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Summary

Membrane proteins on the cell surface are essential for multicellular
organism homeostasis, with their synthesis and folding taking place at the
endoplasmic reticulum of eukaryotic cells. Membrane protein folding relies on
both the correct folding of cytosolic and endoplasmic reticulum domains, but also
the precise packing of hydrophobic helices in the lipid bilayer. In case membrane
protein folding or assembly fail, the endoplasmic reticulum is equipped with a
machinery to recognize these faulty proteins, aid their structure formation or send
them to degradation in the cytosol. Connexins are a group of membrane proteins
that play a central role in multiple tissues, by enabling small-molecule transport
across the plasma membrane via gap junction channels, effectively coupling two
cytoplasms together. Connexin 32 (Cx32) is a member of this family, whose
expression in the peripheral nervous system is vital for human health. Mutations
in Cx32 give rise to X-linked Charcot-Marie-Tooth disease, one of the most
prevalent neuropathies in humans. Within this work we have characterized how
Cx32 disease-causing mutants give rise to aberrant membrane protein fold, e.g.
through TM segment misintegration, and which cellular machineries are
responsible for recognizing and handling faulty Cx32.

One group of mutants destabilizes the membrane integration of two -helices,
exposing them to the ER lumen. These proteins are retained intracellularly,
becoming unable to reach the plasma membrane, and are degraded faster than
wild-type protein by the proteasome. In the endoplasmic reticulum, the
endoplasmic reticulum membrane protein complex aids in the membrane
integration of these transmembrane segments. In case they continue to fail to
integrate, the luminal chaperone BiP binds them, preventing their aggregation.
Finally, proteins deemed terminally misfolded are sent to degradation through
polyubiquitination by the E3 ligase gp78. Through the identification of these
misintegrated mutants, we could thus characterize a previously unexplored
network within the endoplasmic reticulum quality control machinery.

On the other hand, another group of disease-causing mutants shows
proteolytical cleavage at their N-termini. We could identify the signal peptidase
complex as the responsible enzyme for this cleavage, acting in a non-canonical
fashion. We characterized how connexin misfolding triggers this cleavage event,

and found that by correcting folding in the plane of the membrane, we could



partially revert the cleavage phenotype. Since the cleaved protein cannot form
physiological relevant ensembles, but can still interact with full-length protein, we
speculate the cleavage phenotype could have implications for the etiology of
Charcot-Marie-Tooth disease.

Taken together, we have elucidated how different mutations in the same
protein can lead to a variety of topogenic phenotypes, and how distinct cellular
protein quality control mechanisms have evolved to handle aberrant membrane

proteins.



Zusammenfassung

Membranproteine sind fur die Homoostase mehrzelliger Organismen
unverzichtbar. lhre Synthese und Faltung finden in eukaryotischen Zellen am
endoplasmatischen Retikulum statt. Die Faltung von Membranproteinen beruht
dabei sowohl auf der korrekten Faltung von Domanen im Zytosol und innerhalb
des endoplasmatischen Retikulums als auch auf der exakten Anordnung
hydrophober -Helices in der Lipiddoppelschicht. Fir den Fall, dass die Faltung
oder Assemblierung von Membranproteinen fehlschlagt, besitzt das
endoplasmatische Retikulum Mechanismen, durch welche fehlerhafte Proteine
erkannt und nach Uberfiihrung ins Zytosol abgebaut werden. Connexine bilden
eine Gruppe von Membranproteinen, die eine zentrale Rolle bei dem Transport
von Metaboliten durch die Plasmamembran spielen. Der Transport erfolgt dabei
Uber Gap Junction-Kanéle, welche das Zytoplasma zweier benachbarter Zellen
effektiv.  miteinander verbinden. Ein Mitglied dieser Gruppe von
Membranproteinen ist Connexin 32 (Cx32), dessen Expression wichtig fur die
Gesundheit des Menschen ist. Mutationen in Cx32 verursachen die mit dem X-
Chromosom zusammenhangende Charcot-Marie-Tooth Erkrankung, eine der am
haufigsten auftretenden Neuropathien beim Menschen. In der vorliegenden
Arbeit untersuchten wir, wie krankheitsverursachende Mutationen in Cx32 zur
Entstehung von fehlerhaften Konformationen im Membranbereich des Proteins
fuhren.

Eine Gruppe von Mutationen destabilisiert die Membranintegration von zwei
Helices, was dazu fuhrt, dass diese Segmente frei exponiert im ER-Lumen
vorliegen. Solch fehlerhafte Proteine werden intrazellular zurtickgehalten, nicht
mehr zur Plasmamembran transportiert und vom Proteasom schneller abgebaut.
Innerhalb des endoplasmatischen Retikulums unterstitzt der endoplasmatische
Retikulum-Membranproteinkomplex die  Membranintegration  fehlerhafter
Transmembransegmente. Lassen sich fehlerhafte Transmembransegmente
jedoch auch weiterhin nicht integrieren, werden diese durch das lumenale
Chaperon BiP gebunden, wodurch ihre Aggregation verhindert wird. Proteine, die
schlussendlich als fehlgefaltet gelten, werden durch die E3-Ligase gp78 poly-
ubiquitiniert und dadurch degradiert. Durch die Identifizierung solch fehlerhatft in

die Membran integrierten Mutanten konnten wir ein bislang unerforschtes Gebiet



der Qualitatskontrolimaschinerie  des  endoplasmatischen  Retikulums
charakterisieren.

Eine andere Gruppe von krankheitsverursachenden Mutationen weist eine
proteolytische Spaltung des Proteins am N-Terminus auf. Das fur diese Spaltung
verantwortliche Enzym konnten wir als den Signalpeptidase-Komplex
identifizieren, dessen Funktionsweise nicht-kanonisch ist. Wir charakterisierten,
wie eine Fehlfaltung von Connexin das Spaltungsereignis auslost und konnten
zeigen, dass wir durch eine Korrektur der Faltung in der Membranebene den
Phanotyp der Spaltung teilweise umkehren kénnen. Da die gespaltene Form von
Connexin 32 keine physiologisch relevanten Ensembles bilden, aber dennoch mit
Volllangen-Proteinen interagieren kann, nehmen wir an, dass der
Spaltungsphanotyp Auswirkungen auf die Atiologie der Charcot-Marie-Tooth
Krankheit haben kann.

Zusammengefasst klaren wir auf, wie unterschiedliche Mutationen in
demselben Protein zur Entstehung von einer Vielzahl von topogenen Phanotypen
fuhren kann und wie sich zellulare Proteinqualitéatskontrollmechanismen

entwickelt haben, um mit fehlerhaften Membranproteinen umzugehen.
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ER targeting and insertion

Introduction

1. Membrane protein biogenesis

Cellular communication is essential for homeostasis in multicellular
organisms. Some of the major players involved in this are membrane proteins,
which enable molecule transport across membranes, allow for intracellular
trafficking and organelle biogenesis to occur, and also play a vital role in signaling
pathways, by modulating and transducing information through membranes. The
hallmark feature of membrane proteins is the presence of at least one
transmembrane (TM) segment, made up of mostly hydrophobic amino acid
residues that will span a membrane in eukaryotic cells. Ca. 30% of all human
protein-coding genes will give rise to a membrane protein (1) and most of these
proteins are destined to the secretory pathway, where the endoplasmic reticulum
(ER) serves as a hub for their synthesis, folding, assembly, and often,

degradation.

a. ER targeting and insertion

Membrane protein synthesis starts at the ribosome and is dependent on
targeting of the newly synthesized polypeptide chain to the ER, either co- or post-
translationally. ER signal sequences (targeting sequence) can be widely different
in both amino acid sequence and length, but their characteristic hydrophobic
nature makes early recognition and shielding by cytosolic factors essential. A
recent report showed one of the earliest interactors with a ribosome-nascent
chain complex (RNC) to be the nascent polypeptide-associated complex (NAC),
which, without necessarily entailing ER targeting, can insert itself into the
ribosome exit tunnel, presumably aiding organelle targeting reactions (2,3).

When it comes to co-translational ER targeting, the most studied and used
factor is the signal recognition particle (SRP). SRP is a ribonucleoprotein that
binds RNC early in translation so that once a signal sequence emerges from the
ribosome exit tunnel, the SRP can recognize it and shield it from the aqueous
cytosol (4). The SRP is composed of one RNA molecule and six protein subunits,
where the signal sequence recognition is mediated by the GTPase SRP54 (5-7).
SRP54 recognition and accommodation of hydrophobic signal sequences is
mediated by a Met-rich groove on the SRP54 M-domain. The cryo EM structure
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of SRP-RNC complex showed that an SRP54 C-terminal a-helix can occupy this
groove when the complex is in a scanning, unoccupied mode. This led to a model
where sufficiently hydrophobic emerging signal sequences can displace this
SRP54 a-helix, which will in turn shield the signal sequence from the cytosol (8).
Delivery to the ER is mediated through docking of SRP to its receptor, in a GTP-
dependent manner (9). The SRP receptor is a heterodimer of a cytoplasmic o
subunit (highly homologous to the GTPase domain of SRP54), and a single-span
ER membrane B subunit. Upon binding to its receptor and GTP hydrolysis, SRP
is released from the RNC, while the polypeptide chain is handed to the Sec61
translocon through interaction between the RNC and Sec61 (10,11). The Sec61
is a heterotrimeric complex made up of the essential o and y subunits, as well as
the non-essential B subunit. Early crosslinking and electrophysiological studies
have revealed Sec6la as the aqueous pore-forming subunit of the translocon
(12-14), where the lateral gate of the translocon can be found, for ER membrane
insertion of the signal sequence (15). On its inactive, quiescent state, the Sec61
translocon is kept closed axially by a short helix, corresponding to a central plug,
and laterally by closure of its lateral gate, facing the lipid bilayer (16,17).
Furthermore, the immunoglobulin heavy-chain binding protein (BiP), also acts as
a seal in the ER luminal side of the membrane, ensuring the impermeability of the
channel (18). Cryo EM structures of Sec61 associated with the RNC and a signal
sequence showed that the displacement of a Sec6la a-helix by a signal
sequence leads to a conformational shift in the translocon which results in the
opening of both its pore into the ER lumen (through displacement of its luminal
plug), and its lateral gate into the lipid bilayer (via displacement of the
aforementioned o-helix by the signal sequence) (19-21). This also led to the
hypothesis that the hydrophobicity of the signal sequence is a requirement for
lateral gate opening, since interaction between two Sec61 a-helices needs to be
disrupted.

Sec6l further associates with other protein complexes that aid on
translocation, such as the translocating chain-associating membrane protein
(TRAM), and the translocon-associated protein (TRAP) complex, observed from
pulling down Sec61 from canine microsomes (22). TRAM is a multipass TM

protein, and is described to mostly play a role in the biogenesis and insertion of
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particularly hydrophilic TM segments, particularly in the early stages of synthesis
(23-25). Furthermore, an homolog of TRAM, TRAM2, was found to play a role in
the topology of a multipass ER protein, by promoting a type | orientation on the
signal sequence of its client protein (26). TRAP on the other hand, is a protein
complex composed of four different proteins, constitutively associated with Sec61
(27,28). It was originally identified by cross-linking signal sequences in the ER
(29), and recently shown to have a binding preference to Gly and Pro-rich signal
sequences (30). TRAP plays an important role in the translocation of relatively
weak signal sequences, as shown for different model proteins (31,32). A recent
study made use of ribosome stalling and crosslinking to show one of the subunits
of TRAP, TRAPR, is able recognize substrate signal sequences in the cytosolic
side of the ER membrane, enabling their subsequent interaction with Sec61 (33).

Early hints towards SRP-independent targeting came to light with the
viability of yeast cells lacking both the SRP complex and its ER membrane
receptor (34), and from the fact small proteins could be handed to the ER post-
translationally, in an SRP-independent manner (35,36). Additionally, proteins with
a signal sequence at their C-terminal, commonly known as tail-anchored (TA)
proteins, also do not rely on SRP for ER targeting. For TA and small secretory
proteins, translation has been terminated before the signal sequence emerges
from the ribosome. Lastly, the third major group of SRP-independent targeting is
made up of proteins with a low-hydrophobicity signal sequence where recognition
by the SRP is not efficient (36).

Mildly hydrophilic signal sequences can be chaperoned in the cytosol by the
heat shock proteins of 40 and 70 kDa (Hsp70/Hsp40) systems (37,38), while
small secretory proteins are chaperoned by calmodulin (39), and TA proteins by
a relay between small glutamine-rich tetratricopeptide repeat-containing protein
alpha (SGTA) and TMD recognition complex of 40 kDa (TRC40) (40,41). Insertion
into the ER lumen of SRP-independent small or mildly hydrophilic signal
sequences is still taken care of by Sec61, this time in association with the
mammalian Sec62 and Sec63 (42,43). Polypeptide translocation is aided by the
Sec63 ER luminal J-domain which recruits BiP to this complex, supporting the
unidirectional pulling of the polypeptide into the ER lumen (44). On the other
hand, TA proteins loaded on TRC40 (Get3 in yeast) are handed to its

heterodimeric receptor expressed in the ER membrane: the tryptophan-rich basic
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protein (WRB) and the calcium-modulating cyclophilin ligand (CAML) (Getl and
Get2 in yeast, respectively) which constitute the minimal machinery for insertion,
even though the integration mechanism itself is yet to be characterized (45-48).
In yeast, another SRP-independent (SND) pathway was recently uncovered
while searching for the ER targeting pathway of a protein with no SRP
dependency (49). Clients of the SND pathway usually have a TM segment in the
central region of their polypeptide chain. The working model revolves around the
co-translational capture of cytosolic signal sequences by Sndl, which can
associate with the ribosome, with later delivery to the Snd2/3 complex at the ER
membrane, and translocation via the Sec61/62/63 translocon. This system also
reinforced the idea that ER targeting and insertion of many substrates can occur
through different pathways, which are able to compensate for each other in loss
of function or overloading scenarios (50). Similar aspects have been described
mainly in yeast, which has been previously shown to contain an alternative
translocon that compensates in cases where the canonical Sec61 translocon is
overloaded. This is composed by Sshl (SEC61A2 in humans) which is the main
pore-forming subunit, Sss1 (Sec61y homolog) and Sbh2, a paralogue from the

yeast Sbh1l subunit (Sec61p in humans) (51).

b. Membrane protein topology
Membrane protein topology is usually defined as the number of TM
segments a membrane protein has, and their relative orientation in relation to the
membrane (Fig. 1) (52). TM segment orientation is controlled greatly by the
degree of interaction of the RNC with the Sec61 translocon: tighter association
leads the polypeptide chain into the Sec61 pore and through its luminal gate,
while looser interaction will lead the polypeptide chain slip into the cytosol. The

strength of this
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Figure 1: Targeting, insertion, and folding of a multipass membrane protein. (1) A translating
ribosome is shown after synthesis of a signal sequence, in orange. Through the SRP and its
receptor, the RNC is targeted to the ER membrane. (2) After synthesis of hydrophobic TM
segments, membrane will spontaneously partition into the lipid bilayer, culminating in a (3) fully

folded TM protein, with packed TM segments.
interaction can thus determine the orientation of first TM segment of a protein,
and therefore its overall topology (Fig .2) (53,54).

Similar to the ability of a protein sequence to dictate membrane insertion,
the same primary structure, and sometimes secondary structure elements,
usually have most of the information needed for membrane topology. T™M
segment orientation is thus dependent on a myriad of factors from the presence
of charges to the hydrophobicity of a given TM segment. Long, highly
hydrophobic segments will be usually found in a type-I (Nout/Cin) topology, since
inversion of the signal sequence (which depends on further polypeptide chain
accumulation between the RNC and the translocon) is probably not favored
before the TM segment partitions into the membrane (54,55). Additionally, the
upstream presence of a cytoplasmic fast folding domain will restrict a following
TM segment from ever taking a type | topology, since that would require
translocation of the mentioned domain through Sec61 (56).

The first identified and probably most relevant factor determining TM
segment orientation is the “positive-inside rule”. Early work on the orientation of
TM segments observed an enrichment for positively charged amino acid residues
on the “inside” of a cell, i.e. the cytosolic side (57,58), which has been postulated
in E. coli to be dependent on the asymmetric enrichment of anionic phospholipids

in the cytoplasmic leaflet of the lipid bilayer (59). Interestingly, this is easily
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Figure 2: Establishment of the membrane orientation of a signal sequence. A translating
ribosome is associated with the Sec61 translocon, where a signal sequence is placed, head-
first. If the signal sequence adopts a type | orientation (upper row), it can partition into the lipid
bilayer without reorientation. If the signal sequence has a type Il signature (lower row), it will
invert, looping in the translocon as seen by the green arrows, and exposing its N-terminal to

the cytosol.
observed in signal peptides, in which a positively charged n-region is located in
the cytoplasmic side of the membrane, warrantying polypeptide entry into the ER
lumen (discussed below). However, both the presence of positive charges in the
cytoplasmic side, as well as phospholipid charge asymmetry is less strong in
eukaryotes. Instead of positive charges in the cytoplasmic side, it has been
shown that the eukaryote positive-inside rule is mostly governed by the difference
in charge between the two flanking regions of a TM segment, e.g. the cytoplasmic
side can be negatively charged, but it will generally by less negatively charged
than the luminal side (60). Furthermore, instead of lipid asymmetry, it has been
shown that charges in the Sec61 translocon of C. elegans can favor a “positive-

inside” orientation (61).
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As it is to be expected, exceptions exist to a strict and immovable protein
topology. An interesting observation came from in vitro translation systems
analyzing the apparent free energy (AGapp) for TM segment integration into the
lipid bilayer. These calculations were later applied to multipass TM proteins with
a deciphered three-dimensional structure (62,63), and strikingly ca. 25% of these

TM segments were predicted to be unstable in the membrane (AGapp > O

kcal/mol). When this is information is applied to protein topology, it hints towards
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Figure 3: Targeting, insertion, and folding of a multipass protein with hydrophilic TM segments.
(1) A translating ribosome is shown after synthesis of a signal sequence, in orange. Through
the SRP and its receptor, the RNC is targeted to the ER membrane. (2) A mildly hydrophobic
TM segment, in red, is translated into the Sec61 translocon. Insertion of such a segment into
the ER membrane can take several routes. One of the possibilities is (3a) lingering of the TM
helix at the translocon, until synthesis of an interacting TM helix, seen in green. Alternatively,
(3b) the less hydrophobic TM segment can be temporarily exposed to the ER lumen, until
synthesis of a downstream segment (in green) promotes its membrane insertion. (4) Both
scenarios should culminate with a fully membrane-integrated TM protein, where TM-TM

interactions can stabilize helices in the membrane. Adapted from (53).
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topogenesis being a well-controlled process, often dependent on interactions
between TM segments within the same protein (Fig. 3).

Accordingly, there are several examples of TM-TM interaction driving
protein topogenesis in multipass membrane proteins. Mechanistically, this is
observed by the temporary exposure of TM segments to either the cytosol or the
ER lumen, until downstream TM segments are synthesized (Fig. 2). The six TM
segment protein aquaporin-1 is a classic example of this phenomenon. Its TM2
and TM4 are exposed to the ER lumen and cytosol, respectively, upon synthesis,
and its TM3 has a type | orientation; preferentially after synthesis of TM6, TM3
inverts in the membrane due to retrotranslocation of its N-terminal portion from
the ER lumen to the cytosol, with consequent integration of both TM2 and TM4
in the membrane (64,65). Other examples include exposure of both the TM10 of
band 3 (66), as well as the TM6 of cystic fibrosis transmembrane conductance
regulator (CFTR) to the ER lumen during biogenesis (67).

Despite these examples depending on interactions contained in the same
polypeptide chain, different instances exist in which TM-TM interactions
stemming from different proteins are required for topogenesis. If the single-pass
T-cell receptor a (TCR «) fails to assemble through TM-TM interactions with the
heterodimer formed by the cluster of differentiation 3 chains & and ¢ (CD35¢), the
polar TM segment of TCR o will slip into the ER lumen, and the protein sent to
ER associated degradation (ERAD) (68,69). Another example comes from the
multipass CAML, which fails to insert all of its TM segments without its TM partner
WRB (70,71).

i. The ER membrane protein complex
The ER membrane protein complex (EMC) is a protein complex with a role
on membrane protein topogenesis. Initially discovered through a yeast screen
used to identify genes required for protein folding, where it was observed that
deletion of the EMC resulted in the accumulation of misfolded membrane proteins
(72). The mammalian EMC is composed of 10 subunits (EMC1-10) (73), seven
of which are ER membrane-embedded, and three (EMC2, 8, and 9) are

expressed in the cytosol (Fig. 4).
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According to a stream of recent data, the EMC acts as a membrane protein
chaperone and insertase, i.e. a protein that is able to insert TM segments into a
lipid bilayer. This seems to be true for both co-translational assistance with signal
anchors (75-77), but also a post-translational role with TA proteins (76,78,79).
Additionally, ribosome profiling experiments performed in yeast have found that
pulling down ribosomes in close proximity to EMCS5, led to an enrichment for
transcripts where the translation of a TM cluster had already happened. This
enrichment was particularly pronounced for multipass proteins with charged
amino acid residues in their TM sequence, usually transporter proteins (77). With
this unbiased approach it became clear that the EMC has an affinity for polar, low
hydrophobicity TM segments. Additionally, the EMC was also implicated in the
insertion of the first TM segment of G protein-coupled receptors (GPCR) in the
right orientation. Depletion of the complex led to a marked decrease in the correct

topology of GPCRs, whose TM1 was now being inserted by the Sec61 translocon

N
ER lumen
: o JOX ¢ Cym_sm
C
C
1 2 3 4 5 6 7 8 9 10

Figure 4: Schematic of the EMC. The different EMC subunits are presented as cartoons showing
their cellular expression and membrane topology. Numbers represent the respective EMC
subunit, and “N” and “C” of the N- and C-terminal, respectively. ER luminal loops for EMC1,
EMC7, and EMC10 are meant to represent the presence of long domains. TM helices are
colored according to their propensity for membrane integration, according to dgpred.cbr.su.se
and topcons.cbr.su.se. Both EMC1 and EMC3 have an amphipathic helix which can associate

with the ER lumen membrane leaflet (74).

