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Summary

Summary

Intramembrane proteolysis is of vital importance for numerous cellular processes and its
dysfunction has repeatedly been associated with various diseases, such as Alzheimer’s disease
(AD) and cancer. y-Secretase is an intramembrane-cleaving protease complex involved in the
production of the amyloid-p peptide (AP), one of the neuropathological hallmarks of AD. To
date, a vast number of y-secretase substrates have been identified with C99, the precursor of
AP, being one of the best studied substrates. Yet, despite recent advances in the field, the factors
determining substrate recognition and efficient cleavage remain largely elusive. No specific
consensus sequence motif for the discrimination between substrates and non-substrates is
currently known to exist. However, several lines of evidence suggested that the presence of a
flexible region (e.g., a glycine-glycine (GG)-hinge motif) within the transmembrane domain
(TMD) of a substrate might be critical for substrate recruitment and cleavage by y-secretase and

intramembrane proteases in general, although, conflicting data existed.

The cleavage of a y-secretase substrate (substrate processing) can be divided into two stages:
the initial cleavage and the subsequent trimming, also referred to as processivity. To illuminate
the principles of substrate recognition and cleavage by 7y-secretase, this thesis combined
biophysical studies with biochemical data on the cleavability of various C99-based constructs.
The work presented here, demonstrated that the GG-hinge motif in C99 conveys a flexibility
necessary for the interaction with y-secretase. A certain flexibility appears to be critical for the
translocation from the exosites (distal binding sites) to the active site and correct positioning of
the scissile bond at the active site. Indeed, the presence of a flexible motif in the N-terminal
half of the TMD (TM-N) of C99 proved to be a sufficient substrate requirement for cleavage of
C99 and may even be a substrate requirement for a subgroup of y-secretase substrates. The
cleavage region, in the C-terminal TMD (TM-C), turned out to be equally important for
substrate cleavage by y-secretase. It appears that specific interactions between the substrate’s
TM-C and the enzyme are far more important than a flexible motif in this region of C99. It is
possible, that the TM-C is vital for docking of the scissile bond at the active center, as well as
for the formation of a B-sheet, which has been shown to stabilize the substrate and to bring the
scissile bond into position. Intriguingly, both the flexible motif and the cleavage region must
cooperate to enable efficient cleavage of C99. After the initial cleavage, however, a helical

TMD promoted further trimming. Altogether, these data indicate that cleavage of C99 is
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determined by the presence of a flexible region in the TM-N, facilitating the translocation to
the active site, and the cleavage region in the TM-C, crucial for the formation of a cleavage
competent state, while a helical TMD is required for efficient trimming. Overall, this work
further illuminated the principles of substrate recognition and cleavage by y-secretase, helping
to advance our understanding of the structurally and functionally most complex intramembrane

protease known.
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Zusammenfassung

Die Intramembranproteolyse ist fiir zahlreiche grundlegende =zellulire Prozesse von
entscheidender Bedeutung. Eine Dysfunktion dieses Prozesses wurde bereits mehrfach mit
verschiedenen Krankheiten, wie der Alzheimer-Krankheit (AK) und Krebs, in Verbindung
gebracht. Die y-Sekretase ist eine Intramembranprotease, welche an der Produktion von A,
Hauptbestandteil eines der neuropathologischen Merkmale der AK, beteiligt ist. Bis heute
wurde eine Vielzahl von y-Sekretase Substraten identifiziert, wobei C99, das Vorlduferprotein
von AR, eines der am besten untersuchten Substrate darstellt. Jedoch sind, trotz der jiingsten
Fortschritte auf dem Gebiet der y-Sekretase Forschung, die Faktoren, die fiir die Erkennung und
effiziente Spaltung der Substrate ausschlaggebend sind, nach wie vor weitgehend unbekannt.
So wurde bisher kein spezifisches Erkennungsmotiv fiir die Unterscheidung von Substraten und
Nicht-Substraten identifiziert. Diverse Hinweise deuten jedoch darauf hin, dass das
Vorhandensein einer flexiblen Region (z. B.: ein Glycin-Glycin- (GG-) Scharnier-Motiv)
innerhalb der Transmembrandoméne (TMD) eines Substrats entscheidend fiir die Spaltung
durch die y-Sekretase, und Intramembranproteasen im Allgemeinen, sein konnte. Die Datenlage
beziiglich der Rolle einer flexiblen TMD fiir die Substratspaltung war allerdings nicht

eindeutig.

Die Spaltung eines y-Sekretase-Substrats (Prozessierung) kann in zwei Abschnitte unterteilt
werden: die initiale endoproteolytische Spaltung und die anschlieBende carboxyterminale
Spaltung. Um die Prinzipien der Substraterkennung und -spaltung durch die y-Sekretase besser
verstehen zu konnen, wurden in dieser Arbeit biophysikalische Analysen mit biochemischen
Daten zur Spaltbarkeit verschiedener C99-basierter Konstrukte kombiniert. Die hier
vorgestellten Ergebnisse machen deutlich, dass das GG-Motiv in C99 eine fiir die Interaktion
zwischen dem Substrat und der y-Sekretase notwendige Flexibilitdt vermittelt. Eine gewisse
Flexibilitit scheint fiir die Translokation von den ,,Exosites* (Bindestellen abseits des aktiven
Zentrums) hin zu dem aktiven Zentrum, sowie die korrekte Positionierung der zu spaltenden
Peptidbindung in dem aktiven Zentrum der y-Sekretase entscheidend zu sein. Tatsdchlich
erwies sich das Vorhandensein eines flexiblen Motivs in dem N-terminalen Teil der TMD
(TM-N) von C99 als hinreichende Substratanforderung fiir die Spaltung durch die y-Sekretase.
Moglicherweise stellt ein solches Motiv sogar eine Substratanforderung fiir eine Untergruppe

von y-Sekretase Substraten dar. Der C-terminale Teil der Spaltregion, lokalisiert in der
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C-terminalen Hilfte der TMD (TM-C), erwies sich als ebenso essenziell fiir die Spaltung durch
die y-Sekretase. Es scheint, dass spezifische Interaktionen zwischen dem TM-C von C99 und
dem Enzym viel wichtiger sind als ein flexibles Motiv in dieser Region des Substrats.
Moglicherweise ist die TM-C entscheidend fiir das Andocken der zu spaltenden Bindung an
das aktive Zentrum, sowie fiir die Bildung eines B-Faltblattes, welches das Substrat stabilisiert
und die zu spaltende Bindung in Position bringt. Interessanterweise war ein Zusammenspiel
zwischen dem flexiblen Motiv und der natiirlichen Spaltregion notwendig, um eine effiziente
Spaltung von C99 zu ermdéglichen. Die weitere carboxyterminale Spaltung des Substrats, die
im Anschluss an die initiale Spaltung erfolgt, wurde hingegen durch eine helikale Konformation
der TMD des Substrats begiinstigt. Folglich wird die Spaltung von C99 durch das
Vorhandensein einer flexiblen Region im TM-N, welche die Translokation zum aktiven
Zentrum ermdglicht, und der natiirlichen Spaltregion im TM-C, welche fiir die Positionierung
des Substrats wichtig ist, bestimmt. Wéhrend eine helikale TMD fiir eine effiziente
carboxyterminale Spaltung erforderlich ist. Insgesamt hat diese Arbeit dazu beigetragen, die
Prinzipien der Substraterkennung und -spaltung durch die y-Sekretase aufzukliaren und unser
Verstiandnis der strukturell und funktionell komplexesten, bekannten Intramembranprotease,

voranzutreiben.
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Introduction

1 Introduction

1.1  Intramembrane Proteolysis

Intramembrane proteolysis is a fundamental mechanism involved in various cellular processes,
including cell differentiation, neurite outgrowth, lipid metabolism and apoptosis (Wolfe, 2009,
Lal and Caplan, 2011). Importantly, it has also been associated with severe diseases like
Alzheimer’s disease (AD), frontotemporal lobar degeneration (FTLD), Parkinson’s disease
(PD) and several forms of cancer (Rizzo et al., 2008, Brady et al., 2014, Sun et al., 2016).
Intramembrane proteolysis typically describes the cleavage of type I and II transmembrane
proteins, taking place within the hydrophobic environment of the membrane (Figure 1). This
cleavage is catalyzed by so called intramembrane proteases (IMPs), polytopic membrane
proteins whose active site is located in the transmembrane region (Wang et al., 2006b, Wu et
al., 2006, Sun et al., 2016). Cleavage by IMPs results in the release of protein fragments and
thus represents a possibility to regulate biological processes (Brown et al., 2000, Beard et al.,
2019). In most cases, intramembrane proteolysis is preceded by ectodomain shedding
(cleavage) of the transmembrane protein via so called sheddases (Kapeller et al., 1973, Black,

1980, Haass and Selkoe, 1993) (Figure 1).

ESNEE — Figure 1: Intramembrane
ectodomain proteolysis. In a first step, a
sheddase cleaves the substrate
Q within its extracellular domain
< I to release a soluble ectodomain
secreted (shedding). Next, the
fragment remaining ~ membrane-bound
Lumen/ @

C-terminal fragment (CTF) or

Extracellular space
N-terminal fragment (NTF) is
> G < cleaved by an intramembrane
protease (IMP). This results in
Cytosol the  generation of an

ICD
intracellular domain (ICD)
substrate CTF/NTF which is released into the
@ Shedding ®Intramembrane cytosol and the secretion of a
proteolysis second fragment.
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IMPs are essential for all kingdoms of life and can be divided into four families, grouped
according to their catalytic mechanism (Langosch et al., 2015): aspartyl proteases (Wolfe et al.,
1999, Weihofen et al., 2002), glutamyl proteases (Manolaridis et al., 2013), metalloproteases
(Rawson et al., 1997), and serine (thomboid) proteases (Urban et al., 2001). It was discovered
only 25 years ago that proteolysis can also occur within the hydrophobic environment of the
lipid membrane (Sakai et al., 1996). This was an entirely new and surprising concept since
water is essential for the hydrolysis of a peptide bond, and it was unclear how water would
reach the active site, which itself is buried in the membrane. Definite proof came from several
crystal structure analyses clearly showing the active sites of IMPs deeply immersed in the lipid
membrane bilayer (Wang et al., 2006b, Wu et al., 2006, Sun et al., 2016). At the same time, the
structures and further biochemical experiments solved the riddle of how IMPs overcome this
apparent obstacle: The active site of IMPs faces a solvent accessible cavity or a channel, thereby
ensuring the availability of water for the hydrolysis (Sato et al., 2006, Tolia et al., 2006, Wang
et al., 2006b, Ben-Shem et al., 2007, Feng et al., 2007, Manolaridis et al., 2013, Sun et al.,
2016).

Proteolysis is an irreversible process and thus needs to be controlled. Since enzyme and
substrate have to meet in order for proteolysis to occur, the proteolytic activity of IMPs is
primarily regulated via the cellular localization of both, enzyme and substrate (Lee et al., 2001,
Goldstein et al., 2002, Tsruya et al., 2007, Beel and Sanders, 2008, Lastun et al., 2016). The
majority of substrates identified so far are single-pass type I and Il membrane proteins. It seems,
however, that polytopic membrane proteins may also be cleavable by IMPs (Fleig et al., 2012,
Wan et al., 2012, Avci et al., 2014). The exception is the Ras and a-factor-converting enzyme
1 (Rcel), the only glutamyl protease identified so far which acts as a carboxypeptidase by
removing the C-terminal anchor of CaaX (C: Cystein, a: aliphatic amino acids, X: other amino
acid) proteins like Ras (rat sarcoma) (Boyartchuk et al., 1997, Hampton et al., 2018). Most
strikingly, in contrast to soluble proteases most IMPs do not seem to recognize a certain
substrate recognition motif, instead it was hypothesized that they might recognize a certain
conformation of their substrates (Urban and Freeman, 2003, Hemming et al., 2008, Moin and
Urban, 2012, Langosch et al., 2015, Langosch and Steiner, 2017). To date, the rhomboid
proteases are the only IMPs for which a prevalent recognition motif has been identified
(Strisovsky et al., 2009). However, this motif does not appear to be a universal requirement for

all rhomboid proteases (Tatsuta et al., 2007, Strisovsky et al., 2009, Schéfer et al., 2010, Ha et
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al., 2013). For the aspartyl protease signal peptide peptidase-like 3 (SPPL3) it appears that
methionine or tyrosine occur frequently at the position directly N-terminal of the cleavage site
(Kuhn et al., 2015). It remains unclear whether this represents a real sequence recognition motif
for SPPL3 or whether certain properties of the amino acids at this position are being recognized

instead (Mentrup et al., 2020).

1.1.1  The y-Secretase Complex and its Role in Health and Disease

Structurally and functionally, y-secretase is the most complex IMP known to date. It is an
aspartyl protease comprised of four subunits (see chapter 1.1.1.1) for which no less than 149
substrates have been identified so far (Gliner and Lichtenthaler, 2020). It is therefore not
surprising that y-secretase is involved in numerous biological processes, including cell fate and
cell death, neurite outgrowth, synaptogenesis, as well as angiogenesis (Haapasalo and Kovacs,
2011, Jurisch-Yaksi et al., 2013). Consequently, the proper function of y-secretase is essential
during development but also in adulthood. Its involvement in development, cell differentiation
and its role in cancer have made Notch-1 one of the best studied substrates of y-secretase
(Andersson et al., 2011). During Notch signaling y-secretase cleaves Notch-1 within its
transmembrane domain (TMD) to liberate the intracellular domain (NICD) into the cytosol (De
Strooper et al., 1999, Steiner et al., 1999a, Okochi et al., 2002). Once released, the NICD is
able to translocate to the nucleus and affect transcription of target genes (Struhl and Adachi,
1998, Schroeter et al., 1998). Abolishing y-secretase activity in mice resulted in severe defects
and has been linked to the loss of Notch-1 cleavage by y-secretase (Shen et al., 1997, Wong et
al., 1997). Some of the defects reported include severe morphological and developmental
defects not just in the brain (Shen et al., 1997, Kim and Shen, 2008), problems in T- and B-cell
maturation (Doerfler et al., 2001a, Hadland et al., 2001, Wong et al., 2004), as well as
embryonic lethality (Shen et al., 1997, Donoviel et al., 1999).

An equally well-known substrate is the amyloid precursor protein (APP). The cleavage of APP
by y-secretase gives rise to the amyloid-B (AP) peptide (Golde et al., 1992, Haass et al., 1992b,
Estus et al., 1992, Shoji et al., 1992, Busciglio et al., 1993, De Strooper et al., 1998, Herreman
et al., 1999, Naruse et al., 1998, Herreman et al., 2000, Zhang et al., 2000) which is believed to
be central to the pathogenesis of Alzheimer’s disease (AD) (Hardy and Higgins, 1992, Selkoe
and Hardy, 2016). Despite its involvement in pathological processes in AD, the A peptide may

also fulfill important physiological roles in the brain. These seem to include an antimicrobial
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function (Soscia et al., 2010, Gosztyla et al., 2018), a role in the recovery from different brain
injuries (Atwood et al., 2003, Brothers et al., 2018), as well as a role in the proper function of
synapses (Dougherty et al., 2003, Kamenetz et al., 2003, Puzzo et al., 2011), and memory
formation (Wu et al., 1995, Puzzo et al., 2008, Abramov et al., 2009). Some studies suggest
that A may be able to inhibit angiogenesis (Paris et al., 2004, Zhao et al., 2009). Similar to
Notch, the cleavage of APP results in the release of the APP intracellular domain (AICD)
(compare chapter 1.1.1.3.2). It is still under debate whether the AICD also translocates to the
nucleus (Hébert et al., 2006, Miiller et al., 2007) and activates transcription of several genes
(Cao and Siidhof, 2001, Gao and Pimplikar, 2001), including p53 (Checler et al., 2007),
endothelial growth factor receptor (Zhang et al., 2007), and low-density lipoprotein-receptor
related family proteins (Liu et al., 2007). Further, the AICD has been implicated in the
regulation of apoptosis (Kinoshita et al., 2002, Nakayama et al., 2008, Ozaki et al., 2006) and
cytoskeletal functions, like actin organization (Miiller et al., 2007, Ward et al., 2010) and axonal

transport (Gunawardena and Goldstein, 2001).

1.1.1.1 Assembly and Location of the y-Secretase Complex

Initially, only presenilin (PS) has been directly associated with y-secretase activity (Steiner et
al., 1999a, Wolfe et al., 1999, Esler et al., 2000, Li et al., 2000). However, other components
were soon identified (Yu et al., 2000, Francis et al., 2002, Goutte et al., 2002, Lee et al., 2002,
Steiner et al., 2002) and it became clear that the active y-secretase complex is composed of four
membrane-spanning subunits: presenilin 1 or 2 (PS1 or PS2) which is the active subunit of y-
secretase (De Strooper et al., 1998, Naruse et al., 1998, Herreman et al., 1999, Steiner et al.,
1999a, Wolfe et al., 1999, Herreman et al., 2000, Kimberly et al., 2000, Zhang et al., 2000),
nicastrin (NCT), anterior pharynx defective-1 (APH-1), and presenilin enhancer-2 (PEN-2)
(Edbauer et al., 2003, Kimberly et al., 2003, Takasugi et al., 2003). At least six distinct y-
secretase complexes co-exist in humans (Hébert et al., 2004, Shirotani et al., 2004b), as two
homologous have been identified for PS (PS1 and 2) (Yu et al., 1998) and APH-1 (APH-1a and
APH-1b). Additionally, two different splice variants have been found for APH-1a (APH-1a
short (1aS) and long (1aL)). Independent of the different homologues and splice variants, the
four subunits assemble in a 1:1:1:1 stoichiometry (Sato et al., 2007). The assembly occurs in a
stepwise manner (LaVoie et al., 2003, Shirotani et al., 2004a, Capell et al., 2005, Fraering et
al., 2004) and is believed to take place in the ER (Kim et al., 2004, Capell et al., 2005).
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However, recent findings suggest that initial complex formation takes place in the ER but

assembly is completed only after exit from the ER (Wouters et al., 2021).

The most important subunit is PS which harbors the active site, composed of two aspartate
residues within its TMDs 6 and 7 (Wolfe et al., 1999, Steiner et al., 1999a, Kimberly et al.,
2000) with one of its aspartate residues being part of a characteristic GxGD active site motif
(Steiner et al., 2000). It seems that before the complex can become active, the catalytic
component PS must undergo an endoproteolytic cleavage in the hydrophilic loop 2 between
TMD6 and 7, generating the N-terminal and the C-terminal fragment of PS (PS-NTF, PS-CTF)
(Thinakaran et al., 1996, Podlisny et al., 1997). This is an autocatalytic cleavage (Edbauer et
al., 2003, Wolfe et al., 1999, Steiner et al., 1999a, Beher et al., 2001, Fukumori et al., 2010)
occurring in a stepwise manner (Podlisny et al., 1997, Steiner et al., 1999b, Fukumori et al.,
2010). After this cleavage, the newly generated fragments, the PS-NTF and -CTF, remain
associated (Capell et al., 1998, Thinakaran et al., 1998, Yu et al., 1998). The subunit PEN-2
directly interacts with PS and is needed for endoproteolysis of PS, and for complex stability
(Steiner et al., 2002, Takasugi et al., 2003, Luo et al., 2003, Prokop et al., 2004, Kim and
Sisodia, 2005, Bammens et al., 2011). APH-1 is also necessary for assembly and stabilization
of the complex (Gu et al., 2003, Takasugi et al., 2003). Whereas the largest subunit NCT was
initially proposed to be a substrate receptor which actively recruits the substrate (Shah et al.,
2005) it is currently believed to be more passively involved in substrate recognition and
anchoring (Bolduc et al., 2016, Fukumori and Steiner, 2016, Petit et al., 2019, Zhou et al.,
2019). Nevertheless, NCT has been shown to interact with the substrate (Shah et al., 2005,
Fukumori and Steiner, 2016, Petit et al., 2019, Zhou et al., 2019). During the maturation of the
complex, NCT is partially glycosylated in the ER and after reaching the Golgi it is further
glycosylated (Yu et al., 2000, Edbauer et al., 2002, Leem et al., 2002). A complete glycosylation
of NCT is discussed to be important for the activity of the y-secretase complex (Yang et al.,
2002, Shirotani et al., 2003, Moniruzzaman et al., 2018), however, this does not appear to be
necessary (Herreman et al., 2003, Lopez et al., 2015).

The fully mature and active y-secretase complex is transported to different cellular locations.
Functional sites of the y-secretase are the plasma membrane (Kaether et al., 2002, Chyung et
al., 2005) and the endosomal/lysosomal compartments of the secretory pathway (Pasternak et

al., 2003, Zhang et al., 2006). Interestingly, the two PS1- and PS2-containing y-secretase
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complexes have distinct subcellular locations. While the PS1 associated complex is present at
the cell surface (Kaether et al., 2002) and in the endosomal compartments (Pasternak et al.,
2003), the PS2 complex, on the other hand, is preferentially located in the late

endosomal/lysosomal compartments (Meckler and Checler, 2016, Sannerud et al., 2016).

1.1.1.2  Structure of the y-Secretase Complex: the Apo- and Holo-State

The first high-resolution structure of the PS1/y-secretase without a substrate (apo-state)
permitted a first glimpse at the complex enzyme and revealed that the then identified 19 TMDs
of the four subunits are arranged in a horseshoe-like shape (Lu et al., 2014). With
higher-resolution structures, it became clear that the whole y-secretase complex consists of 20
TMDs and that the two catalytic aspartates of PS are located on the convex side of the structure
(Sun et al., 2015) (Figure 2). Initially, it was believed that the substrate would enter the enzyme
from the cavity formed by the horseshoe-shape, the refined structure, however, suggested that
the substrate accesses the active center from the convex side (Sun et al., 2015). Very interesting
was also the structure of the subunit NCT. Its extracellular domain (ECD) makes up for about
94% of the entire subunit and extends out of the membrane to form a lid-like structure that
covers the complex (Xie et al., 2014, Bai et al., 2015b). One group modeled the structure of
PS2/y-secretase and provided evidence that the two complexes (PS1 and PS2 containing
y-secretase) are overall very similar, except that the active site pocket seems to be expanded,

which might affect the substrate specificity of the PS2 complex (Dehury et al., 2019a).
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Figure 2: Cryo-EM Structure of the y-Secretase Complex (apo-state) (PDB: SNF3). The y-secretase complex
assumes a horseshoe-like structure (compare top view, right panel), with NCT forming a lid-like structure that
covers the complex. The catalytic aspartates are located on the convex side of this horseshoe-like structure
(highlighted in magenta). For better visualization, the helices of y-secretase are depicted as cylinders (both panels),
the ECD of NCT is not shown in the top view (right panel), and the sidechains of the catalytic aspartates are
depicted as spheres (modified from Bai et al., 2015a).

The structures also uncovered the very dynamic nature of the y-secretase (Li et al., 2014, Bai et
al., 2015a, Elad et al., 2015). Several studies describe at least three conformational states of the
complex (Escamilla-Ayala et al., 2020). It appears that the proteolytic activity depends on the
conformation of the complex and certain conformations have been associated with the
production of longer and more harmful A species (Beher et al., 2004, Uemura et al., 2009,
Wahlster et al., 2013, Elad et al., 2015, Dehury et al., 2019b). Importantly, y-secretase inhibitors
(GSIs) and modulators (GSMs) can affect the conformation of the y-secretase and seem to favor
different conformations of the complex (Lle¢ et al., 2004, Uemura et al., 2009, Li et al., 2014,
Takeo et al., 2014, Bai et al., 2015a, Elad et al., 2015, Wang et al., 2015).

Very recently, the structures of y-secretase in complex with either of its two most important
substrates (holo-state), APP or Notch (Zhou et al., 2019, Yang et al., 2019) have been published.
It is believed that both structures represent a conformation right before the cleavage of the
substrate (Zhou et al., 2019). Compared to the apo-state, the binding of the substrate induced
major conformational changes in the y-secretase. The structure also revealed for the first time
that the APP-based substrate C83 unfolds its C-terminal TMD (TM-C) around the initial

cleavage site and the four residues downstream form a B-strand ($3). Most interestingly, this
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B-strand engages with two newly formed B-strands of the PS-NTF (B1) and the PS-CTF (2) to
form a hybrid B-sheet (Figure 3). These two steps are crucial for the cleavage, since the scissile
bond becomes accessible for cleavage only after the helix unfolds, while the formation of the
B-sheet stabilizes the substrate and brings the scissile bond into position (Zhou et al., 2019). An
interaction with another region of PS1, the PAL motif, that has already been associated with
the active site conformation (Wang et al., 2004, Wang et al., 2006a, Sato et al., 2008, Tolia et
al., 2008) and the activation of the catalytic site (Tolia et al., 2008), further stabilized the
substrate (Zhou et al., 2019).

e 4 catalytic aspartates

C83

PS1-CTF

Figure 3: Cryo-EM Structure of y-Secretase Bound to C83 (PDB: 61YC). The left panel shows the cryo-EM
structure of the y-secretase bound to a C-terminal fragment of its substrate APP (C83) with the subunits APH-1,
NCT, and PEN-2 being transparent. A zoom onto the newly formed B-sheet is depicted on the right. The B-sheet
is formed by a B-strand from PS1-NTF (B1), a B-strand from PS1-CTF (B2), and a B-strand from C83 (3). The
catalytic aspartates are highlighted in magenta. For better visualization, the TMD2 of PS1-NTF is not shown here
(modified from Zhou et al., 2019).

Similar to C83, an unfolding around the initial cleavage site and the formation of a -sheet
C-terminal of the cleavage region was also seen for Notch in complex with y-secretase (Yang
et al., 2019). Overall, the two structures of the y-secretase in complex with APP or Notch were
very similar and only minor differences could be identified (Zhou et al., 2019, Yang et al.,
2019). However, to solve the holo-structure both studies had to introduce two changes: the
substrate was covalently cross-linked to the enzyme and one of the active site aspartates has

been mutated. These changes might have affected the structure and caused artefacts. Thus, the

19



Introduction

exact structure should be interpreted with care. Recently, the same group published structures
of y-secretase in complex with GSIs and a GSM (Yang et al., 2021). The GSIs analyzed in this
study occupied a very similar region which the B-strand of the substrate would occupy as well,
while the GSM engaged with an allosteric site enabling it to fulfill a modulatory role rather than
inhibiting y-secretase activity (Yang et al., 2021). Overall, both, the GSIs and the GSM, induced
structural changes comparable to those induced by the substrate, including the formation of the
two B-strands B1 and B2 (Yang et al., 2021). For the y-secretase structure with the GSM it needs

to be considered, however, that a GSI was used to mimic a bound substrate (Yang et al., 2021).

1.1.1.3 A Key Player in Alzheimer’s Disease

AD is an incurable neurodegenerative disease, first described in 1907 by Alois Alzheimer
(Alzheimer, 1907). Today about 50 million people worldwide are suffering from a form of
dementia and between 60 to 70% of them are affected by AD (WHO, 2020) (WHO, 2020).
Patients suffering from AD develop mild memory problems that over time evolve into a massive
impairment of cognitive functions (Burns et al., 1991, Morris et al., 2001, Wilson et al., 2012).
y-Secretase is a key enzyme in AD, as it cleaves APP to give rise to AP, a central peptide in the
pathogenesis of AD (Hardy and Higgins, 1992). Since the discovery by Alzheimer in 1907,
extracellular AP plaques (Glenner and Wong, 1984a, Glenner and Wong, 1984b, Masters et al.,
1985, Hyman et al., 2012) and intracellular neurofibrillary tangles (NFTs), comprised of the
Tau protein (Kidd, 1963, Terry, 1963, Kidd, 1964, Igbal et al., 1974), are established
neuropathological hallmarks of AD (Figure 4). Both are still critical for diagnosing AD
(Hyman et al., 2012).
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Figure 4: The two neuropathological hallmarks of AD. A: Extracellular AP plaque in a brain section of an AD
patient stained with an antibody against Af. B: Intracellular neurofibrillary tangles (black arrow) comprised of
hyperphosphorylated tau in a brain section from a patient stained with an antibody detecting hyperphosphorylated
tau (from (Sengoku, 2020)).

Most of the AD cases can be attributed to the sporadic form of AD (SAD) occurring later in
life, usually around an age of 65 (Terry, 1995), and accounting for about 99% of all AD cases.
Only the remaining 1% is due to the genetic form of AD (FAD, familial AD) (Terry, 1995,
Sims et al., 2020). The latter causing the patients to suffer from symptoms already between 30
and 60 years, or sometimes even earlier. FAD has been linked to mutations in three different
genes APP (Chartier-Harlin et al., 1991, Goate et al., 1991, Murrell et al., 1991, Mullan et al.,
1992), PSENI encoding for PS1 (Sherrington et al., 1995) and PSEN2 which encodes for PS2
(Levy-Lahad et al., 1995a, Levy-Lahad et al., 1995b, Rogaev et al., 1995). For SAD on the
other hand several risk factors have been identified, with age (Brookmeyer et al., 1998, Evans
et al., 1989, Lobo et al., 2000, Ossenkoppele et al., 2015), genetic factors like mutations or
certain alleles (Gatz et al., 2006), and gender (Lobo et al., 2000, Chéne et al., 2015) being the
main risk factors. Besides the strongest genetic risk factor Apolipoprotein E (ApoE) (Holtzman
et al., 2011), many of the risk factors identified in the last few years (Hollingworth et al., 2011,
Malik et al., 2015, Kunkle et al., 2019), seem to link microglia, the resident macrophages of the
brain, and inflammation to AD (Hansen et al., 2018). TREM?2, another well-known risk factor,
enables microglia to respond to insults and change their activation status (Mazaheri et al., 2017,
Gratuze et al., 2018). Activated microglia may fulfill a protective role by clearing AP
(Frackowiak et al., 1992, Paresce et al., 1996), but constantly activated microglia might also
become harmful, or dysfunctional (Long and Holtzman, 2019, Lewcock et al., 2020). However,
the precise role of microglia for the pathology of AD is still not entirely resolved. Interestingly,

in both forms of the disease patients present with the same disease course, and the same
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neuropathological changes (Nochlin et al., 1993, Lippa et al., 1996), suggesting a common

mechanism.

1.1.1.3.1 The Amyloid Cascade Hypothesis: Connecting the Two Hallmarks of AD

The most widely accepted hypothesis, linking Ap and NFTs, and offering an explanation on
how they might cause AD, is the amyloid cascade hypothesis postulated by J. A. Hardy and G.
A. Higgins in 1992 (Hardy and Higgins, 1992, Selkoe and Hardy, 2016). The key player of this
hypothesis is AP. In a healthy brain, there is a balance between the formation, a physiological
process (Haass et al., 1992b, Seubert et al., 1992, Shoji et al., 1992, Haass and Selkoe, 1993),
and the degradation of AP peptides. Whereas in AD, this homeostasis is disrupted (Hardy and
Selkoe, 2002, Mawuenyega et al., 2010). If the A metabolism is deregulated the A peptides
accumulate and form oligomers (Hardy and Selkoe, 2002), which eventually form amyloid
plaques (Hardy and Allsop, 1991, Selkoe, 1991). According to the amyloid cascade hypothesis
the deposition of AP, as well as the formation of longer AP peptides, are the central events in
the course of the disease and a series of other events, like the formation of NFTs, vascular
damage, the degeneration of neurons, and the dementia itself, are directly caused by this (Hardy
and Higgins, 1992, Selkoe and Hardy, 2016). The amyloid hypothesis has not yet been
definitively proven, but there is a substantial amount of good evidence. By far the most
compelling argument in favor of the amyloid hypothesis comes from genetics. To date, about
223 mutations appear to be linked to AD that are located either on APP or on PSENI and 2
(Note: only mutations that are designated as ‘likely pathogenic’ or ‘pathogenic’ for AD
(according to the Alzforum database) are included here) (Alzforum). Interestingly, a mutation
has been identified (Peacock et al., 1993) which protects against the development of AD and
cognitive decline by reducing the production (Jonsson et al., 2012, Benilova et al., 2014,
Maloney et al., 2014, Kimura et al., 2016) and aggregation of AP (Benilova et al., 2014,
Maloney et al., 2014, Zheng et al., 2015). Moreover, a very recent study showed that high levels
of AB38 in the CSF (cerebrospinal fluid) are associated with a reduced cognitive decline and a
reduced risk for dementia (Cullen et al., 2021). Altogether, these and other data strongly support
a central role of AP in the pathogenesis of AD.

Initially, it was believed that plaques are the toxic form of AP. However, evidence is
accumulating that soluble oligomers may be the neurotoxic species (Shankar et al., 2008, Koftie

et al., 2009, Esparza et al., 2013, Li and Selkoe, 2020). Interestingly, the presence of soluble

22



Introduction

AP oligomers correlated more strongly with the synapse loss and disease progression than the
presence of amyloid plaques (Lambert et al., 1998, Lue et al., 1999, McLean et al., 1999, Wang
et al., 1999, Mc Donald et al., 2010). Nevertheless, the best correlate for cognitive decline is
still the level of NFTs (Nelson et al., 2012).

