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Abstract

Within the intricate realm of intracellular protein transport, individual organelles are reliant upon
precise and dedicated protein machineries, commonly referred to as translocon, to facilitate the
translocation of proteins to their destined subcellular compartments. In this thesis, we delve into the
detailed examination of two unique translocation machineries: peroxisomal protein import mediated
by Peroxin (PEX) proteins and the retrotranslocation of misfolded substrates through the Endoplasmic
Reticulum-Associated Degradation (ERAD) pathway, in two distinct chapters. Both pathways share the
fundamental characteristic of mediating the transport of folded proteins from the cytosol to the
peroxisomal matrix or from the ER lumen to the cytosol, respectively. This investigation provides an
insightful analysis of the electrophysiological properties inherent to both of these intricate transport

mechanisms.

Chapterl: Peroxisomes, cellular organelles responsible for lipid metabolism and other critical
processes, employ a unique import mechanism that involves peroxisomal translocon, particularly
PEX5L. Peroxisomal matrix proteins are synthesized on cytosolic ribosomes and imported post-
translationally. Sophisticated protein import systems have developed to facilitate various stages of
this process. In humans, PEX5L has been identified as an indispensable component of the peroxisomal
translocon. PEX5L serves as the primary receptor for recognizing cargo proteins harbouring a
peroxisomal targeting signal (PTS). Cargo proteins bind to the soluble PEX5L in the cytosol, forming a
cargo-receptor complex that is subsequently recruited to peroxisomal membranes. At this point,
PEX5L interacts with the docking complex PEX13/PEX14, becoming a part of the peroxisomal
membrane protein complex that assists in the transfer of cargos into the peroxisomal lumen through
a yet unidentified mechanism. Our research reveals that complexes containing PEX5L, purified from
human peroxisomal membranes, exhibit characteristics of water-filled pores when reconstituted into
planar lipid membranes (PLB). The behaviour of these channels displays high variability in terms of
conductance states, selectivity, and voltage and substrate dependent response. Our findings provide
evidence of the existence of a PEX5L-associated pore in human peroxisomes, which can be activated

by receptor-cargo complexes.

Chapter2: The ERAD process is a vital quality control mechanism within the endoplasmic reticulum
(ER). It ensures the removal of misfolded proteins from the ER lumen to the cytosol. This process
begins with the recognition of misfolded proteins within the ER lumen, followed by their transfer to a
pivotal assembly known as the HRD complex. This HRD complex comprises essential components,
named Hrd1, Derl, Usal, and Hrd3. It plays a central role in retrotranslocating misfolded proteins

from the ER membrane to the cytosol, where they undergo ubiquitination and subsequent



proteasomal degradation. The components involved in molecular mechanisms governing the HRD
complex activity and the impact of auto-ubiquitination of the complex on the retrotranslocation
process remain subjects of keen interest and investigation. In this thesis, we delve into key facets of
HRD complex functionality and explore its electrophysiological characteristics. When the HRD complex
is integrated into a lipid bilayer, it exhibits channel activity upon ubiquitination and undergoes partial
channel closure upon deubiquitination. We further compare the electrophysiological characteristics
of Hrd1 and the HRD complex. We observed a single reversal potential for Hrd1, whereas the HRD
complex demonstrated a diverse reversal potential, underscoring the distinct behaviours of its
components. Additionally, we observed that gating events in the HRD complex are distinct from those
observed in Hrd1. Moreover, our study sheds light on the impact of Hrd1 and Derl as membrane-
thinning factors, causing bilayer destabilization in the planar lipid bilayer (PLB) experiments. This study
also hints at the possibility of other components, primarily Hrd1 and Derl, playing a direct role in the

retrotranslocation process other than Hrd1 alone.



Chapter 1

Dynamics of the peroxisomal protein import pore in humans

1.1 Introduction to Peroxisomes

Peroxisomes are ubiquitous, single membrane organelles with a protein-rich matrix that are found in
the cytoplasm of eukaryotic cells (De Duve and Baudhuin 1966; Hruban et al. 1972). These organelles
play a crucial role in numerous cellular catabolic and anabolic processes. The primary catabolic
mechanisms occurring in peroxisomes involve the alpha- and beta-oxidation of fatty acids as well as
the detoxification of glyoxylate. On the other hand, the main anabolic reactions taking place in
peroxisomes encompass the biosynthesis of ether phospholipids, bile acids, and docosahexaenoic acid
(DHA). Furthermore, peroxisomes have a role in the metabolic processes of oxygen, reactive oxygen
species, and reactive nitrogen species, which are partially interconnected with other peroxisomal
metabolic pathways (P. B. Lazarow 1995; Waterham, Ferdinandusse, and Wanders 2016). Functional
peroxisomes play a crucial role in the growth of yeast cells on oleic acid or methanol as carbon sources.
In contrast to mitochondria, nuclei, and chloroplasts, peroxisomes are devoid of DNA (van den Bosch
et al. 1992). Consequently, nuclear genes are responsible for encoding all of their proteins, which are
synthesized in the cytoplasm and have to be imported post-translationally. (Lazarow and Fujiki 1985).
Peroxisomes in humans possess more than 50 distinct enzyme activities, primarily facilitated by
specific peroxisomal proteins. Biochemically, peroxisomes contain a distinct set of proteins, including
one or more H,0,-generating FAD-dependent oxidases and the prototypical H,O,-degrading catalase
and peroxidases. However, a subset of these enzymes is also found in other subcellular compartments
such as mitochondria and the cytosol (Wanders and Waterham 2006). The localization of peroxisomal
enzymes is predominantly observed within the matrix, while the peroxisomal membrane harbors
proteins that participate in a wide range of other functions, such as sorting matrix and membrane
proteins, organelle motility and fission. Peroxisomal proteins are folded in the cytosol with the help
of chaperones and must be precisely targeted and translocated into the peroxisomes in order to

maintain the organelle’s functionality.



1.1.1 Peroxisome biogenesis and peroxisome biogenesis disorders (PBDs)

Peroxisomal membrane proteins have the ability to directly localize to the peroxisomal membrane
immediately following their production which facilitates the rapid proliferation of peroxisomes in
response to the metabolic demands of the cell (Kim 2017). There are two existing pathways for
peroxisome biogenesis. According to the first pathway, peroxisomes undergo proliferation through
the process of growth and division of pre-existing organelles similar to the semi-autonomous
organelles of an endosymbiont origin like mitochondria and chloroplasts. The process of peroxisome
division consists of three consecutive stages: peroxisome extension, membrane constriction, and
peroxisome fission. The second pathway suggests that peroxisomes are formed de novo from the
endoplasmic reticulum (ER) (Agrawal and Subramani 2016). Proteins involved in the peroxisome
biogenesis are known as peroxins and are encoded by PEX genes. The peroxisome biogenesis factors
include all the proteins involved in peroxisomal matrix protein import, peroxisome membrane
assembly and proliferation (Distel et al. 1996). At the moment, there are 37 known PEX genes which
are numbered in the order they were found, with 13 PEX genes in humans (Jansen et al. 2021).
Mutations in multiple PEX genes in humans have been associated with PBDs, a group of disorders that
impact brain development and can lead to premature mortality (Waterham, Ferdinandusse, and
Wanders 2016). The PBDs encompass a collection of genetically diverse disorders that are transmitted
in an autosomal recessive manner. These disorders are characterized by a widespread impairment in
peroxisome functionality. The predominant cause of PBDs is the presence of biallelic mutations in any
of the 13 distinct human PEX genes (Waterham, Ferdinandusse, and Wanders 2016; Wanders et al.
2023). Zellweger spectrum syndrome (ZSS) was one of the first PBDs discovered to be caused by
defects in PEX genes, and leads to abnormalities in lipid metabolism causing developmental
malformations (Goldfischer et al. 1973; Heymans et al. 1983; Steinberg et al. 2006). The ZSSs
encompass several conditions that have been previously documented, including cerebro-hepato-renal
syndrome or Zellweger syndrome (ZS), new born adrenoleukodystrophy (NALD), infantile Refsum
disease (IRD), and Heimler syndrome (Wanders et al. 2023). Peroxisomes are also essential in plants
as they play a crucial role in embryogenesis and subsequent seedling germination and the absence of
peroxisomes in plants can lead to deadly phenotypes (Kaur, Reumann, and Hu 2009). Hence,
conducting comprehensive research on peroxisome biogenesis and the associated diseases holds

significant importance.



1.1.2 Peroxisomes import machinery in mammals

The process of protein import into peroxisomes is a complex and highly regulated mechanism that
encompasses several consecutive stages. Proteins destined for the peroxisomal matrix are encoded
by nuclear genes, produced on cytosolic ribosomes, and subsequently transported to the peroxisomes
via peroxisomal membrane proteins. The import process of proteins into peroxisomes can be
categorized into five distinct stages based on the dynamics of the import receptors (Figure 1.1). These
stages include: (1) recognition of cargo in the cytosol, (2) docking of the receptor/cargo complex at
the peroxisomal membrane, (3) translocation of cargo across the membrane, (4) release of cargo into

the peroxisomal matrix, and (5) recycling of the receptors (Hasan, Platta, and Erdmann 2013) .

Matrix proteins are recognized in the cytosol by cytosolic receptors, based on the presence of a
peroxisomal targeting signal (PTS). These cytosolic receptors are discussed in section 1.1.2.1. These
receptor/cargo complexes then attach to the peroxisomal membrane through a docking complex
(Reguenga et al. 2001; Barros-Barbosa et al. 2019; J.-Y. Wang et al. 2019). The docking complex is
accompanied by a subcomplex consisting of three conserved really interesting gene (RING) domain
proteins, namely PEX2, PEX10, and PEX12, which possess E3 ligase activity. Together, the docking and
RING subcomplexes form the importomer complex (Meinecke et al. 2010a; Rayapuram and Subramani
2006; Feng, Skowyra, and Rapoport 2022). The receptor/cargo complexes originating from the cytosol
engage in interactions with the docking subcomplex, thereafter undergoing translocation into the
peroxisomal matrix. Upon arrival, these complexes proceed to release their respective cargos within
the peroxisome matrix. Subsequently, the receptors, together with the co-receptors where relevant,
undergo recycling from the peroxisomes to the cytosol in order to initiate another cycle of import.
This recycling process is facilitated by a set of components collectively referred to as the exportomer
(Nuttall, Motley, and Hettema 2014; Platta, Hagen, and Erdmann 2013). The detailed process of

protein import will be described below in a step wise manner.
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Figure 1.1 lllustration of peroxisomal matrix protein import receptor cycle. The formation of the
PEX5-cargo complex occurs within the cytosol (1), after which it subsequently attaches to the
peroxisomal membrane (2). This attachment facilitates the transport of cargo across the peroxisomal
membrane, ultimately leading to its release into the matrix of the organelle (3). PEX5 undergoes
monoubiquitination, which is essential for the subsequent interaction between PEX5 and the ubiquitin
ligase PEX2/PEX10/PEX12 (4). Subsequently monoubiquitinated PEX5 is extracted into the cytosol by
ATPase complex PEX1/PEX6 and its membrane anchor PEX26 (5), then the deubiquitination of PEX5
leads to unbound PEX5, which has the ability to initiate a subsequent cycle of protein import. Numbers
indicate the PEX proteins. To simplify only PEX5 receptor is presented in the illustration as an example
of a receptor. Created using Biorender.com

1.1.2.1 The recognition of cargo in the cytosol

The identification and sorting of peroxisomal proteins are significantly influenced by the specific PTS
included in their amino acid sequences. The majority of proteins found in the peroxisomal matrix
possess a C-terminal tripeptide motif known as PTS1, which is characterized by a consensus sequence
of (S/A/C)-(K/R/H)-(L/M). A smaller group of matrix proteins has an N-terminal octapeptide motif
called PTS2, which is characterized by a consensus sequence of (R/K)-(L/I/V)-(X)s-(Q/H)-L/I/V)
(Subramani 1992; Paul B. Lazarow 2006). In both yeast and humans, these sequences are recognized
by distinct receptors, namely PEX5 for PTS1 and PEX7 for PTS2 (Walter and Erdmann 2019). The
receptors mentioned, such as PEX5, can function independently or in conjunction with co-receptors,
such as PEX7-PEX5L in mammals, Pex7-Pex18 or Pex7-Pex20 in S. cerevisiae and P. pastoris,

respectively. Another peroxin, Pex9, is a Pex5-related protein identified in yeast and recognizes a
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restricted set of PTS1 cargos, including malate synthase 1 and 2, as well as glutathione transferase.
Consequently, Pex9 can be regarded as a PTS receptor that operates under certain physiological
conditions (Farré et al. 2019). The soluble peroxisomal import receptors undergo a cyclic process of

translocation between the cytosol and the peroxisomal matrix (Hasan, Platta, and Erdmann 2013).

1.1.2.11 PEX5

In yeast, plants and mammals, PEX5 is the primary cytosolic soluble receptor that binds to PTS1 cargos
in the cytoplasm and imports peroxisomal matrix proteins into the peroxisomal lumen. The PEX5
protein exhibits a comprehensive structural arrangement, featuring an intrinsically disordered N
terminal domain (NTD) that constitutes fifty percent of the protein's composition. At its C-terminus, it
possesses a compact tetratricopeptide repeats (TPR) domain responsible for the recognition of PTS1
cargo proteins (Carvalho, Goder, and Rapoport 2006; Neuhaus et al. 2014; W. A. Stanley et al. 2006).
PEX5 contains eight TPR repeats, which are organized in a sequential manner, with seven repetitions
located in the C-terminal portion of the protein and one repeat present in the N-terminal region. TPRs
consist of approximately 34 amino acids and are believed to possess the ability to create intertwined
helices, facilitating interactions between proteins (Goebl and Yanagida 1991; Lamb, Tugendreich, and
Hieter 1995; Zeytuni and Zarivach 2012). The two TPR triplets (TPR1-3, TPR5-7) are arranged in a
circular configuration which constitutes the PTS1 binding groove and facilitates the binding of
peroxisomal matrix enzymes. The cryo-EM structures of cargo bound PEX5 show that the two triplets
are connected through the non-canonical TPR4, which is partially folded (Stanley et al. 2006; Gatto et
al. 2000). Additionally, the N-terminal region of PEX5 exhibits several pentapeptide repetitions in the
form of WXXX(F/Y). Di-aromatic pentapeptide motifs may be observed in the N-terminal regions of all
PEX5 orthologs, however they may vary in terms of quantity and arrangement. There are seven of

such motifs in human PEX5 (Otera et al. 2002).

In mammals, the cytosolic receptor PEX5 exists in two different isoforms PEX5S or PEX5L through
alternative splicing and is responsible for the binding of newly produced proteins in the cytosol.
(Braverman et al. 1998). PEX5S is the short isoform which consists of 602 amino acids and only binds
to PTS1 cargos while PEX5L is the long isoform and binds to both PTS1 and PTS2 cargos (Braverman et
al. 1998) (Figure 1.2). The C-terminal TPR region of PEX5 exhibits binding affinity towards PTS1 cargos
with two triplets of TPR repeats (Harper, Berg, and Gould 2003; Gatto et al. 2000). Domain mapping
of PEX5 shows that PEX5L contains an insert of 37 amino acids long that is positioned between amino
acids 214 and 215 of PEX5S and amino acids 299-639 are involved in PTS1 recognition while amino

acids from 1-214 in PTS2 cargo recognition. For PTS2 cargo recognition, PEX5L appears to interact with



PEX7, the PTS2 co-receptor, with amino acids 191-222 (Dodt et al. 2001). Domain structure of both
PEX5S and PEX5L are illustrated in Figure 1.3A.
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Figure 1.2 Peroxisomal import receptors and membrane docking complexes. (A) In mammals and
(B) yeast. Schematic structures of the principal constituents of the yeast and mammalian import
receptor and membrane docking complexes associated with the PTS1 and PTS2 import pathways. In
contrast to yeast (B), mammalian cells (A) possess a minimum of two splice variants of PEX5, namely
PEXS5S (S representing short) and HsPex5L (L representing long). PEX5L functions as a co-receptor with
PEX7 in the peroxisomal targeting signal 2 (PTS2) pathway, which is analogous to the role of ScPex18p
and ScPex21p in yeast. The process of cargo-receptor complex binding to peroxisomal membrane is
aided by the docking complex, which is composed of Pex14 and Pex13 in mammals, and Pex13, Pex14,
and Pex17 in yeast. Created using Biorender.com

1.1.2.1.2 PEX7

The PTS2 receptor PEX7 belongs to the family of seven-bladed cone shaped tryptophan-aspartic acid
dipeptide (WD)-40 repeat proteins (Figure 1.3A), which share a characteristic shape and are known to
associate with members of TPR family (van der Voorn and Ploegh 1992; Kunze et al. 2011). PEX7
interacts with PEX5L to be directed to the peroxisomal membrane which is exerted by co-receptors
(Otera et al. 2000; Kunze et al. 2015). In mammals and plants, PEX5 serves as a co-receptor while in
yeast, Pex18 or Pex21 function as co-receptors (Figure 1.2) (Edward Purdue, Yang, and Lazarow 1998;
Woodward and Bartel 2005). These co-receptors share a conserved PEX7 binding domain. In a
structural model of PEX7, it is observed that two glutamate residues (Glu-113, Glu-200), which are

conserved throughout evolution, constitute the binding groove. Substituting these residues with



neutral amino acids hinders the binding of cargo molecules. Conversely, a third glutamate residue
(Glu-287), which is also conserved, is located in close proximity to the binding groove. However,
mutating this residue does not impede the binding of cargo molecules (Kunze et al. 2011). The
aforementioned hypothesis about the interaction between human PEX7 and its cargo has been
supported by the elucidation of the three-dimensional structure of yeast Pex7 in complex with a PTS2
cargo protein (Pan, Nakatsu, and Kato 2013). A modified variant of the mammalian two-hybrid test
showed that binding affinity between cargo and PEX5L is significantly enhanced when the co-receptor
PEX7 is present (Kunze et al. 2015). This suggest that PEX7 serves as a link between cargo proteins
containing a PTS2 signal and co-receptor proteins, such as PEX5L, which mediate protein transport.
PEX7 is also known to be involved in PBDs. Individuals with a mutation in the PEX7 gene exhibit
symptoms of rhizomelic chondrodysplasia punctata type 1 (RCDP1), characterized by various clinical
manifestations including proximal limb shortening and abnormal calcification patterns in the cartilage
(Braverman et al. 1998). RCDP1 patients with mutations in PEX7 show defects in PTS2 cargo import
but still have normal PTS1 protein import, and shows metabolic and developmental abnormalities that

involve PTS2 enzymes (Dodt et al. 2001).
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Figure 1.3 Domain structure of human PEX proteins. (A) Import receptors PEX5L, PEX5S and PEX7 (B)
Docking complex PEX14 and PEX13. Their features are marked. Numbers indicate amino acid position.
Tetratricopeptide repeats (TPR), pentapeptide motifs (WxxxF/FxxxW), N-terminal domain (NTD),
transmembrane domain (TM), tryptophan-aspartic acid (W-D) dipeptide, Src homology domain (SH3).
Created using Biorender.com



1.1.2.1.3 The oligomeric state of cargo proteins

A remarkable characteristic of peroxisomes is the ability to import proteins in a completely folded
state, and even in an oligomeric and co-factor bound condition (Hasan, Platta, and Erdmann 2013;
Meinecke, Bartsch, and Wagner 2016; Walter and Erdmann 2019). Transport of such large cargos has
been shown by import of gold particle of size up to 9 nm (Walton, Hill, and Subramani 1995). Another
group demonstrated transport of artificial DNA and large polysaccharides up to 12.5 nm when bound
to PTS-proteins by the peroxisomal importomer showing the pore’s flexibility for the oligomeric

substrates (J. Yang, Pieuchot, and Jedd 2018).

Several studies indicated that oligomeric proteins are the substrates for protein import into the
peroxisomes. In one study, pulse-chase investigations conducted on yeast have provided evidence
indicating that two peroxisomal matrix enzymes, alcohol oxidase and acyl-CoA oxidase, undergo
oligomerization in the cytosol before being imported (M. Q. Stewart et al. 2001; Titorenko et al. 2002).
Multiple studies have demonstrated that co-expression of two proteins within a cell leads to the
localization of a portion of the second protein to the peroxisome when the first protein contains a
single PTS (McNew and Goodman 1994; Glover, Andrews, and Rachubinski 1994; X. Yang, Purdue, and
Lazarow 2001; Islinger et al. 2009; Otera and Fujiki 2012). However, these studies focused on proteins
that were overexpressed, either using recombinant genes with strong promoters or by growing yeasts
in special media that induce peroxisome proliferation. These experimental circumstances may titrate

the receptors PEX5 and PEX7 and prematurely oligomerize those proteins in the cytoplasm.

There are also studies indicating the import and preference of monomeric cargos. It has been found
that PEXS5, at physiological conditions binds to monomeric catalase (a homo-tetrameric protein in its
native state), effectively inhibiting its tetramerization process with significant potency and this
interaction is disrupted by NTD of PEX14, a component of the docking/translocation machinery
(Freitas et al. 2011). In rat hepatocytes, PEX5 also binds and imports two other matrix proteins, acyl-
CoA oxidase 1 (a homo-dimeric protein in its native state) and urate oxidase (a homo-tetramer protein
in its native state), in their monomeric state rather than their corresponding oligomeric states (Freitas
et al. 2015). In addition, cytosolic chaperone Hsp70 also binds to PEX5 independently of PTS1 and
enhances PEX5-PTS1 cargo interaction and maintains solubility of the cargo proteins (Harper, Berg,
and Gould 2003; Harano et al. 2001). There are numerous studies that present arguments regarding
the oligomeric nature of peroxisomal matrix proteins and the results so far indicate that the substrates

for transport into peroxisomes are quite diverse.
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1.1.2.2 Docking of the receptor/cargo complex at the peroxisomal
membrane

After the formation of the cargo-receptor complex, it is subsequently transported in close proximity
to the peroxisomal membrane. At this point, the PEX5-cargo complex interacts with the docking
complex located on the peroxisomal membrane, facilitating the import of cargo proteins into the
peroxisomal matrix. The docking complex consist of PEX14 and PEX13 (Fransen, Terlecky, and
Subramani 1998; Gould et al. 1996) (Figure 1.2). The subcellular distribution of PEX5 was
predominantly observed in the cytoplasm in cell lines with a deficiency in PEX14, but it exhibited an
accumulation at peroxisomal membranes in cells that overexpressed PEX14 (Otera et al. 2000; Demers
et al. 2023). This suggests that the receptors bind to the peroxisomal membrane in presence of the

docking complex.

1.1.2.2.1 PEX14

The PEX14 is conserved throughout all eukaryotes and comprised of 377 amino acids. It exhibits a
globular unstructured NTD, succeeded by a brief hydrophobic transmembrane (TM) segment, which
is then followed by a coiled coil region and an unstructured C-terminal domain (CTD) (Figure 1.3B)
(Oliveira et al. 2002; Gaussmann et al. 2021). PEX14 has been seen to exist in different oligomeric
states. According to an NMR investigation, even at elevated micromolar concentrations, the PEX14
protein is primarily present in a monomeric state (Neufeld et al. 2009). PEX14 from Chinese hamster
ovary was also shown to homodimerize utilizing its coiled-coil domain (ltoh and Fujiki 2006). In yeast,
Pex14 homooligomer is hypothesized to play a role in the formation of pore-like structures located in
the peroxisomal membrane (Meinecke et al. 2010a). A crystal structure of the rat PEX14 NTD unveiled
a tertiary structure characterized by a trimeric arrangement of three helices. The arrangement of the
aromatic side chains of Phe52 and Phe35, which are situated in helices a2 and a3, respectively, plays
a crucial role in maintaining the structural integrity of the NTD domain. This contributes to the
formation of a hydrophobic surface cavity which has a potential to bind WXXX(F/Y) motifs of PEX5 (Su
et al. 2009). The WXXX(F/Y) motifs at N-terminus of PEX5 are responsible for binding N-terminus of
PEX14 with very high affinity (Schliebs et al. 1999; Saidowsky et al. 2001). Human PEX5 contains an
additional PEX14 binding motif (LVXAF) which binds with lower affinity to the N-terminal than the
Wxxx(F/Y) motifs (Neuhaus et al. 2014). In vitro studies suggest that PEX14 exhibits a stronger
interaction with receptors carrying cargo, while PEX13 likely has a stronger interaction with PEX5
receptors that are devoid of cargo (Mukai and Fujiki 2006; Demers et al. 2023). The observation of this
characteristic has suggested that PEX13 is may be involved in the process of PTS1 cargo-release from

PEX5. It is noteworthy that the PEX5/PEX7/PTS2 cargo complex retains the ability to interact with
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PEX13, indicating that the process of cargo-release for PTS1 and PTS2 proteins may exhibit dissimilar
mechanisms (Mukai and Fujiki 2006).

1.1.2.2.2 PEX13

PEX13 is ~ 42—44 kDa integral membrane protein localized in the peroxisome and has been conserved
throughout evolution. It encodes a 405-amino-acid product possessing a cytoplasmic Src homology 3
(SH3) domain that facilitates its interaction with PEX5 and multiple predicted TM domains located on
either side of a binding site for PEX14 (Figure 1.3B) (Gould et al. 1996; Bjorkman, Gould, and Crane
2002). In yeast, the deletion of Pex13 leads to a decrease in peroxisome membrane associated Pex5
and causes the impairment of protein import involving both PTS1 and PTS2 cargos (Elgersma et al.
1996; R. Erdmann and Blobel 1996; Girzalsky et al. 1999). The N-terminal region of PEX13 is highly
unstructured and exhibits a proline-rich stretch that often contains a KPWE motif, followed by a
glycine-rich segment that contains several YG motifs (Brennand, Rigden, and Michels 2012; Gao et al.
2022). The YG domains are crucial for protein import. When all tyrosine residues in YG repeats of
Xenopus laevis PEX13 were substituted with serine residues, then protein import was inhibited (Gao
et al. 2022). The structure of the globular SH3 domain of both yeast and mammals has been studied
as well. It displays mainly a B-barrel fold, as a whole, presents a region characterized by hydrophobic
residues that collectively provide a pocket with an appropriate conformation to accommodate
another known PXXP motif of Pex14 at the NTD. The opposing side of SH3 domain reveals an extra
hydrophobic binding site that exhibits specificity towards the N-terminal WXXX(F/Y) motif of PEX5.
(Pires et al. 2003; Douangamath et al. 2002; Bottger et al. 2000; Rittermann and Gatsogiannis 2023).
In a GST pull-down assay, it was demonstrated that NTD of PEX13 exhibits binding affinity towards
PEXS5, while the C-terminal SH3 region of PEX13 interacts with PEX14 (Otera et al. 2002). In yeast, SH3
domain alone is capable of interacting with both Pex5 and Pex14 (Bottger et al. 2000). In human
fibroblast cells, PEX13 undergoes homo oligomerization via the NTD and mutation of a conserved
residue of the C- terminal SH3 domain leads to defects in PTS1 cargo import, but does not inhibit
interaction with PEX14. Thus, it’s surprising that the SH3 domain is not important for
homodimerization of PEX13 but the NTD is enough for localization of PEX13 to peroxisomes and its
oligomerization (Krause et al. 2013). This observation implies that whereas PEX13 is evolutionarily
conserved, its functional behaviour exhibits variations between yeast and humans. Mutations in a
conserved tryptophan residue in the SH3 domain of PEX13 and deletion of the entire gene have been
found in patients with ZSS, and show severe birth defects and death at an early age (Krause et al. 2006;

Al-Dirbashi et al. 2009; Borgia et al. 2022). Apart from protein import, PEX13 is essential for the
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process of selective autophagy, specifically in the degradation of Sindbis virus and damaged

mitochondria (Lee et al. 2017).