(75). Furthermore, viral multipass protein biogenesis has also been extensively
accredited to the EMC (80,81).
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Three recent cryo EM structures of the human and yeast EMC (74,82,83)
as well as characterization of the cytosolic components of the complex (84) have
brought to light the possible mechanism of action of this complex. One of the
findings was that the cytosolic architecture of the EMC is only composed by two
subunits and not three. The cryo EM structures identified only EMC8, and not
EMC9, and purification of EMC2 showed this subunit in a complex with either
EMC8 or EMC9, never both. Interestingly these two subunits share high
sequence identity, and the presence of both genes is not conserved across
species (85).

When it comes to targeting, it was found that on the cytosolic side of the
membrane, EMC3 (also found to be the main interactor with a TA substrate)
contained an unstructured stretch of Met residues. This is highly similar to what
has been observed for the SRP54, but also for Get3 (yeast homolog of TRC40)
(8,86). This way, a TM segment can be initially accommodated in the cytosolic
face of the complex. Not only this, it was also confirmed that, structurally, EMC3
shows similarities with the mitochondrial Oxal superfamily of membrane
insertases. This had been postulated before to both the EMC3 and WRB through
topology and co-evolution bioinformatical approaches (87). Furthermore, two
amphipathic helices from the EMC1 and EMC3 are placed on the cytosolic side
of the membrane (74,83). Amphipathic helices are known to be able to remodel
the lipid bilayer (88), and are often implicated in lipid stress sensing (89), aspects
that can be associated with the EMC.

Right at the membrane side of the Met groove in EMC3 is a vestibule,
partially open to the cytosol, and highly enriched in conserved hydrophilic
residues. Some differences arose from the structures of human and yeast EMC,
where in the first one this vestibule is postulated to be formed mostly by EMC3
and EMCS6, and in the second largely by EMC3 and EMC4. The first TM segment
from the EMCB6, previously thought to be expressed in the ER lumen (90),
contributes to the formation of this hydrophilic vestibule. Based on the preference
of the EMC for polar (low hydrophobicity) TM segments, the presence of such a
hydrophilic vestibule in both the yeast and mammalian complexes makes sense
mechanistically. Not only this, consistent with other translocases, it was also
observed that the EMC can locally thin the lipid bilayer, which could potentially

enable both TM integration and substrate treading into the ER lumen (74).
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On the luminal side of the membrane mostly lie domains from EMC1, EMC4,
EMC7, and EMC10. EMC1 forms two beta-propeller domains, which could in
principle interact with a polypeptide chain coming into the ER lumen, or serve as
a scaffold for quality control factors (83,90,91). Furthermore, the deciphered
structures also revealed that a EMC4 segment previously thought to be
membrane embedded, is actually expressed in the ER lumen.

The recent data into the EMC functions and its structure has definitely
clarified a lot of aspects regarding the complex, ca. ten years after its first
discovery (72). From its insertase activity to its chaperoning functions (83), the

complex has quickly provided new insights into membrane protein biogenesis.

c. Signal peptidase

The signal peptidase complex (SPC) is an ER membrane protein complex
responsible for the cleavage of signal peptides from ER-targeted soluble and
transmembrane proteins. The discovery of signal peptides came from the
observation that an antibody light chain was synthesized as a higher molecular
weight precursor, which would be converted to the “authentic product” if the
synthesis was performed in the presence of microsomes (92). The SPC would
later be purified from canine microsomes and described as a six-subunit, later to
be rectified to a five-subunit complex by work from the same group (93,94). The
subunits were named based on their molecular weight — SPC12 (gene name
SPCS1), SPC18 (SEC11A), SPC21 (SEC11C), SPC22/23 (SPCS3), and
SPCS25 (SPCS2) — and shortly after their discovery both topology, glycosylation,
and primary structure had been characterized for all (94-99). All proteins are
membrane embedded, and share a type Il topology on their first TM segment.
SPC12 and SPC25 span the ER membrane twice, while the three other subunits
are single-pass. Only SPC22/23 is glycosylated, and different glycosylation
patterns generated the initial believe this subunit was in fact two. Interestingly all
eukaryotes seem to conserve one and only one glycosylated subunit in the SPC
(Fig. 5) (100).

11
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The mammalian SPC is a Ser protease that uses a SHD catalytic triad (101).
Briefly, the basic His residue in this active site can form hydrogen bonds with the

Ser, and the acidic Asp. This turns the Ser hydroxyl oxygen into a good

N :\/\SN

c f(c c
SEC11A SEC11C SPCS! SPCS3 SPCS2
SPC18 SPC21  SPC12 SPC22/23 SPC25

catalytic auxiliary

Figure 5: Schematic of the SPC. Membrane topology of the catalytic (in shades of blue) and
the auxiliary subunits (in shades of orange) of the SPC. Gene (in italic) and protein names are
given below each subunit. Termini are indicated with a “N” and “C”. A red “N” and hexagon in
SPC3 represents glycosylation.

nucleophile, which will attack the carbonyl oxygen on the scissile bond of the
substrate. This then results in the release of the C-terminal portion of the
substrate. A similar reaction occurs after, this time with an activated water
molecule taking the role of the nucleophile due to activation by the His residue,
with consequent release of the substrate (102,103). Work in yeast has first
attributed the catalytic activity of the SPC to its Sec11 subunit (104), which was
later found to be a homolog of both SPC18 and SPC21. These two subunits
contain the conserved SHD catalytic triad, similarly to Secll, leading to the
speculation that SPC18 and SPC21 would act as the catalytic center for the SPC,
perhaps in two different sets of complexes (95,96,105). Further studies in yeast
have also reported the SPC22/23 homolog subunit to be essential for SPC activity
(106), and that the yeast homolog SPC25 interacts with the translocon (107,108).
Interestingly enough, the different published structures for the Sec61 translocon

have not identified any densities corresponding to any SPC subunit (19,109).
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Signal peptides are found in the N-terminal of ER targeted proteins and act
as its signal sequence, when present. Mechanistically, once a signal peptide
interacts with Sec61, it will invert its orientation in the membrane, adopting a
looped conformation, in which its N-terminal faces the cytoplasmic side of the ER
membrane, allowing for the downstream polypeptide to be exposed to the ER
lumen (110). Signal peptides are ca. 20-30 amino acid residues in length,
extremely heterogeneous in sequence, but share three main regions deciphered
early by sequence analysis: a positively charged N-terminal region (termed n), an
hydrophobic (h) central section, and a slightly polar C-terminal (c) region where
the SPC cleavage site is located (111,112). The same type of sequence analysis
showed sequence features that seemed conserved, namely helix-disrupting Gly
or Pro being found at position -5 and -4 (with the cleavage site being placed
between amino acids -1 and 1), and positions -3 and -1 being occupied by small
neutral residues, which seem to be excluded of position -2, where aromatic
residues seem to be preferred (112,113). Cleaved signal peptides can be further
processed at their h-region by the intramembrane protease signal peptide
peptidase (SPP) (114). Cleavage by SPP was found to be required for detection
of the N-terminal portion of a signal peptide in the cytosol, after extraction from
the membrane, where this peptide fragment can bind calmodulin (115).

Non-canonical signal peptides can be defined as SPC-catalyzed
proteolytical events that take place outside the first TM segment of a protein, or
when a cleavage site is present after the N-terminal portion of a polypeptide
chain. Such events seem to be rare on the mammalian proteome, but instances
have been described in the literature. Namely, the human immunoglobulin
superfamily member 1 (IgSF1) is as a large protein containing five N-terminal
immunoglobulin domains, followed by two TM segments, another six
immunoglobulin domains, and a C-terminal TM segment. Studies in HEK293
have shown that IgSF1 undergoes SPC-mediated cleavage in its second TM
segment, effectively producing two species, one with five, and another with six
immunoglobulin domains, both tethered to the membrane by a single T™M
segment (116). Additionally, in vitro translated murine Astrotactin 1 and 2 have
been found to be processed by the SPC on their second TM segment (117), and

one example of SPC cleavage of TA protein has also been found (118).

13



Introduction

Regardless. the most common substrates for non-canonical SPC cleavage
are viral proteins. Early work has observed that multiple viruses can make use of
the SPC for multiple processing events of a single polyprotein into individual
polypeptide chains, with special relevance for their infectivity (119,120). SPCS1
has been proposed to have a role in the recognition of this cleavage sites in
flaviviruses. Depletion of this SPC subunit has precluded viral polyprotein
processing, and infectivity of this class of viruses, in a manner directly dependent
on the viruses internal signal peptides (121). As such, even though viruses make
extensive use of the SPC in a non-canonical manner, events where the same
happens for mammalian proteins are rare and seem to have been selected out

through evolution.

d. Trafficking through the secretory pathway

Once membrane proteins are properly folded and/or assembled, a protein
destined to another organelle than the ER can proceed trafficking through the
secretory pathway. Trafficking is mostly sustained by cytoskeleton proteins,
which form the filaments on which vesicular trafficking can occur. In general
terms, protein coated vesicles must be packed with the proteins to be carried,
targeted to the intended organelle, and fuse with its membrane (122).

Trafficking out of the ER occurs at ribosome-free specialized ER exit sites
(ERES). ER-to-Golgi trafficking is mediated by COPII-coated vesicles, made up
of a multi-protein complex capable of budding the ER membrane (123). Some
models indicate membrane proteins to be exported from the ER can directly
interact with components of the COPII coating (124). After loaded vesicle budding
as occurred at the ERES, the COPII coating is typically shed, and the vesicles
fuse to form the ER-Golgi Intermediate compartment (ERGIC). Arrival of vesicles
to the Golgi relies on microtubule dependent trafficking of ERGIC vesicles, as
well as their fusion with the first cisterna in the cis-Golgi (122). Intra-Golgi
trafficking is still a heavily debated topic, yet missing any obvious resolution. At
least five different models have been proposed. The probably most accepted
ones are the vesicular transport model and the cisternal maturation model. In the
first, cisternae from the cis- to the trans-Golgi are viewed as mostly static, and
cargo moves from one cisterna to the next via COPI vesicles. On the other hand,

the cisternal maturation model proposes cisternae gradually moving from the cis-
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to the trans-Golgi, COPI vesicles trafficking cargo from older cisternae to newer,
and, ultimately, disintegration of older trans-Golgi cisternae into secretory
vesicles (125,126).

In spite of this debate, it is well established that proteins originally
glycosylated in the ER can have their sugar moieties further modified in the Golgi
apparatus, generally resulting in further branching or oligomerization of their
sugar modifications (127). It is also in the Golgi apparatus that most trafficking
and secretion decisions are made, in which proteins can usually take up one out
of four paths: either back to the ER, being retained in the Golgi, delivered to the
plasma membrane, or, lastly, being delivered to the endolysosomal system.

In terms of trafficking pathways, proteins destined back to the ER (e.g. ER
resident proteins) will be engulfed in COPI vesicles at the cis-Golgi and
transporter back (128). This retrieval process is usually mediated by the presence
of ER retrieval sequences, such as cytosolic dilysine (e.g. KKXX) motifs, which
can interact with COPI (129), or a luminal KDEL motif, which can interact with a
KDEL receptor (KDELR) on the Golgi. The structure of the KDELR was recently
resolved, informing towards the basis of KDEL binding and KDELR ER-to-Golgi
trafficking, and vice-versa (130). In its apo, unbound state, KDELR has an
extensive cytosolic negatively charged patch, which is thought to mediate its
interaction with COPIl and traffic to the Golgi. Previous work had already
characterized how the relatively more acidic pH of the Golgi, when compared to
the ER, promoted KDEL-KDELR binding (131,132). As such, in the Golgi
apparatus, the receptor and its substrate can interact, in a manner that is
stabilized by salt bridges and hydrogen bonds between the two proteins.
Protonation of a His residues is thought to be at the basis of KDELR pH sensing,
since at the lower pH levels of the Golgi, this protonation reaction enables the
TM6 of KDELR to be positioned in a way that is prone to substrate binding.
Finally, ER retrieval is promoted in the KDEL bound state of KDELR, which was
found to expose Lys residues (buried in the apo state), that are able to interact
with COPI and traffic back to the ER (130).

Other interesting models for sorting exist, in which the length of a TM
segment can determine the steady-state expression of a given membrane
protein: proteins retained in the ER without any COPII interacting motifs, can be

made to progress in the secretory pathway by extending their TM lengths
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(133,134). Furthermore, Golgi resident proteins are retained through a myriad of
mechanism which can also involve the presence of retention motifs, such as
KXD/E (135). Trafficking from the Golgi to the endolysosomal system is mostly
mediated by clathrin-coated vesicles, while transport to the plasma membrane
does not necessarily rely on clathrin and seems to be relatively more
heterogeneous (136,137).

Once at the plasma membrane, proteins can be endocytosed both in
clathrin-dependent and independent ways. Both types of endocytosis result in
trafficking to early endosomes, from where proteins can be recycled back to the
membrane in a fast, clathrin-independent way, or traverse first to an endocytic
recycling compartment or even the Golgi complex, in ways largely dependent on
Rab proteins (138). Protein recycling is especially relevant since it has been
reported cells can internalize their membrane proteome from one to five times in
an hour (139). Proteins that fail to be recycled back are terminally sent to the late
endosome, which once fused to a lysosome will form an endolysosome where

degradation takes place (140).

2. Membrane protein quality control and ERAD

From the moment a protein enters the mammalian ER, an extensive
network of chaperones and folding enzymes collaborate to ensure correct protein
folding. The physical separation of its lumen from the cytosol and the presence
of specific enzymes allows for an environment that is unique when it comes to
folding and post-translation modifications (PTMs). The oxidative environment
allows for the formation of disulfide bonds, and the presence of an
oligosaccharyltransferase (OST) enzyme complex for Asn-linked glycosylation to
occur. These modifications can aid in protein folding but also be used to detect
the folding status of a protein. As such, the ER has also evolved machineries to
detect and handle terminally misfolded proteins, and send them to degradation in
the cytosol.

One of the aspects that makes quality control of membrane proteins so
complex is the fact that, when compared to their soluble counterparts,
membranes proteins are exposed to at least two different environments: a lipid
bilayer as a way of membrane integration; and an aqueous environment in the

form of the lumen of a secretory organelle, the cytosol, or the extracellular space.
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Different machineries and mechanisms for quality control can be found in any of

these environments.

a. Lectin based ER protein quality control

As a polypeptide chain is emerging into the ER lumen, the OST can catalyze
the transfer of a sugar moiety to the Asn residue of an NXS/T sequence.
Glycosylation was shown to occur 65-75 residues away from the
peptidyltransferase site in the ribosome, which puts the distance for glycosylation
ca. 12-14 amino acid residues away from the membrane (141). Importantly these
considerations assume an extended conformation for the polypeptide chain
(142), since structure formation has been observed to thwart glycosylation (143).

Glycosylation can help shielding hydrophobic patches in the surface of a
protein, improve solubility and reduce aggregation, and perhaps most
importantly, serve as a binding moiety for calnexin (CANX) and calreticulin (CRT),
and hence be used as a folding sensor in the ER (144).

The human OST is hetero-heptameric protein complex where the paralog
STT3A and STT3B subunits have the active site of the complex. STT3A is located
close to the translocon thus being able to add the sugar moiety to sequons co-
translationally (145), while STT3B is able to do so post-translationally and to
compensate for failed transfer reactions from STT3A (143). Additionally, one
auxiliary subunit of the complex, N33, was discovered to have a CXXC motif, later

characterized to form transient disulfide bonds with OST substrates, delaying
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their folding, and presumably improving glycosylation rates (146). In
alternative OST complexes, the N33 subunit is replaced by magnesium
transporter protein 1 (MagT1), which interestingly keeps the ability of the complex
to form mixed disulfides with glycosylated substrates (147).

Glycosylation starts with the attachment a sugar molecule composed of
GIcNAcz2ManoGlcs. The two terminal Glc can be trimmed by action of the
glucosidases 1 and 2, generating GIcNAczMansGlci (148), which is the core
glycosylated form that can enter the CANX/CRT cycle by interacting with both
proteins (149,150). These two lectins both contain a Pro rich P-domain which can
recruit different chaperones (such as ERp29, ERp57, and cyclophilin B) to their
glycosylated substrate thus helping in folding (151). Removal of the last Glc by
glucosidase 2 renders the substrate unable to bind to CANX/CRT, ending a first
cycle of folding. Proteins decorated :
with  GIcNAc2Mans, and deemed ®
correctly folded can progress in the
secretory pathway. However, if at this
point the protein is still not folded into

Figure 6: Simplified overview of the lGlucosidase 1,
processing and fate of glycans in the ER. ® Glucosidase 2
Protein glycosylation starts with the

attachment of GIcNAc2MangGlcs to an Asn CANEACRIT

residue. Glucosidases 1 and 2 remove two Cysle
terminal Glc residues, in red, resulting in the
glycan that can enter the CANX/CRT cycle.
The removal of the last Glc residue allows / l Glucosidase 2
the glycosylated protein to proceed in the |

secretory pathway. If the native state has not

\ UGGT

L Secretorny
been reached yet, UGGT can add a terminal o L= pathway,
Glc back to the glycan, warrantying its [ trafficking

reentry in the CANX/CRT cycle. Proteins
deemed terminally misfolded have some of
their Man residues, in orange, removed to
different extents, as seen by the shading of
the Man residues. This reaction is catalyzed
by ER Man | and EDEMs, which results in
ERAD targeting. GIcNAc are colored yellow.
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its native structure, the glycoprotein has a new Glc added back by the UDP-
glucose:glycoprotein glucosyltransferase (UGGT). The activity of this enzyme is
restricted to glycosylate non-native proteins only, meaning the substrate can
reenter the CANX/CRT cycle (Fig. 6) (152,153).

Finally, proteins which are deemed terminally misfolded have some of their
Man moieties removed by the ER alphal,2 mannosidase | (ER Man 1) and the
ER degradation-enhancing mannosidase-like proteins (EDEMSs), usually resulting
in GIcNAc2Mans.7 (Fig. 6) (154). A mannose trimming timer model has been
proposed, where the slow rates of these enzymes give time for slow folding
proteins to achieve their native conformation without being preemptively sent to
ERAD (155). The progressive increase in affinity of sequentially mannose
trimmed glycoproteins to both XTP3-B and OS-9 (156,157), shuttles the deemed
terminally misfolded protein to the HMG-CoA reductase degradation 1 (Hrdl)
ERAD pathway outlined below (158).

Finally, an interesting mechanism for QC was described for transthyretin
which is usually non-glycosylated: protein misfolding induces post-translational
glycosylation of a cryptic site, allowing the protein to be handled via a lectin-based

quality control (159).

b. Chaperoning in the ER

As mentioned, membrane proteins of the ER are exposed to different folding
environments, all of which need to be chaperoned to ensure proper folding, and
avoid premature protein degradation. Their mechanism of action for chaperones
Is discussed below, but in general terms, cytosolic chaperones must shield
hydrophobic regions on a polypeptide chain, the same regions that will be buried
in the core of a native state protein, away from the aqueous cytosol. When it
comes to chaperoning in the cytosol, CFTR is one of the membrane proteins with
the most well characterized folding pathways. Since ca. 70% of the twelve TM
segment protein is expressed outside the ER, cytosolic quality control factors play
an important role in CFTR maturation and folding. The constitutively expressed
Hsc70 and its inducible homolog, Hsp70, have been shown to help CFTR
maturation (160). Hsc70 and Hdj-2, one of its J-domain co-chaperones, were
shown to interact with CFTR™ in the early stages of synthesis, but also to
preferentially interact with a CFTR folding-deficient mutant (161). A recent study
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aiming to streamline the binding of Hsc70 and its co-chaperones to CFTR
peptides, has also revealed that (co-)chaperone interaction to native-state buried
portions of CFTR can readily be detected (162). Additionally, overexpression of
Hsp70 and its Hdj-1 co-chaperone, enhance plasma membrane expression of
CFTR (163). Hsp90 is another cytosolic chaperone, whose inhibition accelerates
CFTR degradation, arguing for Hsp90-assisted CFTR folding (164).

On the ER lumen, chaperoning mechanisms are often based on the
emergence of an unstructured polypeptide chain into the ER lumen. As such,
interaction of particularly hydrophobic patches that would normally be buried in
the hydrophobic core of a protein can occur in the aqueous environment of the
ER, possibly leading to protein aggregation. One of the major proteins
chaperoning these regions is the Hsp70 of the ER, BiP. First discovered for
binding to free (unpaired from their light chains) antibody heavy chains (165), it
was soon thereafter discovered this chaperone can recognize relatively short
sequences (seven amino acids long) of preferably aliphatic, apolar amino acids
(166).

BiP has two domains, an N-terminal nucleotide binding domain (NBD),
followed by a linker region, and a C-terminal substrate binding domain (SBD).
Binding to substrates is regulated through nucleotide binding as is true for other
members of the Hsp70 family. A cleft on the NBD can bind ATP which results in
association between the NBD and SBD, where a lid in the latter is opened,
resulting in a high on/off rate of substrate binding, meaning substrates released
from this state are given a chance to fold. Once ATP hydrolysis occurs, the two
domains undock from each other, the lid in the SBD is closed, and binding of
unfolded substrates to this domain is stabilized (167).

Two groups of proteins are involved in the BiP chaperone cycle — nucleotide
exchange factors (NEFs) and ER-localized DnaJ (ERd)) proteins. In the ER both
SIL1 (168) and glucose regulated protein of 170 kDa (Grp170) serve as NEFs for
BiP (169). These proteins promote the ADP release from the BiP-substrate
complex, allowing then for a new ATP molecule to bind to BiP and consequently
for the client substrate to be released from the chaperone (170). Their importance
for cell physiology comes from data showing mutations in SIL1 can lead to

Marinesco-Sjérden syndrome in humans (171), and that knockouts of Grp170
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lead to embryonic lethality in mice (172). Interestingly, Grp170 seems to also
have chaperone activity, sharing the binding preference of BiP to unfolded
proteins (173). Grp170 has also been shown to have an holdase-dependent role
in the ERAD of a sodium channel, in a way independent of its own ATPase
activity, or interaction with BiP (174,175). Further support of the function of this
chaperone in ERAD came from the observation that Grp170 interacts with SEL1L,
an adaptor of Hrd1, to assist in substrate ERAD (176).