1.1.1.3.2 APP and its Proteolytic Processing by y-Secretase

APP is, like the amyloid precursor-like protein 1 and 2 (APLP1 and 2), part of the APP gene
family all of which are type I membrane proteins that comprise a long glycosylated extracellular
domain, a transmembrane domain (TMD), and a short cytoplasmic domain (Goldgaber et al.,
1987, Kang et al., 1987, Robakis et al., 1987, Tanzi et al., 1987, Dyrks et al., 1988). The human
gene encoding for APP is localized on chromosome 21 (Yoshikai et al., 1990). APP is
ubiquitously expressed in the human body but most abundantly in the brain (Tanaka et al., 1989,
Slunt et al., 1994, Lorent et al., 1995, Thinakaran et al., 1995). Three isoforms have been
identified (APP695, APP751, and APP770), with the APP695 splice variant being the most
abundant one in neurons (Tanzi et al., 1988, LeBlanc et al., 1991). After synthesis and
glycosylation in the ER and the Golgi, APP is transported to the plasma membrane (PM)
(Sisodia, 1992, Haass et al., 2012). Either it remains at the PM, or it is re-internalized rather
rapidly via endocytosis and then resides in the endosomal compartment (Cook et al., 1997,
Hartmann et al., 1997, Greenfield et al., 1999), or it is recycled back to the PM (Haass et al.,
1992a, Nordstedt et al., 1993, Koo and Squazzo, 1994, Yamazaki et al., 1996).

The proteolytic processing of APP mainly involves three different enzymes, the a-, B-, and
y-secretase, and can be divided into two pathways: the non-amyloidogenic and the
amyloidogenic processing pathway. The non-amyloidogenic processing pathway is the
predominant pathway (Chow et al., 2010) and is initiated by the ectodomain shedding of APP
via one of the a-secretases. The physiologically most relevant a-secretases are ADAMI10 or
ADAM17 (A Disintegrin And Metalloprotease domain family 10 or 17) (Parvathy et al., 1998,
Lammich et al., 1999, Slack et al., 2001, Asai et al., 2003, Kuhn et al., 2010). This shedding
event occurs after position L16 (A numbering) of the A domain (Esch et al., 1990), liberating
the long extracellular domain sAPPa (soluble APPa) into the extracellular space (Buxbaum et
al., 1998, Lammich et al., 1999). An 83 amino acid long protein, C83 or C-terminal fragment
(CTFa), remains in the membrane to be further processed by y-secretase, finally releasing the

AICD and the p3 peptide (Haass et al., 1993, Gu et al., 2001, Sastre et al., 2001, Weidemann et
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al., 2002) (Figure 5). As the a-secretases cleave within the AP domain, the non-amyloidogenic
pathway prevents the formation of AP peptides (Esch et al., 1990, Sisodia et al., 1990).
Increasing the non-amyloidogenic processing might therefore represent a way to reduce the
formation of AP peptides (Haass et al., 2012). This strategy must, however, be treated with
caution since an increased activity of ADAMI10 has been shown to be involved in cancer

progression in many ways (Tang, 2020).
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Figure 5: Proteolytic Processing of APP. The cleavage of APP can be divided in the non-amyloidogenic (orange
arrowheads) and the amyloidogenic processing (red arrowheads). During the non-amyloidogenic processing, APP
is cleaved first by an a-secretase (orange arrowhead labeled with ‘a’) which releases the soluble APPa (sAPPa).
The remaining C83 fragment is subsequently cleaved by y-secretase (y) within its TMD, resulting in the generation
of the AICD and the p3 fragment. The amyloidogenic processing, on the other hand, is initiated by the cleavage
of B-secretase (§) which liberates the sAPPp fragment. Next, the membrane bound C99 is processed by y-secretase
(v) to generate an AICD, as well as AP peptides of different lengths.

The first step in the amyloidogenic processing, on the other hand, is carried out by the
membrane-bound B-secretase BACEI (B-site APP-cleaving enzyme) (Sinha et al., 1999, Vassar
et al., 1999, Yan et al., 1999, Cai et al., 2001). BACE1 primarily cleaves at position D1 (A
numbering), releasing soluble APPf (sAPPp) into the extracellular space and leaving a slightly
longer C99 (or CTFp), in the membrane (Sinha et al., 1999, Vassar et al., 1999, Yan et al.,
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1999). Alternatively, BACE1 can also cleave APP after position Y10 (A numbering), resulting
in shorter, N-terminally truncated AP11-x species (Haass et al., 1992b, Vassar et al., 1999).
Similar to the non-amyloidogenic pathway, C99 is further processed by y-secretase within its
TMD, releasing the AICD into the cytosol and generating AP (Haass and Selkoe, 1993, Vassar
et al., 1999) (Figure 5). This first cleavage performed by y-secretase is also referred to as the
e-cleavage and occurs either at position 48 or 49 of the AP fragment (Sastre et al., 2001, Gu et
al., 2001, Yu et al., 2001, Weidemann et al., 2002). Instead of releasing its substrate, however,
y-secretase carries on cleaving the still membrane-bound long AP fragment in a stepwise
manner, trimming away small carboxyterminal peptides (Qi-Takahara et al., 2005, Takami et
al., 2009, Zhao et al., 2005, Kakuda et al., 2006), and stopping only once the remaining A
peptide is short enough to be released from the membrane. This trimming (also referred to as
processivity) usually occurs in steps of three to four amino acids resulting in the secretion of
AP peptides ranging from 37 to 43 amino acids in length (Qi-Takahara et al., 2005, Takami et
al., 2009, Zhao et al., 2004, Zhao et al., 2005). However, also longer penta- and hexa-peptides
have been detected (Takami et al., 2009, Okochi et al., 2013). As the initial cleavage can occur
either at position 48 or 49, two distinct AP product lines are formed: the major AB40 line (AB49
- AB46 > AP43 = AP40) and the minor AP42 line (AP48 = AB45 = Ap42 > AB38), both
named after their main product (Qi-Takahara et al., 2005) (Figure 6). Additionally, product line
crossing can occur as well (Okochi et al., 2013, Matsumura et al., 2014, Olsson et al., 2014)

resulting in a rather complex scheme of possible cleavages.
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Figure 6: The Sequential Cleavage of the APP TMD by y-Secretase. This graphic shows only the TMD of APP

VVIAT

(from G29 until L52) and the resulting cleavage products. Initially, cleavage by y-secretase releases an AICD and
generates a membrane-bound Ap. This e-cleavage can take place either at T48 or at L49, resulting in the generation
of two distinct AP product lines: the minor AB48 line and the major AB49 line. The major product line generates
mainly AB40 via consecutive cleavage at position 49 (e-site), 46 (C-site), and 43 (y-site). The main product of the
AP48 line is AP42, resulting from stepwise cleavage at 48 (e-site) and 45 ({-site). The red arrowheads mark the

exact cleavage sites, while the thickness of the black arrows reflects the frequency of cleavage site usage.

Accounting for about 80-90% of all the AP peptides produced, AB40 represents the major
species, alongside only minor amounts of AB42 (10%) and AB38 (10%). Even lower amounts
are produced of AB37 and AB43, with about only 1% each, or even less. Whilst not being the
major product, AB42 is the main component of amyloid plaques (Iwatsubo et al., 1994). Its two
additional amino acids render the AB42 peptide more hydrophobic than the shorter AB40.
Therefore, it has a stronger tendency to form oligomers and is believed to be a highly pathogenic
species (Jarrett et al., 1993, Iwatsubo et al., 1994, Suzuki et al., 1994, Mucke et al., 2000, Haass
and Selkoe, 2007). Although neglected in many studies, several findings suggest a similar
pathogenic role for AB43, as it too is a major component of amyloid plaques (Iwatsubo et al.,

1994, Welander et al., 2009, Saito et al., 2011, Kretner et al., 2016, Jakel et al., 2019). It is now
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widely believed that AB42 and AP43 are the pathologically relevant species in AD (Jarrett et
al., 1993, Mucke et al., 2000, Saito et al., 2011). It was hypothesized that also longer AP species
(AP45 and longer), are potentially pathogenic (Qi-Takahara et al., 2005, Devkota et al., 2021),
however, further investigations are needed to clarify the role of such longer species.
Nevertheless, it appears that an impaired processing or an insufficient degradation of the A}
peptides are relevant for the pathogenesis of AD, as this increases the relative amounts of longer
and potentially more pathogenic AP species. In line with this, 19 mutations have already been
identified in the APP gene that have been linked to FAD (Alzforum), all affecting the generation
of AP and its properties. In principle, APP FAD mutations can be divided into three groups:
mutations at or around the BACEI cleavage site which result in elevated levels of Ap (Citron
et al., 1992, Mullan et al., 1992, Haass et al., 1995, Di Fede et al., 2009, Kimura et al., 2016),
two of these mutations also affect the aggregation properties of AB (Murray et al., 2016), and
mutations at y-secretase cleavage sites increase the relative amounts of longer and more
aggregation prone AP species (Iwatsubo et al., 1994, Tamaoka et al., 1994, Suzuki et al., 1994,
Scheuner et al., 1996, Weggen and Beher, 2012), while mutations within the AP sequence
change the aggregation properties of A (Nilsberth et al., 2001, Hori et al., 2007, Selkoe and
Hardy, 2016, Hatami et al., 2017).

The processing of APP is regulated via the cellular localization of the substrate and the enzyme.
APP and y-secretase are both located at the PM and in the endosomal/lysosomal compartment
(Sisodia, 1992, Cook et al., 1997, Hartmann et al., 1997, Greenfield et al., 1999, Kaether et al.,
2002, Pasternak et al., 2003, Chyung et al., 2005, Lichtenthaler et al., 2011, Haass et al., 2012).
As also ADAMs localize to the PM, the non-amyloidogenic processing mainly occurs at the
surface of the cell (Sisodia, 1992, Haass et al., 2012, Ikezu et al., 1998, Lammich et al., 1999),
but also the trans-Golgi network is involved (Sambamurti et al., 1992, Golde et al., 1992, De
Strooper et al., 1993, Kuentzel et al., 1993, Tomita et al., 1998). BACE1 on the other hand, is
predominantly found in the endosomal compartment (Vassar et al., 1999) and the
amyloidogenic processing primarily occurs within the endosomal/lysosomal system (Golde et
al., 1992, Haass et al., 1992a, Koo and Squazzo, 1994) and at the PM (Haass et al., 1993,
Chyung and Selkoe, 2003, Kaether et al., 2006).
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1.1.1.3.3 Therapy Strategies for AD: Targeting y-Secretase Activity

Despite the enormous progress that has been made in the field, unfortunately no cure is available
to date. The current therapies are only symptomatic treatments, utilizing acetylcholinesterase
inhibitors and NMDA receptor antagonists aiming to slow down or delay the cognitive decline
and antidepressants as well as antipsychotics to reduce psychological and behavioral symptoms.
However, they are not able to stop the disease progression. Nevertheless, a wide range of
potentially disease-modifying approaches, targeting A, and inflammation via different - and
y-secretase inhibitors or antibodies, have been and still are being tested (Cummings et al., 2019,
Long and Holtzman, 2019). Many therapy strategies target the production, accumulation, and
deposition of AP (AP targeting therapies) and aim to slow down or even stop the disease
progression (Panza et al., 2019). However, most drug candidates developed in the past have
failed (Cummings et al., 2014). This was the case for initial strategies trying to influence the
production of AP peptides via the inhibition of y-secretase (Wolfe et al., 1998, Siemers et al.,
2006, Galasko et al., 2007, Siemers et al., 2007), which had to be discontinued due to severe
side effects (Doody et al., 2013, Coric et al., 2015). The majority of the observed side effects,
caused by such GSIs, are believed to be due to the inhibition of the Notch signaling (Doerfler
et al., 2001b, Hadland et al., 2001, Geling et al., 2002, Wong et al., 2004). This was the starting
point for the development of GSMs. Instead of inhibiting y-secretase activity, these drugs
enhance the carboxyterminal trimming activity of y-secretase (Weggen et al., 2001, Weggen et
al., 2003a, Weggen et al., 2003b). Thus, GSMs lower the generation of the longer and
potentially more toxic AB42 species and of the AB40 species, while increasing the levels of the
shorter species (AB37 and AB38) (Weggen et al., 2001, Crump et al., 2013). They act only on
the trimming of APP, without affecting the initial e-cleavage of y-secretase substrates (Weggen
et al., 2003a, Kounnas et al., 2010, Crump et al., 2013, Dimitrov et al., 2013). Shorter species,
like AB38, seem to be non-toxic and might even be protective (Moore et al., 2017). Further,
GSMs have been shown to influence the conformation of PS (Lleo et al., 2004, Takeo et al.,
2014) and increase the stability of the enzyme-substrate-complex (Szaruga et al., 2017). This
might explain the prolonged residence time of AB42 at the enzyme (Okochi et al., 2013) and
the consequently increased production of shorter AP species observed with GSMs. A positive
effect of GSMs on AP pathology and cognition has already been demonstrated in mice
(Imbimbo et al., 2010, Mitani et al., 2012, Rogers et al., 2012). Moreover, a reduction of Af40
and/or AP42 paired with an increase in shorter species (AB37 and AB38) could be demonstrated
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in mice and rats (Rynearson et al., 2021), as well as in healthy human individuals (Yu et al.,
2014, Toyn et al., 2016) supporting the potential of GSMs as a therapy strategy (Cullen et al.,
2021). Some GSMs still need some refinement to be used safely to treat patients with AD
(Bursavich et al., 2016). However, the GSM (compound 2) recently presented by Rynearson
and colleagues appears to be a more promising candidate (Rynearson et al., 2021). Thus, GSMs
still represent a promising therapy option for patients suffering from FAD as well as SAD (Long
and Holtzman, 2019, Trambauer et al., 2020, Cullen et al., 2021). New hope also arises from
the recent approval of the first AB-targeting therapy based on the Ap-directed antibody
aducanumab (FDA, 2021).

1.1.1.4 Substrate Recruitment and Processing by y-Secretase

Substrate recruitment and processing by y-secretase is rather complex and involves multiple
steps (Figure 7). First, a putative substrate needs to be recognized as such. As shown for C99,
the substrate binds first to so called exosites, these are binding sites distal from the active site.
Subsequently, the substrate has to translocate from one exosite to another, as the y-secretase
features several exosites (Esler et al., 2002, Tian et al., 2002, Beher et al., 2003, Kornilova et
al., 2005, Fukumori and Steiner, 2016). Until the substrate can finally access the active site for
cleavage both, the enzyme and the substrate, undergo a conformational change (Li et al., 2014,
Scharnagl et al., 2014, Bai et al., 2015b, Bai et al., 2015a, Langosch et al., 2015, Fukumori and
Steiner, 2016, Zhou et al., 2019, Yang et al., 2019). It was hypothesized that a certain flexibility
of the substrate is required for it to reach the active site of the y-secretase complex (Tian et al.,
2002, Scharnagl et al., 2014, Langosch et al., 2015, Stelzer et al., 2016). Once at the active site,
the substrate is finally cleaved. Interestingly, after this initial cleavage, y-secretase carries on
cleaving the substrate repeatedly in a consecutive fashion (Okochi et al., 2006, Yanagida et al.,

2009, Fukumori et al., 2010, Ran et al., 2017) and only then the products are released.
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Figure 7: Recruitment and Processing of C99 is a Stepwise Mechanism. Initially, C99 needs to be recognized
as a substrate by the y-secretase complex. Next, it binds to an exosite (distal binding site) and further translocates
from one exosite to the another. In order to enter the active site, C99 has to undergo a conformational change,
possibly by bending its TMD. Once it has reached the active site, C99 is cleaved by y-secretase. The catalytic

aspartates are depicted as orange arrowheads.
1.1.1.4.1 Recognition and Translocation to the Active Site

Until today, already 149 proteins have been identified as substrates of the y-secretase (Gliner
and Lichtenthaler, 2020). However, no specific consensus sequence motifs have been
discovered for the discrimination between substrates and non-substrates so far (Beel and
Sanders, 2008). Despite our knowledge about the structure of the y-secretase complex, the
mechanism by which it recognizes its substrates remains largely elusive. Only a few general
substrate requirements have been established. Typically, y-secretase substrates are type I
membrane proteins (Xia and Wolfe, 2003) with a short ectodomain (ECD), which is either
naturally short or a result of prior shedding by a- or B-secretases (Struhl and Adachi, 2000,
Hemming et al., 2008, Laurent et al., 2015, Bolduc et al., 2016). Additionally, they feature a

permissive transmembrane and intracellular domain (Hemming et al., 2008).

The N-terminal region of y-secretase substrates, the ECD, has been implicated in substrate
recognition and recruitment (Zhang et al., 2002, Ren et al., 2007, Kukar et al., 2011, Xu et al.,
2016). While the ECD of C99, especially two amino acids within this region, S26 and K28 (A
numbering), have been shown to affect the cleavage specificity and processivity of y-secretase
(Ren et al., 2007, Page et al., 2010, Kukar et al., 2011, Ousson et al., 2013, Jung et al., 2014,
Petit et al., 2019). Further, the substrate’s TMD, as well as the intracellular domain (ICD) are
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important for the recognition of a substrate (Hemming et al., 2008, Fukumori and Steiner,
2016). The length of the ECD, however, appears to be the most critical feature for the
recognition and the cleavage of a substrate. Typically, the ECD of y-secretase substrates is
around 10 to 30 amino acids long. It was demonstrated that the cleavability increased the shorter
the ECD is, while increasing the length above 50 amino acids increasingly hindered cleavage
by y-secretase (Struhl and Adachi, 2000, Funamoto et al., 2013, Bolduc et al., 2016). It is
believed that due to its structure, the subunit NCT acts like a gate-keeper and sterically hinders
proteins with a too long ECD from accessing the active site of y-secretase (Bolduc et al., 2016).
This already represents a first step of substrate selection. However, a short ECD is not a
sufficient substrate requirement since also non-substrates of y-secretase have been identified
that are type I proteins with an artificially short ECD (Hemming et al., 2008). Moreover, NCT
appears to be involved in the substrate recruitment as it has been demonstrated to directly
interact with C99 (Shah et al., 2005, Zhang et al., 2012, Fukumori and Steiner, 2016, Petit et
al., 2019), or C83 (Zhou et al., 2019) and Notch (Shah et al., 2005). One study further revealed
that the direct interaction of NCT and the substrate C99 stabilizes the enzyme-substrate-
complex, thereby affecting processivity (Petit et al., 2019).

After the initial recognition, the substrate does not directly access the active site. Instead,
multiple lines of evidence point towards the involvement of at least one substrate-binding site
in guiding the substrate towards the active site (Esler et al., 2002, Tian et al., 2002, Beher et al.,
2003). For the cleavage of C99, Fukumori and Steiner could show that this is indeed a stepwise
process in which the substrate interacts in a rather complex sequence of binding events with
several exosites before it finally accesses the active site for cleavage (Fukumori and Steiner,
2016). In their study, they could identify PS1-NTF, NCT, and PEN-2 as exosite-providing
subunits of y-secretase, with PS1-NTF being the major substrate-binding site. They showed that
C99 initially interacts with exosites in NCT and PEN-2. In the next two steps, the substrate is
released, binds to exosites in the PS1-NTF and finally accesses the active site — formed by
PS1-NTF and CTF —, for cleavage. They found that the most prominent exosite-interactions
of C99 are H6 (AP numbering), interacting with NCT, A30 engaging with PEN-2, and E3 which
contacts the PS1-NTF. Many of the interactions of C99 with PSI-NTF and -CTF identified by
Fukumori and Steiner were also detected in the structure of y-secretase in complex with C99
(Zhou et al., 2019). Fukumori and Steiner suggested that exosites provide a means of identifying

flexible substrates and thus play an important role in the recognition of y-secretase substrates
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(Fukumori and Steiner, 2016). However, binding to exosites may also be circumvented since
peptides containing almost only the TMD of APP have been shown to be cleaved by y-secretase
(Yin et al., 2007, Yan et al., 2017).

Exactly which path the substrate takes to get from the exosites to the active site is not yet
entirely clear. It seems that an entry via an opening formed by TMDs 2 and 6 is the most likely
one (Bai et al., 2015b, Kong et al., 2015, Somavarapu and Kepp, 2017, Yang et al., 2019,
Fukumori et al., 2020). Alternatively, it has been proposed that the substrate may enter through
the open space between TMDs 2 and 3 (Bai et al., 2015a), or between TMDs 6 and 9 (Fukumori
and Steiner, 2016, Hitzenberger and Zacharias, 2019a). Clear is, however, that the process by
which the substrate gains access to the active site involves major conformational changes on
the side of the enzyme, as either way is blocked at some point by one of the many TMDs or

loops of the y-secretase (Bai et al., 2015a, Fukumori et al., 2020).

After the substrate reached the active site, there still seems to be another substrate selection step
carried out by the highly conserved GxGD motif in TMD 7 of PS1, harboring one of the
catalytic aspartates. While the activity and the processivity of y-secretase depends on the two
glycines (Steiner et al., 2000, Pérez-Revuelta et al., 2010), the Leucine at position x in this motif
confers a certain substrate selectivity (Yamasaki et al., 2006, Kretner et al., 2013). The GxGD
motif might thus be important for the correct positioning of the substrate’s scissile bond (Steiner

etal., 2018).

However, before the cleavage can finally take place, the local helical structure around the
cleavage sites needs to unwind so that the scissile bond is accessible for cleavage (Ye et al.,
2000, Clemente et al., 2018, Brown et al., 2018, Yang et al., 2019, Zhou et al., 2019). Typically,
proteases recognize and bind their substrates in an extended B-strand conformation (Tyndall et
al., 2005). In line with this, cleavage sites of soluble proteases, residing in a-helices (Timmer
et al., 2009, Belushkin et al., 2014), are known to readily unfold (Robertson et al., 2016). For
IMPs it has been suggested that helix-breaking residues close to the cleavage site or a certain
conformational flexibility are needed for the exposure of the scissile bond (Ye et al., 2000,
Lemberg and Martoglio, 2002, Lu et al., 2011, Brown et al., 2018, Clemente et al., 2018, Steiner
et al., 2020). Unwinding of the helix around the initial cleavage sites has been confirmed by
recent cryogenic electron microscopy (cryo-EM) structures of y-secretase in complex with two

of its substrates, APP and Notch-1 (Yang et al., 2019, Zhou et al., 2019).
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1.1.1.4.2 General Cleavage Mechanism of y-Secretase: Lessons from APP-Processing

The cleavage mechanism itself is best understood so far for the y-secretase substrate APP
(compare paragraph 1.1.1.3.2). It is well established now that y-secretase cleaves APP not only
once within its TMD, but repeatedly in succession. This sequential cleavage (trimming) usually
occurs in steps of three to four amino acids (Takami et al., 2009, Okochi et al., 2013). A possible
explanation of how and why y-secretase preferentially cleaves in a tri-peptide-releasing way
was given by Bolduc and colleagues in 2016. They could show that y-secretase features three
amino-acid-binding pockets (S1°, S2°, and S3’) in the active site region which are able to
stabilize the enzyme-substrate scission complex. In their model, the substrate engaged with
these three pockets by fitting its P1° - P3’ positions (three amino acids C-terminal of the
cleavage site) into the binding pockets of y-secretase. They proposed that this is repeated for
each cleavage step and that it ensures proper positioning of the scissile bond. After the P1° - P3’
residues of the substrate are bound to the pockets of the enzyme, the substrate is cleaved directly
upstream of the P1’ position. Their data further suggests that the S1° and S3’ pockets are rather
large, allowing for more bulky side chains to be accommodated, but the S2° pocket is smaller
and thus seems to be restrictive towards the access of bulky aromatic amino acids at P2’. They
concluded that the binding pockets explain the preferred tri-peptide cleavage pattern of
y-secretase and are further decisive for the AP product line selection. An interaction of the
APP-based substrate C83 with three binding pockets in y-secretase is supported by the recent
structure of y-secretase in complex with C83 (Zhou et al., 2019). Another study provided further
evidence for the existence of such binding pockets (Hitzenberger and Zacharias, 2019b).
However, the data from this study suggest that the S1° and S3” pocket form one large binding
pocket (Hitzenberger and Zacharias, 2019b). It was further proposed that each cleavage
destabilizes the TMD of the substrate, resulting in an unfolding of the cleavage region (Szaruga
et al., 2017, Petit et al., 2019). This might enable the P1’ to P3’ residues to engage with the
binding pockets. With each cleavage also the enzyme-substrate-complex is destabilized, finally

resulting in the release of the products (Szaruga et al., 2017).

To date, it is not clear whether all substrates of y-secretase are cleaved repeatedly in a
consecutive fashion. Nevertheless, data on the cleavage of other substrates suggest that APP is
not the only substrate cleaved in such a way. Cleavage data obtained by Gu et al. suggest a

continued successive trimming after the initial cleavage for APLP1 (Gu et al., 2001). Indeed,
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even AB-like peptides have been identified for APLP1 (Yanagida et al., 2009). Likewise, an
ICD (Schroeter et al., 1998) and AB-like peptides of varying lengths have also been detected
for Notch-1 (Okochi et al., 2002, Okochi et al., 2006, Ran et al., 2017) and CD44 (Lammich et
al., 2002, Ran et al., 2017). Interestingly, it was demonstrated that these AB-like peptides of
Notch-1 and APLPI could also serve as substrates of y-secretase, suggesting that APLP1 and
Notch-1 are both cleaved repeatedly in a stepwise fashion (Okochi et al., 2013). Recently,
multiple cleavage sites have also been identified for several other y-secretase substrates,
including the three other Notch receptors (Notch-2, 3, and 4) and vascular endothelial growth
factor receptor 1 (VEGFR1), suggesting a stepwise trimming mechanism also for these
substrates (Ran et al., 2017). Most interestingly, also the autoproteolytic cleavage of PS1 has
been shown to follow a stepwise three amino acid-spaced cleavage mechanism (Fukumori et

al., 2010).

1.1.1.4.3 The Conformational Flexibility of the Substrate and its Role for Substrate

Recruitment and Processing

A certain conformational flexibility of the substrate has been proposed as an important factor
for cleavage by IMPs (Langosch et al., 2015, Langosch and Steiner, 2017). Multiple findings
demonstrating an effect of helix-destabilizing residues within substrates of other IMPs on
proteolysis (Ye et al., 2000, Lemberg and Martoglio, 2002, Urban and Freeman, 2003, Fluhrer
et al., 2012, Moin and Urban, 2012, Chen et al., 2014, Spitz et al., 2020), support this idea.
Amino acids that are known to destabilize the a-helical conformation of a TMD are glycine
(G), and proline (P), while alanine (A), and leucine (L) are potentially helix-forming residues
(Chou and Fasman, 1974, O'Neil and DeGrado, 1990, Li and Deber, 1994). On the one hand,
flexibility seems important for the unwinding of the helix prior to cleavage as described above,
and several findings support this idea. It has been demonstrated that stabilizing or destabilizing
the cleavage region of C99 via mutational analysis decreased or increased the cleavage of C99,
respectively (Fernandez et al., 2016, Sato et al., 2009). Similarly, cleavage of Notch-1 was
decreased when the glycines close to the cleavage site have been mutated (Vooijs et al., 2004,
Xu et al., 2016). Interestingly, earlier data suggest that unfolding of the TM-C of C99 caused
by the APP FAD mutation L52P affects the cleavage specificity of the initial cleavage by
y-secretase (Dimitrov et al., 2013). Contrary to these findings, however, Pester and colleagues

showed that, in comparison to several non-substrate TMDs, the TMD of APP is rather rigid in
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the vicinity of the cleavage site (Pester et al., 2013b). Findings from other studies demonstrating
the stability of the TM-C of C99 further support this (Stelzer et al., 2016, Go6tz et al., 2019a).
Additionally, studies analyzing the cleavability of mutant C99 substrates showed a decrease in
cleavability when introducing a flexible glycine tripeptide C-terminal of the cleavage region
(Sato et al., 2009). Analysis of the APP FAD mutant V46G within the cleavage region showed
a reduced cleavage in two studies (Munter et al., 2010, Xu et al., 2016), while one study also
showed an increased AICD production (Devkota et al., 2021). The cleavability of substrates of
other aspartate IMPs was also not increased when helix-destabilizing residues were introduced
at or near the cleavage site (Yiicel et al., 2019, Spitz et al., 2020). Thus, it remains to be clarified,
whether the unwinding and cleavage of a substrate requires the region close to the cleavage site

to be flexible or not.

On the other hand, flexibility may already be crucial for the interaction with the enzyme, for
the access to the active site, and for the presentation of the scissile bond (Tian et al., 2002,
Scharnagl et al., 2014, Langosch et al., 2015, Stelzer et al., 2016). Substrates could adopt
different interconverting shapes, and if only specific shapes can bind to the enzyme and access
its active site, the occurrence of those shapes would affect the recruitment and processing of a
given substrate. Thus, flexible substrate TMDs may be more easily recognized and cleaved.
This would be in line with multiple groups reporting that both, y-secretase and substrate,
undergo conformational changes upon binding and during substrate cleavage (Li et al., 2014,
Scharnagl et al., 2014, Bai et al., 2015b, Bai et al., 2015a, Langosch et al., 2015, Fukumori and
Steiner, 2016, Zhou et al., 2019, Yang et al., 2019). Several groups suggested that the TMD of
a substrate needs to be flexible in order to bend and access the active site of the IMP (Tian et
al., 2002, Strisovsky et al., 2009, Scharnagl et al., 2014, Langosch et al., 2015). The necessary
flexibility could be conveyed by motifs containing helix-destabilizing residues, like a
glycine-glycine (GG)-hinge motif or a short asparagine-proline motif as they are found in
substrates of other IMPs (Ye et al., 2000, Lemberg and Martoglio, 2002, Urban and Freeman,
2003, Akiyama and Maegawa, 2007, Fluhrer et al., 2012, Moin and Urban, 2012, Linser et al.,
2015). Multiple lines of evidence suggest that the y-secretase substrate APP harbors a GG-hinge
(Miyashita et al., 2009, Nadezhdin et al., 2011, Pester et al., 2013a, Dominguez et al., 2014,
Lemmin et al., 2014, Dominguez et al., 2016), which might provide the flexibility needed for
recruitment and cleavage (Pester et al., 2013a, Dominguez et al., 2014, Lemmin et al., 2014,

Langosch et al., 2015, Langosch and Steiner, 2017, Scharnagl et al., 2014). Thus, it has been
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proposed that also APP needs a hinge which may enable the TMD to bend and access the active
site (Langosch et al., 2015, Scharnagl et al., 2014, Tian et al., 2002).
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1.2 Aims of the Thesis: Understanding Substrate Recruitment and Processing by y-Secretase

Despite our knowledge about the function and the structure of all IMPs, how y-secretase
recognizes and efficiently cleaves its substrates is a major question that has remained
unanswered for more than two decades of basic research in this field. Insights into this process
are, however, urgently needed to advance our understanding of y-secretase, one of the key
enzymes in AD, and to gain further insights into IMPs in general. Thus, the overall aim of my

thesis was to identify the principles of substrate recruitment and processing by y-secretase.

One feature that has been suggested to play an important role for substrate recruitment and
cleavage by y-secretase is the conformational flexibility of the substrate. Its role for substrate
recruitment and cleavage, however, remained inconclusive. Hence, one aim of my thesis was
to investigate how helix-stabilizing and -destabilizing residues in the TMD of APP influence
its initial cleavage as well as the stepwise trimming by y-secretase. Combining this biochemical
analysis with different biophysical approaches to analyze the flexibility and in silico modeling
of initial contact sites of substrate and y-secretase should help to clarify the role of the
potentially helix-destabilizing GG-motif for substrate recruitment and processing by

y-secretase.

Another main goal of my thesis was to identify substrate determinants for y-secretase by
generating a non-substrate and reintroducing different motifs of C99 to regain cleavability.
Specifically, I aimed to uncover the significance of a flexible TM-N for the initial cleavage and
further trimming by analyzing different C99-based substrates. Additionally, I sought to
elucidate whether flexibility is crucial also in the C-terminal half of a substrate’s TMD. A
flexible TM-C might facilitate the unwinding of the helix prior to cleavage, however, previous
studies yielded diverging results on the importance of helix-destabilizing residues within the
TM-C for the cleavability of a substrate. Analyzing the conformational flexibility of other
y-secretase substrates should clarify whether more substrates feature a certain conformational
flexibility within their TMD. Finally, I aimed to explore whether both parts of the TMD (TM-N
and TM-C), and potential substrate requirements within them, are equally important and if they
cooperate for efficient cleavage by vy-secretase. A better understanding of substrate
requirements for y-secretase will help to unravel the secret of the highly specific cleavage by

y-secretase in the absence of sequence recognition motifs.
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2 Results

2.1 Publication 1: ‘Modulating Hinge Flexibility in the APP Transmembrane Domain Alters

v-Secretase Cleavage.’

