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ABSTRACT

The endoplasmic reticulum (ER) mitochondria-associated membrane (MAM), or the
contact site between the ER and mitochondria, serves a control station for mitochondrial
metabolism. Here, chaperones and enzymes control the Ca®" flux between the two organelles,
thereby altering energy production via mitochondrial oxidative phosphorylation. For example, the
ER-localized thioredoxin-related transmembrane protein 1 (TMXI1) interacts with
sarco/endoplasmic reticulum Ca?" ATPase 2b (SERCA2D) to decrease its activity. This function
means that dysregulation of MAM proteins can easily disrupt energy flux, leading to increased
reactive oxygen species (ROS) production and oxidative stress. In fact, dysfunctional MAMs have
been observed in a variety of diseases, including viral infections. Of interest to us is the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), wherein various SARS-CoV-2 proteins
are known to interact with MAM proteins. In this thesis, we have characterized the interactions
between the SARS-CoV-2 accessory protein ORF7b and MAM proteins. We have found that
ORF7b disrupted interactions between SERCAZ2b and its regulators, calnexin and TMXI.
Concordant with this, we observed a shift in Ca** equilibrium towards the mitochondria, and
consequently, an increase in mitochondrial oxygen consumption and ROS production. ORF7b can

therefore influence mitochondrial metabolism by targeting the MAMs.
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CHAPTER 1: Introduction



1. INTRODUCTION

1.1. Endoplasmic reticulum
1.1.1. Overview

Eukaryotic cells are comprised of membrane-bound organelles which carry out specialized
roles that are necessary for the cell to function. The endoplasmic reticulum (ER) is the largest
organelle within the cell, and is a major site for protein synthesis, folding, and transport; calcium
storage; and lipid and steroid synthesis (Schwarz & Blower, 2016). The ER is a continuous
phospholipid membrane system that consists of the nuclear envelope, which surrounds the nucleus;
and the peripheral ER, which comprises of interconnected tubules and sheets that extend
throughout the cytosol (Voeltz et al., 2002). Although the ER is a single membrane system with a
continuous luminal space, it consists of different domains that arise from the distribution of certain
proteins which perform diverse and specialized functions for the cell. For example, the rough ER
is enriched with ribosomes and signal recognition particle (SRP) receptors (SRs), serving as the
site for protein synthesis. On the other hand, smooth ER, which lacks ribosomes, facilitate the
synthesis of lipid, phospholipids, and steroids (Goetz & Nabi, 2006), whereas transitional ER is
enriched with coat protein complex II proteins which are responsible for packaging proteins for
transport to the Golgi complex and subsequent secretion (Shindiapina & Barlowe, 2010). In
addition, the ER is known to form membrane contacts with other organelles and the plasma
membrane. At these contact sites, various protein complexes work together to carry out specialized
functions, including membrane binding, molecule transfer, and organelle dynamics. In this thesis,
we will explore the mitochondria-associated membrane (MAM), the region of the ER that forms

membrane contacts with the mitochondria.

1.1.2. Protein synthesis

The rough ER serves as a major site for the synthesis of proteins, in particular membrane
proteins and proteins targeted to the secretory pathway (Jan et al., 2014). Within eukaryotic cells,
protein targeting to the ER is often cotranslational. In other words, protein translocation and
insertion into the ER membrane are coupled to protein synthesis. This process requires the binding
of the ribosome-nascent chain complex (RNC) to the cytosolic face of the ER membrane (giving

rise to rough ER) (Mothes et al., 1994). Coupling of protein synthesis with ER membrane targeting



and insertion is important to prevent proteins, particularly hydrophobic membrane proteins, from
premature folding or aggregation within the cytosol.

The synthesis of membrane or secretory proteins begins in the cytosol, where the RNC is
recognized and bound by the SRP via a hydrophobic signal sequence within the N-terminus of the
nascent polypeptide chain (Walter et al., 1981). The mammalian SRP can be divided into two
domains: the S-domain and the Alu-domain. The S-domain of the SRP contains the universally
conserved SRP54 protein, which is responsible for binding the signal sequence, whereas as the
Alu-domain is responsible for pausing translation elongation as soon as the signal sequence
emerges from the ribosome (Akopian et al., 2013). The resulting mRNA/RNC/SRP complex is
then targeted to the ER membrane via the SR (Gilmore et al., 1982; Meyer et al., 1982), which is
an integral membrane protein found on the rough ER (Hortsch & Meyer, 1985). Upon binding of
the SRP to the SR, the nascent polypeptide, at the expense of guanosine triphosphate (GTP), is
transferred to the translocon. The translocon is a multi-protein complex comprised of the central
heterotrimeric Sec61 afy complex, which forms an ER-membrane-spanning pore through which
the emerging polypeptide can enter the ER lumen (Akopian et al., 2013; Johnson & van Waes,
1999; Rapoport, 2007), as well as the translocating chain-associating membrane protein (TRAM),
which is required for the efficient translocation of proteins across the ER membrane (Gorlich et
al., 1992; Krieg et al., 1989).

If the protein is destined for the secretory pathway or the ER lumen, then the protein will
be completely translocated across the ER membrane, during which a signal peptidase cleaves the
signal sequence, permitting the protein to freely enter the ER lumen (Auclair et al., 2012; Evans
et al., 1986). However, if instead the nascent polypeptide is destined to be an integral membrane
protein, which typically contains at least one region of hydrophobic residues within the
polypeptide chain, translocation of the protein across the ER membrane will pause, and the protein

will be laterally shifted across the ER membrane, where it will remain (Heinrich et al., 2000).

1.1.2.1 Integral membrane proteins

Typical proteins that are subject to SRP-dependent cotranslational targeting to ER are
integral membrane proteins. In most cases, these proteins contain one or more non-cleavable,
hydrophobic sequences, also known as signal anchors (Berndt et al., 2009; Mercier et al., 2017),

which make these proteins prone to aggregation in the aqueous environment of the cytosol and



thus require cotranslational insertion into hydrophobic ER membrane. Signal anchor sequences
are positioned internally within the polypeptide chain and serve a dual function. First, signal
anchors can act as the signal for SRP-dependent targeting to the ER. Second, signal anchors act as
transmembrane anchors which keep the protein membrane-bound. Thus, they are generally longer
than cleaved signal sequences, consisting of around 18-25 mostly hydrophobic amino acids, given
that they must span the lipid bilayer (Goder & Spiess, 2001).

Depending on the final topology assumed by the protein, three types of single-spanning
transmembrane proteins can be distinguished. Type I transmembrane proteins are initially targeted
to the ER by a cleavable signal sequence, and then anchored to the membrane by a signal anchor.
In Type II transmembrane proteins, a signal anchor is responsible for both ER membrane targeting
and anchoring. Type II transmembrane proteins induce the translocation of their C-terminal end
across the membrane, assuming a final topology with a luminal C-terminus and a cytosolic N-
terminus. The opposite is the case for Type III transmembrane proteins, which translocate their N-
terminal end across the ER membrane, giving rise to a cytosolic C-terminus and a luminal N-
terminus (Goder & Spiess, 2001). Through cross-linking studies, TRAM was shown to be in
contact with transmembrane segments during translocation and is required for efficient insertion
of proteins in the ER membrane (Do et al., 1996). More recently, the conserved ER membrane
protein complex (EMC) has been found to cooperate with the translocon to ensure accurate
insertion and topology of membrane proteins (Chitwood et al., 2018; O’Keefe et al., 2021).

The most established determinant of orientation and protein topology is the distribution of
charged residues in the extramembrane domains flanking the signal anchor of transmembrane
proteins. Termed as the ‘positive-inside rule,’ this rule postulates that positively charged residues,
such as lysine and arginine, are more likely to be found on the cytoplasmic side of transmembrane
segments. This was first shown for bacterial proteins, where positively charged residues were
found to be statistically more abundant in cytoplasmic loops than in periplasmic loops (von Heijne,
1986; von Heijne, 1989). Although it remains unclear how positively charged residues determine
protein topology, it has been suggested that interactions between positive charges of the protein
with negatively charged lipids on the cytosolic membrane surface could favour the retention of
positively charged extramembrane domains in the cytosol (Bogdanov et al., 2014; van

Klompenburg, 1997).