ERdj proteins can act on the other side of the BiP cycle, by interacting with
the ATP-bound form of BiP, stimulating its hydrolysis and favoring the interaction
of BIP with its substrate (Fig. 7) (177). The J domain present in these proteins is
a stretch of ca. 70 amino acids with a conserved HPD motif important for ATPase
activity stimulation (178). In the ER there are at least seven proteins containing a
J- domain in their structure, and four of these have been reported to interact
directly with unfolded substrates, where release from these is dependent on the
ATPase activity of BiP (179,180). Different ERdj proteins will have different
effects on protein folding and degradation, while differences in binding site
preferences have also been observed (181). ERdj1 and ERdj2 (Sec63, discussed
above) are often associated with the Sec61 translocon and seem to both recruit
BiP and guarantee BIiP is present in the luminal side of the ER membrane upon
translocation; ERdj3 has been also associated with polypeptide entry into the ER
lumen, while ERdj4 has been heavily implied in ERAD for having a preference to
bind aggregation-prone peptides; ERd|5 is a protein disulfide isomerase (PDI)
with high reductase activity, and has been implied in the ERAD of disulfide linked
oligomers, and in the reduction of mixed-disulfides. ERdj6 and ERdj7 remain the
least studied ERd] proteins, notwithstanding ERdj6 seems to be involved in pro-
folding pathways, while ERdj7 may be involved in ERAD of misfolded proteins
(180-183).
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Figure 7: The BiP chaperoning cycle. (1) A translocation polypeptide is shown with a
hydrophobic patch, in blue, being recognized by an ERdj protein, in orange. Through the action
of the ERd,), BiP is recruited to the hydrophobic peptide, will have its ATP hydrolyzed (shown
as three circles with a “P”), and bind to its now substrate peptide. (2) BiP binding prevents
premature aggregation of the peptide, while through the activity of a NEF (in purple), an ATP
molecule is added to BiP, replacing the ADP, and the peptide is released from the chaperone,

(3) folding into the hydrophobic core of the membrane protein.

Lastly, the activity of BiP can also be controlled through PTMs (discussed
below), or via stabilization of a specific nucleotide-bound state. The
mesencephalic astrocyte-derived neurotrophic factor (MANF) has been shown to
interact with BiP (184), and a recent report demonstrated that such interaction is
promoted on the ADP-bound state of BiP. Since MANF is able to inhibit nucleotide
exchange in the chaperone, this protein is known to stabilize BiP-substrate
complexes (185).

The glucose-regulated protein of 94 kDa (Grp94), the Hsp90 of the ER
lumen, is the most abundant glycoprotein in the ER and another important
chaperone involved in protein folding with (long debated) ATPase activity
(186,187). This chaperone has three main domains (N-terminal, N; middle, M; C-
terminal, C), and is expressed as a homodimer (though interaction of Grp94 C-
domains), similarly to other members of the Hsp90 family (188). Also, similarly to
BiP, conformational changes brought by ATP binding (in the N domain) and
hydrolysis (by way of the M domain), drive its chaperoning activity (189,190).
Most models on Hsp90 interaction with substrate proteins put this interaction at
a later stage of client folding, after Hsp70 interaction with the same substrate. It
has been shown recently that murine BiP and Grp94 can interact with each other,

preferably if BiP is bound to ADP. This gives rise to an attractive model where
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BiP can hand substrates to Grp94, where BiP can also promote the Grp94
ATPase activity (191), although several aspects of Grp94 remain to be
elucidated.

Chaperoning of TM segments in the plane of the membrane is a less
described process. A protein previously shown to associate co-translationally
with the first TM segment of an opsin protein, protein associated with the ER
translocon of 10 kDa (PAT10) (192), was recently discovered to have
chaperoning activity on TM segments (193). PAT10 was identified as a
heterodimer, built from Asterix and coiled-coil domain-containing protein 47
(CCDC47). Asterix was shown to be able to bind TM1 segments of GPCRs in a
reporter construct, and CCDC47 was considered essential for the stability of
Asterix. Mechanistically, Asterix can bind TM segments with hydrophilic amino
acid residues, once substrate TM segments have been released from Sec61. Its
chaperoning activity comes to light since depletion of the PAT10 complex reduces
the expression of different multipass membrane proteins, and its interaction with

substrates is mostly lost when such substrate are fully folded (193).

Another major intervenient in protein folding in the ER is the PDI family of
folding enzymes. This family is able to catalyze disulfide bond oxidation, reduction
or isomerization through the presence of a conserved CXXC motif in their active
sites, which can itself be found either reduced or oxidized in the catalytic cycle of
these enzymes (194). Since approximately one third of all proteins in the
secretory pathway form disulfide bonds (195), chaperoning of this process is most
important. The ER lumen is considerably more oxidizing than the cytosol and
disulfide formation can be seen during the co-translational translocation of a
polypeptide into the ER lumen (196). Accordingly, fidelity of this process must be
chaperoned as to avoid the presence of mixed, non-native disulfides in the fully
translated protein product. This activity was first attributed to (the canonical) PDI,
due to its ability to re-oxidize ribonuclease with reduced disulfides (197). Later
research has also characterized different proteins that allow for PDI to remain in
an oxidizing active form, namely the ER oxidoreductin 1 (Erol) (198,199) found
to be, among others, one of the donors of disulfides to PDI (200). Further research
has identified at least 21 proteins belonging to the PDI family, alongside their

unifying feature of containing at least one thioredoxin domain homolog (201). This
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diversity also applies to the function of each different PDI, since different PDIs
can catalyze different oxidoreduction reactions, from formation, to reduction, to
shuffling of disulfides, in different substrates, depending on the PDIs redox
potential. Mixed, non-native disulfides have also been observed to play an
important role in protein folding, by e.g. bring two regions of a nascent polypeptide
in close proximity, albeit in the native state this disulfide bond may be found
reduced, effectively driving the equilibrium of sequential folding steps forward
(202).

PDIs are also heavily implicated in ERAD mostly through their reductase
activity. Translocation from one ERAD substrate from the ER lumen to the cytosol
is depend on retrotranslocation machinery, usually envisioned as a pore. The
presence of oligomeric complexes with mixed disulfides, or proteins whose
structure becomes overly compact to pass through such a pore requires
polypeptide extension by way of disulfide reduction. In fact, several examples of
this have been observed, putting the reducing activity of PDI or ERd|5 as a

prelude to retrotranslocation (203-206).

c. ERAD

Despite evolution of multiple chaperoning mechanisms, mammalian cells
will always need to degrade membrane proteins. This can be done simply as a
means to control protein levels in a cell, or due to the expression of misfolded
proteins. Membrane proteins misfolding takes several forms, from point
mutations causing domain destabilization, or membrane misintegration, to the
misfolding seen in orphan subunits of a protein complex, where proteins without
a binding partner cannot fold correctly, as discussed previously.

ER-phagy is one of the means cell use to dispose of ER proteins, where
parts of the ER, including its lipids and proteins, are delivered to a lysosome.
Mechanistically speaking, small portions of the ER, or even ER-derived vesicles
can fuse with lysosomes. Alternatively, autophagosomes can engulf large
portions of the ER, and then fuse with a lysosome. ER-phagy not only controls
the size of the ER, but is also important for the disposal of protein aggregates,
and proteins that cannot undergo ERAD (discussed below) (207). Such proteins

include procollagen, which is recognized by calnexin when misfolded. The lectin
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can then interact with FAM13B, an ER-phagy triggering protein, driving ER-phagy
and procollagen degradation (208).

Alternatively to ER-phagy, the most common way of protein disposal is
ERAD. The ERAD of transmembrane proteins can follow different routes based
on the environment and nature the degron in question. A classification system
has been proposed for ERAD, to try and unify machineries and mechanisms of
action, based on the location of the degron in cause: ERAD-C refers to the
presence of degrons in a cytosolic domain of a protein, ERAD-M refers to
degradation of membrane proteins with a membrane embedded lesion, and
ERAD-L refers to disposal of ER proteins with a degron in the ER lumen (209).

Despite these differences, ERAD always starts with the recognition of a
misfolded protein, followed by the ubiquitination of such protein during or after
retrotranslocation from the ER to the cytosol, and finally, proteolysis of the faulty

protein by the cytosolic 26S proteasome.

i. Recognition

The first step in ERAD of a membrane protein must be recognition of
misfolding. It has become clear that there is no signature for recognition and
consequent degradation of a membrane protein, a process which becomes even
less uniform when comparing e.g. substrates of ERAD-M or ERAD-L. A misfolded
luminal domain (ERAD-L) may be so due to abnormal absence of sugar moieties,
or disulfide bonds. Alternatively, fold-disrupting mutations could potentially
expose hydrophobic patches that would normally be buried within a domain fold.
For transmembrane proteins, the ERAD-M machinery will expectedly not
recognize the same features, as hydrophobicity is to be anticipated. Instead, TM
mutations may destabilize the a-helical fold of a TM segment, or alternatively, the
absence of a binding partner may expose polar, otherwise hidden, residues to
the lipid bilayer.

Recognition of degrons for ERAD-C is usually done through the exposure
of hydrophobic patches in the surface of a protein, mostly recognized by the
cytosolic Hsp70/Hsp40 systems (210,211). The most well-studied E3 ligase
associated with ERAD-C is the yeast DoalO, with a less well characterized
human homolog membrane-associated really interesting new gene (RING)-CH-
type 6 (MARCHS6), also known as TEB4 (212). After recognition of a degron by
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the cytosolic chaperones it is unclear how handing to MARCH®6 occurs, though it
was been speculated hand-over is facilitated by prolonged interaction of
Hsp70/Hsp40 chaperones with such substrates (213).

As mentioned before, recognition of glycosylated proteins destined to ERAD
relies on their glycosylation status by means of Man trimming, and redundant
recognition by the luminal lectins OS-9 and XTP3-B (214). Interestingly, it has
been reported that targeting does not depend on the sugar moiety recognition
alone, but also in the presence of unfolding in the same polypeptide segment,
safeguarding premature degradation by enhancing stringency (215). The lectin-
bound substrate can then associate with suppressor/enhancer of Lin-12-like
(SEL1L), the cofactor of the E3 Hrd1 (216).

Recognition of non-glycosylated substrates is less well characterized and
was mostly done, similarly to other ERAD studies, in yeast. However, substrates
are mostly thought to be recognized due to the exposure of hydrophobic patches
to BiP or XT3P-B, which can in turn deliver them to SEL1L or the homoCys-
responsive ER resident protein (HERP) and its interaction partner Derlin-1
(73,204,216). The trigger which commits a BiP non-glycosylated substrate to
degradation remains mostly elusive, but will most likely rely on substrate
interaction with BiP and ERdj proteins associated with ERAD machinery
(181,217,218).

When it comes to recognition of ERAD-M substrates this seems to mostly
depend on Hrd1, but also its homolog, cell surface glycoprotein of 78 kDa (gp78),
as well as Derlin proteins. Recognition is done directly in the plane of the
membrane through mechanisms mostly still to be characterized (219). All three
of these proteins are embedded in the ER membrane, and at least for Hrd1, its
role in recognition has been attributed to the presence of hydrophilic amino acids
in its TM domain, which are mostly conserved in gp78 (220). Gp78 has also been
implicated in the degradation of ERAD-M substrates, such as orphaned CD35
(221) or membrane tethered ERAD-L substrates, although a module for
recognition has not been elucidated fully (222).

The Derlin family of proteins has three members in mammals all of which
are inactive forms of rhomboid intramembrane proteases, and contain TM
segments with little hydrophobicity (223). Derlin-1 has been implied in the

degradation of transmembrane proteins, possibly through recognizing ERAD-M
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degrons (224), and has been shown to form complexes with either Hrd1 or gp78
(225). It has thus been speculated that Derlin proteins may serve as adaptors for
E3 ligases and its substrates, by broadening the lineup of substrates recognized
and ubiquitinated by the E3 ligase (226).

Another mechanism for protein degradation relies on recognition and
intramembrane proteolysis of ERAD substrates. The intramembrane rhombpoid-
like 4 (RHBDL4) has been shown to recognize orphaned pre-TCRa, and the
STT3A subunit of the OST, cleaving both and targeting them to degradation
(227,228), while SPP has been implicated in targeting unspliced X-box binding
protein 1 (XBP1u) to degradation, by complexing with Derlin-1 and the E3 ligase
TRC8 (229,230).

Lastly, sorting receptors are another class of quality control proteins,
involved in the recognition of substrates. B cell-associated proteins of 29 and 31
kDa (BAP29/BAP31) are two homologous proteins involved in the recognition
and ER retention of several clients (231,232). Membrane-bound IgDs have
particularly hydrophilic TM segments, and if association with their membrane
binding partners fails, they are recognized by BAP29/BAP31, leading to ER
retention, and precluding plasma membrane expression (233). Another well
characterized sorting receptor is the retention in the ER 1 (RER1) protein, a
membrane protein able to cycle between the ER and the Golgi apparatus. RER1
has four with low hydrophobicity TM segments, and its canonical role is that of an
ER-retrieval factor, based on the recognition of polar residue-based signals lying
in the TM segments of a substrate (234,235). The bulk of RER1 substrates are
unassembled subunits of protein complexes, retrieved from the cis-Golgi to the
ER (236,237). However, RER1 has also been associated with the ER retention
of mutant peripheral myelin protein of 22 kDa (PMP22), with apolar-to-polar
missense mutations in its TM segments (238).

ii. Retrotranslocation
Substrate retrotranslocation refers to the movement of a polypeptide chain
from the ER lumen or membrane to the cytosol through a presumably
proteinaceous channel. Retrotranslocation must occur before substrate
ubiquitination for luminal substrates, but is mostly coupled and dependent on

ubiquitination for TM substrates (239). The identity of this channel remains
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relatively elusive, with several different potential retrotranslocons having been
hinted at, such as Sec61, Hrd1, and Derlin proteins.

The Sec61 translocon was first accredited to perform too the reverse of its
canonical role when non-glycosylated (i.e. at least partially exposed to the
cytosol) MHC molecules were found to interact with different subunits of the
Sec61 complex (240). Additional hints are based on direct interaction of Sec61
with components of the proteasome, and the development of Sec61 mutants
which curtail retrotranslocation specifically, without much effect on protein import
into the ER (241,242).

The case for Derlin-1 came two light with two studies published at the same
time. One of these studies identified Derlin-1 by probing for a p97 (described
below) receptor in the ER membrane (243), whilst the other study identified it by
looking for interactors of the viral protein unique short region protein 11 (US11),
which promotes the retrotranslocation and consequent degradation of MHC
molecules (244). Later quantitative work with purified microsomes showed that
retrotranslocation of a luminal substrate was inhibited when the cytosolic C-
terminal of Derlin-1 was blocked with an antibody, while blocking either end of
Sec61 had no effect on retrotranslocation (245). Recently the yeast Derlin Dfm1
was also shown to be important in the retrotranslocation a self-ubiquitinating
ERAD-M substrate, where in its absence, Hrd1 can take over this activity (246).

Hrdl has up until now been the most relevant candidate for a
retrotranslocon. The first hints for this came from crosslinking of yeast Hrd1 TM
segments to an ERAD-L substrate, and the fact that Hrd1-mediated ERAD could
still occur even in the absence of its complex partners (e.g. the yeast homolog of
SEL1L) arguing for a central role of Hrd1 in ERAD and retrotranslocation (247).
More recently, experiments performed in liposomes have shown Hrd1l being
sufficient to retrotranslocate a membrane-tethered ERAD-L substrate via
autoubiquitination of Hrd1 itself (248), while deubiquitination of the E3 by another
ER associated deubiquitinating enzyme (DUB) prevents Hrd1 degradation in the
face of its autoubiquitination (249). These results were mostly confirmed through
electrophysiological experiments where Hrd1 purified into liposomes was able to
retrotranslocate another ERAD-L substrate through autoubiquitination (250).
Finally, a recent cryo EM structure of the yeast Hrd1 complex showed the E3

forming a lateral vestibule to the membrane, also facing another gate formed by
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yeast Derlin-1, which resulted in local membrane thinning, similar to what was
previously discussed for the EMC. A proposed retrotranslocation mechanism for
glycosylated ERAD-L substrates involves recognition of the glycan moiety and
the previously mentioned unstructured segment around the glycosylation site by
Yos-9 (the yeast homolog of OS-9 and XTP3-B), and Hrd3 (homolog of SEL1L).
This can in turn position the substrate between Derlin-1 and Hrd1,
accommodating it between the gates of the two proteins, where the membrane is
thinned out (251).

It remains to be described if the same complex participant and rules apply
to mammalian systems and ERAD-M substrates, but some studies in mammalian

systems are starting to emerge (252).

A recently characterized P5A ATPase, Spfl, was also shown to have
dislocation activity (253,254). Based on the cryo EM structure of the protein, its
activity relies on TM segment flipping, which does not seem to be the accepted
model of extraction for the previously described retrotranslocons (253). Lack of
the ATPase had previously been shown to lead to an accumulation of
mitochondrial proteins in the ER membrane, through a mostly uncharacterized
mechanism (255,256). Through different approaches, Spfl was shown to remove
TM helices from the ER membrane, in an ATPase activity-dependent fashion.
Furthermore, the protein was also shown to regulate the abundance of several
ER-resident proteins with a type Il signal sequence, which may hint towards a

role in the retrotranslocation of possible ER substrates.

iii. Ubiquitination and proteasomal degradation

Client ubiquitination takes place on the cytosolic face of the ER. As
mentioned the mammalian ER has several E3 ubiquitin (Ub) ligases for this task,
but their activity is first reliant on the assembly of a ubiquitination reaction
cascade. First, a Cys residue in a E1 Ub activating enzyme binds to the C-
terminal Gly residue of the 76 amino acid long Ub, via a high energy thioester
bond, followed by transfer of the Ub moiety to another Cys residue, this time in a
E2 ubiquitin conjugating (Ubc) enzyme. Finally, the E2 associates with an E3
ligase RING domain to catalyze the transfer of the Ub moiety to a substrate

protein via the C-terminal G76 of ubiquitin (257). In most cases this ligation occurs
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to the e-amino group in a Lys residue of the substrate in cause. Ub itself has
seven different Lys residues amenable to ubiquitination, and the decision on
which of these gets ubiquitinated usually depends on the specificity of E2
enzymes (258). This way, a polyUb chain can contain always the same type of
linkage (e.g. all linked through K48, i.e. homotypic), or show heterotypic linkages
(e.g. a mix between K11 and K48 Ub linkages). Since substrate ubiquitination
can also happen at different Lys (and to a lesser extent Ser, Thr, and Met)
residues (259), there is the possibility for a great variety and complexity in the Ub
decoration of a protein substrate.

Mono-ubiquitination is usually not a strong enough signal when it comes to
proteasomal degradation, and proteasomal targeting will often rely on
polyubiquitination, usually through K48 linkages (260). The yeast ER only has
two E3 ligases known to date, Hrd1 and Doal0, which mostly depend on the E2
activity of two ER membrane-embedded E2 conjugating enzymes, Ubcl and
Ubc6, and the cytosolic Ubc7 (261).

In the ERAD-C associated Doal0 pathway, both Ubc6 and Ubc7 are used
in Ub conjugation. Some studies point towards Ubc6 having a priming role on the
activity of Ubc7. A study has found that in the absence of Ubc6, Ubc7 fails to
attach polyUb chains to Doal0O substrates (262), while others described how
depletion of Ubc6 reduced the amount of K11 linkages in the proteome (263).
The Hrd1 pathway depends mostly on Ubc7 and, to a lesser extent Ubc1l, activity.
Ubc7 activity in both the Hrd1l and Doal0 pathways is also largely dependent on
another protein present in these E3 complexes, coupling of ubiquitin conjugation
to ER degradation protein 1 (Cuel). This ER membrane protein not only recruits
Ubc7 to the ER membrane, but also promotes ubiquitin loading into the E2 and
ubiquitin transfer to an ERAD substrate (264,265).

The mammalian ER on the other hand has been shown to have at least 25
different ER associated E3 ligases (266), and even though their activity has yet
to be fully characterized, three E2 enzymes seem to be able to handle ERAD for
most mammalian substrates (261,267). As such, even though characterization of
the ERAD ubiquitination machinery has been extensively studied in yeast, the
added complexity in mammalian cells makes some of the possible equivalencies

invalid.
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Some of the known, but not fully characterized E3 ligases include MARCHG6
(268) (the mammalian homolog of Doal0), TRC8 (269), RMA1 (270), or RNF170
(271). Despite this, at least two studies have tried to comprehensively dissect
different pathways in ERAD of mammalian cells through genomic and proteomic
based approaches (73,267), mostly around on the Hrd1 and the gp78 E3.

Both Ubc6 and Ubc7 contain two homologs in the mammalian ER: UBE2J1
and UBE2J2 for Ubc6, and UBE2G1 and UBE2G2 for Ubc7 (272). Small
differences between yeast and mammalian systems become apparent when
comparing the E2 dependency in each E3 branch. While Ubc6 does not
participate on yeast Hrd1l ERAD, UBE2J1 does have a role in mammalian Hrd1
ERAD-L, with no apparent role in gp78 mediated ERAD-M (267). On the other
hand, comparably to yeast Hrd1 dependency on Ubc7, both Hrd1 and gp78 (the
second homolog to yeast Hrd1) use UBE2G2 for efficient substrate ubiquitination,
often reliant on the direct transfer of homotypic K48 polyUb chains from UBE2G2
(273). Additionally, even though there is no direct homolog of Cuel in mammalian
cells, another protein, ancient ubiquitous protein 1 (AUP1), seems to serve the
same role in recruiting UBE2G2 to the Hrd1/SEL1L complex (274). Interestingly,
this AUP1 is dispensable in the gp78 complex, since the E3 is equipped with a
domain capable of recruiting UBE2G2 to the ER membrane (73,275).

It has become clear that regardless of the ERAD targeting pathway,
mammalian cells can also use heterotypic polyUb branching in their substrates
(such as K11/K48), catalyzed by E3 Ub-chain-diversifying enzymes. These have
been proposed to increase degradation, as shown by the increase of affinity of
heterotypic chains to the proteasome when compared to their homotypic
counterparts (276).

It is also worth mentioning mammalian ERAD systems often compensate
for each other in case of loss of function or overloading. Different substrates can
also use multiple E3 ligase pathways for ubiquitination, either be it through Ub
priming followed by more extensive polyubiquitination, or substrate ubiquitination
at different sites by distinct E3 ligases, among others (277).

Substrate ubiquitination is also largely significant for the process of
retrotranslocation. Most of the topics on retrotranslocation covered until now

described the mechanisms and models present in the ER membrane. On the
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cytosolic side of retrotranslocation however, the systems that have been
described rely on the presence of Ub.