This paper has been published in a peer-reviewed journal:

Gotz A, Mylonas N, Hogel P, Silber M, Heinel H, Menig S, Vogel A, Feyrer H, Huster D, Luy
B, Langosch D, Scharnagl C, Muhle-Goll C, Kamp F, Steiner H. Modulating Hinge Flexibility
in the APP Transmembrane Domain Alters y-Secretase Cleavage. Biophys J. 2019 Jun
4;116(11):2103-2120. doi: 10.1016/j.bpj.2019.04.030.

Summary

This first publication focused on the role of the helix-destabilizing GG-hinge motif in the TMD
of APP for cleavage and recognition by y-secretase. To this end, one of the glycines (G38, Ap
numbering) of this motif has been exchanged by either a helix-destabilizing proline (P) or by a
helix-stabilizing leucine (L). Circular dichroism spectroscopy and nuclear magnetic resonance
spectroscopy of TMD peptides confirmed that the G38L mutation indeed increased the helicity,
while the G38P mutation reduced the helical conformation of the construct when compared to
the wild type (WT). Further, molecular dynamics (MD) simulations of TMD peptides proved
that the mutations also affected the flexibility of the TMD. The substrate containing the G38L
mutation was overall less flexible and motions (bending and twisting) around the hinge were
more restricted compared to the WT, whereas the G38P construct proved to be more flexible,
with motions around the hinge being more likely to occur. The analysis of the intrahelical
H-bond strength of TMD peptides further supported the overall reduced conformational
flexibility for the G38L mutation and the increased flexibility for the G38P construct.
Additionally, this analysis revealed that the flexibility was changed mainly around the hinge
motif, but neither of the mutations altered the conformational flexibility at the e-sites.
Interestingly, the region around the e-sites proved to be in a stable helical conformation for all
the constructs analyzed in this study. Surprisingly, both mutations reduced the overall
cleavability of recombinant C99-based constructs and resulted in reduced levels of AICD and
AB. A detailed analysis of the generated AP species via mass spectrometry revealed an
increased processivity for the G38L mutation, even though its e-cleavage was reduced. The

processivity of the G38P construct, however, was reduced in comparison to the WT substrate.
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In silico modeling of the initial contact of the substrate TMD with the y-secretase complex did
not uncover any differences and thus could not explain the observed differences in the
cleavability of the mutants. However, the molecular dynamics simulations uncovered that both
mutations affected the relative orientation of the TM-C harboring the e-site, which is likely to
affect the presentation of the scissile bond and thus the cleavage of the different constructs.
Altogether, the results of this study clearly show that a certain flexibility of the APP TMD is
critical for substrate processing and that the GG-hinge present in the TMD of APP enables
specific motions needed for a correct positioning of the scissile bond at the active site. Further,
the results suggest that conformational flexibility is key for the interaction with the enzyme,
and thus for recognition and cleavage. It seems y-secretase uses some kind of conformational

sampling to differentiate between substrates and non-substrates.

My contribution to this publication

For this interdisciplinary study, I performed the in vitro (cell-free) cleavage assays, analyzed,
and quantified the levels of the cleavage products generated. Further, I carried out the mass
spectrometry analysis of the different AP species generated for each substrate. Figure 1 (B-F)
comprises all the data I have generated for this publication. (For details, please see author

contributions, pp. 178-182).
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ABSTRACT Intramembrane cleavage of the g-amyloid precursor protein C99 substrate by y-secretase is implicated in
Alzheimer’s disease pathogenesis. Biophysical data have suggested that the N-terminal part of the C99 transmembrane domain
(TMD) is separated from the C-terminal cleavage domain by a di-glycine hinge. Because the flexibility of this hinge might be
critical for y-secretase cleavage, we mutated one of the glycine residues, G38, to a helix-stabilizing leucine and to a helix-dis-
torting proline. Both mutants impaired y-secretase cleavage and also altered its cleavage specificity. Circular dichroism, NMR,
and backbone amide hydrogen/deuterium exchange measurements as well as molecular dynamics simulations showed that the
mutations distinctly altered the intrinsic structural and dynamical properties of the substrate TMD. Although helix destabilization
and/or unfolding was not observed at the initial e-cleavage sites of C99, subtle changes in hinge flexibility were identified that
substantially affected helix bending and twisting motions in the entire TMD. These resulted in altered orientation of the distal
cleavage domain relative to the N-terminal TMD part. Our data suggest that both enhancing and reducing local helix flexibility
of the di-glycine hinge may decrease the occurrence of enzyme-substrate complex conformations required for normal catalysis

and that hinge mobility can thus be conducive for productive substrate-enzyme interactions.

INTRODUCTION

Proteolysis in the hydrophobic core of membranes is a
fundamental cellular process that mediates critical signaling
events as well as membrane protein turnover (1). Intramem-
brane proteases are polytopic membrane proteins carrying
their active-site residues in transmembrane helices (2).
Apart from the fact that they typically cleave their substrates
within the transmembrane domain (TMD), little is still
known about the substrate determinants of intramembrane
proteases because they typically do not recognize consensus
sequences, as observed with most soluble proteases. Soluble
proteases are known to cleave their substrates within
extended sequences (i.e., 8-strands) or loops (3), and cleav-
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age sites that reside in a-helices (4,5) are assumed to be
intrinsically prone to unfolding (6). Therefore, rather than
sequence motifs, the innate dynamics of substrate TMD he-
lices is now increasingly discussed as a critical factor for
substrate recognition and/or the cleavage reaction (7,8). He-
lix flexibility could be induced by, e.g., glycine residues in
case of substrates of signal peptide peptidase (SPP) (9),
the related SPP-like protease SPPL2b (10), and rhomboid
(11). In the case of the site-2 protease SREBP substrate, a
short helix-distorting asparagine-proline motif is thought
to affect substrate recognition and/or cleavage (12,13).
y-Secretase is a pivotal intramembrane protease complex
(14,15) that cleaves a plethora of type I membrane protein
substrates, including signaling proteins essential for life
such as Notchl as well as the $-amyloid precursor protein
(APP), which is central to the pathogenesis of Alzheimer’s
disease (16,17). It is widely believed that an aberrant gener-
ation and accumulation of amyloid (-peptide (Af) in the
brain triggers the disease (18,19). AS is a heterogeneous
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mixture of secreted small peptides of 37-43 amino acids. Be-
sides the major form AQ,49, the highly aggregation-prone
longer forms AB4, and AB4; are pathogenic A variants
(18,19). A@ species are generated by vy-secretase from an
APP C-terminal fragment (CTF; C99) that originates from
an initial APP cleavage by (-secretase (15,20). C99 is first
endoproteolytically cleaved in its TMD by +v-secretase at
the e-sites close to the cytoplasmic TMD border to release
the APP intracellular domain (AICD) and then processed
stepwise by tripeptide-releasing C-terminal trimming in
two principal product lines, thereby releasing the various
Ag species from the membrane (21,22). Mutations in prese-
nilin, the catalytic subunit of y-secretase, are the major cause
of familial forms of Alzheimer’s disease (FAD) and are asso-
ciated with increased AB4, to total A ratios (15,23). Rare
mutations in the cleavage region of the C99 TMD also shift
Ag profiles and represent another cause of FAD (15,23).

The molecular properties of substrates that are recognized
by +y-secretase are still largely enigmatic. Established gen-
eral substrate requirements are not only the presence of a
short ectodomain (24,25), which is typically generated by
sheddases such as a- or -secretase, but, equally important,
also permissive transmembrane and intracellular substrate
domains (26). Recent studies suggest that the recruitment
of C99 to the active site occurs in a stepwise process
involving initial binding to exosites (i.e., substrate-binding
sites outside the active site) in the nicastrin, PEN-2, and pre-
senilin-1 (PS1) N-terminal fragment subunits of y-secretase
(27). Finally, before catalysis, interactions of C99 with the
S2' subsite pocket of the enzyme are critical for substrate
cleavage and AQ product line selection (22).

Kinetic studies have shown that intramembrane proteoly-
sis is a surprisingly slow process in the minute range, i.e.,
much slower than cleavage by soluble proteases (28-30).
The basis for the slow kinetics is not yet understood. With
regard to C99 cleavage by vy-secretase, one reason could
be that slow unwinding of the TMD helix at the initial
e-sites is rate limiting. This view is in line with biophysical
studies demonstrating that the helical structure of the C99
TMD is extremely stable, particularly in its C-terminal re-
gion harboring the e-sites (31). Indeed, a detailed recent
analysis showed that di-glycine motifs introduced near the
e-sites enhance the initial cleavage, supporting the view
that the helix must be locally destabilized to allow the cleav-
age reaction to occur (32). On the other hand, several reports
also indicated that other regions than that harboring the
cleavage sites of C99 play an important role for y-secretase
cleavage. For instance, mutations introduced at the luminal
juxtamembrane boundary (33,34), as well as within the
N-terminal part of the TMD (i.e., at sites distant from the
cleavage region), can alter cleavage efficiency and shift
cleavage sites (35,36). Furthermore, local destabilization
and the length of the membrane-anchoring domains at the
cytosolic juxtamembrane boundary, as well as 3-sheet seg-
ments within the extracellular domain of C99, have been re-
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ported as important players for y-secretase cleavage of C99
(37-39). Interestingly, NMR structures in detergent micelles
(40,41) and molecular dynamics (MD) simulations in mem-
brane bilayers (42—46) suggested that the C99 TMD also
contains a flexible hinge region at the G3;Gsg residues,
which may provide the necessary flexibility for the interac-
tion with the enzyme (7,8,43,45,46). Remarkably, although
most C99-related FAD mutations are in the vicinity of
the cleavage sites (15), these mutations do not destabilize
H-bonds at the e-sites but have a major impact on upstream
H-bond stability, including the region around the G3;Gsg
hinge (47,48). The latter biophysical studies indicate that
the G3;G3zg motif may play a crucial role in coordinating
large-scale bending movements of the C99 TMD, which
might facilitate the C-terminal part of the helix to move
into the active site of +y-secretase (7,49,50). Interestingly,
earlier studies with a different focus found that certain mu-
tations at the G37Gs;g hinge can diversely affect y-secretase
cleavage efficiency (27.51).

Because it is thus possible that the innate flexibility of
the C99 TMD enabled by the G3;G3g hinge could play a
role for vy-secretase cleavage and because a link of
biochemical assays of substrate cleavage with biophysical
studies of backbone dynamics is still missing, we aimed
to address the following questions: 1) how intrinsic struc-
tural and dynamic properties of different domains of the
TMD, such as local conformation, H-bond instability,
bending propensity and relative spatial orientation, are
interrelated; 2) whether conformational changes of the
C99 TMD allowed by its intrinsic properties play a role
in the initial encounter with the enzyme, its fitting into
the active site, and/or the subsequent catalytic event;
and 3) whether the local unfolding of the helix required
for initial substrate cleavage depends on the intrinsic struc-
tural and dynamic properties of the domain harboring the
e-sites or is rather determined by the interaction of the
latter domain with the enzyme.

To modulate G3,Gsg hinge bending, we generated two
mutations of the C99 TMD. A G38L mutation was intro-
duced to reduce helix flexibility and a G38P mutation to in-
crease bending, considering the classical helix-breaking
potential of proline in soluble (52) and membrane proteins
(53). Assuming that a less flexible G3;Gsg hinge would
impair the presentation of the cleavage domain to the active
site, we hypothesized that the G38L mutation would reduce
v-secretase cleavage, whereas the G38P mutation would
have the opposite effect. Additionally, we expected contrary
effects of the G38L and G38P mutations on the dynamic
properties of the C99 TMD, such as the intrinsic H-bond sta-
bility and relative spatial orientation of the distal region
harboring the e-sites.

In an interdisciplinary approach, we combined vy-secre-
tase cleavage assays of recombinant full-length C99-derived
substrates with biophysical measurements and MD simula-
tions of peptides comprising the TMD of C99 to study its
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intrinsic structural and dynamical properties in model mem-
branes composed of POPC, i.e., before binding to the
enzyme. In addition, we used a trifluoroethanol/water
(TFE/H,0) mixture, a well-established «-helix-stabilizing
hydrophobic yet hydrated solvent that has been used previ-
ously to mimic the interior of proteins (54,55), as well as the
catalytic cleft of y-secretase (31,46—49,56,57). In particular,
we asked whether cleavability could be correlated with
G37Gsg hinge-linked structural and dynamical properties
of the TMD per se and, if so, what kind of properties would
be functionally relevant.

Surprisingly, vy-secretase cleavage of both the G38L and
particularly the G38P mutant of C99 was decreased
compared to the wild type (WT), although the biophysical
studies of the C99 TMD peptides corroborated the expected
“stiffening” and “loosening” effects of the G38L and G38P
mutants, respectively. Furthermore, effects of the G38 muta-
tions on H-bond stability in the C99 TMD were observed
only in the vicinity of the hinge and did not extend to resi-
dues around the e-cleavage sites. MD simulations demon-
strated that altered hinge flexibility leads to mutant
specific distortions of the relative orientations of the helical
turn harboring the e-sites, which may consequently alter the
interaction of the substrate with the active site of the
enzyme, thereby impairing efficiency of the initial cleavage
of both mutants. Our data thus suggest that complex global
motions of the C99 TMD, controlled by the G3,G3g hinge,
may determine proper positioning of the substrate at the
active site of the enzyme.

MATERIALS AND METHODS
Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as well as sn-1
chain perdeuterated POPC-d3; were purchased from Avanti Polar Lipids
(Alabaster, AL). 1,1,1-3,3,3-Hexaflouroisopropanol (HFIP) and 2,2,2-
TFE were purchased from Sigma-Aldrich (St. Louis, MO).

Peptides

For all circular dichroism (CD), solution NMR, solid-state NMR (ssNMR),
and D/H exchange (DHX) experiments, C99,¢ ss, a 30-amino-acid-long
peptide comprising residues 26-55 of C99 (C99 numbering; see Fig. 1 A)
with N-terminal acetylation and C-terminal amidation was used. WT pep-
tide and G38L and G38P mutants thereof (Table 1) were purchased from
Peptide Specialty Laboratories, Heidelberg, Germany and from the Core
Unit Peptid-Technologien, University of Leipzig, Germany. For electron
transfer dissociation (ETD) measurements, to enhance fragmentation effi-
ciency, we substituted the N-terminal SNK sequence of C99,4 55 with
KKK. In all cases, purified peptides were >90% purity, as judged by
mass spectrometry (MS).

v-Secretase in vitro assay

C99-based WT and mutant substrates were expressed in Escherichia coli as
C100-Hisg constructs (C99 fusion proteins containing an N-terminal methi-
onine and a C-terminal Hise tag) (58) and purified by Ni-NTA affinity
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chromatography. To analyze their cleavability by y-secretase, 0.5 uM of
the purified substrates was incubated overnight at 37°C with 3-([3-cholami-
dopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPSO)-
solubilized HEK293 membrane fractions containing +y-secretase as
described (59). Incubations in the presence of the vy-secretase inhibitor
L-685,458 (60) (Merck Millipore, Burlington, MA) or at 4°C served as con-
trols. Generated A@ and AICD were analyzed by immunoblotting using
antibody 2D8 (61) and Penta-His (Qiagen, Hilden, Germany), respectively,
and quantified by measuring the chemiluminescence signal intensities with
the LAS-4000 image reader (Fujifilm Life Science, USA). Analysis of
y-secretase activity was repeated with three independent substrate purifica-
tions in three technical replicates for each of the constructs.

MS analysis of Ag3 species

AQ species generated in the y-secretase vitro assays were immunoprecip-
tated with antibody 4G8 (Covance) and subjected to MS analysis on a
4800 MALDI-TOF (matrix-assisted laser desorption/ionization-time of
flight)/TOF Analyzer (Applied Biosystems, Foster City, CA/MDS SCIEX,
Framingham, MA) as described previously (62,63).

CD and UV spectroscopy

C99,6_s5s WT and G38L and G38P mutant peptides were incorporated into
large unilamellar vesicles (LUVs) composed of POPC at a lipid/protein
molar ratio of 30:1. First, 500 ug peptide and 3.72 mg POPC were comixed
in 1 mL HFIP. After evaporation of the HFIP, the mixture was dissolved in
1 mL cyclohexane and lyophilized. The resulting fluffy powder was dis-
solved in 977 uL buffer (10 mM sodium phosphate (pH 7.4)). After 10
freeze-thaw cycles, LUVs were prepared by extrusion using a 100-nm
polycarbonate membrane and a LipoFast extruder device (Armatis, Man-
nheim, Germany). CD spectra were recorded with a Jasco 810 spectropo-
larimeter. A cuvette with a 1 mm pathlength was filled with 200 uL of
the LUV-C99,¢_ss preparation in which the final peptide concentration
was 83 uM and the lipid concentration 2.5 mM. Mean molar residue
ellipticities ([@]) were calculated based on the peptide concentrations.
The ultraviolet (UV) absorbance at 210 nm of the WT peptide was used
as a reference to normalize the final concentration of the reconstituted
mutant peptides. Alternatively, for the peptides dissolved in TFE/H,O
(80/20 v/v), the concentrations were determined using the UV absorbance
of the peptide bond at 205 nm. The calculated extinction coefficient at
205 nm was the same (ex0s = 87.5 x 10° M~ em™") for the WT
and G38 mutants based on the sequences for the C99,¢ ss WT and mutant
peptides (64). Additionally, an experimental value of &5 = 73.6 %
10> M~' em™! for a homologous peptide (InsW-C99,4 55, Table 1)
dissolved in TFE/H,O was determined calibrating with &9 =
5600 mol ' cm ™" of the additional tryptophan.

Solution NMR

Dry C99,6 55 WT (*°N/"3C-labeled at positions G29, G33, G37, G38, 141,
V44, M51, and L52) and G38L and G38P mutant peptides were dissolved
in 500 uL 80% TFE-d3 and 20% H,O, respectively. pH was adjusted to
5.0 by adding the corresponding amount of NaOH. Peptide concentrations
ranged between 50 and 500 uM. The NMR spectra of the peptides were
obtained on a 600 MHz AVANCE III spectrometer (Bruker BioSpin,
Rheinstetten, Germany) equipped with a TXI cryoprobe at a temperature
of 300 K. To assign 'H and "C resonances of the peptides, a set of two-
dimensional spectra was recorded: 'H-"H-TOCSY with a mixing time of
60 ms, 'H-'H-NOESY with a mixing time of 200 ms, and 'H-'*C-
HSQC. Spectra were recorded with 24 scans and 1000 data points in
the indirect dimension. The NMR spectra were analyzed using NMRView]
(One Moon Scientific).
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For H/D exchange (HDX) measurements (NMR-HDX), dry peptides
were dissolved in 80% TFE-d3 and 20% D,0. Measurements were done
at at least three different pH values to access all exchangeable protons, us-
ing the correlation of exchange rate and pH value. pH was adjusted using
NaOD and DCI. 11 TOCSY or ClipCOSY (65) spectra with an experimental
time of 3 h 26 min each (mixing time 30 ms, 24 scans, 300 data points in the
indirect dimension) were acquired sequentially. Additionally, 11 'H-">N-
HSQC spectra of the WT were recorded (two scans, 128 points in the indi-
rect dimension) in between.

The exchange of the first five to six and the last two residues was too fast
to measure. M35 and A42 cross peak intensities were significantly lower
than those of other amino acids. The HDX rate constant (Kexp apx) Was ob-
tained fitting the crosspeak intensities over time to Eq. 1:

y=c+ a x elHepmxxi) 1

where 7 is time and a and ¢ are constants. Rate constants were calculated for
all three pH values and then scaled to pH 5.

ssNMR

For ssNMR, A30, G33, L34, M35, V36, G37, A42, and V46 were labeled
in the C99,4_ss WT peptide with '*C and '°N. In the two mutant peptides,
only A30, L34, V36, and G37 were labeled as a compromise between
expensive labeling and the highest information impact to be expected.
Multilamellar vesicles were prepared by cosolubilizing POPC and the
selected C99,4_s5 peptide in HFIP at a 30:1 molar ratio. After evaporation
of the solvent in a rotary evaporator, the sample film was dissolved by
vortexing in cyclohexane. Subsequently, the samples were lyophilized to
obtain a fluffy powder. The powder was hydrated with buffer (100 mM
NaCl, 10 mM Hepes (pH 7.4)) to achieve a hydration level of
50% (w/w) and homogenized by 10 freeze-thaw cycles combined with
gentle centrifugation. Proper reconstitution of the C99,4_ss WT and G38
mutants into the POPC membranes was confirmed by an analysis of the
13C,, chemical shifts of A30.

3C magic-angle-spinning (MAS) NMR experiments were performed
on a Bruker Avance III 600 MHz spectrometer (resonance frequency
600.1 MHz for 'H, 150.9 MHz for 13C) using 4 and 3.2 mm double-reso-
nance MAS probes. The cross-polarization contact time was 700 us, and
typical lengths of the 90° pulses were 4 us for 'H and 4-5 us for "*C.
For heteronuclear two-pulse phase modulation decoupling, a 'H radio fre-
quency field of 62.5 kHz was applied. '*C chemical shifts were referenced
externally relative to tetramethylsilane. 'H-BC dipolar couplings were
measured by constant-time DIPSHIFT experiments using frequency-
switched Lee-Goldburg for homonuclear decoupling (80 kHz decoupling
field) (66). The 'H-'?C dipolar coupling was determined by simulating
dipolar dephasing curves over one rotor period. These dipolar couplings
were divided by the known rigid limit as reported previously (67). MAS
experiments for the site-dependent order parameter were carried out at an
MAS frequency of 3 kHz and a temperature of 30°C. DIPSHIFT 'H-'3C or-
der parameters were analyzed with a variant of the established GALA
model (68) to evaluate RMSD values for combinations of tilt and azimuthal
angles of the TMD helix, explained in detail in the Supporting Materials
and Methods.

MS experiments of DHX

All mass spectrometric experiments were performed on a Synapt G2 high
definition mass spectrometer (Waters, Milford, MA). A 100 uL Hamilton
gas-tight syringe was used with a Harvard Apparatus 11 plus, and the
flow rate was set to 5 uL/min. Spectra were acquired in a positive-ion
mode with one scan for each second and 0.1 s interscan time.

Solutions of deuterated peptide (100 uM in 80% (v/v) d1-TFE in 2 mM
ND,-acetate) were diluted 1:20 with protiated solvent (80% (v/v) TFE in
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2 mM NHy-acetate (pH 5.0)) to a final peptide concentration of 5 uM (at
which the helices remain monomeric (46)) and incubated at a temperature
of 20°C in a thermal cycler (Eppendorf, Hamburg, Germany). Incubation
times were 0, 1, 2, 5, 10, 20, 30, 40, and 50 min and 1, 2, 3, 4, 6, 8, 12,
24,48, and 72 h. Exchange reactions were quenched by placing the samples
on ice and adding 0.5% (v/v) formic acid, resulting in a pH = 2.5. Mass/
charge ratios were recorded and evaluated as previously described
(69,70), including a correction for the dilution factor. For ETD, we prese-
lected the 5+ charged peptides via MS/MS and used 1,4-dicyanobenzene
as a reagent. The fragmentation of peptides was performed as described
(69). Briefly, ETD MS/MS scans were accumulated over 10 min scan
time, smoothed (Savitzky-Golay, 2 x 4 channels), and centered (80%
centroid top, heights, three channels). MS-ETD measurements were per-
formed after 13 different incubation periods (from 1 min to 3 d) in which
exchange took place at pH 5.0. Shorter (0.1 min, 0.5 min) and longer
(5 d, 7 d) incubation periods were simulated by lowering the pH to 4.0 or
elevating pH to 6.45, respectively, using matched periods. The differences
to pH 5.0 were considered when calculating the corresponding rate con-
stants. We note that base-catalyzed exchange is responsible for at least
95% of total deuteron exchange at pH 4.0 and above. The resulting ETD
¢ and z fragment spectra were evaluated using a semiautomated procedure
(MassMap_2017-11-16_LDK Software; MassMap KG, Freising, Ger-
many) (47). The extent of hydrogen scrambling could not be calculated
with the ammonia loss method (71) because of the blocked N-termini. How-
ever, previous experiments with similar peptides showed scrambling to be
negligible under our conditions (72). During all MS-DHX experiments, a
gradual shift of monomodal shaped isotopic envelopes toward lower
mass/charge values was observed. This is characteristic of EX2 kinetics
with uncorrelated exchange of individual deuterons upon local unfolding
(73.74).

MD simulations

The C99,6 55 WT, C99,¢_s5 G38L, and C99,6_s5 G38P model peptide (for
sequences, see Table 1) were investigated in a fully hydrated POPC bilayer
and in a mixture of 80% TFE with 20% TIP3 water (v/v). Because no exper-
imental structures were available for the G38 mutants, we used a stochastic
sampling protocol to generate a set of 78 initial start conformations (for
details, see (75)).

All-atom simulations in 80% TFE and 20% TIP3 (v/v) were set up as
described previously (75). Each start conformation was simulated for
200 ns using settings as described in (46). Production runs were performed
in an NPT ensemble (T = 293 K, p = 0.1 MPa) using NAMD 2.11 (76).
Frames were recorded every 10 ps. The last 150 ns of each simulation
were subjected to analysis, leading to an effective aggregated analysis
time of 11.7 us for each peptide.

For all-atom simulations in POPC bilayers, the stochastically sampled
conformations were hierarchically clustered, and the centroid of the cluster
with the highest population was placed in a symmetric bilayer, consisting of
128 POPC lipids, using protocols as provided by CHARMM-GUI (77).
Simulations of 2.5 us (T = 303.15 K, p = 0.1 MPa) were performed using
NAMD 2.12 (76). Frames were recorded every 10 ps. Only the last 1.5 us of
the trajectory were subjected to analysis. All atomistic simulations use the
CHARMM36 force field (78). Analysis of the H-bond occupancies, tilt, and
azimuthal angles, as well as bending and twisting motions, is explained in
detail in the Supporting Materials and Methods.

For the analysis of substrate TMD encounter with y-secretase, we apply
the DAFT approach (79) with a coarse-grained description of POPC lipids,
water, C99,6_ss TMD, and vy-secretase. The use of >750 replicas per TMD
starting from unbiased noninteracting initial states, sampling for at least
1 us per replicate, and inclusion of low-amplitude backbone dynamics of
ry-secretase (80) provided exhaustive sampling of potential contact sites
and exceeds previous assessments of C99 binding sites with respect to
both the number of replicates and simulation time (81,82). For further de-
tails, see the Supporting Materials and Methods and (83).
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FIGURE 1 (€99 G38P and G38L mutants distinctly alter y-secretase cleavage and processivity. (A) The primary structure of C99 (AB numbering) and its

major y-secretase cleavage sites are shown. (B) Levels of AICD were analyzed by immunoblotting after incubation of C100-Hiss WT and mutant constructs
with CHAPSO-solubilized HEK293 membrane fractions at 37°C. As controls, samples were incubated at 4°C or at 37°C in the presence of the y-secretase
inhibitor L-685,458 (60). (C) Quantification of AICD levels from (B) is shown. Values are shown as a percentage of the WT, which was set to 100%. Data are
represented as mean =+ standard error of the mean (n = 3, each n represents the mean of three technical replicates). (D and E) Corresponding analysis of AG is
shown. (F) Representative MALDI-TOF spectra of the different AS species generated for WT and the G38 mutants are shown. The intensities of the highest

Ap peaks were set to 100% in the spectra.

RESULTS

G38L and G38P mutations in the C99 TMD
differently impair y-secretase cleavage

To examine whether and how leucine and proline mutations
in the G37G3g hinge in the TMD of C99 affect the cleavage
by vy-secretase (Fig. 1 A), G38L and G38P mutants of the
C99-based recombinant substrate C100-Hise (58) were puri-

TABLE 1 Sequences of Investigated Peptides
Name Sequence
C99,6_s5 Ac-SNKGAIIGLMVGGVVI

ATVIVITLVMLKKK-NH,
Ac-SNKGAIIGLMVGLV VI
ATVIVITLVMLKKK-NH,
Ac-SNKGAIIGLMVGPVVI
ATVIVITLVMLKKK-NH,
Ac-KKKGAIIGLMVGGV VI
ATVIVITLVMLKKK-NH,
Ac-SNKWGAIIGLMVGGV VI
ATVIVITLVMLKKK-NH,

99,455 G38L
99,4 55 G38P
KKK-C99,¢ ss

InsW-C99,¢ 55

44

fied and used to assess their cleavability in an established
in vitro assay (59). As expected, AICD generation resulting
from the initial e-cleavage was reduced to ~38% for the
G38L mutant compared to WT (Fig. 1, B and C). Surpris-
ingly, contrary to our hypothesis, e-cleavage of the G38P
mutant was even more reduced to only ~8%. Concomi-
tantly, A@ levels were reduced for both G38L and G38P mu-
tants to ~47 and ~16%, respectively (Fig. 1, D and E). To
also investigate the impact of the mutations on the C-termi-
nal trimming activity of y-secretase, i.e., its processivity, we
analyzed the distribution of the lengths of the AS species by
MALDI-TOF MS (Fig. 1 F). Strikingly, although AB40 was,
as expected, the predominant species for the cleavage of
the WT substrate, AB37 was the major cleavage product
for the G38L mutant. Thus, although the initial e-cleavage
was impaired for the G38L mutant, its processivity was
enhanced. AB40 remained the major cleavage product for
the G38P mutant, but in contrast to the WT, no AB37 and
Ap38 species were produced. Additionally, AB43 was also
detected for this mutant. Remarkably, for both mutants,
the unusual AB39 species was detected, which was barely
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detected for the WT. Thus, for both mutants in the G3;Gsg
hinge, y-secretase cleavage was decreased, and the proces-
sivity was markedly and distinctly affected. We next sought
to investigate the underlying basis of these observations.

G38 mutants do not alter contact probabilities
with y-secretase

Because the G38 mutations are localized close to potential
TMD-TMD interaction interfaces (i.e., GyoXXXGgs3,
G33XXXG37, and G3gXXXA,4, motifs (43,46)), a possible
explanation for the impaired vy-secretase cleavage of the
G38 mutants could be altered contact preferences with
y-secretase. To screen for contact interfaces of the C99
TMD with vy-secretase, we set up an in silico docking assay
for transmembrane components (DAFT (79)) using a
coarse-grained description of POPC lipids, water, C99
TMD (C99,¢_s5), and y-secretase. This protocol was previ-
ously shown to reliably reproduce experimentally verified
protein-protein interaction sites in a membrane (79,84).

Our calculations showed that the C99,¢_s5 WT and both
mutant peptides could principally interact with the surface
of the +y-secretase complex and contact all four complex
components (Fig. 2 A). In agreement with previous substrate
cross-linking experiments (27), the C99,4_s5s showed the
highest binding preference for the PS1 N-terminal fragment
(NTF) (Fig. 2 A). The normalized C99,¢_s5 proximities for
each residue of y-secretase (Fig. 2 B) indicated that the pre-
senilin TMD2 may represent a major exosite of y-secretase
and revealed that contacts with the highest probabilities
were formed between the juxtamembrane S,cNK,g residues
of C99,4_s55 and the two threonine residues T119 and T124
in the hydrophilic loop 1 between TMD1 and TMD?2 of PS1
(Fig. S1). Interactions between PS1 TMD2 and the C99
TMD could mainly be attributed to contacts of the A30,
G33, G37, and V40 of the C99 TMD with residues L130,
L134, A137, and S141 of PS1 TMD2 (Figs. 2 C and S1).
Additional contact sites of the C99 TMD at V44 and 147
are located on the same face of the C99 TMD helix as the
main contact sites (Fig. 2 C). However, the probabilities
of the observed dominant contacts with the enzyme were
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FIGURE 2 Probability of initial contacts of C99,¢_s5 peptides with vy-secretase is not altered for G38 mutants compared to WT, as revealed by in silico
modeling of the encounter complex. (A) Kernel densities of the center-of-mass location of the C99,4_s5 peptide are shown. Darker colors indicate higher
contact probabilities. The representation shows the parts of y-secretase that are embedded in the membrane, pertaining to the subunits nicastrin (green),
PS1 NTF (blue), PS1 CTF (cyan), APH-1a (purple), and PEN-2 (yellow). Black arrows highlight TMD2, TMD3, and TMD6 of PS1, and the active-site aspar-
tate residues in PS1 TMD6 and TMD?7 are indicated by red spheres. (B) Normalized proximities between residues of vy-secretase subunits and the C99,¢_ss
peptide are shown. Gray areas indicate residues that are part of the indicated TMDs of PS1. (C) Normalized proximities between C99,¢_ss residues and

TMD?2 of PS1 are shown.
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not significantly altered by the G38 mutations. Thus, based
on our substrate docking simulations, the structural alter-
ations of the C99 G38 mutant TMD helices may not cause
gross alterations in initial substrate-enzyme interactions.

