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Summary

During membrane protein biogenesis, cells need to detect and degrade faulty proteins. Despite
a key role in cellular homeostasis and human diseases, little is known about the underlying
mechanisms. In recent years, few endoplasmic reticulum (ER)-resident proteases have been
linked to quality control by cleaving their clients and thereby facilitating membrane extraction
and degradation via the ER-associated degradation (ERAD) pathway. The major ER-resident
protease in mammalian cells is the signal peptidase complex (SPC), a tetra subunit complex
discovered in the 1970s to be responsible for the removal of signal sequences from ER-targeted
and secretory proteins. Until now, this was thought to be the only function of the SPC besides
a few studies reporting a role in the maturation of viral polyproteins.

In this work, | show that the SPC also acts as a membrane protein quality control factor. First,
through proteome-wide computational analyses, | identified approximately 1500 membrane
proteins containing SPC cryptic cleavage sites after N-terminal and internal type-Il oriented
transmembrane domains (TMDs). | then validated SPC cleavage for several candidate
substrates (Cx32, Cx26, Cx30.3, PMP22, iRhom2 and Hrd1) and revealed that SPC cleavage
relies on the accessory subunit SPCS1 as recognition factor to discern between signal
sequences and TMDs. Moreover, | show that the SPC cleaves membrane proteins when they
fail to fold properly or assemble correctly into their native complexes, thus exposing cryptic
cleavage sites. | also show that this SPC cleavage mechanism cooperates with the ERAD
pathway to help maintain a functional membrane proteome and confers a fithess advantage to
cells exposed to ER stress. Finally, | report first data on the possible role of the SPC in
controlling protein abundance beyond its quality control function.

Overall, this thesis characterises a novel function of the SPC, expanding its substrate spectrum,
extending the knowledge on the essential cellular functions performed by this protease and
laying the foundations for future work at the organismal level in quality control-related diseases

and beyond.



Zusammenfassung

Wéhrend der Biogenese von Membranproteinen missen Zellen fehlerhafte Proteine erkennen
und abbauen. Trotz einer Schllsselrolle bei der zellularen Homdostase und menschlichen
Krankheiten ist sehr wenig Uber die zugrundeliegenden Mechanismen bekannt. In den letzten
Jahren wurden nur wenige im Endoplasmatischen Retikulum (ER) anséssige Proteasen mit der
Qualitatskontrolle in Verbindung gebracht, indem sie durch Proteolyse ihrer Klienten deren
Membranextraktion im ER-assoziierten Abbauweg (ERAD) erleichtern. Die wichtigste ER-
lokalisierte Protease in Sdugerzellen ist der Signalpeptidase-Komplex (SPC), ein in den 1970er
Jahren entdeckter Komplex aus vier Untereinheiten, der fir die Entfernung von ER-
Signalsequenzen verantwortlich ist. Seitdem wurde angenommen, dass abgesehen von
vereinzelten Studien Uber eine Rolle bei der Reifung viraler Polyproteinen, dies die einzige
Funktion von SPC ist.

In dieser Arbeit zeige ich nun, dass die SPC auch als Qualitatskontrollfaktor flr
Membranproteine fungiert. Durch Proteom-weite bioinformatische Analyse identifizierte ich
ungefahr 1500 Membranproteine, die kryptische SPC-Spaltstellen nach N-terminalen sowie
internen Typ-ll-orientierten Transmembrandomanen (TMDs) enthalten. AnschlieBend validierte
ich die SPC-Spaltung fir mehrere Kandidatensubstrate (Cx32, Cx26, Cx30.3, PMP22, iRhom2
und Hrd1) und zeigte, dass die SPC-vermittelte Spaltung auf der akzessorischen Untereinheit
SPCS1 als Erkennungsfaktor beruht, um zwischen Signalsequenzen und TMDs zu
unterscheiden. Daruber hinaus zeige ich, dass die SPC Membranproteine spaltet, wenn sie
sich nicht richtig falten oder sich nicht korrekt zu ihren nativen Komplexen zusammensetzen,
wodurch kryptische Spaltstellen freigelegt werden. Ich zeige auch, dass dieser SPC-
Spaltungsmechanismus mit dem ERAD-Weg kooperiert, um die Aufrechterhaltung eines
funktionellen Membranproteoms zu unterstitzen und Zellen, die ER-Stress ausgesetzt sind,
einen Fitnessvorteil zu verleihen. AbschlieBend berichte ich erste Daten Uber eine mégliche
Rolle der SPC bei der Kontrolle der Proteinhaufigkeit iber die Qualitadtskontrollfunktion hinaus.
Alles in allem charakterisiert diese Arbeit eine neue SPC-Funktion, die ihr Substratspektrum

vergr6Bert, wodurch das Wissen Uber die wesentlichen zellularen Funktionen dieser Protease



erweitert und die Grundlagen fiir zuklnftige Arbeiten auf der Ebene des Organismus bei

Krankheiten im Zusammenhang mit der Qualitatskontrolle und dartber hinaus gelegt werden.
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1. Introduction

1.1 Membrane protein biogenesis

An essential characteristic of all organismal life is the presence of lipid membranes that are key
to maintaining separation between the intracellular and extracellular environment as well as
segregating the content of the different intracellular compartments. Embedded into these,
otherwise impermeable, lipid membranes are integral membrane proteins, which are
fundamental for the transport of molecules (e.g. ions and nutrients), metabolites and signals
from the extracellular environment into the cells and across the different intracellular
compartments. In all analysed species, membrane proteins constitute about 25-30% of the
whole proteome?*® and perform fundamental functions as metabolic enzymes and mediators of
cell-to-cell interaction and adhesion®. Membrane protein biogenesis is, therefore, a fundamental
process which is evolutionarily conserved and required to be tightly regulated (see section 1.2
for more details).

In prokaryotic organisms, characterised by the absence of intracellular membrane-bound
organelles, membrane proteins are inserted directly in the plasma membrane, where they exert
their functions®. In eukaryotic organisms, characterised by the presence of several distinct
intracellular membrane-bound organelles (e.g. mitochondria, chloroplasts, lysosomes and
peroxisomes), the majority of membrane proteins are inserted into the endoplasmic reticulum
(ER) membrane before undergoing maturation processes (e.g. glycosylation, folding and
assembly into protein complexes) and possibly trafficking to their final destination in the cell®”’.
The portion of the protein that spans the membrane is predominantly composed of a-helical
structures, transmembrane domains (TMDs), mainly containing hydrophobic amino acid
residues®. In human cells, ~5000 membrane proteins contain ~20000 TMDs displaying a wide
variety of sequences, biophysical properties, localisation and membrane orientations
(topology). Approximately half of these are single pass proteins, possessing one single TMD
inserted in the membrane in different orientations: type | if the C-terminus faces the cytosol,
type Il if it faces the ER lumen or tail-anchored (TA) if the TMD is at the very C-terminus of the

protein with a type Il orientation. The other half are multipass membrane proteins containing
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multiple TMDs. This high diversity implies that the machinery involved in membrane protein
biogenesis is highly versatile and consists of different pathways selective for the different types
of substrates®. Overall, the process of membrane protein biogenesis can be subdivided in four

crucial steps: targeting, insertion, folding and assembly.

1.1.1 Membrane protein targeting

As a general rule, membrane protein targeting to the ER is driven by the presence of
hydrophobic domains located at the N-terminus and it happens co-translationally'® when the
protein is still being synthesised by the ribosomes. This hydrophobic sequence can either be a

11713 (see section 1.3 for more details),

cleavable targeting sequence, called signal sequence
which is removed immediately after translocation into the ER membrane, or the first proper
TMD of the protein, called signal anchor, which is part of the mature inserted protein. However,
for TA proteins, the targeting signal is located at the very C-terminus and the targeting process
happens post-translocationally’®, when the synthesis by the ribosomes is complete. On
average, the hydrophobic core of signal sequences is ten amino acids long compared to the 20
amino acids of TMDs and is highly variable in sequence and hydrophobicity. Together with the
targeting signal’s different location, this consequently highlights the necessity of different

pathways or targeting mechanisms to accommodate the different substrates.

1.1.1.1 Co-translational targeting

The essential factor for co-translational targeting of membrane proteins is the signal recognition
particle (SRP)''®, a highly conserved ribonucleoprotein complex'’. In mammalian cells, it is
constituted by a 7SL RNA in complex with six protein subunits SRP9, SRP14, SRP19, SRP54,
SRP68 and SRP72. SRP recognises the hydrophobic targeting sequences as soon as they

arise from the ribosome exit tunnel'®®

and hands them over to the SRP receptor at the ER
membrane. The recycling of SRP after binding and targeting to the receptor is driven by a GTP
hydrolysis cycle performed by the SRP subunit SRP54 and the a-subunit of the SRP receptor.
SRP54 also contains a hydrophobic substrates-binding groove which is usually autoinhibited

f19

by an amphipathic helix found at the C-terminus of SRP54 itself *. This helix is then displaced

in the presence of signal peptides or TMDs and is used to hold the substrates in place. This
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autoinhibitory mechanism is likely the reason for reduced off-target binding and high specificity
towards signal peptides and TMDs. Ensuring reduced promiscuity towards non-substrates, the
nascent polypeptide-associated complex (NAC), a cytoplasmic protein that binds to the exit
tunnel of nearly all ribosomes, also plays a role. The biological relevance of NAC in target
specificity is highlighted by SRP binding to ribosome translating protein lacking a signal
sequence or TMD and by extensive mistargeting in the absence of NAC?'?2. In summary,
membrane proteins containing N-terminal signal peptides or signal anchors are targeted co-
translationally to the ER membrane through a process including recognition of the targeting
sequence by SRP, with the help of NAC, and subsequent docking of the translating ribosome

to the ER membrane via the action of the SRP receptor.

1.1.1.2 Post-translational targeting

Post-translational targeting is predominantly used for TA proteins and it involves an entirely
different set of factors and a different pathway, called GET pathway?. Since the TMD (targeting
sequence) is found at the C-terminus and therefore arises from the ribosome exit tunnel late in
the translation process, a pre-targeting complex formed by GET4, GET5, the chaperone SGTA
and the control factor BAG6 engages with the nascent chain before handing over to the actual
targeting factor, the homodimeric GET3 (TRC40 in mammals) chaperone®*?°. TRC40 binds the
C-terminal TMD of TA proteins®*2® and delivers it to the ER membrane via the interaction with
the receptor and translocase GET1-GET2%. In contrast with the SRP pathway, the recycling of
the GET pathway components is driven by an ATP hydrolysis cycle performed by GET3 and
GET1-GET2%.

1.1.2 Membrane protein insertion

The next step in membrane protein biogenesis following targeting to the ER membrane is
membrane insertion of the hydrophobic TMD(s). Per se, inserting hydrophobic helixes into the
hydrophobic membrane bilayer is an energetically favoured reaction. However, a few
challenges render this a complex process: unwanted interactions between TMDs before
targeting (e.g. aggregation), translocation of hydrophilic TMDs flanking regions (e.g. loops) and

insertion of the TMDs in the correct orientation. On the one hand, unwanted interactions before
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targeting are controlled by targeting factors and chaperones (see section 1.1.1). On the other
hand, loop translocation and correct orientation of TMDs are achieved with the help of
components of the insertion machineries.

TA proteins can be inserted through two distinct mechanisms, based on the hydrophobicity of
the TMD. TA proteins containing high hydrophobicity TMDs are inserted via the GET1-GET2
heterodimer®*2, GET1 belongs to the Oxal family of protein insertases® and present a
cytosolic-facing hydrophilic vestibule required for insertion of the engaged TMD into the
membrane®. Conversely, TA proteins containing medium to low hydrophobicity TMDs are
inserted via the ER membrane protein complex (EMC)*®. The EMC is constituted by ten
subunits. One of those, EMC3, belongs to the Oxa1 family of protein insertases®® and exploits
the hydrophilic vestibule for membrane insertion of TMDs, in the same manner as GET1.

For all the other membrane proteins, the insertion route involves the Sec61 complex, also called
translocon, an evolutionarily conserved protein-conducting channel constituted by three
subunits: the large subunit Sec61a, which forms the aqueous channel through the ER
membrane and possesses a lateral gate opening in the plane of the membrane, and two small
peripheral subunits Sec61p and Sec61y°°%. When inactive, the lateral gate is closed and the
channel is plugged by a short helix. When signal peptides or signal anchors bind to the
translocon, the lateral gate opens and dislocates the plug, consequently opening the channel®.
Specifically, signal peptides bind with the N-terminus towards the cytosol so that translation
elongation results in the C-terminal portion to be pushed through the channel in an orientation
allowing cleavage of the signal sequence by the signal peptidase complex*® (SPC; see section
1.3). Consequently, the TMD following the signal sequence possesses a type | orientation and
is inserted in the membrane through the open lateral gate.

Membrane proteins without a signal sequence use the first TMD (signal anchor) as targeting
signal (see section 1.1.1) and face the challenge of two possible orientations during the
insertion process. Type ll-oriented signal anchors follow the same route as signal peptides
through the Sec61 later gate®'. It has been recently reported that, instead, type I-oriented signal
anchors are inserted by the EMC*. The EMC samples signal anchors after the release from
the SRP and before the engagement with the traslocon, inserting type |- and skipping type II-

oriented signal anchors, which are then inserted by the Sec61 translocon®.



The Sec61 translocon associates with various proteins and complexes, including the SPC for
signal sequence removal, the oligosaccharyltransferase (OST) complex for nascent chain N-
glycosylation**, the Sec62-Sec63 complex to support posttranslational translocation*®, the
translocon associated (TRAP) complex*® and the translocating chain-associated membrane
protein (TRAM)*’, whose function is still poorly characterised.

Recently, a specialized translocon has been reported for insertion of multipass membrane
proteins®®*_ It is characterised by the association of three different complexes to the Sec61
translocon during synthesis of multipass membrane proteins: (i) the GET- and EMC-like (GEL)
complex, constituted by TMCO1, belonging to the Oxa1 family of protein insertases®, and
C200rf24, (ii) the protein associated with translocon (PAT) complex, constituted by Asterix and
CCDC47, and (iii) the back of Sec61 (BOS) complex, constituted by Nicalin, TMEM147 and
NOMO. These complexes form a membrane-exposed lipid-filled cavity behind the Sec61
translocon, at the opposite site of the later gate, where TMDs can be inserted sequentially in a
controlled environment. In this multipass translocon, newly synthesised proteins can be
inserted through the later gate of Sec61 or via TMCO1 (as seen for GET1 and EMC3). It
appears that the route used depends on the length of the loops: TMDs followed by long loops
are inserted through the later gate of Sec61, while TMDs followed by short loops through
TMCO1%.