1.1.2.3 Translocation of cargo across the membrane

After formation of the docking complex, cargo is translocated across the peroxisomal membrane.
There are several theories regarding this translocation. The process by which folded proteins are
transported across the membrane and the subsequent release of cargo continues to be an enigmatic
phenomenon. It was first proposed that translocation occurs through internalization of the
peroxisomal membrane to transport the matrix proteins. This was supported by internal peroxisomal
membrane structures observed in both yeast and mammalian cells (McNew and Goodman 1994). But
there was not sufficient evidence to prove this further. In another model, known as the simple shuttle
model, the receptor undergoes shuttling between the cytosol and the membrane of peroxisomes. The
receptor molecule interacts with cargo molecules on the peroxisomal membrane, and subsequently
dissociates from the cargo molecules. PEX5 is proposed to facilitate the transportation of cargo
molecules into the interior of the peroxisomal lumen as a shuttle (Kunau 2001). The validity of this
hypothesis is substantiated by evidence indicating the insertion of the human PEX5 receptor's N
terminus into the lumen during the import process, as well as experimental findings that propose the
occurrence of yeast receptor-bound Pex7 entering the lumen to some extent (Dammai and Subramani
2001; Nair, Purdue, and Lazarow 2004). This gave rise to an alternative model known as the extended
shuttle model, which suggest that the receptor enters the matrix to release the cargo. Dammai and
Subramani (2001) also showed that PEX5 is necessary for PTS1 cargo import and that it enters the

matrix. However, this model could not show how the cargo is released.

Later it was found that the minimal components required to translocate cargos are PEX5 and PEX14.
This was suggested due to studies in yeast Pichia pastoris which showed that for the import of Pex8,
which contains both PTSs and is also an important component of the importomer, only Pex5 and Pex14
were required instead of the whole docking complex consisting additionally of Pex13 and Pex17 (Ma
et al. 2009). It was also shown that the affinity-purified Pex5/Pex14-containing subcomplex, when
reconstituted into proteoliposomes and added to the bilayer, displays channel activity and leads to a
pore size of 0.6 nm. When this subcomplex was preincubated with a PTS1 cargo, this lead to further
expansion of the pore size up to 9 nm which would be enough to accommodate oligomeric cargos
(Meinecke et al. 2010a). The principal constituents of the peroxisomal translocon were determined to
be PTS1 receptor Pex5 and its counterpart Pex14 as they were in 1:1 stoichiometry, even though the
other peroxins of the docking complex, Pex13 and Pex17, were present in minimal quantities during

the reconstitution experiments (Meinecke et al. 2010a). The PTS2 specific pore was identified as well.
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It is formed by the co-receptor Pex18 and the Pex14/Pex17-docking complex instead of the main
receptor Pex7 (Montilla-Martinez et al. 2015). The outcome was not unexpected, as a chimeric protein
consisting of Pex18 fused to the cargo binding CTD of Pex5, partially recovered PTS1 protein import in
a PEX5 deletion strain. This finding suggests that Pex5 and Pex18 perform comparable functions in the
peroxisomal import pathway but for different PTS cargos (Schéafer et al. 2004; Walter and Erdmann

2019).

This led to the focus onto the transient pore formation model. According to this, translocation of cargo
requires protein conducting channels. These channels were hypothesized to open when the PEX5-
cargo complex engages with the docking complex located on the peroxisomal membrane (Ralf
Erdmann and Schliebs 2005). The validity of this model was supported by demonstrating that PEX5
adopts a transmembrane topology within the peroxisomal membrane, whereby the N-terminus is
oriented towards the cytoplasm (Azevedo and Schliebs 2006). However, the presence of a pore like
structure in the peroxisomal membrane capable of accommodating folded proteins, including
oligomeric proteins, has not been shown so far. In vitro experiments show that the peroxisomal
membrane can allow free diffusion of smaller molecules up to 300-400 Da but prevents diffusion of
larger molecules including cofactors like ATP, Coenzyme A and NADP/H (Vasily D. Antonenkov and
Hiltunen 2012). Electrophysiological characterization of yeast Pex5 and docking complex pointed
towards the possibility of pore formation by these components (Meinecke et al. 2010a; Montilla-
Martinez et al. 2015). For PTS1 cargos, Pex5 was considered as the main translocon as in the yeast
Hansenula polymorpha, the overexpression of Pex5 can partially compensate for the import defect
seen in a Pex14 null mutant (Salomons et al. 2000). This was also in accordance with the observation
in yeast and humans that PEX5 has intrinsic lipid binding activity and can insert into the membrane in
vitro without binding to the docking complex (Kerssen et al. 2006). In schwann cells, the myelinating
cells of the peripheral nervous system in mice, PEX5 knockout causes peroxisome dysfunction due to
the defects in protein import and reduced compound muscle action potential due to the abnormal
localization of the potassium channel protein Kv1.1 along with cerebral inflammatory demyelination
(Kleinecke et al. 2017). The peroxisomal membrane exhibits permeability to solutes and is equipped
with proteins that generate pores. The structural details explaining the assembly of all components
specifically involved in the peroxisomal protein import are still missing and therefore identification of

the main component of the translocon remains elusive.
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1.1.2.4 Release of cargo into the peroxisomal matrix

After translocation of cargo, the peroxisomal translocation pore needs to be disassembled. It is
necessary for the cycling import receptors to be liberated from the peroxisomal membrane and
relocated to the cytosol. This enables the receptors to be once again accessible for the recognition of
cargo and to commence a subsequent cycle of the peroxisomal protein import. This is crucial as the
presence of a consistent pore would result in the compromise of the permeability barrier, a
phenomenon that is inconsistent with the established characteristics of the peroxisomal membrane

(Vasily D. Antonenkov and Hiltunen 2012; Ralf Erdmann and Schliebs 2005).

There are several theories regarding the release of cargo but it still remains the least understood
aspect of the receptor import export cycle. One theory indicated that a change in pH in the
peroxisomal matrix leads to the dissociation of cargo from PEX5. This was based on previous
observations in the yeast, which indicate that the oligomeric forms of Pex5 undergo a transition from
a tetramer/oligomer bound to cargo at a neutral pH of 7.2 to a monomer without cargo at an acidic
pH of 6.0. It is known that the pH of H. polymorpha in the peroxisomal matrix ranges from
approximately 5.8 to 6.0 (Nicolay et al. 1987; D. Wang et al. 2003; Ma et al. 2013). But mammalian
peroxisomes display a pH between 6.9 to 7.1 which resembles the cytosolic pH (Jankowski et al. 2001).
In an alternative aspect, it was shown in human fibroblast cells that the redox environment of
peroxisomes is quite critical for the protein import and important for PTS1 cargo release (Apanasets
et al. 2014). Supporting this argument, it was shown that the monoubiquitination at a conserved
cysteine 11 at the NTD of PEX5 acts as a redox switch which can regulate PEX5 import activity. An
oxidative environment leads to defects in monoubiquitination at the cysteine residue of PEX5
(Apanasets et al. 2014). This might release the cargo and also lead to export of the receptor back into
the cytosol which is described in next section 1.1.2.5. Another theory is that binding affinity between
PEX5 and cargo is decreased when it binds to the docking complex (Otera et al. 2002; Madrid et al.
2004; Ma, Agrawal, and Subramani 2011). It was also thought that the interactions between the NTD
of PEX5 and the co-receptors and docking complex might change the structure of the C-terminal TPR
domain from closed to open conformation, making it easier for the release of cargo (W. A. Stanley et
al. 2006). The only evidence of a cargo release in the literature involves the interaction of oligomeric
Pex5 with Pex8 (yeast P. pastoris) which facilitates the formation of importomer by binding to the
docking complex. The reduction of a conserved N terminal cysteine residue of Pex5 leads to a hetero-
oligomeric interaction between the N terminal of Pex5 with Pex8 and the subsequent dissociation of

the PTS1 cargo (Agne et al. 2003; Ma et al. 2013). There is no direct evidence about the cargo release
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in mammals as a homolog of Pex8 is not present in mammals. A significant portion of our

understanding of cargo release is currently based on speculation and requires additional investigation.

1.1.2.5 Receptor recycling

In order to complete the import cycle, it is necessary for PEX5 to be transported back to the cytosol.
This step requires monoubiquitination of PEX5 at the N- terminus near a conserved cysteine residue
at the 11%" position (W. Wang and Subramani 2017; Pedrosa et al. 2018). When the regular recycling
process of PEX5 or of other receptors is hindered, the receptors undergo polyubiquitination on the
lysine residues and are subsequently degraded by the proteasome. The degradation of substrates
(PEX5 receptor here) by the ubiquitin proteasome system (UPS) is explained in detail in the next
chapter in section 2.1.5. The process of receptor monoubiquitination and polyubiquitination is
facilitated by a ubiquitin ligase (E3) complex that is conserved and embedded in the peroxisomal
membrane. This complex comprises PEX2, PEX10, and PEX12, all of which contain RING finger domains
(El Magraoui et al. 2012; Feng, Skowyra, and Rapoport 2022). The ubiquitin ligase complex forms a
channel with its TM segments and a cytosolic tower with its ring finger domains. The diameter of the
channel is 1 nm which contributes to the permeability of small molecules across peroxisomal
membrane (Feng, Skowyra, and Rapoport 2022). The monoubiquitination of PEX5 at cysteine 11
requires the ring finger domain of PEX2 and members of the UbcH5a/b/c family are required as E2
enzymes (Sargent et al. 2016; Grou et al. 2008; Feng et al. 2022). The monoubiquitination can be
reversed by the cytosolic deubiquitinase enzyme Ubiquitin Specific Protease 9x (USP9X) in mammals,
which makes PEX5 available again for another round of import cycle (Grou et al. 2012; Francisco et al.
2014). When the receptor cannot be recycled further, then polyubiquitination of PEX5 occurs at lysine
residues by combined action of the ring finger domains of PEX10 and PEX12 (Feng, Skowyra, and
Rapoport 2022).

Recycling of the import receptor PEX5 requires energy, which is provided in form of ATP, to pull out
PEX5 from the peroxisomal membrane. It was shown through in vitro experiments that PEX5 from rat
hepatocytes integrates into the membrane in two different topologies in the absence of ATP. First,
around 2 kDa of its N terminal is exposed into the cytosol with the C- terminal domain stays inside the
matrix and second, both N and C- terminal are completely inside the lumen and bound to PEX14
(Gouveia et al. 2003). The first topology is the precursor of the second one which shows that the N-
terminus of PEX5 protrudes outwards into the cytosol to be ubiquitinated (Gouveia et al. 2003). This
is also supported by the cryo-EM structure of PEX2, PEX10, and PEX12 from thermophilic fungus
Thermothelomyces thermophilus, that predicts that during the process of export, the N-terminal

segment lacking a defined structure is expected to enter the channel pore from the luminal side. This
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allows for the modification of the conserved cysteine residue through the action of ring finger domain
of PEX2 (RF2) (Feng, Skowyra, and Rapoport 2022). In presence of ATP, it was observed that the PEX5
found in the second topology is released from the membrane, similar to PEX5 in endogenous rat

hepatocytes that requires ATP for export (Gouveia et al. 2003).

The ubiquitin ligase complex works together with the ATPase complex to monoubiquitinate and
extract the receptor to cytosol from the peroxisomal membrane to initiate a new round of protein
import. There are members of the AAA+ protein family which are involved in unfolding and
disassembly of proteins. AAA+ proteins have been implicated in the process of dislocating proteins in
the inner mitochondrial membrane and the ER, to facilitate their subsequent proteolytic breakdown,
which is described in detail in the next chapter (Ogura and Wilkinson 2001; Sauer et al. 2004). In the
peroxisomes, this is accomplished by PEX1 and PEX6, which are highly conserved and the only known
peroxins containing ATP-binding domains. They interact with each other in the presence of ATP to
form a complex (Matsumoto, Tamura, and Fujiki 2003; W. Wang and Subramani 2017). The PEX1/PEX6
ATPase complex is anchored to the membrane by PEX26, but in yeast, this function is fulfilled by Pex15
(Matsumoto, Tamura, and Fujiki 2003; B. M. Gardner et al. 2018). Alpha fold prediction of the
PEX1/PEX6 ATPase complex suggests that PEX1 and PEX6 assemble into a hexameric complex with
alternative subunits of each. Both PEX1 and PEX6 possess a pair of NTDs, namely N1 and N2, as well
as two ATPase domains, designated as D1 and D2. The ATPase domains undergo hexamerization,
forming two ATPase rings that are stacked around a central pore and import of cargos into the matrix
requires ATP hydrolysis in the D2 domain of the PEX6 (Judy, Sheedy, and Gardner 2022; Tamura et al.
2006). It is hypothesized that substrates of PEX1/PEX6 will initially interact with the NTDs and
thereafter traverse the D1 central pore to interact with the D2 pore loops within the active ATPase
ring. Among the various hypothesized substrate-binding domains, the PEX1 N1 domain has the highest
degree of conservation, indicating its potential affinity for a universally conserved substrate (Judy,
Sheedy, and Gardner 2022). Another protein Cdc48/p97, which also belongs to the AAA+ family, plays
a crucial role in facilitating the degradation of misfolded polyubiquitinated substrates that are
transported out of the ER through the proteasome-dependent pathway, and is discussed briefly in the

next chapter in section 2.1.7 (Rabinovich et al. 2002; Jarosch et al. 2002; Bodnar and Rapoport 2017).

The malfunctioning of PEX1 and PEX6 genes are responsible for the majority of cases associated with
PDBs (Ebberink et al. 2011). There are moderate to severe implications upon deletion and mutation
of the ATPase complex. Mutation of any components of ATPase complex PEX1/PEX6 leads to a
reduction in both the quantity and functionality of peroxisomes and causes accumulation of

ubiquitinated PTS1/PTS2 receptors on the peroxisomal membrane leading to pexophagy (Law et al.
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2017). Deletion of PEX1 in human cell lines leads to a decrease in PEX5 stability but surprisingly
stabilizes PEX13 which is part of the docking complex (Ott et al. 2023). The PEX1/PEX6 with its
membrane anchor PEX26 complex was also shown to interact with the docking complex. In rat
heapatocytes, the interaction between human membrane anchor protein PEX26, and the docking
protein PEX14 was observed. This interaction is disrupted by the ATPase activity of PEX1/PEX6
complex due to conformation change in PEX14 which is another suggested mechanism of cargo
release (Tamura et al. 2014; 2006). The recruitment of PEX5 to the peroxisome membrane by PEX14
aligns with the idea that PEX26 plays a role in positioning PEX1/PEX6 complex in close proximity to
PEX14-bound PEX5, hence facilitating the retrotranslocation of PEX5 to the cytosol (Rinaldi et al.
2017).

18



1.2 Aims

In yeast, Pex5 is responsible for the import of only PTS1 cargo. Pex7 is responsible for the import of
PTS2 cargos with the help of its coreceptor Pex18 or Pex21. Both PTS1 and PTS2 pathways have been
studied in yeast (RUttermann and Gatsogiannis 2023; Edward Purdue, Yang, and Lazarow 1998; Mukai
and Fujiki 2006). The mechanism of translocation has been discussed through biochemical and
electrophysiological characterization. When Pex5 along with the docking complex, mainly Pex14, is
reconstituted into LUVs and added to bilayer, it forms a small ion conducting pore which expands
upon incubation with the PTS1 cargos (Meinecke et al. 2010a). Similarly, for the PTS2 pathway, when
Pex18 along with the docking complex Pex14\Pex13\Pex17 is reconstituted, it leads to the formation
of an ion channel which displays very dynamic behaviour upon incubation with PTS2 cargos (Montilla-
Martinez et al. 2015). In humans, both PTS1 and PTS2 cargos are imported by PEX5L. The Import of
PTS2 cargos requires PEX7 as co-receptor which helps to recruit them to the peroxisomal membrane.
There are several differences between the coreceptor and components of the yeast and mammalian
peroxisomal protein import machinery as described above. Therefore, it is important also to perform
electrophysiological characterization of PEX complexes involved in protein import in human

peroxisomes.

To study protein import machinery in humans, PEX5L containing complexes were purified from human
peroxisomal membranes and electrophysiological characterization was performed. The interaction of
PEX5L complex with the cargos were also studied to understand how it is different from the yeast

peroxisomal protein translocon. The results are discussed in the next section.

We collaborated with the group of Prof. Dr. Ralf Erdmann and Prof. Dr. Wolfgang Schliebs and their
students Maren Reuter, Jessica Klimper, Katharina Reglinski, Rebecca Peschel from Institute of

Biochemistry and Pathobiochemistry, Ruhr University Bochum.

This methods and results section of this thesis are also part of the published manuscript.

Ghosh, M., Denkert, N., Reuter, M., Klimper, J., Reglinski, K., Peschel, R., Schliebs, W., Erdmann, R.
and Meinecke, M. (2023) Dynamics of the translocation pore of the human peroxisomal protein import
machinery. Biological Chemistry, Vol. 404 (Issue 2-3), pp. 169-178. https://doi.org/10.1515/hsz-2022-
0170
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1.3 Materials and methods

1.3.1 Materials

Table 1.1 Special consumables

Chemical

Supplier

Acetone >99.8% p.a.

Carl Roth GmbH & Co KG

Antipain

MP Biomedicals

Aprotinin

MP Biomedicals

Benzamidine hydrochloride

MP Biomedicals,

Bestatin

MP Biomedicals

Calbiosorb

Calbiochem

Chymostatin

MP Biomedicals

Digitonin

Merck

Dulbecco’s modified eagle medium (DMEM)

Sigma Aldrich

Ethanol >99.8% p.a.

Carl Roth GmbH & Co KG

Fetal calf serum (FCS)

Sigma Aldrich

Filter supports

Avanti Polar Lipids

HEPES

Carl Roth GmbH & Co KG

Histodenz

Sigma Aldrich

I-a-phosphatidylcholine (PC)

Avanti Polar Lipids

[-a-phosphatidylethanolamine (PE)

Avanti Polar Lipids

Leupeptin

MP Biomedicals

[-glutamine

Gibco

Methanol >99.9% p.a.

Carl Roth GmbH & Co KG

n-Dodecyl-B-maltoside (DDM)

GLYCON Biochemicals

Nuclepore Track etched polcarbonate membrane

Whatman

PageRuler prestained protein ladder

Thermo Scientific, US

Penicillin

Gibco

Pepstatin

MP Biomedicals

Phenylmethylsulfonyl fluoride (PMSF)

Roche Diagnostics

Potassium chloride (KCI)

Carl Roth GmbH & Co KG

Streptomycin

Gibco
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T75 flasks

Thermo Scientific

TEV protease (ACTEV™ protease)

Invitrogen

Trichloromethane/Chloroform

Carl Roth GmbH & Co KG

Triple Desk T500 flasks

Thermo Scientific

Table 1.2 Consumables for electrophysiological measurements

Chemical

Supplier

Dimethyl sulfoxide (DMSO)

Thermo Scientific, US

Magnetic stirrer

VWR

Micro hematocrit -capillary tubes

Th. Geyer GmbH & Co. KG

Parafilm

Bemis, US

PTFE-film

GoodFellow GmbH, DE

Silverwire 99.9% 0.5mm 25g

Carl Roth GmbH & Co KG

Thread preparations glasses 50x14mm

Schuett-biotec GmbH

Table 1.3 Software’s used

Software

Manufacturer

Adobe lllustrator C26

Adobe Systems

Affinity designer

Serif

Origin Pro 8.5, Origin Pro 2022

OriginlLab, US

pCLAMP 10.7

Molecular Devices, Inc

R3.6.1, RStudio-1.2.1335

Posit, PBC,
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1.3.2 Methods

1.3.2.1 Cultivation of human Flpin cells

The cell line was cultivated by Maren Reuter and Jessica Klimper at Institute of Biochemistry and
Pathobiochemistry, Ruhr University Bochum. A FlpIn cell line expressing PEX5L-Protein A in a stable
manner was generated as previously described (Bharti et al. 2011). Cells were cultivated in Dulbecco’s
modified eagle medium (DMEM) with high glucose, supplemented with 10% (v/v) FCS, 2 mM I-
glutamine and 1% (v/v) Penicillin (10 U/ml)/Streptomycin (10 pg/ml). The cells were incubated at 37
°C in a humid atmosphere containing 8.5% CO,. For maintenance, cells were cultivated in T75 flasks,
while for complex isolations they were large scale cultivated in Triple Desk T500 flasks. After the cells
attained a confluency of 90%, they were subjected to trypsinization and subsequently harvested by
centrifugation at 200xg for 7 min. For each complex isolation, cells from 18 Triple Desk flasks were

used. Sedimented cells were frozen in liquid nitrogen and then stored at —80 °C until further use.

1.3.2.2 Isolation of PEX5L complexes

The PEX5L complexes were isolated and analysed by Maren Reuter and Jessica Klimper at Institute of
Biochemistry and Pathobiochemistry, Ruhr University Bochum and kindly provided to us for
reconstitution and electrophysiological characterization. The Flpln PEX5L-Protein A cell line was
cultivated in Triple Desk flasks and harvested using the previously described method. The pellet was
resuspended in a lysis buffer consisting of 0.2 M HEPES, 1 M potassium acetate, 50 mM magnesium
acetate, pH 7.5. The ratio of buffer to pellet was 20 ml per 10 g. Additionally, the lysis buffer was
supplemented with protease inhibitors including 8 mM Antipain, 0.3 mM Aprotinin, 1 mM Bestatin, 5
mM Leupeptin, 15 mM Pepstatin, 10 mM Chymostatin, 1 mM Phenylmethylsulfonyl fluoride (PMSF),
5 mM sodium fluoride, and 1 mM Benzamidine hydrochloride. Lysis was performed using glass beads
with a diameter of 0.5 mm, with a ratio of 3 grams of beads for 1 g of cell pellet. Subsequently, the
beads were separated from the lysate using centrifugation at 1500g for 5 minutes, utilizing the
SX4750A rotor (Beckman Coulter), while maintaining a temperature of 4 °C. The obtained lysate
underwent ultracentrifugation at 100,000g and a temperature of 4 °C for 1 hour using the SW 41 Ti
rotor (Beckman Coulter). The resulting supernatant was utilized for isolating cytosolic complexes. On
the other hand, the pellet was resuspended in lysis buffer for 1 hr at 4 °C, similar to the previous
procedure, with the inclusion of an additional 5% glycerol and 1% digitonin. The sample was subjected
to a second centrifugation at 100,000g and 4 °C for 1 hr and the resulting supernatant was utilized for
the isolation of membrane protein complexes. The protein content of both supernatants was

quantified, and each supernatant was incubated with 1gG-Sepharose beads (13 ul per 10 mg protein)
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for 18 hrs at 4 °C. The IgG-Sepharose was centrifuged at 1500 g for 5 min at 4 °C using SX4750A rotor.
After centrifugation, the sedimented IgG-Sepharose was washed with a wash buffer consisting of 0.2
M HEPES, 1 M potassium acetate, 50 mM magnesium acetate, and pH 7.5. The wash buffer was
supplemented with 8 mM Aprotinin, 1 mM Bestatin, 5 mM Leupeptin, 15 mM Pepstatin, and 1 mM
PMSF. For membrane complexes, the wash buffer contained 0.2% digitonin, while for cytosolic
complexes, no detergent was added to the wash buffer. The Sepharose that had undergone
sedimentation was resuspended in less than 1 ml of the appropriate wash buffer and subsequently
transferred to a centrifugation column known as "Mobicol F," which was equipped with a 35 um filter
manufactured by Mobitec. The beads were washed for ten times using the appropriate washing
buffer. Each wash involved centrifugation at 100g at 4 °C for 30 s. To facilitate elution using the TEV
protease, a total of 110 units of proteases were added per 100 ul of IgG-Sepharose. The mixture was
then incubated for 2 hrs at 16 °C and 350 rpm. The Sepharose was subjected to centrifugation at 100g
and 4 °C for 1 min, resulting in sedimentation. The resulting supernatant was collected and referred
to as the eluate. The Sepharose resin underwent two washes using a volume of the corresponding
wash buffer that was twice the volume of the column. The resulting washing fractions were then

mixed with the eluate.

1.3.2.3 Preparation of PEX5L proteoliposomes

The PEX5L associated membrane complexes were reconstituted in liposome consisting of 70% I-a-
phosphatidylcholine and 30% I-a-phosphatidylethanolamine. The lipid stocks were prepared in
methanol/chloroform mixture, followed by drying under a continuous flow of nitrogen to a final
concentration of 12 mM. In order to produce unilamellar vesicles, dried lipid was resolubilized in a
buffer solution containing 150 mM KCl and 10 mM HEPES at a pH of 7.4. Subsequently, these
resolubilized lipid films were subjected to a series of seven freeze-and-thaw cycles. The lipid vesicles
that were acquired were subjected to extrusion using a polyvinylidene fluoride (PVDF) filter with a
pore diameter of 200 nm. These extruded vesicles were used for protein reconstitution. In order to
reconstitute PEX5L complexes, liposomes were subjected to partial solubilization using a solution
containing 0.2% Digitonin, 0.5% DDM, and 3x digitonin buffer. The resulting mixture was then
incubated for 5 min on ice. The purified SEC fraction of hPEX5L was introduced into solubilized
liposomes and afterwards subjected to a 30-min incubation on ice, facilitating the spontaneous
insertion of proteins. Then the removal of detergent from the mixture through the addition of 80 ul
of Calbiosorb per 50 ul of lipids escalated the incorporation process. The Calbiosorbs were prepared
by sequential washing with methanol, followed by a wash with 150 mM KCl and 10 mM HEPES buffer

at pH 7.4. The sample mix was supplemented with Calbiosorb and afterwards incubated on a rotating
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disc for 2 hrs at a of 4 °C. Following this incubation period, the proteoliposomes were removed from

the Calbiosorb.