G38 hinge mutations cause structural changes of
the C99 TMD helix

We thus next investigated how the G38 mutations affect
structural and dynamical properties of the C99 TMD. To
compare the effects of the G38L and G38P mutants on the
helical conformation of the C99 TMD, WT, and mutant
C99,¢_s5 peptides were incorporated into LUVs composed
of POPC. As shown in Fig. 3 A, CD spectroscopy measure-
ments demonstrated that the peptides contain a high content
of a-helical conformation in the lipid bilayer. As expected,
the helical conformation was stabilized for the G38L (indi-
cated by the more negative ellipticity at 220 nm) and desta-
bilized for the G38P mutant. Similar effects were found
when the peptides were analyzed in TFE/H,O (80/20 v/v)
(Fig. 3 B). In this solvent, ellipticity and the shape of the
spectra was different compared to POPC, but the minima
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at 208 and 220 nm were nevertheless indicative of a high
degree of helicity.

The high helical content of the WT and mutant C99
TMDs was corroborated by solution NMR, in which struc-
tural information was derived from secondary chemical
shifts (40) (Fig. 3 C; for complete data set, see Fig. S2)
and nuclear overhauser effect (NOE) patterns (Fig. S2).
Over the entire TMD sequence, C99,¢ 55 WT showed cross
peaks that are typical for an ideal a-helix (containing 3.6
residues per turn; Fig. S2). 46(*3C,) and 46(*H,,) chemical
shifts in particular, as well as A6(13Cﬁ), indicated a strong
helicity for the C-terminal domain (TMD-C) ranging from
V39 to L52 (Fig. 3 C; Fig. S2). In contrast, the N-terminal
domain (TMD-N), ranging from G29 up to V36, seemed
to form a less stable helix. At positions G37 and G38, the
helical pattern appeared to be disturbed, which is obvious
from the reduced 46('H,) values at these residues. This
observed pattern of TMD-N and TMD-C domains flanking
the short G3;Gsg segment of lower stability is consistent
with previous results (40,46,48,49).

With regard to the G38 mutants, no major overall changes
in the NOE patterns and secondary chemical shifts were
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observed. However, a detailed view showed small but
distinct differences in secondary chemical shifts both for
G38L and G38P. G38L appeared slightly stabilized
compared to the WT. Chemical shift changes were restricted
to the two helical turns around L38 (M35-I41) and the im-
mediate termini (Fig. 3 D). For G38P, the high number of
differences in both 46(*3C,) and 46(*H,) shifts compared
to those of the WT values (Fig. 3 E) indicated changes in
structure or stability induced by the mutation that, however,
were too subtle to also result in altered NOE patterns
(Fig. S2). This stems from the fact that NOEs for dynamic
helices are dominated by the most stable conformation,
whereas the highly sensitive chemical shifts are affected
even by minuscule changes. Particularly, the helicity of
the N-terminal part up to V36 had decreased for G38P ac-
cording to the chemical shift pattern, but also the remaining
C-terminal part showed significant and irregular deviations
compared to the WT. Concomitantly, for G38P, we observed
an overall increase of Hy resonance line widths, which is
indicative of an increased global conformational exchange
(Fig. S3). Here, also, several minor alternative conforma-
tions were visible that resulted in more than one Hy/H,, reso-
nance for many residues (up to four for some residues)
(Fig. S3). The overall helical conformation was also
confirmed by the profile of mean-squared fluctuations ob-
tained from the MD simulations (Fig. S4). The w-shape is
a fingerprint of the large-amplitude bending motion (48),
which is characteristic for helices. In POPC as well as in
TFE/H,0, the G38 mutations impacted mainly local flexi-
bility in the helix center but conserved below-average fluc-
tuations in the cleavage domain (Fig. S4).

Taken together, consistent with the CD data, the solution
NMR data and MD simulations show that the C99,¢_s5 pep-
tide has a high propensity to form a helical structure that is
only slightly reduced in the G3,Gsg hinge region. Interest-
ingly, the TMD-C, i.e., the region in which the cleavages
by y-secretase occur, has a much stronger helicity compared
to the TMD-N. The G38L mutation caused a stabilization of
the helix around the G3,Gsg hinge, albeit small, whereas the
G38P mutation disturbed the helix both in its TMD-N and
TMD-C parts.

G38 mutant TMD helices display altered
hydrogen-bond stability around the G3;G3s hinge

To further investigate the impact of the G38 mutations on
conformational flexibility of the C99 TMD, we next
analyzed the stability of intrahelical H-bonds of the
C99,6_55 WT and mutant helices. To this end, we performed
backbone amide DHX experiments in TFE/H,O using MS
(MS-DHX) as well as HDX using NMR (NMR-HDX).
Determining amide exchange in POPC membranes was
not feasible because the bilayer effectively shields central
parts of the TMD helix (69,70). Generally, although ex-
change rate constants also depend on the local concentration
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of hydroxyl ions (i.e., the exchange catalyst) and are influ-
enced by side-chain chemistry (73), the reduced stability
of backbone amide H-bonds associated with more flexible
helices results in faster amide exchange. Fig. 4 A shows
the overall MS-DHX of >98% deuterated C99,6 55 WT
and mutant peptides (5 uM) in TFE/H,O. Consistent with
previous results (31,46.49), overall DHX kinetics was char-
acterized by rapid deuteron exchange within minutes, fol-
lowed by a relatively fast exchange over 60 min (Fig. 4 A,
inset) and a subsequent very slow process. Near complete
exchange was seen after 3 days. Relative to the WT, the
G38L mutation slowed hydrogen exchange, whereas an
apparent slight enhancement of exchange was observed
for G38P. This enhancement is, however, largely ascribed
to the fact that proline does not contribute an amide deute-
rium, thus reducing the number of exchangeable deuterons
in DHX (Fig. 4 A, inset).

To obtain insight into local amide H-bond strength, we
next measured residue-specific amide DHX rate constants
(Kexp,prx) using ETD of our TMD peptides in the gas phase
after various periods of exchange (MS-ETD-DHX) (47,72).
To enhance fragmentation efficiency, we substituted the
N-terminal SNK sequence of the C99,6 55 TMD by KKK
(75). The rate constants shown in Fig. 4 B reveal that
DHX occurred within minutes for residues up to M35 within
TMD-N and at the C-terminal KKK residues for all three
peptides. Rate constants gradually decreased by up to two
orders of magnitude in the region harboring the G3;Gsg
motif. Compared to the WT, both G38 mutants perturbed
exchange downstream of the mutation site in the region
around the y-40 cleavage site. Although the G38L mutation
decreased Keyp.pux significantly between V39 and T43,
G38P increased Keyp,pux, mainly for V39 and V40. Very
slow exchange was observed in the TMD-C, containing
the e-cleavage sites, which was not affected by the G38 mu-
tants. Additionally, we measured HDX by NMR spectros-
copy. The shape of the NMR-HDX profile (Fig. 4 C)
roughly matched the MS-ETD-DHX profile in that ex-
change within the TMD-N was faster than within the
TMD-C (Fig. 4 B). NMR confirmed the locally reduced ex-
change rates for the G38L mutant and the locally enhanced
rates for G38P, although the experimental errors prevented
clear assignments of the differences to individual residues.
As for MS-ETD-DHX, the G38 mutants did not affect the
NMR-HDX in the vicinity of the e-cleavage sites. The
generally lower H/D rate constants, relative to the respective
D/H values, are ascribed to the intrinsically slower chemical
HDX as compared to DHX (75,85).

DHX rate constants reconstructed from the fraction of
open H-bonds and the local water concentration as calcu-
lated from the MD simulations could reproduce the overall
MS-DHX kinetics well (0.400 < x* < 1.493, Fig. S5). In
accordance with the ETD-derived rate profile, the calculated
site-specific kpyx exchange rate constants (Fig. 4 D) re-
vealed fast exchange at both termini and very slow exchange
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FIGURE 4 DHX rates along the TMD of C99,¢_ss reveal an impact of the G38 mutations on H-bond stability around the mutation sites but not at the
e-sites. (A) Overall DHX kinetics of C99,4_ss WT and G38L and G38P mutant peptides measured with MS-DHX is shown. Complete deuteration was fol-
lowed by back-exchange in TFE/H,O (pH 5.0), T = 20°C. Exchange kinetics during the first 60 min (insef) and 72 h were measured (n = 3, error bars
showing SD are smaller than the size of the symbols). Note that the lower deuterium content in G38P mainly resulted from the lack of one amide deuteron
at the cyclic side chain of proline. (B) Site-specific DHX rate constants (Kexp.pHx (min™ ")) of (995655 WT and G38L and G38P mutants dissolved in
TFE/H,O are shown, as determined by MS-ETD (error bars show 95% CI). (C) Site-specific HDX rate constants (Kexp.upx (min’l)) determined by
NMR are shown (n = 3, error bars show SD). (D) Site-specific kpyx (min~") computed from MD simulations are shown (error bars show 95% CI).
(E) Backbone H-bond occupancy of the individual residues of C99,4_ss WT and its G38L and G38P mutants in POPC and (F) in TFE/H,O is shown, calcu-
lated by MD simulations (error bars show 95% CI). An amide H-bond is counted as closed if either the a- or 3,(-H-bond is formed. Note that G38P cannot

form H-bonds at residue 38 because of the chemical nature of proline.

in the TMD-C. Additionally, the slow exchange at the
e-sites, without significant differences between WT and
the G38 mutants, was confirmed. Taken together, for all pep-
tides, local amide exchange rates determined by three
different techniques consistently reported reduced H-bond
strength in the helix-turn downstream to the G38 mutation
site in the y-cleavage site region compared to very strong
H-bonds around the e-sites.

To gain further insight into the distribution of backbone
flexibility along the C99,4_ss peptides, we focused on the
site-specific population of «-H-bonds (NH()...O (i—4))
and 3;9-H-bonds (NH(@)...O (i-3)). The population of
both H-bonds is of significant interest because switching be-
tween «- and 3;o-H-bonds allows for conformational flexi-
bility of the TMD helix without inducing a permanent
structural change (86). As such behavior was detected pre-
viously for C99,5_s5 (46,48,49) as well as for other TMDs

48

(72,86), we calculated both a- and 31¢-H-bond occupancies
for each residue of C99,¢_s5 in POPC and TFE/H,0, respec-
tively, from the MD simulations (Fig. S6). In POPC, for the
WT and G38L peptides, but not for G38P, a 10% lower oc-
cupancy of a-H-bonds emanating from backbone amides of
V39 was largely compensated through the formation of 3¢-
H-bonds (Fig. S6). In TFE/H,0, a larger-stretch of H-bonds
spanning from the G33 carbonyl-oxygen to the amide-
hydrogen at 141 was destabilized (Fig. S6). In this segment,
for all peptides, a maximal drop in a-helicity by 40% was
only partially compensated by the formation of 3,,-H-
bonds, indicating enhanced conformational variability.
Note that the HDX reflects the combined occupancies
(Fig. 4, E and F), in which an amide is regarded as protected
from exchange if either the a- or the 3,¢-H-bond is formed.
As shown in Fig. 4, E and F, intrahelical H-bonds were dis-
torted only around the G3,Ggsg sites, which correlated with
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the flexibility at the G37G3g hinge where H-bonds on the
opposite face of the hinge have to stretch to allow for
bending. This distortion around the G;;Gsg hinge for WT
and the expected effects of the G38 mutations were consis-
tent with the above-described DHX experiments (Fig. 4, B
and O).

With regard to the cleavage domain, of all C99,¢ 55 pep-
tides both in POPC and TFE/H,O0, we found a 5-10% pop-
ulation of 3;o-H-bonds around the amides of T43/V44
and T48/L49 as well as enhanced 3;o-H-bond propensity
at the border to the C-terminal juxtamembrane residues
(Fig. S6). However, neither shifting between «- and 3¢-
H-bonds nor helix distortions involving the carbonyl-oxy-
gen at the e-sites or other signs of helix distortions could
be detected for the G38 mutants (Fig. 4, E and F;
Fig. S6). Remarkably, the occupancies of 3;(-H-bonds in
the cleavage domain did not change when changing solvent
from POPC to the hydrophilic environment in the TFE/H,0
solution (Fig. S6). This demonstrates that the e-sites are in a
rather stable helical conformation, regardless of the solvent,
that is not perturbed by the G38 mutations. In summary, the
MD simulation findings and the H/D experiments indicate
that alterations of the flexibility of the G37G3g hinge caused
by the G38 mutations do not result in altered backbone dy-
namics at the e-sites.

G38 mutants alter the spatial orientation of the
e-cleavage site region

In addition to local variations of the structure and stability of
the C99 TMD, global orientation of the TMD helix in the
bilayer may play an important role in substrate recognition
and cleavage. TMD helices usually tilt to compensate hy-
drophobic mismatching between the length of the hydro-
phobic domain of the TMD and the hydrophobic thickness
of the lipid bilayer (87.88). Additionally, azimuthal rota-
tions of the tilted helix around its axis are not randomly
distributed but reflect preferential side-chain interactions
with the individual components of the phospholipid bilayer
(88-90). To explore a potential influence of the G38 muta-
tions on these properties, we investigated the distribution
of tilt (7) and concomitant azimuthal rotation (p) angles
(Fig. S7 A) of C99,4_s5 embedded in a POPC bilayer by
ssSNMR and MD simulations. The C,-H, order parameters
of residues A30, L34, M35, V36, G37, A42, and V46 of
C99,6_55 (Table S1), chosen to represent the helical wheel
with C,-H, bond vectors pointing in many different direc-
tions, were derived from DIPSHIFT experiments, which
also confirmed the proper reconstitution of the peptides in
the POPC bilayer (Fig. S8). To estimate 7 and p of the
TMD helix in C99,4 55, a variant of the GALA model
(68) was used (see Supporting Materials and Methods).

In Fig. 5 A, the normalized inverse of the root mean-
square deviation (RMSDy,m) between data and model is
shown as function of tilt and azimuthal rotation angles.
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For all three peptides, relatively broad 7,p landscapes with
several possible orientations were found. Reliable helix ori-
entations comprising helix tilt angles on the order of 7 < 30°
were found for all three peptides, although the G38P land-
scape deviated from the similar landscapes of WT and the
G38L mutant. A tilt angle below 30° for the WT C99
TMD was also reported by others (91), although in the latter
study a very heterogeneous picture with different orientation
and dynamics of several helix parts was drawn. As shown in
Fig. 5 B, the calculated probability distributions of (,p)
combinations from MD simulations were in agreement
with the ssNMR observations. Average tilt angles were
also below 30° (WT: 23.1° with 95% CI (20.2, 26.2°),
in agreement with previous results (43), G38L: 21.8°
(18.7, 25.2°), and G38P: 25.9° (22.2, 29.9°)). A precise
average p angle could not be calculated from the order
parameters obtained from ssSNMR nor obtained from the
MD simulation but only a range of possible orientations,
which is indicative of high TMD helix dynamics in liquid-
crystalline membranes. In fact, all possible angles of p are
observed in the MD simulations with considerable probabil-
ity (Fig. 5 B). Consistent with only small mutation-induced
variations in helix tilt and rotation angles, no significant dif-
ferences of the mean residue insertion depths in the POPC
bilayer were observed in the MD simulations, indicating
quite similar vertical z-position of the cleavable bonds in
the membrane for the WT and mutants (Fig. S9).

Helices not only tilt and rotate in the membrane as a rigid
body but are able to reorient intrahelical segments relative to
each other, which in the case of the C99 TMD is enabled by
the G37G3g hinge (46—48). We thus next sought to investi-
gate the impact of the G38 mutations on the relative orien-
tation of the helical turn carrying the e-sites in the TMD-C
to that of the TMD-N by analyzing the probability distribu-
tions of bending and swivel angles. The bending angle (6) is
defined as the angle between the axes through segment A
(residues 131-M35) in the TMD-N and segment B (con-
taining the e-sites) in the TMD-C (residues 147-M51,
Fig. S7 B). The swivel angle (¢) is defined by the horizontal
rotation of domain B relative to the C, atom of G33 as refer-
ence in domain A (Fig. S7 B). Positive ¢-angles represent
counterclockwise rotation. We analyzed the bend and swivel
conformational sampling from the MD simulations for the
C99,6_s5 WT and G38 mutant peptides in POPC and TFE/
H,O (Table S2). In POPC, domain B of the WT and G38L
peptides exhibited bending rarely exceeding 30° with a
mean value of ~12° (Fig. 5 C). For the G38P mutant, an
increased population of conformations with ¢ even larger
than 40°, lack of conformations with § < 15°, and an
average bending of ~32° reveal a persistent reorientation
of the e-sites (Fig. 5 C, D, and F). The range of bending an-
gles sampled around their average value was similar (+30°)
for all peptides. Generally, we observed that C99 TMD
bending is anisotropic. Notably, the horizontal rotation
(i.e., swivel angle) of the e-site orientation was sensitively
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FIGURE 5 G38 mutations of the C99,¢ 55 peptide do not significantly alter its global membrane orientation but change the relative orientation of the
e-sites region. (A) Heat maps of tilt () and azimuthal rotation (p) angle combinations of C99,¢_ss WT and G38L and G38P mutant peptides in a POPC bilayer
are given as determined by ssNMR. The colors represent the RMSDy,, 0f the given (7,p) pair. Maxima (dark areas) represent possible orientations. The
circles represent the likeliest (red), second likeliest (blue), and third likeliest (green) solutions. (B) Probability distributions P (7,p) of 7 and p angle com-
binations of C99,¢_ss WT and G38L and G38P mutants in a POPC bilayer are shown, calculated from MD simulations. Dark areas represent high proba-
bilities. (C) Probability distributions of bending (f) and swivel (¢) angle combinations characterizing the orientation of e-sites in C99,6 55 WT and
G38L and G38P mutants in POPC and in TFE/H,O are shown, calculated from MD simulations. (D and E) Representative conformations for WT and
G38 mutants in (D) POPC and (E) TFE/H,O determined by K-means clustering of (6,¢) combinations in cos-sin space are shown. Domains colored in
red (domain A) represent the TMD-N segment I31-M35 and were also used to overlay the structures. Domains colored in blue (domain B) indicate the
TMD-C segment [47-M51 carrying the e-sites. The G37Gsg hinge is colored in green. For the G38 mutants, the L and P residues are depicted in orange.
Green spheres represent the C, atom of G33 used as reference for the determination of swivel angles. (F) Distribution of conformations according to their
bending angles ¢ are shown. The last class summarizes all conformations with § > 80°.

influenced by the mutations with respect to both direction crease in the fraction of conformations with larger bending
and extent of fluctuations (Fig. 5 C). Thus, both G38 muta- angles (Fig. 5 F). In the case of the G38P peptide, we even
tions imparted a counterclockwise shift of the sampled noticed excursions to a population with large bending
swivel angles compared to WT. The average ¢ angle shifted angles 6 > 80° (Fig. 5 F; Table S2).

by 10° for the G38L mutant and by 40° for the G38P mutant The comparison of the bend and swivel behavior of e-site
with respect to the WT (Table S2). Furthermore, compared orientations revealed that the preference for specific helix
to WT and G38L peptides, which sampled a swivel angle conformations depends on the mutation at G38. The G38P
range of * 60°, the G38P mutation favored a much narrower mutation alters both bend and swivel angles, i.e., vertical
range (*30°) (Fig. 5 C). Changing from the POPC mem- and horizontal position of the e-cleavage site region with
brane to TFE/H,0 did not shift the preference of the pep- respect to TMD-N. In contrast, the G38L mutation mainly
tides for the particular range of swivel angles (Fig. 5, C ~ impacts the swivel angles and thus misdirects the e-cleavage
and E). However, in TFE/H,0, we generally noted an in- region horizontally. Taken together, we found that compared
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to the WT, the relative orientation of the domain containing
the e-sites is misdirected for both mutants. The latter could
explain the reduced cleavage of both mutants by y-secre-
tase, as will be discussed below.

G38 mutations relocate hinge sites and alter
extent of hinge bending and twisting

The results obtained so far revealed that the impact of the
G37Gs;g hinge mutations on H-bond stability is confined to
a small number of residues in the hinge region. Although
H-bonding around the e-sites was not altered, we noticed
that sampling of e-site orientations is distorted in the mu-
tants. Because TMD helices generally bend and twist
around various flexible sites, leading to changes in the heli-

cal pitch or the direction of the helix axis (92-95), we next
asked whether such helix motions could contribute to the
relative orientation of the e-cleavage site region. MD simu-
lations allow for analyzing the fundamental types of helix
motions, i.e., bending or twisting around a single hinge
(referred to as types B and T) and combined bending and/or
twisting around a pair of hinges (referred to as types BB, BT,
TB, and TT) (48,72). These six types of subdomain motions
are exemplified in Fig. 6 A for C99,6 55 WT.

To understand the impact of the G38 mutations on the
variability of the relative orientations of the e-cleavage
site region, we investigated the subdomain motions in WT
and mutant peptides. Hinge sites are detected as flexible
joints, coordinating the motions of quasi-rigid flanking seg-
ments (48,72,75,96). The individual contribution of each
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FIGURE 6 G38 mutations alter global bending and twisting motions. (A) The fundamental motions of helices exemplified for the C99,6_s5 WT peptide are
shown. Motion types are bending (B) and twisting (T) coordinated by a single hinge, as well as combinations of bending and twisting (types BB, BT, TB, and
TT) coordinated by a pair of hinges. Helical segments moving as quasi-rigid domains are colored in blue and red. Residues that act as flexible hinges are
colored in green. Spheres represent C, atoms of G37 and G38 and are colored according to the domain in which they are located. Screw axes passing the
hinge regions are shown in gray. A screw axis perpendicular to the helix axis indicates a bending-like motion, whereas a screw axis parallel to the helix axis
indicates a twisting-like motion. For mixed bending and twisting motions, a larger projection of the screw axis with respect to the helix axis indicates a higher
percentage of twisting. (B) Probability of all six types of hinge bending and twisting motions in POPC and (C) TFE/H,O is shown. (D and E) Probability of
each residue to act as a hinge site in the single-hinge (B + T) and double-hinge motions (BB + BT + TB + TT) for peptides in (D) POPC and (E) TFE/H,0 is

shown.
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type of subdomain motion to the overall dynamics is de-
picted in Fig. 6, B and C. More than 90% of the sampled
conformations deviated from a straight helix. In the
POPC bilayer, bending and twisting around a single hinge
(types B + T) contributed ~55% to overall backbone flexi-
bility, and motions around a pair of hinges (types BB, BT,
TB, and TT) contributed ~35%. Note that the same residues
are able to provide bending as well as twisting flexibility.
The loss of packing constraints from lipids as well as
enhanced H-bond flexibility in TFE/H,O (Fig. 4, E and F)
correlated with favored helix bending (types B and BB) in
WT and G38L. Remarkably, for G38P, both single bending
(type B) as well as twisting (type T) around the G3,Gsg
motif were enhanced at the expense of all other hinge mo-
tions. The marked helix bending indicates that the broader
distributions of tilt and azimuthal rotation angles observed
for G38P and the slightly narrower distributions for G38L
compared to the WT, as found in the MD simulations and
also experimentally by ssNMR (Fig. 5 A), might not only
indicate differences between these mutants in their intrinsic
membrane orientation but could also reflect the increased
bending of G38P.

Because of their reduced H-bond stabilities, combined
with extensive shifting between «- and 3,o-H-bonding
(Fig. S6) and the absence of steric constraints, the
V36GGV3o sites in the C99 TMD are optimally suited to
act as hinges, an observation discussed already previously
(40,43,45,48,49). Interestingly, a second hinge located in
the TMD-C, upstream of the e-sites appearing around resi-
dues T43Vlys, was revealed (Fig. 6, D and E), consistent
with previous results (48,75). When acting in combination
(motion types BB, BT, TB, and TT), both hinges coordinate
bending/twisting of the flanks (domains A and B) with
respect to the middle part of the helix (residues V36—
V46). A change of local H-bond flexibility (Fig. S6) is
able to alter the location of the flexible joints coordinating
the motions of the flanking segments (Fig. 6, D and E)
(72). In POPC, the hinge propensities of G38P, compared
to WT and G38L, clearly shifted from G38 to G37 for all
types of motions (Fig. 6 D). The shift of a hinge site by
one residue correlates with the counterclockwise reorienta-
tion of the e-sites, as also documented in Fig. 5 C, by a shift
of the swivel angle distribution toward more positive values
(also see Table S2). The most severe impact on single-hinge
location was noticed for the G38L mutant in POPC.
Restricted rotational freedom around L38 in the tightly
packed lipid environment eliminates preference for single-
hinge bending and twisting around the G3,G3g hinge and en-
hances bending around the second T43VIys hinge (Fig. 6 D).
Most importantly, although WT and G38L peptides sample
e-site orientations characterized by similar bend and swivel
angles (Fig. 5 C), the backbone conformations contributing
to the orientation variability were different. In TFE/H,0,
anisotropic bending over the G3;G3g hinge was confirmed
by the equal hinge propensity of these two residues in the
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WT peptide, whereas both mutants slightly preferred
bending over G37 (Fig. 6 E).

In conclusion, the simulations show that the heteroge-
neous distribution of flexibility in the C99 TMD results
from several residues coordinating bending and twisting
motions. These hinge motions are favored by the absence
of steric constraints as well as by flexible H-bonds shifting
between i,i + 3 and i,i + 4 partners. Furthermore, the helix
deformations associated with these motions and the location
of the hinges are determined by sequence (WT versus G38L
or G38P) as well as by packing constraints imposed by the
environment (POPC membrane versus TFE/H,0). Thus,
although the e-sites reside in a stable helical domain, they
possess mobility because of a variety of backbone motions
enabled by two flexible regions acting as hinges, the
V36GGV39 region and the T43VIys region. The kind and
relative contributions of these motions are distinctly altered
by both G38 mutations, leading to a shift of the predominant
relative spatial orientation of the e-sites.

DISCUSSION

To investigate the hypothesis that the flexibility of the TMD
helix induced by the G37G3g hinge could possibly play an
important role for the cleavage of the C99 vy-secretase sub-
strate, the G38 hinge residue was mutated to leucine or pro-
line. CD and solution NMR experiments, as well as MD
simulations, confirmed our rationale that exchanging G38
with leucine leads to a globally more stable helix, whereas
the G38P mutation reduces overall helicity. Unexpectedly,
both mutants strongly reduced cleavage efficiency in the
C99 y-secretase cleavage assay. Moreover, the processivity
of y-secretase was also changed. These observations show
that the G38 mutations have a dramatic impact on both
the initial cleavage at the e-site and the subsequent C-termi-
nal trimming by vy-secretase.

One possibility to explain the impaired cleavage of the
mutant substrates could be an altered encounter with y-sec-
retase due to changes of the global orientation of mutant
C99 within the membrane. For instance, the different profile
in mean-squared fluctuations, as well as the altered average
bending angle for the G38P TMD, could alter the initial
binding of this mutant with the enzyme. However, the
ssSNMR measurements and corresponding MD simulations
revealed no significant differences of the tilt angles of the
TMD of WT and the G38 mutants in a POPC bilayer. Addi-
tionally, MD simulations of the initial contact between the
C99,6_s5 peptide and vy-secretase in a POPC bilayer did
not disclose major differences between the G38 mutants
and WT. Consistent with previous studies (27), the PS1
NTF subunit of y-secretase was found as most prominent
contact region. However, substrate contacts with the cata-
lytic cleft of the +y-secretase complex were not observed
in these simulations. It is likely that relaxations of the
enzyme-substrate complex after binding as well as the
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substrate transfer to the active site take more time than the
~370 us total simulation time per peptide used in this anal-
ysis. Apparently, the differences between WT and mutant
substrates become relevant at a stage beyond these initial
contacts in the substrate recruitment process.

We also assessed whether modified backbone dynamics
in the proximity of the e-sites might explain the altered
cleavability of the mutants. Backbone amide DHX experi-
ments showed that, compared to the WT, the overall ex-
change kinetics was slower for G38L and somewhat faster
for G38P. A more detailed residue-specific analysis revealed
that effects only occurred near the G3;Gsg hinge, whereas
residues around the e-sites were not affected. Near these
sites, MS-ETD-DHX, NMR-HDX, and MD simulations
consistently reported low exchange rates and stable intrahel-
ical H-bonds. Neither weaker H-bonds nor interchanging
populations of «a- and 3,o-H-bonds were observed at these
sites. Although these results confirm previous studies
(31,46,49), they seem to be in contrast with a recent study
by Cao et al. (97), who calculated D/H fractionation factors
from ratios of exchange rates to determine H-bond strengths
in the cleavage domain of C99 in lysomyristoyl-phospha-
tidyl glycerol micelles. However, as explained elsewhere
(75), H-bond strengths derived by the approach of Cao
et al. (97) describe the preference for deuterium in an
amide-to-solvent H-bond rather than the properties of the in-
trahelical amide-to-carbonyl H-bonds. Thus, altered back-
bone dynamics at the e-sites cannot explain the reduced
cleavage by y-secretase of both the G38L and the G38P mu-
tants. Apparently, breaking the H-bonds in the vicinity of the
e-sites might be the major hurdle for substrate cleavage that
can be overcome only by interactions with the enzyme.
Interestingly, also at the y-cleavage sites of the C99,¢_ss
peptide, DHX rates were decreased for the G38L mutation
and slightly increased for G38P compared to the WT. How-
ever, these findings do not necessarily explain the altered
processivity of the mutants because the backbone dynamics
of the shortened C99 TMD is likely to change after the
AICD has been cleaved off.

Advanced models for enzyme catalysis provide evidence
that the intrinsic conformational dynamics of substrates and
enzymes play a key role for recognition and catalytic steps
(98-101). Large-scale shape fluctuations might be selected
to enable recognition, whereas lower-amplitude, more local-
ized motions help to optimize and stabilize the enzyme-
bound intermediate states (98—102). The chemical reaction
is thought to be a rare, yet rapid, event (103) that occurs
only after sufficient conformational sampling of the
enzyme-substrate complex to generate a configuration that
is conducive to the chemical reaction. For the complex be-
tween vy-secretase and the substrate, this sampling could
be at the level of substrate transfer from exosites to the
active site as well as at the level of substrate fitting into
the active site. After the initial binding, a series of relaxa-
tions and mutual adaptation steps of the substrate’s TMD
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and the enzyme might be required before the scissile bond
fits into the active site. In such a way, multiple conforma-
tional selection steps may play a decisive role in whether
cleavage can take place (100). With regard to C99, the orga-
nization of rigidity and flexibility along the helix backbone
rather than local flexibility at the e-cleavage sites alone
might be the essential property. Residues enjoying higher
flexibility can act as hinges, coordinating the motions of
more rigid flanking segments. These flexible hinges might
provide the necessary bending and twisting flexibility for
orienting the reaction partners properly. Our simulations
and previously reported MD simulations reveal that the res-
idues T,43VIys upstream of the e-sites provide additional
hinge flexibility that may be of importance for conforma-
tional adaptation of the TMD to interactions with the
enzyme, where large-scale bending around the G37;Gsg
hinge is obstructed (48,75). In addition to bending around
the G37Gsg sites, twisting and more complex motions,
including combinations of bending and twisting around
the pair of hinges, can occur. The resulting distribution of
conformations translates into a diversity of e-site orienta-
tions. The perturbation of this distribution found in our
MD simulations might provide plausible explanations of
the reduced cleavability of both the G38L and the G38P
mutant. Particularly, the counterclockwise shifts of the
orientation of the e-sites for both G38L and G38P mutants
in POPC and the absence of small bending angles for
G38P indicate that presentation of the scissile bond to the
active site of presenilin can be misdirected for each mutant
in its own way and differently compared to WT.

Notably, the TMD of Notch1 as well as the TMD of the in-
sulin receptor, two other substrates of y-secretase (16), have
conformations very different from that of the C99 TMD as
determined from solution NMR of single-span TM helices
in membrane mimics (104,105). In particular, Notchl ap-
pears to be a straight helix, whereas the TMD helix of the in-
sulin receptor is S-shaped, resembling the minor population
of double-hinge conformations of the C99 TMD in a POPC
bilayer found in our study. These observations seem to
challenge the model assuming a central hinge as an integral
step for the passage of the substrate toward the active site.
Nevertheless, the conformational repertoire of the TMD
of the substrates is determined by the a-helical folding, in
which helices bend and twist around several sites. The rela-
tive importance of the individual conformations reflects
sequence-specific differences in local flexibility. Function-
ally relevant conformational states are not necessarily among
the highest-populated ones. Rather, conformations for which
the protein has a low intrinsic propensity might be selected
for productive interactions with the enzyme regulating
or coordinating mechanistic stages preceding catalysis.
These so-called “hidden,” “invisible,” or “dark” states are
amenable by NMR or MD methods (102,106—108). Thus,
although missing a central flexible hinge, Notch1 and insulin
receptor (and even other substrates of vy-secretase) might

53



Results

nevertheless provide the repertoire of functionally important
motions necessary to adapt to interactions with the enzyme at
different stages of the catalytic cycle. Furthermore, binding
and conformational relaxation steps of different substrates
might follow different pathways to optimize the catalytically
competent state (99,100).

