micelles. It might be
that the stabilized active site geometry facilitates the shedding or that the confor-
mation of the substrate is different in the POPC bilayer than in the DDM micelle.
Such an influence of the substrate conformation on shedding was already previously
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observed for the non-canonical shedding of TNFα by SPPL2a (Spitz et al., 2020).
Besides SPPL2a also SPPL3 can directly shed full-length substrates (Mentrup et al.,
2020) and also for γ-secretase a direct cleavage of APLP1 without prior ecotodomain
shedding by either α- or β-secretase was reported (Schauenburg et al., 2018) without
further mechanistic explanation.

Figure 4.3.1: Model of APP shedding and cleavage by PSH. flAPP is first shed by
PSH resulting in a CTF. This CTF is then further cleaved by a second PSH in an inverse
topology releasing AICD and Aβ.

It might also be possible that the shedding and cleavage of flAPP does not require
PSH in two orientations. The elution of flAPP from the beads after immunoprecip-
itation was performed in a buffer containing 1% SDS which might have resulted in
the unfolding of the large APP ectodomain. As a consequence, this ecotodomain
may also be able to fold into the active site of PSH and might be cleaved resulting
in the CTF which is further cleaved by PSH.
It remains elusive why the non-canonical shedding by PSH is not inhibited by the
GSI L-685,458 and it might be possible that the "SPP-like oriented" PSH molecules
are also in a slightly different conformation. This conformation still allows the cleav-
age of APP but it impairs the inhibitor binding similar to the decreased inhibition of
PSH in DDM micelles. Another possibility is that flAPP has a greater binding affin-
ity for PSH than APP CTFs and/or L-685,458 and L-685,458 cannot compete with
the flAPP binding. After the shedding, L-685,458 might then be able to compete
with the resulting CTF. In this case, increased GSI concentrations might inhibit the
non-canonical cleavage.
In a previous study by Dang et al. (2015) it was already shown that PSH is able
to directly cleave a C99-based substrate with an N-terminal MBP-fusion in a DDM
micelle. For this MBP-C99 cleavage no shedding of the substrate resulting in a CTF
was reported and investigated. Maybe the afore mentioned unfolding of the APP
ecotdomain might facilitate or allow the APP ectodomain shedding by PSH and
maybe under certain experimental conditions APP can be directly cleaved by PSH
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withoud prior shedding. Further work on this non-canonical cleavage is needed to
understand if, how and under which conditions this mechanism takes place.

4.4 The substrate recognition/binding motifs of
PSH

The work on PSH furthermore revealed that within the PSH–C83 complex also struc-
tural elements are found that have been previously reported for the γ-secretease–
substrate complexes, namely TMD6a C-terminal of TMD6 and a hybrid β-sheet
composed of β-strands from the enzyme and the substrate (Yang et al., 2019; Zhou
et al., 2019). In contrast to the hybrid β-sheet of γ-secretease–C83, the hybrid β-
sheet of PSH–C83 is only composed of two β-strands, one from the enzyme (β2)
and one from the substrate (β3), in the homology model. Since the available PSH
structures used as templates for model building are lacking parts of the loop regions
(Li et al., 2013; Dang et al., 2015), the homology model is lacking 17 aa in the loop
between TMD6 and 7. This also results in two fragments in the homology model, an
NTF and a CTF. Therefore, there is a possibility that not all β-strands are present
in this model. Interestingly, the predicted structures by AlphaFold contained two
β-strands within PSH but not one within the substrate and the two PSH β-strands
correspond to those of PS. Keeping in mind that the predictive power of the sub-
strates was low (pLDDT < 50) it might be possible that this particular β-strand
was just not predicted. Both methods – the homology model building and the
structure predictions – have their weaknesses, future structural investigations of the
PSH–substrate complex might help to unravel the details of the structural elements
involved in substrate recognition/binding. It might be possible that these structural
investigations on the PSH–substrate complex would reveal a hybrid β-sheet with
three β-strands, one from the substrate and two from the enzyme, as it is known for
γ-secretase (Yang et al., 2019; Zhou et al., 2019). Nevertheless, the homology model
here served as a good starting point for further biochemical experiments, since it
suggests that an hybrid β-strand as well as a TMD6a are involved in this process.
The mutational analysis in β2 and TMD6a revealed that these residues in PSH are
important for PSH activity since they all (nearly) completely abolished the activ-
ity. Of course, the introduction of mutants into a protein can not only change the
properties of the exchanged aa, but also lead to protein misfolding or even aggre-
gation. However, this could be excluded by various quality control experiments for
the corresponding mutants in the structural motifs. The role of the β2-strand is
discussed in more detail later (see 4.5) and only the role of TMD6a is discussed
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here. The four aa M172, I173, L175 and A176 create an hydrophobic patch which
accommodates two aa of the substrate (V50 and L52) that are part of the substrate
β-strand (β3). Introduction of charged aa residues into this patch abolished the PSH
activity because they unfold TMD6a. The unfolded TMD6a is not able to stabilize
the enzyme–substrate interaction and to facilitate the unwinding of the substrate
and/or the correct positioning of the cleavage sites at the active site. This hydropho-
bic patch formed by the four aa in TMD6a can also be found in PS1 (Yang et al.,
2019; Zhou et al., 2019) and might fulfil there the same function as for PSH. Future
mutational analysis of this structural element in PS can shed more light on the role
of TMD6a in γ-secretase.