1.3.2.4 Liposome flotation assay and sodium carbonate extraction

In order to evaluate the co-migration of proteins with liposomes, we utilized density gradient flotation,
employing non-ionic Histodenz as previously outlined in Truscott et al. (2001). By employing this
methodology, it is possible to isolate membrane-unbound proteins from both liposomes and
membrane-bound proteins. Liposomes, whether empty or containing incorporated protein, exhibit
migration towards regions characterized by lower density, whereas protein that is not bound remains
within the loading fraction. A polycarbonate test tube was used to create a stratified arrangement of
proteoliposomes mixed with Histodenz. The addition of Histodenz resulted in a final concentration of
40%. Subsequently, discrete layers with concentrations of 20%, 10%, 5%, and 2.5% were sequentially
added on top of the proteoliposomes base layer. Each layer consisted of 800 pl and was suspended in
liposome buffer. The density gradient underwent centrifugation using a swinging bucket rotor (Optima
XPN-100 with Sw60Ti rotor, 45k rpm, 4°C, 1 h). Subsequently, it was fractionated in 444.4uL
increments, starting from the top and moving towards the bottom. The fractions were subjected to
TCA precipitation with 10% TCA and subsequently analysed using SDS-PAGE PAGE and
immunoblotting in order to observe and distinguish the protein that was either bound or unbound.
For sodium carbonate extraction, proteoliposomes containing interfaces of the Histodenz layers were
collected. These liposomes were then incubated with ice-cold 20 mM Na,COs; for 30 mins while being
kept on ice. Subsequently, the liposomes were centrifuged at 150,000g and 4 °C for a period of 30
mins. The total amount of pellets and supernatants obtained were assessed by SDS-PAGE or western

blot.

1.3.2.5 Electrophysiological characterization

1.3.2.5.1 Principle of Electrophysiology

The cell membrane consists of a lipid bilayer that separates ions in the extracellular space from the
charged proteins and ions in the cytoplasm. Lipid membranes are very good insulators, but cell
membranes are made up of a mix of proteins and lipids. There are a lot of proteins classified as ion
channels or translocon that cross the barrier and let charge move through them. The high resistance
of the membrane is lowered by these proteins. For electrophysiological characterization of such
proteins, biological membranes, as well as entire cells, can be simplified into an analogous circuit
model like that of a leaky capacitor (Naumowicz and Figaszewski 2013). The electric equivalent circuit

consist of a combination of resistors and capacitors. The circuit is composed of a series connection of
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resistor R, which represents the combined resistance of the electrical setup (headstage and
electrodes) and the electrolytes denoted by Reiectrodestelectrolytes. Additionally, there is a parallel
connection of capacitance Cmembrane and resistor Rmembrane, Which represent the capacitance and
resistance of a lipid bilayer. Lastly, there is a resistor Renannel, Which represents the resistance (inverse
conductance 1/G) of a reconstituted ion channel (Figure 1.4A). The Relectrodes+electrolytes are relatively
minor compared to the Rchannel in a series connection, so it may be disregarded. On the other hand, the
Rmembrane is significantly larger than the Rchannel in @ parallel connection, allowing it to be discarded.
Consequently, this results in a simplified circuit configuration (Figure 1.4B). The amount of current
passing through a capacitor is influenced by variations in the applied potential. Consequently,
immediately after establishing a constant holding potential U, the capacitor's Cmembrane cOnducts for a
duration of several hundred milliseconds (ms) until the current decreases exponentially and
approaches zero. The current, denoted as |, is traversing via the channel. This allows for the direct

determination of the channel's conductance, denoted as G, by employing Ohm's first law.

U=R=+1=+<=>G=1 (1)
G U
A B
0 (a) ul—(a)
L1 p_—y L1 ANy
i o
| ||
Cmembrane Cmembrane
_| |_
Rmemhrane
— —
Rchannel Rchannel

Figure 1.4 Equivalent circuit diagram of an ion channel in a biological membrane. (A) complex (B)
reduced. U represents the membrane potential or voltage and A represents current generated in an
electric circuit (Figure modified from Denkert 2018).
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1.3.2.5.2  Assembly of the Chamber

The chambers are assembled as described in Bartsch, Harsman, and Wagner 2013. The bilayer
chamber is comprised of two half teflon chambers, each containing a circular opening on its respective
side. A single opening in each half-chamber was sealed using a glass plate, which was secured in place
using parafilm and a tightly fitted polytetrafluoroethylene (PTFE) ring. The half chamber was initially
placed inside the metal cage facing the glass outside. The chamber was coated with vacuum grease
and a PTFE film with a hole of needle-tip dimensions was affixed to the other chamber within the
metal cage. The aperture was formed through a meticulous process of puncturing the PTFE film with
a needle and subsequently punching it with three discharges from a self-constructed spark gap. The
other half of the chamber was placed into the metal cage with the glass facing outside. In this
configuration, the non-glass surfaces of both half-chambers are positioned opposite to each other and
securely sealed using vacuum grease and a PTFE film. The setup is then closed and tightly secured
using a metal screw ring. To mix the buffer solution, magnetic stir bars measuring 2 mm in length are
placed within each half-chamber. These stir bars interact with the magnetic stirrer located beneath
the metal cage. Then, L-a-Phosphatidylcholine (SIV-PC) dissolved in decane (lipid concentration of 3
mg in 50 plL decane) is applied onto the PTFE film using a flexible syringe, and incubated for 20 minutes.
Afterwards, 3 mL of electrophysiological buffer was added into each chamber and the bilayer was

formed by pipetting up and down the buffer as described by Bartsch, Harsman, and Wagner (2013).

1.3.253 Setup and software used

Ag/AgCl electrodes were fabricated by soldering silver wire with a diameter of 1 mm to the gold
connectors. The Ag electrodes can be chlorinated by immersing them in a solution of 12% NaClO for a
minimum duration of 2-6 hours. The electrodes were placed within glass capillary tubes and
subsequently immersed into a 2M KCl-Agar bridge. Then, Electric recordings were performed using
Ag/AgCl electrodes that were connected to a CV-5-1GU headstage and afterwards to a Geneclamp
5008 current amplifier (Molecular Devices, US). The currents were converted into digital format using
a Digidata1440 (AD/DA) converter and recorded with a computer utilizing the software AxoScope 10.3
to record current traces at constant holding potentials or Clampex 10.3 software for recording voltage
ramps. The electrode at the trans compartment was used as a reference electrode and the electrode

cis compartment was connected to the ground.

1.3.2.54 Fusion of Proteoliposomes

Proteoliposomes were added in proximity to the bilayer within the cis compartment of the chamber

using a syringe. A gradient of salt concentration was created across the membrane by placing a high
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concentration of salt in the cis compartment and a low concentration of salt in the trans compartment.
This gradient facilitated the fusion of proteoliposomes with the bilayer through osmotic forces (Figure
1.5) (Zimmerberg, Cohen, and Finkelstein 1980; Cohen, Niles, and Akabas 1989). Following the fusion
process, the buffer present in each chamber was subjected to perfusion with a volume equivalent to
60 ml, which is equal to 20 chamber volumes. This perfusion was carried out using a standard buffer
solution containing (250 mM KCI or 20 mM KCl), 10mM MOPS, pH7.0, with the aim of establishing
precise salt concentrations. In order to increase fusion rates, it is possible to introduce CacCl; into the

cis compartment at concentrations ranging from 10 to 20 mM.
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Figure 1.5 Insertion of translocon by osmotically driven fusion of proteoliposomes to the bilayer in
electrophysiological setup.

1.3.2.5.5 Conductance

Fusion of an open channel on the bilayer leads to ion flux and current can be recorded with respect to
the applied voltage. By applying Ohm's law (Brown and Musil 2004), the conductance of a channel at
a certain voltage can be determined by dividing the recorded current by the applied voltage. This
serves as an indication of the approximate size of a single pore or the collective size of multiple pores.
The diameter of a cylindrical pore can be determined by Hille equation by considering a pore as a
cylinder with length L, the resistivity of the buffer p and conductance of the channel G (Eaton 1985;

Smart et al. 1997). The equation to calculate pore size is

1 1 L (2)
— * | — J—
d=2*G=*p (4+ 16+G*p*n)

The value of L can vary, such as 0.5 nm for a narrow region of limited length or 5 nm for a cylindrical

structure that spans over a membrane. The resistivity (p) of the electrophysiological buffer (250 mM

27



KCl, 20 mM MOPS-Tris, pH 7.0) is around 50 Q cm. However, when electrolytes are subjected to
intense electrical fields within a pore, their resistivity increases significantly. A correction factor of 5
has been calculated for such a narrow channel. The open or closed states of a particular channel can
also be determined. In order to achieve this objective, the open probability (P,) was determined by
dividing the mean current (Imean), Which is normally measured for a minute by the maximum current,

denoted as Imax, refers to the highest amount of electric current recorded for a pore.

Imean (3)

Imax

Py, =

1.3.2.5.6 Reversal Potential and lon Selectivity

The presence of an ion concentration gradient across the membrane give rise to a membrane
potential. Membrane channels facilitate the movement of ions across the membrane in accordance
with their respective concentration gradients, albeit at varying rates. The electrochemical membrane
potential aims to achieve equilibrium in ion concentration on both sides of the membrane. The applied
potential required to completely stop the net flux of ions through a membrane is termed as reversal
potential. The calculation of the equilibrium potential (U,.e), which arises from the asymmetry caused
by the transportation of a single ion species such as Na+, can be determined by using the Nernst

equation.

CRT. [Clow (@)
Urev = 27 " T,

Where U,y is the reversal potential, R is the universal gas constant (R = 8.314 J K* mol?), T is the
temperature, z is valency of the respective ion, F is Faraday’s constant (F = 96 485.332 C mol™) and
[Clout and [C]in is ion concentration on outside and inside of the membrane respectively. Within a
biological membrane, numerous ions coexist concurrently. In general, it is unlikely that there will be a
voltage at which current for all ions are zero. In case there are more than one ion, we used the
Goldman-Hodgkin-Katz (GHK) equation, which is derived from the Nernst-Planck equation. The resting
potential, VR, is established as a voltage at which the net total of all ion currents is equal to zero. Then,

determining the reversal potential relies on the concentrations of salts and the channel's relative ion
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selectivity. This value can be computed by considering the ion concentrations and their permeability,

utilizing the Goldman-Hodgkin-Katz equation (Goldman 1943; Hodgkin and Katz 1949).

g n ZPC [C]out + Zpa[A]in (5)
F ZPC [C]in + Zpa [A]out

Upey =

where [C] and [A] are the concentration of cations and anions respectively and P. or P, are the
permeability cations or anions and in and out refers to the inside and outside of the membrane
respectively. In this thesis, a potassium chloride (KCl) buffer is employed, wherein the salt
concentrations on the cis and trans sides of the channel are different unless specified in the

experiments. The equation for determining the relative ion selectivity in this case is

- UpeyF -
_ [Cl ]trans - exp( o ) * [Cl ]cis
PE: PG = RT
Crt) « [K*Turans — KT
EXP\"RT trans cis (6)

Where U, is the measured reversal potential, Pf and P;; are the permeabilities of potassium [K*] or
chloride ions [CI] with [K*] and [C]] respective ion concentrations, and cis and trans correspond to

the two sides of the bilayer.

1.3.2.5.7 Data analysis

we utilized a sophisticated data analysis tool to remove potential biases associated with manual
analysis of electrophysiological recordings. This tool was developed by Inder Tecuapetla-Gémez from
the Institute for Mathematical Stochastics at the University of Gottingen, Germany. It is based on an
estimator known as SMUCE (Stepwise Multiscale Confidence Intervals for Nonparametric Functional
Estimation) and implemented in the R-package "stepR" (Hotz et al. 2013). In essence, the SMUCE
method aims to recreate the original clean data by considering the estimated filter impact, so
effectively eliminating the presence of white noise in the assumed pre-filtered data. Afterwards, the
algorithm fits constant segments to the data that has been denoised. This reconstruction process
facilitates the identification and analysis of conductance changes, dwell times, and the dynamic
behaviour of translocation pores. This routine automates the detection of gating events and the

calculation of dwell periods. The results of this reconstruction routine were exported in the form of
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two .txt files which are the dwell time table and the list of gating events. These exported data files

were further subjected to analysis using OriginPro2022.
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1.4 Results

1.4.1 Purification of PEX5L-containing membrane complexes

In order to identify the pore forming activity in the human peroxisomal matrix protein import
machinery, a methodology (Section 1.3.2.2) was developed to selectively isolate PEX5L as the
hypothesized core element of the pore from analysis of the yeast peroxisomal translocation machinery
(Meinecke et al. 2010a; Montilla-Martinez et al. 2015). The long isoform of PEX5 was selected as it is
involved in both PTS1 and PTS2 import and contains a PEX7 binding site as well (Walter and Erdmann
2019; Farré et al. 2019). To achieve this objective, a FlpIn cell line was generated in which Protein A-
tagged PEX5L was produced with a TEV cleavage site positioned between the tag and the protein
PEX5L. Membranes were solubilized by mild digitonin treatment to maintain the integrity and
interaction of integral membrane protein complexes. Then, PEX5L-complexes were purified through
affinity purification using IgG Sepharose, followed by elution of the complexes by TEV protease
cleavage (Figure 1.6A). SDS-PAGE analysis of the eluates from cytosolic and membrane fractions
demonstrated a clear differentiation in the polypeptide composition of the PEX5L-interacting
proteome (Figure 1.6B and C). The membrane-associated polypeptide with a molecular weight of 60
kDa, which is mostly related with PEX5L, probably represents PEX14. The PEX5L membrane eluate was
shown to contain several membrane-bound peroxins which are known to be part of the import of
cargo and export of receptors in the translocation machinery, specifically the PTS2 receptor PEX7,
PEX14 with other components of docking complex PEX13, PEX12, and PEX1. To our surprise, PEX6,
which is part of a functional AAA ATPase complex with PEX1, could not be detected through
immunoblotting (Figure 1.6D). A number of polypeptides, approximately 80, 50, 40, and 30 kDa in size,
cofractionate with the cytosolic PEX5L protein. While this study did not specifically investigate the
identity of cytosolic binding partners, it is reasonable to hypothesize that these binding partners likely
consist of numerous cargo proteins that have a strong affinity for the PTS1 receptor. This finding is
additionally supported by immunoblotting, which reveals the interaction between catalase and the
PTS1 receptor (Figure 1.6D). We also tried to detect a PTS2 protein thiolase, but couldn’t detect it in

the cytosolic fraction. In the membrane eluates no cargo proteins were discovered.
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Figure 1.6 Purification of PEX5-containing membrane complexes. (A) Description of the procedure
for isolating cytosolic and membrane-bound subcomplexes of the Protein A-fused PEX5L in an affinity-
purification system. (B) Visualization of protein bands on SDS-PAGE stained with Colloidal Coomassie
in the eluates obtained after TEV-protease treatment of cytosolic and membrane-bound PEX5L
samples. To assess the efficiency of digitonin-solubilization and TEV-proteolytic cleavage, the IgG-
Sepharose column material was subjected to analysis with an SDS-containing buffer to detect any
remaining proteins. (C) Immunoblot assessment of the purification process, wherein lysates, input
samples (S1 and S2), and the corresponding eluates were probed for the presence of peroxisomal
import machinery components and matrix proteins using specific antibodies (Purification and analyses
were done by Maren Reuter and Jessica Klimper, figure is from Ghosh et al. 2023)
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1.4.2 Reconstitution of PEX5L eluates into liposomes

The TEV eluate obtained from solubilized membrane complexes was utilized in a mixed detergent
mediated reconstitution technique to reconstitute integral membrane proteins from PEX5L eluate
complexes into liposomes. The incorporation success was verified through flotation assay and
carbonate extraction resistance experiments and visualized through immunoblotting (Figure 1.7A).

PEX5 and PEX14 were employed as marker proteins. We observed incorporation of both PEX5 and

PEX14 in the liposomes (Figure 1.7B and C).
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Figure 1.7 Reconstitution of affinity-purified membrane-bound subcomplexes of human Protein A-
fused PEX5L into liposomes. (A) Diagram illustrating the liposome flotation assay in a histodenz
gradient, followed by the analysis of the proteoliposome mixture through co-flotation and assessment
of sodium carbonate resistance. Created using Biorender.com (B) Immunoblot analysis of flotation
experiments against indicated antibodies. (C) Immunoblot analysis of carbonate extraction assays of
PEX5 containing proteoliposomes against indicated antibodies (Figure from Ghosh et al. 2023).

1.4.3 PEX5L complex forms pore and displays yeast PTS1 pore

The pore-forming activity of proteo-liposomes containing the PEX5-complex was subsequently
assessed using the PLB approach, as described in other studies (Denkert et al. 2017; Vasic et al. 2020).
Electrophysiological characterization was performed together with Niels Denkert. We observed rapid

fusion of ion channels upon addition of the proteoliposomes. During analyses, we found that the
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electrophysiological parameters were very dynamic (Figure 1.8). The channels exhibited voltage-
dependent gating, displaying a wide range of conductance states ranging from 40 to 550 pS as shown
in the current trace at +60 mV and its respective conductance state histogram (Figure 1.8A and B).
Under asymmetrical salt conditions (250 mM KCl, cis; 20 mM KCl, trans), voltage ramps were measured
from -50 mV to +80 mV. Voltage ramp displays variable reversal potentials of +18.1 mV and +27.8 mV,
that corresponds to mild ion selectivities of P«* : Pc = 2.3:1 and 3.8:1 respectively, which showed
variability in accordance with the open conformation of the channel (Figure 1.8). It is worth
mentioning that previous studies have reported the presence of conductance states, dynamic gating,
and mild but diverse ion selectivity in the PTS1 specific import channel found in yeast, with Pex5 and
Pex14 being the central components (Meinecke et al. 2010a). In order to eliminate the possibility that
the observed heterogeneity is a result of multiple channels fused together exhibiting distinct
properties, we decreased the concentration of proteoliposomes prior to their fusion with the bilayer.
As a result, the incidence of channel fusions was significantly lower; nonetheless, the fusions that did

occur were primarily single channels.
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Figure 1.8 Pore forming activity of PEX5L complexes. (A) Current trace recordings of PEX5L complexes
embedded in lipid bilayers in symmetric buffer conditions, at specified holding potentials (+60 mV).
The zoomed-in plots reveal distinctive voltage-dependent gating events marked by changes
conductance changes. (B) Histogram displaying conductance states resulting from voltage-dependent
gating of PEX5L complexes, derived from current recordings at different holding potentials, and based
on a minimum of three separate fusion events. (C) Current-voltage relationship for a PEX5L complexes
in asymmetric buffer conditions. Linear regression analysis provides the reversal potential, which
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serves as the foundation for the indicated selectivity of cations over anions, calculated using the
Goldman-Hodgkin-Katz equation (Figure from Ghosh et al. 2023).

1.4.4 Low and high conductance state channel population

Through a more in-depth examination of the single-channel features, we found presence of two
distinct states in our channel population which is shown in Figure 1.9. One channel population
displayed very small gating events (Figure 1.9A) with relatively low conductivity of approximately 75
pS, exhibiting infrequent occurrences of higher conductance of over 400 pS which corresponds to a
pore size of around 2 nm (Figure 1.9B and C). The second channel population showed gating events
prominently consisting of small conductance states, but also demonstrated a higher occurrence of
bigger gating events that corresponded to conductance states ranging from 400 to 900 pS which
corresponds to a maximal pore size of approximately 3 nm (Figure 1.9Eand G). Both the channel

population showed still mild yet changing ion selectivities (Figure 1.9D and H).
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Figure 1.9 Electrophysiological characteristics of channels displaying mainly low (A-D) and high (E-
H) conductance state gating. (A) Current recording of a channel primarily exhibiting low conductance
state gating in symmetrical buffer conditions, at indicated holding potential. (B) Graph illustrating the
relationship between mean conductance differences and their corresponding variances, derived from
the current trace in (A). (C) Conductance state distribution histogram depicting voltage-dependent
gating of PEX5L complexes, generated from current recordings at various holding potentials and based
on at least three independent fusion events. (D) Current-voltage relationship of PEX5L complexes
recorded in asymmetric buffer conditions, highlighting the indicated cation-to-anion selectivity. (E)
Current trace of channel displaying predominantly small but frequent high conductance state gating
under symmetrical buffer conditions, at indicated holding potential (F) Plot of mean conductance
differences against their variance of the corresponding current trace (E). (G) Conductance state
histogram illustrating the voltage-dependent gating of PEX5L complexes, using current recordings at
different holding potentials and data from a minimum of three separate fusion events. (H) Current-
voltage relationship of PEX5L complexes recorded under asymmetric buffer conditions, with the
indicated cation-to-anion selectivity (Figure from Ghosh et al. 2023).

1.4.5 Cargo mediated activation of pore in PEX5L complex

In order to establish a condition where the expected import pore is in proximity with the cargo
molecules, we conducted an incubation process using PEX5L complexes reconstituted in liposomes.
Proteoliposomes were incubated with PEX5-PEX7-Cargo complexes, which were obtained from the
soluble fractions of cell lysates that were free of membranes (Figure 1.6B, lanel-eluted). Following
incubation with the soluble PEX5L-complex, the proteoliposomes were subjected to

electrophysiological characterization. The measured channel parameters were found to be similar to
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those previously seen for the PEX5L complexes in a condition of high conductance state (Figure 1.9).
The voltage-dependent gating was shown to exhibit a distinct small conductance state of
approximately 75 pS. Furthermore, bigger gating events were also seen, corresponding to
conductance levels ranging from 400 to 1000 pS, which corresponds to a maximal pore size of 3.3 nm
(Figure 1.10A and B). But we still observed mild ion selectivity which underwent alterations in

response to gating (Figure 1.10C).

0 -40 mV

60 | ) 1o

-20 840 psr

100
50
- ‘
750 pS 1
-40 + 490 ps|| 240 ps 90 ps ﬂ 04 Illl mmce  memes o - oo =m=e
0 100 200 300 400 500 600 700 800 900

-60 -

Current (pA)
Gating Events (min)

Conductance Change (pS)

T T
37,0 37,2 374 37,6

Time (s)

C = -
e
-
c
[
c
5 404
o

u_ =-17mv

=>P,:P =1:2.3 20

.
\ 20 40 60

Voltage (mV)
204U, =-1mV
=>P,:P~1:1

Figure 1.10 PEX5 complex activity is cargo sensitive. (A) Recorded current traces of PEX5L complexes
exposed to soluble PEX5-cargo complexes fused to lipid bilayers. The measurements were conducted
under symmetrical buffer conditions and at the holding potential values indicated. Zoomed-in plots
reveal pronounced voltage-dependent gating events with indicated conductance state changes. (B)
Histogram illustrating the distribution of conductance states resulting from the voltage-dependent
gating of PEX5L complexes activated by cargo. The data is extracted from the current recordings
conducted at various holding potentials and derived from a minimum of three independent fusion
events. (C) Current-voltage relationship for a cargo-activated PEX5 complex under asymmetric buffer
conditions. The graph highlights the indicated reversal potentials and the calculated cation-to-anion
selectivity (Figure from Ghosh et al. 2023).
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1.4.6 Comparison of gating events

We performed analyses of conductance state distribution histograms of PEX5L complexes, both in the
absence and presence of soluble cargo containing substrates. Comparing the different conductance
state histograms revealed that the addition of cargo complexes induces a shift in the complex activity
towards a configuration characterized by high conductance state (Figure 1.11). We compared the
relative abundance of low and high conductance state channels before and after incubation with cargo
in PEX5L membrane bound complexes. As a result, following incubation with the cytosolic cargo

fraction, no channel activity exhibiting just low conductance states was found (Figure 1.11B).

In order to conduct a specificity test and eliminate the possibility of nonspecific contamination
occurring during the purification procedures, fusion experiments were conducted using all of the
samples utilized. While membrane-integrated PEX5L complexes exhibited channel fusions in the
absence and presence of soluble cargo complexes, no fusion events were detected when the eluate
of a mock Protein A affinity purification was added, derived from cell lines expressing untagged wild
type PEX5L (Figure 1.11C). The electrophysiological measurements were carried out under two
conditions: in the absence and presence of soluble cargo, as well as when only soluble cargo
complexes were used. However, no channel activity was found (Figure 1.11C). This confirmed that our
previous measurements were indeed specifically detecting a human peroxisomal translocon involved
in protein import rather than an unrelated contaminant. In summary, the findings indicate that the
human PEX5L complexes possess the ability to generate pores. Given that the incubation of cargo
complexes with membrane-integrated PEX complexes resulted in a discernible shift in activity, with
only the high conductance state complex being observable, one may be inclined to hypothesize that

this state signifies a conformation of the complexes that is actively involved in transport.
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Figure 1.11 Cargo dependent changes in PEX5L activity. (A) Histograms depicting conductance states
of PEX5L complexes in two sets of panels: the upper two panels represent complexes in the absence
of PEX5L-cargo complexes, and the lower panel represents complexes in their presence. Arrows
indicate the increasing conductance states. Conductance state data was collected from current
recordings at various holding potentials and based on at least three different channel fusions. (B)
Statistical representation of the relative abundance of channels displaying either predominantly small
conductance states or also frequent larger conductance states, respectively. (C) Fusion rates of the
specified samples, demonstrating that only PEX5L complexes purified from membranes result in
channel activities (Figure from Ghosh et al. 2023).
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1.5 Discussion

1.5.1 PEXSL complexes form the matrix protein transport translocon

In yeast, the components involved in the translocation of PTS1 and PTS2 cargos have been studied
and the presence of a pore has been suggested through electrophysiological measurements
(Meinecke et al. 2010a; Montilla-Martinez et al. 2015). In this study, we aimed to characterize the
human peroxisomal translocon. PEX5 is recognized as the sole import receptor capable of
translocating substrate across the peroxisomal membrane. In protein import machineries observed in
other organelles, including the ER, mitochondria and chloroplasts, the recognition of cargo molecules
occurs through receptors that are either constitutively associated with the target membrane or

translocate from the cytosol to the cytosolic surface of the membrane (Skowyra and Rapoport 2022a).