CONCLUSIONS

Taken together, our study reveals that helix-flexibility-
modulating G38L and G38P mutations have a severe impact
on cleavage efficiency and processivity of the C99 substrate
by vy-secretase. Notably, the G38 mutations do not have an
impact on the H-bond stability around the e-cleavage. We
therefore conclude that necessary conformational relaxa-
tions required to facilitate the proteolytic event at the active
site are not necessarily due to intrinsically enhanced flexi-
bility of the C99 substrate around its e-cleavage site but
must be induced by interactions of the substrate with the
enzyme. This interpretation of our data is in line with con-
clusions from recent vibrational spectroscopy and NMR
studies of enzyme-substrate interactions of PSH, an archaeal
homolog of presenilin. These studies provided evidence that
PSH can induce local helical unwinding toward an extended
B-strand geometry in the center of the TMD of the substrate
Gurken (109), as well as in the e-cleavage site region of a
C99-TMD-derived substrate (110). Strong evidence for the
local unfolding of the substrate TMD helix was also recently
provided by cryogenic electron microscopy structural data
for y-secretase in complex with Notchl or C83 (111,112).
For both substrates, unfolding at the e-cleavage sites was
induced and stabilized by the formation of a hybrid 3-sheet
composed of (-strands of PS1 and a (-strand comprising
amino acids near the substrate’s TMD C-terminus. Our
study suggests that, before the catalytic event, intrinsic
conformational flexibility of the substrate in regions remote
from the initial cleavage site is also necessary to prepare
access to the active site and orient the reaction partners
properly. Because conformational adaptability of the C99
substrate TMD is provided by flexible regions coordinating
motions of helical segments, subtle changes of H-bond flex-
ibility induced around the G3,Gsg hinge by the G38L and
G38P mutations alter the local mechanical linkage to other
parts of the helix. As a consequence, irrespective of whether
the mutation at the G3,G3g hinge is helix-stabilizing or he-
lix-destabilizing, the orientation of the distal initial cleavage
sites can be distorted in such a way that the probability of
productive orientations with the active site of vy-secretase
is decreased, thereby leading to impaired cleavage and
altered processivity.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.04.030.
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2.2 Publication 2: ‘Cooperation of N- and C-Terminal Substrate Transmembrane Domain

Segments in Intramembrane Proteolysis by y-Secretase.’
This manuscript has been submitted to Cell Reports recently.
Werner NT3, Hogel P%, Giiner G, Stelzer W, Lichtenthaler SF, Steiner H, and Langosch D.
SThese authors contributed equally.
Summary

This study went one step further and identified features within the APP TMD necessary for
cleavage by y-secretase. Based on the first publication, we hypothesized that a C99-based
construct with a TMD consisting only of leucines (polyLeu-TMD) would form a stable and thus
very rigid TMD helix that should not be cleaved by y-secretase. This potential non-substrate
served as a basis for reintroducing different motifs into the polyLeu-TMD to define the minimal
substrate and to identify substrate requirements. Measurements of the H-bond strength
indicated that this C99-based construct with a polyLeu-TMD was indeed very stable. Analyzing
the cleavability of this construct confirmed that it is a non-substrate of y-secretase, since
virtually no AICD or AP peptides could be detected. These results again underlined the
importance of flexibility for substrate cleavage by y-secretase. Further evidence was provided
by the analysis of two other constructs in which the G37/G38-hinge motif has been reintroduced
into the polyLeu-TMD. One of these constructs contained only the GG-motif and a second one
also contained the two flanking residues Vs and V39 which may promote bending around the
GG-hinge as it has been shown previously to promote conformational dynamics of a TMD
(Quint et al., 2010). Indeed, introducing the GG-motif increased the flexibility in the TM-N, as
indicated by a reduction in the H-bond stability. This effect was slightly more pronounced for
the construct which also featured the flanking valines. Both constructs were cleaved to a rather
similar extent, the additional valines only marginally increased the cleavability further, proving
that the highly flexible GG-hinge alone is sufficient to render a non-substrate into a substrate
of y-secretase. Further analysis also revealed flexible regions in the TM-N of other y-secretase

substrates, suggesting that this might be a common requirement for y-secretase.

To clarify whether increasing the flexibility within the cleavage region really increases the

cleavability an additional polyLeu-TMD construct with the G37/G38-hinge, harboring a second
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helix-destabilizing GG-hinge motif at the e-cleavage sites, has been included in this study.
Introducing this second hinge did indeed result in an increased flexibility in the TM-C, however,
without further increasing the cleavability. These results did not support a role for TM-C
flexibility in substrate cleavage. Instead, they suggest a more prominent role for specific
interactions of the TM-C with the enzyme for this process. Reintroducing a C-terminal part of
the cleavage region (V44 - L52), surrounding the e-cleavage sites, into the non-substrate, on
the other hand, was enough to restore cleavability to a similar extent as the hinge motif.
Remarkably, combining both, the hinge and the C-terminal cleavage region, on the
polyLeu-TMD backbone, was sufficient to restore cleavability of the natural TMD sequence
almost completely. This suggests that the flexible region (GG-hinge) in the TM-N and the
natural APP cleavage domain in TM-C cooperated for efficient cleavage. Additionally, the
findings obtained from the cell-free system could be recapitulated in a cellular model, thus

supporting the conclusions drawn from the cell-free system.

A detailed analysis of the cleavage products generated in the cell-free system revealed that, in
contrast to the natural TMD of APP, all polyLeu-TMD-based substrates shifted the initial
e-cleavage from position 49 towards cleavage at 48. This suggested that the hinge and the
C-terminal cleavage region are important for cleavability but are not decisive for e-site
specificity. Interestingly, the processivity of all generated substrates was greatly enhanced,
indicating that once the substrate has reached the active site a helical TMD may promote its
trimming, or it may cause y-secretase to skip the y- and {-cleavage sites. To conclude, the
cleavability of a y-secretase substrate is determined by a certain flexibility in its TM-N allowing
the translocation to the active center, by specific interactions of its TM-C with the enzyme
crucial for docking to the active site and the formation of a B-sheet, and by the cooperation of

the TM-N and TM-C during these steps.

My contribution to this publication

As one of the first authors, I performed the in vitro (cell-free) cleavage assays, analyzed, and
quantified the levels of the cleavage products generated. I carried out the detailed mass
spectrometry analysis of the cleavage products generated (AICD and AP) for each substrate.
Further, I interpreted the data and helped to write the manuscript. All the data I have contributed
can be found in figures 2-4, B-G. (For details, please see author contributions, pp. 178-182).
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Abstract

Intramembrane proteases play a pivotal role in biology and medicine, but how these proteases
decode cleavability of a substrate transmembrane domain (TMD) remains unclear. Here, we
studied the role of conformational flexibility of a TMD, as determined by deuterium/hydrogen
exchange, on substrate cleavability by y-secretase in vitro and in cellulo. By comparing hybrid
TMDs based on the natural amyloid precursor protein TMD and an artificial poly-Leu non-
substrate, we found that substrate cleavage requires conformational flexibility within the N-
terminal half of the TMD helix (TM-N). Robust cleavability also requires the C-terminal TMD
sequence (TM-C) containing the substrate cleavage sites. Since flexibility of TM-C does not
correlate with cleavage efficiency, the role of the TM-C may be defined mainly by its ability to form
a cleavage-competent state near the active site, together with parts of presenilin, the enzymatic
component of y-secretase. In sum, cleavability of a y-secretase substrate depends on cooperating

TMD segments, which deepens our mechanistic understanding of intramembrane proteolysis.

62



Results

Introduction

Understanding the mechanism of intramembrane proteolysis presents a formidable challenge as
cleavage occurs within the plane of a lipid membrane. The aspartate protease y-secretase cleaves
the transmembrane domain (TMD) of C99, a shedded form of the amyloid precursor protein (APP)
being causally linked to Alzheimer’s disease. Cleavage of C99 by y-secretase generates ~4 kDa
amyloid-B (AB) peptides, longer forms of which are harmful and believed to trigger the disease 2. In
addition to C99, y-secretase has been reported to cleave the TMDs of ~150 other proteins 3. Having
small extracellular domains is one requirement for cleavage by y-secretase. Also, all currently known
substrates share a type |, i.e. Nout, transmembrane topology, yet they represent only a small fraction
of this class of single span membrane proteins. Their TMDs do not share an apparent consensus
motif %. Nonetheless, substrate cleavage shows site specificity which is influenced by many disease-

associated and artificial point mutations 1.

The sequence-specificity of substrate cleavage in the absence of common sequence patterns
presents a conundrum, which led to the view that the presence of certain structural features of a
substrate may determine its cleavability by y-secretase. In seminal studies, the NMR structures of
C99 revealed a bend at the Gs7Gss (AR numbering) motif within TM-N, the N-terminal half of its
transmembrane (TM) helix &’. Considerable conformational flexibility at the bend was confirmed by
deuterium/hydrogen exchange (DHX) experiments and molecular dynamics (MD) simulations °.
Indeed, mutations altering helix flexibility at Gs37Gss affect the efficiency and specificity of cleavage
910 1t had therefore been suggested that substrate TM helices might share a flexible TM-N (reviewed
in 11-13).

Another potential mechanism governing substrate selection has been proposed to rely on helix
flexibility around the cleavage sites. In the case of soluble proteases, the part of a substrate that is
docked into a protease’s active site exists in an extended conformation exposing the scissile bond to
the catalytic residues '*. Accordingly, substrates of soluble proteases tend to exhibit enhanced
conformational flexibility around the scissile peptide bonds. Therefore, cleavage sites are abundant
in loop regions as well as in helical regions that are predicted to unfold easily '°. That an
intramembrane protease also requires partial substrate unfolding has only recently been
demonstrated by the cryo-EM structures of y-secretase in complex with the APP fragment C83 or
with a fragment of Notchl, another major y-secretase substrate. Both structures reveal helix
unfolding around the residues forming the initial cleavage sites . Similarly, interaction with a

homolog of presenilin, the catalytic subunit of y-secretase, had resulted in extended substrate
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conformation 178, Therefore, one might expect that substrate TMD helices are highly flexible near
their scissile bonds and that further mutational destabilization would promote cleavage. In line with
this, y-secretase cleavage of TREM2 has been reported recently to be located within a presumably
flexible part of its TMD *°. However, mutational studies have not established a clear link between the

impact of mutations on helix flexibility near the scissile sites and the efficiency of their cleavage 224,

Here, we initially compared the flexibility profiles of the C99 TMD to those of other well-established
y-secretase substrates. Focusing on C99, we then employed a gain-of-function approach to
systematically explore the relationship between its TM helix flexibility and its cleavability with a view
to delineate the mechanism of substrate/non-substrate discrimination. To this end, we first designed
a non-substrate based on a rigid TM helix. Grafting different motifs of the natural C99 TMD onto this
template identified sequence motifs being crucial for flexibility and/or cleavability. Indeed, the
V36G37G3gV3e motif within TM-N conferred partial cleavability along with pronounced helix flexibility
in DHX experiments. However, flexibility within the natural cleavage region of TM-C appeared not to
govern substrate selection although TM-C is required for full cleavability. Our data suggest that a
cooperation of N- and C-terminal TMD segments is critical for presentation of the cleavage site

region to the active site and formation of a cleavage-competent state.
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Biphasic DHX kinetics diagnose highly flexible regions within the TM helices of y-secretase
substrates. In order to examine the role of local helix flexibility for y-secretase cleavage, we
determined the stability of amide H-bonds by DHX in different TMD model constructs and correlated
them to their cleavage efficiency and sequence-specificity in vitro and in cellulo. For DHX analysis, we
used synthetic peptides where the hydrophobic TMD residues are flanked by Lys triplets (Table S1).
Similar to our previous analysis of various substrate TMD peptides 3192526 DHX kinetics of
exhaustively (> 95%) deuterated peptides were measured at 20°C and pH 5 in 80% trifluoroethanol

27 and is

(TFE). The polarity of TFE roughly matches that within the solvated interior of a protein
therefore thought to mimic the aqueous environment within presenilin 2. Gas-phase fragmentation
after different periods of DHX %, yielded residue-specific DHX kinetics. From the DHX kinetics we
derived the corresponding amide exchange rate constants ke leading to the distributions of the
respective free energy changes AG that are associated with the disruption of amide H-bonds. These

distributions are designated ‘flexibility profiles’.

Previously, the flexibility profile of the C99 TMD was obtained by fitting residue-specific DHX kinetics
with a monoexponential decay function °. Here, a critical re-examination of the C99 kinetics, that
were supplemented with additional data, revealed that the exchange kinetics from G37 to A42 and
near both helix termini are fitted more appropriately with a biexponential function (Figs. 1 and S1).
For each of these amides, we thus obtained a high kexp,a and a low kexps Value that give rise to the
corresponding AGx and AGg values. For example, Fig. 1 B shows biphasic exchange at G38 at
logarithmic (upper panel) or linear (lower panel) time scales. We propose that AGa and AGg values
describe the free energy change of H-bond opening at a given amide (‘single opening’) or of the
simultaneous opening of two neighboring H-bonds (‘double opening), respectively, as detailed in the

Supplemental Discussion and schematized in Fig. S2.

Fig. 1 A shows that single openings from G37 to A42, containing the helix bend, are described by very
low AGa values of <1.5 kcal/mol. In particular, kexp,a at V39 is similar to the DHX rate constant of an
unprotected amide (Fig. S1), thus yielding a negative AG, signifying a mainly open state. Single
openings at many other residues correspond to AG = 4-5.5 kcal/mol (as obtained by
monoexponential curve fitting). Biphasic DHX at amides near both helix termini (Figs. 1 A and S1)
suggest frequent double H-bond openings as a hallmark of helix fraying. Due to the uncertainty of
AGja at M51, C-terminal helix fraying may either start downstream of M51 or downstream of T48, in

which case biphasic exchange at L49 and V50 would appear independent of fraying (see also pL-
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VGGV/eGG and pL-VGGV/cr described below). In order to relate the exchange behavior to helix
geometry, we compared the DHX data to the lengths and angles of H-bonds within the TM helix in
the C99 NMR structure . Fig. S3 shows that none of the amides from G38 through 141 exhibits strong
H-bonding. G37 and A42 bordering this segment appear to form strong a-helical H-bonds in the
structure. Biphasic exchange at these positions may reflect double H-bond openings together with

amides of G38 or 141, respectively.
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Figure 1. Comparing helix flexibilities of various y-secretase substrate TMDs. (A) Comparison of amide H-bond
stabilities AG calculated from kexp values given in Fig. S1. The complete peptide sequences are given in Table S1.
Within areas of biphasic DHX, lower and higher values correspond to AGa and AGs, respectively. Thick or thin
lines connect the values characterizing single or double H-bond openings, respectively. The sizes of the data
points approximate the deuteron populations A and B (data points are obscured by the lines in some cases).
Asterisks denote residues where the calculated AGa<0 or where the apparent kexp,a exceeds the chemical
exchange rate, thus reflecting extremely facile single H-bond opening (see: Supplemental Discussion). Shading
highlights flexible TM-N domains exhibiting biphasic DHX. AB numbering is used for C99. Error bars correspond
to standard confidence intervals (calculated from the errors of fit in kexp determination, in some cases smaller
than the symbols, N=3 independent DHX reactions). No values can be shown for N-Cadherin 1737 due to poor

fragmentation efficiency and/or overlap of isobaric fragments. N=3 independent DHX reactions. (B) Exemplary
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DHX kinetics fitted with a biexponential decay function. Upper panels: time axes at a logarithmic scale; lower
panels: linear time axes that were truncated such as to better visualize the intersections between fast and slow
regimes of exchange (arrows). Bars next to the panels visualize the sizes of the amide populations exchanging

with different kinetics (A, fast; B, slow). Data are reproduced from Figs. S1.

In order to examine the potential occurrence of highly flexible regions within the TM helices from
y-secretase substrates other than C99, we also investigated well established substrate TMDs with
different primary structures and biological roles ?° by DHX. The flexibility profiles of the TMD helices
of ErbB4 and N-Cadherin were determined and compared to those of C99 and Notch1 % (Fig. 1 A). In
all cases, the respective TM-Ns contain regions with weak amide H-bonds exhibiting biphasic
exchange kinetics (grey shading in Fig. 1 A). Biphasic DHX also extended across additional internal

residues and at the termini where they indicate helix fraying.

Taken together, biphasic DHX kinetics appear to diagnose very weak amide H-bonding at massively
deformed sites within the C99 TM helix, such as at the bend at the V3G37G3sV39 motif, as well as at
frayed helix termini. By analogy, the analysis of other y-secretase substrate TMDs suggests highly
flexible regions including their TM-N helices that may thus be a widespread feature of y-secretase

substrates.

Introducing a hinge into the N-terminal half of a non-substrate poly-Leu TMD facilitates its
cleavage. Assuming that a substrate TMD helix must be conformationally flexible 2, we reasoned
that a rigid poly-Leu sequence *, denoted in the following for the constructs used as pL, may resist
cleavage. The helix-stabilizing effect of Leu 3! at position (i) is ascribed to favorable interactions of its
large and flexible side chain with side chains of its (i+3,4) neighbors along an a-helix 2. Our attempts
to assign site-specific exchange rates to a pL helix tagged with Lys triplets failed due to massively
overlapping fragment patterns generated by ETD of this symmetric sequence. However, H-bond
stability within the oligo-Leu regions of peptides pL-GG or pL-VGGV (Fig. 2 A) approaches ~6
kcal/mol, thus attesting to the rigidity of a pL helix, as previously demonstrated by very slow overall

DHX .

To assess the potential cleavability of a rigid pL helix by y-secretase, we used recombinant C99
constructs based on the C100-Hiss protein 3. We first compared wt C99 to the pL construct, a
corresponding chimera holding a 24-residue poly-Leu sequence in place of the natural TMD using a
well-established in vitro assay 3*. The generated AICD and AB peptides (we also refer to AB peptides
for peptides generated by the plL variants) were analyzed via immunoblotting (Fig. 2 B - E) and by

MALDI-TOF mass spectrometry (MS) (Fig. 2 F, G) *. Generation of both AICD and AB from pL was
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strongly reduced to levels of ~6% or ~3% of wt, respectively (Fig. 2 B - E), suggesting that pL is

effectively a non-substrate of y-secretase.
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Figure 2. Improving helix flexibility within the N-terminal half of a non-substrate poly-Leu TMD partially
restores cleavage. (A) Amide H-bond stabilities AG calculated from kexp values given in Fig. S5. Canonical
cleavage sites are indicated. C99 data are reproduced from Fig. 1 for comparison.N=3. (B, D) Cleavage

efficiency of the different constructs after incubation with CHAPSO-solubilized HEK293 membrane fractions at
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37°C. Levels of AICD (B) and AB (D) were subsequently analyzed by immunoblotting. The TMD sequences of
C99-based constructs are given in part (A). Quantification of AICD (C) and AB (E) levels, values shown as percent
of wt C99, which was set to 100%. Data are represented as means + SEM, (N=5). Statistical significance was
assessed using one-way ANOVA with Dunnett’s multiple comparison test and pL as a control condition (*: p
<0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001). (F) Representative MALDI-TOF spectra from three
independent measurements show the different AICD fragments generated for the various constructs. The
intensities of the highest AICD peaks were set to 100%. Additionally, the counts per second (cps) are shown on
the right y-axis. * Unspecific peak. Calculated and observed masses for each peak can be found in Table S2. (G)
Representative MALDI-TOF spectra from two independent measurements show the different AR fragments
generated for the various constructs. The intensities of the highest AR peaks were set to 100%. Additionally,
the counts per second (cps) are shown on the right y-axis. Calculated and observed masses for each peak can
be found in Table S3. (H) Heat maps summarizing the color-coded AG and AGa values of single H-bond openings
(n.d. = not determined), the occurrence of presumptive double openings (diamonds) and experimentally

determined y-secretase cleavage sites (arrows).

C99 cleavage is a sequential process starting at alternative e-sites and then proceeding to -sites and
y-sites. Depending on the chosen €48 or €49 site, cleavage produces a 51- or 50-residue long APP
intracellular domain (AICD) plus various AP peptides, typically ranging from AB37-APB42, as end
products of the stepwise cleavages, including AB40 as predominant form 3¢, For wt C99, the MS
pattern of AICD products showed the two characteristic major cleavage products with the
predominance of the €49-cleaved (AICD50) over the €48-cleaved (AICD51) form, thus confirming the
known preferential cleavage at €49 (Fig. 2 F). In line with this, the intensity of the MS signal for AB40
exceeded that of AB42 and of a number of smaller cleavage products (Fig. 2 G). Importantly, neither
AICD nor AB was detected in the case of pL, thus establishing the poly-Leu TMD as a non-substrate
TMD.

Using pL as a template for examining the importance of C99-derived sequence motifs, we next asked
to which extent the reintroduction of the G3;Gss or VisG37GssVie hinge motifs would confer both
conformational flexibility and cleavability to pL. DHX analysis of the hybrid pL-GG and pL-VGGV
peptides revealed biphasic DHX within TM-N (Fig. 2 A). Compared to C99, the occurrence of biphasic
DHX is shifted towards the N-terminus, restricted to fewer amides and characterized by somewhat
higher AGa and AGg values (Fig. 2 A). The hinge region thus appears to be more pronounced within

pL-VGGV than in pL-GG.

Interestingly, cleavage of the corresponding C99-based pL-GG and pL-VGGV constructs produced
AICD and AP fragments at levels of 33% and 40% (AICD) and 19% and 26% (AB) of wt, respectively
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(Fig. 2 B - E). Thus, introducing a hinge into the poly-Leu TMD partially restores cleavability. For both
constructs, pL-GG and pL-VGGYV, initial cleavage remained highly site-specific with €48-cleaved and
€49-cleaved AICDs predominating, albeit the site of preferential cleavage was shifted from €49 to €48
(Fig. 2 F). Surprisingly, abundant A species, such as AB40, were not detected with these constructs.
For the somewhat better cleavable pL-VGGV, the only species found were peptides <AB38, with AB34
as the major form (Fig. 2 G). Compared to wt C99, this indicates a much more efficient processing of

pL-GG and pL-VGGV proteins across the canonical y-sites.

Fig. 2 H summarizes the data by connecting the strengths of single H-bond opening (AG, AG,), as
encoded by heat maps, to areas with biphasic DHX and the location and usage of the cleavage sites.
It illustrates how introducing a hinge region into TM-N enhances cleavability, albeit with altered

cleavage site usage, of an otherwise rigid and uncleavable poly-Leu TMD.

Elevating flexibility within the C-terminal half of a TMD does not promote cleavage. Having shown
that the flexibility-conferring diglycine hinge motifs in a poly-Leu TM-N can partially restore cleavage,
we next probed the potential impact of enhancing flexibility in the C-terminal half. To this end, we
replaced two Leu residues in pL-VGGV by Gly at positions 48 and 49 that are equivalent to the C99
e-cleavage sites. On the one hand, the resulting pL-VGGV/eGG construct exhibits extended biphasic
DHX from positions 46 through 50 (Fig. 3 A). The highly flexible region around both glycines appears
to be distinct from a region of C-terminal fraying, as in C99 wt (Fig. 3 A). On the other hand, in vitro
cleavage of the corresponding C99 chimera did not indicate enhanced AICD or AP production relative
to the parental pL-VGGV (Fig. 3 B - E) indicating that artificially enhancing helix flexibility around the
initial cleavage sites does not promote cleavage. Further, the AICD mass spectrum obtained from
pL-VGGV/eGG was similar to that of pL-VGGV with a major peak resulting from cleavage at €48 (Fig. 3
F). The analysis of the AP species revealed minor amounts of AB35, AB37, and AB38 peptides in
addition to AB34, again being reminiscent of pL-VGGV (Fig. 3 G). Again, Fig. 3 H summarizes the

relationships between DHX profiles and cleavage specificity.
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Figure 3. The flexibility of the cleavage region does not determine cleavage efficiency. (A) Amide H-bond

stabilities AG calculated from kexp values given in Fig. S5. N=3. C99 and pL-VGGV data are reproduced from Fig.

2 for comparison. (B, D) Cleavage efficiency of the different constructs after incubation with CHAPSO-

solubilized HEK293 membrane fractions at 37°C. Levels of AICD (B) and AB (D) were subsequently analyzed by

immunoblotting. The TMD sequences of C99-based constructs are given in part (A). Quantification of AICD (C)

and AB (E) levels, values shown as percent of wt C99, which was set to 100%. Data are represented as means *
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SEM, (N=5). Statistical significance was assessed using one-way ANOVA with Dunnett’s multiple comparison
test and pL-VGGV as a control condition (*: p <0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001). (F, G) Data
for C99 and pL-VGGV are reproduced from Fig. 2 for comparison. (F) Representative MALDI-TOF spectra from
three independent measurements show the different AICD fragments generated for the various constructs. The
intensities of the highest AICD peaks were set to 100%. Additionally, the counts per second (cps) are shown on
the right y-axis. * denotes unspecific peaks. (G) Representative MALDI-TOF spectra from two independent
measurements show the different AR fragments generated for the various constructs. The intensities of the
highest AP peaks were set to 100%. Additionally, the counts per second (cps) are shown on the right y-axis. *
Unspecific peak. (H) Heat maps summarizing the color-coded AG and AGa values of single H-bond openings
(n.d. = not determined), the occurrence of presumptive double openings (diamonds) and experimentally

determined y-secretase cleavage sites (arrows).

That enhancing helix flexibility around the initial cleavage sites does not promote cleavage of C99 by
y-secretase seems to contradict earlier observations where the double mutation 147G/T48G elevated
initial C99 cleavage, whereas 147L/T48L strongly inhibited cleavage 22. The kinetic analysis of the
cleavage of these substrates had suggested that those changes resulted from altered reaction
velocities (Vmax) of the bound substrates, rather than from changes in binding affinity (Km). As those
results had suggested an apparent link between helix flexibility of TM-C and cleavability, we studied
the conformational flexibility of these mutant helices by DHX. As expected, 147G/T48G increased
helix flexibility around the mutated positions and lead to biphasic DHX viz. double H-bond openings.
Interestingly, this double mutation also extended the occurrence of biphasic DHX across the entire
TM-N (Fig. S6). Contrary to our expectation, however, 147L/T48L also slightly destabilizes the mutated
sites, for potential reasons discussed below. Additionally, the 147L/T48L mutation abolishes biphasic
DHX at V40 and 141 (Fig. S6), suggesting reduced helix flexibility within TM-N. These findings again
challenge the idea that helix flexibility around the e-cleavage sites scales with C99 cleavability 2.

Rather, the mutations might alter cleavability by affecting the flexibility of TM-N.

Combining the N-terminal hinge with the natural cleavage region restores cleavability. In another
attempt to restore C99-level cleavage competence, we reintroduced V44 to L52 encompassing the &-
cleavage sites (termed cr). DHX showed that TM-N helix flexibility of pL-VGGV/cr roughly matched
that of pL-VGGV (Fig. 4 A). Helix flexibility within the cleavage region greatly exceeded that of the
corresponding oligo-Leu sequence. Compared to wt C99, we even detected additional sites of
biphasic exchange at 147 and T48 (Fig. 4 A). Interestingly, cleavage assays of pL-VGGV/cr clearly
showed an increase in AICD and AR production relative to pL-VGGV, up to a level of 82% or 68%,
respectively, of the wt construct (Fig. 4 B - E). Including the cleavage region, however, did not restore

the wt pattern of AICD fragments. Rather, the usage of e-sites was similar to that of pL-VGGV, i.e.
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mainly at €48 (Fig. 4 F). The AB pattern of pL-VGGV/cr also did not match that of the wt (Fig. 4 G).
Again, a mixture of shorter AP peptides indicated an increased processivity reminiscent of pL-VGGV
and pL-VGGV/eGG. The cleavage efficiency of pL-cr, a derivative lacking the VGGV motif, was similar
to that of pL-VGGV (Fig. 4 B - E). Thus, the cleavage region exhibits limited cleavability even without
the VGGV hinge (see Fig. 2 B - E). While the patterns of pL-cr AICD fragments matched those of pL-
VGGV, it produced mainly AB36 (Fig. 4 F, G). Unfortunately, we were unable to interpret DHX data of
the plL-cr peptide as we could not identify a sufficient number of fragments after gas phase

fragmentation.

Taken together, grafting residues V44 to L52 including both e-sites onto the oligo-Leu TMD markedly
enhanced cleavage. Only in cooperation with the VGGV hinge, however, does this region confer
cleavability that is close to that of wt C99. The rank order of cleavability (wt C99 > pL-VGGV/cr >
pL-VGGV) again does not match the rank order of helix flexibility of the cleavage region (pL-
VGGV/cr > wt C99 > pL-VGGV) (Fig. 4 H).
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Figure 4. The native sequence around e-sites cooperates with the hinge to restore cleavability. (A) Amide
H-bond stabilities AG of pL-VGGV/cr calculated from kexp values given in Fig. S5. N=3. C99 and pL-VGGV data
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reproduced from Fig. 2 for comparison. (B, D) Cleavage efficiency of the different constructs after incubation
with CHAPSO-solubilized HEK293 membrane fractions at 37°C. Levels of AICD (B) and AR (D) were subsequently
analyzed by immunoblotting. The TMD sequences of C99-based constructs are given in part (A). Quantification
of AICD (C) and A (E) levels, values shown as percent of wt C99, which was set to 100%. Data are represented
as means + SEM, N=5. Statistical significance was assessed using one-way ANOVA with Dunnett’s multiple
comparison test and pL-VGGV as a control condition (*: p <0.05, **: p <0.01, ***: p <0.001, ****: p < 0.0001).
(F, G) Data for C99 reproduced from Fig. 2 for comparison (F) Representative MALDI-TOF spectra from three
independent measurements show the different AICD fragments generated for the various constructs. The
intensities of the highest AICD peaks were set to 100%. Additionally, the counts per second (cps) are shown on
the right y-axis. (G) Representative MALDI-TOF spectra from two independent measurements show the
different AR fragments generated for the various constructs. The intensities of the highest AB peaks were set to
100%. Additionally, the counts per second (cps) are shown on the right y-axis. (H) Heat maps summarizing the
color-coded AG and AGa values of single H-bond openings (n.d. = not determined), the occurrence of double

openings (diamonds) and experimentally determined y-secretase cleavage sites (arrows).

C99 cleavage in cellulo supports conclusions drawn from in vitro analysis. In order to investigate the
role of the different sequence motifs in a cellular membrane with its complex mixture of natural
lipids and proteins, we also performed cleavage assays in HEK293 cells transfected with the
corresponding C99 derivatives. The extent of y-cleavage by the cell’s endogenous y-secretase was
assessed by determining the levels of secreted AR peptides via immunoblotting. As shown in Fig. 5,
replacing the C99 TMD by the poly-Leu sequence virtually abolished AB secretion in the cell-based
assay, corroborating the poly-Leu TMD as a non-substrate. Further, inserting the Gs3;Gss or
V36G37G3sV3e motifs again partially restored cleavage to levels of 13% to 22%, respectively, thus
confirming the importance of the TM-N hinge region. A similar increase in AR production was also
seen upon grafting the cleavage region (V44 to L52) onto poly-Leu. Importantly, a further elevation of
AB secretion, up to a level similar to C99, was achieved by combining the hinge and the cleavage
region in the pL-VGGV/cr construct. Similar to the situation in the cell-free assays, a GlyGly pair in the

TM-C (pL-VGGV/eGG) did not promote AB production above that of pL-VGGV.
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Figure 5. Influence of TMD sequence on AR production recapitulated in cellulo. HEK293 cells were transiently
transfected with the indicated wt and pL-based C99 constructs containing an N-terminal HA- and a C-terminal
2xFlag-tag. To control for specificity, transfected cells were treated with y-secretase inhibitor DAPT (or vehicle
DMSO) for 24 hrs. (A) HA-tagged AP secreted into the culture media; was detected via immunoblotting against
HA. The cellular levels of the full length, tagged C99, as well as a-secretase cleavage product C83, were
detected via immunoblotting against Flag. Calnexin was used as a loading control. (B) Quantification of HA-AB
blots, like the exemplary one shown in (A). Only vehicle conditions were quantified since no signals were
detected with DAPT. The values represented were normalized to wt C99. Data are represented as means +
SEM, N=4 for pL-VGGV/eGG, and N=5 for the rest. One-way ANOVA with Dunnett’s multiple comparison test
was performed by taking pL as the control condition (*: p <0.05, **: p < 0.01, ***: p < 0.001, ****: p <0.0001, F

ratio = 29.04, degrees of freedom = 36).