1.1.3. Protein folding

Within the ER, newly synthesized proteins must undergo proper protein modification and
folding, a process mediated by ER molecular chaperones and folding enzymes. For instance, upon
entering the ER, proteins can be modified by Asn-linked glycosylation (N-glycosylation), which
is a critical step for the folding, stability, and function of glycoproteins (Helenius & Aebi, 2004).
This modification is catalyzed by oligosaccharyltransferase (OST), which transfers preassembled
glycans to Asn on the nascent chain via the consensus acceptor site (Asn-X-Ser/Thr; X being any
amino acid except Pro) (Breuer et al., 2001; Gavel & Heijne, 1990).

Molecular chaperones are proteins that assist other proteins in assuming their native
conformation, but are not part of the final structure (Ellis & van der Vies, 1991). Classical
chaperones, which include the heat shock proteins, are found in almost all cellular organelles and
bind directly to the polypeptide chain of misfolded or aggregation-prone proteins. On the other
hand, carbohydrate-binding chaperones are specific to the ER and involve interactions with glycan
modifications. Calnexin, an ER transmembrane protein, and its soluble homologue, calreticulin,
are two well-established examples (Bergeron et al., 1994; Saito, 1999). These chaperones possess
a carbohydrate-binding domain that binds N-monoglucosylated peptides following the trimming
of their glycan by glucosidases I and II (Ware et al., 1995). Such a function is important for the
stabilization of glycoprotein folding events in order to prevent protein aggregation (Hebert et al.,
1996; Vassilakos et al., 1998), as well as for the retention of non-native glycoproteins in the ER
for proper refolding (Rajagopalan et al., 1994).

In addition to molecular chaperones, the ER is home to folding enzymes which catalyze
oxidation-reduction and isomerization reactions that are essential for protein folding. Importantly,
the protein disulfide isomerase (PDI) family of oxidoreductases facilitates proper protein folding
by catalyzing the formation, isomerization, or reduction of disulfide bonds via their luminal Cys-
X-X-Cys reductase active site, thus conferring structural stability for proteins (Galligan &
Petersen, 2012). Notable members of the PDI family include ERp57, which associates with
unfolded glycoproteins recognized by calnexin and calreticulin to catalyze the formation of
disulfide bonds (Oliver et al., 1997; Zapun et al., 1998); and thioredoxin-related transmembrane
protein 1 (TMX1), which is involved in the quality control of major histocompatibility complex

class 1 molecules (Section 1.3.4.4).



1.1.4. Calcium storage

In addition to facilitating protein synthesis and folding, the ER also serves as a storage site
for calcium (Ca?"). Within the cell, the typical concentration of free Ca>" within the ER ranges
from 100 to 800 uM, whereas intracellular Ca*" concentrations in the cytosol are much lower at
around 100 nM (Berridge et al., 2000; Burdakov et al., 2005). Ca" is a signalling molecule used
to drive a variety of intracellular processes and regulate homeostasis. Most notably, Ca?" is
involved in protein folding and stability. As mentioned previously, the ER is responsible for the
folding and maturation of membrane proteins and secretory proteins. This process is mediated by
ER-resident chaperones, many of which, including calnexin and calreticulin, require Ca’" as a
cofactor for optimal chaperone activity, and are characterized by a high capacity to bind Ca**
(Corbett et al., 1999; Lodish et al., 1992; Michalak et al., 2002; Vassilakos et al., 1998; Ware et
al., 1995). Thus, depletion of Ca** can alter the protein folding process in the ER, resulting in a
condition known as ER stress (Carreras-Sureda et al., 2018). ER stress activates the unfolded
protein response, which is a signaling pathway that activates transcriptional responses aimed to
reduce protein misfolding and restore ER homeostasis (Walter & Ron, 2011). Importantly,
disturbances in ER Ca®" levels have been tied to multiple diseases, including neurological
disorders, cancer, and viral infections (Mekahli et al., 2011; M. Wang & Kaufman, 2016).

In addition to functioning within the ER, Ca*" plays an important role within other
organelles. For instance, Ca** in the mitochondria can promote oxidative phosphorylation or even
cell death (Section 1.2.2). Furthermore, increases in cytosolic Ca®" as a result of ER Ca?" exit may
result in the activation of the nuclear factor of activated T-cells (NFAT) pathway, which is
involved in immune responses against viral infections (Farrow et al., 2011; J. Zhang et al., 2016).
Ca”" achieves this by activating the phosphatase calcineurin, which dephosphorylates and induces
the movement of the cytoplasmic components of NFAT transcription complexes into the nucleus
(Crabtree & Olson, 2002). Thus, in order for Ca**-dependent intracellular signalling pathways to
work, spatial Ca** levels must be tightly controlled. For instance, Ca®" levels in the ER are
maintained in part by the activity of ER-localized chaperones. In addition to directly binding Ca*",
ER chaperones are also known to physically associate with ER Ca?" pumps and channels to
regulate their activities, further influencing the levels of Ca?* within the ER (Section 1.3.4.4).

High ER Ca®" levels are also maintained by ER membrane pumps and channels that

mediate the flux of Ca?" between the ER and the cytosol. For example, sarco/endoplasmic



reticulum Ca** ATPases (SERCAS) are responsible for the refilling of ER Ca?" (Section 1.3.4.2).
SERCAs mediate the hydrolysis of ATP required to actively pump Ca®" against its concentration
gradient into the ER. In contrast, channels like ryanodine receptors and inositol 1,4,5-triphosphate
receptors (IP3R) are responsible for the release of ER Ca®" when cytosolic Ca* levels are low
(Clapham, 2007). However, if ER Ca*" levels are rapidly diminished through IP;R-mediated Ca**
release, a mechanism known as store-operated Ca’' entry is activated (Putney, 1986). Here,
stromal interaction molecule 1 migrates along the ER membrane towards ER-plasma membrane
contact sites, where it binds to Orail on the plasma membrane, forming channels that allow influx
of extracellular Ca** into the ER, restoring ER Ca?" levels (Feske et al., 2006; McNally et al., 2013;
Prakriya et al., 2006; Roos et al., 2005).

In summary, ER Ca®" homeostasis is maintained by a complex network of proteins that
maintain ER Ca?" levels and mediate Ca** release and uptake. Alterations to cellular Ca** balance

can have the potential to disturb ER homeostasis and induce ER stress.

1.2. Mitochondria
1.2.1. Overview

The mitochondrion is a double-membrane-bound organelle that is present in most
eukaryotic cells, and plays a dominant role for the production of energy for the cell. Like the ER,
mitochondria are divided into several domains that carry out specialized roles. For example, the
outer mitochondrial membrane (OMM), which encloses the mitochondria, is enriched with integral
membrane proteins called porins. A prominent type of porin is the voltage-dependent anion
channel (VDAC), which serves as the primary transporter of ions, metabolites, and nucleotides
between the cytosol and mitochondria (Shoshan-Barmatz et al., 2010). The inner mitochondrial
membrane (IMM) houses the components of the electron transport chain (ETC) and ATP synthase,
which are involved in oxidative phosphorylation and ATP generation (Busch, 2020). Furthermore,
the IMM is compartmentalized into dynamic folds called cristae, which expand the surface area of
the IMM, thus increasing the capacity of the mitochondria to produce ATP (Paumard et al., 2002).
The OMM and the IMM are separated by the aqueous intermembrane space, which houses the
machinery for oxidative protein folding (Edwards et al., 2021). Finally, the matrix is the space

enclosed by the IMM, and houses the majority of the total protein content of the mitochondria.



These proteins include the enzymes involved in the breakdown of pyruvate and fatty acids and

enzymes of the tricarboxylic acid (TCA) cycle (Denton, 2009).