4.5 The hydrid β-sheet in presenilin IMPs

For both IMPs investigated in this present study, it was shown that the hybrid
β-sheet is important for the cleavage of the C99 substrate and disruptions of this
β-sheet can result in a decreased or even completely abolished activity.
The previous structural investigations on the γ-secretase–substrate complexes al-
ready reported an abolished cleavage of Notch and APP-based substrates, respec-
tively upon the deletion of β2 (Δ377-381), showing the importance of this structural
motif (Yang et al., 2019; Zhou et al., 2019). The present study could shed more light
on the role of this β-strand as well as the complete hybrid β-sheet formed between
enzyme and substrate in PSH and γ-secretase. For both enzymes, mutations within
the β2-strand impaired or even completely abolished the enzyme activity (for PSH).
Interestingly, for γ-secretase, the mutation of β2 (PS1 K380P) or the deletion of
β2 did not completely abolish the activity when expressed in HEK293 cells. Both
mutations strongly reduced the secretion of Aβ and only Aβ43 was found in the
medium of these cells. Interestingly, both PS1 mutations were also impaired in their
endoproteolysis which has not been reported before. Therefore, these mutations re-
semble the loss of function phenotype of strong PS1 FAD mutations (Kretner et al.,
2016; Trambauer et al., 2020). Of note, the afore mentioned studies investigated
the activity of PS1 Δ377-381 only in an in vitro system (Yang et al., 2019; Zhou
et al., 2019) and might therefore have missed these observations. This is supported
by findings in this study which also showed a completely abolished activity for PS1
Δ377-381 in vitro. Interestingly, mutating or deleting the β2-strand in PSH always
completely abolished the activity, except for PSH A213P in the POPC environment.
This exception might be explained by the fact that this mutation is located directly
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at the border of the β-strand and is not always part of it in the MD simulations. Nev-
ertheless, it remains elusive why all the proline mutation within the PSH β2-strand
completely abolish the activity and not only reduce it like K380P in presenilin. It
might be possible that the enzyme–substrate interaction within the PSH–substrate
complex is lower than in the γ-secretase–substrate complex. Furthermore, the other
components of the γ-secretease complex might reduce the functional consequences
of the β2-strand mutations in PS in comparison to the uncomplexed PSH. NCT and
PEN-2 are also involved in substrate binding (Fukumori & Steiner, 2016) and might
facilitate the γ-secretase–substrate interaction even if PS is mutated. Additionally,
APH-1 stabilizes the γ-secretase complex (Lee et al., 2002; Niimura et al., 2005).
Therefore, disrupting such a structurally important element involved in substrate
binding/positioning within PS1 might have reduced functional consequences com-
pared to mutations within the same structural element in PSH.
Strikingly, PS1 K380P was less well inhibited by GSI L-685,458 than WT PS1 or
PS1 M292 in the in vitro system. It was shown previously that K380 forms a sta-
ble backbone hydrogen bond to L-685,458 (Hitzenberger & Zacharias, 2019c; Yang
et al., 2021) and seems to be needed for the binding/positioning of this GSI at the
active site. The mutation K380P disrupts this hydrogen bond and therefore might
reduce/weaken the binding of L-685,458 to γ-secretase which might result in the
reduced potency.
Not only the disruption of β2 in the γ-secretase–substrate complex impaired cleav-
age but also mutations in the APP β-strand (β3). Both mutations studied here –
M51P and L52P – impaired the cleavage especially M51P which nearly completely
abolished the cleavage. The L52P mutation strongly impaired the cleavage in vitro,
resulting in the decreased production of AICD and Aβ as it was previously also
shown in cells (Hecimovic et al., 2004). Furthermore, APP L52P was also cleaved
by another IMP in the CHAPSO-solubilized membrane assay, most likely a rhomboid
IMP. Interestingly, single aa proline mutations in the N-terminal part of the APP
TMD (e.g. postion 4, 7 or 8) also convert the γ-secretase substrate into a rhomboid
substrate by increasing the TMD dynamics (Moin & Urban, 2012). Changing the