All'in all, the translocon is a dynamic complex whose assembly is driven by the wide variety of

clients to provide optimal conditions for membrane insertion.

1.1.3 Membrane protein folding and assembly

Following insertion into the membrane, multipass membrane proteins need to correctly fold
their TMD bundles. TMD bundles are stabilised by hydrophobic interactions but also by
interactions between hydrophilic amino acids from adjacent TMDs, especially in channel-
forming proteins.

In comparison to the well-studied folding mechanisms for soluble proteins®®®'

, folding
mechanisms for membrane proteins are still poorly characterised. As described above, TMDs
of multipass membrane proteins are inserted sequentially via the multipass translocon (see

section 1.1.2). It has been recently described that the lipid-filled cavity formed by the complexes
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of this specialised translocon provided a protected environment to allow proper folding®. In
particular, the Asterix subunit of the PAT complex interacts with newly synthesised TMDs
through exposed hydrophilic amino acids to help preventing degradation via quality control
mechanisms (see section 1.2) until the next interacting TMD is synthesised and inserted.
Moreover, the EMC and Calnexin has also been reported to act as chaperones to facilitate
folding of membrane proteins®*~°.

The last step in membrane protein biogenesis is assembly into protein complexes. The easiest
model would be that subunits freely diffuse in the membrane until they encounter the partners
to form protein complexes. However, in a crowded cellular environment, as for isolated TMDs,
also membrane proteins isolated from their complex partners are prone to aggregation and
subjected to degradation via quality control mechanisms®® (see section 1.2), rendering this
mechanism not really efficient. Therefore, there might exist assembly factors that helps shield
the subunits until interaction with the partner subunits is achieved. Such factors are still ill-
defined. For soluble protein complexes, eukaryotic cells use mechanisms of co-co assembly®’,
where two nascent chains of complex subunits are assembled together during translation, and
co-post assembly®®, where one nascent chain of a subunit is assembled with an already
translated subunit, to overcome aggregation and degradation issues of orphan subunit in a
crowded environment. It would be interesting to understand if such mechanisms exist also for

membrane protein complexes.

1.2 Protein homeostasis

Due to the essential cellular functions performed by membrane proteins, their complex
biogenesis (see section 1.1) requires tight regulation of every step to prevent failures.
Membrane proteins are intrinsically susceptible to misfolding®. Folding is an error prone
process. Consequently, approximately 15% of newly synthesised proteins need to be degraded
by the ubiquitin-proteasome system (UPS)?°. When cells fail to clear misfolded proteins, the
accumulation of such faulty proteins is linked to several diseases, such as diabetes, cancer and

neurodegenerative disorders®®®"

. Therefore, cells have in place several quality control
mechanisms for every step of the biogenesis pathway which are essential to maintain protein

homeostasis®.



The first layer of quality control occurs at the ribosome if translation is stalled. Ribosome-
associated quality control (RQC) is used to clear partially translated proteins via ubiquitin-
mediated proteasomal degradation, recycling of ribosomes and degradation of mMRNAs and it
can occur at the cytosol and at the ER membrane®%*. The second layer concerns the targeting
step. Cytosolic factor, such as BAG®6, interacts with E3 ubiquitin ligases to degrade membrane

proteins that are mislocalised to the cytosol®>°.

1.2.1 Quality control at the ER

Besides being mislocalised to the cytosol, proteins directed to the ER can be mistargeted to
other organelles (e.g. mitochondria). In this case, an AAA-ATPase (Msp1/ATAD1) is used to
extract the mislocalised protein®”®®. An analogous factor (P5A-ATPase) is found in the ER
membrane to drive extraction of mitochondrial protein that are mistargeted to the ER®°. The last
step of quality control occurs when proteins are inserted into the ER. Proteins in the ER are
modified by removal of signal peptides by the SPC, addition of oligosaccharides by the OST
complex and disulphide bonds formation to reach their mature form and proper conformation.

80.70.71. goluble

Quality control at this level is achieved by a network of several factors
chaperones of the Hsp70 and Hsp90 families (e.g. BiP and GRP947?), co-chaperones (e.g.
ERdj3), carbohydrate-binding chaperones (e.g. Calnexin and Calreticulin’®), folding catalysts
(e.g. protein disulphide isomerases (PDIs)) and membrane chaperones (e.g. Calnexin®®,
EMC®*** and PAT complex®?). In case of failure or saturation of the quality control mechanisms,
faulty proteins accumulate in the ER lumen and membrane. The ER-associated degradation
(ERAD) pathway is responsible for clearance of erroneous proteins from the ER environment”®.
However, excessive accumulation of damaged proteins can trigger the unfolded protein
response (UPR) as a mechanism to cope with ER stress conditions and restore

homeostasis’®’®.

1.2.2 The UPR

The UPR is a signalling transduction pathway and is activated in response to stress conditions
in the ER. These can derive from imbalances in protein folding capacity or even from imbalance

in ER membrane lipid composition’”’®. In general, UPR activation leads to ER expansion,
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upregulation of quality control and folding factors, upregulation of lipid synthesis enzymes and
reduction of protein flux into the ER’. In metazoan, there are three distinct branches of the
UPR that acts in parallel”®”,

The first branch is mediated by the inositol-requiring enzyme 1 (IRE1) and it is the most

h®. When inactive, IRE1 is bound to BiP and monomeric®'. Upon

conserved and studied branc
ER stress and accumulation of misfolded proteins, BiP detaches from IRE1 to engage with
misfolded proteins. Furthermore, misfolded proteins also bind directly to IRE1%2. Both events
lead to oligomerisation of IRE1 which self-phosphorylates and mediates alternative splicing of
X-box binding protein 1 (XBP1) mRNA, producing XBP1(s), an UPR-specific transcription
factor®®*. This transcription factor then upregulates the transcription of chaperones, lipid
synthesis enzymes and ERAD components®.

The second branch is mediated by the transmembrane transcription factor ATF6, which it is
transported to the Golgi upon accumulation of misfolded proteins in the ER. In the Golgi, site-1
and site-2 proteases (S1P and S2P) remove the membrane anchor, thereby allowing the
cytosolic domain to enter the nucleus and to upregulate transcription of folding factors, such as
BiP, GRP94 and PDIs®*¥.

The third branch is mediated by the double-stranded RNA-activated protein kinase (PKR)-like
ER kinase (PERK), a transmembrane kinase which oligomerises upon ER stress and self-
phosphorylates and phosphorylates the translation initiation factor elF2a, thereby inhibiting

translation and reducing ER protein load®"®*%

. elF2a phosphorylation also leads to
upregulation of the transcription factor ATF4, which in turn upregulates expression of
transcription factor C/EBP homologous protein (CHOP) and growth arrest and DNA damage-
inducible 34 (GADD34)%. These two factors control PERK signalling in a feed-back loop and

leads to apoptosis and cell death if ER stress is not resolved.

1.2.3 The ERAD pathway

ERAD is a process that consists of several parallel branches employed by the ER to degrade
misfolded protein or to control their abundance’* "2, Based on the location of the folding
problem, ERAD is divided in ERAD-L ifitis in the ER lumen, ERAD-M ifitis in the ER membrane
and ERAD-C if it is in the cytosol. In general, ERAD functions through membrane-bound E3
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ubiquitin ligases forming complexes with cofactors to facilitate substrates recognition,
ubiquitination and retrotranslocation®. Since the UPS is located in the cytosol, substrate needs
to be translocated out of the ER to be ubiquitinated and subsequently degraded. The driving
force for retrotranslocation is provided by the AAA+ ATPase p97/VCP®*,

The molecular details and specificity of the E3 ubiquitin ligases are well understood in yeast,
where the Hrd1 complex is handling ERAD-L and ERAD-M substrates, while the Doa10
complex is mainly handling ERAD-C substrates®. Moreover, yeast also uses the Asi complex
in the inner nuclear membrane to degrade mislocalised membrane proteins and orphan
complex subunits®>®. In mammalian cells, the network of ERAD factors is more complex and
employs several different E3 ubiquitin ligases to promote adaptation to different conditions and
accommodate a wide variety of substrates®™. Some E3 ubiquitin ligases have specialised
functions, such as RNF26, in complex with TMEM33-43, ENDOD1 and TMED1, in regulation
of immune signalling®” or RNF185, in complex with TMUB1/2 and Membralin, in degradation of
a specific subset of integral membrane proteins®. Other E3 ubiquitin ligases have a more
general function, such as Hrd1 and gp78’*%
assembles with the derlin Dfm1 to degrade ERAD-M substrates and with Hrd3, Usa1, Yos9 and

, or are still poorly characterised. In yeast, Hrd1

the derlin Der1 to degrade ERAD-L substrates®. In mammalian cells, the Hrd1 complex is
constituted by (i) Herp and FAM8A1, which drives complex assembly and oligomerisation''%",
(ii) SEL1L, OS9 and XTP3B, which mediate substrates recognition'®, (iii) Ube2j1 and Ube2g2,
which are E2 ubiquitin-conjugating enzymes required for substrates ubiquitination and (iv)
Derlin1/2/3.

Proteins of the derlin family are central components of the ERAD pathway due to their
interaction with E3 ubiquitin ligases and their function has been linked to the retrotranslocation
process'®®'%. For example, yeast Dfm1 is reported to be the central component of the
retrotranslocation machinery for ERAD-M substrates'®. Additionally, yeast Der1 in complex
with Hrd1 and Hrd3 and mammalian Derlin1 in a tetrameric state have been reported to form
protein conducting channels for retrotranslocation of ERAD-L substrates'®®'%”. However, also
Hrd1 alone has been reported to form a retrotranslocation channel’®®'%. These studies have
extended the view on retrotranslocation by also showing that local membrane thinning by ERAD
factors contributes to efficient membrane protein extraction'®®''°. This highlights that extraction
of membrane proteins poses a challenge due to their stable integration into the lipid bilayer''".
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One way to reduce the energy barrier and thereby facilitating membrane extraction would be
proteolysis of the membrane domain. Indeed, the intramembrane protease signal peptide
peptidase (SPP), initially identified to cleave signal peptides after their removal by the SPC''?,
and the rhomboid protease RHBDL4 have been described to function in specific ERAD

113-

branches''* '8, Finding other ER-resident proteases involved in the ERAD pathway would

provide further understanding on the molecular mechanisms of the ERAD machinery.

1.3 Signal sequences and signal peptidases

As described above (see section 1.1), proteins are often targeted to the ER via N-terminal signal
sequences recognized by the SRP pathway. Signal sequences are then removed immediately
after import completion by the action of enzymes named Signal Peptidases (SPases). The
targeting process via signal sequences is conserved from bacteria to humans''®. Signal

11,120. (I) a

sequences do not share sequence homology but possess three conserved domains
positively charged, unstructured, domain at the N-terminus, called n-region, which regulates
membrane topology by driving nascent chain orientation in the Sec61 translocon'®' (ii) a strictly
hydrophobic a-helical domain, generally shorter than TMDs, called h-region, and (iii) an
extended non-helical B-structure polar region at the C-terminus, typically around 4-7 amino
acids, containing the cleavage site and the two crucial positions relative to the scissile peptide
bond (-1 and -3) occupied by small neutral amino acids. SPases are membrane-embedded
enzymes and belong to the family of serine proteases. As signal sequences, SPase’s function

is also evolutionarily conserved'™.

1.3.1 Prokaryotic signal peptidases

Different types of SPases, based on the substrates specificity, are found in prokaryotic cells: (i)
type | SPases cleave N-terminal signal sequences from outer membrane and periplasmic
proteins in gram-negative and proteins exported outside the cells in gram-positive bacteria'?,
(i) type Il SPases cleave lipoproteins precursors '?® and (iii) type IV SPases cleave prepilins
and prepilin-like proteins'®*. Type | SPases are the most studied and the first type | SPase was

purified from Escherichia coli '%°. Type | SPases contain two N-terminal TMDs that anchor the
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enzyme to the membrane and a C-terminal periplasmic domain. This domain contains the
substrates binding region with the catalytic site, formed by a serine-lysine catalytic dyad, and a
hydrophobic region, which drives interaction with the membrane and most likely permits the
catalytic activity of the enzyme at the membrane surface''®'?°. Type | SPases are rather
unusual serine proteases because they are not inhibited by standard serine protease inhibitors
but by p-lactams and lipopeptides'®’. In line with their essential function, type | SPases have
been reported to be required for cell viability'"®. Therefore, type | SPases are investigated as

antibacterial targets'’.

1.3.2 The eukaryotic signal peptidase

In eukaryotic cells, the SPase localised to the ER and cleaves off signal sequences form ER
targeted and secretory proteins'?®. Unlike the prokaryotic monomeric SPases, the eukaryotic
counterpart is a multi-subunit complex generally formed by five membrane proteins, as
identified from the first purified signal peptidase complex (SPC) from dog pancreas
microsomes'°.

In mammalian cells, the different subunits are named SPC12, SPC18, SPC21, SPC22/23 and
SPC25 based on their apparent molecular weight and encoded by the SPCS1, SEC11A,
SEC11C, SPCS3 and SPCS2 genes, respectively. SPCS1 and SPCS2 possess two TMDs, N-
and C- terminal domains protruding in the cytosol and a really short loop in the lumen'®,
SEC11A, SEC11C and SPCSS3 possess one TMD with a type Il orientation and big luminal
domains. Of note, yeast SPC contains only four subunits: Sec11, SPC1, SPC2 and SPC3"".
SEC11A and SEC11C are the catalytic subunits and harbour the catalytic site constituted by
the catalytic triad serine-histidine-aspartate, in contrast to the catalytic dyad of bacterial type |
SPases. However, also the eukaryotic SPC is not inhibited by the common serine proteases.
They are highly homologous between each other and share high homology with yeast Sec11'"®.
Sec11, as type | SPases, is essential for cell viability'*>. SPCS1, SPCS2 and SPCS3 are
accessory subunits that do not possess catalytic activity and whose functions are only partially
characterised. SPCS3 is glycosylated and the yeast homologue is essential for the SPC activity
and cell growth'*'®* most likely because it helps maintaining the structure of the catalytic

domain. SPCS2 and SPCS1 yeast homologues are not essential for activity of the complex and
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for cell viability'>>'%®. Nevertheless, SPCS2 is reported to interact with the Sec61 translocon,
both in yeast and mammals'®”'%. SPCS1 is the least characterised subunit. It is reported to be

139

essential for embryonic development in Drosophila °, even though the mechanism is still

uncharacterised, and to restrain SPC activity based on the length of the n-region and

{Bibliography}hydrophobicity of the h-region of signal sequences in yeast'*.