The valosin-containing protein (VCP)/p97 forms cytosolic homohexamers
with AAA ATPase activity, and it associates with its heterodimeric cofactor
composed of ubiquitin fusion degradation protein 1 (Ufd1l, UFD1L in mammals)
and nuclear protein localization protein 4 (Npl4, NPLOC4 in mammals). This
complex acts on the cytosol to finish extraction of proteins from the ER
membrane, and target them to the proteasome (Fig. 8) (278).

VCP/p97 complexed with Ufd1l and Npl4 can get first recruited to the ER
membrane via its cofactors, since both Ufd1 and Npl4 have ubiquitin interacting
domains (279). Furthermore, distinct domains in several proteins can recruit
VCP/p97 directly to the ER membrane: both gp78 (280) and Hrd1 (281) contain
themselves VCP/p97 interacting domains, and different ER protein contain the
Ub regulatory X (UBX) domain that can also recruit VCP/p97, such as UBXD8
known to interact with gp78 (73).

The role of VCP/p97 in pulling proteins from the ER membrane relies on
initial binding of the Ufd1/Npl4 dimer to greater than five Ub-polyubiquitin chains,
which can stimulate the ATPase activity on one of VCP/p97 domains (D2) (282).
Sequential cycles of ATP hydrolysis promote sequential, step-wise polypeptide
passage and unfolding through a central pore in the hexameric structure of the
complex (283,284).

Different protein complexes can associate with VCP/p97 and its dimeric
cofactor in the cytosol. The deglycosylating Figure 8: The ubiquitination cycle of

enzyme peptide:N-glycosydase (PNGase, also 9P78- A faulty membrane protein,

. with an unstable TM segment (in
known as N-glycanase 1, NGlyl) can directly . _g_ (
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in red, the substrate protein has its

ER lumen

cytoéol ' cytosolic domain polyubiquitinated.
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associate with VCP/p97, removing sugar moieties from substrates to facilitate
proteasomal clearance (285). Additionally, DUB activity seems to be necessary
for release of polypeptides from the VCP/p97 complex, by trimming the polyUb
chain (286) which could sterically hinder substrate passing through the
aforementioned pore, and enabling Ub recycling. After DUB activity, further
polyubiquitination becomes then a requirement for proteasomal degradation of
some substrates in which the trimmed polyUb chains are not a strong enough
signal. This task is usually performed by E4 ligases, whose name comes from
their role in extending preexisting polyUb chains, and include the yeast Ube2
(287), or the mammalian UBE3C and UBR4 (267). A recent report has also
shown how a substrate with fewer Ub can still be sent to the proteasome:
substrates released from VCP/p97 can be captured in a complex containing
BAG6 (288), and the cytosolic E3 ligase RNF126 can reubiquitinate the substrate,
warranting a strong proteasomal degradation signal (289).

Delivery of substrates to the yeast 26S proteasome is traditionally mediated
by Rad23 (with two mammalian homologs) and Dsk2 (four homologs in
mammalian cells, the ubiquilin family, UBQLN1-4 (219)), where both proteins
contain ubiquitin binding domains, and are able to interact with the proteasome
(290,291). The 26S proteasome itself is composed of two major subunits, the
barrel shaped 20S core particle, where the proteolytic active sites around found,
and the 19S regulatory particle, which can cover one or both ends of the core
particle. Different protomers in 19S can recognize polyUb chains in substrates
and by doing so, allow an unstructured peptide to diffuse through 19S and engage
with its AAA ATPase machinery, to guide substrate delivery to 20S. Once
engagement is set, en-bloc deubiquitination can take place, the substrate gets
unfolded and ultimately degraded at the core particle by trypsin-, chymotrypsin-,

and caspase-like proteases (292,293).

d. ER stress and the UPR
The high influx of proteins to the ER, the action of chaperones and folding
enzymes, as well as the degradation machinery associated with this organelle
have to be highly controlled for. Spikes in protein production, or the accumulation
of misfolded protein can lead to failures in protein folding homeostasis, effectively

producing an imbalance between the ER folding load and capacity (294). As
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such, cells have evolved safeguard mechanisms in the ER in order to respond to
this imbalance, and ultimately restore ER proteostasis, namely the unfolded
protein response (UPR). The first observation of what would later be described
as the UPR came from the increase in expression of BiP and Grp94 due to
accumulation of misfolded proteins in the ER (295).

The mammalian UPR works through the concerted effects of three signaling
branches generated by three ER membrane protein sensors, inositol-requiring
protein 1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase RNA-
like ER kinase (PERK). Being sensors in the ER membrane, each of these
proteins will be able to sense a stress signal either in the ER lumen or its
membrane, and react with a response in the cytosol (296). Their single or
combined activation can lead to multiple cellular phenotypes working to restore
and maintain ER proteostasis, namely through reducing the load of proteins
entering the organelle, enlarging the volume of the ER by synthesis of new
membrane, increasing the expression of pro-folding chaperones and folding
enzymes in the ER, but also upregulating the expression of ERAD machinery, in
order to deal with accumulation of misfolded proteins. Lastly, if ER stress is
maintained, the UPR will trigger cell-death, protecting the whole organism, at the
expense of single cells (297).

IRE1 is a single-pass membrane kinase and RNase, and the most
conserved and well characterized UPR sensor. In its resting state, IRE1 is
expressed as a monomer in the ER membrane with its ER luminal N-terminal
domain stabilized by BiP binding through recruitment via ERdj4 (298,299). Its
activation is dependent on BiP dissociation, and either unfolded protein or lipid
bilayer stress. These will lead IRE1 to oligomerize, and trans-autophosphorylate
its cytosolic domain (89,300,301), resulting in the activation of its endonuclease
activity and consequent splicing of XBP1 mRNA, to produce, after ligation, the
spliced form of XBP1, XBP1s (302). XBP1s encodes a transcription factor that
can bind ER stress response elements (ERSES) in the nucleus, upregulating the
expression of several ER pro-folding enzymes and chaperones, ERAD
machinery, as well as enzymes involved in lipid biosynthesis (296). Furthermore,
activated IRE1 has also been shown to cleave ER-localized mRNA transcripts,

thus lowering the burden of non-essential secretory protein synthesis (303).
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On another branch, ATF6 is maintained in an either monomeric or disulfide
linked oligomeric inactive state in the ER, through binding of inhibitory partners
such as BiP. Its activation is triggered by accumulation of unfolded proteins in the
ER, dislocation of BiP, binding to ERp18, and export to the Golgi upon stress
(304,305). There it can encounter two membrane-embedded proteases, site 1,
and site 2 proteases (S1P, and S2P) which will sequentially cleave off the luminal
and transmembrane domains of ATF6, respectively (306). This cleavage triggers
the release of its cytosolic N-terminal domain which can act as a transcription
factor similarly to XBP1s, and has been implied in the upregulation of BiP, Grp94,
PDI, and CCAAT enhancer binding protein homologous protein (CHOP) (307).

Lastly, PERK is an ER resident kinase, which similarly to IRE1 oligomerizes
and autophosphorylates in response to protein unfolding and lipid bilayer stress.
This form of the kinase can also phosphorylate the eukaryotic translation initiation
factor 2 a (elF2a). This phosphorylation leads to a decrease in overall protein
translation by inhibiting a guanine NEF form converting elF2 to its active form,
which will ultimately result in reduced initiation of protein translation (308). elF2
inhibition conversely triggers the expression of ATF4, which upregulates the
expression of different targets, including XBP1 and CHOP (309).

CHORP plays an important role in case ER stress is not remedied, as part of
the cellular proapoptotic machinery. Its expression as a transcription factor can
activate or downregulate a multitude of pro- and antiapoptotic pathways. Namely
through inhibition of certain members of the B cell lymphoma 2 (BCL2) family,
mitochondria get permeabilized and release cytochrome ¢, an apoptosis-inducing
factor to the cytosol, resulting in cell death (310,311). CHOP can also act on
apoptosis by promoting the biogenesis of Erol, resulting in the increase of
reactive oxygen species in the ER and consequently the cytosol (312).

Lastly, it is worth mentioning that all the pathways described rely on
relatively slow responses to ER stress, all involving transcription and translation
of new proteins, which may reveal itself inappropriate to deal with scenarios of
acute stress. In fact, cells have also evolved mechanisms to deal with ER stress
in a smaller time scale, dependent on PTM rather than gene expression.
Homooligomers of BiP have been shown to form, and since oligomerization
occurs via the canonical substrate interaction pocket, this keeps the chaperone

in an inactive form. An acute increase in the amount of unfolded proteins can
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trigger de-oligomerization of BiP, allowing the chaperone to stabilize substrate
proteins (313,314). AMPylation of BiP is another mechanism to regulate the
activity and availability of its chaperoning functions (315). In a scenario where BiP
IS not necessary, the chaperone can be AMPylated by an ER enzyme, rendering
it inactive. Spikes in protein synthesis in the ER, or protein misfolding can be
rapidly handled by de-AMPylation of BiP, without the need to activate the much
lengthier response of the UPR (316). An additional example was recently
uncovered for PDI and the secretory family with sequence similarity 20 C
(Fam20C) kinase. Upon ER stress Fam20C was found to rapidly and reversibly
phosphorylate PDI, leading the enzyme to lose oxidoreductase activity. Instead,
PDI gains chaperoning activity, stabilizing unfolded peptides and protecting them
against aggregation, an activity which seems to be prioritized during acute protein
folding stress (317).

3. Connexin proteins as a model

Connexins (Cx) are a group of pore-forming transmembrane proteins
expressed in a variety of organisms and virtually every mammalian cell type.
Humans express 21 types of connexin proteins and mutations in at least 10 of
them are known to be involved in disease (318,319). To date there are five
subtypes (a, B, v, 8, and €) of connexins known, based on their sequence identity
and length of their cytoplasmic tail (Fig. 9). In terms of their nomenclature,
connexins are named (i) based on their molecular weight (e.g. Cx23 for 23 kDa)
(i) based on their subtype and order of discovery (e.g. Cx23 can also be named
Cxel, with the respective gene being GJE1).

Connexins can assemble into hexamers, and assembly can take place in
the ER or all the way to the trans-Golgi, depending on the type of connexin, and
its expression levels. In general terms, the higher the connexin expression level,
the earlier in the secretory pathway assembly can take place (320,321). Once
hexamers (connexon, hemichannel, HC) reach the plasma membrane, they are
able to dock head-to-head onto another hexamer in an opposing membrane,
forming the gap junction intercellular communication (GJIC). The name “gap”
came from the appearance of a 2-4 nm space between the two cells joined by

GJIC, when seen via electron microscopy (322).
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GJIC can move small hydrophilic metabolites (such as glucose), second
messengers (CAMP, IP3), and ions (K*) across cytoplasms with different

connexins showing different selectivity and permeability towards different solutes
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(323). Molecular weight is also a limiting factor for GJIC transport since solutes
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Figure 9: Sequence conservation among members of the connexin family (A) Alignment of
connexins from different subtypes, showing sequence conservation is not well kept among
different connexin subtypes. TM segments are indicated on top of the sequence. The C-terminal
region was cropped for simplicity. (B) Sequence alignment of connexins from the B family.
Sequence conservation is maintained throughout most of the proteins, excluding the cytoplasmic
loop 2 (between TM2 and TM3) and the C-terminal of the proteins. Alignments are colored

according to Perseus (324).

bigger than 1 kDa are not transported. As such, connexins play a vital role in
enabling electrical and chemical coupling between neighboring cells effectively
allowing cell growth, synchronization, and differentiation (325-327).

Given the differential expression according to cell type, not all connexins are
expressed in the same tissues even though its likely a given cell is expressing
more than one type of connexin (326). As such, HC may be found with only one
type of connexin (homomeric), or more than one type of connexin protomer
(heteromeric HC). The same principle can be seen when HC dock into GJIC —
these can also be homotypic or heterotypic according to the assembly of the
same or different HC, respectively. Interestingly not all HC combinations are
possible, and their matching seems to be tightly associated with the subtype of
connexin (328,329).

Several hundred GJIC can come together side-by-side in patches of the
plasma membrane forming physiologically relevant gap junction (GJ) plaques.
Assembly of these is regulated by e.g. actin and zonula occludens 1 (ZO-1), and
it has been postulated that, at least for some connexins, e.g. Cx43, integration
into a plaque can only occur from the plaque periphery, with endocytosis from the
center, all constrained by restricted mobility throughout the plaque (330,331).
While in the plasma membrane, plaques can be internalized, forming double
membrane vesicles with patches or intact GJ plaques — annular gap junctions —
occasionally including HC of neighboring cells. While their degradative fate has
been postulated, some doubt remains whether these structures can also mediate
connexin and/or gap junction plaque recycling back to the plasma membrane
(Fig. 10) (332).

Connexin degradation can also be achieved by ERAD (via
polyubiquitination) or plasma membrane internalization of either connexins,
connexons, or GJ plaques resulting in either lysosomal, autophagosomal, and

proteasomal mediated degradation (via monoubiquitination) (333-335).
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a. Connexins structural features and elements

Connexins are all multipass TM proteins, made up of four TM segments,
with both their N- and C-termini exposed to the cytosolic side of the membrane,
l.e. their first TM segment has a type Il (Nin-Cout) topology (336,337), and even
though membrane topology has not been explicitly investigated for all members
of the connexin family, to date no other orientation has been found (338). Other
orientations indeed are unlikely given the high homology and sequence
identity/conservation of most connexin proteins, especially around their TM
regions and extracellular domains (Fig. 9) (339).

One of the first roles attributed to the N-terminal domain of Cx proteins
(approximately the first twenty amino acid residues) was its significance for
voltage-dependent gating of the channels (340,341) and was thus postulated to
be placed close to, or even be a part of the GJIC pore. Later NMR work on N-
terminal peptides of Cx26 and Cx32 have shown the first 10 amino acid residues
to form a helical structure, usually termed N-terminal helix (NTH), followed by a
flexible region created by the conserved Gly12 which would allow NTH to insert
into the agueous channel pore and interact with the first TM segment (342,343).
Cryo EM studies later showed that a plug like density in the central pore of Cx26
hemichannels was lost in an NTH deletion mutant of the protein (344), fortifying
the idea of this helix acting as a plug in gap junctions. Resolving Cx26 and
Cx46/50 structures confirmed this placement, and attributed it to hydrophobic
interaction between Cx26 W3 and M34 of a neighboring protomer (345,346) while
the structure of Cx31.3 hemichannels placed the NTH at the cytoplasmic
Figure 10: Simplified view of GJ
plaque assembly and
endocytosis. Connexins traffic
from the ER to the plasma
membrane, where connexons can
assemble side-by-side, forming
plagues with a connexon from a
neighboring cell. Plaques can be

endocytosed as a whole, or

partially, forming annular GJ in the

cytosol.
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entrance of the channel, covering the pore (347). In the latter study the authors
purified and resolved HC as opposed to GJIC, which they speculate to be in a
partially closed state.

Through substituted cysteine accessibility method (SCAM) performed on
Cx46 and Cx32/Cx46 chimeric hemichannels the first transmembrane segment
of connexins, TM1, was attributed as the pore lining segment (348,349) and this
was mostly confirmed with the Cx26 and Cx46/50 gap junction channels
structures (345,346). TM1 is naturally tilted which makes the pore narrow from
the cytoplasmic to the extracellular side, from a diameter of 40 A to 14 A, on a
conformation that is presumed (but not confirmed) to be open (350,351).

Structurally speaking, the first extracellular domain (EC1, also termed loop
1) starts with a parahelix (structurally similar to a 310 helix). Together with the
NTH, this domain was described as being involved in channel ion selectivity and
conductance (352,353) in part due to the conservation of its negative charges in
the TM1/EC1 boundary, which are able to form a negative charged path in the
pore. Additionally, an arrangement of twelve EC1 domains (six from each
hemichannel) form the inner half the extracellular portion of the gap junction
channels (354).

The second transmembrane domain, TM2, partially faces the pore of the
channel but to a lesser extent than TM1 (345). Together with the NTH and TM1
this TM segment appears to be a hotspot in Cx46/50 for mutations causing
cataracts indicating the underlying functional relevance of these domains (346).
A conserved proline residue, Pro87, produces a kink in the helix, and when
mutated to a Leu in Cx26 is known to affect channel voltage gating and, when
mutated in Cx32, cause human disease (355,356). Furthermore, the cryo-EM
structure of Cx31.3 has shown extensive interactions between TM2 and the NTH
placed in the cytosolic entrance of the channel (347). These are hydrophobic in
nature and span residues from T95 to W103. Another point of contention on the
relative positioning of NTH in regards to TM1 vs. TM2 comes from the fact that
only half of the human Cx proteins show conservation in these NTH-interacting
TM2 residues. This raises the question if NTH-TM2 is maintained according to
sequence conservation, or as mentioned previously, is dependent on a HC vs.

GJIC organization.
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The a-helix of TM2 extends further into the cytosol together with TM3.
Between the two segments, Cx26 has eleven positively charged residues in this
area that constitutes the entrance to the channels pore, and are thought to
contribute to Cx26 preferential permeation to anions (354). TM3 was initially
thought to be the pore lining segment for connexin proteins due to being to only
truly amphipathic TM segment (357,358). Additional SCAM and cryo-EM based
molecular modeling work have appeared to confirm this (359,360), later to be
discredited by a plethora of experiments and the first crystal structure of Cx26.
Interestingly, despite being the least conserved TM segment in connexin proteins,
TM3 plays an important role in inter-protomer interactions for both Cx32 (361)
and Cx43 (362). Solving Cx26 structure mostly attributed this to an “aromatic
face” composed of aromatic amino acid residues every third to fourth position on
this helix that stabilizes protomer interaction (345).

Bridging TM2 and TM3 is the intracellular loop (ICL, also termed loop 2)
which is mostly though to be disorder since its structure was never solved. This
loop is mostly thought to have regulatory functions (363) since its lack of
conservation among connexin proteins could have implications in channel
selectivity and permeability.

The second extracellular domain (EC2, also termed loop 3) is structurally
composed of two B-sheets, one of which runs anti-parallel to the B-sheet in EC1.
This loop contains three highly conserved cysteine residues that bridge EC1 (also
containing three conserved Cys residues) and EC2 together (364,365).
Publication of the Cx26 structure has placed EC2 as forming the outside wall of
the connexon, facing the lipid bilayer. Additionally, given its position, it was found
to be relevant for docking of hemichannels from two opposing membranes via
hydrogen bonding with conserved residues in EC1 (345,366).

The fourth TM segment, TM4 is also considerably tilted in Cx26 contributing
to the overall bigger area of the channel on the cytosolic side (345), and together
with TM3 and ECL2 are the domains of connexins facing the lipid bilayer.

Similarly to the ICL, the C-terminal domain (CTD) of connexins is mostly
disordered and was never structurally resolved outside biophysical studies
performed in membrane tethered TM4/CTD constructs which found connexins of

the o isotype (e.g. Cx43) to be more enriched in a-helical structure than other
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connexin subtypes (367). It is the most heterogeneous domain of connexin
proteins both in size and in sequence, and the main hub for post-translational
modifications as well as binding partners, from cytoskeleton proteins to regulatory
kinases (338). It is abundantly phosphorylated (with the exception of Cx26 for
having a very short CTD (368)) which becomes specially relevant for CTD
structure (369) and consequent interaction with different binding partners
responsible for intracellular trafficking, gating, turnover, among others (370,371).
Acetylation of the CTD was also recently found to play a role in Cx32 mediated
cell proliferation through a GJIC independent function (372).

b. Connexins function and regulation

Connexin activity at the plasma membrane can usually be described as the
activity of either nonjunctional, unopposed HC, or as the one of a GJIC, mediated
by HC docking. In the first case, connexin HC activity is measured as the
exchange of metabolites from the cytosol to the extracellular space and vice-
versa, while in the second, GJIC activity refers to metabolite transfer between two
cells. In general terms, there is a need for GJIC to remain open and maintain
metabolic synchronization, and for HC to remain close until docking as avoid
intracellular metabolite leaking into the extracellular space, even though there are
exceptions to this (e.g. Cx26 HC can be found open under basal conditions)
(373,374). Regardless of this, channel activity is a highly regulated and connexin
type-dependent event, with special relevance on cell growth, differentiation, and
death.

Despite different connexin presenting different ionic and molecular
selectivity, and conductance rates, they all present voltage dependent gating,
usually described as either transjunctional gating (Vjgating, or fast Vj gating) or
loop (slow) gating. The first corresponds to fast (in the few ms range) transition
to or from an open state to a subconductance state (also termed substate), in
which conductance can vary from 5 to 40% of that of a fully open channel. The
substate is thought to be important in maintaining electric and ionic coupling
between cytoplasms while decoupling molecular signaling (375). The voltage
gating sensor seems to be located at the NTH for most connexin proteins, with
possible involvement of the TM1/ECL1 border. The role of the NTH in Vjgating

became clear through mutagenesis: Cx26, with an Asp at position 2, had its V;
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gating polarity reversed in D2R and D2K mutants, now reaching the substate
when the cytoplasm becomes negative (340). As such, the general rule for
connexin Vj gating seems to be that connexins with net neutral or negative
charges in the NTH (such as Cx26) reach substates upon depolarization, while
net positive charges in the NTH (such as Cx32) close into substates with
membrane hyperpolarization (inside potential is negative) (375,376).

The second type of voltage dependent gating, loop-gating is thought to
involve a series of slower, step-wise conformational changes leading to a fully
closed state. Loop-gating-driven channel closure is thought to be the reason for
HC closure at basal conditions (377). Studies for this type of gating have been
less clear, but some seem to point towards narrowing of the pore via TM1/ECL1
movement (378-380). Molecular dynamic simulations have postulated that, in a
voltage-driven way, this TM1/ECL1 region has its electrostatic and van der Walls
networks reorganized, resulting in the protrusion of the ECL1 parahelix into the
pore (381). Left to clarify is how these models of loop-gating balance out with the
established role of the extracellular region of connexins in assembly and docking
(382).