1.2.2. Mitochondrial metabolism

A prominent role for mitochondria is the production of energy for the cell. In eukaryotic
cells, the mitochondria serve as the primary location for the production of adenosine triphosphate
(ATP), which is an energy-carrying molecule that is consumed in various processes, including ion
transport, protein phosphorylation, and chemical synthesis (Bertram et al., 2006). ATP production
begins in the cytoplasm, where glucose is converted to pyruvate via glycolysis. Pyruvate then
enters the mitochondria matrix, where it acts as a substrate for the TCA cycle. At this step, Ca**
plays an important role by activating the enzymes of the TCA cycle, including pyruvate
dehydrogenase, oxoglutarate dehydrogenase, and isocitrate dehydrogenase (Denton &
McCormack, 1993; Traaseth et al., 2004). These dehydrogenases mediate the transfer of electrons
from substrates to co-enzymes, including nicotinamide adenine dinucleotide (NAD™) and flavin
adenine dinucleotide (FAD), producing NADH and FADHo». These electron carriers are then fed
into the ETC, where the electrons from NADH and FADH; are transferred to electron acceptors,
such as Oz (Guo et al., 2017). The electron flow along the ETC is coupled with the transfer of
protons from the matrix into the intermembrane space, generating an electrochemical proton
gradient across the IMM. The energy accumulated as a result this proton gradient is then used to
drive the last stage of metabolism, oxidative phosphorylation, wherein the ATP synthase
phosphorylates adenosine diphosphate (ADP) to produce ATP.

The ETC, which is found on the IMM, is comprised of Complexes I-IV and electron
transporters, including cytochrome ¢ (Guo et al., 2017). A key member of the ETC is Complex IV,
also known as cytochrome c oxidase. During the final step of the ETC, Complex IV transfers the
electrons from the ETC to the final electron acceptor, Oz, to generate H.O. However, the transfer
of electrons along the ETC is not 100% efficient. Under physiological conditions, up to 2% of the
electrons that are transferred along the ETC leak out of the ETC and bind to O», generating reactive
oxygen species (ROS) (R. Zhao et al., 2019). ROS are signaling molecules that important for
various cell processes, including cell proliferation and cell fate determination, and are involved in
the modification of different kinds of proteins, including kinases, caspases, and ion channels (de

Giusti et al., 2013). However, excessive ROS levels can lead to a condition of oxidative stress and



be detrimental to the cell. At high levels, ROS can cause lipid peroxidation, DNA damage,

mitochondrial damage, and even apoptosis (Orrenius et al., 2007).

1.2.2.1. Apoptosis

Mitochondria also play a key role in the activation of apoptosis, or programmed cell death.
Apoptosis starts with the permeabilization of the OMM (Crompton, 1999). Various apoptotic
stimuli, such as excessive mitochondrial Ca?" and ROS levels, can induce the opening of the
mitochondrial permeability transition pore (mPTP) (Assaly et al., 2012; Beutner et al., 2017;
Halestrap, 2004; Haworth & Hunter, 1979). The opening of the mPTP results in the loss of the
proton gradient generated by the ETC, resulting in the uncoupling of oxidative phosphorylation.
mPTP opening also allows H>O to enter the mitochondrial matrix, which results in mitochondrial
swelling and subsequent rupturing of the OMM, leading to the release of mitochondrial proteins,
including cytochrome ¢ (Crompton, 1999). In the cytosol, cytochrome c, together with the
apoptosis protease activating factor, activates the caspase cascade, ultimately leading to cell death
(Kinnally et al., 2011; Riedl et al., 2005; J. C. Yang & Cortopassi, 1998; Zou et al., 1999).

Given that the ETC is a major source of ROS and that elevated levels of ROS can be a
trigger for apoptosis, compromised integrity of the ETC can contribute to excessive ROS
production and cell death induction (Hwang et al., 2014). All in all, the proper functioning of the
ETC and enzymes in the mitochondria is crucial to maintaining proper intracellular levels of ATP

and ROS, which ultimately influence cell fate.

1.2.3. Mitochondrial membrane dynamics

Mitochondria are highly dynamic organelles that are modified via cycles of fusion and
fission events. Collectively known as mitochondrial membrane dynamics, these events regulate
mitochondrial morphology in response to cellular conditions. Mitochondrial membrane dynamics
are regulated by a group of dynamin-related GTPases. Mitofusin-1 (Mfn1) and -2 (Mfn2) and optic
atrophy 1 (Opal) proteins make up the machinery for mitochondrial fusion, which comprises of
the fusion of the OMM and fusion of the IMM (Eura, 2003; Olichon et al., 2002). Fusion of the
OMM is regulated by Mfnl and Mfn2, which are inserted in the OMM and form homo- and
heterotypic complexes with each other at the expense of GTP, tethering the OMM of adjacent
mitochondria. On the other hand, fusion of the IMM is regulated by Opal, which is located on the



IMM and forms homotypic oligomeric complexes to connect distinct IMMs. In addition, Opal has
been shown to be required for maintaining cristae structure and mitochondrial activity (Patten et
al., 2014). Altogether, these events lead to the formation of elongated mitochondria, which is
important for the merging of mitochondria fragments, thus promoting the transfer of proteins and
metabolites across the mitochondrial network (Archer, 2013). Consistent with their role in
mitochondria fusion, loss of Mfnl, Mfn2, and Opal can result in abnormal mitochondrial network,
loss of mitochondrial integrity, and increased sensitivity to apoptotic stimuli (Chen et al., 2003;
Cipolat et al., 2004; Han et al., 2020; Y. Yang et al., 2018).

Mitochondria can also break down into smaller fragments through mitochondrial fission,
which is an essential process for clearing damaged parts of mitochondria (Tiku et al., 2020). Here,
the cytosolic GTPase dynamin-related protein 1 (Drpl) plays an important role. Under conditions
of mitochondrial fission, such as oxidative stress (K. Wang et al., 2015) or cell division (Horbay
& Bilyy, 2016), Drpl is recruited from the cytosol to the mitochondria through Drpl receptors
which are enriched on the OMM (R. Liu & Chan, 2015; Osellame et al., 2016). At the OMM, Drpl
forms an oligomeric structure that wraps around the mitochondrial scission site, and, at the expense
of GTP, Drp1 undergoes a conformational change which results in OMM constriction, resulting in
fragmented mitochondria. In line with this function of Drpl, loss of Drpl has been tied to
mitochondrial hyperfusion and compromised cell proliferation (Qian et al., 2012). Altogether, the
regulation of mitochondrial membrane dynamics is important for maintaining normal

mitochondrial network and function.

1.3. Mitochondria-associated membranes
1.3.1. Overview

Despite carrying out independent biological functions, the ER and the mitochondria are not
independent structures. Over the past few decades, research has demonstrated that regions of the
ER are physically connected to the mitochondria, forming junctions known as mitochondria-
associated membranes (MAMs). The existence of this unique ER subdomain was biochemically
demonstrated by J.E. Vance, who described a protocol to isolate ER membranes that co-
fractionated with mitochondria from rat liver (Vance, 1990). In this protocol, crude mitochondria
fractions were subjected to centrifugation on a Percoll gradient, resulting in the isolation of MAMs

from pure mitochondria (Vance, 1990).
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Since its discovery in 1990, MAMs have emerged as a fundamental platform for various
cellular processes, including Ca®" homeostasis, mitochondrial function, immune responses, lipid
synthesis and transport, and autophagy (Giorgi et al., 2015). Such events rely on the exchange of
biomolecules across the ER-mitochondria interface. For this reason, several regulatory proteins
reside in the MAMs to ensure accurate inter-organelle communication between the ER and
mitochondria (Figure 1). In fact, in-depth mass spectrometry analysis has identified more than
1000 proteins that localize to the MAMs (Sala-Vila et al., 2016). This report will explore in detail
the proteins that are involved in the regulation of two important hallmarks of MAM function: Ca?*

homeostasis and mitochondrial metabolism.
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Figure 1. Protein composition of MAMs. The MAM is an important site for various cellular
processes, including Ca** homeostasis, mitochondrial function, and lipid synthesis. The MAM is
a hub for ER chaperones and oxidoreductases, such as calnexin (CNX) and TMX1, which regulate
the activity of Ca*" handling proteins, including SERCA2b and IPs;R. Ca*" transferred to the
mitochondria promotes mitochondrial metabolism by activating the enzymes of the TCA cycle.
Lipid synthesis involves PS synthase-1 (PSS-1) and PSS-2. The integrity of MAMs is maintained
by protein tethers, including Grp75, Mfnl, and Mfn2. For details, read text. Created with
BioRender.com
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1.3.2. Lipid metabolism and transport