1.3.3 The human signal peptidase complex

In dog, rat, mouse and human the SPC presents the two catalytic subunits SEC11A and
SEC11C™"°. The fact that all the other eukaryotic species possess only one catalytic subunit
raises intriguing questions on the necessity of having the SEC11 gene duplicated, the functions
of the two catalytic subunits and if they both coexist in the same complex.

Last year, the cryo-electron microscopy (cryo-EM) structure of the human SPC was published*.
This is the first structure of any SPC ever reported and provides important insights into the
subunits arrangement. First, SEC11A and SEC11C are not in the same complex but form two
paralogous complexes, each including the three accessory subunits SPCS1, SPCS2 and
SPCS3. The subunits form a “window frame”-like structure, causing membrane thinning in the
complex’s core. This is suggested to function as “molecular ruler” to specifically accommodate
signal sequences and not TMDs, which possess a longer hydrophobic sequence that do not
match the length of the thinned lipid bilayer, providing another determinant for SPC specificity
toward signal sequences. Second, SEC11A and SPCSS3 forms the catalytic core and SPCS1
and SPCS2 were not recovered in stoichiometric amount with SEC11A and SPCSS3. This
highlights once more the relevance of addressing the functions of SPCS1 and SPCS2.
Recent studies reported that the human SPC can be hijacked by some viruses (e.g. flaviviruses
such as West Nile, dengue, Zika, and Japanese encephalitis viruses, Pestiviruses, Influenza C
virus and Hepatitis C virus) to promote cleavage and maturation of their polyproteins*'~*°,
which differs structurally from signal sequences. In this process, an essential role is played by
the SPCS1 subunit'*'*3. Moreover, by screening for compound to block flavivirus replication,

the first SPC inhibitor was identified, a natural product of fungal origin called cavinafungin'®.
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These recent discoveries might suggest that SPC function is not limited to signal sequences
removal and that accessory subunits might be required for unknown functions in substrates

recognition.

1.4 Aim of the thesis

In the 1970s, Blobel and colleagues formulated the signal hypothesis, one of the pillars of
molecular and cell biology, where they postulated that proteins contain signals in their amino
acid sequences to target them to membranes. Later in the 1970s and in the 1980s, these signal
sequences were identified to be at the N-terminus of ER-targeted and secretory proteins and
to be cleaved off immediately after translocation. In 1986, the ER-resident protease for this
cleavage was identified: a five subunits complex called the signal peptidase complex (SPC).
Since then, the SPC has been relegated to this only function. Recently, however, a few studies
reported SPC cleavage of a few substrates, especially viral polyproteins, not possessing signal
sequences. The aim of this thesis is, therefore, to identify new SPC substrates besides signal

sequences and to characterise possible new functions of this essential protease.
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2. Results

2.1 Identification and validation of noncanonical substrates

Since its discovery in the 1970s, the SPC has been known to solely have the function of
cleaving off signal sequences from ER targeted and secretory proteins; however, recent studies
suggested this might not be the only function of this complex. With the aim of possibly
expanding the substrates spectrum of this enzyme, | performed a computational analysis of the
whole human proteome by using the existing software SignalP'*’, in collaboration with Dr.
Gurdeep Singh (Russell Lab, BioQuant, Heidelberg). SignalP is a neural network-based
method that predicts the presence of N-terminal signal sequences and SPC cleavage sites,
based on the properties of protein sequences. It gives three different scores as output (Fig. 1A):
the s-score displays the probability of each amino acid in the sequence to be part of a signal
sequence, the c-score displays the probability of each amino acid to be the first one at the N-
terminus in the mature protein following the cleavage by the SPC and, the y-score which is a
combination of the previous two scores and displays the predicted cleavage site. Moreover,
SignalP consists of (i) a network trained to distinguish if a hydrophobic stretch is part of a signal
sequence or if it is a proper TMD (SignalP_TM), and (ii) of an additional network which is not
trained to do so (SignalP_noTM) and, therefore, recognizes also TMDs as signal sequences.

In order to identify putative SPC cleavage sites not linked to the presence of a signal sequence,
| ran the whole proteome in both SignalP networks and compared the y-scores obtained. By
plotting both outputs against each other and by setting thresholds for cleavage prediction (see
Methods section 4.2.4 for details), | obtained a scatterplot divided in quadrants (Fig. 1B) with:
(i) the upper-right quadrant containing proteins predicted to be cleaved in both networks and
already annotated as carrying a signal sequence, (ii) the bottom-left quadrant containing
proteins not predicted to be cleaved in any of the two networks and (iii) the bottom-right
quadrant containing the proteins of interest of this study, which are predicted to be cleaved in
the SignalP_noTM network but not in the SignalP_TM one. The latter proteins contain predicted
SPC cleavage sites without actually carrying a signal sequence. | will refer to such sites as
cryptic cleavage sites. By filtering for membrane proteins located along the secretory pathway
with a type ll-oriented N-terminal TMD, this approach identified 262 proteins containing a cryptic
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cleavage site following the first N-terminal TMD. These proteins were further ranked based on
mutations linked to human diseases reported in three different databases: Uniprot'®, ClinVar'*®
and COSMIC™® (Fig. 1C).
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Figure 1. Computational approach to identify noncanonical SPC substrates. A. Example of graphical output
of SignalP4.1 (noTM network) showing the 3 different scores for Cx32. B. Analysis of cryptic SPC cleavage sites
in the human proteome. Scatter plot of Y scores (combined cleavage site scores) obtained by SignalP4.1 analysis
of the first 70 amino acids of all human proteins, exploiting the two different neural networks available (noTM and
TM, see methods for details). Cyan crosses represent proteins with an annotated signal peptide according to
UniProt. Yellow circles represent proteins with no annotated signal peptide. Light purple circles represent hits that
pass the applied filtering steps and are thus candidates for cryptic SPC cleavage sites. Dark purple circles
represent hits further analysed in this study. Dotted purple lines correspond to the thresholds. C. Schematic of the
workflow for the computational analysis. D. Fold enrichment analysis of protein classes in the list of protein

containing N-terminal putative SPC cryptic cleavage sites, performed by using Gene Ontology Resource'®'™"%,
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In addition, | also performed an enrichment analysis of protein classes represented in the hit
list (Fig. 1D). This analysis revealed that, among the proteins containing putative cryptic
cleavage sites, there is a strong enrichment for proteins involved in cell-to-cell junctions and, in
particular, of proteins belonging to the gap junction class. These proteins are represented by
the Connexin (Cx) protein family. Connexins are tetra-spanning proteins which assemble into
hexameric structures called connexons. These oligomers reach the plasma membrane where
they dock onto other connexons from adjacent cells to form gap junctions allowing direct
communication of two cells and direct transfer of small molecules and ions'**'*°. Proteins of
the Connexin family were also on top of the hit list (Fig. 1C) due to the high abundance of
naturally occurring mutations linked to human diseases '°°. Based on these observations and
since previous studies already indicated aberrant signal peptidase-like processing’®’"*° |
decided to focus the validation of candidates on this protein family, using mainly Connexin32
(Cx32) as a candidate substrate. Of note, Cx32 has more than 200 naturally occurring
mutations linked to neurodegenerative diseases and neuropathies, in particular to the X-linked
dominant Charcot-Marie-Tooth disease'®* "%, The group of Prof. Dr. Matthias Feige (TUM,
Munich) examined several naturally occurring variants introducing polar residues in the four
different TMDs' and | predominantly focused on the cysteine201->arginine (C201R) variant'®.
When ectopically expressed in human embryonic kidney (HEK) 293T cells, a cell line which
does not physiologically produce connexin proteins, all analysed Cx32 mutants interestingly
gave rise to two distinct species on SDS-PAGE gels', in contrast to the wt Cx32 protein, which
appeared as one single band (Fig. 2A). This pattern might be an indication of proteolytic
processing, as predicted by the computational approach.

By introducing a FLAG-tag either at the C-terminus or at the N-terminus of the Cx32 variants
and by mutating the cleavage site into inert amino acids (e.g. proline, alanine and leucine)’, the
group of Prof. Dr. Matthias Feige showed that the processing is indeed happening at the N-
terminus and at the predicted cleavage site. Notably, they also observed the same double band
pattern for Cx32 mutants in the Schwannoma cell line sNF96.2, which strongly resembles
Schwann cells which endogenously express Cx32'.

To unequivocally prove that the processing of Cx32 mutants is mediated by the SPC, | treated
HEK293T cells expressing FLAG-tagged Cx32°?°'? with cavinafungin, a natural product
recently identified to selectively inhibit the SPC by blocking the catalytic subunit SEC11 as
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primary target'*

. Indeed, inhibiting SPC activity resulted in a complete loss of the Cx32
cleavage fragment (Fig. 2B), ultimately confirming that SPC can cleave transmembrane

proteins which do not contain a signal sequence.
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Figure 2. The SPC post-translocationally cleaves membrane proteins. A. Top, schematic of Cx32 highlighting
mutations in the transmembrane domains and the predicted SPC cleavage site. Bottom, immunoblot analysis of
FLAG-tagged Cx32 (wt and C201R) ectopically expressed in HEK293T. Full and empty arrowhead represents full-
length and processed Cx32. Actin was used as loading control. B. Inmunoblot analysis of FLAG-tagged Cx32°%°'F
ectopically expressed in HEK293T treated with the SPC inhibitor cavinafungin (1 yM), where indicated. Full and
empty arrowhead represents full-length and processed Cx32. Actin was used as loading control. C.

Autoradiograph of immunoprecipitated FLAG-tagged Cx32°%°'R

and the canonical SPC substrate prolactin (FLAG-
Prl) labelled with 35S—cys/met mix for 2 min and chase for the indicated times. Full and empty arrowhead represents

full-length and processed Cx32. Glycosylated prolactin (gl) and mature prolactin (mat) are indicated.
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Figure 3. Other ER resident proteases do not affect Cx32 cleavage. A. Inmunoblot analysis of FLAG-tagged
Cx32%%'R ectopically expressed in HEK293T wt (Ctrl), SPP KO or RHBDL4 KO cells. Full and empty arrowhead
represents full-length and processed Cx32. Actin was used as loading control. B. Immunoblot analysis of FLAG-
tagged Cx32°%°'? ectopically expressed in HEK293T treated with the SPP inhibitor (Z-LL,)-ketone (50 uM), where
indicated. Full and empty arrowhead represents full-length and processed Cx32. Actin was used as loading
control. C. Immunoblot analysis of FLAG-tagged Cx32°20"R ectopically expressed in HEK293T wt (Ctrl) or SPP KO
cells treated with the proteasome inhibitor epoxomicin (2 pyM), where indicated. Full and empty arrowhead

represents full-length and processed Cx32. Actin was used as loading control.

Canonically, the SPC cleaves off signal sequences from translated nascent chains during the
translocation process'?®. In complete opposition to this, Cx32°%°'® cleavage occurs at a later
stage (Fig. 2C), when the translocation process is over and the protein is already inserted in
the membrane. | could prove this by means of radioactive pulse-chase analysis, where
Cx32°%°"R processing initiates slowly, approximately 30 minutes after synthesis. This is in
contrast to what | observed with Prolactin, a canonical SPC substrate containing a signal
sequence, where the unprocessed form is not detected, even immediately after synthesis (Fig.
2C).

For completeness, | verified that the other two major ER-resident proteases, signal peptide
peptidase (SPP)''?'%* and rhomboid protease RHBDL4''"'%>'%¢  are not involved in this
process. To this end, | ectopically expressed FLAG-tagged Cx32°?°'% in HEK93T ctrl, SPP
KO'" and RHBDL4 KO'"" cells (Fig. 3A). The lack of RHBDL4 does not affect Cx32°2°'R
processing while, interestingly, the lack of SPP seems to partially prevent it (Fig. 3A). Treating
cells with (Z-LL)x-ketone, a known SPP inhibitor''?, has no impact on Cx32°°'? cleavage (Fig.

3B) and treating SPP KO cells with epoxomicin, to inhibit proteasomal degradation, completely
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stabilises the cleavage fragment (Fig. 3C), suggesting that SPP catalytic activity is not required
for this process. Nevertheless, it seems that the presence of SPP itself helps to stabilize the
SPC-derived fragment. To clarify this aspect, further investigation would be required.

Having demonstrated that the SPC can also cleave after proper TMDs located at the N-terminus
of a protein, | wondered if this could also happen after internal TMDs. With the help of Dr.
Gurdeep Singh, | performed the same computational analysis described above, this time
including peptides starting from each and every TMD of the whole membrane proteome (Fig.
4A). Remarkably, this approach identified approximately 1300 membrane proteins containing
putative SPC cryptic cleavage sites after internal TMDs (Fig. 4B), with proteins predicted to
have even more than one cleavage site. Among these, | verified SPC cleavage for the rhomboid
pseudoprotease iRhom2, a protein with seven TMDs whose cleavage site is predicted after the
first TMD at position 432 (Fig. 4C). iRhom2 is known to control trafficking and activation of the
plasma membrane sheddase ADAM17 (A Disintegrin And Metalloprotease domain-containing
protein 17)'°® — also called TACE (tumor necrosis factor-a. converting enzyme) — together with
FRMD8 (a FERM domain containing protein)'®®. Despite being a 97 kDa protein, ectopically
expressed FLAG-tagged iRhom2 presents one additional band at 55 kDa, known from the
literature to represent the N-terminal domain, including the first TMD'®®. However, until now,
the origin of this fragment was unknown. Treating cells with the SPC inhibitor cavinafungin
leads to a complete loss of the 55 kDa band (Fig. 4C), confirming the prediction of the
computational analysis. Of note, in contrast to Cx32, iRhom2 is cleaved in the wt state, not
carrying any mutation. In support of the SPC-derived cleavage, very recently, the group of
Matthew Freeman (Sir William Dunn school of Pathology, Oxford) also identified the SPC as
the responsible protease for the generation of the 55 kDa iRhom2 fragment'”°.