The present investigation involved the reconstitution of affinity-purified subcomplexes of membrane-
solubilized PEX5L tagged with ProteinA. These subcomplexes were then incorporated into
proteoliposomes and added to PLBs for electrophysiological characterization. We observed the
presence of two different channel populations, characterized by low and high conductance states. The
low conductance channels are observed to have an estimated diameter of up to 2 nm and have a
maximum conductance of approximately 420 pS. On the other hand, the high-conductance pores have
sizes of approximately 3 nm and demonstrate a conductance of over 800 pS. This occurrence of two
different conductance states for peroxisomal proteins is not unfamiliar. Electrophysiological analysis
on peroxisomal membranes from both mammals and yeast also displayed the presence of two
predominant channel like structures with an average conductance of 0.2 and 0.6 nS, and 1.3 and 2.5
nS in 1.0 M KCl respectively (Antonenkov et al. 2005; Grunau et al. 2009). Mammalian peroxisome
channels exhibited resistance to voltage-dependent gating, indicating that they are different channel
types rather than representing different conformational states of the same channel (V. D. Antonenkov
et al. 2005). On the contrary to mammals, in yeast, the channel with high conductance had low cation
selectivity (PK+/PCl- ~ 1.3) and was stable across a broad spectrum of holding potentials (+ 100 mV).
However, electrophysiological properties collectively provide evidence supporting the hypothesis that
the high-conductance channel is a homodimer comprising two low-conductance channels in both
yeast and mammals (Grunau et al. 2009; Vasily D. Antonenkov and Hiltunen 2012). These two states
might represent different stages of import. It remains uncertain whether the channels that were

assessed in this study were translocon or ion channels located in the peroxisomal membrane.
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1.5.2 Cargo mediated transition of PEX5L complex channel

To stimulate a cargo bound state, affinity-purified soluble PEX5L complexes derived from the cytosol
were preincubated with the reconstituted membrane bound fractions which consist mainly of the
docking complex PEX13/PEX14 and the receptor PEX5L. This led to the low-conductance state
channels undergoing a transition to high-conductance states. These high-conductance states are
characterized by an estimated maximal pore-diameters of 3.3 nm, which corresponds to around 950
pS. The observed value is significantly greater in comparison to the diameters of the protein-
conducting channels found in mitochondria and chloroplasts. Specifically, the dimensions of Tom40p,
Tim22p, Toc75, and Tic110 are around 2.2 nm, 1.8 nm, 1.0 nm, and 1.7 nm, respectively, which are
known to transport unfolded proteins (Hill et al. 1998; Kovermann et al. 2002; Ganesan and Theg
2019). The observed high conductance state following preincubation with cytosolic PEX5L-complexes
can possibly be attributed to the integration of receptor-cargo complexes into pre-established import
channels located on the membrane. It is important to acknowledge, however, that even when there
is no additional PEX5L-cargo present, the population of low conductance channels still exhibits an
inherent capability to transition into a higher conductance state, albeit only in infrequent occurrences

(Ghosh et al. 2023).

In yeast, the main conductance of PTS1 pore formed by Pex5/Pex14 complex was - 85 + 20 pS which
corresponds to a pore diameter of about 0.6 nm. Incubation of the Pex5/Pex14 complex with soluble
Pex5-PTS1 cargo complex lead to high conductance gating of the translocon with a mean value of 760
1 60 pS and maximal conductance of 1,150 pS, corresponding to a pore diameter of about 3.8 nm. The
pore expanded up to 9 nm occasionally in presence of PTS1 cargo-receptor complex (Meinecke et al.
2010a). For human PEX5L complexes, we did not observe a cargo mediated expansion of the pore to
that extend. The pore-diameter estimation of 3.3 nm for the human translocon is insufficient in
elucidating the mechanism by which large folded and oligomeric matrix proteins are imported into
peroxisomes (Montilla-Martinez et al. 2015; Walton, Hill, and Subramani 1995). One potential
mechanism is that the formation of the pore occurs in response to the specific size of the substrate,
resulting in broader pore openings when larger or oligomerized substrates are coupled to the import
receptor similar to what has been observed for PTS1 specific pores (Meinecke et al. 2010a). The only
identified PTS1 cargo in our experiments was catalase, with a diameter of 9 nm (J. Zhang et al. 1998).
But we did not observe any gating events at a conductance state that could be correlated with such a
larger pore size. It is possible though that the narrow range spanning from minimal to maximal,

observed in the opening of the human PEX5L channel, is attributed to the distinct characteristics of
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the human PEXSL protein when compared to its yeast homolog. It is important to note that our

experimental approach may not fully induce the opening of this channel (Ghosh et al. 2023).
1.5.3  Minimal composition of translocon

The docking complex comprising PEX14 and PEX13 is known to be part of the peroxisomal membrane
and to interact with PEX5-PTS1 cargo to translocate the cargo. According to the transient pore
formation model, matrix proteins are translocated through a protein conducting channel which was
shown to consist of Pex5 and Pex14 for PTS1 cargo proteins (Ralf Erdmann and Schliebs 2005;
Meinecke et al. 2010a). Eluates of yeast Pex5 reconstituted in LUVs for PLB experiments contained
Pex5 and Pex14 in 1:1 ratio, but it also contained Pex13/Pex17 along with other membrane bound
components such as ubiquitin ligase and ATPase complex (Meinecke et al. 2010a). However, when
yeast Pex5 alone, isolated from the soluble fraction was reconstituted into LUVs, no channel activity
was observed, suggesting that there is no translocon formed by Pex5 alone (Meinecke et al. 2010a). It
is noteworthy that the peroxisomal translocon could not be activated with a PTS1-containing synthetic
peptide or full-length cargo proteins but only with Pex5 and cargo complex (Meinecke et al. 2010a).
The main candidates involved in cargo translocation in humans were the receptor PEX5L and the
docking complex PEX13/PEX14 (also Pex17 in yeast). Recycling of the receptor, requires it’s
monoubiquitination as well as the ubiquitin ligase together with the ATPase complex (Pedrosa et al.
2018; Feng et al. 2022). It is still matter of debate which component forms the main translocon of the
import machinery. In the following sections, | discuss different models of cargo translocation by

different components of the import machinery.

1531 PEX5: Key Player in Peroxisomal Protein Import Dynamics

PEXS5 is an important candidate to form the human translocation channel. It has been demonstrated
that PEX5 is part of the peroxisomal membrane but interestingly, PEX5 does not possess any TM
domain (Kunau 2001; Azevedo and Schliebs 2006; Emmanouilidis et al. 2016). In a recent study using
Xxenopus egg extract, it was found that PEX5 adopts a TM topology and then enters the peroxisomal
matrix. When it comes out, its N-terminus is facing the cytosol. The NTD of PEX14 is exposed to the
matrix where it binds to the N-terminal pentapeptide motifs of PEX5 (Skowyra and Rapoport 2022a).
These pentapeptide motifs of PEX5 also bind to the part of PEX13 that faces the matrix (Barros-
Barbosa et al. 2019).

PEXS5 is conserved in eukaryotes but there are few differences in structure and function (Jansen et al.

2021; Yu et al. 2022). The number and positions of WXXX(F/Y) motifs are not the same in PEX5
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receptors across different organisms. The yeast and human PEX5 mostly differ in their unstructured
N-terminus (Figure 1.12). In contrast to the yeast Pex5 protein, which possesses a single binding site
for the NTD of Pex14, the human PEX5 protein is characterized by the presence of a minimum of eight
binding sites for PEX14 (Neuhaus et al. 2014; Otera et al. 2000; Saidowsky et al. 2001; Gopalswamy et
al. 2023). Therefore, it is possible that the size and stoichiometry of complexes formed by human PEX5
and PEX14 exhibit greater heterogeneity. It is noteworthy that the Coomassie stain of the
membranous PEX5 fraction (Figure 1.6C) reveals a 1:1 stoichiometry between PEX5 and PEX14, which
aligns with the molar ratio observed in the yeast translocation pore in Meinecke et al. 2010 for these
two proteins. This is line with a previously proposed concept that suggest the sequential binding of
individual PEX5 sites to PEX14, rather than the simultaneous binding of all eight PEX5 sites to multiple
PEX14 molecules (Emmanouilidis et al. 2016; Neuhaus et al. 2014). Immunoblot analysis reveals the
presence of diverse PEX5L interacting proteins in the affinity-purified human PEX5 fraction, indicating
heterogeneity in human PEX5L complexes. Notably, the human whole cell lysates contain membrane-
bound peroxins PEX1, considerable amounts of PEX13, and the RING-finger peroxin PEX12, which may

potentially contribute or impact the pore formation (Figure 1.6C).
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Figure 1.12 Domain structure of yeast Pex5 and human PEX5L. Yeast contains one single PTS1
receptor, namely Pex5 which contains three pentapeptide motifs (WxxxF/Y). Humans contain two
isoforms of the PTS1 receptor. The long isoform PEX5L is shown here. PEX5L contains 7 WxxxF/Y motifs
and one LVXAF motif at the N-terminus. Both yeast and humans contain seven tetratricopeptide (TPR)
repeats which bind cargo proteins. Created using Biorender.com

PEX5L has been observed to require PEX7 in mammalian cells for trafficking PTS2 cargo across the
peroxisomal membrane (Nair, Purdue, and Lazarow 2004). PEX7 was also present in the PEX5L
membrane and cytosolic eluates (Figure 1.6C). Therefore, it is not out of question that the human
translocon might resemble the yeast PTS2 translocation pore, which has reduced flexibility and
appears to be consistently open with a diameter of approximately 4 nm (Montilla-Martinez et al.
2015). The yeast PTS2 pore consists of the coreceptor Pex18 and the docking complex

Pex13/Pex14/Pex17. The PTS2 channel, upon incubation with Pex7-PTS2cargo complex, displayed an
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increase in gating behaviour. The channel underwent closure in three to four recurrent current steps,
which were dependent upon both the voltage and the presence of cargo. This observation
demonstrates the rapidly fluctuating nature of the pore, which may be associated with specific stages
of cargo transportation (Montilla-Martinez et al. 2015). This characteristic bears resemblance to some
features observed in the human translocon which shows a diameter of about 3.3 nm. Human PEX5L
also shows slow diffusion into the peroxisomal membrane through its N-terminus which is
independent of the PTS1 cargo and PEX14 (Galiani et al. 2022). The reason for this slow diffusion was
found to be a cytosolic binding partner that is exclusive to humans, although its particular identity

remains unidentified (Galiani et al. 2022). PEX13 deletion strains were not checked for such diffusion.

PEX5 as a membrane shuttle

In a cell-free system based on Xenopus egg extract, Skowyra and Rapoport 2022a were able to show
through protease protection assays that both N and C- terminus of PEX5 from X. laevis do translocate
to the matrix. However, the complete translocation of PEX5 could not be verified and also how cargo
would be released from the receptor in such scenario still remain mysterious. It was also shown that
PEX5 accompanies cargo all the way into peroxisomes in a folded state and that the C-terminal TPR
domain unfolds during retrotranslocation into the cytosol (Skowyra and Rapoport 2022a). This
unfolding of the C-terminal TPR domain after translocation of matrix proteins might indicate another
mechanism of cargo release. Supporting the role of human PEX5 C-terminal TPR domain, based on the
structure of CTD bound to cargo proteins, it was shown that it is highly flexible and binding of high-
affinity cargo proteins to the PEX5 receptor, leads to change in conformation which compactly binds
PTS1 cargo-binding site down to one-third of the volume (W. A. Stanley et al. 2007; Fodor et al. 2015;
Birgi, Ekal, and Wilmanns 2021). This might indicate that in mammalian system PEX5L could act as a
membrane shuttle. But how the PEX5 receptor would be released from the peroxisomal membrane

to cytosol remains a mystery too.

PEX5 as a regulator

PEX5 contain seven TPR motifs (Figure 1.3). The TPR motifs have been reported in substrate binding
receptor subunits of protein complexes containing protein translocation channels. Well known
examples are TOM70, which tethers substrates for the TOM40 translocon complex to mitochondria
and SEC72, which is involved in signal peptide recognition for the ER translocation pore Sec61 (Schlegel
et al. 2007; Itskanov and Park 2019; Genge and Mokranjac 2022). The TPR motifs can also be observed
in TRIP8b, a regulator of the hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channel.

TRIP8b binds to a C-terminal sequence motif of HCN, which bears a striking resemblance to the PTS1
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pattern found in PEX5 receptor cargos. Both TRIP8b and PEXS5 share a less conserved NTD and bind to
PTS1 cargos in vitro (Birgi, Ekal, and Wilmanns 2021). It could be also possible that PEX5 somehow

acts as a regulator in the human translocon as it was observed for TRIP8b.
Oligomerization of PEX5L for pore formation

Oligomerization of proteins has been shown to trigger pore assembly in several toxins (Bravo et al.
2004; Mani et al. 2006; H.-Y. Kim et al. 2009; Garcia-Sdez et al. 2011; Serra-Batiste et al. 2016). PEX5L
doesn’t contain any transmembrane domain (Emmanouilidis et al. 2016). The oligomerization of PEX5
has been a subject of dispute, with varying reports and conflicting findings regarding its quaternary
structure. In yeast, Pex5 was shown to oligomerize (Ma et al. 2013). In Leishmania donovani, it was
show that PEX5 exist as a tetramer and dissociates into dimer upon PTS1 cargo binding (Madrid et al.
2004). In humans, it was shown to exists as a monomer through sedimentation assays and X-ray
scattering experiments (Costa-Rodrigues et al. 2005; Shiozawa et al. 2009). Fluorescence correlation
spectroscopy (FCS) measurements of PEX5L did not show any homo oligomerization (Galiani et al.
2022). Most of these data are based on arrangement of PEX5 in the cytosol but not in the membrane.
Therefore, it can only be speculated that it probably oligomerizes to form a pore and more interaction
studies are required to clarify the arrangement of human PEX5L in the peroxisomal membrane to

investigate if it is a major factor of the pore forming unit.

1.5.3.2 The Dynamics of the docking Complex in PEX5L Mediated Import

1.5.3.2.1 PEX14 as part of the translocon

Due to the 1:1 stoichiometric ratio of PEX5:PEX14 observed, PEX14 appeared to be one of the main
candidates involved in the translocation of peroxisomal matrix proteins along with PEX5L. PEX14
possesses one TM domain containing AXXXA and GXXXG motifs which are known to facilitate helix-to-
helix interactions and thus oligomerization of membrane proteins (Kleiger et al. 2002). It was also
suggested that these motifs, along with the coiled coil domain, form a homodimer to facilitate the
formation of pore-like structures located in the peroxisomal membrane (ltoh and Fujiki 2006;
Meinecke et al. 2010a). However, such pore like structures could not be observed through cryo EM,
NMR spectroscopy and alphafold predictions (Lill et al. 2020; Neufeld et al. 2009; Neuhaus et al. 2014;
Ruttermann and Gatsogiannis 2023). Cryo-EM structures of yeast Pex14/Pex17 indicate that Pex14
forms homotrimers in a rod-shaped structure and Pex17-binding further stabilizes them (Lill et al.

2020). In humans, NTD of PEX14 is the sole structural area that possesses a PEX5 receptor binding site
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(Oliveira et al. 2002). An NTD facing outside (Nout) in the cytosol and C terminal domain (CTD) facing
inside (Cin) the peroxisomal matrix would be a structural possibility to capture cytosolic receptor PEX5
-cargo complex. This was initially suggested based on epitope labelling of both of the termini (Shimizu
et al. 1999). Apart from its role in protein import into the matrix, PEX14 interacts with microtubules
to facilitate motility and binds to beta-tubulin also through its NTD in the cytosol, but in this case
shows a Nin-Cout topology (Bharti et al. 2011; Reuter et al. 2021). In protease protection assay
performed in X. laevis on PEX14 revealed a similar topology where the N- terminal was facing towards
the lumen (Skowyra and Rapoport 2022a). One plausible explanation could be that there may exist
variations in multiple facets of the fundamental mechanisms between PEX14 in different organisms.
Another potential explanation for how PEX5-cargo receptor complex binds to docking complex is that
the specific NTD of PEX14, undergo temporary flipping across the membrane, effectively entrapping
PEXS5 in the cytosol and then pulling the receptor that is coupled to it into the lumen (Neuhaus et al.

2014; Yamashita et al. 2020).

Regarding its role in the pore formation, the yeast Pex14 complex, when extracted from cells lacking
Pex5, showed no pore-forming activity indicating that Pex14 can’t form a pore alone, similar to Pex5
(Meinecke et al. 2010a). Another group found that the depletion of human PEX14 led to a notable
decline in PEX5 levels on the peroxisomal membrane in Hela cells. Conversely, the Knockout of PEX13
led to an accumulation of PEX5 on the membranes of peroxisomes, providing evidence in favour of
PEX14 as the main component involved in docking to peroxisomal membranes (Demers et al. 2023).

Unfortunately, these studies didn’t investigate further on the import activity.

Recently, a new motif at the C-terminus of human PEX14, named IPSWQI, was identified. It binds to
the C- terminal TPR domain between the TPR motifs 4 and 5 of PEX5L and doesn’t overlap with the
PTS1 binding region. Mutation of the PEX14-IPSWQI residues to poly A leads to a defect in peroxisomal
protein import. It was also shown that PEX14 binds more strongly to cargo free PEX5L, which
represents a closed conformation of the TPR domain, than to cargo loaded PEX5L, which represents
an open conformation of TPR domain (Emmanouilidis et al. 2023). This would also suggest the
formation of a new binding interface at the peroxisomal membrane that may play a role in receptor
docking, pore formation or even cargo release. This was supported by a study which demonstrated
that the interaction between the NTD of PEX14 and the seventh and eighth WxxxF/Y-motifs of human
PEX5 leads to the dissociation of PEX5 from catalase (Freitas et al. 2011). Nonetheless, biochemical
experiments do prove that PEX14 is crucial for protein import together with PEX5, according to the
pore formation model. But there are not structural evidences supporting a transient pore formation

by PEX14 yet.

46



1.5.3.2.2 PEX13 as part of the translocon

PEX14 has traditionally been regarded a major factor for facilitating the translocation of hydrophilic
proteins across the membrane (Meinecke et al. 2010a; Meinecke, Bartsch, and Wagner 2016).
However, it is worth noting that the cryo EM structure of yeast Pex14 does not possess discernible
characteristics that would enable the formation of an aqueous conduit for this purpose (Lill et al.
2020). Furthermore, it has been observed that PEX14 may not be essential for the process of import
in certain organisms (Salomons et al. 2000). In contrast, PEX13 is a crucial component for import
processes in all studied organisms (Williams and Distel 2006; Gao et al. 2022). Size-Exclusion
chromatography of the yeast PTS1 and PTS2 specific translocon complexes showed that Pex13 was
present in minor amounts which suggested that Pex13 is not the main constituent of pore forming
complex (Meinecke et al. 2010a; Montilla-Martinez et al. 2015). Although considerable amounts of
PEX13 co-immunoprecipitated with ProteinA-PEX5L complexes (Figure 1.6C), no conclusive comments

can be made due to the use of a cell line overexpressing PEX5.

In contrast to the commonly held belief that mammalian PEX13 interacts with PEX14 and PEXS5, it has
been observed that the majority of PEX13 is not bound to PEX14 or even PEX5 (Krause et al. 2013).
Previous studies in rat liver have shown that PEX13 was isolated as a substantial large molecular mass
complex when peroxisomes were solubilized using digitonin. This finding strongly indicates that PEX13
is a component of a separate sub-complex, distinct from the complex that includes PEX14 and PEX5
(Reguenga et al. 2001). Despite multiple attempts including co-immunoprecipitation, direct contact
between PEX5 and PEX13 could not be detected (Fransen, Terlecky, and Subramani 1998; Reguenga
et al. 2001; Will et al. 1999; Krause et al. 2013). This observation prompted the hypothesis that
mammalian PEX13 could potentially be a homopolymeric protein. Krause et al. 2013 showed that
human PEX13 can homooligomerize and localize to the peroxisomal membrane through its NTD and
itis important for PTS1 cargo import. Recently, the features associated with this homooligomerization
were identified for Xenopus laevis PEX13. Conserved YG domains localised at the N- terminus of PEX13
form a mesh like structure by associating with each other similar to FG domains of nuclear pores
proteins. This YG phase facilitates selective translocation of cargo across the peroxisomal membrane
through the WXXX(F/Y) motifs of the import receptor yeast Pex5 (Gao et al. 2022; Ravindran et al.
2023). The flexible N-terminal unstructured region of yeast Pex13 shows the ability to form
condensates. Photobleaching experiments of such condensates show that they can recover quickly
indicating their viscoelastic structure. This suggests that the putative pore formed by Pex13 is transient
(Ravindran et al. 2023). The presence of a transient pore is quite expected as any constant pore

existing within yeast or human peroxisomes would facilitate the continuous release of peptides and
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metabolites into the cytoplasm. On the other hand, unstructured regions of Pex14 were unable to
form such spherical condensates, but instead form enlongated structures (Ravindran et al. 2023).
PEX13 also showed dual topology with its NTD oriented towards the matrix or the cytosol (Ravindran
et al. 2023). This implies that it can also act as a bait component for the PEX5 receptor in the cytosol
and bring it inside the matrix. Supporting this hypothesis, it was recently shown that the C-terminal
SH3 domain of human PEX13 binds WxxxF/Y motifs in the PEX5L NTD (Gaussmann et al. 2022). The
same group also found a novel FxxxF peptide motif in the C-terminal region SH3 domain of human

PEX13, whose binding has an autoinhibitory effect (Gaussmann et al. 2022).

The SH3 domain of yeast Pex13 was shown to bind to the PxxP motif of Pex14. In humans, the FxxxF
motif of PEX13 binds to the PEX14 NTD (Figure 1.13) (Bottger et al. 2000; Douangamath et al. 2002;
Emmanouilidis et al. 2016; Gaussmann et al. 2022). Interaction studies between the PEX14 NTD and
the PEX13 FxxxF motif showed that PEX13 FxxxF (KD= 2.8 uM) exhibited two-fold more binding affinity
than autoinhibited state of PEX13 SH3-CTR (KD= 5.4 uM) with PEX14 NTD. These findings suggest that
the autoinhibited condition of PEX13 SH3-CTD can be easily relieved by its interaction with PEX14.
PTS1 import is reduced with deletion of the internal FxxxF motif (Gaussmann et al. 2022). The binding
affinities of the PEX proteins with each other also describe a model to delineate the order of their
bindings. In this model, first, the WxxxF/Y motif of PEX5L binds to the NTD of PEX14 with strong
affinity. This is then replaced by binding of the PEX13 FxxxF motif to the NTD PEX14 and PEX13 SH3
domain to the PEX5 NTD, which possibly requires large amounts of PEX13 due to their weak affinities
for both PEX5 and PEX14 (Gaussmann et al. 2022). Supporting this, the detection of a large molecular
mass complex that exclusively consists of PEX13 or PEX13/PEX14 has been reported already
(Ravindran et al. 2023; Gao et al. 2022; Itoh and Fujiki 2006). Taken together, this data suggests that
PEX13 could be the main pore forming component. However, it is important to note that yeast Pex13
alone was not sufficient to import PTS1 cargo but Pex5 was still required. If PEX13 does form a
transient pore in the peroxisomal membrane, it might be regulated by PEX5. The investigation of the
structural properties of PEX13, in conjunction with PEX5 and PEX14, has the potential to provide a

resolution to this matter.
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Figure 1.13 Interactions between human PEX5L, PEX14 and PEX13. The WxxxF/Y motifs of PEX5L bind
to the SH3 domain of PEX13 and the NTD of PEX14. A new IPSWQI motif was found in PEX14 which
binds to PEX5L between TPR motifs 4 and 5 (Emmanouilidis et al. 2023). PEX13 also binds via its SH3
domain to the NTD of PEX14. Additionally, in PEX13 a new FxxxF motifs was identified which binds to
the SH3 domain of PEX13 and has an autoinhibitory effect (Gaussmann et al. 2022). Created using
Biorender.com

1.5.4  Importance of the PEX1/PEX6 complex

The translocation of PEX5-cargo does not need any nucleoside triphosphate hydrolysis or a membrane
potential for example, as required by mitochondrial protein transporters TIM and TOM complexes
(Pedrosa et al. 2018; Truscott et al. 2001; Pitt and Buchanan 2021). Instead, it has been suggested that
the driving force is generated by the strong and multivalent contacts that occur between PEX5 and
PEX14 (Pedrosa et al. 2019). But the recycling and export of the receptor is energy dependent and
requires ATP and the AAA ATPase complex PEX1/PEX6. In the peroxisomal membrane, PEX1 and PEX6
interact to form a complex anchored by PEX26. It was shown that the PEX1/PEX6 complex is not crucial
for matrix protein import but only for export and recycling of receptors. We could not detect PEX6 but
PEX1 was detected in PEX5L membrane eluate which suggests that the interaction between the two
human AAA peroxins is not as stable as suggested by structural analyses and alphafold2 predictions
(B. M. Gardner et al. 2018; Judy, Sheedy, and Gardner 2022). It is noteworthy that a structure for the
human PEX1/PEX6 has not been reported yet. The extent of sequence similarity between human and
yeast Pex1/Pex6 is notably low, with just 27% and 24% identity seen for PEX1 and PEX6, respectively.
However, it is worth noting that the core ATPase domains are conserved. Alphafold2 also predicts a

comparable architecture for these proteins (Judy, Sheedy, and Gardner 2022).
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We speculated if there could be any change in properties of the human translocon due to absence of
PEX6 as there is evidence suggesting that a defect in the ATPase complex leads to defect in protein
import. Mutation in either of the two PEX1/PEX6 can be rescued partially by the overexpression of the
other one. (Geisbrecht et al. 1998; Benson et al. 2021). This reduced matrix protein import was
correlated with peroxisome degradation. It has been observed in fibroblast cells in patients with ZSS
that mutation in PEX6 proteins exhibit decreased peroxisome numbers, enlarged peroxisomes and
defects in matrix protein import (Levesque et al. 2012; Law et al. 2017). PEX6 is also not part of the
minimal protein translocon machinery in peroxisomes but it is required for PEX5 receptor recycling,
therefore | believe that translocon activity in vitro would not be affected drastically. The reason for
absence of PEX6 should be further investigated though. In addition to PEX6, investigations have also
highlighted the significance of PEX1 in the import pathway, and recycling and export of the receptor.
A yeast study indicates that the deletion of PEX1, which inhibits pexophagy, doesn't restore protein
import into peroxisomes or restore their ability to perform beta-oxidation (Mastalski, Brinkmeier, and
Platta 2020). Hence, it may be inferred that Pex1 plays a significant and direct role in protein import

into peroxisomes.
1.5.5 Proposed mechanism of protein import in human peroxisomes

The collective findings given in this study, in conjunction with existing knowledge in the area, enable
us to put forth a streamlined mechanistic model for understanding the human translocation
machinery in the import of peroxisomal matrix proteins (Figure 1.14). First, a PEX5L-cargo-coreceptor
complex is formed in the cytosol. Then PEX5L with its WXXX(F/Y) motif binds to PEX14 NTD facing the

cytosol. Next, there are different possibilities for formation of human translocon:

1. Our results would indicate that the pore is mainly formed by PEX5L and PEX14 (Figure 1.14, Stage
3a).

2. A transient pore could also be formed by the PEX5L, PEX14 and PEX13 and here PEX13 might play
an important role to form the translocation channel by liquid-liquid phase separation of these
components at the membrane (Gao et al. 2022; Ravindran et al. 2023). However, PEX5L is still crucial

for cargo import together with PEX13 (Figure 1.14, Stage 3b).