By the early 1990s, MAMs have been found to play a role for the synthesis of
phospholipids (Vance, 1990), which are molecules that can form lipid bilayers and therefore are
fundamental components of biological membranes. The role of MAMs in lipid synthesis was
revealed when Vance (1990) described the presence of phospholipid synthetic activity for
phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylcholine in MAM
fractions (Vance, 1990). Since this discovery, subsequent studies have revealed that the machinery
involved in the formation of phospholipids is found at the MAMs, including PS synthase-1 and -
2, which are highly enriched in the MAMs compared to the bulk ER (Stone & Vance, 2000).
Furthermore, it has been found that around 10% of MAM proteins from mouse liver are involved
in the metabolism of lipids, including cholesterol, fatty acids, steroids (Sala-Vila et al., 2016).

MAMs have also emerged as an important site for lipid trafficking. Lipid composition of
membranes varies across different organelles, and this distribution is made possible by intracellular
lipid trafficking mechanisms, wherein lipids are transported from the site of synthesis, typically
ER membranes, to their destination membranes, such as the mitochondria. For example, PE is
highly enriched in the IMM, where it promotes cristae curvature and plays a role for mitochondrial
function and cell survival (Steenbergen et al., 2005; Zborowski et al., 1983). PE is synthesized in
the mitochondria from the decarboxylation of PS (Borkenhagen et al., 1961). However, in order
for this to occur, PS must be imported from the ER, where it is synthesized by PS synthase-1 and
-2 (Stone & Vance, 2000), to the IMM, where PS decarboxylase is located (Zborowski et al.,
1983). Thus, MAMs play a crucial role by forming membrane contacts whereby the ER membrane
and the OMM become closely juxtaposed, thus allowing the import of newly-synthesized PS into
the mitochondria (Voelker, 1993).

In addition to mediating lipid synthesis and transport, MAMs also serve as a site for lipid-
protein interactions that play important roles in executing cellular processes. For example,
ceramides, a type of lipid molecule found within cellular membranes, physically interact with and
anchor sigma-1 receptor (Sig-1R) at the MAMs (Hayashi & Fujimoto, 2010). At the MAMs, Sig-
IR stabilizes IP3R, therefore promoting Ca** flux from the ER to the mitochondria (Hayashi & Su,
2007) (Section 1.3.4.1). In mouse brain, GM 1-ganglioside, a type of glycosphingolipid, was found
to physically associate with phosphorylated IPsR in MAMs and influence Ca**-mediated apoptosis
(Sano et al., 2009).
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1.3.3. Protein tethering

The structure of MAMSs is not constant. Instead, it changes dynamically depending on the
cell status. Under normal conditions, up to 20% of the mitochondria network within HeLa cells
are in close apposition with the ER (Giacomello & Pellegrini, 2016; Rizzuto et al., 1998). Electron
tomography studies have revealed that the width of the gap between the ER and mitochondria is
around 25 nm at the rough ER and 10 nm at the smooth ER (Csordas et al., 2006). Such findings
are consistent with the idea that ER-mitochondria contact sites are maintained by proteins that act
as tethers that bring the two organelles together. For example, Mfn2, which is involved in
mitochondrial fusion, also mediates the coupling of the mitochondria to the ER (de Brito &
Scorrano, 2008; Dorn, 2020). Whereas Mfn1 is found only on the OMM, Mfn2 is inserted in the
both the OMM and ER membrane. Therefore, ER-localized Mfn2 can interact with mitochondria-
localized Mfn2 or Mfn1 to form tethers between the two organelles. Another protein involved in
maintaining MAM integrity is the phosphofurin acidic cluster sorting 2 (PACS-2) protein. PACS-
2 is involved in apoptosis, but is also known to increase ER-mitochondria coupling and
communication (Betz et al., 2013; Simmen et al., 2005).

In addition to the individual MAM protein described above, protein complexes also play
an important part in maintaining ER-mitochondria contact sites. A well-established complex is one
comprised of VDACI, IP3R, and glucose-regulated protein 75 (Grp75) (Szabadkai et al., 2006).
VDACI, an isoform of VDAC, is found on the OMM, whereas IP3R is found on the ER membrane.
At the MAMs, these two channels are bound by the cytosolic chaperone Grp75, forming tethers
between the ER and the mitochondria (Szabadkai et al., 2006). The IP3R/Grp75/VDACI complex
also plays an important role in Ca®" transfer across the ER-mitochondria interface (Section 1.3.4).
Another example is the tether formed by the integral ER membrane protein, vesicle-associated
membrane protein-associated protein B (VAPB), and the OMM protein tyrosine phosphatase
interacting protein-51 (PTPIP51), which also mediates Ca*" transfer from the ER to mitochondria
(de Vos et al., 2012). Notably, perturbations in ER-mitochondria contacts and signaling as a result
of disruptions to VAPB/PTPIP51 tethers have been linked to neurodegenerative diseases
(Paillusson et al., 2017; Stoica et al., 2014, 2016). More recently, the B cell receptor-associated
protein 31 (BAP31) has been shown to interact with translocase of the OMM 40 (TOMMA40) at
the MAMs (Namba, 2019). BAP31 is an ER transmembrane protein that plays an important role

in cell death (Section 1.3.5), whereas TOMMA40 is required for the movement of proteins into the
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mitochondria (M. Yang et al., 2020). Altogether, the integrity of MAMs is maintained by a variety

of proteins that act as bridges between the ER and mitochondria.

1.3.4. Calcium homeostasis

Ca?" is a signaling molecule that acts as a driving force for mitochondrial metabolism. As
mentioned previously, the ER serves as the main store for intracellular Ca?*, and releases Ca>"
through IPsR, which is the ER Ca?" channel enriched at the MAMs (Wieckowski et al., 2009).
Owing to the presence of MAM protein tethers, such as the IP;R/Grp75/VDACI1 complex, the ER
and mitochondria have a spatial relationship with each other that allows Ca*" released from the ER
to be transported into the mitochondria. Ca** enters the mitochondria matrix via VDAC1 on the
OMM and the mitochondrial calcium uniporter (MCU) on the IMM. Although Ca** can freely pass
through VDAC1, MCU has a weak affinity for Ca?* (Romero-Garcia & Prado-Garcia, 2019; N.
Wang et al., 2021). Thus, the physical contacts formed by IP3;R/Grp75/VDAC1 complex is
important to overcome the low affinity of MCU for Ca**, increasing the efficiency of Ca®" entry
into the mitochondria.

In the matrix, Ca®" can play a variety of roles. As mentioned previously, Ca>" activates the
enzymes of the TCA cycle. The TCA cycle provides the needed substrates for the ETC, thus
promoting the production of ATP. Therefore, if the concentration of Ca** within the mitochondria
is too low, this can lead to cellular energy metabolic disorders. On the other hand, excessive
mitochondrial Ca®" can lead to the permeabilization of mitochondrial membranes and subsequent
cell death (Section 1.2.2.1). In addition, mitochondrial Ca** can bind to cardiolipin on the IMM to
promote the disintegration of Complex II of the ETC. This can lead to increased ROS production,
which is a trigger for apoptosis (Hwang et al., 2014). Overall, Ca>" can promote mitochondrial
metabolism but also induce cell death. Ultimately, which event occurs depends on the flux of Ca**

from the ER into the mitochondria, highlighting the importance of MAM:s for cell fate.