Together, the in cellulo cleavage data confirm that a poly-Leu TMD is a non-substrate for y-secretase.
Importantly, the impacts of the hinge and the cleavage region on processing by y-secretase are

similar in cell-based and cell-free assays.
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Discussion

The main objective of this study was to illuminate the role and cooperative behaviour of different
parts of a TMD in defining its cleavability by y-secretase. Our overarching aim was to better
understand how y-secretase discriminates substrates from non-substrates, this is also a major
unresolved issue with other intramembrane proteases. To this end, we examined hybrid sequences
between C99 and an artificial non-substrate, denoted pL, holding a rigid and featureless poly-Leu
TMD. pL is virtually uncleaved in vitro and in cellulo, despite its permissively short extracellular
domain and the presence of the C99 juxtamembrane domains. This non-substrate served as a

template to identify critical features of a substrate TMD.

First, grafting the C99-derived G3;Gss or V3sG37G3sV39 motifs onto pL introduced a highly flexible site
within TM-N, as indicated by low H-bond strengths and biphasic DHX kinetics reminiscent of the
di-glycine hinge within the wt C99 TMD. Biphasic amide exchange is composed of fast and slow
regimes that occur in parallel and are proposed to reflect single and correlated double H-bond
openings at neighboring amides, respectively. As such, they complement the observation of low H-
bond strength in diagnosing massive helix deformations. To our knowledge, this is the first report of
biphasic DHX within TM helices. Biphasic DHX had previously been associated with multiple sub-
conformations of soluble proteins 3. While grafting Gs;Gss onto pL partially restores cleavability, the
V36G37G3sV3e motif confers not only stronger flexibility than Gs3;Gss but also more effective cleavage.
This gain-of-function complements previous mutational studies where mutating G38 had impaired
cleavage ° and provides further proof that a conformationally flexible TM-N is important for C99
cleavage by y-secretase. MD simulations of the enzyme/C99 complex had suggested previously that
TM-N bending enables the C99 TM helix to enter presenilin and access its catalytic cleft 73, By
analogy to C99, helix bending may promote the translocation of other substrate TMDs from sites of
initial contact towards the catalytic center of y-secretase. This is supported by the detection of weak
H-bonding and biphasic DHX within the TMDs of well-known y-secretase substrates other than C99.
In the case of Notch1, the region exhibiting correlated H-bond openings overlaps partially with the
tetra-Ala motif that is distorted in the y-secretase/Notch1 structure . Although NMR spectroscopy
in the helix-stabilizing hydrophobic environment of a detergent micelle had previously indicated a
rather straight Notchl TM helix, MD simulations had suggested helix unwinding at L1747, which is
part of the flexible region detected here 3°. With ErbB4 and N-Cadherin, the identification of
correlated H-bond openings coincides with the abundance of helix-destabilizing Gly and/or B-
branched residues. Altogether, these findings let us propose that substantial conformational
flexibility within TM-N, possibly associated with dynamic helix bending, may be one crucial

requirement for y-secretase substrates. Conformational flexibility may also facilitate the processing
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of substrates of other intramembrane proteases including site-2-protease, signal peptide peptidase
(SPP) and signal peptide peptidase-like (SPPL) proteases, as well as of rhomboid proteases (reviewed
in 112), Recent examples include the SPP substrate Xbplu where stabilizing the TM helix by Leu
abolished cleavage ?. Biphasic DHX kinetics was also detected at several sites within the Xbp1lu TMD
(our unpublished observations). NMR spectroscopy recently uncovered a slight bend at the As;Ga3A44
motif in the center of the TM helix of tumor necrosis factor a (TNFa), an SPPL2a substrate. Replacing
A4xGa3Ass by Leu stabilized the helix and strongly decreased cleavage at a downstream site of the
TMD “. Although the TNFa. TMD bend is less pronounced than that of C99 as shown by NMR
spectroscopy “°, biphasic DHX is also apparent at a number of residues including A42Gs3Ass (our

unpublished observations).

A second crucial finding reported here relates to a hypothetical role of conformational flexibility
within TM-C. One the one hand, biphasic DHX identified significant flexibility at C99 L49 and V50 that
appears distinct from helix fraying seen downstream of M51. This flexible region had not been
discovered in previous DHX analyses of the C99 TMD where kinetics had been approximated by a
monoexponential process °. Conformational flexibility within the C99 TM-C is not surprising, though,
as it contains an overabundance of B-branched residues that are known to destabilize helices 332,
We found that TM-C is important as residues V44 - L52 confer a level of cleavability in pL-cr
comparable to that conferred by the V36G37G3sV39 motif in pL-VGGV. Does the importance of TM-C for
cleavage efficiency rest on its conformational flexibility? We consider this an unlikely szenario since a
di-glycine pair within the TM-C of pL-VGGV/eGG strongly enhances flexibility but not cleavability.
Moreover, we cannot confirm the previously presumed opposite impact of two C99 double
mutations (147G/T48G, 147L/T48L) on conformational flexibility around the e-sites, thus challenging a
proposed dependence of cleavability on local helix flexibility 2. While the Gly residues indeed
destabilize the 147G/T48G TMD near the mutated sites, as shown here %, they also expand the
flexible region within its TM-N. Unexpectedly, the Leu residues of 147L/T48L also have a slight local
destabilizing effect which may result from removing the side-chain/main-chain H-bond that extends
from T48 to V44 and stabilizes the helix **. What is more, the 147L/T48L mutation has a stabilizing
effect on TM-N. Conceivably, therefore, the reported opposite effects of both double mutations on
C99 cleavability 22 might indeed stem from their opposite long-range impacts on TM-N flexibility.
That TM-C helix flexibility does not determine the efficiency of initial cleavage is also suggested by
previous findings on other substrate/enzyme systems. In the case of Notchil, the initial S3 cleavage
site is formed by G1743 and V1744. Exchanging V1744 by either Leu or Gly strongly compromised
cleavage *. Also, helix-destabilizing C49P or H52P mutations directly at the cleavage site of the TNFa

TMD did not enhance its cleavage by SPPL2a . The finding that increasing the level of helix flexibility
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within TM-C does not scale with cleavability is initially surprising given that the region from 147 to
V50 of the C99 TMD is unfolded within y-secretase and residues M51-K54 form a hybrid B-sheet with
presenilin 6. This suggests that TM-C unfolding around the scissile site is indeed required for
cleavage. Since, however, TM-C flexibility does not correlate with cleavability of the substrate TMDs
investigated here, helix unfolding around cleavage sites may not constitute a rate-limiting step in
intramembrane proteolysis. Indeed, helices in aqueous solution unfold at nanosecond timescales *,

which is orders of magnitude faster than notoriously slow intramembrane proteolysis 4.

Our third crucial finding is that initial cleavage within the oligo-Leu sequence of pL-GG and pL-VGGV
takes place at the canonical positions 48 and 49, although cleavage of our constructs predominated
at residue 48 while wt C99 is mainly cut at €49. It appears therefore, as if the specificity of e-cleavage
is largely independent of the natural C99 sequence. Rather, the presentation of the scissile sites to
the catalytic residues may mainly be defined by the overall geometry of the substrate/enzyme
complex. Further, the formation of smaller AB species at the expense of major ones, such as AB40,
from our model substrates may indicate that the sites of carboxyterminal trimming are shifted
towards the N-terminus. Once the initial cleavage has taken place, the conformational rigidity of the
oligo-Leu sequence in between cleavage region and V3sG3,G3sV3s hinge may induce skipping of the y-
and C-cleavage sites that are characteristic of wt C99, thus producing the shorter AR fragments
observed here. In an alternative model, the processivity of carboxyterminal trimming of our hybrid
constructs may be greatly enhanced such that AB40 and AB42 are efficiently turned over to a range
of shorter AB species. Similarly, C99 mutants containing stretches of Phe residues were preferentially

cleaved at G38 in previous work .

What are the implications of our results for the mechanism of substrate selection? Intramembrane
proteolysis takes minutes to hours, as indicated by low catalytic constants 4*%°, Catalytic constants
comprise the kinetics of all reaction steps downstream of initial substrate binding *¢. We propose
that at least two reaction steps limit cleavage after binding. One rate-limiting process may
correspond to translocation of a substrate from an exosite at the interface of the lipid bilayer and
presenilin towards its catalytic cleft were the water molecules required for proteolysis are
sequestered within the interior of the protein. Translocation beyond sterically obstructing TMDs of
presenilin and the loops connecting them is expected to be facilitated by the conformational
flexibility of a substrate TM-N. Another rate-limiting process might correspond to the formation of a
cleavage-competent state once the TMD has reached the catalytic cleft. Although the flexibility of the
TM helix around the e-site does not determine cleavability, as outlined above, one may envision that

the C99 V44 — L52 region is crucial for the combined process of docking the unfolded sequence near
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the catalytic residues followed by formation of the tripartite B-sheet with residues near the
presenilin TMD7 N-terminus and within the TMD6/TMD7 connecting loop . Although the formation
of B-sheet from covalently connected strands takes only tens of microseconds %, the assembly of
sheet from disconnected strands may take minutes, as exemplified by aggregation-driven sheet
formation in lysozyme “8. In sum, at least two slow processes that involve substrate TM-N and TM-C,
respectively, appear to limit the kinetics of intramembrane proteolysis. The presence of a conducive
TM-N and TM-C as well as their functional cooperation may thus distinguish substrate TMDs from

non-substrate TMDs.
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Methods

Peptide synthesis. Peptides were synthesized by Fmoc chemistry by PSL, Heidelberg, Germany and
purified to >90% purity as judged by mass spectrometry. All other chemicals were purchased from

Sigma-Aldrich Co. (St. Louis, Missouri, USA).

Deuterium-hydrogen exchange by MS/MS. All mass spectrometric experiments were performed on
a Synapt G2 HDMS (Waters Co., Milford, MA) and measurements were taken from distinct samples.
Samples were injected from a 100 uL Hamilton gas-tight syringe via a Harvard Apparatus 11 Plus with
a flow rate of 5 pL/min. Spectra were acquired in a positive-ion mode with one scan per second and a
0.1s interscan time. Solutions of deuterated peptide (100 pM in 80% (v/v) d1-trifluoroethanol (d1-
TFE) in 2 mM ND;-acetate) were diluted 1:20 with protonated solvent (80% (v/v) TFE in 2 mM NHg-
acetate, pH 5.0) to a final peptide concentration of 5 uM and incubated at 20.0°C. Exchange reactions
were quenched by cooling on ice and lowering the pH to 2.5 by adding 0.5% (v/v) formic acid.
Mass/charge ratios were recorded and evaluated as previously described *°. For electron transfer
dissociation (ETD), we used 1,4-dicyanobenzene as an electron donor and preselected 5+ charged
peptides via MS/MS. Fragmentation of peptides was performed as described °. Briefly, ETD MS/MS
scans were accumulated over a 10 min scan time. ETD-measurements were performed after 13
different incubation periods (from 1 min to 3 d) where exchange had taken place at pH 5.0. Shorter
(0.1 min, 0.5 min) and longer (5 d, 7 d) incubation periods were simulated by lowering the pH to 4.0
or elevating pH to 6.45, respectively, using matched time periods. The differences to pH 5.0 were
taken into account when calculating the corresponding rate constants. We note that base-catalysed
exchange is responsible for at least 95% of the total deuteron exchange at > pH 4.0. The resulting
ETD ¢’ and z fragment spectra were evaluated using a semi-automated procedure (ETD FRAGMENT
ANALYZER module of MassMap_2019-01_28_LDK Software ). The free energies AG required for H-
bond opening were calculated from Kexp,onx and ke, based on equation (1) based on Linderstrgm-Lang

theory *°, assuming EX2 conditions and a predominantly folded state 2.

kex

AG=—-RTIn (ﬁ) (1)
kch_kexp,DHX

where k. represents the sequence-specific chemical rate constants that were calculated using the

program SPHERE (http://landing.foxchase.org/research/labs/roder/sphere/) (under the set

conditions: D-to-H-exchange, reduced Cys, pH =5.0, T = 20.0°C).
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Monoexponential fitting of the data was done with equation (2) to calculate kexp,onx, Which accounts

for the concentration of deuterated solution in the DHX-ETD assay of 5% (v/v)

D(t) = 0.95 - e Kexppuxt 4 0,05 (2)
while biexponential fitting was done with equation (3):

D(t) = A - e KexppHxAt 4 B+ e KexppHXBt 4 0,05 (3)

Where A and B are the population sizes of the deuterons with slower and faster exchange rates, Kexp,

ohx, A aNd Kexp, pHx, 8 respectively and A + B = 0.95.

C99 substrate constructs. All poly-L C99 constructs were generated by GenScript with a N-terminal
signal sequence followed by a single N-terminal HA-tag and two C-terminal FLAG-tags in expression
vector pcDNA3.1 to allow their direct use in cell-based assays. For cell-free assays, the constructs
were initially recloned as PCR fragments into pQE60 (Qiagen) as described for wt C100-Hiss 33 to
contain an N-terminal Met (M1 in C100) and a C-terminal His6 tag connected via a GSRS linker and
then further recloned as Ncol/Hindlll fragments into pET-21d(+) (Novagen) to increase expression

yields.

Production of recombinant proteins and y-secretase in vitro cleavage assay. Wt and pL-based C99
constructs were expressed in E.coli BL21(DE3)s or Rosetta(DE3) cells, respectively. All constructs
were purified by Ni-NTA-agarose affinity chromatography. Briefly, induced cells were incubated for
3.5h at 37°C and sonicated. Following overnight urea-lysis [20 mM Tris/HCI (pH 8.5), 6 M urea, 1 mM
CaCl,, 100 mM NacCl, 1% Triton X-100, 1% SDS, with protease inhibitors], Ni**-NTA-agarose was added
and the samples were incubated for 2h at room temperature with shaking. Following three washing
steps, the substrate proteins were eluted with a buffer containing imidazole [50 mM Tris/HCl (pH
8.5), 300 mM NacCl, 0.2% SDS, 100 mM imidazole (pH 8.5)]. Purified constructs were incubated
overnight at 37°C together with detergent-solubilized HEK293 membrane fractions containing y-
secretase and cleavage efficiency was analyzed as outlined previously 3*. Samples incubated at 4°C or
at 37°C and in the presence of 0.5 uM of the y-secretase specific inhibitor L-685,458 (Merck
Millipore) ®! served as controls (Fig. S7). The in vitro generated cleavage products (AICD and AB) were
analyzed by immunoblotting using antibody 2D8 and Y188, respectively, and quantified by measuring
the chemiluminescence signal intensities with the LAS-4000 image reader (Fujifilm Life Science, USA).
Quantification of cleavage products for each of the tested substrates was obtained from five

independent assays (N=5). Measurements were taken from distinct samples.
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Mass spectrometric analysis of substrate cleavage products. For analysis of the different AICD and
AB species produced by y-secretase mass spectrometry analysis was performed as previously
described *. In brief, after incubation of purified substrate with detergent-solubilized membrane
fractions containing y-secretase, an immunoprecipitation step using the antibodies Y188 (AICD) and
4G8 (AB) was performed. Samples were diluted using IP-MS buffer [0.1% N-octyl glucoside, 140 mM
NaCl, and 10 mM Tris (pH 8.0)] and incubated with the Y188 antibody and Protein A-Sepharose or
with 4G8 and Protein G-Sepharose overnight at 4°C. The immunoprecipitates were washed three
times with IP-MS buffer and distilled water and finally eluted (0.1% trifluoroacetic acid in 50%
acetonitrile, saturated with a-cyano-4-hydroxy cinnamic acid). Subsequently, samples were subjected

to mass spectrometry analysis on a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems/MDS SCIEX).

Statistics — mass spectrometry. Residue-specific DHX kinetics (equations (2) and (3)) originate from
time-dependent deuteron contents Dmean averaged from the corrected masses of different fragment
ions. In brief, the rate constants kex, onx Were determined by a non-linear least squares fitting
routine. Standard errors of logkexp,onx result from the errors of the fits. The limits of the standard
confidence interval of AG are calculated by means of the standard error of logkexp,onx. A detailed

account of the procedure is presented in Supplemental Statistics.

For mass spectrometric analysis of AICD and AB generated in the in vitro cleavage assays, the
cleavage products were immunoprecipitated and subsequently analyzed via MALDI-TOF mass
spectrometry. One such assay represents one independent experiment. The AICD and AP spectra
were generated from separate assays. The AICD spectra were measured from three (N=3) and the AB
spectra from two independent experiments (N=2). In both cases, representative MALDI-TOF spectra

are shown.

Statistics — cleavage assays. For one in vitro cleavage assay each of the constructs analyzed in this
study was incubated together with detergent-solubilized y-secretase. One such assay represents one
independent experiment. Cleavage efficiency was analyzed for each assay separately and
quantifications were done from five independent cleavage assays (N=5). Statistical significance was
assessed using one-way ANOVA with Dunnett’s multiple comparison test (*: p <0.05, **: p < 0.01,
**%: p < 0.001, ****: p < 0.0001). Two group comparisons were done using pL (Fig. 2) or pL-VGGV
(Fig. 3 and 4) as a control group for a multiple comparison against all other constructs. Data are
represented as means £ SEM. For in cellulo assays, the cleavage efficiencies of the constructs were
tested in five independent experiments (N=5), with the exception of pL-VGGV/cr construct that was
quantified in four independent experiments (N=4). Statistical significance was assessed using one-
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way ANOVA with Dunnett’s multiple comparison test (*: p <0.05, **: p <0.01, ***: p < 0.001, ****: p
< 0.0001). One group comparison was done using pL as a control group for a multiple comparison

against all other constructs. Data are represented as means £ SEM.

In cellulo cleavage assays. The HEK293 cells were cultured in DMEM media (Gibco) supplemented
with 10%FCS in BioCoat™ Poly-D-Lysine 24-well (Corning) plates. The constructs were generated as
mentioned in the section on C99 substrate constructs. Transfection of the indicated constructs was
performed by Lipofectamine™ 2000 (Invitrogen), according to manufacturer’s instructions. After
overnight incubation with transfection solution, following 1x PBS wash, 500 pL of fresh media
containing 1 uM DAPT (or vehicle DMSO) were added to the transfected cells. Conditioned media
and cell lysates were collected after 24 h incubation. The conditioned media were centrifuged (1 h,
180000 x g, 4°C) to pellet cell debris and exosomes. Immunoblotting was performed to measure the
AP release into the conditioned media from the transiently transfected HEK293 cells. Cell lysates
were prepared as described > with STET lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 2 mM EDTA,
1% Triton X-100) with protease inhibitor (Roche). For protein analysis by immunoblotting, samples
were prepared as described 2. Measurements were taken from distinct samples. Following
antibodies were used in the immunoblots in given dilutions, anti-HA.11 (1:1000) (Covance, MMS-

101P), anti-FLAG (1:2000) (Sigma-Aldrich, F1804), anti-Calnexin (1:2000) (Enzo, ADI-SPA-860).

Biological material availability. Plasmids encoding recombinant proteins can be obtained from the

authors upon request.

Reporting summary. Further information on research design is available in the Nature Research

Reporting Summary linked to this article.

Data availability. All data associated with this study are present in the paper and in the

Supplementary Information. Source data are provided upon request.

Code availability. Computer code associated with this study can be obtained from the authors upon

request.
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Supplemental Discussion

The origin of biphasic DHX. To explain the origin of biexponential, or biphasic, DHX, we assume that
exchange at a given amide within a population of TMDs can follow one of two different kinetic
regimes. The fast regime yields a high kexp,a While the slow regime leads to a low Kkexp,s Value. These
exchange rate constants are transformed into AGa and AGg values. We propose that the pairs of
Kexp,A/AGa and Kkexp8/AGg values describe DHX at a given open amide (‘single opening’) or at
simultaneously open neighboring amide pairs (‘double opening’), respectively. Even in the latter
case, i.e., after simultaneous opening of two H-bonds, less than one exchange events can occur per
opening on average, given that open/close transitions of an H-bond are much more frequent than
the chemical amide exchange reaction of an unfolded peptide in the EX2 mode ! that characterizes
DHX under our conditions 2.

To illustrate the point, H-bond opening at G38 may result in local DHX with a fast kexa and/or
facilitate a second H-bond opening at G37 or V39. That second opening may enable DHX at G37 or
V39, albeit with a slow kex,5, as a double opening is likely a rare event (see: Fig. S2). Exchange from
the same doubly open state may also occur at G38, provided that a previous opening at G38 had not
resulted in DHX. Accordingly, we propose that AGa represents frequent single openings while AGg
may describe correlated double openings occurring at lower frequencies.

This proposition is based on the expectation that isolated openings are more frequent than reactions
leading to two simultaneously open amides. We cannot rule out an inverse mechanism, however,
where fast DHX occurs at two simultaneously open amides and slow DHX at isolated openings. This
alternative interpretation would hold true if the decrease in the closing rate from a doubly open
state would overcompensate a decrease in the opening rate leading to it. In this case, the aggregate
lifetime of a doubly open state might exceed the aggregate lifetime of isolated openings.

Potential impact of experimental conditions on calculated H-bond strength. Exchange rate
constants are transformed into AGax and AGg values by relating them to the rates ke of chemical
exchange of unfolded peptides. In general, amides where ke exceeds the ke values from the
literature 3 are protected from exchange depending on their H-bond strength. At some positions in
TMDs investigated here, kexp,a €xceeds ke, in those cases the latter appears to be lower under our
conditions than the standard values for several potential reasons: (i) The molarity of water in 80%
(v/v) TFE solvent is only 20% of the bulk molarity used for the determination of the reference
chemical exchange rates ke; (ii) the hydration of residues in the hydrophobic core of a TMD dissolved
in 80% TFE may be reduced relative to bulk water; (iii) kcn values determined for model tripeptides in
the unfolded state may not correctly represent sterical hindrance of exchange in the helical state;
and (iv) TFE might have an impact on the autoionization constant of water and ke %. As a result, our
calculated AG values might be underestimating the true values to some extent.
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Supplemental Statistics in the Analysis of Amide Exchange Kinetics. It is assumed that
exchange data are available for N exchange periods t, (n=1, 2, ..., N). To analyze the exchange
kinetics of the amide hydrogen of amino acid m, the first step consists in the determination of
the mean numbers Dmean (M,n) of the D numbers D., obtained for all the fragment types
analyzed for time point n.

The main model employed for the analysis of the kinetics predicts a first order reaction that leads
from the starting value Dsax of the D number to the asymptotic D number Dasymptotic. The
experimental rate constant kexp,m for the exchange of amide hydrogen m is determined by a non-
linear least squares fitting routine that minimizes the quantity 2 of equation (1a):

N
2 _ : —
= Z(Xm,n with . =D ..(mn)—Dg(m,n) and (1a)

For amide hydrogens exhibiting a biphasic exchange dynamics, the quantity y? of equation (1b) is
minimized to determine the rate constants ki exp,m, k2 exo,m and the ratio A of the conformation
exhibiting the rate constant ki exp,m:

2

N
Xz = Z(Xm,n) Wlth Xm,n = mean(m n) Dﬁt(m n) and
n=1
asymptotic ' E’ (lb)

E=A-exp (—k1 expum U ) +(1-A)-exp (—k2 JE )

D, (m,n):=D +(Dyye =D

start asymptotic )

For H/D and D/H exchange, the number Dst.t amounts to 0 and 1, respectively. In case some of the
numbers Dmean(m,n) are not available due to missing fragments for certain time points, the fitting
procedure is restricted to the time points with available D numbers. For the fitting to be performed,
the number of time points with D numbers must not be smaller than three and six for monophasic
and biphasic behavior, respectively.

To estimate the standard errors of the fitted quantities (monophasic behavior: kexm, biphasic
behavior: ki exp,m, K2 exp,m and A), the standard deviation oy is calculated for the residuals ymn obtained
for the best fit. The standard deviation on, is then used to perform the fitting defined in (1a) or (1b)
for additional 2N sets of D numbers:

Set 1-1 : mean (m 1) + G mean (m 2) mean (m N 1) mean (m N)
Setl-2: D ., (ml)-c, D, (m,2) D, ..(mN-1I) D,..(m,N)
Set n_l : mean (m 1) mean (m n) + G mean (m N)
Setn-2: D .. (m,1) D .. (mn)-oc, D,...(m,N)
Set N_l : mean (m 1) mean (m 2) mean (m N 1) Dmean (m’ N) + Gl"['l
Set N_2 : mean (m’ 1) mean (m 2) mean (m N - 1) Dmean (m’ N) - Gm
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The uncertainty Amn of the decimal logarithm of the rate constant kexpm that is caused by the
uncertainty om of the numbers Dmean(m,n) is estimated as the mean of the two numbers |log[Kexp,m]-
log[k(Set n-1)]| and |log[kexp,m]-log[k(Set n-2)]|. The quantities k(Set n-1) and k(Set n-2) stand for the
best fit rate constants obtained with the sets of D-numbers Set n-1 and Set n-2, respectively. By error
propagation, the standard error Alog(kexom) Of the decimal logarithm of the experimental rate
constant kex,m is calculated in the following way:

A log(kexp’m) = % A (2a)

In case of a biexponential fit, the uncertainties A; mn and A; mn of the decimal logarithms of the rate
constants Ki exp,m and Kz exp,m, respectively, are estimated in full analogy to the estimation of Am,n. The
standard errors Alog(ki exp,m) and Alog(kz exp,m) are calculated in the following way:

Alog (klexp’m) = % Alns Alog(kmp,m) = I%Am’n. (2b)

To estimate the uncertainty of the relative abundance of the conformation with the rate constant k;
exp,m, the means AAm , of the two numbers |A - A(Set n-1)| and |A - A(Set n-2)| are calculated with
A(Set n-1) and A(Set n-2) standing for the ratios obtained with the sets of D-numbers Set n-1 and
Set n-2, respectively. By error propagation, the standard error AA ,, of the experimental ratio A is
calculated as follows:

N
AA, =3 AA, . (3¢c)

n=1

In cases where ken,m is available, the experimental rate constant kexp,m Can be used to calculate the
difference AGn, of the Gibbs Free Energy associated with the equilibrium between the effectively
folded and the effectively unfolded situation for amide hydrogen m. If the rate constant of the
unfolding reaction of the peptide, which leads to an exchange competent state of amide hydrogen
m, is denoted by km+, and if the rate constant of the reverse reaction that makes the amide hydrogen
m not exchange competent is denoted by km., AGm is given by equation (4):

AG, =-RT-In(K,)=-RT-In [ tm J (4)

m,—

According to equation (5), the fraction km+/( kms++ km-) can be determined from the
experimental rate constant kexp,m and the chemical rate constant ke m:

k

m,+ — exp,m ) 5
k . +k k ©)

m,+ m,— ch,m
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Thus, the fraction of rate constants needed for the calculation of AG, by means of equation (4) can
be calculated from the experimental rate constant kexpm and the chemical rate constant kchm
according to equation (6):

k

m,+
ks:xp,m _ km,+ _ kkm,— N km,+ J1= kexp,m _ kexp,m N
kch,m km,+ + km,f m,+ + 1 km,— kc:h,m kch,m (6)
K,
N km,+ — exp,m
km,— kch,m - kexp,m

The limits of the standard confidence interval of AGn, are calculated by means of the standard error
Alog(kexp,m) of the decimal logarithm of kexy,m Using equations (7):

k k k . IOAIOg(kexpm)
AG,, i = —RT:In -~ with | =2 = ALl Alog(k
k max k max k k -10 og(

ch,m exp,m

b
exp,m

—m —m

—Alog(k

k k kK .q0 oelkenn)
AC}m,me\x =-RT- ln[ = ] with ( = J = == —Alog(k ) ) (7)
kK o) Koo o Ky, — ki, 1078 e

,m exp,m

In case of a biexponential fit, instead of being performed with kexpm, the calculation of AGm, AGm min
and AGm,max is based on the smaller of the two rate constants ki exp,m and k3 exp,m.
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Table S1. Sequences of synthetic peptides investigated in this study

Peptide Sequence

wt C99 AC-KKKGAIIGLMVGGVVIATVIVITLVMLKKK-NH,!
C99 147G/T48G Ac-KKKGAIIGLMVGGVVIATVIVGGLVMLKKK-NH;

€99 147L/T48L Ac-KKKGAIIGLMVGGVVIATVIVLLLVMLKKK-NH;

pL-GG Ac-KKKLLLLLLLLGGLLLLLLLLLLLLLLKKK-NH;
pL-VGGV Ac-KKKLLLLLLLVGGVLLLLLLLLLLLLLKKK-NH;
pL-VGGV/eGG Ac-KKKLLLLLLLVGGVLLLLLLLLGGLLLKKK-NH;
pL-VGGV/cr Ac-KKKLLLLLLLVGGVLLLLVIVITLVMLKKK-NH;
ErbB4 Ac-KKKLIAAGVIGGLFILVIVGLTFAVYVKKK-NH;
N-Cadherin Ac-KKKGAIIAILLCIIILLILVLMFVVWMKKK-NH;
Notchl Ac-KKKLHFMYVAAAAFVLLFFVGCGVLLSKKK-NH;

! Termini were blocked by acetylation (N-terminus) or amidation (C-terminus) in order to remove
non-natural charges. The natural parts of the sequences shown are in bold face type. Two N-terminal
Lys residues were appended to C99 derivatives to enhance solubility and gas phase fragmentation by
ETD °. Lys tags similar to those of C99 derivatives were appended to ErbB4, N-Cadherin, and Notchl
sequences in order to ensure similar conditions, such as hydration, to all TMDs compared here. We
note that similarly constructed C99 TMD peptides were previously shown to be good substrates for
y-secretase °.
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Table S2. Mass and sequence of AICD peptides generated in the cell-free assay as detected by

MALDI-TOF MS (panel F in Figs. 2 - 4). Da, Dalton.

Construct Sequence Peptide Calculated Observed
mass [Da] mass [Da]
Cc99
LVMLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7235.10 7236.44
SKMQONGYENPTYKFFEQMONGSRSHHHHH
H
VMLKKKQYTSIHHGVVEVDAAVTPEERHLS €49 7121.94 7124.44
KMQOONGYENPTYKFFEQMONGSRSHHHHHH
LKKKQYTSIHHGVVEVDAAVTPEERHLSKM €51 6891.61 6887.77
QONGYENPTYKFFEQMONGSRSHHHHHH
pL-GG
LLLLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7231.09 7232.41
SKMOQONGYENPTYKFFEQMONGSRSHHHHH
H
LLLKKKQYTSIHHGVVEVDAAVTPEERHLS €49 7117.93 7116.61
KMOONGYENPTYKFFEQMONGSRSHHHHHH
pL-VGGV
LLLLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7231.09 7227.85
SKMOQONGYENPTYKFFEQMONGSRSHHHHH
H
LLLKKKQYTSIHHGVVEVDAAVTPEERHLS €49 7117.93 7121.17
KMQONGYENPTYKFFEQMONGSRSHHHHHH
pL-cr
LVMLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7235.10 7234.45
SKMOQONGYENPTYKFFEQMONGSRSHHHHH
H
VMLKKKQYTSIHHGVVEVDAAVTPEERHLS €49 7121.94 7122.59
KMQONGYENPTYKFFEQMONGSRSHHHHHH
pL-VGGV/cr
LVMLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7235.10 7236.18
SKMQONGYENPTYKFFEQMONGSRSHHHHH
H
VMLKKKQYTSIHHGVVEVDAAVTPEERHLS €49 7121.94 7120.86
KMOONGYENPTYKFFEQMONGSRSHHHHHH
pL-VGGV/
€GG
GLLLKKKQYTSIHHGVVEVDAAVTPEERHL €48 7174.98 7175.70
SKMQONGYENPTYKFFEQMONGSRSHHHHH
H
37
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Table S3. Mass and sequence of AP peptides generated in the cell-free assay as detected by MALDI-
TOF MS (panel G in Figs. 2 - 4). Da, Dalton.