The PEX14 NTD then flips towards the peroxisomal matrix and PEX5L TPR domain bound to cargo is
translocated into the matrix. The cargo is then released into the matrix, probably via unfolding of the
TPR domain of PEX5L. The N-terminus of PEX5L moves through the ubiquitin ligase complex consisting
of PEX2, PEX10 and PEX12. PEX5L is monoubiquitinated at the N-terminal cysteine 11 and pulled out
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of the peroxisomal membrane by the AAA ATPase complex PEX1/PEX6. Thus, making the receptor
available for another round of the protein import cycle. The process of retrotranslocation of
peroxisomal import receptors is quite similar to the ER-associated protein degradation (ERAD)
mechanism. In both scenarios, substrate proteins traverse the membrane through a ubiquitin ligase
with multiple spans, which leads to their ubiquitination on the cytosolic side. Following this, the
proteins are removed by a AAA ATPase. More details regarding retrotranslocation in the ER will be

discussed in the next chapter.
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Figure 1.14 Proposed mechanism for peroxisomal PTS1 cargo import by PEX5L. PEX5L binds PTS1
cargo through its C- terminal domain (1). Receptor-cargo complex binds to the docking complex
formed by PEX13 and PEX14 at the peroxisomal membrane (2). This leads to formation of a pore
formed by either PEX5L/PEX14 (3a) or PEX13 (3b) through which PEX5L moves to the matrix and
releases the cargo (4). Then PEX5L interacts with and is monoubiquitinated by the ubiquitin ligase
channel PEX2/PEX10/PEX12 and pulled by ATP hydrolysis action of PEX1/PEX6 (5). In the cytosol, the
ubiquitin molecule is removed by USP9X, freeing PEXSL for another cycle of import. Created using
Biorender.com
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Chapter 2

An Electrophysiological Exploration of the HRD Complex

2.1 Introduction

2.1.1 Translocation of Proteins Across the ER Membrane

In eukaryotic cells, many extracellular and soluble organellar proteins are synthesized on cytosolic
ribosomes and translocated to the ER, where they are being folded into their tertiary or quaternary
conformation before being transported to their destined organelle. Secretory and resident proteins
of the plasma membrane, Golgi apparatus, lysosomes and endosomal compartment are also folded in
the ER (Zimmermann et al. 2011; Rapoport, Li, and Park 2017; Sun and Brodsky 2019). ER proteins are
synthesized as preproteins and are distinguished by the presence of an amino acid signal peptide. The
translocation of secretory proteins synthesized on cytosolic ribosomes happens co-translationally or
post-translationally at the ER through translocation machinery known as Sec61 translocon (Rapoport

2007; Zimmermann et al. 2011; Fewell and Brodsky 2013).

In the co-translational pathway, preproteins synthesized on cytosolic ribosomes require an additional
signal recognition particle (SRP) which recognizes the signal peptide on the preprotein emerging from
the translating ribosome. The SRP is a cytoplasmic ribonucleoprotein complex (48 kD) which has high
affinity for GTP when bound to a signal peptide. Upon GTP binding, and then it is recognized by its
receptor at the ER membrane. Preproteins are then translocated to the ER lumen through the Sec61
translocon and release of the preprotein into the ER lumen require under hydrolysis of GTPGTP
hydrolysis. (Kalies and Hartmann 1998; Agarraberes and Dice 2001). In the post-translational pathway,
fully translated preproteins associate with the chaperone Hsp70 and its co chaperone Hsp40 in the
cytosol and translocate through the Sec61 translocon (Larburu et al. 2020). After the translocation of
preproteins, the signal peptide is cleaved by signal peptidases for cleavable signals and then the
polypeptide is folded by molecular chaperones in a thermodynamically favourable manner (Balchin,
Hayer-Hartl, and Hartl 2016). Following folding and assembly, with the exception of resident ER
proteins, all other proteins are transferred to the Golgi apparatus or their functional site within the

secretory pathway through vesicular transport following folding and assembly.
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2.1.2 Protein folding in the ER

An integrated network of molecular chaperones consisting of protein disulphide isomerase (PDI/PDIA)
and the oxidizing environment of the ER lumen helps in folding of the nascent polypeptide chain by
formation of disulphide bonds in the ER (Graner, Lillehei, and Katsanis 2015). N-linked glycosylation is
another crucial co-translational modification which takes place in the ER, since N-linked glycoproteins
account for the vast majority of secretory proteins. Glycosylation involves the attachment of the pre-
assembled oligosaccharide on the polypeptide chain which can protect the polypeptide chain from
aggregating and also act as a recognition signal for further post translational modifications in the Golgi

apparatus (Lederkremer 2009).
2.1.3 Protein quality control in the ER

Protein folding is an energy-intensive process that requires coordination between proteins in many
cellular compartments, as well as resources from several metabolic pathways. In the ER, its efficiency
is extremely susceptible to changes in intracellular conditions or external stimuli. Consequently, any
alterations in ER homeostasis can result in protein misfolding and an overwhelming accumulation of
misfolded or unfolded proteins, a state known as ER stress (M. Wang and Kaufman 2016). This makes
protein folding an error prone process and when proteins are partly folded or misfolded, hydrophobic
amino acids and unstructured areas are exposed to the surrounding environment. As a result of these
exposed residues, the proteins may aggregate contributing to ER stress (Balchin, Hayer-Hartl, and

Hartl 2016).

Protein aggregates also impede normal cellular function causing several well-known disorders such as
Alzheimer's, Parkinson's, and Huntington's illnesses, as well as prion diseases, amyloidosis, cystic
fibrosis, and type 2 diabetes. Each condition is distinguished by the accumulation of misfolded proteins
in different tissues, which results in distinct symptoms and organ failure (R. V. Rao and Bredesen 2004;
Hartl 2017). Understanding and correcting protein misfolding are crucial areas of current

investigations in the hunt for viable therapeutics for these lethal disorders.

Protein folding in the ER is a highly controlled process monitored by ER quality control (ERQC)
mechanisms to prevent the accumulation of abnormal secretory and membrane proteins (Ellgaard
and Helenius 2003). The cell has its own machinery to maintain protein homeostasis and to guarantee
normal protein folding during ER stress, which can initiate a cascade of cellular events known as the
unfolded protein response (UPR) to counteract the accumulation of unfolded protein. This adaptive

response tries to restore ER function and relieve ER stress by increasing expression of chaperone
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proteins to assist correct folding and by lowering overall protein production to reduce the strain on
the ER (Read and Schréder 2021). In addition to its involvement in protein folding and quality control,
the unfolded Protein Response (UPR) coordinates with another protein quality control mechanism
known as ER-associated protein degradation (ERAD) by upregulating its components under ER stress
(Tsaiand Weissman 2010). ERAD is responsible for recognizing misfolded proteins in the ER membrane
or lumen and extracting them in an energy-dependent manner through membrane pores for transport
to cytosolic proteasomes. Protein extraction via ER membrane pores is referred to as dislocation or
retrotranslocation (Hampton and Sommer 2012; Byun et al. 2014). During ER stress, the UPR increases
the production of particular ERAD components, such as E3 ubiquitin ligases and the retrotranslocation
machinery, to identify and retrieve misfolded proteins from the ER. These misfolded proteins are then
polyubiquitinated, which targets them for proteasomal degradation (Hwang and Qi 2018). Working
together, the UPR and ERAD provide a key quality control mechanism, assuring the clearance of
aberrant proteins from the ER and limiting the accumulation of toxic aggregates that might impair
cellular function. Under varied physiological and pathological situations, the tight control and

coordination of the UPR and ERAD are critical for sustaining ER proteostasis and cellular health.

2.1.4 ERAD pathway

ERAD is an evolutionarily conserved process, through which misfolded proteins are retrotranslocated
from the ER lumen to the cytosol as shown in Figure 2.1. To target misfolded proteins for degradation,
the ERAD pathway includes the ubiquitin-proteasome pathway (described in section 2.1.5), which
marks the substrates on the cytosolic surface of the ER by covalent attachment of polyubiquitin chains,
leading to identification and degradation of the protein by the 26S proteasome. Before the protein
can be degraded by the proteasome, it has to be extracted from the ER membrane. The energy for
extraction of the substrate is provided by a cytosolic chaperone, the AAA ATPase known as Cdc48 in

yeast, or p97 in mammals (Rabinovich et al. 2002).
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Figure 2.1 The ERAD pathway for degradation of misfolded ER proteins. The protein translocon
import proteins to the ER lumen where they are folded to their native confirmation or misfolded. ERAD
initiation occurs when quality control receptors recognize misfolded proteins as abnormal molecules.
Terminally misfolded or unassembled proteins are sorted to an ER-membrane-associated
retrotranslocation/ubiquitination complex with adaptor proteins recognizing the ERAD substrate. A
translocon facilitates retrotranslocation of a protein to the cytosol, often accompanied by
ubiquitination by an ER-associated E3 ubiquitin ligase. Then the ERAD substrate is extracted from the
ER and prepared for proteasomal degradation in the cytosol. Created with BioRender.com

Integral membrane proteins constitute a key class of ERAD substrates with segments in the lumen and
the cytosol. Based on the misfolded substrates, the ERAD route has been divided into three distinct
pathways in yeast: ERAD-L, ERAD-M, and ERAD-C (Figure 2.2). The location of the misfolded domain
inside the ER—whether in the lumen (L), within the membrane (M), or on the cytosolic side (C)—
determines these routes (Huyer et al. 2004; Carvalho, Goder, and Rapoport 2006; Vembar and Brodsky
2008). ERAD-L substrates — either soluble or integral membrane proteins with misfolded protein
domain in the ER lumen — interact with the Hrd1 ubiquitin ligase complex. ERAD-C substrates rely on
a complex containing the Doal0 ubiquitin ligase. The ERAD-M route is far less well understood,
although its substrates appear to be ubiquitylated by the HRD complex as well (Vembar and Brodsky
2008; Hampton and Sommer 2012).
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Figure 2.2: Schematic representation of the different divisions of yeast ERAD. ERAD-L encompasses
substrates with defects in the luminal region, ERAD-M involves substrates with defects in the
membrane region, and ERAD-C focuses on substrates with defects in the cytosolic region. The Hrd1
complexisinvolved in ERAD-L and ERAD-M pathways, while the Doal0 complex is specific to the ERAD-
C pathway. Created with BioRender.com

2.1.5 The Ubiquitin-proteasome pathway

The ubiquitin-proteasome system is a critical intracellular protein degradation machinery that
regulates many cellular activities. The process begins with the covalent attachment of ubiquitin, a
small 8.6kD protein (76 amino acids), to the target protein. A cascade of enzymes, including E1
(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase), carry out
this ubiquitination (Pickart and Eddins 2004) (Figure 2.3). Firstly, Ubiquitin is activated by an ATP-
dependent process that generates a thioester bond between the active site cysteine of the E1 and the
C-terminus of ubiquitin (Hershko and Ciechanover 1998). The activated ubiquitin molecule is then
transferred from the E1 cystine to a cystine residue on the E2 enzyme. Then the E3 ligase binds both,
the substrate protein and E2, and transfers ubiquitin from the E2 enzyme to a lysine or an N terminal
methionine on the substrate. This step can be performed perpetually to generate a chain of ubiquitins
(Hershko and Ciechanover 1998). Ubiquitin can be linked to polyubiquitin chains by any of its seven
lysine residues (K6, K11, K27, K29, K33, K48, or K63) as well as the amino group of M1 (Akutsu, Dikic,
and Bremm 2016). The K48 chains are specifically involved in proteasomal degradation. Finally, the
26S proteasome, a huge protein complex with proteolytic activity, recognizes the ubiquitinated
protein. The 26S proteasome consist of a cylindrical 20S core particle that contain the proteolytic

active site and a 19S regulatory particle, which sits on both ends of the core particle and consists of
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base and lid subassemblies. Three ubiquitin receptors, the scaffolding protein, and six AAA+ ATPase
subunits create a heterohexameric ring-shaped motor in the base subassembly which can interact
with K48-linked chains and insert substrate into the core particle. The lid subassembly contains a
crucial deubiquitinating enzyme (DUB) which makes ubiquitin conjugation to target substrates, a
reversible process. DUBs remove the ubiquitin molecules from the substrate and split the ubiquitin
chain into ubiquitin monomers in order to attach to the E1 enzymes anew (Chen et al. 2021; Snyder
and Silva 2021). The proteasome then unfolds the ubiquitinated protein and degrades it into smaller

peptides, releasing ubiquitin for reuse (A. L. Schwartz and Ciechanover 2009; Gong et al. 2016).
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Figure 2.3 lllustration of the ubiquitin-proteasome system (UPS). Ubiquitin-activating enzyme (E1)
initiates the ubiquitination process by activating ubiquitin (Ub) through an energy-driven ATP-
dependent reaction. Activated ubiquitin is then transferred to the target protein by the ubiquitin-
conjugating enzyme (E2) and ubiquitin ligase (E3) enzyme. Finally, protein degradation occurs through
recognition by the proteasome, resulting in the breakdown of the polyubiquitinated protein into
smaller peptides and amino acids. Polyubiquitin molecules are removed by deubiquitinating enzymes
(DUBs) to complete the UPS cycle, ready for recycling and subsequent rounds of ubiquitination
(adapted from Bachiller et al. 2020). Created with BioRender.com

E3 ligases target a wide range of substrates for ubiquitination involved in a variety of cellular activities
such as signalling, DNA repair, ER stress and programmed cell death (Humphreys et al. 2021; Cabana
and Lussier 2022). E3 ligases are classified into three types based on their catalytic domain: Really
Interesting New Gene (RING), Homologous to E6-AP Carboxyl Terminus (HECT), or Ring-Between-Ring
(RBR) (Zheng and Shabek 2017). Among these three, only the RING E3 ligase catalyses direct ubiquitin
transfer from E2 to the substrate, while HECT and RBR ligases engage in the formation of a thioester
intermediate by binding ubiquitin prior to the subsequent transfer of ubiquitin to the substrate. (Riley
et al. 2013; George et al. 2018). It is noteworthy that in the human genome, there exist over 600 genes

encoding for E3 ligases, whereas the number of genes encoding E2 enzymes is only 30-50. In yeast,
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there are 12 E2s and approximately 80 E3s, which suggests the necessity of ubiquitination for a diverse

array of substrates. (George et al. 2018; M. D. Stewart et al. 2016).

2.1.6 ERAD-L pathway in Saccharomyces cerevisiae

2.1.6.1 Substrate Recognition for ERAD-L

The degradation of proteins with misfolded luminal domains in yeast is primarily facilitated by the
ERAD-L pathway. Within this system, a significant focus of research lies in the investigation of
misfolded N-glycosylated proteins as substrates. N-linked glycosylation is an essential post-
translational modification that takes place within the ER of eukaryotic cells. The process entails the
incorporation of a pre-assembled oligosaccharide glucose3-mannose9-N-acetylglucosamine2-
asparagine (GlcsMansGIcNAC;), which refers to a chain of sugar molecules. This assembly occurs onto
particular asparagine residues within an N-X-S or N-X-T sequence within a protein domain that is either
unfolded or flexible by the oligosaccharyl transferase complex (OST) during their import into the ER
(Helenius and Aebi 2004; Breitling and Aebi 2013). The unfolded state of the protein may be facilitated
by the OST complex, which associates with the Sec61 translocon on the luminal side of the ER (Chavan
and Lennarz 2006). These oligosaccharides are bulky which causes a stable conformational change in
structure of the substrate, bringing two free cystine side chains in close proximity with each other.
This lowers the energy barrier for disulfide bond formation by the protein-oxidoreductase PDI1 for
glycosylated substrates (Bakshi et al. 2022). Formation of disulfide bonds further stabilizes the
substrate and effectively hinder the process of oligosaccharide addition by blocking the access of

glycoenzymes or chaperone to oligosaccharides (Allen, Naim, and Bulleid 1995).

The nascent N-glycosylated protein has a three-branch structure with GlcsMansGIcNAc; (Figure 2.4).
The elimination of the initial two glucose residues by glucosidase | on one branch enables interactions
with two ER-resident chaperone/lectin proteins, calnexin and calreticulin, which may result in protein
folding (Brodsky 2012; Byun et al. 2014). The removal of third glucose by glucosidase ll, results in the
production of a MansGIcNAc; glycan and causes release from these lectins. Then the folded protein
can be transported out of the ER, whereas re-attachment of this glucose by UDP-glucose and
glycoprotein glucosyltransferase (GT) permits reassociation of lectins. Yeast lack GT enzymes and
additional mannose trimming is required to target the substrate to ERAD. Mannosidase | (Mns1)
extracts the -1,2-mannose from the B-branch of the glycan, resulting in the formation of MansGIcNAc;

(Jakob et al. 1998). In yeast, the MansGIcNAc; glycan can be found on both correctly folded and
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misfolded proteins that exit the ER in COPII (coat promoter Il) vesicles. This suggests that Mns1 fails
to distinguish between these two types of proteins (Gauss et al. 2011; Sun and Brodsky 2019). Another
mannosidase, Htm1 (EDEM in mammals) generates Man;GIcNAc; with an exposed -1,6-mannose in
order to specifically generate an ERAD glycan signal (Clerc et al. 2009). The protein-oxidoreductase
PDI1 is closely connected with Htm1, and Htm1 preferentially processes glycoproteins that have a
prolonged engagement with PDI1 as a result of their aberrant conformation (Gauss et al. 2011; Pfeiffer
et al. 2016) (Figure 2.4). Proteins try to refold until the elimination of three or four mannose residues
which targets these proteins to ERAD. These misfolded glycoproteins are recognized by Yos9 lectins
(0S-9 and XTP-3B in mammals). These lectins have an affinity for hydrophobic motifs and transport
the substrates to Hrd3, one essential element of the HRD complex (Goot et al. 2018). Mannose-6-
phosphate receptor homology (MRH) domain of Yos9 is responsible for identifying the trimmed
oligosaccharide on misfolded substrate (Quan et al. 2008). Deletion of yos9 leads to a slower
degradation of several ERAD substrates (Szathmary et al. 2005; W. Kim, Spear, and Ng 2005) indicating
its role in recognition of substrates. The substrate is additionally associated with the ER-luminal Hsp70
chaperone Kar2 (BiP in mammals), as well as its Hsp40 cochaperones Scjl and Jem1 (Jakob et al. 1998;
Nishikawa et al. 2001; Gauss et al. 2011). Yos9 can bind to Kar2 and contributes to the maintenance
of solubility of misfolded substrates. (Denic, Quan, and Weissman 2006). Multiple attempts are made
to refold proteins prior to their classification as ERAD substrates. In this thesis, we used a misfolded
form of the yeast vacuolar enzyme carboxypeptidase Y (CPY), called CPY* (G225R), which is a widely
accepted model substrate for ERAD-L pathway (Finger, Knop, and Wolf 1993). It was shown that CPY*
remained in the ER during vacuolar trafficking, whereas correctly folded WT CPY was carried to the
vacuoles via Golgi apparatus (lzawa et al. 2012). To briefly summarize, Yos9 is responsible for
recognizing misfolded, glycosylated luminal proteins and localising them to the HRD complex via its

interaction with Hrd3, an essential component of the HRD complex.
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Figure 2.4 caption on the next page
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Figure 2.4: Structure of N-Glycans and its processing in ER. The core N-glycan is composed of the A,
B and C branches which are attached to an asparagine (Asn) residue on the misfolded substrate. First,
the three terminal glucose residues in the branch A, are cleaved by glucosidases 1 and 2. Then
mannose in the B branch is cleaved by Mnsl, resulting in the formation of MangGIlcNAc; glycan.
Finally, the cleavage of the terminal mannose residue by Htm1 in the C branch, results in a Many
GIcNAC; glycan which is used as a degradation signal in ERAD for misfolded substrates (Adapted from
Ninagawa, George, and Mori 2021) Created with BioRender.com

2.1.6.2 Retrotranslocation: components of HRD Complex

Once the substrate is recognized by Yos9, it is brought to the HRD complex. Here subunits of the
complex engage with the substrate to dislocate it to the cytosol upon autoubiquitination of Hrd1. The
substrate is then ubiquitinated on the cytosolic side which is explained in section 2.1.6.3. The HRD
complex consists of the ubiquitin RING-E3 ligase Hrd1, Hrd3, Usal, and Derl (Vashistha et al. 2016)
(Figure 2.5). In the following section the individual subunits involved in these steps and how they

interact with the substrate will be introduced.
Hrd1

Hrd1 is widely recognized as an E3 ligase in the ERAD (both L and M) pathway. It’s also the central
component of HRD complex since requirement for the other components of ERAD-L (Hrd3, Usal, and
Derl) can be circumvented through the overexpression of Hrd1 (Carvalho, Stanley, and Rapoport
2010). Hrd1 stands for HMG-CoA Reductase Degradation as it is involved in the regulation of steroid
synthesis by facilitating the degradation of HMGR (3-hydroxy-3-methylglutaryl-coenzyme A
reductase), an enzyme that acts as a rate limiting enzyme in steroid biosynthesis (R. G. Gardner et al.
2000; Foresti et al. 2013; P. Wu et al. 2021). Hrd1 possesses eight transmembrane (TM) domains, with
both, the N-terminal region and the C-terminus RING domain, oriented towards the cytosol. (Schoebel
et al. 2017; Nakatsukasa et al. 2022). The cytosolic RING domain of Hrd1 encapsulates the active site
that is responsible for ubiquitinating the substrate by facilitating the transfer of ubiquitin molecules
from one or more E2 enzymes to specific misfolded substrates (Schulz et al. 2017). Hrd1 also
undergoes autoubiquitination on lysine residues of its cytosolic RING domain, which triggers the
retrotranslocation of a substrate's misfolded luminal domain across the membrane (Baldridge and
Rapoport 2016). Hrd1 interacts with the substrate polypeptide segment in close proximity to the al,6
mannose residue through its TM domains. Crosslinking experiments showed that the misfolded
substrate exhibits a conformational change resulting in the formation of a loop structure which
interacts with Derl and Hrd1 in the ER membrane (Carvalho, Stanley, and Rapoport 2010). Hrd1

interacts with Hrd3 on its luminal side and with Usal on its cytosolic side, with Usal acting as a
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mediator between Hrd1 and Derl (Figure 2.5). Hrd1 binds to Usal via its N-terminal cytosolic region,
while it interacts with Derl through its C-terminal cytosolic region. (R. G. Gardner et al. 2000; Horn et

al. 2009; Knop et al. 1996).

Hrd3

While Hrd1 serves as the central HRD E3 ligase, the precise function of Hrd3 has remained elusive.
Both Hrd1 and Hrd3 exhibit a high degree of conservation, with Hrd1 being identified as the limiting
factor in the degradation process of misfolded substrates (Bays et al. 2001; Bordallo et al. 1998;
Mehnert, Sommer, and Jarosch 2014; Mehnert et al. 2015; Vashistha et al. 2016). Hrd3 is known to
stabilize Hrd1 by interacting with its TM domain (R. G. Gardner et al. 2000). Hrd3 exposes a substantial
domain into the ER lumen that contains a multitude of SEL1-like repeats (SLRs). These SLRs exhibit a
notable level of structural resemblance to tetratricopeptide repeats (TPRs). It is widely accepted that
TPRs and SLRs play a crucial role in facilitating protein-protein interactions (Dong et al. 2008). In vivo,
Hrd3 displays the ability to bind misfolded proteins. Additionally, it preserves denatured proteins by
maintaining them in a soluble state without folding, thereby inhibiting their aggregation (Gauss,
Sommer, and Jarosch 2006; Mehnert et al. 2015). Deletion of hrd3 results in the degradation of Hrd1
and leads to the impairment of the ligase's overall functionality (R. G. Gardner et al. 2000). Hrd3 also
binds to Kar2 and Yos9, establishing a luminal surveillance complex which is responsible for the
recruitment of misfolded substrates to the ERAD pathway as described under section 2.1.6.1 (Denic,

Quan, and Weissman 2006; Carvalho, Goder, and Rapoport 2006).