Concomitantly, the group of Prof. Dr. Matthias Feige validated internal cleavage by the SPC in
another candidate protein, PMP22 (peripheral myelin protein 22)'. PMP22, as Cx32, is also

linked to the neuropathy Charcot-Marie-Tooth disease'”""'"

and is cleaved when carrying a
mutation in the second TMD'. They could show that PMP22 cleavage occurs after the third
TMD, as predicted by the computational approach, and that the fragment is stabilized by
inhibition of the proteasome and of the AAA-ATPase p97’, suggesting a possible involvement

of the ERAD pathway.
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Figure 4. The SPC can cleave also after internal TMDs. A. Schematic of the workflow for the computational

analysis. B. Analysis of cryptic SPC cleavage sites in the human membrane proteome. Scatter plot of Y scores

(combined cleavage site scores) obtained by SignalP4.1 analysis of the first 70 amino acids of all human proteins,

exploiting the two different neural networks available (noTM and TM, see methods for details). Yellow circles

represent all TMDS. Light purple circles represent hits that pass the applied filtering steps and are thus candidates

for cryptic SPC cleavage sites. Dark purple circles represent hits further analysed in this study. Dotted purple lines

correspond to the thresholds. C. Top, immunoblot analysis of FLAG-tagged iRhom2 ectopically expressed in

HEK293T treated with the SPC inhibitor cavinafungin (1 yM), where indicated. Full and empty arrowhead

represents full-length and processed iRhom2. Bottom, schematic of iRhom2 highlighting the predicted SPC

cleavage site.
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hydrophobic core of canonical (signal peptides) and noncanonical (N-terminal TMD and internal TMD, hits and

non-hits) SPC substrates, highlighting the hits validated in this study.

Furthermore, to rule out that this noncanonical cleavage is simply due to the fact that the cryptic
cleavage sites follow TMDs which show more signal peptide-like features, | performed
computational analyses comparing different physicochemical properties of signal peptides and
TMDs of the newly identified noncanonical substrates, in collaboration with Dr. Gurdeep Singh
(Fig. 5). Despite the similarity in the amino acids profiles in the sequence logo (Fig. 5A), TMDs
of noncanonical substrates display significantly lower free energy (AG score) for membrane
integration in comparison to signal peptides as well as to TMDs not containing a cryptic
cleavage site (Fig. 5B). Moreover, classical signal peptides’ h-regions are, on average,
significantly shorter than TMDs of noncanonical substrates and TMDs of membrane proteins
not containing a cryptic cleavage site (Fig. 5C). Together, these analyses confirm that the newly
described noncanonical SPC cleavage does not occur after TMDs with signal peptide-like
features but after proper TMDs.

All in all, so far, | have provided clear evidences that the SPC can unexpectedly cleave
multipass membrane proteins at cryptic cleavage sites following proper TMDs, therefore,
substantially expanding its substrate spectrum, which was previously restricted to signal

peptides and viral polyproteins.

2.2 The accessory subunit SPCS1 is essential for noncanonical cleavage

The findings outlined above raise the question on how cleavage of multipass membrane
proteins by the SPC is regulated, since TMDs have different physicochemical properties
compared to signal peptides and do not fulfil the general requirements for SPC canonical
cleavage''*®'"*, As already described in the introduction, recent work by the group of Dr.
Michael Diamond (Saint Louis, Missouri, USA) showed that the SPC is important for cleavage
and maturation of flaviviral polyproteins, with a key role played by the accessory subunit
SPCS1'™!. This suggests that the SPCS1 subunit may have a function in the processing of
substrates not linked to signal peptides. Hence, | sought to understand if SPCS1 has a role in

cleavage of multipass membrane proteins. By using HEK293T SPCS1 KO cells'*, | ectopically
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expressed FLAG-tagged Cx32°%'R

in these cells and in wt HEK293T cells as control (Ctrl).
Remarkably, the lack of SPCS1 leads to a significant reduction of Cx32 cleavage, which is
almost completely re-established upon exogenous expression of SPCS1 (Fig. 6A). Notably, |
could observe dependency on SPCS1 also for cleavage of other multipass membrane proteins
containing cryptic cleavage sites, namely Cx26 and Cx30.3 (Fig. 6B), iRhom2 (Fig. 6C) and
PMP22 (Fig. 6D). This supports the idea that SPCS1 plays a key role in SPC noncanonical
cleavage. Another question is if also removing the other SPC subunits displays the same effect
on Cx32 cleavage. The group of Prof. Dr. Matthias Feige analysed Cx32°%'®
knockdown conditions for SPCS1, SPCS2, SPCS3 and SEC11A, reporting that knockdown of

all subunits but SEC11A — the catalytic one — affects cleavage to different extents’. This

cleavage in

indicates that there might be a more intricate interaction between the subunits, which cannot
be simply explained by a general destabilization of the complex when one of the subunits is not
present.
To further validate the role of SPCS1 and to better understand the kinetics of the process, |
performed radioactive pulse-chase analyses in HEK293T wt (Ctrl) and SPCS1 KO cells.
Indeed, in the absence of SPCS1, after a slight initial increment, Cx32 cleavage is substantially
blocked (Fig. 6E). In contrast, the lack of SPCS1 does not affect processing of canonical signal
peptides as shown for Calnexin, PDIA6, TCRo. and ERdj3'. In addition, | could show that
Prolactin secretion, which requires signal peptide removal, is increased by approximately 4-fold
(Fig. 6F). These data strongly support the important and specific role of SPCS1 in cleavage of
membrane proteins by the SPC and its dispensability for canonical signal peptide removal.
Next, | wanted to understand how the SPCS1 subunit acts in this process. SPCS1 is a fairly
small protein (12 kDa) with two TMDs; it does not have a catalytic site or any amino acid
exposed to the luminal side*® where the catalytic site of the catalytic subunit SEC11A is located.
Hence, SPCS1 is unlikely to directly influence the catalytic activity of the complex in any
manner. |, therefore, hypothesized that SPCS1 might work as a recognition factor to recruit
TMDs into the complex. A first hint towards the corroboration of this hypothesis came from co-
immunoprecipitation analyses. By pulling down ectopically expressed FLAG-tagged iRhom2, |
could co-precipitate SPCS1 (Fig. 7A). As control, SPCS1 did not co-precipitate with the iRhom2
binding partner TACE (Fig. 7A). This experiment clearly shows a physical interaction between
SPCS1 and a noncanonical SPC substrate.
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Figure 6. The accessory subunit SPCS1 is key for noncanonical cleavage but does not affect canonical
signal peptide processing. A. Top, immunoblot analysis of FLAG-tagged Cx32°%°'? ectopically expressed in
HEK293T wt (Ctrl), SPCS1 KO and SPCS1 KO cells with exogenous expression of SPCS1. Full and empty
arrowhead represents full-length and processed Cx32. Actin was used as loading control. Bottom, quantification
of percentage of Cx32°°'" cleavage (n=3; meant s.e.m.; * P<0.05; ** P<0.01; paired t test). B. Immunoblot
analysis of FLAG-tagged Cx26 and Cx30.3 variants ectopically expressed in HEK293T wt (Ctrl) or SPCS1 KO
cells. Full and empty arrowhead represents full-length and processed Cx26 or Cx30.3. Actin was used as loading
control. C. Immunoblot analysis of FLAG-tagged iRhom2 ectopically expressed in HEK293T wt (Ctrl), SPCS1 KO
cells or and SPCS1 KO cells with exogenous expression of SPCS1. Full and empty arrowhead represents full-
length and processed iRhom2. Actin was used as loading control. D. Immunoblot analysis of FLAG-tagged

PMP22"%°F ectopically expressed in HEK293T wt (Ctrl) or SPCS1 KO cells. Full and empty arrowhead represents
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full-length and processed PMP22. Orange hexagon represent glycosylated PMP22. Actin was used as loading
control. E. Top, autoradiograph of immunoprecipitated FLAG-tagged Cx32°%°"" |abelled with 35S—cys/met mix for

5 min and chased for the indicated times. Full and empty arrowhead represents full-length and processed Cx32.

201R
2CO

Bottom, quantification of percentage of Cx3 cleavage relative to t=0 (n=3; mean+ s.e.m.). F. Left, immunoblot

analysis of FLAG-tagged Prolactin ectopically expressed in HEK293T wt (Ctrl) or SPCS1 KO cells. Extracellular
medium was analysed to assess secretion. Actin was used as loading control. Right, Quantification of secreted

Prolactin (n=3; mean+ s.e.m.).

Next, | identified which SPCS1 residues are important for its function in the recognition of
noncanonical SPC substrates. Notably, the amino acid sequence and structure of SPCS1
suggest that its interaction with membrane proteins can most likely only happen at the TMD
regions. For this reason, | focused my attention on the SPCS1 TMD2 and took into
consideration predominantly conserved bulky and hydrophobic amino acids protruding into the
membrane bilayer (Fig. 7B), being good candidates for the interaction with hydrophobic TMDs.
Consequently, | generated several different SPCS1 constructs harbouring the following
mutations: W47A, M53A, F58A, L61-62A, P65G, W67A, Y70A, W67A-Y70A and R71-72A. The
idea was to ectopically express these constructs together with FLAG-tagged iRhom2 in SPCS1
KO cells and assess their effect on iRhom2 processing. Strikingly, ectopic expression of the
SPCS1W6AY70A mytant did not rescue iRhom2 cleavage, in contrast to wt SPCS1 (Fig. 7C-D).
However, | had the concern that this effect might simply be due to the fact that the SPCS1"¢"*
Y794 mutant is not able to assemble in complex with the other SPC subunits. By co-expressing
HA-tagged SEC11A and the different SPCS1 mutants and by pulling down on the HA tag, |
could prove that SPCS1W¢"AY7A and all the other mutants, can co-precipitate with the catalytic
subunit SEC11A (Fig. 7E), thereby confirming physical interaction and erasing the

abovementioned concern. Of note, SPCS1-6%2A

expression led to a slight but significant
overrescue of iRhom?2 cleavage compared to SPCS1" expression (Fig. 7C-D).

Together, these findings suggest that the SPCS1 subunit functions as a docking site for
recognition of noncanonical SPC substrates, namely multipass membrane proteins containing
cryptic SPC cleavage sites, and that the patch in the TMD2 formed by the residues L61, L62,

W67 and Y70 is important for this function (Fig. 7F).
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2.3 Membrane protein misfolding and failed complex assembly promote
SPC-mediated cleavage

The data presented so far shows that the SPC can also cleave multiple membrane proteins at
cryptic sites, with an essential role played by the accessory subunit SPCS1. Notably, this occurs
not only following the first TMD, but also after downstream TMDs. Distinct clients and various
mutations all giving rise to cleavage products suggest that a common denominator underlies
this type of cleavage by the SPC.

All the mutations giving rise to SPC-mediated cleavage introduced charged residues in TMDs
that are embedded in the hydrophobic environment of the lipid bilayer. Thus, | hypothesized
that these mutations may cause folding problems to the proteins, leading to the exposure of
otherwise buried, cryptic, cleavage sites which become subsequently susceptible to processing
by the SPC. Hence, | started investigating if this new SPC function could be linked to quality
control of membrane proteins.

Initial data supporting this hypothesis was produced by the group of Prof. Dr. Matthias Feige
by means of microscopy and western blot analysis. All Cx32 mutants validated for SPC
cleavage displayed ER localization and were unable to form gap junctions', suggesting that
these mutants were retained in the ER due to their incorrect folding. To control that the SPC-
mediated cleavage is not simply caused by prolonged exposure to the SPC in the ER after
retention, Cx32" was artificially retained in the ER by adding an ER-retention signal at the C-
terminus. This Cx32 variant localized to the ER and did not show any processing’, confirming
that prolonged exposure to the SPC is not sufficient. Furthermore, if misfolding is the trigger for
SPC-mediated cleavage and is, indeed, caused by the mutations, compensating those with a
stabilizing, opposing, mutation should prevent Cx32 cleavage. Indeed, compensating the
C201R mutation with F29D, V84E or R142D mutations, all forming salt bridges as
computationally evaluated by molecular dynamics simulations, led to a reduction of Cx32
cleavage'.

Of note, only those mutations disrupting structural features (e.g. introducing charges in the
TMDs or disrupting cysteines involved in disulphide bridge formation), but those in the N- or C-

terminal part of the protein or in the loops, induced SPC-mediated cleavage of Cx32'.
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Figure 7. The SPCS1 subunit functions as a recruitment factor for noncanonical substrates. A. Co-
immunoprecipitation analysis of ectopically expressed FLAG-tagged iRhom2 and TACE and endogenous SPCS1
in HEK293T wt (Ctrl) or SPCS1 KO cells. B. Multiple sequence alignment of TMD2 and flanking region of SPCS1
from the indicated species using Clustal Omega”E’. Residue analysed by mutagenesis are highlighted in red. C.
Immunoblot analysis of different SPCS1 variants ectopically expressed in SPCS1 KO cells together with FLAG-
tagged iRhom2. Full and empty arrowhead represents full-length and processed iRhom2. Actin was used as
loading control. D. Quantification of percentage of iRhom2 cleavage (n=3-6, coloured dots represent different
replicates; mean + s.e.m.; * P<0.05; *** P<0.001; unpaired t test). E. Co-immunoprecipitation analysis of ectopically
expressed HA-tagged SEC11A and different SPCS1 variants in SPCS1 KO cells. F. Model of the SPC highlighting
SPCS1 residues affecting iRhom2 cleavage (green) and the active catalytic site (purple) on the SEC11A subunit.
NMMaHmmmeﬁmaLme.

To conclusively corroborate the idea that misfolding is, indeed, the trigger for SPC-mediated
cleavage, | induced acute misfolding by disrupting disulphide bonds in Cx32°?°'? by means of
the reducing agent DTT and analysed the kinetics of its SPC-mediated cleavage via radioactive
pulse-chase analyses. When DTT was added during the pulse at time point 0 (t=0), Cx32°%°'"
cleavage was accelerated compared to the untreated condition (Fig.8A-B). Surprisingly, when

DTT was instead added with a 30 minutes delay during the chase, Cx32°%°'R

cleavage was
abruptly accelerated, even more than upon DTT addition at t=0 (Fig. 8A-B). This latter
observation suggests that the SPC-mediated cleavage is more effective at later stages of
biosynthesis when the translocation process is already completed (see Fig. 1), the newly
synthesized protein has left the translocon environment and its folding factors have dissociated,
rendering the misfolded protein with the exposed cleavage site accessible to the SPC (Fig. 8C).
Of note, treating cells with the ER stressor Tunicamycin does not accelerate cleavage of
Cx32°%°"R 1 indicating that the effect observed upon DTT is due specifically to disruption of
structural disulphide bridges and not to a general effect of ER stress induction. Together, the
findings presented here support the idea that SPC cleavage plays a role in post-translocational

quality control of membrane proteins.
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Figure 8. Misfolding promotes SPC-mediated cleavage. A. Autoradiograph of immunoprecipitated FLAG-
tagged Cx32°%'? |abelled with *°S-cys/met mix for 5 min and chased for the indicated times. Full and empty
arrowhead represents full-length and processed Cx32. DTT was added at the indicated time points (blue arrows).
B. Quantification of percentage of Cx32°%°'" cleavage relative to t=0 (n=3; mean+ s.e.m.; * P<0.05; ** P<0.01;
unpaired t test). C. Schematic representation of misdolding causing exposure of cryptic SPC cleavage sites and

subsequent cleavage by the SPC.
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Figure 9. Failed complex assembly promotes SPC-mediated cleavage. A. Left, immunoblot analysis of HA-
tagged iRhom2 expressed in HEK 293T cells together with increasing amount of its interaction partner FLAG-
tagged TACE. Full and empty arrowhead represents full-length and processed iRhom2. Actin was used as loading
control. Right, quantification of percentage of iRhom2 cleavage (n=4, grey scale dots represent different replicates;

mean = s.e.m.). B. Schematic representation of how complex formation may protect the SPC cleavage site. C.