1.3.4.1. Control of Ca*" flux by MAM regulatory proteins

In addition to the Ca** channels described above, MAMs are enriched with regulatory
proteins that are involved in maintaining ER-mitochondrial Ca®* flux. These include proteins that
regulate the activity of IPsR. For example, the mammalian target of rapamycin complex 2 can

accumulate in MAMs in response to various growth factors and phosphorylate protein kinase B
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(PKB), elevating its activity. Activated PKB then phosphorylates IP;R, inhibiting its activity,
decreasing ER Ca®" release, and preventing mitochondrial Ca** overload (Betz et al., 2013; Szado
et al., 2008). In contrast, the tumor suppressor promyelocytic leukemia protein can antagonize the
activity of PKB by elevating the activity of protein phosphatase 2A, thus promoting Ca** transfer
to the mitochondria and enhancing the sensitivity of cells to apoptotic cues (Giorgi et al., 2010).
Another example is ER oxidoreductase 1o (Erola), which is able to activate IPsR-mediated Ca**
release from the ER, through oxidation of IP3R or binding to the IP3R inhibitor ER oxidoreductase
ERp44, thus promoting Ca** flux towards the mitochondria (Anelli et al., 2012; Gilady et al.,
2010).

Additionally, Sig-1R, which is an ER transmembrane chaperone, stabilizes IP3R to
maintain Ca®" transfer towards the mitochondria (Hayashi & Su, 2007). Upon conditions of
mitochondrial stress, Sig-1R binds to IP3R, thus reducing the degradation of IP;R and promoting
mitochondrial Ca®" uptake (Hayashi & Su, 2007). Accordingly, upon deletion of Sig-1R,
mitochondrial ATP production decreases (Pal et al., 2012). Finally, anti-apoptotic membranes of
the B-cell lymphoma 2 (Bcl-2) family of proteins, including Bcl-2 and Bcl-XL, can directly bind
to IPsR and inhibit its activity; they can also bind to VDAC]1 to decrease Ca’’ transfer to the
mitochondria, preventing Ca** overload and apoptosis (Arbel & Shoshan-Barmatz, 2010; Monaco

et al., 2012).

1.3.4.2. Sarco/endoplasmic reticulum Ca*>" ATPase

The sarco/endoplasmic reticulum Ca?>" ATPase (SERCA) is a P-type ATPase found in the
sarcoplasmic reticulum within cardiac and skeletal muscle and in the ER within other cell types.
P-type ATPases are integral membrane pumps that perform the transport of various ions and lipids
across cellular membranes, coupled with the hydrolysis of ATP to ADP (Olesen et al., 2007;
Palmgren & Nissen, 2011). According to the Post-Albers model, P-type ATPases convert between
two conformations: an E1 state and an E2 state. In E1, the ion-binding site of the pump faces one
side of the membrane and has high affinity for the primary metal ion, whereas in E2, the ion-
binding site faces the other side of the membrane and has low affinity for the ion (X. C. Zhang &
Zhang, 2019). In the case of SERCA, two Ca*" ions are transported from the cytosol to the S/ER

lumen, coupled with the transport of three protons from the S/ER lumen to the cytosol and the
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hydrolysis of ATP (Meis & Vianna, 1979; Periasamy & Kalyanasundaram, 2007; Toyoshima et
al., 2000).

The SERCA family is comprised of three genes: SERCA1, SERCA2, and SERCA3, which
encode for different isoforms that arise from splicing variations (Wuytack et al., 2002). Notably,
the SERCAZ2 gene encodes for the cardiac-specific and ubiquitous isoforms of SERCA: SERCA?2a,
which is restricted to cardiac, skeletal, and smooth muscles; and SERCA2b, which is the
ubiquitous isoform expressed in all cell types (Lytton et al., 1989, 1992; Vangheluwe et al., 2005).
Generally speaking, SERCA isoforms are highly conserved and share a similar structure, which
consists of transmembrane domain, composed of 10 transmembrane helices, and three cytoplasmic
domains: the nucleotide binding domain, the actuator domain, and the phosphorylation domain

(Toyoshima et al., 2000). However, an exception to this is the SERCA2b isoform, which contains

lth lth

an 11" transmembrane helix that creates a luminal C-terminus for SERCA2b. Owing to this 1
transmembrane helix, SERCA2b has been found to have a higher affinity for Ca** and sensitivity
to the ER environment compared to other SERCA isoforms (Gorski et al., 2012; Vandecaetsbeek

et al., 2009).

1.3.4.3. Regulation of SERCA by phospholamban

Historically, phospholamban (PLN) has been identified as a regulator of SERCA activity.
PLN is a 52-amino acid integral membrane protein expressed in cardiac muscle and slow-twitch
skeletal muscles, where it acts as an inhibitor of SERCA to modulate Ca**-dependent contractility
(Luo et al., 1994; MacLennan & Kranias, 2003; Santana et al., 1997; Simmerman et al., 1986).
The inhibition of SERCA activity by PLN is allosteric in nature, with the inhibitory transmembrane
region of PLN located at a binding site distinct from the putative Ca** entry site and ATP binding
site of SERCA (Akin et al., 2013). Furthermore, SERCA inhibition by PLN is a dynamic event,
and depends in part on the phosphorylation state of PLN, with unphosphorylated PLN being the
active form. For example, under -adrenergic stimulation, which represents the ‘flight-or-fight’
reaction and is associated with increased cardiac output, cyclic AMP-dependent protein kinase A
phosphorylates Ser-16 on the cytosolic N-terminus region of PLN. This inactivates PLN and
reverses the inhibition of SERCA, leading to augmented cardiac contractility (Kranias & Solaro,

1982; Kuschel et al., 1999). Given that PLN is predominantly expressed in cardiac and smooth
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muscle, its main target is the SERCA2a isoform. However, PLN is also known to inhibit other

isoforms of SERCA, including SERCA2b (Verboomen et al., 1992).

1.3.4.4. Redox regulation of SERCA2b

Over the last few decades, our understanding of the mechanisms behind SERCA regulation
have expanded. In particular, the activity of ubiquitously expressed isoform SERCA2b has been
shown to highly depend on its redox state. More specifically, the activity is SERCAZ2b is negatively
regulated by the oxidation of two cysteines in the luminal Loop 4 of SERCAZ2b. In the resting state
of SERCA2b, under the high ER Ca*" levels, calreticulin interacts with the luminal C-terminal
sequence of SERCA2b, which contains a consensus site for N-linked glycosylation that has been
shown to be required for its interaction with calreticulin (Gunteski-Hamblin et al., 1988; John et
al., 1998). Calreticulin recruits the ER oxidoreductase ERp57 to Loop 4 of SERCA2b to mediate
the formation of disulfide bonds, reducing the activity of SERCA2b (Camacho & Lechleiter, 1995;
Y. Li & Camacho, 2004). On the other hand, when ER Ca®" levels go below 50 uM, ERp57
dissociates from SERCA2b, restoring the function of SERCA2b (Y. Li & Camacho, 2004).
Furthermore, various studies on cardiac muscle have reported that prooxidative modification of
SERCA on a cytosolic cysteine contributes to decreased SERCA activity, thus impairing cardiac
muscle relaxation (Knyushko et al., 2005; Qin et al., 2013; Thompson et al., 2014).

As the main pump responsible for refilling of Ca®* in the ER, SERCA2b can also aggregate
in the MAMs (Ellgaard et al., 2018; Lynes et al., 2013). Therefore, it is no surprise that various
proteins that localize in the MAMs can regulate the redox state of SERCA2b and affect the uptake
of Ca?" into the ER, thereby influencing transfer of Ca** across the ER-mitochondria interface and
mitochondrial activity. For example, when incorporated in the MAMs, the cytosolic tumor
suppressor protein pS3 can decrease the oxidation of SERCA2b, thus promoting its activity and
increasing ER Ca?" levels. As a result, the flux of Ca** from the ER to the mitochondria increases,
promoting apoptosis (Giorgi et al., 2015). Additionally, upon low ER Ca?" levels, the ER reductase
ERdj5 can reduce luminal disulfide-bonded cysteines of SERCA2b, thus activating SERCA2b and
promoting import of Ca** into the ER (Ushioda et al., 2016).