The first gating mechanism for connexins was proposed to be based on the
sliding of protomers along the pore axis line, i.e. an open connexon would have
each connexin subunit tilted in the membrane, and upon calcium stimulus, each
subunit would slide and align with the perpendicular axis of the membrane,
closing the channel (383,384). While at this point connexins were still to be
identified and cloned, some years later the first report on actual HC gating was
gained from oocyte death via swelling when unless cells were kept in a high
extracellular [Ca?*] ([Ca?*]o) solution (385). This meant that, for the studied Cx46,
high [Ca?*]o would induce HC closure. By resolving the X-ray structure of Cx26
(un)bound to calcium, it became apparent Ca?* ions coordinate with negatively
charged residues in the TM1/ECL1 boundary between two protomers, leading to
small conformational changes around the binding site. Thus, calcium-dependent
closure of GJIC was revealed to not be dependent on drastic structural
rearrangements, such as narrowing of the channel pore, but rather due to the
creation of an electrostatic barrier — in a Ca?* bound state the pore shows an

almost entirely positive electrostatic surface potential (386,387). This should be
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enough to hinder permeation to cations in Cx26, but remains to be elucidated
how anion transporting HC (such as Cx32) have their gated affected by Ca?*.

Intracellular pH was also described early as a regulator of GJIC activity.
Early reports had pointed towards amphibian GJIC closing upon decrease of
intracellular pH, through a presumed direct effect of protonation on connexins,
and not via an intermediate (388,389). Even though sensitivity to pH varies
among connexins (e.g. Cx32 is one of the most pH-insensitive connexins), it is
mostly accepted that virtually all of the connexin subtypes expressed in different
cell types are uncoupled via cytosolic acidification (390,391). Via the use of
connexin chimeras, this same study also attributed the pH sensitive domain to
the ICL of the proteins, which was also later extended to positive charges in the
beginning of the Cx32 CTD domain (392). Further studies on Cx43 have also
shown acidification triggered uncoupling to happen through the CTD, via a
mechanism proposed to stem from a particle-receptor, “ball and chain” model, in
which protonated CTD associated with the ICL of Cx43, gating the channel (393).

Various other stimuli and PTMs affect GJIC, such as phosphorylation by
mitogen-activated protein kinase (MAPK) or protein kinase C (PKC), known to
decrease channel opening probability, which can also be observed with a
decrease in the oxidation level of the cytosol such as what happens in metabolic
inhibition conditions (374).

c. CMT1X

Cx32, GJB1 is a 283 amino acid residue connexin encoded by the GJB1
gene located at the Xq13.1 locus in humans (394). The protein is expressed in
liver as well as myelin forming cells of the peripheral (Schwann cells) and central
(oligodendrocytes) nervous systems (395,396). Both Schwann cells and
oligodendrocytes are myelinated cells who wrap around axons in the nervous
system thereby insulating them though an increase in both the membrane
resistance and conduction velocity of electrical signals throughout the axon (397).

In myelinated cells, Cx32 is mostly found in areas of non-compact myelin,
which compared to compact myelin, do not present such tight spiraling of the
membrane. These non-compact areas include the paranodal area, bordering the

nodes of Ranvier, as well as the Schmidt-Lanterman incisures, areas of
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expanded cytoplasm within the compact myelin (398,399). Schwann cells rely on
areas of non-compact myelin mostly for organelle maintenance, since these are
excluded from areas of compact myelin, dedicated to the transmission of electric
signals (397). Given the tight wrapping and extended cytoplasmic length of
Schwann cells and oligodendrocytes (which can reach the 4 mm in length), Cx32
plays a fundamental role (especially in the PNS) in the radial transport of
metabolites across different layers of the Schwann cell cytoplasm (in which their
thickness is as big as 4 um) (399).

Over 450 mutations in GJB1 are known to cause X-linked Charcot-Marie-
Tooth disease (CMT1X), the first human disease linked to a connexin protein
(394,400). CMT1X is the second most common form of CMT, accounting for 10
to 20% of its cases. CMT is the most common hereditary neuropathy with a
prevalence of ca. 30:100,000 (401).

Cx32 mutants are known to show a multitude of cellular phenotypes, from
reduced or absent Cx32 synthesis, to intracellular retention, and non-functional
or dysfunctional GJ channels (400). In males, symptoms usually start in the
second decade of life and include progressive axon loss and demyelination
resulting in distal muscle weakness. Furthermore, peripheral nerve inflammation
seems to lead to reduced conductivity in these nerves, resulting in distal muscle
atrophy and sensory loss. CMT1X is traditionally termed an X-linked dominant
disease, since females can still be affected by the disease, though usually with
later and milder symptoms onset (397,402,403). In GJB1 knockout mice, axonal
abnormalities (including cytoskeleton changes and impaired transport of synapse
associated proteins) were found to precede demyelination (404). Furthermore, in
the same transgenic mouse models demyelination can be observed at 3 months
of age, where myelin thins out and shows abnormal “onion bulb” formations
(405,406).

In conclusion, most of the data regarding CMT1X etiology come from the
physiological effects of Cx32 mutants on myelination and overall tissue
homeostasis. On the other hand, the possible involvement of protein quality

control on Cx32 and their relevance for disease remain poorly elucidated.
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The ER is responsible for the synthesis and folding of soluble and
membrane proteins of the secretory pathway. Since both synthesis and folding
are prone to a different array of errors, cells had to evolve machineries and
mechanisms to deal with possible faulty proteins. When it comes to single pass
membrane proteins, TM segment misintegration is one of the possible
topogenesis-based blunders membrane proteins may face. In the case of the
TCR o, TM misintegration is handled in the ER lumen by BiP, and its targeting
for ERAD is taken care of via Hrd1 (69).

As such, the first aim of this study was to decipher if the same misintegration
phenotype could be found in multipass TM proteins. This was supported by the
notion that ca. 25% of TM helices in multipass proteins are unstable in the lipid
bilayer, when analyzed in isolation (63). Since apolar-to-polar missense
mutations in TM segments are often associated with human disease (407), we
decided this type of mutation would be a good starting point to examine possible
misintegration phenotypes. As a model, we focused on Cx32, a four TM segment
membrane protein, known to cause human disease when mutated (394). The
second major aim was to understand the physiological consequences of
misintegration, by means of subcellular expression, and degradation kinetics.
And finally, to decipher if the same quality control machinery acting on single pass
TM protein misintegration could be found in our system.

While investigating misintegration phenotypes, we observed that several
Cx32 mutants produce a second, faster-migrating immunoblot species, when
compared to the wild type protein. As such, the second part of this work focuses
on the characterization of this species. We presumed its origin stemmed from
proteolytical cleavage, and sought to find out which protease could be
responsible for its production, and what would be the trigger for cleavage. To
conclude, we decided to investigate the effects and interaction of this species
with the full-length version of Cx32.

All in all, we hope the results from this work can be expanded to other
membrane proteins, and have brought to light new insights into membrane

protein folding and quality control.
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Materials and Methods

1. DNA, siRNA, and antibodies

Human Cx32, PMP22 cDNA, and CL/Cx32-TMS were obtained from
Origene. Human Cx26 cDNA was obtained from GPCF (DKFZ-ZMGH,
Heidelberg). Human Hiss-tagged Hrd1l constructs, as well as rodent BiP were
kindly gifted by Prof. Dr. Linda Hendershot (St. Jude Children Research Hospital,
TN, USA). Human V5-tagged gp78 was kindly gifted by Prof. Dr. Zai-Rong Zhang
(Shanghai Institute of Organic Chemistry, Shanghai, China). Ligation into
appropriate mammalian expression vectors (pSVL (Amersham) or pcDNA3.1
(Addgene)) and introduction of N- and C-terminal tags were carried out with T4
ligase (Promega). Introduction of point mutations, and all other tagging was
performed by mutagenesis PCR using a Pfu polymerase (Promega). All
constructs were sequenced prior to use (Eurofins Genomics).

siRNAs were selected from Silencer ® Select siRNA (Thermo Fischer
Scientific) as follows: EMC5 (s41129), EMC10 (s49611), SPCS1 (s226239),
SPCS2 (s18920), SPCS3 (s34132). Antibodies used, dilutions and applications

are present in the table below.

Target Company, catalog no.  Application Dilution
BiP Cell Signaling, C50B12 B 1:250
BiP (murine) (408) B 1:1000
CANX Biozol, BLD-699401 1B 1:1000
CL Southern Biotech, 1060-01 B 1:250
Cx32 Sigma-Aldrich, C3595 B 1:500

EMC10 (Abcam, ab181209 IB 1:10000

EMC4 Abcam, ab184544 B 1:10000
EMC5 Abcam, ab174366 B 1:250
FLAG Sigma-Aldrich, F7425 B 1:500
FLAG Sigma-Aldrich, F1804 IF 1:500
GAPDH Santa Cruz, sc-365062 B 1:1000
HA Biozol, BLD-901514 IB 1:1000
Hiss, HRP-conjugated Sigma-Aldrich, 11965085001 B 1:3000
Hsc70 Santa Cruz, sc-7298 B 1:1000

Mouse 1gG Santa Cruz, sc-516102 B 1:10000

Mouse IgG, Texas Red- )

Thermo Fischer, PA1-28626 IF 1:300

conjugated
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PDI, Alexa Fluor 488-

conjugated Cell Signaling, 5051 IF 1:50
PDIAG Proteintech, 18233-1-AP B 1:1000
Rabbit IgG Santa Cruz, sc-2357 B 1:10000
Rat IgG Biozol, BLD-405405 B 1:10000

SPC12 Proteintech, 11847-1-AP B 1:500

SPC18 Proteintech, 14753-1-AP B 1:500

SPC22/23 Santa Cruz, sc-377334 B 1:100
SPC25 Proteintech, 14872-1-AP B 1:1000

Ubiquitin Santa Cruz, sc-8017 B 1:500
V5 Abcam, ab27671 B 1:1000

2. Mammalian cell culture

293T (ECACC), COS-7 (ECACC), and NF1 (ATCC) cells were cultured in
DMEM (Sigma-Adrich) containing 10% FBS (Gibco), and 1% antibiotic/
antimycotic solution (Sigma-Aldrich), in a humidified 5% CO2 atmosphere at
37°C.

siRNA transfection was carried out for 48 h using 25-50 nM siRNA and
RNAIMAX (Thermo Fischer Scientific), according to manufacturer instructions.
Transient DNA transfections were performed via chemical transfection (293T) or
electroporation (COS-7, NF1). 293T were transfected with Genecellin (Bulldog
Bio) 24 h after seeding, according to manufacturer instructions. In case of co-
transfection, the amount of DNA would be split equally unless the vectors used
had different strength promoters where a ratio of 3:1 (weaker promoter
vector:stronger promoter vector) would be used. For COS-7 and NF1 cells were
split the day prior to transfection. Electroporation was carried out with a X2
Gemini electroporator (BTX) according to manufacturer instructions and protocol
for COS-7, and SK-N-MC protocol for NF1 cells.

Incubations with reagents were carried out by dilution in pre-warmed
medium, and incubation of cells for the relevant time prior to lysis. VCP/p97
inhibition was carried out with 2.5 uM (O/N) or 5 uM (3 h) CB-5083 (Selleckchem).
Translational arrested was performed with 50 pg/mL CHX (Sigma-Aldrich).
Disulfide reduction and UPR induction were carried out with 10 mM DTT (Sigma-
Aldrich). Proteasomal inhibition was carried out with 2 pM (O/N) or 10 uM (3 h)
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MG132 (Sigma-Aldrich). UPR induction was carried with 5 pg/mL tunicamycin
(Sigma-Aldrich) for 6 h.

3. Mammalian cell lysates and Immunoprecipitation

All lysate handling was performed on ice, at 4° C, or with ice-cold solutions
unless otherwise stated. Typically, prior to lysis cells were washed twice with PBS
(Sigma-Aldrich) and lysed in the appropriate amount of NP-40 lysis buffer (50 mM
Tris-HCI pH 7.5, 150 mM NacCl, 0.5% (w/v) NaDOC, 0.5% (v/v) NP-40 substitute,
1X protease inhibitors). Samples were centrifuged for 15 min at 15,0009 and the
supernatant was added to 4X Laemmli buffer containing 20% R-ME (Sigma-
Aldrich). For samples where membrane proteins were to be analyzed, lysates
were incubated for 30 min at 37° C, while lysates for analysis of soluble proteins
were boiled at 95° C for 5 min.

To assess and maintain formation of oxidized species, cells were instead
washed and lysed in the presence 20 mM NEM (Sigma-Aldrich), added to the
PBS and lysis buffer, respectively. After centrifugation, lysates were added to
Laemmli buffer either containing 20 mM NEM (non-reducing) or 5% R-ME
(reducing). For analysis of gap-junction plague formation, cells were washed,
lysed, and centrifuged as usual. The pellet fraction containing the possible gap-
junction plaque forming fraction of protein was solubilized for 10 min at 95° C in
50 mM Tris-HCI (Sigma-Aldrich) pH 6.8, 2% (w/v) SDS (Sigma-Aldrich). The
solubilized pellets were then supplemented with lysis buffer up to the original
volume of lysis, followed by a 15 min centrifugation at 15,000g. Supernatants
containing the gap junction plague forming connexin fraction were supplemented
with Laemmli containing B-ME, and incubated, as described above. Protein N-
glycosylation assessment was performed resorting to EndoH (New England
Biolabs) and/or PNGase F (New England Biolabs) mediated N-deglycosylation,
according to manufacturer instructions.

Protein retrotranslocation was assessed by semi-permeabilizing cells after
PBS washes as described elsewhere (289). Briefly, semi-permeabilization was
carried out for 5 min in buffer containing 0.015% (v/v) digitonin (Sigma-Aldrich),
followed by scraping the cells into a tube. A small aliquot was taken for a total
fraction control sample, and mixed with 2X NP-40 lysis buffer. The remainder of

the cell suspension was centrifuged at 15,0009 for 5 min, and cytosolic proteins
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were taken from the supernatant and supplemented with Laemmli, as described
above. Membrane proteins were solubilized from the pellet fraction with NP-40
lysis buffer for 5 min on ice, followed by a 20,000g centrifugation for 10 min.
Supernatant were taken and supplemented with Laemmli as described above.
Samples intended for immunoprecipitation were either lysed in NP-40 lysis
buffer or, when membrane-embedded interactions were under study, digitonin
lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% (w/v) digitonin, 1X
protease inhibitors). For BiP co-immunoprecipitations apyrase (Sigma-Aldrich)
was added to the NP-40 lysis buffer. Imnmunoprecipitation of target proteins was
carried out by adding 1-2 ug of antibody to the lysates and rotating samples for
2 h, followed by 1 h rotation with Protein A/G agarose beads (Thermo Fischer
Scientific). Alternatively, for FLAG immunoprecipitations, FLAG M2 Affinity gel
(Sigma-Aldrich) was used for 3 h. Beads were washed three times in either NP-
40 wash buffer (50 mM Tris-HCI pH 7.5, 400 mM NacCl, 0.5% (w/v) NaDOC, 0.5%
(v/v) NP-40 substitute) or digitonin wash buffer (50 mM Tris-HCI pH 7.5, 150 mM
NacCl, 0.5% (w/v) digitonin). Proteins destined for MS were washed twice more in
detergent-free wash buffer. Proteins were eluted with 2X Laemmli buffer
supplemented with 3-ME and incubated at either 37° or 95° C as described

above.

4. Immunoblot

Proteins were separated by SDS-PAGE in a Tris-Glycine system (Biorad),
and blotted onto a methanol (Sigma-Aldrich) activated PVDF membrane (Biorad)
at 4° C O/N. Membranes were blocked for 3-5 h in 5% skimmed milk (Sigma-
Aldrich), 0.1% Tween-20 (Biorad) in TBS (50 mM Tris-HCI pH 7.5, 150 mM NacCl),
and incubated O/N with primary antibody diluted in blocking milk. The following
day, membranes were washed three times with TBS and TBS-T (TBS, 0.1%
Tween-20), incubated with HRP-conjugated secondary antibody (Santa Cruz),
and washed thrice more. Chemiluminescence was detected in a Fusion 6 Pulse

Imager (Vilber Lourmat) using Amersham ECL Prime (Thermo Fischer Scientific).

5. Mass spectrometry
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After immunoprecipitation, proteins to be analyzed by MS were digested
and eluted from the beads, and sample desalted and purified as described
elsewhere (409). Nanoflow LC MS/MS analysis were performed with an UltiMate
3000 Nano HPLC (Thermo Fischer Scientific) system, coupled to an Orbitrap
Fusion mass spectrometer (Thermo Fischer Scientific). Peptides were loaded on
an Acclaim C18 PepMap100 75 pm ID x 2 cm trap column with 0.1% TFA, then
transferred to an Acclaim C18 PepMap RSLC, 75 ym ID x 50 cm, 0.1% FA
analytical column heated at 50° C, and separated. Peptides were ionized using

an EASY-ETD/IC source. Full scan (MS1) acquisition (scan range of 300-1500
m/z) was performed in the orbitrap at a resolution of 120,000 and with an
automatic gain control ion target value of 2e5. Isolation was performed in the

guadrupole using a window of 1.6 m/z. Fragments were generated using HCD

(collision energy: 30%). The MS2 automatic gain control target was set to 1e4
and a maximum injection time for the ion trap of 50 ms was used (with inject ions
for all available parallelizable time enabled). Fragments were scanned with the
rapid scan rate.

MS raw files were analyzed with MaxQuant (410) with a protein database
containing human sequences (downloaded May 2017 from Uniprot, taxonomy ID:
9606).

6. Immunofluorescence

To determine target protein intracellular localization, electroporated COS-7
were used. 48 h after transfection cells were washed twice with pre-warmed PBS,
followed by fixation in glyoxal (Sigma-Aldrich) as described elsewhere (411).
Cells were permeabilized and epitopes blocked for 15 min in 2.5% BSA (Sigma-
Aldrich), 0.1% Triton X-100 (Biorad) in PBS. Primary antibodies were incubated
for 2 h at RT, followed by three PBS washes, and 1 h secondary antibody
incubation, followed by one PBS wash. 1 pg/mL DAPI (Sigma-Aldrich) in PBS
was used to briefly stain nuclei, and the samples were then again washed three
times with PBS, and mounted with mounting medium (Ibidi). Imaging was
performed on a DMi8 CS Bino inverted widefield fluorescence microscope (Leica)

with the appropriate filters, and analysis was performed with LAS X (Leica). For
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signal deconvolution, z-stacks were taken and exported to Huygens Essential

(Scientific Volume Imaging).

7. Structural modeling and sequence analysis

Cx32 structural modelling was performed with iTasser (412) by using the F
chain of Cx26 X-ray structure as a template (PDB ID: 2zw3). Cx32 and Cx26
share 49% and 71% sequence identity and conservation, respectively.
Superimposed model and X-ray structure had an overall RMSD of 0.72 A. The
modeled protomer was then structurally aligned to the hexameric structure of
Cx26, and the resulting modeled Cx32 hexamer was energy minimized using
Yasara Structure (413).

Potential revertant mutants on Cx26 and Cx32 were assessed and modeled
on the X-ray Cx26 structure (PDB ID: 2zw3) and the generated Cx32
hemichannel model. Disease-causing point mutants were simulated and energy
minimized in Yasara Structure, and the resulting models were manually queried
for potential compensatory mutants, followed by a new energy minimization step.
Cartoon depictions of protein models were performed on Chimera (UCSF) (414).

Sequence alignments were performed in Clustal Omega (EMBL-EBI)
(ebi.ac.uk/Tools/msa/clustalo/), and analyzed in Jalview (415). AGapp for TM
segment insertion was performed with DGpred (dgpred.cbr.su.se/). TM segment
predictions were performed in either DGpred (63), or TOPCONS
(topcons.cbr.su.se/) (416).

Non-canonical signal peptide prediction was performed by retrieving the
FASTA sequences of proteins with a transmembrane annotation from UniprotKB,
and running them through the SignalP 3.0 (cbs.dtu.dk/services/SignalP-3.0)
(417), SignalP 4.1 (cbs.dtu.dk/services/SignalP-4.1) (418), and TMHHM servers
(cbs.dtu.dk/services/ TMHMM). Sequences were filtered by their SignalP D-score,
based on the threshold value of each SignalP version. The TMHMM server was
used to filter for multispanning membrane proteins having their first TM segment
in a type 1l orientation, and in their first 70 aa. Proteins with at least one type Il
TM1 prediction, from a full protein scan or a scan with just the first seventy amino

acids of the protein, were included. The list of 442 proteins was then filtered for
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expression on the secretory pathway and absence of annotated signal peptide

(both annotations taken from UniprotKB).

8. Quantification and statistical analysis

Immunoblots were quantified using BiolD (Vilber Lourmat). Fractions of
glycosylated or cleaved species were calculated by dividing the concerned
species by the sum of the intensity of the different species. Co-
immunoprecipitation values were calculated by normalizing the amount of co-
Immunoprecipitated protein to the amount of immunoprecipitated protein in the
same samples. Relative poly-ubiquitination was calculated by subtracting the
background signal from mock controls, relative to each treatment and
transfection. CHX decays were calculated by normalizing the intensity at each
time point to the intensity of the sample with no CHX incubation (t = O h). Half-life
calculation were done by logarithmically linearizing the CHX decays and finding
the intersection of this line to In(0.5).

Statistical analysis for MS data was performed in Perseus (324). Proteins
identified only by site, reverse hits or potential contaminants were removed. LFQ
intensities were log2 transformed. Data were then filtered for at least two valid
values in at least one replicate group. Then, missing values were imputed from
normal distribution. The replicate groups were compared via a two-sided, two-
sample Student’s t test. Enrichment values and corresponding —log10 P values
were plotted.

All other statistical analysis was performed using Prism (GraphPad) using

two-tailed Student’s t tests. Statistical significance was set at P < 0.05.
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Results

1. A network of chaperones prevents and detects failures in
membrane protein lipid bilayer integration
a. Disease-causing mutants cause Cx32 TM segment
misintegration

Membrane protein integration and topogenesis are two molecular
processes prone to failure, which means that in order for cellular homeostasis to
be maintained, they must be tightly controlled and regulated. Among the different
challenges membrane proteins face, stability of TM segments within the
membrane is one of them, since approximately 25% of all TM helices, when
analyzed individually, are predicted to be unstable in the hydrophobic
environment of the lipid bilayer (63). The main reason for this intrinsic instability
Is the presence of polar or charged amino acid residues within these segments,
the same type of residues that present the highest degree of conservation among
TM proteins and their TM segments (419,420). A common strategy to circumvent
the problem of instability is achieving intramembrane packing through TM-TM
interactions — polar or charged residues will be hidden from the hydrophobic acyl
chains through interaction with amino acid residues in neighboring helices, either
in the same or on a partner protein. In case this fails, previous reports have
pointed towards slipping of TM segments into the ER lumen in single-pass TM
proteins (68,69). However, when it comes to multipass TM proteins, reports on
TM misintegration seem to be confined to transient, co-translational events,
where translation of downstream TM segments guarantees full TM insertion
(64,66,421).