1-251

Top, schematic representation of Hrd1 mutant lacking the C-terminal cytosol portion contain the RING domain.

Bottom, immunoblot analysis of two different FLAG-tagged Hrd1 constructs expressed in HEK 293T cells. Full and

empty arrowhead represents full-length and processed Hrd1.

Importantly, misfolding can be the reason why Cx32 mutants are cleaved by the SPC, but it
cannot explain why iRhom2 is cleaved in its wild-type form (see Fig. 4C and 6C). As already
stated, iRhom2 is required to form a complex with its interaction partner TACE to allow its
activation in the Golgi and its export towards the plasma membrane, where TACE exerts its
several cellular functions, including roles in TNFo and EGFR signalling'”®. Therefore, |
hypothesized that, as for proper protein folding, proper complex assembly may mask SPC
cleavage sites as well. When protein complexes fail to assemble correctly, this may lead to
subunits instability®®, subsequently exposing cryptic cleavage sites. Hence, | sought to assess
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if this is the case for iRhom2. By ectopically expressing iRhom2 in HEK 293T cells together
with increasing amount of TACE, cleavage of iRhom2 decreases proportionally with increasing
amount of TACE (Fig. 9A). This indicates that the stoichiometric imbalance caused by ectopic
expression of iRhom2, leading to SPC-mediated cleavage, can be compensated by the addition
of its interaction partner TACE, preventing the access to iRhom2’s cleavage site. To further
support the hypothesis that also failed complex assembly induces SPC-mediated cleavage of
membrane proteins, | analysed Hrd1, another protein which was predicted by the computational
analysis to have an N-terminal cryptic cleavage site (see Fig.1B). Hrd1 is a six TMDs RING-
domain ER resident E3 ubiquitin ligase'’”, which assembles into different high molecular

complexes with functions in the ERAD pathway'’893179.100

. Full-length Hrd1 ectopically
expressed in HEK293T cells does not show any SPC-derived cleavage fragment (Fig. 9C).
However, a hrd1 mutant lacking the C-terminal portion shows a cleavage fragment, which
disappears in SPCS1 KO cells (Fig. 9C), suggesting SPC-mediated cleavage. This mutant was
previously reported to be defective in assembly with core components of the Hrd1 complex'®,
such as FAM8A1 and Herp. Thus, this observation, together with the data on iRhom2, confirm
that also failure in protein complex assembly may lead to SPC-mediated cleavage.

Conclusively, the data presented in this section provides evidence that SPC cryptic cleavage
sites can be exposed due to misfolding or absence of interaction partners, highlighting a role

for this noncanonical SPC-mediated cleavage in quality control of membrane proteins.

2.4 The SPC quality control function cooperates with the ERAD pathway

In the previous sections, | outlined the identification of a noncanonical cleavage by the SPC
linked to the quality control of membrane proteins. One fate that a protein can undergo when
misfolded or when failing to form native complexes is clearance by degradation pathways®,
such as the ERAD pathway in the ER*''8"'®2_ Since a few recent studies showed involvement
of the ER resident proteases RHBDL4 and SPP in such pathway''®'1%114.166.117 " | g5yght to

investigate if this noncanonical function of the SPC synergizes with ERAD as well.
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Figure 10. The SPC cooperates with Hrd1 to degrade membrane proteins. A. Co-immunoprecipitation
analysis of ectopically expressed FLAG-tagged Hrd1 and endogenous SPC subunits (SPCS1 and SEC11A) in
HEK293T wt. SEL1L and Climp63 were used as positive and negative control, respectively. B. Co-
immunoprecipitation analysis of ectopically expressed FLAG-tagged gp78 and endogenous SPC subunits (SPCS1
and SEC11A) in HEK293T wt. VCP/p97 and Climp63 were used as positive and negative control, respectively. C.
Co-immunoprecipitation analysis of the endogenous SPC subunit SPCS1 and endogenous components of the
Hrd1 complex (Hrd1 and FAM8A1) in HEK293T wt. Other subunits of the SPC (SPCS2 and SEC11A) were used
as positive controls and Climp63 as negative control. D. Immunoblot analysis of FLAG-tagged Cx32°%°'%
ectopically expressed in HEK293T wt (Ctrl) or Hrd1 KO cells'"” treated with CHX and MG132 as indicated. Actin
was used as loading control. E. Quantification of residual Cx32°%°' relative to t=0 (n=3, grey scale dots represent

different replicates; mean + s.e.m.).
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Figure 11. The SPC cooperates with ERAD to cleave and degrade membrane proteins. A. Top,
autoradiograph of immunoprecipitated FLAG-tagged Cx32°°'" labelled with *S-cys/met mix for 10 min and
chased for the indicated times. The VCP/p97 inhibitor was used where indicated. Full and empty arrowhead
represents full-length and processed Cx32. Bottom, quantification of Cx32°20"R species relative to t=0 (n=3; mean
+ s.e.m.). B. Top, immunoblot analysis of FLAG-tagged Cx32°%01R ectopically expressed in HEK293T wt cells
treated with CHX, epoxomicin and cavinafungin as indicated. Actin was used as loading control. Bottom,
quantification of percentage of full-length Cx32°%"® relative to t=0 (n=4; coloured dots represents different
1-251

replicates; mean + s.e.m.; * P<0.05; paired t test). Top, immunoblot analysis of FLAG-tagged Hrd1
expressed in HEK293T wt (Ctrl) or SPCS1 KO cells treated with CHX and MG132 as indicated. Actin was used

ectopically

1-251

as loading control. Bottom, quantification of residual Hrd1 relative to t=0 (n=3; mean = s.e.m.). C. Top,

immunoblot analysis of FLAG-tagged Hrd1'%' ectopically expressed in HEK293T wt (Ctrl) or SPCS1 KO cells
treated with CHX and MG 132 as indicated. Actin was used as loading control. Bottom, quantification of residual

Hrd1'?* relative to t=0 (n=3; mean + s.e.m.).

Essential players in the ERAD pathway are E3 ubiquitin ligases'®®'®*. A previous study
analysing the interaction map of several E3 ligases reported a putative interaction of Hrd1 with
components of the SPC?. In light of the work presented so far, this putative interaction may
acquire physiological relevance. To validate this interaction, | initially ectopically expressed
FLAG-tagged Hrd1 in HEK293T cells and performed co-immunoprecipitation analysis. Indeed,
Hrd1 shows physical interaction with the SPC subunits SPCS1 and SEC11A (Fig. 10A). On the
contrary, FLAG-tagged gp78, the other major ERAD-linked ER-resident E3 ubiquitin ligase,
does not show significant interaction with the SPC subunits (Fig. 10B), suggesting that the
interaction observed is specific to Hrd1 and not a general artefact of ectopic expression. To
confirm this finding further, | executed co-immunoprecipitation analysis on endogenous SPC
and Hrd1 complex components. By pulling down endogenous SPCS1, endogenous Hrd1 and
another component of the complex (FAM8A1) co-precipitate (Fig. 10C), highlighting the
interaction between the SPC and the Hrd1 complex. To start addressing the functional role of
this interaction, | performed cycloheximide chase analysis of Cx32°%°'? in Hrd1 KO cells'"”.
Compared to wt cells, where the SPC-derived Cx32°%°'® fragment is reduced by 50% in a 4-
hour time frame, in Hrd1 KO cells the fragment is completely stable (Fig. 10D-E). This already
hinted towards the fact that the SPC cooperates with the ERAD component Hrd1 to degrade

misfolded membrane proteins. With the aim to further investigate the possible link between the
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SPC and ERAD, | carried out radioactive pulse-chase analyses to address the kinetics of

2C201 R

cleavage and degradation of Cx3 upon inhibition of the ERAD pathways via prevention

of membrane dislocation by chemical inhibition of the AAA-ATPase VCP/p97'®°.

20201 R

Over time, full-length Cx3 should theoretically decrease possibly due to degradation

and/or processing by the SPC, while SPC-derived Cx32°%°'? fragment should increase due to

20201 R

processing of full-length Cx3 and decrease at the same time due to degradation. In

vehicle control (DMSO) treated cells, the SPC-derived Cx32°%°'® fragment signal only slightly
increases, while full-length Cx32°%°'R

overtime (Fig. 11A). In contrast, in cells treated with the VCP/p97 inhibitor (CB-5083), the total

signal, as well as the total protein signal, decreases

20201 R

protein signal is completely stable and the full-length Cx3 signal still decreases, while a

clear accumulation of the SPC-derived Cx32°?°'F fragment signal can be observed (Fig. 11A).
The reason why Cx32°?°'? fragment signal does not increase in DMSO samples compared to
the treated ones has to be ascribed to degradation. Additionally, the fact that full-length
Cx32°%'R signal still decreases in CB-5083 treated samples indicates that processing by the
SPC is the major player for the observed decreased. This experiment suggests that processing

by the SPC is a prerequisite for ERAD-mediated degradation of mutant membrane proteins.

To further validate this conclusion, | performed Cycloheximide chase analysis on Cx32¢%°'R

upon blockage of SPC processing, by its inhibitor cavinfungin, and assessed the degradation

of the full-length protein because the SPC-derived fragment already present at steady state is

20201 R

not affected by the cavinafungin treatment. After 4 hours, full-length Cx3 is barely

detected due to processing and degradation (Fig. 11B). Upon proteasome inhibition with

20201 R

epoxomicin, full-length Cx3 is only partially stabilized (Fig. 11B), due to the SPC activity

which is still cleaving it. Similarly, upon SPC inhibition with cavinafungin, full-length Cx32°2°'R

is, again, only partially stabilized (Fig. 11B), suggesting that there might be another pathway
which plays a role in the degradation of Cx32°%°'R. Indeed, upon treatment with both inhibitors

20201 R

together, full-length Cx3 is fully stabilized (Fig. 11B), showing an additive effect indicating

the involvement of another ERAD pathway, together with the SPC. Of note, Hrd1'?*’

, another
noncanonical SPC substrate (see Fig. 9C), shows SPCS1-dependent degradation (Fig. 11C),
further highlighting the cooperation of the SPC quality control function and ERAD. Taken

together, these results demonstrate that the newly uncovered quality control function of the
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SPC indeed cooperates with ERAD to degrade faulty membrane proteins, rendering the SPC-
mediated proteolysis an option to mark proteins for degradation via the ERAD pathway.
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Figure 12. The SPC helps cells during ER stress and recovery. A. Quantification of the levels of the indicated
mRNAs extracted from HEK293T cells upon ER stress induction with CPA. Levels were normalized to vehicle
control samples and to actin mRNA (n=3; mean + s.e.m.; * P<0.05; ** P<0.01; paired t test). B. Inmunoblot analysis
of endogenous SPC subunits (SPCS1 and SEC11A) in HEK293T wt upon ER stress induction by CPA. BiP was
used as control for ER stress induction. Actin was used as loading control. C. Quantification of SPCS1 (n=8),
SEC11A (n=3) and BiP (n=4) amount relative to mock. (mean + s.e.m.; ** P<0.01; paired t test). D. Growth curves
of HEK293T wt (Ctrl) and SPCS1 KO cells treated with vehicle control DMSO (n=9; mean + s.e.m.) or two different
CPA concentrations to induce ER stress (25 uM; mean + s.e.m; n=9 or 50 uM; mean = s.e.m; n=6). E. Left,
immunoblot analysis of endogenous Hrd1 HEK293T wt (Ctrl), SPCS1 KO and SPCS1 KO cells with exogenous
expression of SPCS1 before (mock) and after ER stress induction by CPA and after recovery post-ER stress upon
wash-out of CPA. Bip was used as control for ER stress induction. Actin was used as loading control. Right,
quantification of Hrd1 amount relative to mock (n=4; grey scale dots represent different replicates; mean + s.e.m ;
* P<0.05; ** P<0.01; paired t test).

2.5 SPC-mediated ERAD is beneficial for coping with ER stress

Thus far, the presented data clearly shows that noncanonical SPC cleavage plays an important
role in membrane protein quality (folding and assembly) control. Furthermore, the
computational analyses (see Fig. 1B-C and 4A-B) and the validation of several noncanonical
substrates (Cx32, Cx26, Cx30.3, PMP22, Hrd1 and iRhom?2)' indicate that this phenomenon is
very likely widespread. Hence, | hypothesized that proteolysis of membrane proteins by the
SPC might be relevant for cell adaptation and resistance toward protein folding stress in the
ER. Factors such as chaperones and ERAD components, that are important for cell response
to ER stress (i.e. unfolded protein response UPR) are normally upregulated when needed, even
if general translation and ER import drop”®. Therefore, | initially assessed if the SPC subunits
were upregulated in response to ER stress induction. Consistently with previous studies
overexpressing the unfolded protein response transcription factors ATF6a and XBP1(S) in NIH-
3T3 cells'®*'®” mRNA levels of the regulatory subunit SPCS1 and the catalytic subunit SEC11A
are slightly but significantly upregulated upon induction of ER stress with cyclopiazonic acid
(CPA)'® a reversible inhibitor of the sarcoplasmic reticulum/ER calcium ATPase'®(Fig. 12A).
The same effect upon ER stress induction was reflected at the protein level for SPCS1 and BiP
but, interestingly, not for SEC11A (Fig.12 B-C), suggesting that the novel quality control function

of the SPC helps cells to cope with ER stress. To corroborate this idea, | monitored cell growth
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under CPA-induced ER stress. Indeed, SPCS1 KO cells grew significantly worse under stress
conditions compared to wt cells (Fig. 12D). This highlights a role for SPCS1 and the SPC in
protein homeostasis under conditions of protein folding stress. It should be also noted that, in
SPCS1 KO cells no reduction of the cleavage of classical signal sequences of ER-resident’
and secreted proteins (see Fig. 6F) had been observed, suggesting that the growth defect
displayed under ER stress conditions is primarily due to the lack of the quality control function
of the SPC and not to its classical function in processing ER-targeted proteins.