Derl

The interaction between misfolded substrates and Hrd3 leads to close spatial association with another
membrane protein of the HRD complex, Derl (Mehnert, Sommer, and Jarosch 2014). Derl is an
integral membrane protein and member of the rhomboid superfamily which constitutes multi
spanning membrane proteins that possess four to six TM helices. Both the N and C termini of Der1 are
located within the cytosol. Derl was the first protein, discovered to participate in the degradation
process of soluble, misfolded substrates CPY* and PrA* (Hitt and Wolf 2004; Knop et al. 1996). It has
been demonstrated in previous studies that Derl exhibits a distinct preference for soluble ERAD
substrates (Hitt and Wolf 2004). The deletion of derl results in heightened ER stress, which
subsequently triggers the activation of the UPR and is also one of the genes that exhibit the highest
level of upregulation during the UPR (Knop et al. 1996; Hitt and Wolf 2004). Der 1 can bind misfolded
proteins directly but with limited capacity even in situations where the substrate receptor Hrd3 is

absent. Derl has been demonstrated to enhance the process of membrane insertion of ERAD
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substrates, thereby initiating their translocation from the ER to the cytoplasm (Gauss, Sommer, and
Jarosch 2006; Mehnert, Sommer, and Jarosch 2014). When Der1 itself is deleted, the model substrate
CPY* remains within the ER, showing impairment of the retrotranslocation process (Mehnert,
Sommer, and Jarosch 2014). In previous in vivo cross-linking experiments, Hrd1 and Derl were found
to be in a close proximity. This arrangement may facilitate the effective transfer of substrates from
Hrd3 to the other subunits of HRD complex via Derl (Mehnert, Sommer, and Jarosch 2014; Mehnert
et al. 2015). Derl is known to oligomerize via Usal interaction. It was shown that deletion of usal
leads to disassociation of Derl oligomers. Nevertheless, the induction of UPR pathway through
dithiothreitol (DTT) treatment could partially circumvent the need for Usal-dependent
oligomerization, through the overexpression of Derl (Mehnert, Sommer, and Jarosch 2014). Function

of Derl is primarily centered around the retrotranslocation process of ERAD-L substrates.

Usal

The role of Usal in facilitating the recruitment of Derl to the E3-ligase Hrd1l has been described
(Carvalho, Goder, and Rapoport 2006). Usal is an integral membrane protein that exposes both its N
and C termini towards the cytosol. The C-terminal region of Usal interacts with Derl. This interaction
only serves to establish a connection between Hrd1 and Derl (Horn et al. 2009). The N-terminal region
of Usal possesses a ubiquitin-like (UBL) domain, which appears to be involved in the degradation of
Hrd1, even in absence of hrd3 which was thought to degrade Hrd1 by destabilizing it (Carroll and
Hampton 2010). The UBL domain of Usal was also found to ubiquitinate the model substrate CPY*
(W. Kim, Spear, and Ng 2005). Usal is known to interact with the chaperone complex Cdc48-Ufd1-
Npl4, which recognizes ubiquitinated proteins and extracts them from the ER membrane. Since, CPY*
ubiquitination is unaffected in Cdc48 mutants, the association between Usal and Cdc48 is likely
indirect and irrelevant to Usal's function in CPY* ubiquitination (Ye, Meyer, and Rapoport 2001;

Jarosch et al. 2002).

Through proteomic studies it was also found that Usal is a binding partner for Hrd1 (Gavin et al. 2006).
Previous co-IP experiments indicated that Usal can lead to the oligomerization of Hrd1, which is not
essential for the degradation of soluble misfolded substrates but rather important for the membrane
bound substrates of ERAD (Horn et al. 2009). Recently, it has been observed through disulfide
crosslinking approach in a usalA strain, that the Hrd1-Hrd1 interaction is not dependent on either
Usal or Derl. However, this interaction is enhanced when Ubc7, an E2 enzyme, is absent. These
findings suggest that polyubiquitination is necessary for the disassembly of Hrd1l dimers (Pisa and

Rapoport 2022).
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Figure 2.5: Schematic representation of the HRD1 complex. The Hrd1 E3 ligase interacts with the E2
enzyme Ubc7, facilitated by Cuel recruitment and activation at the ER. Misfolded luminal substrates
are recognised (ERAD-L) by the Yos9 lectin, the Kar2 Hsp70 protein, and Hrd3 during the ERAD process.
Ubiquitination and retrotranslocation of ERAD-L substrates depends on Derl arriving at the HRD
complex together with Usal which mediates oligomerization of the HRD complex. Simultaneously, the
Cdc48 complex is recruited to the ER via the Ubx2 adaptor protein. Once ubiquitinated, these
substrates are extracted from the ER by the coordinated action of Cdc48 and the co-factors Ufd1 and
Npl4 (Adapted from Zattas and Hochstrasser 2015). Created with BioRender.com

2.1.6.3 Ubiquitination

Ubiquitination of misfolded proteins is a critical step to target them for proteasomal degradation.
Ubc7 (in mammals Ube2gl and Ube2g2) is an E2 enzyme for Hrd1 E3 ligase (Xu et al. 2009). It's a
soluble protein that is recruited to the membrane by interaction with Cuel, an adaptor protein (Lopata
et al. 2020). Ubc7 pre-assembles longer ubiquitin chains on a cysteine in its active site that are then
transferred, all together, to the target misfolded protein by the E3 ligases (Ravid and Hochstrasser
2007; Li et al. 2007). The ubiquitin chains produced by Ubc7 are K48-linked. This type of linkage
specifically marks misfolded proteins for proteasomal degradation. Cuel has a single transmembrane
helix with an Ubc7 binding region domain (U7BR) that binds to Ubc7 in the cytosol and recruits it to
the ER membrane (Lopata et al. 2020). The binding of U7BR domain of Cuel to Ubc7 also promotes
increased ubiquitination activity of substrates, independently of the presence of E3 ligase Hrdl
(Bazirgan and Hampton 2008). In addition to the U7BR domain, Cuel also contains a coupling of
ubiquitin to ER degradation (CUE) domain which is known to enhance the process of ubiquitination.

The mechanism of how the CUE domain enhances ubiquitination is not known, but it was recently
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shown that it has ubiquitin binding domains (UBDs) which can bind to both monoubiquitin as well as

to polyubiquitin chains (Bagola et al. 2013; Lopata et al. 2020).

Hrd1l autoubiquitinates and can be a substrate of ERAD. A deubiquitinating enzyme Ubpl was
identified, that removes Hrd1l's polyubiquitin modification and prevents Hrdl from unregulated
degradation (Peterson et al. 2019). Hrd1 autoubiquitination activates E3 ligase activity due to the UBL
domain of Usal and autoubiquitination is inhibited by the absence of Hrd1 interacting partner Hrd3.
Hrd1 can cycle through autoubiquitination and deubiquitination during ERAD because of this delicate
equilibrium (Baldridge and Rapoport 2016; Peterson et al. 2019). This provides a regulatory

mechanism to maintain the proper level and activity of Hrd1 within the cell.

2.1.7 Cdc8 mediated extraction of substrates

After being retrotranslocated across the ER membrane through the HRD complex and undergoing
polyubiquitination on the cytosolic side of the ER, substrates are extracted by Cdc48 (Bays et al. 2001;
Jarosch et al. 2002; Ye, Meyer, and Rapoport 2001). Cdc48 is a homo-hexameric AAA+ ATPase that is
highly conserved. Its main function is to extract polyubiquitinated, misfolded proteins from the ER and
enables their transfer to the proteasome for degradation. It facilitates the formation of adaptable
initiation regions within densely packed substrates that would otherwise be resistant to interaction
and degradation by the proteasome (Stolz et al. 2011; Christianson and Ye 2014; Olszewski et al. 2019).
Cdc48 is composed of an N-terminal (N) domain, two consecutive AAA domains (D1 and D2)
responsible for the hydrolysis of ATP connected by a brief linker, and a pliable C-terminal tail. The AAA
domains are arranged in a configuration of two concentric rings encircling a central pore (Bodnar and
Rapoport 2017). The Ufd1/Npl4 (UN) heterodimer serves as a cofactor for Cdc48. The UN molecule
interacts with the N domain of Cdc48 and facilitates the recruitment of polyubiquitinated substrates

to the Cdc48 ATPase (Ye, Meyer, and Rapoport 2003).

In an in vitro system designed to mimic ERAD processes, it was observed that a polyubiquitinated
misfolded substrate could be efficiently removed from the cellular membrane by both Cdc48 and UN
(Stein et al. 2014). On the contrary, Baldridge and Rapoport 2016 demonstrated in their in vitro
experiments that not substrate ubiquitination but Hrd1 polyubiquitination might be enough for the
retrotranslocation of substrates, supporting previous observations in mammals (Bernardi et al. 2010;
X. Wang et al. 2013). Nevertheless, recent cryo-EM structures of the Cdc48 complex with Ufd1/Npl4
and a polyubiquitinated substrate show that the Cdc48 complex starts substrate processing by
cleaving off a ubiquitin molecule. Then the unfolded ubiquitin molecule on the substrate binds to Npl4

and sends its N-terminal portion through both the hexameric ATPase rings. The pore loops of the
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second ring form a staircase that moves the polypeptide through the core of the cavity like a conveyor
belt. By making the ubiquitin chain unfold, the Cdc48 ATPase complex can deal with a wide range of
substrates (Twomey et al. 2019). For substrate dissociation from Cdc48, another DUB enzyme
unknown in yeast (Otul in mammals), binds to the N domain of Cdc48 and deubiquitinates the
substrate by removing ubiquitin molecules. The substrate is released, but short ubiquitin chains are
left behind (Stein et al. 2014; Bodnar and Rapoport 2017). In summary, Cdc48 unfolds and extracts
the polyubiquitinated substrates from the ER membrane, followed by their complete
retrotranslocation to the cytosol for subsequent degradation by proteasomes, with the energy

required for this process being derived from ATP hydrolysis.
2.1.8 Proteasomal Degradation

The trimmed ubiquitinated substrates are further ubiquitinated by an additional E4 ubiquitin chain
elongation factor known as Ufd2, resulting in the formation of K48-ubiquitin branches. (Liu et al.
2017). After undergoing processing to achieve the optimal chain length, proteins that have been
ubiquitinated are accompanied to the proteasome by soluble escort factors, namely Rad23 and Dsk2.
These proteins then interact with the proteasomal receptor Rpn1, which is situated on the base of the
19s RP in the proteasome. The interaction is enhanced by the attachment of the polyubiquitin chain
to the ubiquitin receptors Rpn10 and Rpn13 (Medicherla et al. 2004; I. Kim, Mi, and Rao 2004; Elsasser
et al. 2002; 2004; Husnjak et al. 2008). Then the polyubiquitinated substrate is degraded by the

proteasome as described in The Ubiquitin-proteasome pathway in section 2.1.5.
2.1.9 Anomalies in the retrotranslocation pathway

It has been a topic of discussion in the scientific community for a number of years as to how misfolded
substrates get retrotranslocated and what could be the primary retrotranslocon in the ERAD pathway.

There are several candidates for the role with one of the first ones being Sec61.

2.19.1 Sec61 in retrotranslocation pathway

Sec61 is the central protein translocon for ER proteins but it was also the was first candidate proposed
to retrotranslocate misfolded substrates due to numerous previous observations (Xie and Ng 2010).
In cell free systems, association of several ERAD substrates with Sec61 was seen and in case of
mutation in Sec61, several substrates were retained in the ER, associated with PDI (Pilon, Schekman,
and Romisch 1997; Pilon et al. 1998; Pauline Gillece et al. 1999). Yeast cells overexpressing the ERAD

substrate CPY* had an ER protein import deficiency that was restored by increasing Sec61 expression
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while overexpression of WT CPY caused no import defect, demonstrating that the protein
translocation channel limits ER import if export demand of substrates is strong (Ng, Spear, and Walter
2000). The strong binding affinity of Sec61 proteoliposomes to the 19S subunit of the proteasome,
demonstrates its involvement in the regulation of upstream processes related to the degradation of
misfolded substrates (Kalies et al. 2005). Sec61 also interacts with Hrd1 partner Hrd3 and the model
substrate CPY*. This interaction between Sec61 and CPY* only last until the substrate starts degrading
on the cytosolic side of the ER and in hrd1 deletion strain, CPY* is retained in the ER and the interaction
between Hrd3, Sec61 and CPY* is enhanced, suggesting that Sec61 could be part of ERAD (Schéafer and
Wolf 2009). The interaction between Sec61 and various components associated with ERAD, including
Ubc6, Ubc7, Cuel, Ubx7, and Ubpl, indicates a significant physical proximity between the Sec61
channel and the ERAD machinery (Pereira et al. 2019). Furthermore, it is of importance that the
interaction between Sec61 and Mpd1, a homolog of PDI and a recognized factor in ERAD, plays a

significant role in the degradation process of CPY* (Pereira et al. 2019).

In another study, Sec61 could translocate antigens from the endosomal compartment to the cytosol.
However, downregulation of Hrd1 also reduced the transport indicating a partial role of both Sec61
and Hrd1 (Zehner et al. 2015). In contrast, the presence of antibodies targeting Sec61 did not yield
any discernible impact on the export of a soluble ERAD substrate Agpaf, a nonglycosylated derivative
of the yeast pro-a factor from mammalian ER microsomes, but Derlin-1 (mammalian homolog of Der1)
antibodies did block the export (Wahlman et al. 2007). However, it is worth noting that the antibodies
did exhibit a hindering effect on the export of small glycopeptides through the Sec61 channels (P.
Gillece, Pilon, and Romisch 2000). Another lab showed through crosslinking experiments that Sec61
can’t be the retrotranslocon as it doesn’t form very strong crosslinks with the misfolded model
substrate CPY*, and the crosslinks were also not dependent on the presence of other ERAD

components, in contrast to those observed with Hrd1 (Carvalho, Stanley, and Rapoport 2010).

In a recent study, it was observed that yeast cells expressing Sec61, lacking the N-terminal amphipathic
helix exhibited significant impairments in growth and experienced notable deficiencies in the import
of proteins into the ER after translation. Additionally, yeast cells expressing Sec61 without N-terminal
acetylation demonstrated an accumulation of CPY* in the ER compared to wild-type CPY. This suggests
that either the post-translational import of CPY* into the ER was prolonged in this mutant or that N-
terminal acetylation of Sec61 plays a role in the ERAD process (Elia et al. 2019). Altogether, the results
are very inconclusive to indicate role of Sec61 as the central retrotranslocon in yeast. The precise
composition of the retrotranslocation channel still remains a topic of debate within the academic

community.
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2.19.2 Derl mediated retrotranslocation

Derl is one of the key constituents of the HRD complex and has been postulated as a potential channel
due to its characteristics as a multi-spanning membrane protein that exhibits interactions with its
substrates on both sides of the ER membrane (Carvalho, Stanley, and Rapoport 2010; A. M. Stanley,
Carvalho, and Rapoport 2011). The deletion of der1 resulted in the accumulation of CPY* within the
ER lumen, triggering an UPR response (Knop et al. 1996). Subsequent investigations have been
conducted to ascertain its involvement in the process of retrotranslocation. Derl binds to the ERAD
misfolded substrate CPY* via its luminal loop (Mehnert, Sommer, and Jarosch 2014). Mutations in the
TM domains of Derl block the translocation of soluble misfolded substrate through the ER membrane.
Photocrosslinking experiments and immunoprecipitation analyses of this ERAD mutant showed that
Derl appears to be properly integrated into the HRD complex and it still binds to the misfolded
substrate CPY* via its luminal loop; however, the quantity of crosslinking products involving Hrd1,
Usal, and Hrd3 was significantly reduced, suggesting that there were moderate alterations in the
structure of Derl. These changes likely impeded the degradation of substrates (Mehnert, Sommer,
and Jarosch 2014). In a recent study, it was demonstrated via disulfide crosslinking experiments that
the luminal loop of Derl exhibits the ability to bind the substrate in close proximity to the glycan
attachment site (Pisa and Rapoport 2022). It was also suggested that lipid thinning aids in the
retrotranslocation process of luminal ERAD-L substrates (Wu et al. 2020). Der1 forms a lateral gate on
the luminal side which interacts with Hrd1 to create a semi-channel that promotes lipid thinning.
Molecular dynamics (MD) simulation conducted with Derl revealed that a specific region of the
protein exhibited hydrophilic properties, thereby providing evidence for its involvement in facilitating

the transport of soluble membrane substrates as a "half channel" (Nejatfard et al. 2021).

However, there are doubts about Derl’s function as a channel. Derl belongs to a family of
homologous pseudo rhomboid protease that exhibits a specific structural organization and a high-
resolution structure of GlpG, a well-known protein from this family, does not exhibit any discernible
pathway across the membrane, which could function as a channel (Y. Wang, Zhang, and Ha 2006; Z.
Wu et al. 2006; Greenblatt, Olzmann, and Kopito 2011). It is crucial to note that overexpression of
Derl alone is inadequate in compensating for the loss of other components within the HRD complex,
as one would anticipate if Der1 were the principal constituent of the retrotranslocon (Horn et al. 2009;
Carvalho, Stanley, and Rapoport 2010). These pieces of evidence suggest that Derl might or might not
be involved in the formation of the translocon channel of the HRD ligase and it is important to note

that this topic remains controversial and has not been extensively studied.
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2.193 Hrd1’s role in retrotranslocation

Hrd1 has emerged as the primary candidate for the formation of a retrotranslocation channel. The
initial indication of Hrd1's channel formation was derived from the observation that its overexpression
in yeast renders the other constituents of the HRD complex unnecessary for the degradation of ERAD-
L substrates (Carvalho, Stanley, and Rapoport 2010; R. G. Gardner et al. 2000). The continued necessity
of downstream components, including the ubiquitination machinery and the Cdc48 ATPase complex,
was observed. The presence of a Hrd1l channel was further corroborated by photo-crosslinking
experiments, which demonstrated the proximity of the substrate to Hrd1 during the process of retro-
translocation (Carvalho, Stanley, and Rapoport 2010). It is noteworthy that the N-terminal of the
substrate establish interactions with both Hrd3 and Derl, whereas the C-terminal establishes
interactions with only Hrd1. This suggests that the substrate is transferred from Hrd3 to Derl and from

Derl to Hrd1 in a sequential manner (Carvalho, Stanley, and Rapoport 2010).

Subsequent in vitro experiments utilizing purified proteins reconstituted in LUVs demonstrated the
binding capacity of Hrd1 to soluble ERAD-L substrate CPY* and autoubiquitination of Hrd1 which leads
to the recruitment of Cdc48 AAA-ATPase. The autoubiquitination of Hrd1l was further shown to
polyubiquitinate CPY* resulting in the release of ubiquitinated CPY* from Hrd1 (Stein et al. 2014). In
this study, it was observed that the substrate underwent complete cleavage by external proteases
following reconstitution indicating the substrate was only present outside of the vesicles. As a result,
it was not possible to definitively establish the occurrence of retrotranslocation (Stein et al. 2014).
Nonetheless, the experimental findings could indicate that Hrd1 is responsible for the formation of
the ERAD translocon. This was confirmed by one of the pivotal studies relevant to this thesis that
involves an in vitro experimental setup wherein ubiquitinated Hrdl reconstituted into
proteoliposomes fuses to planar lipid bilayers (PLBs) and the subsequent formation of a translocon
can lead to small conductance events. The observed effect was reversible, as the channel was
inactivated upon deubiquitination of Hrd1. Significantly, the addition of CPY* resulted in increased
channel conductance events suggesting the substrate mediated expansion or activation of the
translocon (Vasic et al. 2020). The process of retrotranslocation was also replicated in vitro using
proteoliposomes comprising both Hrd1 and a single-spanning transmembrane substrate Pdr5 fused
to CPY* (CPY*-TM) leading to a membrane bound misfolded fusion protein. Hrd1 polyubiquitinated a
segment in the substrate that was inside the lumen of the vesicles when the ubiquitination machinery
was added, indicating that it migrated across the membrane of the liposomes. Hrdl exhibited

proficient autoubiquitination at the lysine residues located within its RING finger domain. This process
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was proposed to constitute retrotranslocation in vitro and promote the degradation of ERAD-L

substrates in in vivo conditions (Baldridge and Rapoport 2016).

Multiple cryo-electron microscopy (cryo-EM) investigations have been conducted to examine the
structural characteristics of Hrd1, along with its associated subunits. In one structural study, Hrd1 was
found to exist as a heterodimer together with Hrd3. Hrd1 is observed to bind to the luminal domain
of Hrd3, resulting in the formation of an arch by Hrd3 on the luminal side of the ER. Furthermore, out
of the eight TMs present in Hrd1, five TMs (TMs 3, 4, and 6-8 of a single Hrd1 molecule) contribute to
the formation of a large cavity that extends from the cytosol to the membrane's luminal side. Notably,
TM 1 of Hrdl acts as a seal for the neighboring Hrd1l molecule's funnel on the cytosolic side
representing probably closed conformation of a translocon (Schoebel et al. 2017). This structure
suggested that existence of a water filled pore. In another structural investigation, Hrd1 was identified
as existing in a monomeric conformation alongside Hrd3, Derl, and Usal. Hrdl and Derl are
connected through Usal on the cytosolic side, with the lateral gates of Hrd1 and Derl positioned in
close proximity to each other. Both luminal and cytosolic cavities are present for the insertion of
substrates (Wu et al. 2020). This structure implied the presence of Hrd1 as a half channel structure
which can impart membrane thinning. In summary, a substantial body of evidence strongly suggests
that Hrd1 is responsible for the formation of the retrotranslocon. Nevertheless, despite the plethora
of evidence that has been presented thus far, inquiries regarding the involvement of other

components of the HRD ligase in the process of retrotranslocation persist.
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2.2 Aims

Electrophysiological studies have provided insights into the functional role of Hrd1 as a channel. These
studies have directly measured the channel activity of Hrd1 and have revealed that its characteristics
deviate from that of other known protein translocation channels. Within the complete HRD complex
all subunits, Hrd1, Hrd3, Usal and Derl, most likely play their respective parts for the functionality of
ERAD-L. As section 2.1.9.2 and 2.1.9.3 mention in detail, the direct contribution of Der1 and Hrd1, and
the effect of substrate retrotranslocation on ERAD-L was shown but the specific impact of these
subunits on the gating mechanism of Hrd1 remains uncertain. Therefore, in this thesis we aim to
investigate how gating dynamics are changed when Hrd1 is integrated in the HRD complex as opposed
to isolated Hrd1 characteristics. We especially want to determine how the presence of Derl, which

was never included in electrophysiology experiments before, influences Hrd1 gating.

We had the wonderful opportunity to team up with the talented researchers at Dr. Alexander Stein's
lab (Max Planck Institute of Multidisciplinary Sciences). Together with Benjamin Gnoth, a dedicated
PhD student from their group, we obtained purified protein complexes isolated from yeast. This
collaboration allowed us to tap into their expertise in ubiquitination assays, and it provided invaluable

insights that have greatly enriched the overall project.

Our main objective was to evaluate the activity of Hrd1 and the HRD complex using high-resolution
single channel electrophysiology also commonly known as the planar lipid bilayer (PLB)
electrophysiology technique, as described by Harsman et al. 2011. This approach offers an alternative
to patch clamp means of measuring the activity of ion channels and, if suitable, protein translocases.
The method exploits the observation that numerous protein translocases exhibit the formation of
aqueous pores during substrate translocation. This phenomenon gives rise to a voltage-dependent
conductance, which can be quantitatively assessed as an indicator of channel functionality (Harsman
et al. 2011). The measurement of the conductance can be utilized for the determination of the
channel's pore size and also facilitates the real-time assessment of channel opening and closing and
dwell time at the individual molecule scale. Importantly, this approach facilitates the manipulation of
both sides of the channel, a capability that is not easily achievable with liposomes. In addition, we
conducted an analysis to characterize the interactions between the model substrate CPY* and the

HRD complex channel.
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2.3 Materials and Methods

2.3.1 Materials

Table 2.1 Lipids used in this investigation

Name Company
1-palmitoyl-2-oleoyl-glycero-3-Phosphocholine (POPC) Avanti Polar Lipids
1,2-dioleoyl-sn-glycero-3-Phosphoethanolamine (DOPE) Avanti Polar Lipids
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) Avanti Polar Lipids
Cholesterol (ovine wool, >98%) Avanti Polar Lipids
L-a-Phosphatidylcholine (soybean, Type IV-S) (SIV-PC) Sigma Aldrich

Table 2.2 Special consumables

Chemical Supplier

Acetone >99.8% p.a. Carl Roth GmbH & Co KG
Ethanol >99.8% p.a. Carl Roth GmbH & Co KG
Methanol >99.9% p.a. Carl Roth GmbH & Co KG
Trichloromethane/Chloroform Carl Roth GmbH & Co KG
n-Decyl B-maltoside (DM-C) GLYCON Biochemicals
Pierce detergent removal spin 0.5ml Life Technologies GmbH
Adenosine triphosphate (ATP) Sigma Aldrich

HEPES Carl Roth GmbH & Co KG
Potassium chloride (KCI) Carl Roth GmbH & Co KG
Magnesium chloride (MgCl.) Carl Roth GmbH & Co KG
Chloroform Merck, DE

Nuclepore Track etched polcarbonate membrane Whatman

Filter supports Avanti Polar Lipids

Materials used for electrophysiological measurements are described in Chapter 1 Table 1.2.



2.3.2 Methods

All the proteins used in this study has been kindly provided by Lab of Dr. Alexander Stein (Max Planck
Institute for Multidisciplinary Sciences) and isolated from Saccharomyces cerevisiae. The proteins

utilized in this study are Hrd1, HRD complex, Ubal, Ubc7, Cuel, Usp2 and CPY*.

23.21 Preparation of liposomes with membrane composition of ER

The methodology outlined in Hernandez et al. 2012 was employed to determine the composition and
concentration of lipids. Stock solutions of POPC, DOPE, DOPS, and cholesterol were prepared with
lyophilized powders using chloroform (Avanti Polar Lipids) as the solvent. To generate liposomes,
lipids were combined in the specified molar ratios (as outlined in Table 2.3) within glass test tubes.
The lipid mixtures were subjected to a drying process using a stream of nitrogen gas in the presence
of chloroform. Subsequently, the samples were incubated in a desiccator for a duration of 3 hours to
ensure thorough drying. The lipids that had been dried were rehydrated by adding the liposome
buffer, which consisted of 150 Mm KCI, 10 mM MOPQS, pH 7 to achieve a final concentration of 20
mM. To produce unilamellar vesicles, the lipid mixture underwent seven cycles of freezing in liquid
nitrogen followed by thawing at room temperature. To obtain liposomes with a desired size, such as
large unilamellar vesicles (LUVs), the mixture underwent 11 rounds of extrusion through 400 nm
polycarbonate membranes (Whatman). Subsequently, the mixture was further extruded 21 times
through a 400 nm polycarbonate membrane using a mini-extruder manufactured by Avanti Polar

Lipids.