TMD dynamics seem to allow the conversion of substrates into nearly non-substrates
or into substrates for different IMPs. In the future, this observation might help to
better understand what determines a γ-secretase substrate or non-substrate. In line
with previous published data (Dimitrov et al., 2013), L52P was preferentially cleaved
at ε48. Structural studies on this particular mutation could show that it locally un-
folds the APP TMD and makes the ε48 cleavage site more accessible than the ε49
cleavage site (Bocharov et al., 2019). The afore mentioned study by Dimitrov et al.
(2013) could not show any alterations in the processive cleavage whereas cellular
studies reported an increased Aβ42/Aβ40 ratio (Kwok et al., 2000; Hecimovic et al.,
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2004). In this study, also no alterations on the processive cleavage of the L52P mu-
tants were shown in the in vitro system. This suggest that this particular mutation
is more severe in vivo. Since the mutations is located C-terminal the ε-cleavage site
and released after this cleavage, it might probably not affect the processive cleavage
directly but rather the cellular localization of the substrate and thereby also which
γ-secretase complex cleaves the mutant APP. This could then translate in the release
of longer Aβ species observed in cells and might explain the pathomechanisms of
this FAD mutation.
Furthermore, the hybrid β-sheet is not only important for the processive cleavage
but also for the choice of the Aβ product line. Both mutations studied here in this
hybrid β-sheet shifted the ε-site cleavage preference, PS1 K380P to ε49 cleavage
(Aβ40 product line) and APP L52P to ε48 cleavage (Aβ42 product line). A previous
study on (artificial) APP mutations already showed that mutations within the APP
cleavage site region and especially also within the region of the β3-strand can direct
the ε-cleavage and decide which Aβ product line will be preferred (Bolduc et al.,
2016b). These mutations were designed to either enlarge or reduce the size of the
aa side chain but no proline mutation was assessed. Bolduc et al. (2016b) show that
the size of the aa of the substrate determines into which binding pocket within the
enzyme the respective aa binds. Therefore, there are two determinants which define
the activity of the enzyme–substrate complex, the ability to form a hybrid β-sheet
and how the substrate β-strand is positioned based on the (size of the) side chains
of the aa within the substrate β-strand.
Interesting, the hybrid β-sheet is a hotspot for AD-causing FAD mutations in PS1
and in total 8 of the 12 aa involved in this β-sheet are known mutation sites (Zhou
et al., 2019). For some of these FAD mutations like R377W (Sun et al., 2017) or
L381V (Ikeuchi et al., 2008; Sun et al., 2017) a reduced total activity as well as an
increased Aβ42/Aβ40 ratio was reported. For the PS1 L381V mutation also elevated
Aβ43 levels (Kakuda et al., 2021) and an impaired endoproteolysis (Ikeuchi et al.,
2008) were reported, similar to the PS1 K380P mutation analyzed in this study. Of
note, non of these FAD mutations in this region substitutes an aa with a proline
so they might influence the formation of the hybrid β-sheet to a lower extend than
the PS1 K380P mutation. Nevertheless, the mutation there and their functional
consequences further underpin the importance of this hybrid β-sheet for the activity
of γ-secretase.
Such a hybrid β-sheet might be a general feature of aspartyl IMPs and not restricted
to presenilin aspartyl IMPs. The predicted structures of the SPPL2a, SPPL2b,
SPPL2c and SPPL3 IMPs in the AlphaFold database (Jumper et al., 2021; Varadi
et al., 2022) also show a β-sheet formed between two β-strands of the respective
IMP even in substrate-free state. These β-strands are similar located as the two β-
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strands of PS1 one C-terminal of TMD6 and one directly preceding the GxGD motif
in TMD7. Whether this β-sheet is really formed in the substrate-free form of SPPLs
as suggested from the predictions or whether it only exists in a hybrid β-sheet in the
substrate-bound state needs to be shown in the future by determining the structures
of E-S. Given the high similarity between PS and SPP, it is not unlikely that SPPLs
– at least in the substrate-bound form – also form such a hybrid β-sheet.