In addition to upregulated transcription of UPR target genes, re-establishment of normal protein
levels of ER chaperones and the ERAD machinery once ER stress ceases is also key for
restoring cell homeostasis'®. Hence, | sought to address whether SPCS1 plays a role in
recovery after ER stress by triggering turnover of proteins upregulated during the stress phase.
A previous study reported that ER chaperones, but not ERAD factors, are cleared to restore
steady state levels post-ER stress via an autophagic pathway using Sec62, a component of the
translocon, as autophagy receptor'®®. Consequently, | decided to test whether SPCS1 is
involved in clearance of ERAD factors during the recovery phase. Having already identified an
ERAD player as noncanonical substrate of the SPC (see Fig. 9C and 11C), | focused on Hrd1.
Interestingly, while Hrd1 levels, upregulated upon ER stress, returns to pre-stress levels in wt
HEK293T cells, Hrd1 levels remains elevated in SPCS1 KO cells (Fig. 12E). Of note, this can
be reversed by SPCS1 expression in SPCS1 KO cells (Fig. 12E). Together, these results
suggest a role of noncanonical SPC cleavage in ER stress adaptation by tuning the amount of
the ERAD E3 ligase Hrd1.

Conclusively, the data presented so far reveals that the human SPC does not process only ER-
targeted proteins but also multipass membrane proteins without containing a signal sequence.
This unravel a novel important function of the SPC in membrane protein quality control and ER
protein homeostasis and identifies the previously ill-defined accessory subunit SPCS1 as a key

mediator of this unprecedented quality control function.
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2.6 Putative novel role of the SPC beyond protein quality control

Having unravelled that the SPC plays an important role in tuning the level of the E3 ubiquitin
ligase Hrd1, | set out to investigate if there might be a more general role of the SPC in controlling
protein abundance. Based on the computational analyses performed (see Fig. 1B-C and 4A-
B), | identified ~1500 membrane proteins which potentially contain at least one cryptic SPC
cleavage sites (~80% after internal TMDs), accounting for ~18% of the whole human membrane
proteome'®'. This indicates that cryptic cleavage sites are widespread and likely not all are
used for the quality control function of the SPC. To validate other noncanonical substrates with
the aim to uncover other putative roles of the SPC, | initially performed an enrichment analysis
of protein classes on the list of proteins containing internal cryptic cleavage sites (Fig. 13A).
Additionally, with the idea to find out cellular processes in which the SPC may play a role, |
performed label-free mass spectrometry analysis of the interactome of SPCS1 (Fig. 13B). To
assess specific SPCS1 interactors, | compared pull-down fractions of wt HEK293T and SPCSH1
KO cells. Importantly, the identification of the other SPC subunits (SEC11A, SPCS2 and
SPCS3) amongst the most enriched proteins confirmed the technical quality of the experiment
(Fig. 13B). Another identified interactor is SSR3 (Fig. 13B), the gamma subunit of the translocon
associated protein (TRAP) complex, important for initiation of protein translocation*®'2. Due to
its role, the interaction with SSR3 is most likely relevant for the canonical function of the SPC.
Interestingly, other two putative interactors were identified in the analysis: CNIH4, a protein
involved in trafficking of G-protein coupled receptors (GPCRs)'®®, and SLC38A2, a sodium-

coupled neutral amino acid transporter'®*

. Of note, interactors relevant for the quality control
function of the SPC, e.g. Hrd1 and FAM8A1 (see Fig. 10C), have not been identified in this
interactome analysis, suggesting that their interaction with the SPC may become particularly
prominent in presence of folding stress. In light of the GPCRs and amino acid transporters
protein classes being identified in the enrichment analysis (Fig. 13A), CNIH4 and SLC38A2
may be relevant hits. | therefore decided to perform a first analysis on the amino acid transporter
SLC38A2. SLC38A2 is localized at the plasma membrane and contains three glycosylation
sites (Fig. 13C). When ectopically expressed in HEK293T cells, it runs in different forms on
SDS-PAGE. By means of a glycosylation analysis using EndoH and PNGaseF, enzymes that

can respectively digest simple glycans formed in the ER or complex glycans formed in the
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Golgi, | assigned the 55 kDa form to the immature ER-localized form and the 70-100 kDa forms

to the mature, fully glycosylated forms (Fig. 13D).
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Figure 13. Possible role of the SPC in controlling protein abundance. A. Fold enrichment analysis of protein

classes in the list of protein containing putative SPC cryptic cleavage sites after internal TMDs, performed by using
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Gene Ontology Resource'®'™"**. B. Volcano plot displaying SPCS1 interactome analysed via label-free mass
spectrometry. Interesting hits discussed here are highlighted in different colours. C. Schematic representation of
the amino acid transporter SLC38A2. Predicted SPC cleavage sites and glycosylation sites are indicated. D.
Immunoblot analysis of the glycosylated forms of FLAG-tagged SLC38A2 ectopically expressed in HEK293T cells.
E. Immunoblot analysis of FLAG-tagged SLC38A2 ectopically expressed in HEK293T wt (Ctrl) or SPCS1 KO
cells. Actin was used as loading control. F. Quantification of SLC38A2 amount relative to Ctrl cells (n=4; coloured

dots represent different replicates; mean + s.e.m.; * P<0.05; paired t test).

Surprisingly, despite not being able to observe any SPC-dependent fragment (data not shown),
| observe a significant increase in SLC38A2 protein steady-state levels in SPCS1 KO cells (Fig.

13E-F), suggesting a possible role of the SPC in controlling its abundance.
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3. Discussion

The SPC has been known since the 1970s to uniquely cleave off signal sequences from ER-
targeted and secretory proteins. However, very recently, it has been reported that it can also
help the maturation process of viral polyproteins by cleaving at several sites'"'%%1%°
suggesting that other functions of this complex may have been overlooked for years.

In this thesis, | identified and characterised a previously unknown function of the SPC as a
quality control enzyme. This yet uncharacterized activity of the SPC not only facilitates the
degradation of misfolded membrane proteins but also controls the physiological level of
functional proteins and mitigates ER stress responses in the resolution phase, increasing
cellular fitness. First, in collaboration with Dr. Gurdeep Singh, | identified approximately 1500
membrane proteins containing putative cryptic cleavage sites for the SPC. | subsequently
validated proteins of the connexin family (Cx32, Cx26 and Cx30.3), iRhom2 and Hrd1 as
noncanonical SPC substrates, which are cleaved at cryptic cleavage sites when misfolded or
when failing to assemble in complexes correctly. | then showed that this SPC cleavage
facilitates clearance of the cleaved proteins by synergistically working with the ERAD pathway.
Moreover, | uncovered that the accessory subunit SPCS1 is essential for this novel function.
Together, these findings highlight the importance and essentiality of the SPC in general cellular
functions and raise two important questions: (i) how are non-canonical substrates selected by
the SPC, and (ii) how are membrane proteins protected from unwanted SPC cleavage in the

process of folding and complex assembly.

3.1 The SPCS1 subunit as a recruitment factor for noncanonical substrates

In this thesis, | presented the SPCS1 subunit as the key subunit for the quality control function
of the SPC. Based on the human SPC structure®, the catalytic core of the complex is formed
by SEC11A/C and SPCS3 and this is supported by the fact that both homologues in yeast are
essential for signal peptidase activity and cell survival'®'~"**. In contrast, the yeast homologues
of the SPC accessory subunits SPCS1 and SPCS2 are not essential for signal peptidase

activity'®. This suggested that these accessory subunits must have distinct functions. However,
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systematic analyses to identify their roles have only been partially performed in yeast'®

, Where
the SPCS2 homologue is reported to interact with the translocon'® and, therefore, is possibly
important for the canonical function of the SPC in cleaving signal sequences from translocating
nascent chains. Conversely, the SPCS1 homologue is only reported to be not essential'® and,
if anything, its absence leads to increased signal sequence processing’*.

Here, | finally uncover a functional role for the SPCS1 subunit. Based on the data provided, |
propose that SPCS1 functions as a recruitment factor for noncanonical substrates, i.e.
membrane proteins, helping the SPC in distinguishing them from its canonical substrates
containing signal sequences (Fig. 14A).

The selectivity of proteases is commonly achieved by the specific recognition of the primary
sequence surrounding the scissile peptide bond. Indeed, to bind to the SPC active site, ER-
targeting signal peptides commonly present small and uncharged amino acid residues at the -
1 and -3 positions and are devoid of prolines'”*. However, this feature is also shared by the
TMDs containing cryptic SPC cleavage sites identified in this study (Fig. 5A). Thus, it was clear
that there must be additional crucial determinants for SPC specificity towards signal sequences
or TMDs, such as the conformation and position of the cleavage site region with respect to the
membrane.

Recent cryo-EM structure of the SPC combined with molecular dynamics simulation showed
that the SPC causes a local thinning of the ER membrane®’. While this membrane thinning
helps recruit only short hydrophobic regions of cleavable signal peptides, it blocks longer TMDs
from entering the SPC catalytic core, hinting towards a secondary mechanism for the
recognition of TMDs containing cryptic cleavage sites by the SPC. In this work, | could show
that the SPCS1 subunit supports noncanonical substrate processing by the SPC by possibly
binding to the TMDs containing cryptic cleavage sites when these are exposed. Therefore, |
propose that SPCS1 might serve as a substrate-binding site outside the SPC active site
(exosite) which may help to recruit type ll-oriented TM segments independent of the membrane-

thinned region.
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Figure 14. Model of the SPC noncanonical substrates cleavage. A. Schematic of canonical signal peptides
processed by the SPC during the translocation process (left) and schematic of non-canonical substrates,
containing cryptic cleavage sites, processed by the SPC posttranslocationally. Non-canonical cleavage depends
on SPCS1, which serve in the recognition process via an exosite. Cleaved substrates are prone to ERAD involving
Hrd1. B. Schematic of how cryptic cleavage sites are protected from unwanted SPC processing. During the
translocation process, when the site can be exposed and accessible, cleavage may be prevented by soluble or
TM chaperones. Compact folding and complex assembly also maintain the cryptic cleavage site buried and

inaccessible by the SPC.

-44 -



Interestingly, in contrast to what | observed for noncanonical SPC substrates, deletion of the
SPCS1 homologue in yeast enhances classical signal peptide cleavage of soluble proteins'*,
suggesting that SPCS1 might have opposing roles in canonical versus noncanonical SPC-
mediated cleavage. Consistent with this, | observed increased prolactin secretion in cells
depleted of SPCS1 (Fig. 6F). This strongly suggests that SPCS1 is, thus, the determinant
subunit in the selection of canonical versus noncanonical SPC substrates (Fig. 14A).
Although | also identified crucial SPCS1 residues for this function in the TMD2 (Fig. 7), the
exact molecular mechanism leading to the cleavage by the catalytic subunit remains unclear.
Therefore, | propose that even though the interaction between SPCS1 and a substrate TMD is
relatively non-specific and is predicted to have a low affinity, additional recognition of the
cleavage site region adjacent to the TMD by the SPC active site might bypass the
accommodation into the thinned region of the ER membrane, allowing processing of
noncanonical substrates (Fig. 14A).
The relevance of the other subunits in the SPC noncanonical function still needs to be
determined. Removal of each subunit independently causes destabilisation of the complex’.
Despite this, SEC11A knockdown does not affect cleavage of the noncanonical substrate Cx32,
whereas SPCS1, SPCS2 and SPCS3 affect it to various extents'. This surprising effect of
SEC11A depletion might be explained by the upregulation of the orthologue catalytic subunit
SEC11C. These two subunits coexist in mammalian cells and form orthologous complexes*’,
thereby allowing for speculation of redundancy. However, detection of SEC11C in different cell
lines containing normal levels of SEC11A has failed*’, suggesting that this subunit might be
used as a backup, at least in the type of cells analysed. Indeed, inhibition of the SEC11A subunit
with cavinafungin, which is in theory also able to bind to SEC11C'*, results in a complete block
of noncanonical cleavage (Fig. 2B). Nevertheless, to fully characterise the impact of each
subunit, systematic analysis of canonical versus noncanonical substrates in
knockdown/knockout conditions would be required.
Recently, a large-scale meta-analysis on RNA data from Alzheimer’s disease patients revealed
SPCS1 to be one of the only three genes whose expression is significantly downregulated in
all patients and all analysed regions of the brain'®®. Additionally, despite being non-essential in
yeast, the only other study at the organismal level performed in Drosophila reported SPCS1
deletion to be embryonic lethal (Haase Gilbert et al., 2013), highlighting the importance of this
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subunit in higher eukaryotes. My discovery now provides a rationale for these important findings
since it presents SPCS1 as a critical factor for the membrane protein quality function of the
SPC. The importance of the SPCS1 subunit is also corroborated by the growth defect |
observed in cells lacking SPCS1 under ER stress conditions (Fig. 12D). Moreover, SPCS1
seems to be necessary also for restoring Hrd1 levels in the recovery phase post ER stress (Fig.
12E). Restoring physiological levels of chaperones and ERAD factors once stress subsides is
crucial. A recent study discovered the function of the translocon component Sec62 as an
autophagic receptor for clearance of chaperones, but not of ERAD factors, in the recovery
phase post ER stress'®. My data provide a starting point that may indicate an SPCS1-linked
pathway to clear ERAD factors, such as Hrd1, in the recovery phase post ER stress. Further
analyses extended towards a broad range of ERAD factors upregulated upon ER stress may
confirm the hypothesis of the SPCS1-dependent SPC-mediated cleavage of ERAD factors or
the attractive speculation of SPCS1 function as an autophagic receptor, in parallel to Sec62, to
facilitate removal of ERAD factors once ER stress subsided.

All'in all, the abovementioned findings in Alzheimer’s disease patients, in Drosophila and those
reported in this thesis might suggest that the newly identified quality control function of the SPC,
guided by the SPCS1 subunit, is highly relevant for the general protein homeostasis of cells
during stress conditions (e.g. ER stress or aging) and that is conserved in higher eukaryotes.
Studies in different organisms, such as mice or C.elegans, might provide future evidence for

this speculation.