Cx32 is a four TM segment membrane protein with both its N- and C-termini
facing the cytosol (Fig. 11A). We became interested in the protein since we
predicted one of its TM segments (TM2) to be unstable in the membrane, and
mutants all throughout the protein are known to cause CMT1X (Fig. 11A) (394).
Since TM misintegration has been observed for single-pass proteins, we were
interested if the same would occur with the Cx32 TM segments. Towards this, we
generated a model of hexameric Cx32 (Fig. 11B) based on the crystal structure
of Cx26 (345), and decided to focus on CMT1X-causing mutants that, while

embedded in the membrane, cause a predicted instability for their TM segment
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in the hydrophobic interior of the membrane (Fig. 11B). The mutants were
selected throughout the four TM segments of Cx32, with sidechains facing distinct
structural elements (e.g. the lipid bilayer or the center of the protomer), and their
apolar-to-polar character increases their instability as seen by the increase in
their AGapp for membrane integration (dgpred.cbr.su.se, (63)) (Fig. 11A).

In order to assess if TM misintegration could occur for any of these mutants,
we took advantage of the fact glycosylation occurs only in the ER lumen (143)
and is easily assessed via immunoblot. Since Cx32 has a naturally occurring
glycosylation sequon in its N-terminal tail (*NWT?®), we individually equipped wild

type and mutant proteins with glycosylation sites in the remaining loops and C-
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Figure 11: Cx32 mutants lead to TM segments misintegration. (A) Top, schematic of Cx32
integration in the membrane, and table with AGapp for each wild type TM segment. Numbers in
green indicate favorable integration, and in red unfavorable integration. CMT1X-causing mutants
and respective AGappare also shown. (B) Side and top view of the modeled Cx32 hexamer shown
with surface filling. The four mutants presented in (A) are shown in the model, colored. TM
segments are colored black and labeled in the side view of the model. Individual hexamers are
numbered in the top view of the model. (C) Cx32" and mutants with glycosylation sequons in the
indicated sites were transfected into 293T, lysed and treated with EndoH as indicated. Orange
arrows indicate sugar digest by the enzyme and represent ER lumen exposure of a given loop.
Models for properly integrated mutants are shown on the right. (D) The indicated mutants in TM2
were treated as described in (C). AGapp and fraction of glycosylated species are shown below the
immunoblot. A modeled monomer is shown on the right side with side and top views, presenting
the location of the three studied TM2 mutants. On the bottom side two models for partial and

complete misintegration with example mutations in TM2. ND, not determined.

terminal tail (Fig. 11C). This way, anytime Cx32 exposes one of these regions to
the ER lumen, glycosylation can occur and protein topology can be inferred. We
proved assay functionality by confirming the previously published topology of
Cx32" where loop 1 and loop 3 are in the ER luminal face of the membrane, and
the remaining loops on the cytoplasmic side (Fig. 11C) (337). Furthermore, while
most mutants showed complete integration of their TM segments, this was only
partially true for Cx32-°° (Fig. 11C). For this TM2 mutant, a fraction of the protein
shows glycosylation in loop 2, as confirmed by EndoH glycosidase treatment.
This means that both TM2 and TM3 in Cx32-°% are partially misintegrated, while
the remaining TM segments (TM1 and TM4) show complete membrane
integration (Fig. 11C). The wild type sequence of TM2 is predicted to not be
inserted favorably in the membrane, when analyzed in isolation (Fig. 11A), which
led us to infer small perturbations in this segment appeared to be enough for TM
slipping to occur. To test this idea, we mutated Cx32 twice more with CMT1X-
causing mutants in TM2, both once again destabilizing of TM helix membrane
integration (Fig. 11D). For these, Cx32-8H and Cx3283R, a subpopulation of Cx32
where both TM2 and TM3 were not integrated could again be detected (Fig. 11D),
establishing TM2 as hot-spot for mutations leading to failed Cx32 topogenesis.
Importantly, the three TM2 mutants were spread out throughout TM2, facing
different sides of the TM helix (Fig. 11D).
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Of note, at this point we could not detect quantitative glycosylation of our
loop 2 reporter. This could be either due to (i) partial, not complete misintegration
of TM2 and TM3 — i.e. there would be a Cx32"°%" (and the other TM2 mutants)
sub-population in which topogenesis was not compromised or, (ii) intrinsic failure
of our sequon to be fully glycosylated, e.g. due to steric hinderance. To test if one
of these hypotheses was correct, we decided to simultaneously equip TM2 with
two destabilizing mutants — in this scenario algorithm prediction of TM integration
completely misses the TM character of this sequence (data not shown). For these
newly created double mutants, Cx32-81H.L90H gnd Cx32L83R.L0H " glycosylation of
the reporter site on loop 2 was now almost complete (Fig. 11D), meaning that it
should be permanently exposed to the ER lumen according to our steady state

analysis, and arguing for only partial misintegration of the single mutants in TM2.

b. Misintegrated Cx32 mutants are subject to ERAD

Having established TM2 (and consequently TM3) as a segment prone to
misintegration upon mutation, we next wondered what the intracellular fate of
these mutants would be. Towards this end, we tagged Cx32", Cx32.8H,
Cx32%%H and double mutant, Cx328H.L%0H with a C-terminal FLAG tag and
electroporated COS-7 cells with said constructs. When immunofluorescence was
performed, the intracellular location of Cx32"t was similar to that in previously
published reports (422), arguing that C-terminally tagging Cx32 with FLAG does
not hamper its trafficking or assembly (Fig. 12A). In these cells, while some
intracellular retention can be observed, gap-junction plaques can be seen in cell-
cell boundaries (Fig. 12A). These consist of ensembles of thousands of gap
junction channels packed side-to-side, known to be physiologically relevant Cx32
supramolecular assemblies (332). The presence of these gap junction plaques
could also be confirmed through a detergent insolubility assay: upon cell lysis,
gap junction plaques will aggregate into a NP-40-insoluble pellet. Solubilization
of this pellet by heating in 2% SDS-containing buffer and immunoblotting, we
could clearly detect Cx32"t (Fig. 12B), arguing, together with the
immunofluorescence data, for proper gap junction plague assembly of the

epitope-tagged Cx32",
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Figure 12: Misintegrated Cx32is retained in the ER intracellularly and sent to ERAD. (A) FLAG-
tagged Cx32 constructs were electroporated into COS-7 cells and connexin expression
determined by immunofluorescence, in magenta. White arrowheads indicate gap junction plaque
formation. PDI was used as an ER marker, in yellow. Nuclei are stained blue. Scale bars
correspond to 20 um. (B) 293T were transfected with the indicated constructs and lysed in NP-
40 buffer. After centrifugation pellets were solubilized (P) and Cx32 immunoblotted in both the
pellet and soluble (S) fractions. (C) 293T lysates with the indicated constructs expression were
digested with either EndoH (H) or PNGaseF (F). Orange arrows indicate digestion of complex
modified sugars. (D) Representative immunoblots and quantification of degradation kinetics of
the indicated constructs in the presence of CHX. Arrowheads in the immunoblots indicate dimeric
and monomeric forms of Cx32. Decays correspond to the sum of monomeric and dimeric species
(indicated with arrowheads) for the samples without addition of MG132. The degradation of
Cx32'81H.L0H s shown in the graph only, together with the half-lives of the plotted constructs.

Graph is shown as mean+SEM, N>3.
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The same type of assembly could be observed for Cx328H, but strikingly,
while Cx32-9°H still did form punctae-like structures, there was no evidence for
cell-cell boundary gap junction plaques (Fig. 12A), which could also be confirmed
through the detergent-insolubility assay described above (Fig. 12B). We
additionally noticed, through our glycosylation reporter system, that adding the
NVT sequon on the third loop of Cx32%%°H gave rise to Golgi complex modified
sugars which could only be digested with PNGase F, and not EndoH (Fig. 12C).
These data point towards at least marginal traversing of Cx32-%°H through the
Golgi, and against complete ER retention. Interestingly, by causing the topology
to be fully compromised with our double mutant, Cx328H.90H "\we could also
completely retain this mutant in the ER (Fig. 12C). Taken together with partial ER
escape from our partially misintegrated mutants, we can speculate that the
misintegrated fraction of Cx32-8H and Cx32-%" is most likely ER retained.

Since we detected intracellular trafficking defects of our (partially)
misintegrated mutants when compared to Cx32" (Fig. 12A), we decided to test if
they would be recognized by the degradation machinery of the cell. Through CHX
chases we could show that, while the wild type protein was mostly stable, with a
half-life of ca. 5-6 h (Fig. 12D), our partially misintegrated, assembly-incompetent
mutant, Cx32-°%", showed a severely reduced half-life, at ca. 80 min, a decay that
was mostly reversed by inhibiting the proteasome with MG132 (Fig. 12D). The
same increase in degradation rate was seen for Cx328tH.L90H ‘showing a half-life
of ca. 70 min (Fig. 12D). Thus, both the intracellular retention and the increased
degradation rates seem to point towards the presence of mammalian machinery

to deal with aberrant TM segment misintegration in multipass membrane protein.

c. Misintegrated Cx32 is recognized by a network of

chaperones

As previously mentioned, the TM segments of single-pass membrane
proteins may slip from the membrane into the ER lumen if their structure
formation fails, e.g. due to failed intramembrane assembly (69). In these cases,
the ER Hsp70 chaperone BiP can intervene to chaperone these mostly
unstructured, hydrophobic TM segments. We thus wondered if the same can be
found in our misintegrated Cx32 system. When we immunoprecipitated FLAG
tagged Cx32™, Cx32-81H, Cx32-9%H we could detect BiP binding to all of these
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constructs (Fig. 13A). Since the wild type protein only has its loop 1 and loop 3
exposed to the ER lumen, we hypothesize some unstructured elements may be
temporarily present in these until assembly can occur. We could also convincingly
observe that both our partially misintegrated mutants co-immunoprecipitated
significantly more BiP (Fig. 13A). Due to the fact BiP binds moderately
hydrophobic peptides (169), we hypothesized that binding could be occurring
directly via one of the misintegrated helices. To test this hypothesis, we adapted
a previously described reporter system (69), in which an ER targeting, BiP-inert

antibody C. domain was fused to a Cx32 TM segment, followed by a glycosylation
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Figure 13: BiP recognizes misintegrated TM segments. (A) The indicated FLAG-tagged Cx32
constructs were transfected together with murine BiP in 293T, and pulled down from cell lysates.
Representative immunoblots from both input controls and immunoprecipitations are shown,
together with quantification of relative BiP binding, on the right. Bar graphs are shown as
mean+SEM, N=3. **, P value < 0.01. (B) Schematic of the construct containing a C. domain and
TM helix with sequence of the indicated TM segments. In red is the reporter site to assess
integration. On the right, representative immunoblot for the different TM segment construct,
with(out) preceding EndoH digest. (C) Schematic of the construct used to assess correct
orientation of the inverted TM1 sequence. The glycosylation reporter site (in red) was placed
downstream of TM1, and the original site seen in (B) was mutated (in green). On the right,
immunoblot of 293T cells transfected with this construct, lysed, digested with EndoH, and
immunoblotted for the CL domain. (D) The constructs used in (B) were co-transfected with murine
BiP into 293T cells, and immunoprecipitated. A representative immunoblot from the BIiP

interaction with each construct is shown.

sequon to monitor the TM segment integration (Fig. 13B). When Cx32 TM1 was
applied to the system, we could detect very little glycosylation of our reporter site,
indicating TM1 was integrated almost entirely (Fig. 13B). Of note, our TM1
sequence had to be inverted so the segment had the wild type orientation in the
membrane, and we confirmed this inversion did not lead to altered TM segment
topology (Fig. 13C). On the other hand, both wild type and mutated (L90H) C.-
TM2 constructs were almost fully misintegrated, slipping to the ER lumen, as
seen by the nearly complete glycosylation of the C-terminal reporter site (Fig.
13B). This agrees with the AGapp for TM2 membrane integration (Fig. 11A), and
tells us that in the context of full-length Cx32, TM2 integration in the membrane
iIs most likely dependent on the presence of other Cx32 TM segment(s).
Additionally, when assessing BiP binding to these constructs, while CL.-TM1
showed barely detectable BiP co-immunoprecipitation, both C.-TM2" and C.-
TM2M%H co-immunoprecipitated BiP (Fig. 13D), indicating that the chaperone is
able to recognize the misintegrated TM segment and that these are most likely
unstructured, based on BiP preferential binding propensities (169).

Having characterized BiP binding to Cx32-°H we decided to take a
proteomics-based approach to identify other factors that could be involved in the
quality control of Cx32. Towards this end we made use of our FLAG tagged
constructs, immunoprecipitated them from 293T in mild digitonin buffer to

maintain possible TM-TM interactions intact, and performed affinity-enrichment
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mass spectrometry experiments (Fig. 14A). One of the most interesting hits

resulting from this approach was the identification of the ER chaperone CANX

(Fig. 14A). CANX is one of the most abundant chaperones in the mammalian ER

and its canonical role is the recognition of sugar moieties in ER glycosylated

proteins, as a means to assess protein folding in this organelle (151).

Interestingly, Cx32 is not a glycoprotein which makes a possible calnexin
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Figure 14: Cx32 is recognized by different ER membrane chaperones. (A) Volcano plot resulting
from AE-MS performed from the immunoprecipitation of Cx32"-FLAG in mild digitonin buffer
from transfected 293T cells, against immunoprecipitation with an 1IgG control antibody. Cx32 is
highlighted in red. In green and blue are the identified chaperone characterized further. Names
correspond to Uniprot gene name. (B) FLAG-tagged Cx32 constructs were immunoprecipitated
and interaction with endogenous CANX, EMC4, and EMC10 was detected. Quantification of the
degree of interaction for the different Cx32/chaperone pairs is shown below. Bar graph
represents meantSEM, N>3. (C) The EMC was destabilized through siRNA-mediated
knockdown in 293T cells, and Cx32 with a glycosylation topology reporter on loop 2 (red “N”)
was transfected. Levels of average knockdown are shown. On the right side, schematics on the
topology of each species in the immunoblot. Quantification of relative glycosylation is shown
below in the bar graph showing meantSEM, N>3. ns, not significant; *, P value < 0.05; **, P
value <0.01

chaperoning role to be independent of its canonical lectin activity. In order to
confirm the chaperone as a true-positive from our AE-MS, we co-
immunoprecipitated endogenous CANX by pulling down FLAG-tagged Cx32 as
previously described (Fig. 14B). We could once again preserve CANX interaction
with both Cx32"t and the partially misintegrated mutants, and while there was a
tendency for Cx32-°°" to bind more calnexin, this difference in binding was not
significant (Fig. 14B).

One other interesting hit we detected in our AE-MS experiments was
EMC10 (Fig. 14A). EMC10 is part of the ten-membered ER membrane protein
complex, a complex recently reported to play a role in different aspects of
membrane protein biogenesis, particularly in the insertion of TM segments with
low hydrophobicity (75,79,90). This sparked our interest since our Cx32 variants
have this distinguishing feature. We started by demonstrating EMC10 binding to
all Cx32 variants (Fig. 14B), and by extending our co-immunoprecipitation
studies, we could also detect binding to the EMC4 subunit (Fig. 14B). As was the
case for interaction with BiP, both EMC subunits were preferentially enriched
upon pulldown of partially misintegrated Cx32 variants.

The different roles ascribed to the EMC in TM segment insertion have been
mostly placed in its cytoplasmic activity, i.e. low hydrophobicity TM segments in
the cytosol getting inserted into the ER membrane by means of the complex
(423). We became interested if the same could happen in our system where the

misintegrated TM segment is in the ER lumen. To test this idea, we took
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advantage of our glycosylation reporter system to measure integration, and
towards this, we decided to destabilize the EMC via siRNA induced knockdown
(Fig. 14C). Previous work has described both the EMC5 and EMC6 to be central
to the stability of the whole complex, since destabilizing either of these can disrupt
the complex for the most part (76,79). Hence, we decided to use EMC5 and
EMC10 siRNAs (in order to guarantee EMC10 knockdown, the interaction partner
we had detected in AE-MS) and compared the levels of Cx32 TM2 and TM3
integration against the use of a control siRNA. Despite a small effect, a
reproducible increase in misintegration could be detected for both Cx321H and
Cx32-%%" when the EMC was knocked down (Fig. 14C), corroborating our theory
in which the complex can aid TM segment insertion, possibly even on the ER

luminal side.

d. Misintegrated Cx32 ERAD is handled by gp78

Given the preferential binding of our misintegrated mutants to quality control
machinery in the form of BiP and the EMC (Fig. 13A, 14B), and the fact we could
see a significant increase in the degradation rate of Cx32-°°H when comparing it
to Cx32" (Fig. 12D), we became interested in the E3 ubiquitin ligase responsible
for the clearance of misintegrated membrane proteins. We focused mostly on the
ER resident Hrd1l and gp78 which have been vastly implied in ERAD-L and
ERAD-M (424). In order to assess if one of the two had a role in the disposal of
faulty Cx32, we cloned dominant negative RING mutants for both, Hrd1¢2°'S and
gp78C341S.C378S (270,425). When these were individually co-transfected with
Cx32L%H Hrd1¢?°'S showed a modest effect in stabilizing the mutant, while
gp78¢341S.C378S showed a considerably stronger effect (Fig. 15A). In order to
determine if the stabilization we observed was due to the E3 ubiquitin ligase

activity of gp78, we co-transfected 293T cells with Cx32-°H and gp78",

67



Results

gp78¢E41378S - or mock plasmid, and
inhibited the proteasome in order to allow
ubiquitinated protein to accumulate. After
this, we immunoprecipitated Cx32-°°" and
detected ubiquitinated proteins (Fig. 15B).
Co-transfection of our RING mutant gp78
led to no significant increase in the levels
of ubiquitinated Cx32 wupon MG132
treatment, which could be observed seen
for gp78" co-transfection (Fig. 15C).
Taken together, we could show that Hrd1,
and even more so gp78 plays a role in
clearing the cell of misintegrated Cx32 via
ERAD.

Figure 15: gp78 handles misintegrated Cx32-°°H
ERAD. (A) Decay of Cx32-°%H co-transfected with
the indicated gp78 constructs, or a mock plasmid,
assessed via CHX chase. Graphs are shown as
mean+SEM, N>3. * P value < 0.05 for
gp78C314SCIT8S vy mock transfection; #, P value <
0.05 for Hrd 1°2°1S vs mock transfection (B) 293T co-
transfected with the indicated construct pairs were
incubated with MG132 or DMSO as a control for 6
h, followed by FLAG immunoprecipitation and
immunoblotting of the indicated proteins. (C)
Quantification of (B). Bar graphs are shown as
mean+SEM, N=4. ns, not significant; **, P value <
0.01.

68

A

E) 1.0 CX32L90H o p7BC314S.CaT8s

[= x ® Hrd1C291s

g l 4 mock

(O] *

=05 I — i

©

o

% 00l : : .
0 2 4 6

CHX (h)
B Cx3290H

mock gp78™ gp78catiaiss

MG132 -+ - + - +

250

1
1

1

(kDa)

O

30—
00
70

55—+

35—

P

IP:FLAG (Cx32)
WB:Ub

25—

IP:FLAG (Cx32)
- S WB:Cx32

00

———— |\\/B:V5 (gp78)

MW

Cx32Mrelative polyUb levels

O & 0 &
i o7 X
Q\\\ © 0\* ©

ngSW‘t gp78C341 5,03785



Disease-causing connexin mutants are processed in their N-terminal region

2. The endoplasmic reticulum signal peptidase acts as a

quality control enzyme for membrane proteins

a. Disease-causing connexin mutants are processed in their

N-terminal region

When studying the different CMT1X-
causing mutants, we showed how membrane
embedded mutations may lead to problems
in TM helix integration, and how this is
recognized and handled by ER quality control
mechanisms. At the same time, we observed
that several of our CMT1X mutants showed
an aberrant running behavior when analyzed
via immunoblotting (Fig. 16A). In order to
expand our repertoire of studied connexins,
we decided to additionally look into two
membrane-embedded deafness-causing
mutants of Cx26 (GJR2), Cx26R*H and
Cx26'?03K |ocated in TM1 and TM4
respectively. Similar to what we observed for

Cx32, these mutants also showed an

Figure 16: Connexins are cleaved in their N-terminal.
(A) Schematic of Cx32 membrane integration, disulfide
formation pattern, and localization of membrane and
luminal mutants. A representative immunoblot for the
indicated constructs is shown below. Arrowheads
represent the two species, wild type like and aberrant
(B) Same as in (A) for Cx26. Hsc70 was used as a
loading control. (C) NF1 cells were electroporated with
the indicated Cx32 mutants, and lysates
immunoblotted. Arrowheads indicate the two Cx32
species seen in 293T cells. (D) Connexin constructs
were FLAG tagged in either termini, transfected into
293T cells, and immunoblotted with either Cx32 and
FLAG antibodies (for Cx32 mutants), or only a FLAG
antibody (for Cx26).
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aberrant SDS-PAGE running behavior (Fig. 16B). While most of the wild-type
protein would migrate at its expected size, these mutants led to the appearance
of a faster migrating species, either exclusively (Cx32M34K), or together the typical
wildtype like species. Importantly, the same running behavior was seen when
Cx32 was transfected into NF1 cells (Fig. 16C), a precursor of the human Cx32-
expressing Schwann cell line, arguing that such phenotype would also be found
in CMT1X patients affected by any of these mutations. Having excluded
glycosylation and incomplete disulfide reduction on Cx32 as possible origins of
the second species (data not shown), we decided to focus on proteolysis as a
possible cause. To accomplish this, we equipped wild type protein and mutants
with a FLAG tag in either of their termini, transfected these into 293T cells, and
blotted the constructs with either a Cx32 or a FLAG antibody (Fig. 16D). When
analyzing the Cx32 blots we could clearly see the decrease in mobility for the
FLAG tagged upper band. However, the faster migrating species on the N-
terminally tagged mutants migrated at the same height as the faster migrating,
untagged band (Fig. 16D), thus confirming and mapping cleavage to the N-
terminal of Cx32.

b. SPC cleaves cryptic cleavage sites in mutant connexins

Given the size of the cleaved connexin species when compared to that of
the full-length protein, we assumed N-terminal cleavage would likely be occurring
around TM1. This TM segment has a type Il topology (Nin/Cout) for all known
connexin proteins (426) which would be one of the prerequisites for SPC
mediated proteolysis (427). This complex is abundant in the ER and is
responsible for the juxtamembrane cleavage of signal peptides in membrane
proteins, and especially, soluble proteins of the secretory pathway (427).
Furthermore, expressing Cx32¢2°1R in different knockout cell lines for distinct ER
intramembrane proteases did not lead to a change in the presence of cleavage
product (data not shown). Different algorithms have been trained to identify the
presence of signal peptides in proteins, so we made use of one of these, SignalP
4.1 (418), to check if a signal peptide would be predicted. When analyzing the
sequence of Cx32, the SignalP 4.1 algorithm identified three cleavage sites, with
a predicted low probability, after Cx32 TM1, consistent with the role of this

segment as a signal anchor (Fig. 17A). Given the proximity to the threshold
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probability for cleavage given by the algorithm, and the fact that if SPC-mediated
cleavage was occurring, it would not be through a canonical pathway (see its

dependency on mutations located as far as Cx32 last TM segment), we decided

to follow this route.