4.6 The hybrid β-sheet zipper model

The biochemical studies on the hybrid β-sheet showed that this structural element
is important for PSH and PS1 activity (ε-cleavage and processive cleavage). Com-
plementary MD simulations performed by Shu-Yu Chen and Martin Zacharias (data
not shown) helped to explain these findings and a zipper model for the hybrid β-sheet
is proposed: A proper formed hybrid β-sheet brings the two catalytic aspartates and
the substrate’s scissile bond in the correct position and is able to squeeze out excess
water molecules from the active site. In contrast, the disruption of this β-sheet by a
mutation or shortening results in an increased drainage of water molecules from the
cytosol to the active site thereby disrupting the hydrogen bonding network at this
particular site (figure 4.6.1).

Figure 4.6.1: Zipper model of the hybrid β-sheet. The correct formed hybrid β-sheet
squeezes out excess water from the active site (left). A disruption of the hybrid β-sheet
results in a drainage of water molecules to the active site (right).
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4.7 Outlook

To better understand how the lipid environment influences the activity of IMPs, it
would be advantageous to identify lipid binding sites within the respective proteases.
To this end, crosslinkable lipid molecules could be used in combination with mass
spectrometry analysis (Peng et al., 2014; Korn et al., 2022). Especially bifunctional
lipid molecules could facilitate such studies (Peng et al., 2014). The identified lipid
interaction sites could then be further validated my mutational analysis. Applying
different types of crosslinkable lipids would also allow to see whether different lipid
types/classes have distinguished interaction/binding sites. This would not only help
to understand how the lipid effect might be mediated but also how and which spe-
cific lipid types mediate certain effects.
Furthermore, it would be interesting to see whether aspartyl IMPs are able to locally
thin/distort their surrounding lipid membrane as it is described for serine rhomboid
intramembrane(pseudo)proteases (Urban, 2010; Kreutzberger et al., 2019; Lemberg
& Strisovsky, 2021; Engberg et al., 2022). In depth investigations of MD simula-
tions of aspartyl IMPs in a lipid bilayer might already give a first hint. Structural
investigations combined with biochemical experiments, e.g. mutational analysis of
lipid anchor regions, could elucidate further on this. Answering this question might
help to understand how aspartyl IMPs engage their substrates within the membrane
plane. Something similar has already been reported for rhomboid proteases, which
can diffuse faster within the lipid membrane due to the local thinning of the mem-
brane which might allow the engagement of substrates that are restricted in their
movement (Kreutzberger et al., 2019).
Another interesting aspect for future studies would be how mutations (FAD muta-
tions or artificial mutations like K380P) influence the geometry of the active site.
Especially the investigation of the FAD mutations located in the two PS1 β-strands
would be very interesting since they might strongly influence the geometry of the
active site. This could be further studied by using the inhibitor affinity precipitation
with Merck C and might help to broader describe the phenotypes of such mutations.
Furthermore, it would be interesting to understand more the role of the hybrid β-
sheet in the processive cleavage mechanism. So far, it is unclear whether such a
β-sheet is also formed in the subsequent cleavage steps after the ε-cleavage. In a re-
cent MD simulation study, no β-sheet formation for the cleavage of Aβ49 to Aβ46 was
observed (Bhattarai et al., 2022). Using Aβ peptides – like Aβ49 or Aβ49 – as sub-
strates for γ-secretase bearing the PS1 K380P mutation might allow to investigate
this further. If the hybrid β-sheet formation is needed for every γ-secretase cleavage
step than also the cleavage of Aβ peptides should be impaired by PS1 K380P and
not only the cleavage of APP CTF (APP C99).

102



Outlook

All the future studies suggested here, should not be restricted to PSH but, due to
its low complexity (in comparison to γ-secretase) and its rather easy accessibility
(heterologous expression in E. coli), PSH might be a good starting point for such
studies. The technical developments based on PSH studies, as well as the generated
knowledge can be transferred to γ-secretase and maybe also other aspartyl IMPs
like SPP an SPPLs.
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