3.2 Mechanisms to prevent unregulated SPC cleavage of membrane
proteins

The second important question emerging from this thesis is how membrane protein folding and
complex assembly intermediates are protected from unwanted SPC cleavage. In contrast to
the cleavage of signal peptides from translocating nascent chains, which occurs early when the
cleavage site region enters the ER lumen, my data show that cleavage of noncanonical TMDs
occurs posttranslocationally, when the protein is already inserted into the membrane and
folded. Consequently, the folding state surrounding the cryptic cleavage site might be sampled,

as only accessible protein regions that are capable of entering and binding the SPC active site
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in an extended confirmation can get cleaved (Fig. 14A). Indeed, my work suggests that once
correctly folded, potential SPC cleavage sites may be shielded. Likewise, assembly into higher-

order complexes can shield cryptic cleavage sites (Fig. 14B). Recent work has revealed a large

42, 2,197
C 53 5 9’

number of membrane-integral chaperones, including the EM and the PAT complex
which are all in close proximity to the Sec61 translocon. Together with soluble ER-resident
chaperones like BiP'®® and ERdj3'®° that also interact with the growing nascent polypeptide
chains, these factors might protect folding and complex assembly intermediates of membrane
proteins from unwanted SPC cleavage (Fig. 14B). Of note, for one of the noncanonical SPC
substrates | investigated, chaperone interaction analyses are available: Cx32 interacts with BiP,
ERdj3, CNX and the EMC®*, substantiating these ideas. Another possibility is that the SPC
exists in different assembly states with specialised functions, as recent proteomic profiling of
detergent-solubilised SPC failed to recover stoichiometric binding of all four subunits*®. This
suggests that the SPC may require at least the catalytic core (SEC11A/C and SPCS3) and
assemble the accessory subunits SPCS1 and SPCS2 when needed for distinct functions.
Nevertheless, this remains highly speculative until the physiological composition of
endogenous SPC complexes is analysed in different conditions, e.g. high secretion demand or
folding stress.

Overall, post-translocational processing by the SPC shows striking parallels to N-linked
glycosylation. While STT3A is associated with the Sec61 translocon and glycosylates only
nascent polypeptide chains*, in a slower process, that is also linked to the recognition of

D200

misfolded proteins for ERA , its paralogue STT3B recognizes glycosylation signals

(sequons) that were missed co-translocationally®®’.

In general, it appears that the surroundings of the translocation machinery for membrane
proteins grant a protected environment during membrane protein biogenesis*®**°2, On the
contrary, when the protein is fully inserted and folded into the membrane in the native
conformation, quality control mechanisms have more freedom to take place®®. In line with these
ideas, my thesis reveals another previously unanticipated post-translocational quality control
function for the SPC as a major player in the ER protein biogenesis and quality control

machinery.
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3.3 The SPC as a quality control factor

As a degradation signal in the ERAD pathway, similar to the ubiquitin code, cryptic SPC
cleavage sites might have been selected during evolution as predetermined breaking points
that, if accessible, irreversibly mark misfolded or misassembled proteins for degradation.
Membrane-embedded ERAD substrates are generally ubiquitinated as a signal for the AAA-
ATPase p97/VCP to extract these proteins for proteasomal degradation”*??, In this thesis, |
show that the SPC interacts with the E3 ubiquitin ligase Hrd1 to facilitate ERAD-mediated
degradation (Fig.10-11). Notably, | have not performed any analysis on the ubiquitination state
of the noncanonical substrates, even though the p97- and Hrd1-dependent degradation of the
cleaved substrates might suggest that ubiquitination is occurring. Since the Hrd1 complex has
been shown to act also as a retrotranslocation machinery by creating a channel in the
membrane'%'%1% | speculate that the role of Hrd1 in the clearance of noncanonical SPC
substrates might be twofold, involving both ubiquitination and retrotranslocation of substrates.
Other known proteases that synergize with the ERAD machinery in a similar manner are the
rhomboid intramembrane protease RHBDL4''® and SPP''*''®. Furthermore, the membrane-
embedded metalloprotease ZMPSTE24 (Ste24 in yeast) cleaves proteins stuck in the
membrane plane during ER protein import, thereby clearing clogged Sec61 translocons®®.
While these proteases all have their active site in the plane of the membrane, my work reveals
that, as for its canonical function, SPC cleaves membrane proteins for quality control purposes
adjacent to the lipid bilayer on the lumen side of the ER. In agreement with a generally different
cleavage site localization, | report that both SPP and RHBDL4 are not able to cleave the
noncanonical SPC substrate Cx32 (Fig. 3), indicating that these ER proteases have a
complementary substrate spectrum to the SPC to allow for a comprehensive action on the
diverse membrane proteome.

Whereas previous studies had only investigated individual cases of SPC-catalysed cleavage of
TMDs'°82%°297 gnd standard prediction algorithms had been created to negatively select

against these examples'*7298:209

, my proteome-wide computational analyses and experimental
validation in SPCS1 KO cells show that the quality control function of the SPC is widespread.
In several cases, it affects mutant membrane proteins associated with human diseases

including neuropathies. Importantly, | reveal that the SPC-catalysed cleavage and downstream
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handling of cleavage products by the ERAD machinery are linked to the folding state of the
membrane protein substrates. Together, these findings significantly extend our understanding

of cellular SPC functions beyond signal peptide cleavage and membrane protein homeostasis.

3.4 Future perspectives

In this thesis, | uncover a novel function of the SPC as a quality control factor for membrane
proteins. To fully understand this new mechanism, a few aspects still need to be investigated.
To mechanistically address substrate’s engagement with the SPC through SPCS1, structural
analyses would be required. Additionally, the interaction with noncanonical substrates could be
investigated by employing co-immunoprecipitation analyses using the SPCS1 mutants
generated in this work, in order to further corroborate the relevance of the amino acids patch in
the TMD2 of SPCS1 in substrates engagement (Fig. 7). Moreover, the link with the ERAD
pathway would also benefit from further investigation. Besides the specific interaction of the
SPC with the Hrd1 complex (Fig. 10A-C) and the requirement of Hrd1 in the clearance of
cleaved noncanonical substrates (Fig.10D-E), there might be other factors interacting with the
SPC involved in this branch of the ERAD pathway. To investigate this possibility, a pull-down
experiment followed by mass spectrometry similar to the one already carried out (Fig. 13B)
could be performed in conditions of folding stress to possibly enhance transient interactions
that might occur only under specific conditions. | also show that SPC cleavage is, partially, a
prerequisite for substrate degradation (Fig. 11A-B). Nevertheless, radioactive pulse-chase
analyses in the presence of the SPC inhibitor cavinafungin might be beneficial to better
understand the kinetics of the process and to conclusively corroborate this hypothesis.

Overall, the findings presented in this work expand the substrate’s range of a well-known and
crucial protease for cellular homeostasis and open various future research directions. Taken
together, the fitness advantage of SPCS1 KO cells under ER stress conditions, the key role of
SPCSH1 in the quality control of membrane proteins and the recent study reporting SPCS1 to
be one of the only genes downregulated in Alzheimer’s disease brains'® lead to the exciting
speculation that SPCS1 might be a key factor in the aging process by helping to maintain a
healthy proteome?®'®2'2. To validate this hypothesis, studies at the organismal level with model

systems commonly used for aging-related analyses (e.g. C.elegans or mice) would be critical.
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Another interesting direction would be to investigate the SPC putative function in controlling
protein abundance. In line with this idea, | observed an SPCS1-dependent control of Hrd1
protein levels during the recovery phase post-ER stress (Fig. 12E). Moreover, the
computational analysis shows the enrichment of amino acids transporters in the list of proteins
containing cryptic SPC cleavage sites (Fig. 13A) and | report SLC38A2 to interact with SPCS1
and to be more abundant in the absence of SPCS1 (Fig. 13B-F). This might have implications
in cell metabolism. However, further studies would be required to address this intriguing
hypothesis.

All in all, this thesis revealed a novel function of the SPC in the quality control of membrane
proteins, consequently expanding the knowledge on the cellular functions of this essential ER-
resident protease and setting the basis for new research lines to identify new links between this

enzyme and neurodegeneration, aging and cancer.
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4. Materials and Methods

4.1 Materials

Antibodies

Rabbit polyclonal anti-Connexin-32

Proteintech

Cat#10450-1-AP

Mouse monoclonal anti-FLAG (M2) Sigma Cat#F1804

Rabbit polyclonal anti-SPCS1 Proteintech Cat#11847-1-AP
Mouse monoclonal anti-B-actin Sigma Cat#A1978

Rabbit polyclonal anti-SEC11A Proteintech Cat#14753-1-AP

Rabbit polyclonal anti-SEL1L Sigma Cat#S3699

Mouse monoclonal anti-Climp63 Enzo Cat#ENZ-ABS669-0100

Rabbit polyclonal anti-Hrd1

Bethyl Laboratories

Cat#A302-945A

Mouse monoclonal anti-Hrd1

Proteintech

Cat#67488-1-Ig

Rabbit polyclonal anti-FAM8A1

Proteintech

Ca#t24746-1-AP

Rabbit polyclonal anti-Bip Abcam Cat#Ab21685
Mouse monoclonal anti-HA Biolegend Cat#901502
Rabbit polyclonal anti-p97 Gift from Bernard N/A

Dobberstein
Donkey anti-mouse Dianova 711-035-153
Donkey anti-rabbit Dianova 715-035-150

Table 1. List of antibodies used.

Chemicals
EasyTag™ EXPRESS®*S Protein PerkinElmer NEG772007MC
Labeling Mix
Triton X-100 (10%) Calbiochem Cat#648463-50ML
CHAPS AppliChem Cat#A1099,0025
Digitonin AppliChem Cat#A1905,0005
Cycloheximide (CHX) AppliChem Cat#A0879,0005
DMSO AppliChem Cat#A3672,0050
CB-5083 APEXBIO Cat#B6032
MG-132 Calbiochem Cat#474790-5MG
epoxomicin Calbiochem Cat#324800
EndoH NEB Cat#P0703
PNGaseF NEB Cat#P0704
DTT AppliChem Cat#A1101-5G
CPA Sigma Cat#C1530-5MG
Cavinafungin Gift from Martin

Spiess
(Z-LL)o-ketone Calbiochem Cat#421050
cOmplete™ Protease Inhibitor, EDTA- Roche Cat#11836170001

free
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Pierce Protein A/G Agarose beads Thermo Fisher Cat# 20421
Scientific

WesternBright™ ECL solution Biozym Cat#541005
Amersham ECL Prime Western Blotting Sigma Cat# GERPN2236
Detection

Table 2. List of chemicals used.
Cell lines
HEK293T Ctrl sg.95 Zhang et al.'"!
HEK293T SPCS1™ sg.80 Zhang et al.™*!
HEK293T Hrd1 KO Bock et al.'"’
HEK293T RHBDL4 KO Bock et al.'"’
HEK293T SPP KO Heidasch et al.'®’

Table 3. List of cell lines used.
Recombinant DNA
pcDNA3.1(+)-Cx32"'-FLAG Created by Feige Lab
pcDNA3.1(+)-Cx32°%°"R.FLAG Created by Feige Lab
pcDNAS.1(+)-Cx26-FLAG Created by Feige Lab
pcDNA3.1(+)-Cx267*?"-FLAG Created by Feige Lab
pcDNAS.1(+)-Cx30.3-FLAG Created by Feige Lab
pcDNA3.1(+)-Cx30.3""%"-FLAG Created by Feige Lab
pcDNA3.1(+)-SPCS1" This study
pcDNA3.1(+)-SPCS1W47A This study
pcDNA3.1(+)-SPCS1M5%A This study
pcDNA3.1(+)-SPCS17%84 This study
pcDNA3.1(+)-SPCS1-61A162A This study
pcDNA3.1(+)-SPCS1P¢%¢ This study
pcDNA3.1(+)-SPCS1Y67A This study
pcDNA3.1(+)-SPCS1Y7%A This study
pcDNA3.1(+)-SPCS1We7A Y704 This study
pcDNA3.1(+)-SPCS1R71AR72 This study
pcDNA3.1(+)-FLAG-Prolactin Fleig et al.'™®
pcDNAS.1(+)-Hrd1-FLAG This study
pcDNA3.1(+)-Hrd1'**'-FLAG This study
pcDNAS.1(+)-FLAG-gp78 Gift from Ivan Robert Navi
pEGFP-N1-iRhom2-FLAG This study
pEFGP-N1-iRhom2-HA This study
pcDNAS.1(+)-FLAG-TACE(minus) This study
pcDNA3.1(+)-PMP22"%R_FLAG This study

Table 4. List of plasmids used
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Oligonucleotides

RT-gPCR primer for SPCS1: forward CTGAACAGTTCGGGTGGACT

RT-gPCR primer for SPCS1: reverse AACCACTTGAGAGGATGCCG

RT-gPCR primer for SEC11A: forward ATGAACAAGCGGCAGCTCTA

RT-gPCR primer for SEC11A: reverse CCTTCCAGATCATTAGTGCCGA

RT-qPCR primer for B-actin: forward GCATTGCCGACAGGATGC

RT-qPCR primer for B-actin: reverse GCAATGATCTTGATCTTCATTGTGC

RT-gPCR primer for TBP: forward CCGGCTGTTTAACTTCGCTT

RT-gPCR primer for TBP: reverse ACGCCAAGAAACAGTGATGC

RT-gPCR primer for Bip: forward CCAACGCCAAGCAACCAAAG

RT-gPCR primer for Bip: reverse TGCCGTAGGCTCGTTGATG

Quick change primer for SPCS1"4"*: forward
GCTGAACAGTTCGGGGCGACTGTCTATATAGTT

Quick change primer for SPCS1 V*"A: reverse
AACTATATAGACAGTCGCCCCGAACTGTTCAGC

Quick change primer for SPCS1"°%*: forward
TTCGGGTGGACTGTCGCTATAGTTATGGCCGGA

Quick change primer for SPCS1%%: reverse
TCCGGCCATAACTATAGCGACAGTCCACCCGAA

Quick change primer for SPCS1"*3*: forward
ACTGTCTATATAGTTGCGGCCGGATTTGCTTTT

Quick change primer for SPCS1"5%*: reverse
AAAAGCAAATCCGGCCGCAACTATATAGACAGT

Quick change primer for SPCS17°%*: forward
ATGGCCGGATTTGCTGCTTCATGTTTGCTGACA

Quick change primer for SPCS17%: reverse
TGTCAGCAAACATGAAGCAGCAAATCCGGCCAT

Quick change primer for SPCS1-¢'A2A: forward
ITTGCTTTTTCATGTGCGGCGACACTTCCTCCATGG

Quick change primer for SPCS1-614624: rayerse
CCATGGAGGAAGTGTCGCCGCACATGAAAAAGCAAA

Quick change primer for SPCS17%°¢: forward
TGTTTGCTGACACTTGGTCCATGGCCCATCTAT

Quick change primer for SPCS17%°¢: reverse
ATAGATGGGCCATGGACCAAGTGTCAGCAAACA

Quick change primer for SPCS1"¢": forward
CTGACACTTCCTCCAGCGCCCATCTATCGCCGG

Quick change primer for SPCS1"¢": reverse
CCGGCGATAGATGGGCGCTGGAGGAAGTGTCAG

Quick change primer for SPCS1"7%*: forward
CCTCCATGGCCCATCGCTCGCCGGCATCCTCTC

Quick change primer for SPCS1"7%: reverse
GAGAGGATGCCGGCGAGCGATGGGCCATGGAGG

Quick change primer for SPCS1°7"AR72A: forward
CCATGGCCCATCTATGCCGCGCATCCTCTCAAGTGG
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Quick change primer for SPCS1°71AR72A: rayerse

CCACTTGAGAGGATGCGCGGCATAGATGGGCCATGG

Table 5. List of primers used for RT-qPCR and generation of SPCS1 mutants.