It has been previously described that, similar to other proteases, SPC
cleavage depends on the presence of looped regions around the cleavage site of
the substrate (428). Since SignalP 4.1 predicted cleavage to occur between
A39/A40, A41/E14 (scoring the highest cleavage provability), and G45/D46
(scoring the lowest) (Fig. 17A), we hypothesized that promoting o-helical
structure around this stretch, by effectively extending TM1, would hamper SPC
mediated cleavage. By doing this on Cx32M34K (Cx32M34K. TM1ex), we could

completely block the cleavage phenotype (Fig. 17C). Additionally, by a new
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Figure 17: Cx32 is processed by the SPC. (A) SignalP 4.1 plots Cx32". The C-score

determines the probability that cleavage occurs before a given amino acid residue. The S-score
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determines the probability of a given sequence being a signal peptide, and the Y-score
combines the C-score with the slope of the S-score. The first 70 amino acids of Cx32 are
shown. (B) Same as (A), for Cx32A(3940P.D46P) (C) Schematic of Cx32 TM1 with arrows depicting
the orientation of the sequence. Mutants used to revert cleavage are shown, colored pink for
usage in the context of Cx32M34 and yellow for usage in the context of Cx32.8R, A
representative immunoblot is shown on the right, resulting from the transfection of the indicated
constructs into 293T. “M34K, TM1e%” refers to the extension of TM1 in the context of Cx32M34K,
(D) The auxiliary subunits of the SPC were knocked down from 293T via siRNA, and Cx32C201R
was transfected into these cells. Representative immunoblots for Cx32 as well as the SPC
subunits are shown. Average cleavage and SEM are shown under the Cx32 immunoblot. N>3.
(E) 293T were depleted of the SPC as in (D) and transfected with the indicated constructs.
TCR-a, ARK, under the control of a weak SV40 promoter, a version of the TCR-a lacking Arg
and Lys residues in its TM segments, guaranteeing stable membrane insertion (69). ERdj3 was
under the control of a strong CMV promoter. Immunoblots for endogenous CANX and PDIA6

(soluble) are shown in mock transfected cells. Hsc70 served as a loading control.

analysis on SignalP 4.1 we realized that exchanging key residues to Pro led
to a prediction of no-cleavage (Fig. 17B). These Pro residues were mutated onto
Cx32L8R once again completely blocking our cleavage phenotype, and
effectively converting our seemingly non-canonical Cx32 signal peptide to a
signal anchor (Fig. 17C). Interestingly, the Pro replacement for the first predicted
cleavage site (Cx32AB%40P.L83R) |eads to an electrophoretic mobility shift of its
cleaved fragment, consistent with a new cleavage site around D46 (Fig. 17C).

Since replacement of structural elements in Cx32 is not enough to
determine the identity of the responsible protease, we decided to switch our
attention to the relationship between SPC expression and connexin mutant
cleavage. The mammalian SPC is composed of five subunits — two catalytical
(SPC18 and SPC21, encoded by SEC11A and SEC11C, respectively), and three
auxiliary (SPC12, SPC22/23, and SPC25, encoded by SPCS1, SPCS3, and
SPCS2, respectively) subunits (Fig. 17C) (93,104,427). We decided to resort to
siRNA-mediated knockdown of the auxiliary subunits, alone or in combination, in
an attempt to confirm SPC as the responsible protease, and to try to pinpoint
which of the subunits is responsible for cleavage. Of note, the biological roles of
the auxiliary subunits still remain ill-defined. Transfecting Cx32¢2°1R into 293T
cells with individual or combined knockdown of the auxiliary SPC subunits
showed us a reversal in the cleavage phenotype (Fig. 17D), with an increase in

full-length protein and concomitant decrease in the cleaved species intensity,
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convincingly confirming SPC as the responsible protease for Cx32 cleavage.
Interestingly we also found that, akin to other membrane protein complexes
(79,429), knockdown of either one of the three auxiliary subunits would lead to
destabilization of the remaining complex subunits, where SPCS2 knockdown
seemed to lead to the highest degree of destabilization (Fig. 17D). Unfortunately,
for this reason we could not define an individual subunit of the SPC responsible
for targeting connexins to cleavage. Interestingly, despite reduction in overall
SPC levels, we observed no effect on precursor processing on an array of
canonical substrates of the SPC, regardless if they were endogenously

expressed or not, or if they were a membrane or soluble substrate (Fig. 17E).

c. Misfolding triggers SPC mediated cleavage

Having proven SPC mediated cleavage of our Cx32 mutants, we became
interested in the reason for this to occur to such an extent. Given the different
nature and location of the mutants along two different proteins, Cx26 and Cx32,
our data argue for a general principle underlying SPC cleavage that cannot be
attributed to changes in cleavage sites themselves. One of the characteristics
common to the cleaved proteins was the presence of missense mutations in
structurally critical parts of the protein, such as the TM segments or disulfide
bonds (such is the case for Cx32¢168Y) (Fig. 16A). When we decided to analyze
the intracellular expression of our mutants by immunofluorescence in COS-7
cells, we found most to be ER-retained (Fig. 18A, B), and seemingly not present
in wild type-like gap junction plaques, which could also be confirmed by our
detergent-insolubility assay (Fig. 18C, D). Since one of the reasons for protein
retention in the ER is misfolding, we hypothesized this could be in the basis for
cleavage. We speculated that if this was the case we could in principle reduce
the amount of cleavage by correcting connexin misfolding. Towards this end we
took a revertant based approach — corrector mutants which should, in principle,

be able to ameliorate misfolding through e.g. charge compensation. Our
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Figure 18: Processed connexin mutants are retained in the ER. (A) Immunofluoresnce of COS-
7 cells transfected with the indicated Cx26 FLAG-tagged constructs, detected in magenta. PDI
was used as an ER marker, in yellow, and nuclei were stained and are shown in blue. White
arrowheads refer to gap junction plaque formation. Scale bars correspond to 20 um. (B) Same
as in (A), for Cx32 mutants. (C) The different Cx26 constructs were transfected into 293T, cells
were lysed in NP-40 containing buffer and centrifuged. The resulting pellet (P) was solubilized
and both this and the soluble (S) fractions were immunoblotted for Cx32. (D) Same as in (C), for

Cx32 constructs. (D) Same as in (B) for Cx32 constructs. Hsc70 was used as a loading control.

hypothesis was that these would decrease the degree of cleavage. Cx26
provided a good avenue to take this kind of approach since a crystal structure is
available (345). Focusing on Cx26R3?H we speculated that in this scenario, E147
(located on Cx26 TM3) was left unpaired in the membrane, where in Cx26"t it can
interact with R32 (Fig. 19A). Therefore, we computationally devised that replacing
the Glu by an Ala would resolve this in the context of Cx26R%2H, By generating
Cx26R32HEL4/A "'modeled to stabilize the helical bundle in the membrane (Fig.
19B), we could partially reverse the cleavage of Cx26R32H (Fig. 19C). A similar
approach, this time based on charge stabilization, was taken for Cx32M34K and
Cx32¢201R pased on analysis of newly generated structural models for each
mutant (Fig. 19D, E). In the first case we engineered Cx32M34KV38E (where E38

can act as a potential charge stabilizer in the same TM helix) (Fig. 19D) as a
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Figure 19: Connexin revertants decrease SPC-mediated cleavage. (A) Structure of Cx26"
(345), with inlet showing interaction between R32 and E147, shown as sticks, colored by atom.
Transmembrane segments are colored green. (B) Same as in (A), for modeled Cx26R32HEL47A,
(C) Representative immunoblot of revertant expression in DMSO- or CB-5083-treated 293T.
Controls for the effect of revertants on cleavage are also shown on the same immunoblot. (D)
Same as in (A) for Cx32M34KV38E (E) Same as in (A) for Cx32C201RV84E  Cx32 transmembrane
helices are colored cyan. (F) Same as in (C) for the Cx32M34K.V38E reyertant. (G) Same as in (C)
for Cx32C201R.V84E rayvertant. (H) Immunoblot showing different Cx32C201R revertants and their

TM segment location.

possible revertant, and for Cx32¢291R we speculated that introducing V84E in TM3
could also ameliorate the intramembrane fold (where charge compensation
would be stemming from different TM helices) (Fig. 19E). Alike the reversal on
Cx26 cleavage, we could now also observe stabilization of the full-length protein
with concomitant reduction in the cleaved fraction (Fig. 19F, G). Not only this, but
most of our revertant mutants were destabilizing when analyzed in isolation (e.qg.
Cx32V8E) (Fig. 19F), and in some cases would further increase cleavage
(through presumably increasing misfolding) of unrelated, structurally apart
mutants (e.g. Cx32V38E.C201R) (Fig. 19F), pointing towards the specificity of the
observed effect. In order to be certain the effects we were observing were due to
a reversal in the cleavage phenotype, and not preferential ERAD of one species
over the other, we incubated our 293T cells with the VCP/p97 inhibitor, CB-5083,
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to guarantee connexin proteins would not be extracted from the membrane and
degraded. In agreement with our previous data, the revertants led to a
stabilization of the full-length species (Fig. 19C, F, G), arguing the effect we
observed in our initial steady state analysis was not due to e.g. preferential
degradation of the cleaved species. Moreover, we could extend the repertoire of
Cx32¢201R fyll-length stabilizing revertants to other Cx32 TM helices with different
amounts of success (Fig. 19H). This gave us a very good indication that indeed
misfolding was at the basis of cleavage, since improving it via protein engineering
seemed to revert the cleavage phenotype in our selected mutants.

Likewise, since ameliorating folding led to a reduction in cleavage, we
envisioned that by worsening misfolding we could further increase SPC mediated
cleavage, as seemed to be the case for some revertant pairing (e.g.
Cx32V38EC20IR)  Connexin proteins contain three well conserved disulfide bonds,

bridging both their extracellular loops, and whose role is mostly thought to be in
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Misfolding triggers SPC mediated cleavage

Figure 20: Destabilization of Cx32 folding further triggers SPC-mediated processing. (A)
Cx32C291R was transfected into 293T, and cells were incubated for the indicated time with 10 mM
DTT pre-lysis. A representative blot is shown, together with its quantification on the right. Data
points refer to mean+SEM, N=3. (B) The indicated constructs were transfected into 293T, and
cells were incubated with 10 mM DTT for 15 min pre-lysis. A representative Cx32 immunoblot is
shown, together with its quantification in the right. Bar graphs are shown as meantSEM, N>3.
(C) 293T were transfected with the indicated constructs and incubated with 10 mM DTT for 1 h
before lysis. Quantification is shown in the bar graph as meantSEM, N>3. (D) As in (B) with the
indicated constructs. Quantification for Cx32¢2°1R ASS is shown in (B). (E) Cx32¢2%1R with and
without disulfide forming cysteines was transfected into 293T cells. Cells were incubated for 3 h
with CB-5083, MG132, or DMSO as a vehicle control, followed by a 15 min incubation with 10
mM DTT. A higher exposure blot is shown due to the low signal of DMSO treated Cx32¢201R ASS
samples. The amount of cleaved fraction from one experiment is shown below the top Cx32 blot.
Graph below refers to Cx32¢2°1R cleavage with treatments indicated. Data are shown as
mean+SEM, N=5. (F) Cx32"-KKAA was electroporated into COS-7 cells, and its cellular
expression was determined via immunofluorescence, in magenta. PDI was used as an ER
marker, in yellow, and nuclei are shown in blue. Scale bar corresponds to 20 um. (G) 293T were
transfected with Cx32"-KKAA and lysed in NP-40 buffer. The insoluble fraction was solubilized
(P) and Cx32 was immunoblotted in this fraction and the NP-40 soluble one (S). (H) 293T
transfected with the indicated constructs were treated with tunicamycin for 6 h, or DTT for 1 h.
After lysis the samples were immunoblotted for the indicated proteins. Hsc70 served as a loading
control. ns, not significant; #, P value < 0.05 for comparison of Cx32"-KKAA with Cx32", both
without the addition of DTT; *, P value < 0.05.

stabilizing connexon assembly between two membranes and hence, GJIC
function (365,430). To test if inducing misfolding further in our disease-causing
mutants would also promote further cleavage, we made use of connexin
disulfides and their susceptibility to reduction through DTT incubation, thus
generating misfolding in vitro. A DTT incubation time as short as 5 min prior to
lysis was enough to produce a concomitant increase in both the intensity of the
cleaved species, as well as its relative fraction (Fig. 20A), and an incubation of
15 min produced a significant increase on Cx32¢2%'R cleavage, while marginally
affecting Cx32"t (Fig. 20B). Interestingly, an incubation time longer than 20 min
resulted in a decrease of intensity for the cleaved species, in what we assume is
the start of the effect DTT has on protein translation arrest (431). Nonetheless,
longer incubations of up to 1 h produced strong changes for all of our studied

mutants, but due to translation shutoff induced by DTT, and overall lower protein
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levels, analysis of these adds a layer of confounding factors (Fig. 20C). Removal
of all disulfide-forming cysteines from Cx32C¢201R (Cx32¢201R ASS) precluded most
of the effect DTT had on the disulfide-forming Cx32¢291R arguing for a specific
effect of the compound on disulfide reduction and ensuing misfolding (Fig. 20B,
D).

One of the drawbacks our experimental setup could face was preferential
ERAD of full-length protein (as described above), induced even by short DTT
incubation times. To control for this possibility, we took advantage of the VCP/p97
inhibitor, CB-5083, and the proteasome inhibitor, MG132, and incubated
transfected 293T for 3 h with either one, or DMSO as a vehicle control. After this,
we included 10 mM DTT in the cell medium for the standard 15 min. Even with
inhibition of these two pathways, we could still see a conversion of full-length
protein into cleaved protein, arguing that the effect of DTT we see by immunoblot
Is not based on preferential ERAD of full-length protein (Fig. 20E). Once again,
this conversion was largely lost in Cx32C201R ASS, despite the absence of other
experimental replicates.

In regards to the cleavage inducing behavior of DTT, we could also observe
a significant but modest effect in Cx32". We expected Cx32" to be susceptible
to DTT-induced cleavage, but given our steady state approach, that the majority
of protein had already escaped the ER, where the SPC is expressed. By adding
a cytosolic di-lysine ER retention motif to the C-terminal of Cx32" (Cx32-KKAA),
the protein became retained (Fig. 20F), unable to form gap junction plaques (Fig.
20G), and more sensitive to the effect of DTT (Fig. 20C).

Finally, since DTT is an established activator of the UPR (431), and this
pathway is surely expected to be activated at longer incubation times of e.g. 1 h,
we used another UPR inducer, the glycosylation inhibitor tunicamycin, to test if
UPR activation could trigger connexin cleavage. Importantly, Cx32 is not
glycosylated, so any observed effect would be directly due to ER stress and not
changes in Cx32 glycosylation status. Although tunicamycin efficiently triggered
the UPR as seen by the increase in BiP expression, no change in the levels of
cleaved Cx32 was observed (Fig. 20H), further arguing for structural

destabilization-induced cleavage of Cx32.
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d. Cleaved connexins are ER-retained and sent to ERAD

The fact some cleaved mutants seemed to be able to leave the ER and form
higher order complexes, such as the observation of punctae for Cx32¢2%R (Fig.
18B), we questioned if this type of phenotype could be due to bypassing of ER
quality control ,due to assembly of cleaved with full-length protein.

To investigate possible interaction between the two fractions of protein, we
made use of our N-terminally FLAG-tagged Cx32¢201R in which the affinity tag
will only be present in the full-length protein, and not in its cleaved counterpart.
By immunoprecipitation the FLAG-tagged full-length Cx32¢%°1R we could
convincingly co-purify the cleaved fraction of the mutant (Fig. 21A). To confirm
and expand this result, we cloned a truncated version of Cx32", missing its first
46 amino acid residues, which we confirmed to be ca. 90% efficiently inserted in
the ER membrane through the use of topology reporter sequons (Fig. 21B), as
described previously. Next, by cloning a C-terminal HA tag to our truncated
construct, and by once again resorting to the C-terminally FLAG-tagged Cx32",
we expressed both constructs, together or in isolation, in 293T cells. We then
immunoprecipitated each variant, and through immunoblot sought to detect the
other one (Fig. 21C), to confirm if interaction would be maintained. Furthermore,
we decided to control for eventual post-lysis interaction by making use of two
lysates transfected with each construct individually, and mixing them post-lysis.
We could clearly find that regardless of the immunoprecipitated protein, we could
always detect interaction with the other, expect for when the samples were mixed
post-lysis, demonstrating intracellular interaction (Fig. 21C). Besides this, in cells
where only ATM1-Cx32-HA was transfected, the immunoprecipitation assay also
revealed that the truncated protein can self-assemble, showing the cleaved
mutant is not inherently unable to assemble with itself or the full-length protein
(Fig. 21C).

Due to this interaction and possible assembly phenotype, we continued to
wonder if cleaved Cx32 escaping the ER would be due to the possible interaction
with full-length protein. If escape was bound to the presence of uncleaved protein,
we devised a way to exclusively express SPC-generated, fully cleaved Cx32
mutants. Since Cx32M34K presumably behaves like a canonical, co-translational
substrate, showing quantitative cleavage (Fig.12 A), we figured combining this

mutation with Cx3283R or Cx32¢2%1R would generate fully processed variants of
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the mutants. Propitiously, since K34 is expressed in TM1, its presence would be
excluded from the cleaved protein. In fact, expression of these two new double
mutants led to a pattern of quantitative cleavage (Fig. 21D), and once these
mutants were FLAG-tagged, immunofluorescence showed a more convincing ER
retained signal (Fig. 21E), and arguing for hetero assembly-driven escape from
quality control.

Despite this apparent escape from ER quality control, the stability of any of

our cleavage-prone mutants was severely decrease when the protein was
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Figure 21: Hetero assembles of Cx32 may shield processed protein from ER retention. (A) 293T
were transfected with N-terminally FLAG-tagged Cx32¢29IR and full-length protein was purified
(black arrowhead). Representative immunoblot showing co-immunoprecipitation of cleaved
product (white arrowhead). A immunoprecipitation with non-immune IgG were used as a control.
(B) A truncated version of Cx32 (ATM1) with sequons in loop 1 and 2 (red “N”) was transfected
into 293T cells, which were then lysed and digested with EndoH, as seen in the Cx32 immunoblot.
A cartoon below shows the correct orientation of the truncated variant. (C) Full-length FLAG-
tagged Cx32" and truncated HA-tagged Cx32" were transfected together or alone into 293T.
Both proteins were individually immunoprecipitated via their C-terminal tags and samples were
immunoblotted with the indicated antibodies. A mouse (ms) IgG antibody was used as a control.
Lysates from single transfections were mixed post-lysis (p.l.) and immunoprecipitated with the
indicated antibodies to control for post-lysis interaction. A higher exposure inlet for the FLAG
immunoblot samples resulting from HA immunoprecipitation is shown. (D) Representative
immunoblot of 293T transfected with the indicated Cx32 mutants. (E) COS-7 were electroporated
with the indicated Cx32 constructs and their cellular localization determined via
immunofluorescence. Scale bars correspond to 20 um. (F) The indicated constructs were
transfected into 293T, and cells were incubated 4 h before lysis with CHX with(out) CB-5083 or
MG132 co-incubation. Representative blots are shown. (G) Cx32 expressing 293T were
incubated with the indicated compounds for 3 h, and cells were semi-permeabilized in low percent
digitonin buffer. Total (tot), membrane (mem), and cytosolic (cyt) fractions were collected and
samples immunoblotted for the indicated proteins. Tot fraction represents half the relative amount
of the other two fractions. GAPDH served as a cytosolic control, and CANX as a membrane
control. A higher exposure of cytosolic Cx32™ treated with MG132 is shown on the right side of

the respective blot.

immunoblotted after CHX incubation, and the stabilization seen with VCP/p97 or
proteasome inhibitors made a strong case towards these being ERAD substrates
(Fig. 21F). However, despite a slight delay in the decay of the cleaved species,
we detected no major differences in the half-life of full-length and processed
connexins (data not shown). What we could detect was a seeming preferential
stabilization of processed Cx32¢291R and Cx26R32H, particularly after incubation
with CB-5083, but also after proteasome inhibition (Fig. 21F). The most reflexive
and natural explanation is preferential extraction (and proteasomal degradation)
of processed products, even though our CHX chase data does show major
differences in the decay of the two species (data not shown). The other
hypothesis, relevant for VCP/p97 inhibition, is that by blocking retrotranslocation,
we reach a scenario in which extraction-ready misfolded proteins start

accumulating in the ER membrane (regardless of processing phenotype), which
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would lead to eventual SPC-mediated cleavage, and hence accumulation of
processed species. The other possible conclusion is that cleavage works as a
physiologically relevant prerequisite for extraction, in a scenario where less TM
segments in a polypeptide chain would need to be removed at once.