Construct Sequence Peptide Calculated Observed
mass [Da] mass [Da]

Cc99
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB37 4207.73 4207.75
GAIIGLMVG
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB38 4264.79 4263.75
GAIIGLMVGG
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB39 4363.92 4366.16
GAIIGLMVGGV
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB40 4463.05 4462 .96
GATIGLMVGGVV
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB42 4647.29 4646.17
GATIGLMVGGVVIA

pL-GG
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB34 4074.65 4075.64
LLLLLL

pL-VGGV
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB34 4074.65 4073.86
LLLLLL
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB35 4187.81 4188.24
LLLLLLL
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB37 4343.99 4345.07
LLLLLLLVG
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB38 4401.05 4400.33
LLLLLLLVGG

pL-cr
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB36 4300.97 4301.11
LLLLLLLL
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB37 4414.13 4414.79
LLLLLLLLL
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB38 4527.29 4526.49
LLLLLLLLLL

pL-

VGGV/cr
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB34 4074.65 4073.94
LLLLLL
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB35 4187.81 4187.43
LLLLLLL
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB37 4343.99 4344.49
LLLLLLLVG
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB38 4401.05 4401.04
LLLLLLLVGG
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB39 4500.18 4500.78
LLLLLLLVGGV
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Construct Sequence Peptide Calculated Observed
mass [Da] mass [Da]
pL-VGGV/
€GG
MDAEFRHDSGYEVHHQKLVEFFAEDVGSNK AB34 4074.65 4072.93
LLLLLL
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB35 4187.81 4188.19
LLLLLLL
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB37 4343.99 4343.20
LLLLLLLVG
MDAEFRHDSGYEVHHQKLVFFAEDVGSNK AB38 4401.05 4403.19
LLLLLLLVGG
39
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Figure S1. DHX of C99, Notchl, ErbB4, and N-Cadherin TMDs. (A) Residue-specific amide DHX
kinetics where the calculated deuterium contents D of the respective amides are plotted against the
exchange period t. The kinetics are overlayed after aligning the sequences at the terminal Lys-tags.
(B) Exchange rate constants kexp Of individual amide deuterons (filled symbols, N = 3, log kex, * error
of fit) and chemical exchange rate constants ke, (emtpy symbols). Values of C99 and Notchl were
obtained after reevaluating data from refs. >7® after supplementing them with additional
measurements to increase the density of the data points.
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Figure S3. Biexponential DHX and amide H-bonding of wt C99. (A) Exemplary biphasic DHX kinetics
near the hinge region (reproduced from Fig. S1). (B) H-bond stabilities AG (reproduced from Fig. 1).
(C) Potential a (i,i-4) and 310 (i,i-3) helical amide H-bond geometries calculated from the first model
of NMR structure pdb 2Ip1 °. Yellow shading marks residues giving rise to biphasic DHX, as illustrated
in part (A). (D) First model of pdb 2Ip1 from K28 to K55. Note that the N-H ... O=C distances (broken
lines) and angles between V39 and M35 (d=3.88 A, ®= 96°) or V36 (d=5.23 A, ©= 118°), respectively,
indicate extremely weak potential amide H-bonds originating from V39 that exhibits the most
pronounced biphasic DHX (model generated with VMD 1°),
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Figure S4 Residue-specific amide DHX kinetics of C99 derivatives. The calculated deuterium
contents D (mean values, N = 3) of the respective amides are plotted against the exchange period t.
The shown kinetics were used to calculate the respective kexp, values after data fitting with
monoexponential or biexponential decay functions. Fitting was only performed for those kinetics
that were deemed complete enough for calculating kex,. Sequence positions (AR numbering) are
given in the insets; the amino acid type at a given position corresponds to the wt C99 sequence. C99
data are taken from Fig. S1.
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Figure S5. DHX rate constants of TMD peptides. Rate constants ke, of constructs whose AG values
are depicted in Fig. 2 (A), Fig. 3 (B), or Fig. 4 (C). Shown are kex, of individual amide deuterons (filled

symbols, N = 3 independent DHX reactions, log kexp £ error of fit) and the respective amide-specific

intrinsic chemical exchange rate constants k., that describe the exchange kinetics in the unfolded

state ' (emtpy symbols). Note that diverging values of kex, and ke indicate folded regions that are

partially protected from exchange. At some positions kex, exceeds ke, indicating that the reference

values determined in aqueous solution ! slightly underestimate ke in 80% TFE (see: Methods).
Within regions of biphasic DHX, more positive values denote kexp,a. Values characterizing single (Kexp,
Kexp,a) Or double (kexp,s) H-bond openings are connected by thick or thin lines, respectively.
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Figure S6. Conformational flexibility of C99 147G/T48G and 147L/T48L mutants. (A) Amide H-bond
stabilities AG. Within areas of biphasic DHX, lower and higher values correspond to AGa and AGg,
respectively, with the sizes of the data points approximating the deuteron populations A and B.
Asterisks denote residues where the calculated AGa <0 or where the apparent kexa exceeds the
chemical exchange rate (see: Methods); thus reflecting extremely facile single H-bond opening. Thick
and thin lines connect the values of single and double H-bond openings, respectively. The sequences
feature two additional Lys residues at the N-terminus not shown here (Table S1). AB numbering is
used and main cleavage sites are indicated. Error bars correspond to standard confidence intervals
(calculated from the errors of fit in kexy determination, in some cases smaller than the symbols, N=3
independent DHX reactions). (B) Exchange rate constants kexp (filled symbols, N = 3, log kex,  error of
fit) and chemical exchange rate constants ke, (empty symbols). At some positions kexp exceeds ken,
indicating that the reference values determined in aqueous solution 2 slightly underestimate ke in
80% TFE (see: Methods). Within regions of biphasic DHX, more positive values denote kexp,a. Values
characterizing single H-bond openings (Kexp, kexp,a) are connected by thick lines. (C) Heat map
summarizing the color-coded AGa values of single H-bond openings, the occurence of double
openings (diamonds) and canonical y-secretase cleavage sites (arrows). (D) Residue-specific amide
DHX kinetics where the calculated deuterium contents D of the respective amides are plotted against
the exchange period t. Wt C99 data are reproduced from Fig. S1.
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Figure S7. Cleavage detected in vitro is y-secretase dependent. (A - F) Cleavage efficiency of the
different constructs after incubation with CHAPSO-solubilized HEK293 membrane fractions at 37°C.
To exclude y-secretase independent cleavage additional samples, incubated at 4°C, or at 37°C in the
presence of the specific y-secretase inhibitor L-685,458 (0.5 uM), are shown for all constructs used in
this paper. Levels of AICD (left panel) and AB (right panel) were analyzed by immunoblotting.
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3 Discussion

3.1 Substrate Requirements of y-Secretase: The Role of a Flexible TM-N

Uncovering substrate requirements for y-secretase is necessary to improve our understanding
of one of the key enzymes in AD pathogenesis and of intramembrane proteolysis in general.
However, still little is known about how substrates, and what features of the substrate, are being
recognized by y-secretase. Only a few rather general requirements (see chapter 1.1.1.4.1) have
been identified for y-secretase (Struhl and Adachi, 2000, Xia and Wolfe, 2003, Hemming et al.,
2008, Laurent et al., 2015, Bolduc et al., 2016, Yan et al., 2017). Substrates are typically type I
membrane proteins (Xia and Wolfe, 2003) with a short ECD (Struhl and Adachi, 2000,
Hemming et al., 2008, Laurent et al., 2015, Bolduc et al., 2016), and a permissive TMD and
ICD (Hemming et al., 2008). It has been proposed, not only for y-secretase but for IMPs in
general, that a certain flexibility of the substrate is required for the interaction with the enzyme,
the access to the active site, and for the presentation of the scissile bond (Lemberg and
Martoglio, 2002, Tian et al., 2002, Strisovsky et al., 2009, Moin and Urban, 2012, Scharnagl et
al., 2014, Langosch et al., 2015, Stelzer et al., 2016). Motifs containing potentially
helix-destabilizing residues, like a GG-hinge motif (Fluhrer et al., 2012) or a short
asparagine-proline motif (Ye et al., 2000), can be found in substrates of other aspartyl proteases
(signal peptide peptidase (SPP), signal peptide peptidase-like 2a and b) (Lemberg and
Martoglio, 2002, Fluhrer et al., 2012, Spitz et al., 2020), the rhomboid proteases (Urban and
Freeman, 2003, Akiyama and Maegawa, 2007, Moin and Urban, 2012), and the
site-2-metalloprotease (Ye et al., 2000, Linser et al., 2015).

Several studies suggested that the G37/G38-motif present in the TMD of APP may act as a
hinge region (Barrett et al., 2012, Dominguez et al., 2014, Lemmin et al., 2014, Scharnag] et
al., 2014, Go6tz and Scharnagl, 2018). A hinge describes a flexible region which facilitates
certain motions of the TMD, conferring flexibility to an otherwise rigid TMD (Hayward and
Lee, 2002, Gotz and Scharnagl, 2018, Hogel et al., 2018, Gotz et al., 2019a). It was
hypothesized that this GG-hinge motif might provide the flexibility needed (Pester et al., 2013a,
Dominguez et al., 2014, Lemmin et al., 2014) to allow the TMD to bend and access the active
site (Tian et al., 2002, Scharnagl et al., 2014, Langosch et al., 2015, Langosch and Steiner,
2017). Such a role for helix-stabilizing amino acids had been proposed also for substrates of

rhomboid proteases (Strisovsky et al., 2009).
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The results presented in this thesis confirmed that the GG-motif in APP indeed acts as a flexible
hinge motif. Mutating one of the glycines (G38) in this GG-hinge affected the flexibility of the
APP TMD and reduced the cleavability of the two hinge-constructs analyzed. The analysis of
the intrahelical H-bond strength and MD simulations revealed that the G38L mutation reduced
the flexibility in the vicinity of the hinge, while the G38P mutation increased it. Additionally,
circular dichroism spectroscopy and nuclear magnetic resonance (NMR) spectroscopy
demonstrated an increased helicity for the G38L mutant on the one hand, and a reduced helical
conformation for the G38P mutation on the other hand. Importantly, both mutations did not
change the initial contact between substrate and enzyme, as shown by substrate docking
simulations. One of the major contact regions of all substrates was the PS1-NTF, which is in
good agreement with earlier studies identifying PS1-NTF as the primary contact site of C99
(Fukumori and Steiner, 2016). Thus, the data provide further proof that flexibility is important
for substrate cleavage, but flexibility does not appear to play a role for the initial contact of

substrate and enzyme.

Before a y-secretase substrate is cleaved, it interacts with several exosites until it can access the
active site and is finally cleaved (Fukumori et al., 2020). It has been proposed that a flexible
TMD enables the substrate to translocate from these exosites to the active center (Tian et al.,
2002, Scharnagl et al., 2014, Langosch et al., 2015, Stelzer et al., 2016) and the findings
presented here further support this idea. However, it became evident that only a certain degree
of flexibility is necessary. The G38P substrate was even more flexible than the WT, resulting
in an increase in the potential conformations the substrate could adopt. This might hamper the
binding to and further interaction with the y-secretase complex, contributing to the decreased

cleavability observed for this construct.

Initially, a few studies, showing that the exchange of one of the glycines in this motif had
differential effects, seemed to contradict an important role of the GG-hinge motif of APP
(Fukumori and Steiner, 2016, Higashide et al., 2017, Yan et al., 2017). One of these studies
showed that exchanging one of the helix-destabilizing glycines by an unnatural amino acid,
para-benzoyl-L-phenylalanine (Bpa), increased the cleavability of the resulting substrates
(Fukumori and Steiner, 2016). However, it must be considered that Bpa does not occur naturally
in proteins so that this result is difficult to interpret. Yan and colleagues showed that exchanging

either of the glycines by an alanine, did not affect the cleavability of these substrates. On the
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other hand, exchanging both glycines to prolines, which are known to introduce a kink in TMD
helices (von Heijne, 1991), decreased the cleavability (Yan et al., 2017). In line with this,
another study showed that exchanging the G37 by alanine slightly increased the cleavability of
the C99-based substrate (Higashide et al., 2017). Interestingly, alanine is a helix-forming amino
acid which, nevertheless, has been shown to form a rather flexible helix (Bright and Sansom,
2003). In the light of the findings presented here, demonstrating that a certain flexibility is
important for substrate cleavage, the latter two studies by Yan er al. and Higashide ef al. now
appear to be in good agreement with the findings presented here and may even provide further

proof that flexibility is indeed crucial for cleavage by y-secretase.

Further, molecular dynamic simulations reveal that both G38 mutations analyzed here
differentially altered the bending and twisting motions of the TMD, as well as the predominant
relative orientation of the TM-C harboring the e-site. Together, the changed motions and the
different orientation of the TM-C most likely affected the presentation of the scissile bond at
the active site. An effect of the two hinge mutations on the conformational flexibility as well as
the relative orientation of the two parts of the TMD (TM-N and TM-C) could be confirmed by
a recent study examining the structure of several C99 mutants by NMR spectroscopy (Silber et
al., 2020). Additionally, the G38P mutation introduced a permanent kink of the TMD, as
presented here, which presumably affected the interaction with the enzyme, as well as the
presentation of the scissile bond even further. Thus, the reduced cleavability of both constructs
can be explained by the changes in the flexibility and the relative orientation of the e-cleavage
sites, induced by the GG-hinge mutations. Altogether, the GG-hinge confers a certain flexibility
and appears to be crucial for the correct positioning of the scissile bond at the active site. These
findings confirmed a previous hypothesis that changes in the flexibility of the TMD may lead
to an altered presentation of e-sites at the active center of y-secretase (Stelzer et al., 2016, Gotz

and Scharnagl, 2018, Tang et al., 2019).

Interestingly, the results presented here clearly showed that the processivity of the G38L
construct was increased in contrast to the WT, whereas the G38P mutation slightly reduced the
processivity. In case of the G38L construct the reduced flexibility may already impair the
translocation to the active site and the presentation of the scissile bonds. However, once the
scissile bonds are positioned and the initial cleavage occurred the increased helicity in TM-N

appears to promote the sequential cleavage (trimming) of the G38L construct, resulting in the
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generation of short AP species (mainly AB37). Alternatively, a helical TMD may induce
skipping of the y- and {-cleavage sites, resulting in the production of the short AP species.
However, it appears to be less likely that y-secretase, instead of following its usual cleavage
pattern, skips a stretch of about 8-12 amino acids. In fact, that a helical TMD promotes trimming
is supported by a study in which mutating the helix-destabilizing G37 into a helix-forming
alanine also increased the processivity of the C99-based substrate (Higashide et al., 2017). In
line with this, recently developed y-secretase inhibitors, mimicking the substrate TMD, have
been shown to require a helical conformation in the N-terminus (Bhattarai et al., 2020). Since
also the TM-N of APP and Notch-1 is in a helical conformation when bound to y-secretase
(Zhou et al., 2019, Yang et al., 2019), it appears that these inhibitors are already in a
conformation suitable for the interaction with y-secretase (Bhattarai et al., 2020, Wolfe, 2020),
arguing that a helical conformation of the TM-N seems to be important. A helical conformation
within TM-N may facilitate a proper positioning of the scissile bonds or promote

enzyme-substrate-interactions critical for the cleavage, which takes place mainly in TM-C.

Overall, a certain flexibility appears to be needed for the interaction with the enzyme and for
the presentation of the scissile bond, however, a helical conformation of the substrate TMD
promotes the processivity. That conformational flexibility of a substrate is generally important
for its recognition and for the catalysis has been suggested by several groups (Henzler-Wildman
et al., 2007, Boehr et al., 2009, Ma and Nussinov, 2010, Nashine et al., 2010). It is possible that
y-secretase utilizes some sort of conformational sampling at the different steps of substrate

recruitment and processing to differentiate between substrates and non-substrates (Publication

1).

Further analysis of a C99-based construct with a TMD consisting only of leucines
(polyLeu-TMD) demonstrated that this construct was virtually uncleaved by y-secretase. This
construct proved to be very stable, as can be deduced from the increased H-bond strength in
comparison to the natural C99-TMD. Thus, exchanging only the TMD, of the y-secretase
substrate C99, by a TMD with helix-stabilizing leucines converted this construct into a
non-substrate of y-secretase. It is possible that due to the rigid polyLeu-TMD the construct
either fails to translocate to the active site or to properly present the scissile bond at the active
site and as a result, this construct is not cleaved by y-secretase. Again, this underlined the

importance of flexibility for substrate recruitment and cleavage by y-secretase.
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Reintroducing only the GG-hinge motif back into the TM-N of the polyLeu-TMD increased the
flexibility around the hinge motif but also a few residues more C-terminal and was sufficient to
transform this non-substrate into a substrate of y-secretase. These experiments clearly
demonstrate that the presence of a flexible region in the TM-N of APP is a sufficient substrate
requirement for y-secretase cleavage of C99 (Publication 2). A certain flexibility of the TM-N
may even be a substrate requirement for a subgroup of y-secretase substrates, since APP is not
the only substrate harboring a GG-hinge motif in its TMD. About 17 % of all substrates (see
Table 1 in the appendix) known so far have such a motif with two or even three consecutive
glycines in their TMD. Substrates without a GG-hinge may feature other helix-destabilizing
motifs, which provide the flexibility needed for substrate recruitment and cleavage. For
instance, Notch-1 harbors a poly-alanine stretch in its TM-N which has been suggested to form
a hinge region in the Notch-1 TMD, similar to the GG-hinge in C99 (Stelzer and Langosch,
2019). The importance of a flexible region in the TM-N of Notch-1 is supported by a study
showing that mutating either of the first two alanines of the poly-alanine stretch in Notch-1
reduced the cleavability of the mutant constructs (Xu et al., 2016). Another study showed that
replacing one of the four alanines in the alanine stretch by the helix-destabilizing residue valine
(Lyuetal., 1990, Lyu et al., 1991) enhanced the cleavability for three of these constructs (Tanii
et al., 2006). The exchange of two leucines in the TMD, close to the alanine stretch, by two
alanines also increased the cleavability of the resulting Notch-1-based substrate (Vooijs et al.,
2004). Together, these studies provide further proof for the hypothesis that y-secretase
substrates require a flexible TM-N. In line with this, further analysis presented here show that
Notch-1 and two other y-secretase substrates, N-Cadherin and ErbB4, indeed feature flexible
regions in their TM-N. The presence of a flexible motif within the TMD of y-secretase
substrates may reflect the need for a substrate to bend in order to access the active site, as well
as for the presentation of the scissile bond, as suggested previously (Tian et al., 2002, Scharnagl

et al., 2014, Langosch et al., 2015, Stelzer et al., 2016).

Indeed, this may even be extended to IMPs in general since helix-destabilizing residues in the
substrate’s TMD have so far been shown to affect proteolysis by three of the four IMP families
(Ye et al., 2000, Lemberg and Martoglio, 2002, Urban and Freeman, 2003, Akiyama and
Maegawa, 2007, Fluhrer et al., 2012, Moin and Urban, 2012, Spitz et al., 2020). Several groups
reported that replacing helix-breaking residues in the TMD of different IMPs substrates by

potentially helix-stabilizing amino acids did decrease or even abolish the cleavability of the
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resulting constructs (Ye et al., 2000, Lemberg and Martoglio, 2002, Akiyama and Maegawa,
2007, Strisovsky et al., 2009, Fluhrer et al., 2012, Spitz et al., 2020). Three of these studies
demonstrated that exchanging only the potentially flexible motif almost or completely
abolished the cleavage of the mutant constructs (Ye et al., 2000, Strisovsky et al., 2009, Spitz
et al., 2020). In line with this, it has been shown that introducing helix-breaking residues into
substrates of IMPs increased their cleavability (Urban and Freeman, 2003, Akiyama and
Maegawa, 2007, Moin and Urban, 2012, Spitz et al., 2020). Three studies even showed that
introducing one or two helix-breaking amino acids into a non-cleavable construct of SPP or a
rhomboid protease facilitated the cleavage of the original non-cleavable construct (Lemberg
and Martoglio, 2002, Urban and Freeman, 2003, Moin and Urban, 2012). Interestingly, it could
be demonstrated also for a rhomboid protease that exchanging the TMD of a cleavable construct
by a polyLeu-TMD completely abolished the cleavage (Maegawa et al., 2005). Further analysis
would, however, be needed to conclude whether helix-destabilizing residues are a common

(sufficient) substrate requirement of IMPs and whether further requirements are to be identified.

The rhomboid proteases are the only IMP family for which a prevalent recognition motif has
been identified (Strisovsky et al., 2009). Initially, it was demonstrated that a motif in the TMD
of the rhomboid substrate Spitz, containing several potentially helix-destabilizing amino acids,
was necessary and sufficient for cleavage (Urban and Freeman, 2003). Based on this, it was
proposed that rhomboids recognize a common conformation in their substrates and that this
motif may be a universal recognition motif for rhomboid proteases (Urban and Freeman, 2003).
Later, a recognition motif has been identified, which determined the cleavage site and proved
to be more important than helix-destabilizing residues (Strisovsky et al., 2009). This recognition
motif, however, resembled more a region featuring certain properties. The study demonstrated
a preference for small residues directly N-terminal of the scissile bond (P1 position) and for
hydrophobic, and preferentially large residues four amino acids N-terminal (P4) as well as two
amino acids C-terminal of the cleavage site (P2’) (Strisovsky et al., 2009). However, not all
proteins containing this motif were indeed cleaved by one of the rhomboid proteases analyzed
in this study and, furthermore, the motif is not present in all rhomboid substrates (Strisovsky et
al., 2009). Thus, this motif does not appear to be a substrate requirement for all rhomboid
proteases (Tatsuta et al., 2007, Strisovsky et al., 2009, Schifer et al., 2010, Ha et al., 2013).

Instead, it appears that both, certain sequence requirements and a flexible TMD, are important
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for cleavage by rhomboid proteases (Freeman, 2014), and still further requirements may exist

(Strisovsky et al., 2009).

3.2 Substrate Requirements of y-Secretase: The Role of the TM-C

The cleavage sites of soluble proteases preferentially reside within flexible regions, or regions
prone to unfolding (Hubbard, 1998, Belushkin et al., 2014). In line with this, proteases typically
recognize and bind their substrates in an extended B-strand conformation (Tyndall et al., 2005).
IMPs, on the other hand, cleave their substrates within the TMD, which assumes an a-helical
structure within the hydrophobic environment of the lipid bilayer (Popot and Engelman, 2000).
However, a-helices are generally not susceptible to cleavage (Hubbard, 1998, Madala et al.,
2010). Thus, in order to be cleaved by y-secretase the local helical structure around the cleavage
sites needs to unwind first (Ye et al., 2000, Clemente et al., 2018, Brown et al., 2018, Yang et
al., 2019, Zhou et al., 2019). For y-secretase and for IMPs in general it has been suggested that
helix-destabilizing amino acids or a certain conformational flexibility may facilitate the
unwinding and the exposure of the scissile bond (Ye et al., 2000, Lemberg and Martoglio, 2002,
Luetal., 2011, Brown et al., 2018, Clemente et al., 2018, Steiner et al., 2020). Indeed, several
potentially destabilizing residues are found N-terminally of the initial cleavage site in the
y-secretase substrates C99, Notch-1, and TREM2 which may facilitate unfolding (Steiner et al.,
2020). Further, TREM2 has recently been reported to be cleaved within a flexible region in its
TMD (Steiner et al., 2020). Interestingly, introducing a mutation which stabilized the region
around the initial cleavage site abolished the cleavage at the original cleavage site and shifted
the cleavage to another, newly formed, flexible region (Steiner et al., 2020). In line with this,
introducing potentially helix-stabilizing or -destabilizing residues near the initial cleavage site
of C99 decreased or increased the cleavability, respectively (Fernandez et al., 2016, Sato et al.,
2009). Similar findings have been reported for the cleavage of a Notch1-based substrate, where
helix-stabilizing mutations close to the initial cleavage site also decreased the cleavability of

the resulting construct (Vooijs et al., 2004, Xu et al., 2016).

At a first glance, these data suggest that a flexible TM-C is required for substrate cleavage by
y-secretase. However, the results presented here and by two other groups clearly show that the
TMD of C99 is rather rigid in the vicinity of the cleavage site (Pester et al., 2013b, G6tz et al.,
2019b, Stelzer and Langosch, 2019). As shown here, increasing the flexibility in the TM-C of
the polyLeu-TMD substrate, harboring the GG-hinge in the TM-N, by adding a second
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GG-hinge at the initial cleavage sites did not improve the cleavability any further. Thus, this
did not support an important role of flexibility in the TM-C for substrate cleavage. Instead,
specific interactions of the TM-C with the enzyme appear to be more important. Indeed, the
C-terminal cleavage region was sufficient to render the non-cleavable polyLeu-TMD into a
substrate of y-secretase. More importantly, introducing the C-terminal cleavage region, together
with the hinge in the TM-N, into the non-cleavable polyLeu-TMD resulted in a cleavage
efficiency higher than just the total of both efficiencies. Consequently, combining both, the
N-terminal hinge and the C-terminal cleavage region, was sufficient to restore cleavability of
the natural TMD of C99. This suggested that the flexible region in the TM-N and the natural
APP cleavage region in the TM-C are sufficient substrate requirements for C99/y-secretase and
that they cooperate for efficient cleavage (Publication 2). Importantly, the insights gained from
the cell-free system could be recapitulated in a cellular model, providing proof that the results
presented here also hold true in a more complex cellular context and further supporting the

relevance of these findings.

At first, the result obtained with the polyLeu-TMD construct harboring a second hinge at the
initial cleavage site, as presented here, appear to be in contrast with the results presented by
Fernandez and colleagues (Fernandez et al., 2016). In this study, introducing two potentially
helix-destabilizing glycines at position 47 and 48 increased the cleavability of the C99-based
construct, while exchanging the natural residues by two potentially helix-stabilizing leucine
decrease the cleavability. Remarkably, analysis of the H-bond strength of these two constructs
used by Fernandez and colleagues, as presented here, revealed an increased flexibility around
the e-sites for the 147G/T48G but also a slight increase for the 147L/T48L substrate. This could
be explained by the removal of the H-bond from T48, which has been shown to have a
stabilizing effect (Scharnagl et al., 2014). Interestingly, both mutations also affected the
flexibility in TM-N. While the LL-mutation stabilized the region between residues V39 and
141, the 147G/T48G substrate further destabilized the TM-N. Thus, these data provide further
proof that flexibility in the TM-C is not necessary for cleavage by y-secretase, rather they again
support an important role for flexibility within TM-N.

In line with this, the introduction of potentially helix-destabilizing glycines within the cleavage
region (Xu et al., 2016) or C-terminal of the cleavage region (Sato et al., 2009), have been

shown to decrease the cleavability of the respective C99-based substrates. Further support is
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provided by deuterium hydrogen exchange (DHX) and MD studies reporting that APP FAD
mutations near the cleavage sites did actually destabilize the helix close to the GG-hinge of
APP, but not around the cleavage (Stelzer et al., 2016, G6tz and Scharnagl, 2018). Along the
same lines, also the two hinge mutations G38L and G38P presented in this thesis only increased
the flexibility around the hinge motif, while the region around the initial cleavage site proved
to be in a stable helical conformation. These findings are in good agreement with earlier
findings (Pester et al., 2013a, Pester et al., 2013b, Scharnagl et al., 2014). Whether flexibility
in the TM-C is generally not necessary for cleavage by y-secretase, remains to be investigated,
since the TM-C of Notch-1 was reported to be more flexible than the TM-C of C99 (Stelzer and
Langosch, 2019). On the other hand, introducing helix-destabilizing residues at or near the
cleavage site of substrates of other aspartate IMPs also did not increase the cleavability of the
respective substrates (Yiicel et al., 2019, Spitz et al., 2020). Together, this indicates that specific
interactions between the substrates TM-C and the enzyme are far more important than

flexibility in the TM-C (Publication 2).

Specifically, the TM-C may be needed for docking of the region surrounding the scissile bond
at the active center and for the formation of a $-sheet upon interaction with the y-secretase. The
two recent structures of y-secretase in complex with two of its substrates, C83 and Notch-1,
uncovered the formation of a B-strand downstream of the cleavage sites (Yang et al., 2019,
Zhou et al., 2019). This B-strand interacted with two newly formed B-strands of PS1 to form a
B-sheet, which proved to be important for stabilizing the substrate and bringing the scissile bond
into position (Zhou et al., 2019). Such a -sheet may not only be formed for the initial cleavage,
but for all the subsequent cleavages (stepwise trimming) of C99 (Yang et al., 2019).
Interestingly, the region N-terminal of the initial cleavage sites of C99 is particularly rich in
B-branched residues (threonine, isoleucine, and valine). Generally, B-branched residues have a
high B-sheet forming propensity (Li and Deber, 1992, Kim and Berg, 1993, Minor and Kim,
1994, Smith et al., 1994) and consequently tend to form B-strands rather than a-helices. After
the initial cleavage has taken place, a high content of B-branched residues in the TM-C of C99
might thus facilitate the formation of a -sheet prior to each subsequent cleavage, thereby
stabilizing the substrate and positioning the scissile bond. Additionally, B-branched residues
may facility the unfolding of the helix required for cleavage. Therefore, the important role of
the TM-C for cleavability might further be explained by the relatively high number of
B-branched residues in the TM-C of C99. Together, this suggests that B-branched residues in
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the TM-C may be an important requirement for C99. In accordance with this, one study
demonstrated that the TM-C of C99 is not in a helical conformation and that extending the
a-helix inhibited the cleavage (Sato et al., 2009). The presence of B-branched residues in the
TM-C might even be a more common substrate requirement for y-secretase, since also other
substrates have a high content of B-branched residues in the C-terminal half of their TMD
(compare Table 2 in the appendix). More data would, however, be needed to draw this

conclusion.

Finally, the analysis of the AICD species generated from the C99-based polyLeu-TMD
constructs demonstrated that all substrates presented here shifted the initial e-cleavage site.
Consequently, the N-terminal hinge and the C-terminal cleavage region are important for
cleavability but are not decisive for e-site specificity. Thus, the cleavability of C99 is
determined by a certain flexibility in its TM-N facilitating the translocation to the active site,
by specific interactions of its TM-C with the enzyme required for docking to the active site and
formation of a B-sheet, as well as the cooperation of TM-N and TM-C in this process.
Interestingly, the processivity of all generated polyLeu-TMD substrates was greatly enhanced,
as seen for the G38L mutant presented here. The AP species generated from the polyLeu-TMD
substrates were even shorter than the AP species detected for the G38L, where only one leucine
has been introduced. Interestingly, all polyLeu-based substrates mainly generated AP species
that were even shorter than those usually generated from C99 WT. Again, indicating that once

the substrate has reached the active site a helical TMD appears to promote its trimming.
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3.3 Conclusions

Altogether, the results presented in this thesis clearly demonstrated that the GG-motif in C99
acts as a flexible hinge facilitating certain motions of the TMD conveying the flexibility needed
for the interaction with y-secretase. Not only does this flexibility seem to be necessary for the
translocation from the exosites to the active site, further, the results presented here uncovered
that mutating this GG-hinge affected the relative orientation of the initial cleavage site.
Consequently, the flexibility provided by the hinge enables a correct positioning of the scissile
bond. In fact, the presence of a flexible region in the TM-N of C99 proved to be a sufficient
substrate requirement for the y-secretase cleavage of C99. It appears likely, that y-secretase
utilizes some sort of conformational sampling during substrate recruitment and cleavage to
distinguish between substrates and non-substrates. Whether a certain flexibility of the TM-N is
a general substrate requirement for y-secretase substrates, or if this may be unique to APP still

requires further investigation.

The cleavage by y-secretase, however, does not require the TM-C to be flexible, rather specific
interactions between the substrates TM-C and the enzyme appeared to be far more critical.
Indeed, the TM-C may promote the formation of a cleavage competent state by facilitating
docking of the scissile bond at the active center and the formation of a B-sheet after the initial
cleavage has occurred, which helps to stabilize the substrate and to bring the scissile bond into
position (Yang et al., 2019, Zhou et al., 2019), as well as for the inevitable unfolding of the
helix prior to cleavage. Consequently, B-branched residues in the TM-C may be an important
requirement for C99. However, once C99 has reached the active site and the scissile bond has
been positioned and cleaved, further trimming is promoted by a helical conformation of the

C99-TMD.

Taken together, this work demonstrated that the flexible region in the TM-N and the natural
cleavage domain in the TM-C of C99 are sufficient substrate requirements for y-secretase
cleavage of C99 and that they cooperate for efficient cleavage. The cleavability of C99, on the
one hand, was determined by the flexibility in the TM-N and possibly by specific interactions
of its TM-C with y-secretase, while a helical TMD facilitated further trimming. In sum, this
work provides important insights into how y-secretase distinguishes between substrates and
non-substrates, and further uncovers features determining the cleavability as well as the

processivity of C99.
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4 Material and Methods

The following section contains a brief description of the methods and equipment used in this
thesis. Whenever specialized equipment was necessary this is stated explicitly in the text,

otherwise common laboratory equipment and solutions have been used.

4.1 Antibodies

Table 1: Antibodies used in this thesis for immunoblotting (IB) and immunoprecipitation (IP).