4.2 Methods

4.2.1 Cell culture

All HEK293T cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37°C, 5% CO. and splitting at the desired

dilution by means of trypsinitation.

4.2.2 Transfection of cultured cells

All HEK293T cells were transfected with polyethylenimine (PEI) following an adapted
protocol®'3. Cells were split 1:20 in 6-well plates from a 10-cm confluent dish and grown until
70-80% confluency. Based on the experiment, plasmid mixtures were prepared to a total
amount of 2 ug of DNA per well. 250 uL of DMEM supplemented with 1% Pen-Strep and 5 pL
of PEI was added to the plasmid mixture, vortexed and incubated for 5 min. Next, 750 uL of
DMEM supplemented with 5% FBS and 1% Pen-Strep were added to the mixture and incubated
for 10 min. The mixture was added onto the cells, which were then incubated for approximately
4 h at 37°C in 5% CO,. The medium was changed to DMEM supplemented with 10% FBS and
1% Pen-Strep and cells were grown overnight at 37°C, 5% CO,. Expression of transfected

constructs was analysed after 24 h.

4.2.3 Generation of SPCS1 mutant constructs

All mutants of SPCS1 were generated by site-directed mutagenesis following the protocol of

the QuickChange Site-Directed Mutagenesis kit (Stratagene) using the primers listed in Table5.
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4.2.4 Computational analyses of cryptic SPC cleavage sites

Initially, the analyses were performed by myself using two different version of the software:
SignalP3.0 and SignalP4.1'’. SignalP3.0, in contrast to SignalP4.1, does not recognise the
presence of a proper TMD in the sequence. A list of 5233 annotated membrane proteins was
downloaded from UniprotkB'*® and run on the online versions of the SignalP software,
obtaining s-, c-, y-scores as output. Next, few arbitrary thresholds were set: (i) SignalP3.0 > 0.5
and (ii) SignalP4.1 <0.6. Then, topology, localisation and presence of disease-linked mutations
were assessed manually.

To make the computational approach more robust and to expand it to the whole proteome,
these analyses were performed again together with Dr. Gurdeep Singh (Russel Lab, BioQuant,
Heidelberg). Briefly, a command-line version of the SignalP4.1 program'’ was used to predict
the SPC cryptic cleavage sites in the whole proteome. FASTA-formatted sequences of 70
amino acids were given to the program. The program relies on an internal algorithm to assign
the number of TM residues in the input sequence. If the number of TM residues (assigned to
the variable TMCount; set to 0 by default) is greater than a threshold (assigned to the variable
TM_TRESHOLD; set to 4 by default), the program runs the sequence in the TM network,
otherwise in the no-TM network. In order to force the program in either of the modes, the
SignalP4.1 program was modified to generate 2 different versions: SignalP-TM and SignalP-
noTM. For the SignalP-noTM, the TM_TRESHOLD was set to -1, so less than TMCount, and
therefore forces the program to run in the no-TM network mode. For the SignalP-TM, we set
the TM_TRESHOLD to 100, so greater than TMCount, forcing the program to run in the TM
network mode. The maximum value of TMCount cannot be more than 70. Any input sequence
more than 70 amino acids long is truncated after the 70™ amino acid by default by the program.
All protein sequences and their associated informations were retrieved from the UniProt/Swiss-
Prot'*® data set (release 2020_05). The start and end points of TM segments and signal
peptides were determined from the keyword (KW) and feature table (FT) annotations.

Two set of proteins sequences were created: (i) containing first N-terminal 70 aa sequences of
the whole proteome, (ii) containing 70 aa sequences from all membrane proteins starting from
the first aa of the TMD. The Y-scores of both sets were predicted using the SignalP-TM and

SignalP-noTM versions described above. A protein sequence was considered to have a non-
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canonical cryptic SPC cleavage site if (i) the Y-score in the SignalP-TM was less than 0.6, (ii)
more than 0.5 in SignalP-noTM, (iii) the TMD has a type-Il orientation and (iv) the protein was
localized along the secretory pathway.

Furthermore, mutational information were assigned to each peptide derived from the protein.
Missense mutations were downloaded from (a) UniProt'*® (pathogenic variants provided in
humsavar.txt.gz; version 2020_05), COSMIC™® (pathogenic variants, if reported in at least 3
samples, in CosmicMutantExport.ixt.gz; version 72), and ClinVAR'® (pathogenic variants
annotated as pathogenic/likely pathogenic in variant_summary.txt.gz; version November 2021).
The results from these analyses can be interactively visualised on the web application created

by Dr. Gurdeep Singh (https://russelllab.shinyapps.io/webAppSPC/).

4.2.5 Protein enrichment analysis
This analysis was performed on the list of hits from the computational analysis to identify cryptic

SPC cleavage sites (see section 4.2.4) using the Gene Ontology Resource PANTHER™®®,

4.2.6 Computational comparison between signal peptides and noncanonical SPC
substrates

These analyses were performed together with Dr. Gurdeep Singh (Russel Lab, BioQuant,
Heidelberg). Signal peptides or TMDs truncated at the predicted SPC cleavage site were used
for the analyses. Sequence logos were made by using the package logomaker'”®. Only
experimentally validated signal peptides, supported by at least one PubMed entry, were

considered in the analyses. AG prediction server (v1.0)?"

was used to predict the free energy
difference, AGapp, for membrane insertion. Sequences satisfying the Y-score thresholds (see
section 4.2.3) were considered hits. Lengths of both canonical (signal peptides) and non-

canonical SPC substrates were analysed.

4.2.7 Protein sample preparation

Cells transfected with the required constructs were washed once with ice-cold PBS. For
Connexins, PMP22 and Hrd1 samples, 300 pL of lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% TritonX-100, 0.5% sodium deoxycholate and 1x protease inhibitors cocktail (Roche))
were added to each well of 6-well plates and incubated for 15 min while shaking. Cells were
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collected by scraping into cold tubes and centrifuged at 15,000 x g at 4°C for 15 min. 180 pL of
the supernatant were mixed with 60 uL of 4x Laemmli sample buffer and incubated at 37°C for
30 min (Connexins) or 95°C for 5 min (PMP22) while shaking. Samples were run directly on
SDS-PAGE gels. For all the other proteins, 300 uL of 1x Laemmli sample buffer were added

directly in the wells. Cells lysates were then incubated at 65°C for 15 min.

4.2.8 Radioactive pulse-chase analyses
Cells were rinsed once with PBS and starved for 1 h at 37°C, 5% CO, in DMEM without

methionine and cysteine supplemented with 10% dialyzed FCS. 0.06 mCi of EasyTag™
EXPRESS®S Protein Labeling Mix containing *°S-L-cysteine and **S-L-methionine were added to
the medium of each well of a 6-well plate in order to label newly synthesized proteins for 2 min (Fig.
2C), 5 min (Fig. 6E) or 10 min (Fig. 8A and 11A). After labeling, cells were washed once with DMEM
supplemented with 10% FBS and 1% Pen/Strep and then incubated in the same medium with or
without different chemicals (DMSO, CB-5083 or DTT), where required for the experiments, at 37°C,
5% CO, until sample collection at different time points. At specific time points, cells were
washed once with PBS, collected by scraping in 1 mL PBS + 10 mM EDTA into 1.5 mL tubes
and centrifuged at 900 x g for 3 min at 4°C. The pellet obtained was then snap-frozen in liquid
nitrogen. Once all the samples from different time points were collected, cell pellets were re-
suspended by pipetting in 300 L of solubilization buffer (50 mM HEPES-KOH pH 7.4, 150 mM
NaCl, 2 mM MgOAc,, 10% glycerol, 1 mM EGTA) + 1% Triton X-100 + EDTA-free complete
Protease Inhibitor Cocktail (Roche) and incubated on ice for 30 min. Next, samples were
centrifuged at 14,000 x g for 15 min at 4°C, supernatants were collected into 1.5 mL tubes with
10 uL of Protein G beads for preclearing and incubated for 2 h rotating overhead at 4°C.
Following beads precipitation at 1,500 x g for 2 min at 4°C, supernatants were collected into
new 1.5 mL tubes and 1 yL of anti-FLAG antibody was added. Samples were incubated
overnight rotating overhead at 4°C. The next day, 20 pL of Protein G beads were added and
the samples were incubated rotating overhead for additional 2h at 4°C. Beads were then
washed three times in solubilisation buffer + 0.1% Triton X-100 by centrifugation at 1500 x g for
2 min at 4°C. 25 uL of 2x Laemmli Buffer were added and the beads were incubated for 30 min
at 37°C while shaking. Samples were run on a SDS-PAGE gel. The gel was then fixed by
incubation with Fix-Mix solution (10% acetic acid, 40% Methanol, 0.4 % glycerol) for 30 min
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while shaking and dried on Whatman paper for 50 min at 70°C. Labelled proteins were

visualized by a FLA-7000 phosphorimager (Fuiji).

4.2.9 Analysis of prolactin secretion

Cells transfected with FLAG-tagged Prl were harvested as described in section 4.2.6.
Previously, 500 uL of the medium were collected and centrifuged at 20,000 x g for 20 min to
remove cell debris. The supernatant was collected and mixed with the same volume of 20%
trichloroacetic acid, vortexed briefly and centrifuged for 2 min at full speed at 4°C. Next, 180 uL
of acetone were added to the pellet. The sample was then centrifuged for 1 min at 20,000 x g,
the supernatant was discarded and the tube was incubated at 37°C to let the acetone
evaporate. The pellet was suspended in 100 pL of 1x Laemmli sample buffer. Samples were
then run on 15% SDS-PAGE gels.

4.2.10 Co-immunoprecipitation analysis

Cells were washed once with ice-cold PBS, collected by scraping with 1 mL of ice-cold PBS +
10mM EDTA into 1.5 mL tubes and centrifuged at 900 x g for 3 min at 4°C. 300 pL of
solubilisation buffer + 1% CHAPS (Figure 7A, 7E, 10A and 10B) or 1% Digitonin (Figure 10C)
+ EDTA-free complete Protease Inhibitor Cocktail (Roche) were added to the cell pellet and
incubated for 30 min at 4°C. The following steps were performed as for radioactive pulse-chase
analysis described in section 4.2.8 with the following exceptions: an input fraction was taken
before the overnight incubation step with the antibody and the washing steps were done in
solubilisation buffer + 0.1% CHAPS or 1% Digitonin based on the experiment. Samples were

analysed by western blotting.

4.2.11 Cycloheximide chase analysis

Following transfection with the required constructs, cells were treated with cycloheximide (100
pg/mL) and with DMSO, MG132 (10 yM), epoxomicin (2 yM) or cavinafungin (5 yM), based on
the experiment, and collected at different time points as described in section 4.2.7. Cell lysates

were then analysed by western blotting.
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4.2.12 EndoH and PNGaseF treatment

Samples were diluted to 0.5% SDS. Next, from each sample, 3 different solutions were
obtained, containing (i) 12 uL of sample + 3 uL of H20O, (ii) 12 uL of sample + 1.5 uL G3 buffer
(NEB) + 0.2 uL EndoH (NEB) + 1.3 uL HO, or (iii) 12 uL of sample + 1.5 uL G2 buffer (NEB) +
0.2 uL PNGaseF (NEB) + 1.5 uL NP40 (NEB). All samples were then incubated for 1.5h at
37°C. 5 uL of 4X Laemmli sample buffer and 1 uL of B-mercaptoethanol were added to each

reaction. Samples were incubated for 5 minutes at 65°C and run directly on SDS-PAGE gels.

4.2.13 Quantitative real-time PCR

This method was used to assess SPC subunits mRNA levels in cells under ER stress conditions
(CPA 10 uM, 16h). Total RNA was isolated using the NucleoSpin RNA isolation kit (Macherey-
Nagel) according to manufacturer’s protocol. 2 ug RNA were reverse transcribed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to manufacturer’s
protocol. Quantitative PCR was performed in a 348-well plate using the SensiFAST SYBR No-
ROX kit (Bioline) and the LightCycler480 Instrument Il (Roche) using the primers listed in Table
5. Each reaction was performed in technical triplicates. The 2*AACt method was used to
calculate relative changes in gene expression and normalized to the geometric mean of the

housekeeping genes (B-actin and TATA-binding protein (TBP)).

4.2.14 Analysis of cell growth

To analyse the growth of HEK293T wt and SPCS1 KO cells under different conditions, 6,000
cells were seeded in a 96-well plate in DMEM supplemented with 10% FBS. Cells were treated
with DMSO or CPA (25-50 yM) and incubated for 72 h. Photomicrographs were acquired every
3h by the Incucyte live cell imager (Essen BioScience). Confluency of the cells was measured

using the Incucyte software (Essen BioScience).

4.2.15 ER stress recovery

Cells were treated for 16h with CPA (10 yM) to induce ER stress. Next, cells were rinsed with
1x PBS and incubated for additional 10h in DMEM supplemented with 10% FBS in order to
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recover from ER stress, as descried previously'®. Cells were collected as described in section

4.2.7. Samples were then analysed by western blotting.

4.2.16 Mass spectrometry analysis of SPCS1 interactome

Pull-down fractions were collected as described in 4.2.8 and 4.2.10. Subsequent sample
preparation for mass spectrometry analysis was performed as advised from the Proteomics
Core Facility Cologne. Analysis of the results was carried out following instruction previously

reported®'®.

4.2.17 Immunoblotting

Samples were prepared differently based on the experiment as described in the previous
sections. Samples were then loaded on Tris-Glycine SDS-PAGE gels at different percentages
based on the protein of interest. Proteins were then transferred onto PVDF membranes via
semi-dry blotting and membranes were blocked using 5% (w/v) nonfat dried milk solution in
TBS-T for 30 min, incubated with primary antibodies overnight at 4°C and with secondary
antibodies for 1 h at room temperature. Western blot analysis was then performed using either

Westernbright™ ECL solution (Advansta Inc.) and imaged using a LAS-4000 system (Fuij).

4.2.18 Images quantification and statistical analyses

Western blot quantifications were performed using Fiji216. Quantification of autoradiograms was
performed using Multi Gauge (Fuji). Statistical analyses were performed using Microsoft Excel.
The statistical tests used, the statistical significance and the number of replicates are reported

in the figure legends.
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