In contrast, members of the PDI family have been implicated in the oxidation and
inactivation of SERCA2b. As ER-resident oxidoreductases, PDI members facilitate proper protein

folding by catalyzing the formation or breakage of disulfide bonds. A well-established member is
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the TMXI1 (Matsuo et al.,, 2001), which is involved in the quality control of major
histocompatibility complex class 1 molecules and clearance of folding-defective peptides within
the ER (Guerra et al., 2018; Matsuo et al., 2009). TMXI1 is a Type I transmembrane protein that
localizes to the ER membrane and interacts preferentially with transmembrane polypeptides
(Guerra et al., 2018; Matsuo et al., 2004; Pisoni et al., 2015). Furthermore, the cytosolic domain
of TMX1 contains a palmitoylation motif necessary for its targeting to the MAMSs (Lynes et al.,
2012). Atthe MAMs, TMX1 promotes the oxidation of SERCA2b cysteines to decrease SERCA2b
activity and import of Ca?" into the ER, thus directing Ca*" flux towards the mitochondria (Raturi
et al., 2016). Although SERCA2b activity is typically associated with mitochondrial activity, as
demonstrated by the increase in oxidative phosphorylation upon inhibition of the SERCA2b
inhibitor Bcl-2 (Dremina et al., 2004; Lagadinou et al., 2013), this is not always the case. For
example, depletion of TMX1 can lead to active SERCA2b and increased retention of Ca®" within
the ER, thus reducing the transfer of Ca®" from the ER to the mitochondria and limiting
mitochondrial metabolism (Raturi et al., 2016; X. Zhang et al., 2019). Furthermore, cells lacking
TMX1 show a lower degree of tight associations between the ER and mitochondria (Raturi et al.,
2016), which is a factor for Ca** flux between the ER and mitochondria (Csordas et al., 2006).
Another well-established example of SERCA2b redox regulation is one that involves the
ER Ca**-binding chaperone calnexin. Calnexin is a Type I transmembrane protein (Bergeron et
al., 1994; Michalak et al., 1992; Wada et al., 1991) which assists in glycoprotein folding and
quality control. Calnexin performs this function by colocalizing with the translocon (Lakkaraju et
al., 2012) and binding to newly synthesized, monoglucosylated, N-linked glycoproteins. However,
a significant portion of calnexin also targets the MAMs in a palmitoylation-dependent manner
(Lynes et al., 2012, 2013). At the MAMSs, calnexin interacts with the C-terminus of SERCA2b
(Lynes et al., 2013; Roderick et al., 2000) and maintains the redox state of SERCAZ2b, thus
stimulating its activity and promoting oxidative phosphorylation. Notably, it has been found that
the effect of TMX1 on SERCA2b was partially antagonized by calnexin (Raturi et al., 2016). Upon
depletion of calnexin, SERCA2b activity is reduced, resulting in decreased levels of ER Ca?*, less

Ca?" transfer to the mitochondria, and limited mitochondrial metabolism (Gutiérrez et al., 2020).
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1.3.5. Cell death

Given the prominent role of MAMs in maintaining cell homeostasis, it is no surprise that
MAMs can also have a role for cell death events. Death signals mediated by MAMs include the
transfer of Ca?" between the ER and mitochondria. For instance, excess transfer of Ca’" to the
mitochondria can lead to oxidative stress and induce the opening of mPTPs, leading to the swelling
of the matrix and subsequent apoptosis (Kinnally et al., 2011).

MAM-mediated death signals also involve protein-protein interactions and translocation
of proteins. For example, the MAM-localized mitochondrial fission 1 protein (Fisl)/BAP31
complex plays an important role in transmitting apoptotic signals between the ER and
mitochondria (N. Wang et al., 2021). Under non-stressed conditions, BAP31 is bound to calnexin.
However, during apoptosis induction or cell stress, calnexin dissociates from BAP31 and moves
away from the MAMs (Delom et al., 2007; Lynes et al., 2013), allowing BAP31 to increase its
interaction with Fisl. Fisl then cleaves BAP31 into p20-BAP31, which can initiate downstream
signaling pathways that induce apoptosis, including the activation of caspases and the promotion

of Ca?" transfer from the ER to the mitochondria (Iwasawa et al., 2011; N. Wang et al., 2021).

1.3.6. Antiviral signalling

In addition to their roles in Ca** signalling and regulation of mitochondrial activity, MAMs
have emerged as an important site for immune-viral responses (Figure 2). An important player for
the MAM-mediated antiviral response is the mitochondrial antiviral signalling protein (MAVS),
which localizes on the OMM at ER-mitochondria contact sites (Horner et al., 2011). Upon
infection by RNA viruses, viral RNA is recognized by the cytosolic pathogen recognition receptor
retinoic acid-inducible gene I (RIG-I) protein. RIG-I is then targeted to the MAMSs where it binds
MAVS (Horner et al., 2011). This interaction activates the downstream antiviral signalling
pathways, resulting in the production and subsequent release of proinflammatory cytokines, such
as interferon-I (IFN-I) and IFN-III, from infected tissue (Bender et al., 2015; Seth et al., 2005). In
addition, the MAM-enriched stimulator of interferon genes (STING) can bind MAVS upon viral
infection, thus increasing the response against viral infections (Ishikawa & Barber, 2008; Smith,
2021).

Given the prominent role of MAMs in regulating various cell processes, including antiviral

responses, it is not surprising that numerous viral proteins target this structure. In fact, disruption
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of contacts between the ER and mitochondria is a common strategy for many viruses during
infection. One well-characterized example is the human cytomegalovirus (HCMV) viral
mitochondria-localized inhibitor of apoptosis (VMIA) protein. While vMIA is initially synthesized
at the ER, it eventually retargets to the MAMs, where it can interact with Sig-1R, thus destabilizing
IPsR and influencing Ca** transfer (Bozidis et al., 2010; Missiroli et al., 2018; Williamson et al.,
2011; Williamson & Colberg-Poley, 2010). Furthermore, vMIA affects mitochondrial morphology
by promoting mitochondrial fragmentation during viral infection (Kaarbg et al., 2011; McCormick
et al., 2003). As a result, the number of MAMs is reduced, thereby decreasing the interaction
between MAVS and STING and limiting the downstream antiviral signaling against HCMV. Other
examples are the hepatitis C virus (HCV) nonstructural proteins 3 (NS3) and 4A (NS4A), which
are known to cleave MAVS, leading to the suppression of antiviral responses (Bender et al., 2015;
Horner et al., 2012). The human immunodeficiency virus 1 (HIV-1) viral protein R (Vpr) targets
the MAMs and can have a strong cytotoxic effect on host cells. Vpr inserts into the membranes of
the ER, OMM, and MAMs via a C-terminal transmembrane segment, and can disrupt the
mitochondrial membrane potential (AWwm) and induce apoptosis (Huang et al., 2012). Additionally,
it has been found that Vpr interacts with Drpl and Mfn2. As a consequence of these interactions,
Drpl and Mfn2 are downregulated via a ubiquitin ligase complex, resulting in mitochondrial
fragmentation (Huang et al., 2012).