Table 2.3 Composition of lipids for the endoplasmic reticulum liposomes

% Lipid Lipid uM

60 POPC 12.00

20 DOPE 4.00

10 DOPS 2.00

10 Cholesterol 2.00
(5mg/ml)

100 Total 20
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2.3.2.2 Reconstitution of Hrd1 or HRD complex into liposomes and
ubiquitination

The protocol for reconstituting Hrd1 or HRD complex into liposomes was kindly provided by Benjamin
Gnoth, AG Alexander Stein (Max Planck Institute for Multidisciplinary Sciences). To reconstitute Hrd1
or Hrd1 holocomplex into liposomes along with adapter protein Cuel, n-Decyl B-maltoside (DM) was
used as the solubilization detergent. According to Hernandez et al. 2012 the process of protein
insertion is highly dependent on the ratio of lipids and detergents, denoted as the R-value, which can

be calculated by the equation below by Rigaud and Lévy 2003.

[Drotat]-[ Demc] (7)
[lipid]

where [Diotal] and [Demc] represents the total and critical micelle concentration (CMC) of the detergent,
respectively; and [lipid] denote the lipid concentration. For Hrd1 or HRD complex reconstitution with
Cuel, 4 mM of the ER liposomes were mixed with the detergent DM at an R value of 1.5, along with
0.8 uM Hrd1, 3.2 uM full length Cuel in 150 Mm KCI, 10 mM MOPQOS, pH 7 buffer. The sample mixture
was incubated for 1 hr at RT and detergent was removed by incubating the solution three times
through detergent removal spin columns, each for 20 minutes at RT. Then liposomes were eluted by
centrifugation at 5000 rpm for 5 mins. The Hrd1 or HRD complex proteoliposomes were incubated
with components of ubiquitination machinery to ubiquitinate the Hrdl or Hrdl holocomplex.
Ubiquitination machinery consist of 0.02 uM Uba1l, 0.4 uM Ubc7 and 20 uM ubiquitin. The reaction
was initiated by adding 2.5 mM ATP and incubated for 1 hr at RT.

2.3.2.3 Electrophysiological characterization

A general protocol to perform electrophysiological characterization and fusion of proteoliposomes to
bilayer is described in detail in last chapter in section 1.3.2.5.

2.3.2.4 In situ ubiquitination

For in situ ubiquitination experiments, Hrd1 or HRD complex proteoliposomes were only ubiquinated
once they were fused to the PLB in asymmetrical buffer conditions. One additional drawback of the
experimental arrangement is the inability to visually observe the fusion of proteoliposomes with the
bilayer. To address this limitation, the buffer was agitated following the addition of proteoliposomes

and subsequently incubated for a duration of approximately 15-30 minutes. Then the ubiquitination
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machinery consisting of 0.02 uM Ubal, 0.4 uM Ubc7, 20 uM ubiquitin along with 2.5 mM ATP was
directly added to the cis or both chamber of the PLB setup. The buffer used in in situ ubiquitination
experiments consisted of 250 Mm KCl or 20 Mm KCI, 10 mM MOPQS, 5 mM Mgcl, pH 7. Mgcl; was

used to activate ATP and start the ubiquitination reaction.

2.3.25 Deubiquitination and Substrate Specificity of Channels

In order to investigate the interactions between substrate and enzyme within the bilayer, proteins
were introduced to the designated side of the bilayer at the prescribed concentration, while
maintaining symmetrical buffer conditions after fusion of proteoliposomes into the PLB. In the present
study, two distinct substrates were used. The first component under consideration is Usp2, an enzyme
classified as a deubiquitinase. The second component is CPY*, a misfolded substrate associated with
the ERAD-L pathway. Usp2 was introduced into either the cis chamber or both chambers, with a final
concentration of 1 uM. Similarly, CPY* was introduced into either the trans chamber or both
chambers, with a final concentration of 100 nM, as previously described (Vasic et al. 2020). The buffer
solution in both chambers was subsequently subjected to 2-5 minutes of mixing using magnetic

stirrers, followed by a 2-minute resting period before the recordings were recommenced.

91



2.4 Results

The initial step in investigating the molecular processes of HRD complex involved the establishment
of a comprehensive baseline for the channel behaviour of single Hrd1. In addition to investigating
potential differences in behaviour between the Hrd1l and the HRD complex channel characteristics
described in previous studies, it was necessary to surpass the degree of information provided in these
prior studies. We believe that by doing so we may attain a more profound comprehension of the
behaviour of the HRD complex in the cell. Since, integral membrane proteins are inherently insoluble
in polar solvents, it necessitated their reconstitution into liposomes mimicking ER membrane
composition. In order to achieve this objective, large unilamellar vesicles (LUV) measuring 100 nm in
diameter were generated from a phospholipid mixture consisting of POPC:DOPE:DOPS:Cholesterol
with a composition ratio of 60:20:10:10 (mol%). The phospholipid mixture was incubated with the
detergent DM followed by the addition of the protein purified in detergent. Subsequently, the
detergent was gradually removed using detergent removal resins, which led to reconstitution of the
protein within the lipid membrane. In this study, we used Hrd1 and the HRD complex, which consists
of Hrd1, Hrd3, Usal, and Derl containing liposomes together with Cuel which is an adapter protein

for Ubc7 (E2 enzyme), as depicted in Figure 2.6 for electrophysiological characterization.

Hrd3

Hrd1 proteoliposomes HRD holocomplex proteoliposomes

Figure 2.6: Proteoliposomes used for PLB experiments. (A) single Hrd1 (B) HRD complex along with
the adapter protein Cuel. Created with BioRender.com
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2.4.1 Gating dynamics of Hrd1

In order to initiate our experiment, we used the Hrd1 protein reconstituted into LUVs. This was done
to conduct single channel electrophysiological characterisation measurements, with the aim of
optimizing the experimental approach and to replicate previously observed results. Upon the addition
of ubiquitinated Hrd1 proteoliposomes, we observed a consistent and stable fusion of the Hrd1l
channels into the bilayer, which aligns with the previous findings (Vasic et al. 2020). To observe the
general gating behaviour of the Hrd1 channel, constant holding potentials ranging from -60 mV to 60
mV were applied to the bilayer containing Hrd1 channels, in 20 mV steps for 60 s each. The present
experimental observations, conducted under symmetrical buffer conditions and at constant voltages,
primarily indicate the occurrence of smaller gating events mostly 50-70 pS (Figure 2.7A). However,
sporadic gating events at a higher conductance state, reaching up to 850 pS-1000 pS, were also seen
compared to previous maximum conductance of 620 pS observed in (Vasic et al. 2020) (Figure 2.7B
and C). This conductance corresponds to a pore size of 3.42 nm. Then we derived current changes, Al
from the recorded data utilizing the reconstruction technique algorithm based on stepR (Hotz et al.
2013) and subsequently divided by the applied voltage U in order to obtain the conductance change,
AG. From conductance state histograms as shown in Figure 2.7C main- and sub-conductance states
were determined. The main conductance state was observed to be 50 pS, but also rare gating events
at higher conductance changes occured. As a control for this experiment, non-ubiquitinated Hrd1
liposomes were added to the PLBs. No fusion events were observed, nor did the addition induced any

current flow confirming that only ubiquitinated single Hrd1 form a water filled pore.
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Figure 2.7 continued on next page
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Figure 2.7: Gating dynamics of the single Hrd1. (A) Representative example of a current trace of the
single Hrd1 at +40 mV. Buffer: 250 mM KCIl, 10 mM MOPS/Tris, pH 7 (cis/trans), (B) Schematic
representation of a current trace of the single Hrd1 at constant voltage of -60 mV. Buffer: 250 mM
KCl, 10 mM MOPS/Tris, pH 7 (cis/trans), C and O represent the closed and open state respectively.
Conductance changes are marked as AG. (C) Conductance-state histogram of the single Hrd1 channel
calculated from the gating events at varying holding potentials (combined n= 3 independent

experiments). The zoomed-in plot illustrates various gating events observed at higher conductance
changes.
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2.4.2  Current voltage relationship of Hrd1

In order to further evaluate the overall gating behaviour, we recorded the current flow through the
channel while it was subjected to a varying voltage range. We measured voltage ramps from -50 mV
to +50 mV in both symmetrical and asymmetrical conditions. Under asymmetrical salt conditions (250
mM KCl, cis; 20 mM KCl, trans), ubiquitinated Hrd1l proteoliposomes displayed slightly positive
reversal potentials. In single-channel voltage ramp recordings, mean reversal potential obtained for
the Hrd1 channel from yeast (n = 3 bilayers) is Ure,= +7.4 + 0.08 mV (Figure 2.8A). These values both
correspond to marginal cationic selectivities of Px* : Pc = 1.4: 1. Interestingly the Sec61 translocon in
yeast shows a reversal potential of -7.6 + 2.4 mV and anion selectivity of Pq : Pc*= 1.42 (F. Erdmann
et al. 2010). Under symmetrical conditions, Hrd1 showed a linear current voltage relationship with no
rectification (Figure 2.8B). | also observed that the Hrd1 translocon was not stable and led to bilayer

instabilities at high voltages above + 60 mV.

A 100 - B 100 -
< 80 < 80
e g
=~ 60 = 60+
c | c
C 40 2 404 W
S j >
O 20- © 204

10 20 30 40 50
Voltage (mV)

10 20 30 40 50
Voltage (mV)

Figure 2.8: Voltage ramp recording of a bilayer containing the single Hrd1 from -50 mV to +50 mV.
Representative of n=3 bilayers. Buffer conditions for experiments A: 250 mM KCl, 10 mM MOPS/Tris,
pH 7 (cis), 20 mM KCl, 10 mM MOPS/Tris, pH 7 (trans) B: 250 mM KCl, 10 mM MOPS/Tris, pH 7
(cis/trans)

2.4.3 Ubiquitinated HRD complex fuses to the PLBs

Subsequently, we proceeded with the characterization of the HRD complex, in order to determine
whether it forms a water-filled pore similar to that of the single Hrd1. Additionally, we aimed to

investigate whether the presence of Hrd3, Derl, and Usal has any impact on the channel properties
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of the HRD ligase. No channel activity was seen when the non-ubiquitinated HRD complex
reconstituted in liposomes was added to the bilayer, as such showing the same behaviour of non-
ubiquitinated Hrd1. Based on this observation, it may be inferred that the absence of vesicle fusion
with the bilayer can be attributed to the closed state of the HRD complex channel, rendering it
impermeable to the osmolyte. In contrast, we observed channel activity in the presence of
ubiquitinated HRD complexes. To observe the general gating behaviour of the HRD complex channel,
constant holding potentials ranging from -40 mV to 40 mV were applied to the HRD complex
containing bilayer in 20 mV steps for 60 s each. Higher holding potential couldn’t be achieved as the
bilayer was instable at elevated voltages. Most of the gating events observed are smaller, in range of
50-70 pS as seen with the single Hrd1 (Figure 2.9A). Unlike for Hrd1, not many high conductance state
gating events were seen in a range above 400 pS. The conductance state histogram of the HRD
complex shows that the maximum conductance state reached was 600 pS (Figure 2.9B). This

conductance corresponds to the pore size of 2.4 nm.
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Figure 2.9: Gating dynamics of the HRD complex. (A) Representative example of a current trace of
the HRD complex at constant voltage of -40 mV. Buffer: 250 mM KCl, 10 mM MOPS/Tris, pH 7
(cis/trans). C and O represent the closed and open state respectively. Conductance changes are
marked as AG. (B) Conductance-state histogram of the HRD complex channel calculated from the
gating events at varying holding potentials (combined n= 6 independent experiments). The zoomed-
in plot illustrates various gating events observed at higher conductance changes.

2.4.4 Insitu ubiquitination

Extremely low fusion rates, which led to a limited number of measurements, were also observed as a
major experimental limitation during the HRD complex measurements, similar to what was observed
for Hrd1. The low fusion rate may be attributed to the presence of long polyubiquitin chains on the
ubiquitinated HRD complex, potentially causing steric hindrance during proteoliposome fusion with
the bilayer. In order to overcome that, Hrd1 or HRD complex was ubiquitinated after it potentially
fused to the bilayer. This counteracts the theory of osmotic gradient dependent fusion of open
channels with the bilayer (Section 1.3.2.5.4), but we proceeded to test it anyway. The system was
simplified by utilizing single Hrd1l proteoliposomes, which were added to the bilayer under
asymmetrical buffer conditions and incubated for 15-30 minutes to allow for proteoliposomes fusion
with the bilayer. Subsequently, the ubiquitination process was initiated by adding the ubiquitination
machinery, including Ubal, Ubc7, ubiquitin and ATP to both sides of the bilayer. We observed current
flows probably coming from rapid opening events and subsequent breakage of the bilayer. This might
be due to an excessive amount of ubiquitination occurring on the Hrd1 proteoliposomes which could
lead to opening of multiple Hrd1 channels in the bilayer. When the bilayer was reformed, fusion events

reoccurred ~ every 30 sec-1 min but measurements were not possible using this system as the bilayer
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was consistently unstable and breaking every few seconds (Figure 2.10). Figure 2.10 shows a current
trace of such a scenario: following the fusion of single Hrd1 proteoliposomes to PLBs, the bilayer
breaks as the current goes to -1000 pA; then after reforming the bilayer, the current goes back to 0
pA until more Hrd1 proteoliposomes fuse to the bilayer. We also decreased the concentration of Hrd1
in proteoliposomes which made the system slightly more stable indicating that the excessive amount
of ubiquitination occurring on the Hrdl proteoliposomes may be a contributing factor to bilayer
instability. In addition, we conducted an experiment to decelerate the ubiquitination process. This was
achieved by employing soluble Cuel as an alternative to the whole membrane-bound Cuel.
Furthermore, we utilized a ubiquitin mutant, K48R, which exclusively facilitates the
monoubiquitination of Hrdl. Similar approach was also used to measure the HRD complex.
Nevertheless, these approaches did not effectively address the instabilities present in the bilayer.
Consequently, we opted to measure the preubiquitinated Hrd1 or the HRD complex in our bilayer,

rather than pursuing in situ ubiquitination.
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Figure 2.10: In situ ubiquitination. Representative example of a current trace of a bilayer containing
the single Hrd1 followed by addition of 0.02 uM Ubal, 0.4 uM Ubc7, 20 uM ubiquitin and 2.5 uM ATP
in absence of a voltage. (A) Current trace showing fusion of Hrd1 proteoliposomes to the bilayer after
ubiquitination, unstable bilayer followed by rupture in bilayer and subsequent reformation. (B) and
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(C) represent zoom plot from the current trace shown in (A), and (D) represents a zoom plot from the
red box shown in current trace in (C); Buffer: 250 mM KCI, 10 mM MOPS/Tris, 5mM MgCl, pH 7 (cis),
20 mM KCI, 10 mM MOPS/Tris, 5mM MgCl, pH 7 (trans). C and O represent the closed and open state
respectively.

2.4.5 Inconsistencies with reversal potential in HRD complex

The reversal potential for the single Hrd1 exhibited a consistent range. However, when measuring the
HRD complex, a wide diversity in reverse potential was observed, ranging from +12 mV to +55 mV.
Bilayer instabilities posed a significant challenge in the setup of our experimental procedure. As
observed in the voltages ramp recordings (Figure 2.11), the bilayer was instable even at lower voltages
of 40 mV. There were few fusion events observed with the HRD complex proteoliposomes and only
few were stable enough for the duration to finish a complete recording. In this thesis, only complete
recordings are used for analysis to ensure accurate interpretation of the data. This kind of diversity in
reversal potential along with the destabilizing effect on the membrane indicates an interaction
between the translocon in question and with the membrane. Different complex composition can also
lead to different reversal potential. Residual detergent could also potentially make the bilayer
instable, however additional detergent removal step for the HRD complex proteoliposomes didn’t

make any difference.
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Figure 2.11: Voltage ramp recording of a bilayer containing the HRD complex. (A) to (E) represents
voltage ramps from independent measurements. Buffer: 250 mM KCl, 10 mM MOPS/Tris, pH 7
(cis/trans)

2.4.6 Response of the HRD complex to deubiquitinase enzyme Usp2

Previous experimental findings have demonstrated that Hrd1 reconstituted into planar bilayers with
the cytosolic RING domain located on the cis side and the substrate connecting with the luminal
domain on the trans side. The PLBs experiment demonstrated that the addition of the DUB enzyme,
Usp2, to the cytosolic RING domain-containing side resulted in the closure of the ubiquitinated Hrd1
open channel (Vasic et al. 2020). In this study, we applied the same methodology to the HRD complex
proteoliposomes for identification of the HRD complex E3 ligase activity. Ubiquitinated HRD complex
channel was fused to the bilayer and the buffer was perfused to the symmetric conditions.
Subsequently, the Usp2 enzyme was added on the cis side of the chamber facing the cytosolic RING
domain. Addition of 1 uM Usp2 to the cis side of the PLB setup which corresponds to the cytosolic side
in cells, led to closing of an open ubiquitinated HRD complex channel most likely by deubiquitinating
it. Voltage ramp recording from -40 mV to +40 mV showed a decrease in voltage dependent response

to the current after addition of 1 uM Usp2 (n=7 bilayers) (Figure 2.12).
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Figure 2.12: Voltage ramp recording of a bilayer containing the HRD complex from -40 mV to +40
mV before and after the addition of Usp2. Representative of n=7 bilayers. Red colour indicates
addition of 1 uM Usp2 on cis side. Buffer: 250 mM KCl, 10 mM MOPS/Tris, pH 7 (cis/trans)

Current traces at indicated voltages also show a decrease in conductivity after Usp2 addition (Figure
2.13). Of note current traces from the HRD complex after deubiquitination don’t show stable gating
events as seen in the single Hrd1 channel implicating structural changes in the HRD complex due to

involvement of other components of the HRD complex most likely Hrd1 and Derl.
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Figure 2.13: Representative example of current traces of the HRD complex at constant voltage
before and after the addition of Usp2. (A) and (C) represent current trace in absence of Usp2 at +40
mV and -40 mV respectively and (B) and (D) represent current trace at +40 mV and -40 mV respectively
with 1 uM Usp2. Buffer: 250 mM KCI, 10 mM MOPS/Tris, pH 7 (cis/trans). C and O represent closed
and open state respectively.

Next, as described above, the conductance states, AG, were plotted against their frequency in a
conductance state histogram (Figure 2.14). The histogram illustrates that the addition of Usp2
results in a reduction of gating events occurring at all but specifically higher conductance changes, in
comparison to the conditions prior to Usp2 addition. The computation of open probability (Po = Imean/!
max) indicates a chance of approximately 35% that the channel is in an open state in ubiquitinated
condition. Furthermore, when the holding potential is increased to positive and negative voltages
above +40 mV, the open probability of the channel exhibits a gradual decline but it further decreases
to around 12% upon the addition of Usp2 (Figure 2.14C). This suggests that the deubiquitination by

Usp2 results in the removal of ubiquitin molecules, leading to the closure of the channel.

102



w

=}
L P
o0}

N
()}
L

N
(=]
1

No. of gating events (x 10%)

0+ . ‘ .0 - . . .
0 100 200 300 400 500 600 O 100 200 300 400 500 600
Conductance change (pS) Conductance change (pS)

C
1.0 . Usp2
*  +Usp2
0.8
0.6
o]
o
0.4 e N
| -_..' | . .-// ‘- .
0.2
® . M L *
0.0 ; ; ; .

60 40 20 0 20 40 60
Voltage (mV)

Figure 2.14: Usp2 induced decreased gating activity in the reconstituted HRD complex channels.
Conductance-state histogram of the HRD complex channels. (A) before (black) and (B) after (red) in
situ incubation with 1 uM Usp2, calculated from gating events at varying holding potentials (n= 6
independent experiments). The zoomed-in plot illustrates the decrease in gating events, after Usp2
addition. (C)Voltage dependence of the HRD complex channels opening probability (Po) before and
after addition of 1 uM Usp2. For voltages £20 mV and £40 mV, n=5 independent experiments and for
+10 mV, £30 mV and £60 mV, n= 3 independent experiments. Data are expressed as mean + SD.
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2.4.7 Response of the HRD complex to the model substrate CPY*

The model substrate CPY* has been widely studied in ERAD-L retrotranslocation. Vasic et al. 2020
showed that the addition of CPY* to the trans side of the bilayer which corresponds to the ER lumen
activates the single Hrd1 channel and leads to flickering, large gating events and increase in pore size,
indicating that the substrate interacts with the single Hrd1 in situ. We used the same approach to see
substrate engagement with the HRD complex. The current flow through the channel was measured
while subjecting it to a range of voltages spanning from -40 mV to +40 mV under symmetrical
conditions. When we added CPY* to the bilayer containing an open ubiquitinated HRD complex
channel, we saw the same effect of flickering and increase in large gating events in comparison to the
conditions without CPY* addition (Figure 2.15). One of the major challenges during measurements
with CPY* was the instability caused probably by this activation which led to high current spikes and

disrupted bilayers within seconds.

+CPY*

Voltage (mV)

-100 4
1204

Figure 2.15: Voltage ramp recording of a bilayer containing the HRD complex before and after
addition of the model substrate CPY* (n=4). Red colour indicates addition of 100 nm CPY* on trans
side. Buffer: 250 mM KCl, 10 mM MOPS/Tris, pH 7 (cis/trans)
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Current traces at a holding potential of -20 mV already shows an increase in conductance and large
gating events after the addition of CPY* indicating the substrates still interacts with the components
of the HRD complex (Figure 2.16B). However, at holding potential of just +40mV, the bilayer was hardly
stable for a few minutes and had a tendency to show conductance spikes and rupturing. This indicates
that the integrity of other components in the HRD complex might be compromised or somehow the
ubiquitinated HRD complex which represents the open state of the channel itself made the bilayer
instable. This was supported by the control experiments where only the addition of CPY* or
ubiquitination machinery, or the non-ubiquitinated HRD complex alone to the bilayer did not result in
any disruption of the bilayer. It is noteworthy that in PLBs the substrate couldn’t retrotranslocate to
the other side completely as Cdc48 ATPase is not integrated in the liposomes. But we also expected
that the substrate blocks the channel completely rather than leading to an increase in the pore size of

the channel formed by the HRD complex.
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Figure 2.16: Representative example of current trace of the HRD complex at constant voltage before
and after addition of the model substrate CPY*. (A) and (C) represent current trace at +40 mV and -
40 mV respectively and (B) and (D) represent current trace at +40 mV and -40 mV respectively with
100 nm CPY*. Buffer: 250 mM KCI, 10 mM MOPS/Tris, pH 7 (cis/trans). C and O represent closed and
open state respectively.

We then again calculated conductance states and the results are summarised in a histogram in
Figure 2.17. we observed more gating events without the presence of CPY* especially at lower
conductance state. At 70 pS, there were 7,916 gating events compared to 4,012 gating events after
addition of CPY* (from raw data of histogram in Figure 2.17A and B). But the addition of 100 nm CPY*
results in an increase of gating events occurring at higher conductance changes above 250 pS (Figure
2.17Cand D), in comparison to the conditions prior to CPY* addition (Figure 2.17A and C). The increase
in gating events at large conductance (Figure 2.17B and D, Figure 2.18B) up to 1000-1200 pS also
indicates expansion of the pore to a size of 3.4- 3.9 nm. Altogether, this increase in number of gating
events at higher conductance changes indicates expansion of the channel forming component in HRD

complex after addition of the model substrate, CPY*.
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Figure 2.17: Conductance-state histogram of the HRD complex channels before and after addition
of the model substrate CPY*. (A and C) before and (B and D) after in situ incubation with 100 nm CPY*,
calculated from gating events at varying holding potentials (n= 5 independent experiments). (C) and
(D) are zoomed-in plot which illustrates the increase in gating events at high conductance changes,
after CPY* addition.