Antibody Epitope Species 1B IP Source/Reference

Y188 APP-CTF! Rb? 1:4000 - Abcam

2D8 AB, AA 1-16 | R? 1:10 - (Shirotani et al.,,
2007)

4G8 AB,AA17-24 | M - 1:250 Covance

Penta-His Hise-peptide | M 1:2000 - Qiagen

AA: Amino acids; M: Mouse; Rb: Rabbit; R: Rat
! Exact epitope not specified by the manufacturer
2 Monoclonal antibody

4.2 Molecular Biological Methods

4.2.1 Plasmids and Primer

In order to express and purify C99-based GG-hinge constructs in E.coli cells, the desired
mutations were introduced (compare 4.2.2) into the WT C100-Hiss (Met-C99-Hisg) construct
(in pQE60 vector). This WT C100-Hiss construct already existed in the laboratory and was used
without further modifications. The polyLeu-based C99 construct on the other hand, were kindly
provided by Prof. Lichtenthaler and featured an N-terminal HA-tag and two FLAG-tags at the
C-terminus (in pcDNA3.1). In a first step, the polyLeu-based constructs had to be recloned into
the pQE60 vector. After a PCR using the primers 1 and 2, Ncol/BamHI restriction digest, and
ligation of the construct into the pQE60 vector, the resulting constructs featured an N-terminal
Met (M1 in C100) and Hise-tag at the C-terminus (connected via a GSRS linker), similar to the
C100 WT. Due to inefficient expression in the pQE60 vector the polyLeu-based constructs had
to be recloned into the pET-21d(+) vector, following PCR with primers 1 and 3 and

Ncol/HindIII restriction digest. All three primers used are listed in the following table.
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Number | Name Sequence

1 Ncol-C99 for CGCCCATGGATGCAGAATTCCGAC

2 C99-BamHI rev CTTTGAGCAGATGCAGAACGGATCCGCG
3 C99-HindIII rev GCAAGCTTAGTGATGGTGATGGTGATG

4.2.2 Site-Directed Mutagenesis

Desired point mutations were introduced into C99 WT by using site-directed mutagenesis. The
primer used for the generation of the GG-hinge mutants G38L and G38P are listed below. The

mutated amino acids are depicted in bold letters.

Primer Sequence

G38L for | CAATCATTGGACTCATGGTGGGCCTGGTTG
G38L rev | GATCACTGTCGCTATGACAACCAGGCC
G38P for | CAATCATTGGACTCATGGTGGGCCCGGTTG
G38P rev | GATCACTGTCGCTATGACAACCGGGCC

The reagents needed for the site-directed mutagenesis are listed in the table below.

Reagent Amount for 1 reaction
Plasmid DNA 10 ng
Forward primer 0.5 ul
Reverse primer 0.5 ul
dNTP-Mix (10mM) I ul
10x Reaction buffer 2 ul
Pfu Turbo-Polymerase 1 ul
H>O ad 20 pl
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To allow the reaction to take place, the samples were incubated in a PCR cycler following the

program below.

Step Duartion Temperature Number of Cycles
Initial denaturation 5 min 95 °C 1
Denaturation 30s 95°C
Annealing 1 min 55°C 14
Elongation 9 min 68 °C
Final elongation 10 min 68 °C 1

Finally, each sample was incubated with 1 pl Dpnl (1 h at 37°C), thereby digesting the
methylated parental DNA and leaving the newly generated mutant DNA intact.

4.2.3 Transformation of DNA into E.coli Bacteria

LB medium 1 % Bacto-Tryptone; 0.5 % yeast extract; 17.25 mM NaCl

For the transformation of DNA into competent E.coli bacteria (BL21(DE3)ri. or Rosetta
(DE3)) the bacteria were thawed on ice and 60 pl of competent cells were incubated together
with 10 pl of Dpnl-digested DNA (20 min on ice). This was followed by a second incubation
step at 42 °C for 60 s. Next, 500 pl of LB medium was added to the cells and the samples were
incubated for another 30 min (37 °C, while shaking). Finally, 200 ul were plated onto LB-agar

plates (containing the appropriate selection antibiotic) and incubated at 37 °C overnight.

4.3  Expression of WT and Mutant C100-Hiss Proteins

LB medium 1 % Bacto-Tryptone; 0.5 % yeast extract; 17.25 mM NaCl

Ampicillin medium LB medium 100 pg/ml ampicillin (1000x stock in 50 %
ethanol)

IPTG 1 M IPTG in H20

Tris-Puffer 2 M Tris-HCI (pH 8.5)

The C99 and GG-hinge constructs analyzed in this thesis were expressed in E. coli
BL21(DE3grm) cells, while the polyLeu-based constructs were expressed in E.coli Rosetta
(DE3) cells. To this end, a pre culture (50 ml ampicillin medium) was prepared with the
respective cells and incubated at 37 °C overnight, while shaking. Next, the culture was adjusted

to an ODgoo of 0.2 with ampicillin medium to yield 200 ml in total. Once an ODgoo of 0.5 was
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reached the expression was induced by addition of IPTG (1 mM) and the cultures were
incubated for another 3.5h (37 °C, shaking). The cells were collected via centrifugation (10
min, 600 rpm, 4 °C) and the pellet was kept at -20 °C until further use.

4.4  Purification of WT and Mutant C100-His¢ Proteins

TE-buffer 20 mM Tris-HCI (pH 7.5); 1 mM EDTA, 1 x PI (cOmplete,
Roche)
Urea-buffer 20 mM Tris-HCI (pH 8.5); 6 M urea; 1 % Triton X-100; 1 %

SDS; 1 mM CaCl,; 100 mM NaCl, 1 x PI (cOmplete EDTA-
free, Roche)

Binding-Buffer 20 mM Tris-HCI (pH 7.5); 150 mM NaCl

Triton washing buffer 20 mM Tris-HCI (pH 8.5); 300 mM NacCl; 1 % Triton X-100

SDS washing buffer 20 mM Tris-HCI (pH 8.5); 300 mM NaCl; 0.2 % SDS

Imidazole washing buffer 20 mM Tris-HCI (pH 8.5); 300 mM NaCl; 0.2 % SDS; 20 mM
imidazole

Elution buffer 20 mM Tris-HCI (pH 8.5); 300 mM NaCl; 0.2 % SDS; 100
mM imidazole

Final elution buffer 20 mM Tris-HCI (pH 8.5); 300 mM NaCl; 0.2 % SDS; 500
mM imidazole

The recombinant C100-Hise substrates used for the cell-free cleavage analysis were purified via
Ni?*-NTA-agarose. To this end, the cell pellets (compare section 4.3) were resuspended with
TE-buffer, sonicated on ice (30 s pulse, 60 s break) and centrifuged (10 min, 12000 rpm, 4 °C)
twice. After the second centrifugation step, the cells were resuspended in urea-buffer and
incubated overnight (4 °C, shaking). Next, the samples were centrifuged once more (10 min,
12000 rpm, 4 °C) and the amount of C100-Hise present in each sample was determined. Prior
to the incubation with the Ni?*-NTA-agarose (Qiagen) the agarose was washed three times with
Tris/HCL (20 mM, pH 7.5) and centrifuged after each washing step (2 min, 600 g, 4 °C). The
samples were diluted with binding buffer (1:5), the washed agarose (50 % suspension) was
added, and the samples were incubated for 2 h (RT) while shaking. To elute the C100-Hise
constructs from the beads the samples were centrifuged (5 min, 600 g, 4 °C) and the beads were
loaded onto a column (Poly-Prep® Chromatography Columns, Bio-Rad) with Triton washing
buffer (for 100 pl of agarose beads 200 ul of buffer were added). Next, the beads were washed
four times with the Triton washing buffer, four times with the SDS washing buffer, and three

times with the imidazole washing buffer. Next, the constructs were eluted by adding elution
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buffer in five consecutive steps. Any remaining protein was eluted from the beads by the
singular addition of final elution buffer. For each step, the volume of buffer added was always
twice the volume of the agarose loaded onto the column. Finally, the protein concentration was
measured and adjusted to 6.6 pm. All samples were stored at 4 °C. The different fractions were
analyzed via SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting

(compare section 4.5.3 and 4.5.6) using antibodies Y 188 or Penta-His for detection.

4.5 Protein Biochemical Methods

4.5.1 Preparation of y-Secretase Containing Membrane Fractions

Hypotonic buffer 15 mM Sodium-Citrate (pH 6.4); 1 x PI (cOmplete, Roche)

Membranes containing y-secretase were prepared from HEK293 cells which were scraped when
the cells were 90% confluent, centrifuged (5 min, 1,000 g, 4 °C), and lysed with 1 ml hypotonic
buffer per 10 cm dish. The ODsoo was adjusted (ODgoo = 2) and the cells were incubated for 10
min on ice. Next, the samples were frozen in liquid nitrogen (5 min), thawed (on ice), and
centrifuged (15 min, 1,000 g, 4 °C). The supernatant was again centrifuged (45 min, 16,000 g,
4 °C) and the resulting membrane pellet was either directly processed or frozen in liquid

nitrogen and stored until further use (-80 °C).

4.5.2 Cell-free y-Secretase Cleavage Assay Using CHAPSO Solubilized Membrane

Fractions

CHAPSO buffer 1% (w/v) CHAPSO; 150 mM Citrate buffer (pH 6.4); 1 x PI
(cOmplete, Roche)

Citrate buffer 1.5 M Sodium-Citrate (pH 6.4)

Assay buffer (2x) 150 mM  Sodium-Citrate (pH 6.4); 1 mg/ml
Phosphatidylcholine; 20 mM DTT; 0.2 mg/ml BSA; 1 x PI
(cOmplete, Roche)

C100-His¢ substrate 6.6uM; 0.1 % SDS; 3.3 uM DTT

Prior to the cell-free cleavage assay, the membrane pellet (see chapter 4.5.1) was resuspended
in CHAPSO buffer (100 ul/10 cm dish) and incubated for 20 min (on ice). Next, the samples
were cleared from all insoluble components by centrifugation (30 min, 100,000 g, 4 °C) and
the supernatant (CHAPSO membrane lysate) was frozen in liquid nitrogen and stored at -80 °C

or directly used for the cleavage assay.
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For the cleavage assay, the purified C100-Hiss constructs were incubated together with the

CHAPSO membrane lysate and the following components at 37 °C for 16 h, while shaking:

Reagent Amount for 1 sample
Citrate buffer 5l
Assay buffer (2x) 10 pul
Membrane lysate 5ul
C100-Hiss 0.5 ul
Inhibitor/DMSO 0.5 pul

Two additional samples, incubated at 4 °C or at 37 °C and in the presence of the y-secretase
inhibitor L-685,458 (InSolution™ vy-Secretase inhibitor X, Merck Millipore), served as controls
for each construct. Following this incubation step, the cleavage products were analyzed via
immunoblotting and the signal was quantified with the image reader LAS-4000 (Fujifilm Life
Science, USA).

4.5.3 Protein Analysis via SDS-PAGE and Immunoblotting

4x Laemmli-sample buffer 188 mM Tris-HCI (pH 6.8); 6 % SDS; 30 % glycerol; 7.5 %

-mercaptoethanol; 6 M urea; bromophenol blue

Subjecting samples to SDS-PAGE allows for a separation of the proteins by size. Subsequently,
the proteins were transferred onto a membrane via immunoblotting (see chapter 4.5.6) and
visualized using specific antibodies (compare chapter 4.1). To this end, samples were prepared
using the 4x Laemmli-sample buffer. For the various analyses different gels and buffers had to

be used as described below.

4.5.4 Tris-Glycine Gels

4x Separation gel buffer 1.5 M Tris-HCI pH 8.8; 0.4 % SDS
4x Stacking gel buffer 0.5 M Tris-HCI pH 6.8; 0.4 % SDS
Tris-Glycine-Running buffer 25 mM Tris-HCL; 200 mM Glycine; 0.1 % SDS

These gels were used for the analysis of purified His¢-tagged proteins (see chapter 4.4). The

table below summarizes the reagents needed for two Tris-Glycine gels.
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Reagent Separation gel (15 %) Stacking gel
4x Stacking gel buffer - 1.25 ml
4x Separation gel buffer 5.85ml -
H.O 8.8 ml 3.4 ml
Acryl-/Bisacrylamide 8.8 ml 0.5 ml
(37.5:1: 40 %)
10% APS 45 ul 15 pl
TEMED 45 ul 15 pl

4.5.5 Tris-Tricine Gels

Tris-Tricine running buffer 100 mM Tris; 100 mM Tricine; 0.1 % SDS

In order to analyze and quantify the amount of cleavage products (ACID, AB) generated in the
cell-free cleavage assay (compare section 4.5.2) commercial Tris-Tricine gels (10-20 %,

Invitrogen) have been used.

4.5.6 Immunoblotting

Tris-Glycine blotting buffer
Blocking buffer
TBS-Tween buffer

25 mM Tris-HCI; 200 mM Glycine
0.2 % I-Block (Tropix); 0.1 % Tween20 in PBS
100 mM Tris-HCI (pH 7.4); 150 mM NacCl; 0.1 % Tween20

Following separation of the proteins via SDS-PAGE, the proteins were transferred onto a
nitrocellulose membrane. Therefore, the gels and the membranes were placed into a blotting
chamber filled with Tris-Glycine blotting buffer and blotted for 1 h (400 mA). In order to
achieve good signals, especially for small proteins (AICD, Ap), the membrane was boiled for
5 min in PBS. Next, the membrane was blocked for 1 h in blocking buffer (RT) and then
incubated (4 °C, overnight) with the primary antibody (compare chapter 4.1). The membranes
were washed three times with TBS-Tween buffer (15 min, RT) prior to and after the incubation
with the HRP-coupled secondary antibody (1 h, RT). Primary and secondary antibodies were
always diluted in blocking buffer. After the final washing step, ECL solution (Pierce™ ECL
Western-Blotting Substrate, Thermo Scientific) was added to the membranes and the signal
from the HRP was detected either using a radiographic film or via a CCD camera (LAS-4000
Image Reader, Fujifilm Life Sciences). Finally, the images from the image reader were analyzed

using the Multi-Gauge (V3.0) software.
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Material and Methods

For the detection of small proteins (AICD, AP) nitrocellulose membrane with a pore size of 0.2
um were used. For all other proteins, nitrocellulose membranes with 0.45 um pore size were

used.
4.5.7 Immunoprecipitation

IP-MS buffer 0.1 % N-octyl glucoside, 140 mM NaCl, and 10 mM Tris (pH
8.0)

Prior to the analysis using the mass spectrometer, the cleavage products generated in the
cell-free assay had to be immunoprecipitated (IP). After overnight incubation of the cell-free
assay, specific antibodies were added to the sample. For the IP of AICD species 1ul Y188
antibody and 15ul protein A-Sepharose and for the IP of AP species 4u1 4G8 antibody and 12l
protein G-Sepharose were added to the sample and incubated for 16 h at 4 °C while shaking.
Next, the beads were washed (3 times with IP-MS buffer and 3 times with ddH,O) and
centrifuged in between the washing steps (1000 g, 4 °C, 1 min). After the last washing step, the
remaining fluid was removed using a pipet tip, where the tip had been compressed beforehand.

The samples were either directly prepared for further analysis or had been stored at -20 °C.
4.5.8 Mass Spectrometry Analysis of AICD and AP Species

MS-matrix 50 % Acetonitril, 0.3 % trichloracetic acid in H>O,
saturated with a-Cyano-4-hydroxycinnamic acid

After immunoprecipitation, the samples were analyzed on a 4800 MALDI-TOF/TOF Analyzer
(Applied Biosystems/MDS SCIEX). The MS-matrix was prepared as follows: acetonitrile was
mixed with trichloracetic acid (1:2) and saturated with a-Cyano-4-hydroxycinnamic acid. The
MS-matrix was incubated for 15 min at 37 °C, while shaking. To elute the peptides, 10 pl
MS-matrix were added to the samples, which were briefly stirred. Next, 0.4 pl of the
supernatant were spotted (3 times) onto the MALDI-plate which was subsequently analyzed on
the MALDI-TOF/TOF Analyzer. Data were analyzed using the DataExplorer™ (V4.8, Applied

Biosystems) software.
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Appendix

1. Additional Data

Table 1: TMD-Sequence of y-secretase substrates featuring a GG-/GGG-hinge. The

substrates are taken from the list of y-secretase substrates published by Giiner and Lichtenthaler

(2020) and the TMD sequence is taken from the UniProt database. GG-/GGG-hinge motifs are

highlighted in bold.
Nr. UniProt code | Substrate TMD sequence
1 P51693 APLPI AVSGLLIMGAGGGSLIVLSMLLL
2 P05067 APP GAIIGLMVGGVVIATVIVITLVML
3 Q6PDJ1 CACHDI VGPVAGGIMGCIMVLVLAVYA
4 8R5MS CADMI1 AVIGGVVAVVVFAMLCLLIIL
5 P12830 E-Cadherin ILGGILALLILILLLLLF
6 P29317 EphA2 IGGVAVGVVLLLVLAGVGFFI
7 Q15303 ErbB4 LIAAGVIGGLFILVIVGLTFAVYV
8 P48551 IFNaR2 IGGITVFLIALVLTSTIVTL
9 P08069 IGF1R LOALPVAVLLIVGGLVIMLY VFH
10 P27930 IL1R2 ASSTFSWGIVLAPLSLAFLVLGGIWM
11 P08887 IL6Ra TFLVAGGSLAFGTLLCIAIVL
12 Q76M1J5 IRE2 QDLLAASLTAVLLGGWILFVM
13 QI9JKF6 Nectin-1 IIGGVAGSVLLVLIVVGGIIV
16 P32507 Nectin-2 IIGGIHAAIIATAVAGTGILI
14 Q9JLB9 Nectin-3 IHASVVGGALFLVLVSILAGV
15 9H3W5 NLRR3 LMACLGGLLGIIGVICLISCL
17 Q15109 RAGE LALGILGGLGTAALLIGVILW
18 Q7TSK2 SEZ6 LAAAIFLPLVAMVLLVGGVYL
19 Q9BYHI1 SEZ6L LAIFIPVLIISLLLGGAYIYI
20 P18827 Syndecan-1 GVIAGGLVGLIFAVCLVGFML
21 P34741 Syndecan-2 VLAAVIAGGVIGFLFAIFLILLLVY
22 075056 Syndecan-3 AVIVGGVVGALFAAFLVTLLI
23 060939 VGSCb2 VIVGASVGGFLAVVILVLMVV
24 8IWTI1 VGSCb4 TLIILAVVGGVIGLLILILLI
25 P98156 VLDLR AAWAILPLLLLVMAAVGGYLMW
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Table 2: Content of B-branched residues (T, V, and I) in the TM-C of all known y-secretase

substrates. The substrates are taken from the list of y-secretase substrates published by Giiner

and Lichtenthaler (2020) and the TMD sequence is taken from the UniProt database. All

threonines (T), valines (V), and isoleucines (I) are highlighted in red and the number of

B-branched residues within the TM-C (TVI content) is listed, as well as the relative amount of

B-branched residues within the TM-C of each substrate (percent TVI).

Nr. UniProt | Substrate TM-C TVI Percent
code content TVI
1 Q63155 DCC VLVVVIVAVI 8 80,00
2 P54753 EphB3 VVAVVVIAIV 8 80,00
3 Q92859 Neogenin IVVVVIIAVF 8 80,00
4 P35613 CD147 VLVLVTIIFI 7 70,00
5 075509 DR6 VLVVIVVCSI 7 70,00
6 P54763 EphB2 LIAVVVIAIV 7 70,00
7 P54760 EphB4 LVLVVIVVAV 7 70,00
8 QI9JKF6 | Nectin-1 VLIVVGGIIV 7 70,00
9 Q6UX71 | PLXDC2 IVATAILVTV 7 70,00
10 P05067 APP IATVIVITLVML 8 66,67
11 P16422 EpCAM AVVAGIVVLVI 7 63,64
12 Q99523 Sortilin LVTVVAGVLIV 7 63,64
13 P35070 Beellulin VFIILVIGVC 6 60,00
14 P52800 EphrinB2 IIITLVVLLL 6 60,00
15 P48551 IFNaR2 LVLTSTIVTL 6 60,00
16 P14778 ILIR1 VIIVCSVFIY 6 60,00
17 P56974 Neuregulin-2 LVVGIVCVVA 6 60,00
18 Q86YL7 | Podoplanin GFIGAIIVVV 6 60,00
19 QS810F0 PRIMA LVFLTVLVII 6 60,00
20 QIUIKS | TMEFF2 AVICVVVLCI 6 60,00
21 P33151 VE-cadherin ITVITLLIFL 6 60,00
22 060939 VGSCb2 AVVILVLMVV 6 60,00
23 Q06481 APLP2 IATVIVISLVML 7 58,33
24 D3Z7ZK3 | EphA4 VVILIAAFVIS 6 54,55
25 Q9NZR2 | LRPIB ITTLVIGLVLC 6 54,55
26 075581 LRP6 TIFVSGTVYFI 6 54,55
27 P28828 PTPp VIIFLGVVLVM 6 54,55
28 Q15262 PTPkappa ILLLLVVILIV 6 54,55
29 Q91XX1 | PCDH y-C3 AVTVLGVIIFKVY 7 53,85
30 Q15303 ErbB4 LVIVGLTFAVYV 6 50,00
31 P01892 HLA-A2 VITGAVVAAVMW | 6 50,00
32 Q8NFT8 | DNER LMLIILIVGI 5 50,00
33 P98172 EphrinB1 VIFLLIIIFL 5 50,00
34 Q61851 FGFR3 ILVVAAVILC 5 50,00
35 Q9Z2W9 | GluR3 IGVSVVLFLV 5 50,00
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Nr. UniProt Substrate TM-C TVI Percent
code content TVI
36 075460 Irela IGWVAFIITY 5 50,00
37 Q9Y6J6 KCNE2 FSFIIVAILV 5 50,00
38 P10586 LAR ILIVIAILLF 5 50,00
39 015146 MUSK FVLLTITTLY 5 50,00
40 Q589G5 | Protogenin CILICILILI 5 50,00
41 P32507 PVRL2 TAVAGTGILI 5 50,00
42 Q6UXDS5 | SEZ6L2 VIVLGSGVYI 5 50,00
43 Q62656 Ptprz1 ICLVVLVGILIYW 6 46,15
44 Q6DR98 | Neuregulin-1 VVGIMCVVAYC 5 45,45
45 P0O8138 p75-NTR VVVGLVAYIAF 5 45,45
46 P16882 GHR GVAVMLFVVIFS 5 41,67
47 P14925 PAM PVLVLLAIVMFI 5 41,67
48 I6LBW6 | PCDH vy Al IFLAFVIVLLVL 5 41,67
49 094985 Alcadein a LVFMIILGVF 4 40,00
50 Q9H4DO0 | Alcadein g MLVFVVAMGV 4 40,00
51 Q9BQTY9 | Alcadein B LVLMVVLGLV 4 40,00
52 Q6PDIJ1 CACHDI1 IMVLVLAVYA 4 40,00
53 Q90762 Cadherin-6B LVTVVLFAAL 4 40,00
54 P16070 CD44 ALILAVCIAV 4 40,00
55 Q4VA61 | DSCAMLI1 TLGVALLFVV 4 40,00
56 P54756 EphAS LLAVVIGVLL 4 40,00
57 Q15375 EphA7 IILVFMVFGF 4 40,00
58 P0O8887 IL6Ra GTLLCIAIVL 4 40,00
59 P06213 IR VVIGSIYLFL 4 40,00
60 P19022 N-Cadherin LILVLMFVVW 4 40,00
61 Q9JLBY9 | Nectin-3 LVLVSILAGV 4 40,00
62 Q9H3WS5 | NLRR3 IGVICLISCL 4 40,00
63 035516 Notch2 ILFFILLGVI 4 40,00
64 Q9Y6N7 | ROBO1 IILMVFSIWL 4 40,00
65 Q8WY21 | SorCS1 FVGLAVFVIY 4 40,00
66 QS8IWTI1 | VGSCb4 IGLLILILLI 4 40,00
67 P41217 CD200 VILLVLISILLYW 5 38,46
68 Q14118 Dystroglycan ILLIAGIIAMICY 5 38,46
69 P16150 CD43 AVIVLVALLLL 4 36,36
70 P15941 MUCI1 VALAIVYLIAL 4 36,36
71 P09758 TROP2 ALVAGMAVLVI 4 36,36
72 P14209 CD99 VAVAGAISSFIA 4 33,33
73 P08069 IGFIR VGGLVIMLY VFH 4 33,33
74 Q07954 LRP1 LLVLVAGVVFWY 4 33,33
75 P35590 Tiel CLTILAALLTLV 4 33,33
76 P07147 TYRPI VALIFGTASYLI 4 33,33
77 Q63722 Jaggedl WVCCLVTAFYWCV | 4 30,77
78 Q91XY5 | PCDH Yy A3 CIFLAFVIVLLAL 4 30,77
79 P11117 ACP2 LFLLIVLLLT 3 30,00
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Nr. UniProt | Substrate TM-C TVI Percent
code content TVI
80 P30530 AXL CVLILALFLV 3 30,00
81 P78310 CAR ALALIGLIIF 3 30,00
82 Q9H2A7 | CXCL16 ILTAALSYVL 3 30,00
83 QI9ERC8 | DSCAM VLLLFVLLLV 3 30,00
84 P29317 EphA2 LVLAGVGFFI 3 30,00
85 015197 EphB6 FLLLAAITVL 3 30,00
86 Q9Y624 | FI1IR LGILVFGIWF 3 30,00
87 Q9Y219 | Jagged2 SVLWLACVVL 3 30,00
88 QI9UEF7 | Klotho SIISLSLIFY 3 30,00
89 Q12866 MER LILYISLAIR 3 30,00
90 P40967 Pmell7 MAVVLASLIY 3 30,00
91 Q13308 PTK7 I[TAVLGLMFY 3 30,00
92 Q15109 RAGE AALLIGVILW 3 30,00
93 Q7TSK2 | SEZ6 MVLLVGGVYL 3 30,00
94 075056 Syndecan-3 FAAFLVTLLI 3 30,00
95 Q06418 TYRO3 VTAAALALIL 3 30,00
96 P35916 VEGFR3 VFFWVLLLLI 3 30,00
97 Q61483 Deltal LLLGCAAVVVC 3 27,27
98 P15382 KCNEI1 FFTLGIMLSYI1 3 27,27
99 P11627 L1 LLLVLLILCFI 3 27,27
100 | Q8CJ26 NRADD VILGLLAYVAF 3 27,27
101 P17948 VEGF-R1 TLFWLLLTLFI 3 27,27
102 | Q07699 VGSCbl IWLVAEMIYCY 3 27,27
103 | P34741 Syndecan-2 LFAIFLILLLVY 3 25,00
104 | P04629 TRKA LSTLLLVL 2 25,00
105 | P12830 E-Cadherin ILILLLLLF 2 22,22
106 | Q8R5M8 | CADMI FAMLCLLIIL 2 20,00
107 | P78423 CX3CL1 FCLGVAMFTY 2 20,00
108 | Q92896 GLG1 ILFLIGLMCG 2 20,00
109 | Q76MJ5 | Irel B LLGGWILFVM 2 20,00
110 | PODI97 Neurexin-1-f LCILILLYAM 2 20,00
111 Q63376 Neurexin-2-f3 LCILILLYAM 2 20,00
112 | Q9HDBS5 | Neurexin-3-f3 LCILILLYAM 2 20,00
113 | POCCI0 | NGL-3 MAAVMLVAFY 2 20,00
114 | Q01705 Notchl LFFVGCGVLL 2 20,00
115 | Q76718 PCDH a4 SLLVLTLLLY 2 20,00
116 | QO9NPG4 | PCDHI2 GLILALFMSI 2 20,00
117 | Q9BYHI1 | SEZ6L LLLGGAYIYI 2 20,00
118 | Q92673 SorLA LSLGVGFAIL 2 20,00
119 | P18827 Syndecan-1 FAVCLVGFML 2 20,00
120 | P11344 Tyrosinase LTALLAGLVS 2 20,00
121 P29812 TYRP2 VGLFVLLAFL 2 20,00
122 | Q9JKO00 VGSCb3 LWLLIEMIYC 2 20,00
123 | P51693 APLP1 GSLIVLSMLLL 2 18,18
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Nr. UniProt | Substrate TM-C TVI Percent
code content TVI
124 | Q02223 BCMA SLAVFVLMFLL 2 18,18
125 | Q03167 Bglycan ALLTGALWYITY 2 18,18
126 | P01130 LDLR VFLCLGVFLLW 2 18,18
127 | P98156 VLDLR VMAAVGGYLMW 2 18,18
128 | P15209 Tkrb VGFCLLVMLLLL 2 16,67
129 | P27930 IL1R2 LSLAFLVLGGIWM | 2 15,38
130 | Q14114 ApoER2 ALLCMSGYLI 1 10,00
131 | P09581 CSFIR LVLLLLLLLY 1 10,00
132 | P22455 FGFR4 AVLLLLAGLY 1 10,00
133 | Q99K10 | Neuroligin-1 LNILAFAALY 1 10,00
134 | Q69ZK9 | Neuroligin-2 LNILAFAALY 1 10,00
135 | Q8VHYO | NG2 LALILPLLFY 1 10,00
136 | Q61982 Notch3 LLALGALLVL 1 10,00
137 | P31695 Notch4 LLALGALLVL 1 10,00
138 | PO8F9%4 Polyductin SWLALSCLVC 1 10,00
139 | P78324 SIRPa ALLMAALYLV 1 10,00
140 | P19438 TNFR1 CLLSLLFIGL 1 10,00
141 QINZC2 | TREM2 KILAASALWA 1 10,00
142 | QGEMK4 | Vasorin LAALAAVGAA 1 10,00
143 | Q14126 Desmoglein-2 LLLLLVPLLLLM 1 8,33
144 | Q14626 ILT1IRA AGALALGLWL 0 0,00
145 | Q6EOK3 | Megalin! - - -
146 | PO8581 MET LLLLLGFFLWL 0 0,00
147 | P70180 NPR-C AGLLMAFYFF 0 0,00
148 | Q6P1B4 | Pianp! - - -
149 | P98161 Polycystin-12 - - -

"No TMD sequence available on UniProt.
2 This protein has multiple TMDs and it is not clear where y-secretase cleaves this protein.
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II.

A

AA

AD
ADAM
AICD
AK
APH-1
APH-1aL
APH-1aS
APLP
ApoE
APP
APS

AB
BACE
Bpa
BSA

Bx

Caax
CD44
CHAPSO
cryo-EM
CTF
CTFa
CTFpB
DHX
DMSO
DTT
ECD

ER

FAD
FDA
FTLD

g

G

GG

GSI
GSM

HO
HRP
1B

I1CD

List of Abbreviations

Alanine, one letter code

Amino acid

Alzheimer's disease

A Disintegrin and metalloprotease

APP intracellular domain

Alzheimer Krankheit

Anterior pharynx defective-1

Anterior pharynx defective 1a, long splice variant
Anterior pharynx defective 1a, short splice variant
APP-like protein

Apolipoprotein E

Amyloid precursor protein

Ammonium persulfate

Amyloid-f

Beta-site APP cleaving enzyme
Para-benzoyl-L-phenylalanine

Bovine serum albumin

B-strand x

C: Cystein, a: aliphatic amino acids, X: other amino acid
Cluster of differentiation 44
3-([3-Cholamidopropyl]dimethylammonio)-2-hydroxy- 1 -propansulfonat
Cryogenic electron microscopy

C-terminal fragment

C-terminal fragment of APP, generated via cleavage by a-secretase
C-terminal fragment of APP, generated via cleavage by [3-secretase
Deuterium hydrogen exchange

Dimethylsulfoxid

Dithiothreitol

Extracellular domain

Endoplasmatic reticulum

Familiar Alzheimer’s disease

Food and Drug Administration

Frontotemporal lobar degeneration

Gram or acceleration of gravity

Glycine, one letter code

Double glycine (glycine-glycine)

y-secretase inhibitor

y-secretase modulator

Water

Horseradish peroxidase
Immunoblotting
Intracellular domain
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IMP Intramembrane protease

IP Immunoprecipitation
IPTG Isopropyl-B-D-thiogalactopyranosid
L Leucine, one letter code
LB Lysogeny broth

LE Late endosome

LYS Lysosomal compartment
M Mouse

MD Molecular dynamics
MVBs Multivesicular bodies
NCT Nicastrin

NFT Neurofibrillary tangle
NICD Notch intracellular domain
NMR Nuclear magnetic resonance
NTA Nitrilotriacetic acid

NTF N-terminal fragment

OD Optical density

P Proline, one letter code

PD Parkinson’s disease
PEN-2 Presenilin Enhancer-2

PI Protease inhibitor

PM Plasma membrane

polyLeu stretch of consequtive leucines (poly leucine)
PS Presenilin

PS-CTF  Presenilin C-terminal fragment

PS-NTF  Presenilin N-terminal fragment

R Rat

Ras Rat sarcoma

Rb Rabbit

Rcel RAS-converting enzyme 1

RT Room temperature

SAD Sporadic form of AD

sAPPa Soluble APPa, generated via cleavage by a-secretase
sAPP Soluble APPJ, generated via cleavage by B-secretase
SDS Sodium dodecyl sulfate

PAGE Polyacrylamide gel electrophoresis
SPPL3 Signal peptide peptidase-like 3
TEMED  Tetramethylethylendiamin

TM-C C-terminal half of the transmembrane domain
TMD Transmembrane domain
TM-N N-terminal half of the transmembrane domain

VEGFR1 Vascular endothelial growth factor receptor 1
WT Wild-type
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