Taken together, these studies highlight the important role of MAMs for antiviral responses,
and how viral proteins target this structure and induce MAM dysfunction for their own benefit. In
this thesis, we will explore the severe acute respiratory syndrome coronavirus 2, and its implication

for MAM dysregulation.
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Apoptosis

Figure 2. Antiviral signaling at the MAMs. Upon viral infection, RIG-1 binds to MAVS to
promote IFN production. STING can also bind to MAVS at the MAMs to increase response against
viral infections. HCV proteins NS3 and NS4A can cleave MAVS, leading to the suppression of
antiviral responses. The HCMV protein vMIA targets the MAMs, where it interacts with Sig-1R,
thus destabilizing IPsR. HIV-1 Vpr targets the MAMs and interacts with and downregulates Mfn2,
compromising mitochondrial integrity. SARS-CoV-2 ORF3a has been associated with the
activation of proinflammatory responses and increased ROS production. For details, read text.
Created with BioRender.com
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1.4. Severe acute respiratory syndrome coronavirus 2
1.4.1. Overview

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible
for the coronavirus disease 2019 (COVID-19) within humans and other mammals (F. Wu et al.,
2020). In order to infect host cells, SARS-CoV-2 requires the angiotensin-converting enzyme 2
receptor, which is highly expressed on the surface of many cell types, including capillary rich
organs such as the lungs and kidneys, as well as the gut and the brain (Samavati & Uhal, 2020).
Thus, SARS-CoV-2 can infect a wide variety of cell types, which means that COVID-19 infections
can manifest in a variety of symptoms associated with different parts of the body, including
systemic inflammation, which is characterized by elevated levels of pro-inflammatory cytokines
in the blood (Buicu et al., 2021; Rodrigues et al., 2020).

Another hallmark of SARS-CoV-2 infections is mitochondrial dysfunction (Ajaz et al.,
2021; Pliss et al., 2022). Given that mitochondria play an important role for cell survival and
immune-viral responses, viruses are known to modulate mitochondrial function within host cells
to their own benefit. SARS-CoV-2 is no exception; for instance, numerous studies have reported
that that SARS-CoV-2 causes mitochondrial membrane depolarization, mPTP opening, and
increased ROS production, thus contributing to mitochondrial damage and host cell death

(Ramachandran et al., 2022; Shang et al., 2022).

1.4.2. Genomic structure

As a betacoronavirus, the SARS-CoV-2 virion contains positive-sense, single-stranded
RNA (Cao et al., 2021). As one of the largest viral RNA genomes (around 30 kilobases), the
SARS-CoV-2 genome encodes for 29 different proteins. Among these encoding proteins are the
highly conserved structural proteins: spike (S), nucleocapsid (N), membrane (M), and envelope
(E) proteins; and nonstructural proteins (NSP1-16). These proteins are necessary for entry and
replication of the virus within the host cells: structural proteins make up the coronavirus virion and
are key factors for infection of host cells, whereas nonstructural proteins are generated post-
infection from an auto-proteolytic process and are necessary for replication and viral assembly
processes (Naqvi et al., 2020).

In addition to the structural and nonstructural proteins, the SARS-CoV-2 genome also

encodes for nine accessory proteins (Redondo et al., 2021). Generally, coronavirus accessory
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proteins are dispensable for virus infiltration and replication. Unlike with structural and
nonstructural proteins, accessory proteins display high variability across coronavirus members.
Thus, the function of accessory proteins, especially that of newly emerged viruses, are not
completely understood (V’kovski et al., 2021). However, research on SARS-CoV-2 has indicated
that several accessory proteins encoded by the virus modulate host cellular processes and
contribute to the virulence and pathogenesis of SARS-CoV-2. For example, the SARS-CoV-2
open reading frame 8 protein (ORFS8) is known to mediate the downregulation of major
histocompatibility complex class I molecules, thereby making SARS-CoV-2-infected cells less
prone to lysis by T lymphocytes (Y. Zhang et al., 2021). In this thesis, we will explore a lesser
understood SARS-CoV-2 accessory protein, ORF7b.

1.5. The SARS-CoV-2 accessory protein ORF7b
1.5.1. Overview

One of the accessory proteins encoded by the SARS-CoV-2 genome is ORF7b. ORF7b is
a small protein composed of 43 amino acids, and shares around 85% identity and 97% sequence
similarity with its SARS-CoV homolog (Redondo et al., 2021; Yoshimoto, 2020). The SARS-CoV
homolog of ORF7b has been previously reported to be an integral membrane protein with a
cytoplasmic C-terminus, suggesting that ORF7b is most likely a Type III transmembrane protein.
(D. X. Liu et al., 2014; Schaecher et al., 2007). The putative transmembrane domain of ORF7b is
necessary for the retention of this protein in the Golgi complex within infected cells (Schaecher et
al., 2007, 2008). Additionally, ORF7b has been reported to be present in purified SARS-CoV
virions, but are not necessary for viral replication (Pekosz et al., 2006; Schaecher et al., 2007).
However, no subsequent studies have been conducted to further explore the functional properties
of ORF7b.

As with its SARS-CoV homolog, the function of the SARS-CoV-2 ORF7b is largely
unknown, but a recent study has shown that ORF7b activates the IFN signaling pathway and
promotes expression of inflammatory cytokines, including IFN-f, interleukin (IL)-6, and tumor
necrosis factor-a (TNF-a), thereby inducing cell death (R. Yang et al., 2021). Furthermore, SARS-
CoV-2 viruses lacking the ORF7b gene produced smaller viral plaques compared to the wildtype
virus in vitro (Silvas et al., 2021). This finding suggests that ORF7b may play a role for the

virulence and viral fitness of SARS-CoV-2, albeit having a minor impact on the pathology and
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disease outcomes of COVID-19, following studies on patients and animal models (Mazur-

Panasiuk et al., 2021; Silvas et al., 2021).

1.5.2. ORF7b targets the ER and interacts with MAM proteins

Within the last two years, microscopy imaging experiments have been conducted to assess
the localization and targeting sites of SARS-CoV-2 accessory proteins within cell models (Lee et
al., 2020; Samavarchi-Tehrani et al., 2020). Confocal imaging of HEK 293 cells revealed that
ORF7b showed organelle-specific localization patterns, as opposed to whole-cell expression
patterns, suggesting that ORF7b interacts with host cell proteins of specific organelles (Lee et al.,
2020). Additionally, immunofluorescence microscopy studies conducted by Samavarchi-Tehrani
et al. (2020) revealed that ORF7b targeted the ER and Golgi complex specifically. Other SARS-
CoV-2 proteins that exhibit a similar targeting pattern include S, M, ORF3a, and ORF6
(Samavarchi-Tehrani et al., 2020).

In addition, multiple viral protein-host protein interaction screens for SARS-CoV-2 have
been conducted (Gordon et al., 2020; Lee et al., 2020; J. Li et al., 2021; Samavarchi-Tehrani et al.,
2020; Stukalov et al., 2021; Y. Zhou et al., 2022). Through assays such as co-immunoprecipitation,
mass spectrometry, and proximity labelling, these studies have revealed the host protein
interactomes of SARS-CoV-2 proteins, including ORF7b. Interestingly, in addition to targeting
the ER, ORF7b was found to interact with various MAM proteins, including Mfn2, MAVS,
calnexin, and TMX1 (Stukalov et al., 2021). (A comprehensive list of the host cell interactome of
ORF7b can be found on covidl9interactome.org.) Given that MAMs play a major role in the
regulation of mitochondrial function, we hypothesized that SARS-CoV-2 could disrupt
mitochondrial metabolism by way of MAM protein interactions. So, to provide insight into the
mechanisms that tie SARS-CoV-2 infections to mitochondrial dysregulation, my project aims to
characterize ORF7b in the context of MAMs.

As mentioned earlier, the targeting of MAMs by viral proteins is not an uncommon
phenomenon. Within the SARS-CoV-2 virus, a well-studied example is the accessory protein
ORF3a. Like ORF7b, ORF3a is a transmembrane protein and forms a viroporin (Section 1.5.3)
(Toft-Bertelsen et al., 2021; J. Zhang, Ejikemeuwa, et al., 2022). One study showed that the
interacting proteins of the SARS-CoV-2 ORF3a interactome overlapped with the MAM proteome

(Lee et al., 2020). Furthermore, a considerable change in the proteomic composition of the MAMs
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occurred upon expression of ORF3a, implying that ORF3a influences ER-mitochondria contact
sites (Lee et al., 2020). Although the mechanism behind these changes to MAM composition
remains to be investigated, expression of ORF3a has been associated with the induction of cell
death that is concurrent with the activation of proinflammatory responses and increased cellular

oxidative stress (J. Zhang, Li, et al., 2022).