The investigation of the temporal dimension of the HRD complex gating has the potential to provide
valuable understanding of the dynamics of the channel. The analysis presented in Figure 2.18 focused
on the dwell time periods, which refer to the residency times of the channel at a distinct conductance.
This analysis was conducted both before and after the addition of CPY*. The majority of the gating
events occur between 0-0.75 seconds both before and after the addition of CPY* and show no
significant difference. But addition of CPY* leads to gating events at higher conductance states of ~
500 pS show a longer dwell time of 0-0.5 s (blue circle in Figure 2.18) in comparison to the conductance
states prior to the addition of CPY*. Surprisingly, there is also a significant decrease in gating events
at higher dwell times from 0.75 seconds after addition of CPY* (Figure 2.18C), which could be due to
the inability of the HRD channel to stay in open states as it was observed before that the addition of

CPY* leads to instability of the bilayer.
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Figure 2.18: Dwell time data of the HRD complex at different conductance changes. Dwell time
plotted against conductance change before (A) and after addition of 100 nm CPY* of a bilayer
containing the HRD complex channel. (C) Comparison of number of gating events at higher dwell
times from 0.75-2.5 seconds before (black) and after (red) the addition of CPY*. P value indicates value
obtained from paired test. n=5 independent experiments.
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2.5 Discussion

The HRD complex is the primary complex responsible for facilitating the ERAD-L pathway, which is
involved in the retrotranslocation of misfolded substrates from the ER lumen. The HRD complex
involved in ERAD-L comprises four fundamental components, namely Hrd1, Hrd3, Usal, and Derl.
Within the HRD complex, each individual component plays a crucial function, and the collective effort
of all components is necessary for the retrotranslocation of ERAD-L substrates. Recently, the
mechanism underlying retrotranslocation of misfolded substrates has been elucidated through the
examination of the electrophysiological properties of the Hrd1l protein. These investigations have
revealed that Hrd1 is the first known water-filled pore that is regulated by ubiquitination (Vasic et al.
2020). In the cellular system, it would exist as a complex within the ER membrane and there are
numerous in vivo studies describing the importance of different subunits of the HRD complex. In this
study, we were interested to see how electrophysiological properties of Hrd1 change in the context
of the HRD complex. We indeed observed channel activity through the measurements of the HRD

complex reconstituted in proteoliposomes.
2.5.1 The HRD complex forms an ion channel regulated by ubiquitination

We used high resolution single channel electrophysiology to study the functional properties of the
HRD complex. The HRD complex was purified from yeast and reconstituted into LUVs mimicking the
ER lipid composition which was performed and optimized by our collaborators (Section 2.3.2.2). When
the non-ubiquitinated HRD complex was added to the bilayer, no ion flux was observed. However,
when the ubiquitinated HRD complex was added to the proteoliposomes, ion flux was observed along
with gating events, which indicated the presence of a pore in the bilayer (Figure 2.9A). The process of
auto-ubiquitination in the RING domain of Hrd1 is necessary for the formation of a retrotranslocation
pore (Vasic et al. 2020). This finding is consistent with the previously reported ubiquitination
dependent opening and closing of a channel observed in Hrdl measurements and also
retrotranslocation shown in vitro by Hrd1 alone (Vasic et al. 2020; Baldridge and Rapoport 2016).
There is evidence of ion channels regulated by ubiquitination previously as well. Some classic examples
are regulation of the voltage-gated KCNQ1 potassium channel and epithelial Na* channels (ENaC) by
an E3 ligase NEDD4/NEDD4-like-dependent ubiquitination (Jespersen et al. 2007; Lamothe and Zhang
2016). But NEDD4 ligases mainly regulate activity of ion channels by recycling them after
ubiquitination rather than the ion conductance as it is for Hrd1. Recently it was found that the N-
terminal ubiquitination of a TRP channel TRPV4 led to decreased calcium influx without increasing the

number of channels on the cell surface and vice versa. This suggests that ubiquitination negatively
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modulates TRPV4 channel activity regardless of its cell membrane location (Aisenberg et al. 2022). But
Hrdl was the first instance where an E3 ligase was shown to form a channel regulated by

autoubiquitination, leading to removal of misfolded substrates from the ER (Vasic et al. 2020).
2.5.2 Current voltage relationship of single Hrd1 and HRD complex

The determination of the reversal potential for a channel that exhibits a selectivity towards a specific
type of ion can be readily approximated by employing the Goldman-Hodgkin-Katz equation (Goldman
1943; Hodgkin and Katz 1949). The study conducted by Vasic et al. 2020 demonstrates the existence
of several reversal potentials during electrophysiological characterization of Hrd1, ranging from 250
mM to 20 mM KCl with a low preference for cations. In this study, a single reversal potential was seen
with high accuracy when going through a voltage range in a salt gradient from 250 mM to 20 mM KCl.
The obtained reversal potential was determined to be Ur,= +7.4 £ 0.08 mV (Figure 2.8A) which
corresponds to a marginal cationic selectivity of P¢* : Po = 1.4. Interestingly the Sec61 translocon in
yeast which imports protein from the cytosol to the ER shows an anion selectivity of -7.6 £ 2.4 mV
and anion selectivity of P : P¢*=1.42 (F. Erdmann et al. 2010). This raises the question of how the
export and import of proteins might change the membrane potential of the ER. It is anticipated that
the resting TM potential of the ER is either neutral or slightly negative, with a negative lumen
compared to the cytosol (Burdakov, Petersen, and Verkhratsky 2005; Lam and Galione 2013). The ER
is also involved in Ca?* signalling which is regulated by various receptors and channels. The prevailing
concept posits that, despite the substantial efflux of calcium from the ER lumen during calcium
release, the membrane potential of the ER remains rather constant. This is attributed to a
simultaneous influx of potassium ions that counterbalances the outward movement of calcium ions
(Klier, Roo, and Miller 2022). Nonetheless, obtaining precise measurements of the membrane
potential of the ER and especially focussing on how it changes during import and export of proteins in

intact cells is a technically challenging task.

The HRD complex on the contrary to Hrd1l shows a very different and diverse range of reversal
potentials, from +12 mV to +55 mV. Normally the reversal potential of a channel for one specific type
of anion in a particular salt gradient is somewhat similar. However, this diversity in reversal potential
and ion selectivities we see in HRD complex can have various explanations. The components of HRD
complex, Hrd1, Hrd3, Derl and Usal are all purified from the yeast membrane as a single complex.
One can expect theoretically that the complex remains intact, but due to the use of harsh detergent
and purification conditions, it might be possible that they disintegrate, leading to different complex

composition or change in membrane stability. Sometimes contaminants or residual detergents in the
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complex from purification or from liposome reconstitution can solubilize the lipid membrane causing

instability.
2.5.3 Gating dynamics of the HRD complex and it’s response to model substrate

To compare gating dynamics of Hrd1 and the HRD complex, electrophysiological characterization of
single Hrd1 was also performed (Figure 2.7). Both ubiquitinated Hrd1 and the HRD holocomplex
channel exhibited a state of inactivity and limited size due to the infrequent occurrence of large gating
events and the conductance states falling within the 50-70 pS range which corresponds to a pore size
of 0.5-0.6 nm (Figure 2.7A, Figure 2.9). The conductance state was reported previously
electrophysiological characterization of single Hrd1 were between 10-50 pS (Vasic et al. 2020). We
observed a different range because the filter cut off was set at 30 pS to calculate the gating events
and filter out the noise which can be calculated as gating events by the automated reconstruction
process implemented in the R-package "stepR" (Hotz et al. 2013). But the main conductance observed
in this thesis for Hrd1 and HRD complex, as well as in the previous results of Hrd1 by Vasic et al. 2020,
remained similar at 50 pS. The observed gating events in the Hrd1 protein exhibited distinct and well-
defined gating characteristics, spanning a range of up to 1000 pS, which corresponds to a maximal
pore size of 3.42 nm (Figure 2.7C). In contrast to single Hrd1, the gating events observed in the HRD
complex were less well defined, with the maximum gating events reaching only 600 pS, corresponding
to a maximal pore size of 2.4 nm (Figure 2.14A, Figure 2.17A and C). If Hrd1 was the sole constituent
responsible for channel formation inside the HRD complex, it could be inferred that the anticipated
pore size remained consistent. However, the gating behaviour underwent alterations, suggesting that
the components of the HRD complex influenced the dynamics of the pore. Single Hrd1 formed a pore
without any other subunits of the HRD complex, as it was found that overexpression of Hrd1 could
compensate for the absence of any other subunit within the HRD complex (Carvalho, Stanley, and

Rapoport 2010).

Next we studied the interaction of the HRD complex with the model substrate CPY*. Vasic et al. 2020
had previously shown that the addition of 100 nm CPY* to the trans side of the bilayer, which
corresponded to the luminal side of the ER and showed flickering in ion currents and increased gating
events. This approach of addition of substrates and antibodies to the translocon in question is not
uncommon in PLB experiments. When substrate interaction was studied by single channel
electrophysiology for mitochondrial protein importer channels Tom40, Tim23 and Tim22, each of the
importers exhibited a response to corresponding substrate presequences at low concentrations

characterized by flickering, whereas at high concentrations, closure of the channel was induced (Hill

111



et al. 1998; Truscott et al. 2001; Kovermann et al. 2002). We had expected that, depending on how
the misfolded substrate CPY* interacted with the HRD complex, it would either block the pore,
resulting in no ion flux, or lead to an expansion of pore size, accompanied by an increase in ion flux
and conductance. The addition of 100 nm CPY* to the trans side of the bilayer, increased the number
of gating events, which led to high-frequency flickering of the channel (Figure 2.15, Figure 2.16).
Overall channel closure was not observed with 100 nm CPY*. Different concentration of CPY* should
be tested in PLB experiments to see how the HRD complex would respond. Another important finding
is that proteins consistently insert in the same direction, as the addition of substrate to only one side
i.e. trans is sufficient to observe the flickering effect caused by substrate-mediated interaction as
observed previously by Vasic et al. 2020. Vasic et al. 2020 also showed that Hrd1 responds to Usp2 by
decreasing the ion flux and ultimately closing the channel. The catalytic core of the Usp2 which consist
of Cys, His, Asp/Asn in sequence, binds to the ubiquitinated Hrd1 and removes the ubiquitin molecule
(Renatus et al. 2006). It was also observed that the cytosolic RING domain always inserted on the cis
side of the bilayer. In our experimental approach we observed the same results: the addition of Usp2
to the cis side of the bilayer led to a decrease in ion flux and decreased the conductance of the HRD

channel (Figure 2.13 and Figure 13).

We saw that the ubiquitinated HRD complex channels exhibit a maximal pore size of around 2.4 nm
but the pore size according to the main conductance state is ~ 0.5 nm. This observation suggests that
the non-stimulated channel (without the substrate) possesses the capacity to expand to bigger pore
sizes. The diameter of an a-helix is 1.2 nm (Sinden 1994) which means that two a-helices can pass
through the HRD complex side by side when the channel is at maximal pore size. In the cell, chaperones
help misfolded proteins to stay in a soluble state, but these misfolded proteins are not in a completely
unfolded state and still retain regions of folded polypeptide. It is now known that Cdc48 unfolds the
misfolded polypeptide once the polypeptide chain moves to the cytosol (Twomey et al. 2019).
Therefore, misfolded substrates might require a much bigger pore size to be accommodated and it is
plausible that substrate binding may lower the energy barrier for this additional expansion. In
agreement with this, the measured maximal conductance states following the addition of CPY* were
found to be higher and within the range of 1200 pS which correspond to a pore size of 3.92 nm, which
is much bigger than the maximal pore size in the absence of CPY*. The continual open state of a
translocon can have detrimental effects on the ER luminal homeostasis due to the potential
movement of ions, which can disrupt the membrane potential. To avoid such leak currents under non-
translocation activity would explain why only substrate addition leads to further expansion of the

pore.
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The pore size of the substrate-activated HRD complex channel correlates with other channels that are
involved in the translocation of folded proteins. Peroxisomes also have the capability to internalize
substantial folded proteins with diameters ranging from 4-9 nm due to the oligomerization of pore
forming components, Pex5 and Pex14 (Walton, Hill, and Subramani 1995; Meinecke et al. 2010b). The
expansion of pore size up to ~4.7 nm in the peroxisomes import mechanism was seen when incubated
with its cargo components, which includes folded proteins containing the PTS2 signal (Montilla-
Martinez et al. 2015). We also found that human PEX5L complexes forms a maximal pore size of 3.3
nm with the substrates (Ghosh et al. 2023). Protein import into chloroplasts by TOC/TIC which are also
known to import folded substrates, forms a maximal pore size of 3—3.5 nm (Ganesan and Theg 2019).
On the contrary, the translocation systems of bacterial Sec and mitochondrial TOM/TIM exhibit a
dependence on unfolded substrates and possess relatively small pores in comparison to the TOC/TIC
translocon (Ganesan et al. 2018). So far, Hrd1 channels have only be activated with CPY*, but it would
be interesting to see how different substrates stimulate the pore size and other characteristics of the
channel. Yeast peroxisomal PTS1 specific pores also expand more in presence of large cargo molecules
(Meinecke et al. 2010b). Similar effects might be observed with single Hrd1 or HRD complex channel
as well. On a different note, a recent discovery has identified a degradation signal called degron, which
plays a crucial role in the identification and degradation of substrates targeted for Hrd1-centric ERAD
and for further degradation by the cytosolic proteasome (Sharninghausen et al. 2023). In future, for
substrate interaction studies, peptides with degrons can be utilized to characterize the channel

properties.
2.5.4 Regulation of protein translocon pores

The regulation of protein translocation pores is governed by a variety of gating mechanisms. One of
the well-known mechanisms is dynamic modulation of the TM segment of the pore providing the
ability to open or enlarge by a conformational shift and/or the assembly of several pore-forming units
(Ganesan and Theg 2019). In Hrdl, the main mechanism of open and closing is regulated by
ubiquitination and deubiquitination respectively, of the cytosolic RING domain (Vasic et al. 2020;
Peterson et al. 2019). One main feature associated with expansion of pore size has been the flexibility
in the TM region. In Hrdl dimeric structure, the cytosolic cavity shows hydrophilic and charged
residues. The residues have a relatively lower density of side chains when compared to those engaged
in helix interactions which suggests that these residues possess a greater degree of flexibility. The
cryo-EM structure does not exhibit a discernible electron density for the RING domain, suggesting
flexibility in this region (Schoebel et al. 2017). The process of dimerization between two Hrdl

molecules is facilitated by the interaction surfaces formed by TM domains 1 and 2 of one Hrd1
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molecule with TM domains 8 and 3 of the other molecule, as well as the interaction between TM
domain 3 of both Hrd1 molecules (Schoebel et al. 2017). The RING domain is located few amino acids
away from TM 8 and the cryo EM structure suggests the involvement of possibly only the RING domain
from one Hrdl molecule for dimerization. Autoubiquitination of the Hrdl molecule on the RING
domain might also induce a conformational change. But structural models described so far don’t
consider the RING domain activity. How Derl’s conformation might play a role in this

retrotranslocation is also mysterious.

One of the initial observations about the enlargement of pores during the process of protein
translocation was made in relation to the ER Sec61 translocon. It was observed that the Sec61
translocon exhibited varying channel widths while in the presence or absence of ribosomes (Hamman
et al. 1997). The TolC protein, which belongs to the type | outer membrane component, is
characterized by its b-barrel transmembrane domains and helical coiled coil periplasmic domains.
These structural features enable TolC to regulate the pore by undergoing twisting motions that result
in its opening and closing, resembling the movement of an iris (Pei et al. 2011). In the above examples,
the flexibility in TM region was the mechanism for expansion of the pore. The Tom40 protein, which
forms a pore in the outer membrane of mitochondria and consists of a 19-stranded beta-barrel
structure, does not seem to undergo expansion due to absence of such flexible regions but it did show
gating (Bausewein et al. 2017; M. P. Schwartz and Matouschek 1999; Hill et al. 1998). There is no
biochemical or structural evidence that suggests that monomeric Hrd1 can form a pore alone. Either
oligomerization of Hrd1 or engagement of Hrd1 with Derl, which are both essential for ERAD-L might

be key to how the ERAD retrotranslocon is regulated. This is further discussed in the section 2.5.6.
2.5.5 Membrane thinning as a mechanism for retrotranslocation

Instability of the bilayer upon addition of ubiquitinated HRD complex posed the main technical
challenge for electrophysiological characterizations. The reason for this might be hidden in the cryo-
EM structures of Hrd1 and Derl which reveal that the lateral gates of Hrd1l and Derl are oriented
towards each other. These proteins interact on the luminal side of the membrane, primarily through
specific amino acid residues located in TM2 of Derl and TM3 of Hrd1. This interaction results in the
formation of two hydrophilic "half-channels" (Wu et al. 2020). The cytosolic side of the region between
these two proteins has a significant depression, characterized by a membrane thickness of around 2.4
nm, which contrasts with the average thickness of approximately 4 nm observed in other regions. The
thinning of the membrane was verified by MD simulations. Additionally, experimental testing

demonstrated that Hrd1, when present alone, is sufficient to produce membrane thinning on the
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cytosolic side, likely due to the presence of hydrophilic residues (Wu et al. 2020). Along the same lines,
it is worth noting that Derl exhibits a cytosolic cavity that is characterized by the presence of many
hydrophilic residues, hence resulting in a region of membrane thinning and mutation of these amino
acids to hydrophobic residues increased membrane thickness and greatly impeded ERAD-L (Wu et al.
2020; Kreutzberger et al. 2019). The presence of these hydrophilic residues is a distinctive
characteristic of active rhomboid proteases, as evidenced by prior structural observations (Y. Wang,
Zhang, and Ha 2006; Z. Wu et al. 2006). This membrane thinning supposedly reduces the energy
barrier for translocation of the hydrophilic substrate peptide which would likely happen on the
interface between translocases and the membrane. Several other translocases are proposed to adopt
the same translocation mechanism. In the bacterial membrane insertase YidC, there are 5 TMs which
form a cytosolic cavity and a lipid-facing aperture. Short helices of TMs 3-5 were shown to cause local
membrane thinning in MD stimulations. The data presented in this study indicate that TM segments
of substrates are able to penetrate the cavity, and furthermore, the region of the membrane that has
been thinned, enhances the translocation of hydrophilic segments to the opposite side of the
membrane. The mitochondrial carrier protein Tim22, responsible for protein insertion into the inner
membrane, is comprised of four TMs. It has a curved surface with pronounced invaginations on both
sides of the inner membrane. However, it does not possess a conventional hydrophilic cavity. Similarly,
to the aforementioned instances, it is seen that the lipid-interacting region of the protein is
considerably shorter than the typical bilayer thickness (Yutong Zhang et al. 2021). Consequently, it is
suggested that the membrane thinning induced by Tim22 aids in the insertion of membrane proteins
(Wu and Rapoport 2021). One of the more well studied examples is the bacterial Eco-MscL channel
which thins the membrane around it but does not lead to spontaneous gating of channels. Membrane
thining made them easier to gate, suggesting it may modulate gating but was not the primary stimulus.
Later it was found to be gated by the lipids in the pore (Perozo et al. 2002; Iscla and Blount 2012; X. C.
Zhang, Liu, and Li 2016; Yixiao Zhang et al. 2021). This indicates that membrane thinning does exists
in different translocon but this factor is not necessarily the transport mechanism in all cases. When
we introduced the ubiquitinated Hrd1/Hrd3/Usal complex, which had been reconstituted in
liposomes, to PLBs, it was seen that fusion occurred; nevertheless, the bilayer promptly underwent
subsequent rupture indicating no channel formation without Der1. The potential source of the bilayer
instability seen during the measurement of the HRD complex could be attributed to the membrane

thinning effect induced by Hrd1 and Derl proteins.
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2.5.6 Unravelling the oligomeric states of Hrd1 and Der1 during

retrotranslocation

The process of oligomerization is believed to play a crucial role in the adaptation of E3 ligase activity
to meet the specific demands of the cell (Balaji and Hoppe 2020; Hu and Fearon 1999; Plechanovova
et al. 2011; Hoppe et al. 2004). Previous studies have also demonstrated the occurrence of
dimerization in cytoplasmic RING-finger and U-box type ubiquitin-ligases (Knipscheer and Sixma 2007).
Nonetheless, certain RING E3 ligases have demonstrated the ability to undergo dimerization or create
oligomers via regions that exhibit different structural characteristics and are physically distant from
the RING domain (Metzger et al. 2014; Fiorentini, Esposito, and Rittinger 2020). The oligomerization
of Hrdl is a necessary process for the degradation of ERAD-L substrates (Carvalho, Stanley, and
Rapoport 2010). The N- and C- terminal domains of the Hrdl are responsible for inducing
oligomerization and binding to Derl, respectively which is facilitated by Usal (Horn et al. 2009;
Thibault and Ng 2012). The oligomeric state of functional Hrd1 in the HRD complex remains elusive.
There are different cryo-EM structures available displaying different oligomeric states of Hrd1 and
Derl during retrotranslocation. The limitation of these structures is that the retrotranslocation
complex, as observed in both the Hrd1 homodimer model (Schoebel et al. 2017) and the Hrd1-Derl
heterodimer model (Wu et al. 2020), does not exhibit the formation of a substrate conducting pore.
Schoebel et al. 2017 showed a dimeric structure of Hrd1-Hrd3 in which Hrd1 exists as a dimer and
forms a cytosolic cavity by its TM3- TM8. The cytosolic cavity within the dimeric Hrd1 structure needs
a significant conformational shift or helix rearrangements for the passage of substrate peptide chains
as this model suggest the cavity is in the closed conformation by TM1 of a neighboring Hrd1. This is
consistent with the in vivo experiments that show that ERAD-L substrate efficiently crosslinks to Hrd1
without Usal, which is necessary for oligomerization (Carvalho, Stanley, and Rapoport 2010). In the
heterodimer model, Hrd1 exist as monomer together with Hrd3, Derl and Usal. The cytosolic cavity
in this model is not restricted by TM domains indicating substrates can pass through but this model
too lacks a typical channel like structure. It shows membrane thinning as the mechanism to reduce

the energy barrier to move the substrate polypeptide chains (Wu et al. 2020).

A recent study which used single-molecule total internal reflection fluorescence (TIRF) approach to
count Hrdl reconstituted into liposomes found that Hrdl assembles in diverse oligomeric
configurations in LUVs, with predominantly monomers and dimers at low protein-to-lipid ratios (Hrd1:
lipid 1:5 and 1:20) and mostly oligomers at high ratios. Even when the ratios were extremely low, the
proportion of dimers to monomers was maintained (Assainar, Ragunathan, and Baldridge 2023). In

the in vitro ubiquitination assay, which was necessary for retrotranslocation, it was shown that dimers
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assembled polyubiquitin chains, while Hrdl monomers could not autoubiquitinate (Assainar,
Ragunathan, and Baldridge 2023). In our experiments we used a 1:5000 Hrd1 protein to lipid ratio
implying that most of our liposomes were either empty or in monomer/dimer configuration. This
might explain the low fusion rate we observed, as only ubiquitinated Hrd1 is supposed to form a water
filled pore. | also propose that Hrd1 might exist in dimers in vitro and retrotranslocate substrates upon
autoubiquitination. In line with this Hrd1 is essential for HRD complex stability, forms a channel only
upon ubiquitination and structural data also support a dimeric state. However, in the cell, Hrd1 is part
of a multi subunit complex and probably forms a pore in conjunction with Derl. This could explain
why our bilayer experiments exhibit ion flux when a ubiquitinated HRD complex is present.
Dimerization or oligomerization can be also linked to pore formation in mitochondrial translocase
Tom40 in cryo EM structure from both yeast and humans (Tucker and Park 2019; Guan et al. 2021).
On the contrary, for other mitochondrial translocase Tim23, it was suggested that it typically exists in
a dimeric form, but it undergoes dissociation upon binding to a presequences, resulting in the
formation of an active monomeric channel or hetero-oligomeric channels with other TIM23 subunits

(Bauer et al. 1996).

The cryo-EM structure of the HRD ligase, demonstrates the presence of only a single Derl molecule
within the complex (Wu et al. 2020). Derl is an essential subunit within the HRD complex, as any
deletions or mutations occurring in the TM region of Der1 hinder the translocation of soluble proteins
across the ER membrane (Knop et al. 1996; Mehnert, Sommer, and Jarosch 2014). According to a study
conducted by Wu et al. 2020, the trajectory of the polypeptide through the membrane encompasses
the luminal and cytosolic compartments of Derl and Hrd1. In another study, it was demonstrated that
the Derl homolog Dfm1, which plays a role in the retrotranslocation of ERAD-M substrates, employs
rhomboid-like signature motifs to facilitate the retrotranslocation of folded luminal domains. Only the
monomeric, but not the oligomeric, form of Dfm1 exhibited retrotranslocation of substrates. It is
worth noting that rhomboid proteases typically operate as monomers but exist as dimers when they
are physiologically inactive (Kreutzberger and Urban 2018). However, structure of human Derlin-1
(human homolog of Der1) adopts a homotetrameric configuration, encircling a tunnel that spans the
ER membrane (B. Rao et al. 2021). The tunnel possesses a diameter ranging from around 1.2 to 1.5
nm, hence exhibiting sufficient size to accommodate the passage of an a helix. The membrane
structure exhibits a lateral gate, which could facilitate the entry of transmembrane proteins into the
tunnel and consequently functions as a protein translocon that enables the retrotranslocation of
misfolded proteins (B. Rao et al. 2021). However, the pore size of 1.2 nm may not be sufficient for the
translocation of folded proteins, although it is likely to expand in the presence of a substrate.

Mammalian Derlin-1 is more similar to Dfm1 than Derl due to presence of a small heterodimer partner
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(SHP) box at the C-terminal which serves as a Cdc48p/ Valosin-containing protein (VCP)—binding motif
(B. Rao et al. 2021). Hence, it is plausible that the translocation process facilitated by Derl exhibits
dissimilarities. Altogether, it can also be suggested that Hrd1 forms a translocation pore together with
Derl and they act as half channels. Moreover, the oligomeric conformation of both Hrd1 and Derl
seems quite crucial for retrotranslocation of misfolded substrates and should be explored further to

elucidate the mechanistic details.
2.5.7 Mechanism of retrotranslocation by HRD complex

Based on the previous in vitro experimental results and structural analyses (Carvalho, Stanley, and
Rapoport 2010; Stein et al. 2014; Vashistha et al. 2016; Wu et al. 2020) and electrophysiological data
of the HRD complex presented in this thesis, as well as considering the observed membrane thinning
effects mediated by Hrdl and Derl (Wu et al. 2020), it is possible to draw conclusions on the
retrotranslocation mechanism. The initial step involves the recognition of a misfolded luminal
substrate to Hrd3, followed by its subsequent binding to Hrd1 within the HRD complex (Figure 2.19A).
Then Hrd1 autoubiquitinates on distinct lysine residues located inside its cytosolic RING domain. The
substrate exhibits binding affinity towards both Hrd1l and Derl, forming a loop structure that is
oriented towards the cytosolic region (Figure 2.19B). The process of autoubiquitination results in the
activation of the translocon, which is accompanied by the presence of a thinned membrane region
that aids in reducing the energy barrier. It is still debatable if membrane thinning and pore formation
are mutually exclusive for retrotranslocation of the substrate. But both the proteins Hrd1 and Derl in
the HRD complex play a role in the process of channel formation and stabilization, hence aiding in the
efficient transit of the substrate as there is no pore formation observed without Derl. Afterwards,
Hrd1 polyubiquitinates the substrate on the cytosolic side of the ER membrane. Polyubiquitination
serves as a molecular modification that designates the substrate for subsequent extraction and
degradation processes. Concurrently, the process of Hrdl autoubiquitination facilitates the
recruitment of the Cdc48 complex to the specific area where substrate retrotranslocation occurs
(Figure 2.19C). The Cdc48 complex utilizes ATP hydrolysis to generate mechanical force, enabling it to
remove the substrate from the ER membrane. This extraction process occurs through the
retrotranslocation channel, wherein the Cdc48 complex unfolds the ubiquitin chains once the
substrate is on the cytosolic side (Twomey et al. 2019). Both Hrd1 and Der1 play a role in stabilizing
the channel throughout the extraction process, thereby facilitating the effective translocation of the
substrate. Following successful extraction, DUB enzymes effectively remove the ubiquitin chains from
both Hrd1 and the substrate (Figure 2.19D). This closes the retrotranslocation channel, resetting the

HRD complex for future rounds of retrotranslocation.
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Figure 2.19 Schematic representation of retrotranslocation by the HRD complex. (A)Recognition of
substrate by Hrd3 (B)Binding of substrate to both Hrdl and Derl in a loop like configuration,
autoubiquitination of Hrd1 and opening of the HRD complex (C)Polyubiquitination of the substrate by
Hrd1 and recruitment of Cdc48 complex (D)Removal of polyubiquitinated substrate by Cdc48 complex,
deubiquitination of Hrd1 RING domain by DUB and closure of the HRD complex.
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