To test this last hypothesis, we repeated the inhibition of both VCP/p97 and
the proteasome, and semi-permeabilized Cx32 transfected 293T cells in order to
fraction cytosolic and membrane fractions. For Cx32¢2°1R| the inhibition of the
proteasome showed us both full-length and cleaved fractions populating the
cytoplasm (Fig. 21G), meaning there is no strict SPC cleavage requirement for
Cx32C201R extraction. For Cx32" however, we could observe a preferential
enrichment for the cleaved species in the cytosol when compared to the
membrane bound protein (Fig. 21G). Of note, we did not account for lysosomal
degradation, from the plasma membrane, which will likely be more relevant for
the degradation of full-length protein. This means that at least for the wild type
protein, protein extraction from the ER and degradation in the cytosol seem to be
preferential for the cleaved fraction, which does not seem to apply for Cx32¢201R

where both species populate the cytosol and membrane to a similar degree.

e. Cryptic cleavage sites are abundant in the human
membranome

Having observed misfolding-triggered SPC cleavage of connexins, and the

physiological consequences of such processing, we decided to investigate if

cryptic signal peptides and cleavage sites may be present in other secretory

proteins. We considered that one of the hallmarks for such proteins would be to

have a signal anchor where some features for a signal peptide could still be

detected, either in what would be the h- or the c-region, such as misfolding would
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A Uniprot annotated
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Figure 22: Cryptic cleavage site in the human proteome. (A) Flowchart of the strategy used for
the identification of possible cryptic signal peptides in the human proteome. (B) Graphic
representation of the D-score obtained from different versions of the SignalP algorithm. Positive
hits from (A) are shown in orange.

trigger recognition by the SPC and cleavage. Towards this, we went back to the
SignalP servers and made use of the fact version 4.1 had been developed to

decrease the number of false-positive signal peptide predictions done by version

83



Results

3.0 (418). We thus conceived that the group of signal peptides attributed in
SignalP 3.0, that would later be rejected in SignalP 4.1 could make up the group
of proteins whose signal anchors are on the verge of becoming signal peptides
upon misfolding. To address this, we teamed up with Prof. Dr. Marius Lemberg
and Andrea Zanotti (Universitat Heidelberg, Heidelberg, Germany), fetched every
FASTA sequence from the human membranome (as annotated in UniprotkB,
5233 proteins), and submitted the first 70 amino acids of these to both SignalP
version 3.0 and 4.1. Based on their SignalP D-score, the SignalP numerical value
used to decide between a positive or negative prediction, we picked the proteins
to which a signal peptide was attributed in SignalP 3.0, but lost this attribute in
the refinements made for SignalP 4.1. Additionally, proteins were filtered to
include only those with a type I TM1 (based on the TMHMM server
(cbs.dtu.dk/servicessTMHMM)). The resulting list of 442 proteins was further
filtered to exclude proteins not expressed in the secretory pathway (based on
Uniprot KB), and finally proteins to which a signal peptide had been annotated
(also based on UniprotkB) (Fig. 22A). At the end, we obtained a list of 391
proteins, 81 of which have been implicated in human disease (Fig. 22B). This set
of proteins (approximately 7% of the human membranome) can now be used to
study if the same misfolding-triggered SPC cleavage is commonly observed in
humans, what consequences does it have in other human diseases, and try to
understand the implication of having cryptic cleavage sites left in secretory

proteins.
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Discussion

1. Misintegration of TM segments in multipass TM proteins

Folding, assembly and quality control have historically been at the backside
of connexin biochemical research. Detailed work has been done with regards to
the function and regulation of connexins. However, subcellular and molecular
work has been lacking when it comes to the etiology of connexinopathies. Even
though phenotypes such as mutant connexin intracellular retention have been
previously observed, these never got the same detailed characterization as the
work done on channel electrophysiology (363,422,432). By focusing on the
phenotypes and machinery acting Cx32 mutants, we managed to uncover
previously uncharacterized protein biology.

Since an abundance of membrane integrated, unstable TM segments has
been reported in multipass membrane proteins (63), the identification of
stabilizing elements and quality control measures for faulty misintegration
phenotypes has become of interest. Cx32 is an attractive target to study these
phenomena since one out of its four TM segments exhibits exactly this lack of
propensity for membrane integration (Fig. 11). We found that TM2 is indeed
especially prone for misintegration by single disease-causing point mutants.
Concerning the etiology of CMT1X this becomes an important point: the protein
shows defects in trafficking (Fig. 12), TM2 and TM3 are relevant for channel
gating (355), and they also participate in the entrance to the GJ pore (354). All
this features makes us speculate GJIC activity would be compromised, even if
misintegrated protein reached the plasma membrane. While previously published
work has reported the relevance of TM3 for inter-protomer interactions (361), we
could not detect any abrogation in Cx32 assembly in our misintegrated mutants
(data not shown). Hence, on the therapeutic side of CMT1X, membrane
stabilization of these mutants would be an relevant approach, supposing that the
channel properties of e.g. Cx32-" would not be altered in a fully integrated
topology.

The observation that upon TM2 mutation, not only TM2 but also TM3
become misintegrated brings interesting hypothesis to the table. One of these is
the possibility that TM4 has a strong propensity for a type | orientation, thus
forcing TM3 to be exposed to the ER lumen. However, the existence of proteins
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with dual topology indicates that a strict membrane orientation is not always the
rule, and such is true for a gap junction interacting protein, ductin (433). On the
other hand, it has been shown in different systems that TM segment “frustration”
can occur. One stable TM segment can be forced to misintegrate due to strong
orientational preference of another TM segment, or alternatively, when
hydrophilic segments are forced into the membrane due to high orientation
preference from a subsequent TM segment (434,435). Analysis of the charge
distribution in Cx32 shows approximately the same absolute difference in flanking
charge distribution between the N- and C-terminal of TM3, and the C-terminal of
both TM3 and TM4 (data not shown). As such, TM3 seems to favor a type |l
orientation with the degree of tendency TM4 shows for a type I, meaning TM3
misintegration should not be stemming from TM4. The other hypothesis for TM3
misintegration comes from the possibility that TM3 may be the main contributor
for TM2 integration, which notably cannot insert in the membrane in isolation (Fig.
13B). As discussed, since unstable TM segments must be stabilized in the
membrane, in principle, by other TM segments, it becomes interesting to observe
the caveat that this favorable interaction in topogenensis, may also lead to

incorrect TM segment misintegration.

2. Cellular handling of misintegrated proteins
Our data on subcellular expression and degradation kinetics (Fig. 12)
showed that misintegrated connexin can be recognized by quality control
mechanisms. Furthermore, we could show complete ER retention of the fully
misintegrated double mutant Cx328HL0H = arguing that the more drastic the
misintegration phenotype, the more pronounced ER retention becomes (Fig. 12A,
21E). As such, membrane protein misintegration is a phenotype cells have
evolved to detect, in agreement with what has been reported in single-pass

proteins, and more recently in multipass complexes (69,71).
In our first study we could identify three main chaperones acting on Cx32
(Fig. 13, 14). CANX seems to indiscriminate between Cx32"tand Cx32-%°H, so
membrane topology may not be at the center of the recognition mechanism of
this chaperone. However, it is important mentioning the lectin-independent
binding of the chaperone to Cx32. Even though interaction with CANX has been
occasionally observed for other non-glycosylated substrates (436,437), the
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molecular basis (such as mode and timing of interaction) have yet to be
elucidated, as well as its possible role in quality control.

The EMC was another interaction partner we were able to identify, which
curiously has been previously shown to interact with CANX (438). As discussed
previously, this chaperoning complex has a binding preference for hydrophilic TM
segments (77). Even though we did not use the CL-TM2 construct to assess direct
binding to the EMC, one can expect the interaction with the complex to be
centered around this TM segment. While most reports have shown co-
translational interaction of the EMC with its substrates, one can assume that, in
our co-immunoprecipitation experiments, such transient interactions would not be
detected without resorting to e.g. crosslinkers, and that in fact stabilization by the
EMC can occur even after a client substrate has left the ribosome and Sec61.
Another important observation was that only EMC4 and EMC10 out of tested
membrane-embedded subunits showed interaction. While we do not discard the
possibility that this could be due to experimental shortcomings, it has been
reported that these two subunits, together with EMC7 form the “peripheral EMC”
(90). EMC7 and EMC10 have also been described as two of the three subunits
with large ER luminal domains, where one would expect a post-translational
interaction to be taking place (90). However, by solving the structure of the
mammalian EMC, it has been shown that only one of the two predicted TM
segments for EMC4 is inserted in the membrane, which would position a
previously unidentified portion of the EMC4 in the ER lumen (74). Left to be
validated is if the complex has an insertase activity when faced with ER luminal
TM segments, or if its mode of recognition can also be centered around unpaired
integrated segments. Finally, in terms of the EMC function and assembly, it would
be interesting to test the possibility that EMC sub-complexes may be formed to
deal with the multifaceted array of substrates the complex possesses (90).
Alternatively, the same type of subcomplexes can also be responsible for the
different functions of the EMC — from chaperoning, to insertion, to perhaps ERAD
targeting.

On the luminal side of the ER membrane, BiP was also found to
preferentially interact with our partially misintegrated mutants, and more
specifically misintegrated TM2. Given the binding preference of the chaperone

(439), this points towards gain of disordered structure of misintegrated TM2. Its
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stabilization of such a TM segment should give enough time to the protein to try
and insert the segment back into the ER membrane, likely through action of the
EMC, effectively connecting the luminal and membrane-embedded quality control
systems (Fig. 13, 14). While the recognition of unstable TM segments by the EMC
seems to be coded in the complex itself, BiP recruitment to its substrates is
usually dependent on ERdj proteins. Since we co-purified ERd]3 through our AE-
MS approach, it would be interesting to investigate if this is the ERd] protein
recruiting BiP to misintegration scenarios, perhaps through its ability to directly
bind misfolded clients (440).

It would also be interesting to elucidate if other membrane proteins with
unstable TM segments use the same group of chaperones, and perhaps through
radioactive labeling and cross-linking, to establish an order of events for
chaperoning, that our steady state approach cannot discern. The same is true for
the process of misintegration itself, since the scenario in which two different
protein populations leave the translocon with different topologies cannot be
discriminated from the one in which one fully (mis)integrated population of Cx32
is first synthesized, with subsequent TM2/TM3 (mis)integration.

Even though we only sought after chaperoning for misintegrated TM2, TM3
itself will certainly work as an anchor for quality control, and eventually ERAD,
machinery. When analyzed in the context of the CL constructs, C.-TM3 is
completely integrated (data not shown), and thus inert to BiP. However, in the
context of full-length, mutated Cx32, while TM2 has further lost hydrophobic
properties (when compared to wild type protein), TM3 is still a classical TM
segment. Additionally, the same reports that attributed TM3 to the pore of
hexameric connexins due to its amphipathic nature, could hint towards its lateral
association with the lipid bilayer (357), and possible loss of the speculated

interaction between TM2 and TM3.

3. ERAD of misintegrated Cx32
ERAD of Cx32 is mediated via gp78 (Fig. 15), which has been implicated in
the ubiquitination of several different membrane proteins (441). Additionally, an
interesting link between the EMC and gp78 has been found before, where UBAC2
(the link between gp78 and UBXD8) was seen to interact with different EMC
subunits (73), thus hinting to the attractive possibility that the EMC and gp78 are
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intertwined in the chaperoning and possible degradation of terminally
misintegrated membrane proteins.

Several of the substrates for gp78 are ERAD-M substrates, i.e. with degrons
in the plane of the ER membrane (441). In our scenario, both (mis)integrated
fractions of the protein are expected to contain degrons in the membrane, either
be it via the presence of a destabilizing mutation in the case of integrated protein,
or via the presence of most likely unpaired TM helices (TM1 and TM4) in the
misintegrated fraction of protein. Since our experimental system cannot
discriminate between preferential gp78 targeting of one species over the other,
we can only infer that since both species have the same degradation rate (data
not shown) they may be handled by the same degradation pathway, albeit
different modes of recognition are surely to be expected. Additionally, a previous
study has shown that membrane bound ERAD-L substrates are still targeted to
degradation by gp78, so while one would expect the dependency for this E3 to
be lost without its membrane anchoring TM1 and TM4, this cannot be said for
full-length misintegrated Cx32 (222).

Lastly it is important to note that while we did detect a halting in both
degradation and ubiquitination of mutant Cx32, our results were obtained by
overexpressing a dominant negative mutant of the E3. Overexpressing of another
ER E3 ligase has been shown to completely alter assembly complex characters
(442), and even circumvent the need for an E3 ligase associated complex to
assemble (247). On the other hand, knockdowns are often not sufficient to the
detection of a stabilizing effect, either from a relative expression of E3 versus
substrate, or due to cellular adaptation, and knockout approaches have been
found to be compensated for through chromosomal duplication (246). All in all,
while Cx32 degradation makes use of gp78, it is important to note that different
strategies should be used, and that surely, out of the 25 ER E3 ligases, the

degradation pathway for this protein is not solely dependent on one of them.

4. Misfolding triggered cleavage
The SPC was one of the first ER membrane protein complexes to be purified
and fully characterized. Work done with canonical substrates and viral proteins
(119,121,428) have made the bulk of the research into the SPC, and outside of
that, experimentation into the SPC has been mostly static.
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Our early work with Cx32 mutants has shown us the appearance of a faster
migrating species for several different mutants. Despite differences in the degree
at which this species appeared in our different mutants, its presence became, for
the most part, a normal output from an immunoblot.

By first characterizing the nature of the faster migrating species we could
show it resulted from N-terminal cleavage in both Cx32 and Cx26 (Fig. 16).
Through an array of sequence engineering approaches and SPC knockdown
data, we could prove that this complex was in fact acting on connexins (Fig. 17D).
The fact that SPC could cleave off the TM1 in a sub-population of connexins was
not the most surprising fact, since this could be an example of an inefficient signal
peptide (443). What was surprising was the fact cleavage was clearly happening
post-translationally, or more precisely, post-translocationally, such as mutations
in the last transmembrane segment were promoting cleavage of the first forty
amino acid residues in Cx32.

One interesting result from yeast correlated the ER targeting pathway taken
by a protein with the properties of its signal sequence, and found that for a lot of
signal peptides, an SRP-independent route was taken (38), which was mostly
explained due to the reduced hydrophobicity signal peptides usually show in
comparison to signal anchors (444). While in our system the tendency for signal
peptide conversion is able to stem from downstream structural elements, itis also
worth mentioning the SRP can engage with a translating ribosome before a signal
sequence emerges (445). It would be interesting if a similar mechanism would
occur for mammalian systems.

Additionally, it was very surprising to see protein misfolding could trigger
SPC-mediated cleavage. Given the different nature and location of our cleaved
mutants, we assumed there could be no better unifying characteristic between
them besides misfolding, since it was clear we were not affecting, e.g. a cleavage
site. In fact, thanks to the Cx26 structure (345), and the model for hexameric Cx32
we generated, we could identify different amino acid residues that could stabilize
our mutants in the membrane. Through this approach we could see a steady state
decrease in the amount of cleaved protein, pointing towards a misfolding based
trigger (Fig. 19). On the reverse side, it was also interesting to observe that further
injuring folding could have the reverse effect. By reducing disulfide bonds in cells,

and thus misfolding connexins, we could clearly see an increase in the amount
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of cleaved protein, in a scenario where we were adding insult to injury (Fig. 20).
Two other curious results come out from our DTT experiments: the observation
that by retaining Cx32"'in the ER we could promote cleavage (Fig. 20C), pointing
towards the eventual misfolding triggered by the prolonged expression of a
membrane protein in this organelle; and the fact that at least in steady state
levels, disulfide-less Cx32¢2°1R has its expression severely reduced, pointing
towards the stabilizing effect disulfides can have on this protein (Fig. 20D, E).
On the side of the SPC, one important aspect to consider is if the complex
is generally recognizing misfolding, and functioning as a quality control enzyme,
similar to what happens with the SPP (229,446). An alternative hypothesis would
be that despite the different location of our mutants, the cleavage site is always
becoming unstructured, and thus prone to cleavage. In this scenario one cannot
assume that all misfolding leads to SPC-mediated processing, but only cryptic
signal peptide- and cleavage site-destabilizing misfolding. Several lines of
evidence towards this exist: first, while not correcting misfolding, we can clearly
inhibit it by engineering the cleavage site with Pro residues, or by extension of
the alpha-helical character of TM1 (Fig. 17C). Second, while the data were not
presented, we also characterized the topology of several of our cleaved mutants,
and found that by adding Gly- and Ser-rich unstructured linkers, flanking a
glycosylation sequon to Cx32¢2%1R |oop 1 (around the cleavage site) we could
observe full cleavage of the mutant (data not shown). While this is not true for
other mutants (e.g. Cx3283R, not shown), it points towards the importance of
having the cleavage site unstructured, and may partially explain why we could
not find any cytosolic mutants showing the same degree of cleavage (data not
shown). The mechanisms by which SPC can recognize these faulty proteins can
now be extended and better characterized with the list of possible substrates we
obtained from our bioinformatics approach (Fig. 22). Additionally, one could
investigate if these types of sites are evolutionarily conserved in membrane
proteins. On the one hand, their presence can be considered deleterious, since
it will lead to truncated variants of a protein. On the other hand, the possibility that
these sites also function as folding sensors, or indicator, is attractive, given their

possible abundance in the membranome.
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The other major question coming out of this work is the properties of the
SPC itself. As is with different membrane protein complexes, single subunit
destabilization resulted in lower levels of the whole complex (Fig. 17D), and as
such we could never attribute specific roles for specific subunits. Perhaps by
making use of systems with purified components in liposomes this could be
achieved, where different sub-complexes could in principle be obtained.
Interestingly we could not detect any abrogation of processing of SPC canonical
substrates, which could just mean even at knockdown levels, the catalytic
subunits are still plenty abundant for this canonical role, or that the auxiliary
subunits, destabilized at a greater level in our knockdown conditions (Fig. 17D),
play a major role in recognition of non-canonical substrates. The general role for
the SPC auxiliary subunits also needs to be further characterized, especially on
its possible and relevant interplay with ERAD, since a recent study has placed
SPCS2 in close proximity to the Hrd1l complex, which would be an interesting

player, bridging misfolded protein cleavage with ERAD (266).

5. Cleaved proteins are assembly competent

The observation that cleaved Connexins can still self-assemble and are not
excluded from assembly with full-length variants (Fig. 21), brings into question
the type of quality control exerted on cleaved Cx32. Added to the fact cleaved
protein shows virtually the same decay as its unprocessed counter-parts (data
not shown), it seems as though quality control mechanisms could have
converged to handle both cleaved and full-length misfolded Cx32. This is
somewhat corroborated by the fact we find the same relative fraction of Cx32¢201R
species in the cytosol and in the membrane when the proteasome is inhibited
(Fig. 21G). This may be explained through a common pathway that handles full-
length protein with a destabilizing mutation in the membrane (in which the likely
degron comes from the Cys to Arg mutation), as well as the same protein without
a TM segment (from which the degron can come both from the missing helix, or
from the still present Cys to Arg mutation). The case for Cx32"t becomes then
more puzzling due to the apparent preferential extraction of cleaved protein from

the ER. In part this can resemble the phenotype of misintegration, given the
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unpairing of TM segments. In this case, a degron should only be present after the
removal of TM1, meaning this protein would be preferentially extracted. However,
the stable expression of cleaved Cx32M34K (Fig. 16A) tells us a wild type-like,
cleaved protein can still be expressed at detectable levels on a cell lysate. The
presumption that copies of processed Cx32" are removed faster than those of
processed Cx32M34K remains to be elucidated. Also to clarify further, is the
possibility that the phenotype of extracted Cx32" could be corrected once
lysosomal degradation from the plasma membrane is taken into account.

When considering assembly of the two fractions, and reiterating likely ER
escape of Cx32C¢20R precluded by expression of fully cleaved mutant, one
wonders if assembly can thus hide structural elements meant to be recognized.
Since TM1 faces the GJ pore in assembled channels, its absence would expose
new TM segments to this new “pore”, and one can anticipate this to be
recognized. Other assembly architectures could in principle still be formed,
shielding the lack of TM1, but is also important remembering the exclusion of
cleaved protein from gap junction plaques (Fig. 18C, D). It remains to be factually
demonstrated if assembly inhibits ER retention of processed mutants or not, and
if so, if Golgi (235,447) or plasma-membrane associated quality control (448,449)
act on this selective exclusion of these faulty variants from higher connexin

assembles.

6. Concluding remarks

Throughout this work we characterized how different mutations in the
same polypeptide chain can lead to multitude of topological and processing-
related defects in transmembrane proteins.

One group of mutants shows that mutations in TM2 of Cx32 make the
protein especially prone for misintegration, leading to the exposure of two TM
segments to the ER lumen. As is for single-pass membrane proteins, cells have
evolved means to recognize and handle such aberrant topogenesis. At a co-
translational level, the EMC has been found to chaperone these TM segments,
which are naturally unstable in the lipid bilayer, and insert them into the ER
membrane. We found two EMC subunits interacting preferentially with partially
misintegrated Cx32, arguing for a more stable interaction that goes beyond a co-

translational mode, while also finding an increase in the levels of misintegrated
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Cx32 when the levels of EMC were reduced. Exposure of these segments to the
ER lumen can be recognized and chaperoned by BiP, while gp78 is able to
ultimately send these faulty proteins to degradation.

Another group of transmembrane mutants leads to non-canonical
cleavage by the SPC. We found that misfolding acts as a trigger for post-
translational cleavage, since by ameliorating, or worsening, the misfolding
phenotype we could decrease, or increase, the relative amount of SPC-
processed protein, respectively. We could also show that both fractions of protein
are still able to interact, leading cleaved protein to leave the ER to some extent,
while converting them to a fully-processed form seems to preclude any sort of ER
escape.

Taken together these studies demonstrate the complexity and refinement
of the ER quality control systems. And they also highlight the economy of quality
control since luminal chaperones (BiP), and a protease normally used for signal
peptide cleavage (SPC), can play an important role in membrane protein quality
control. Since membrane protein misfolding comes in different flavors, so does
the way the organelle can recognize and deal with these (Fig. 23). While we could
contribute to the understanding of the delicate balance between pro-folding
quality control, and the inescapable decision for protein processing or
polyubiquitination, further detailing into the workings of the quality control and
degradation machineries found in the mammalian ER will certainly surprise us

and redefine postulates in cellular and molecular biology.
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assembly,
transport,
plaque formation

-~

misintegration pathway misfolding pathway

Figure 23: A model for the different ways to quality control and degrade a faulty membrane protein.
On the left the machineries used to chaperone and degrade misintegrated Cx32. On the right, a

model on the proteolytical decision towards misfolded Cx32.
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