1.5.3. ORF'7b forms a viroporin

A recent virus-host interactome found that ORF7b displayed self-association, suggesting
that its oligomeric form may carry out important roles for SARS-CoV-2 infections (J. Li et al.,
2021). Following this, another study identified ORF7b as one of the four SARS-CoV-2 genome-
encoded viroporins (Toft-Berthelsen et al., 2021). Viroporins are small proteins that are encoded
by a variety of viral genomes and target host cellular membranes (Nieva et al., 2012). Typically,
viroporins contain at least one region capable of forming a transmembrane helix, and can assemble
into oligomers within membranes, forming pores that alter membrane permeability and integrity
(Gonzalez & Carrasco, 2003). While viroporins are generally not necessary for viral replication,
they are known to participate in the assembly and release of virions from infected cells via host
cell membrane remodeling. In fact, deletion of viroporin-encoding genes from the viral genome
can significantly reduce the efficiency of viral propagation, highlighting the beneficial role of
viroporins for viral infections (Gonzalez & Carrasco, 2003).

Another important aspect of viroporins is its ion channel function. For instance, viroporins
have been in implicated in the regulation of intracellular Ca®" levels during viral infection.
Increases in intracellular Ca*, resulting from the entry of extracellular Ca** into the cell or Ca**
leakage from intracellular stores, such as the ER, have been observed upon expression of various
viroporins, including the rotavirus NSP4 (Hyser et al., 2010; Hyser & Estes, 2015) and
picornavirus 2B viroporins (Ito et al., 2012; Triantafilou et al., 2013). As described earlier,
perturbations in Ca®" homeostasis can have consequences to cell fate. In fact, Ca’*-induced
apoptosis is an event that has been observed when viral proteins, including viroporins, are
expressed in cells (Madan et al., 2008).

Given that viroporins play a role in viral propagation and cellular homeostasis, they have
been desirable targets for the development of antiviral drugs. Many chemical compounds have

been identified to disrupt the function of various viroporins. For example, amantadine is an
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antagonist of the influenza A M2 viroporin, and prevents the release of the viral genetic material
into the host cytoplasm, thereby inhibiting viral production (Watkins et al., 2020). In the case of
ORF7b, a recent study has shown that its ion channel activity was blocked by emodin and xanthene

(Toft-Bertelsen et al., 2021).

1.5.4. ORF7b resembles PLN

In line with the finding that ORF7b forms a viroporin, it has been recently suggested that
ORF7b can assemble into a pentameric channel stabilized by leucine interactions, given that the
predicted transmembrane region of ORF7b is enriched with evenly spaced leucine residues that
resemble a leucine zipper motif (Fogeron et al., 2021; Nikolaev & Pervushin, 2009). Interestingly,
this leucine zipper motif has also been identified in other regulatory proteins, including PLN (A.
Y. Liu et al., 2022). This leucine zipper motif stabilizes the PLN homopentamer, which is the
inactive form of PLN (Chu et al., 1998; Cornea et al., 1997; Simmerman et al., 1996). In light of
the structure of ORF7b, it has been proposed that ORF7b could interfere with the function of PLN
by interacting with PLN via the leucine zipper motif, thus disrupting SERCA regulation and Ca**
transport (Fogeron et al., 2021). Given that intracellular Ca>" plays a critical role for contractility
of cardiac muscle, dysregulation of PLN could lead to heart arrhythmias (Verstraelen et al., 2021).
In fact, heart arrhythmias are a common symptom of SARS-CoV-2 infections, thus highlighting
the potential role of ORF7b in interfering with Ca** homeostasis in cardiac muscle. However, this

has yet to be experimentally demonstrated.

1.6. Goals of this thesis

Given that the role of the SARS-CoV-2 accessory protein ORF7b has not yet been well
elucidated, the goal of this thesis is to further our understanding of ORF7b. Since MAMs play a
significant role in the regulation of mitochondrial metabolism, we aim to evaluate whether the
MAM protein interactions of ORF7b have an effect on mitochondrial metabolism.
Characterization of the potential effect of ORF7b on mitochondrial metabolism can provide insight
on SARS-COV-2 infections and the mechanisms by which SARS-CoV-2 modulates mitochondrial

functions.
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2. MATERIALS AND METHODS

2.1. Materials and reagents

Table 1. Chemicals and reagents

Chemical/reagent Source
Acrylamide 30% Bio-Rad
Ammonium persulfate (APS) Bio-Rad
B-mercaptoethanol BioShop
Bovine serum albumin (BSA) Sigma
Bromophenol Blue Bio-Rad
CHAPS Sigma
Deoxycholic acid Sigma
Dimethyl sulfoxide (DMSO) Caledon
Egtazic acid (EGTA) Sigma
Ethanol Commercial Alcohols
Ethylenediaminetetraacetic acid (EDTA) Sigma
Glycine Thermo Fisher Scientific
HEPES Sigma
Isopropanol Thermo Fisher Scientific
Magnesium chloride Thermo Fisher Scientific
Methanol Fisher Chemicals
NP-40 Calbiochem
Saponin Sigma
Skim milk powder Carnation
Sodium bicarbonate (NaHCO3) EMD
Sodium carbonate (Na>CQO3) EMD
Sodium chloride (NaCl) Thermo Fisher Scientific
Sodium dodecyl sulphate (SDS) JT Baker
Sucrose EMD
Tetramethyl ethylenediamine (TEMED) EMD
Tris Invitrogen
Triton X-100 Sigma
Table 2. Primary antibodies
Antibody Source Reference Host Clonality | Working | Application
dilution
AMPK Millipore 07-181 Rb Polyclonal 1:1000 WB
p-AMPK | Millipore 07-681 Rb Polyclonal 1:1000 WB
Biotin Sigma B3640 Gt Polyclonal 1:1000 WB
Calnexin BD 610523 Ms Monoclonal 1:2000 WB
Biosciences
Drpl Abcam ab56788 Ms Monoclonal 1:3000 WB
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Erola Millipore | MABT376 Ms Monoclonal 1:1000 WB
ERp57 Millipore ABE1032 Rb Polyclonal 1:200 IF
FLAG Abcam ab1257 Gt Polyclonal 1:10000 WB
FLAG Rockland 200-301- Ms Monoclonal |  1:10000 WB
BI13 1:200 IF
2 uL IP
HA Cell 3724S Rb Monoclonal 1:5000 WB
Signaling
HA Biolegend 901501 Ms Monoclonal 2 ul 1P
MCU Sigma HPAO016480 Rb Polyclonal 1:1000 WB
NOX4 Abcam ab109225 Rb Monoclonal 1:1000 WB
SERCA2b | Millipore | MAB2636 Ms Monoclonal 1:1000 WB
TMX1 Invitrogen | MA5-26309 Ms Monoclonal 1:1000 WB
TTC35 Invitrogen | PAS5-54617 Rb Polyclonal 1:1000 WB
y-Tubulin | Invitrogen | MAI1-850 Ms Monoclonal | 1:10000 WB
Table 3. Secondary antibodies
Antibody Source Reference | Host | Clonality | Working | Application
dilution
Alexa Fluor 350 | Invitrogen— | A11046 Gt | Polyclonal 1:500 IF
anti-Rabbit IgG Molecular
Probes
Alexa Fluor 488 | Invitrogen— | A11029 Gt | Polyclonal | 1:1000 IF
anti-Mouse IgG Molecular
Probes
Alexa Fluor 680 | Invitrogen— | A21057 Gt | Polyclonal | 1:10000 WB
anti-Mouse 1gG Molecular
Probes
Alexa Fluor 790 | Invitrogen— | A11369 Gt | Polyclonal | 1:10000 WB
anti-Rabbit IgG Molecular
Probes
Alexa Fluor 680 | Invitrogen— | A21084 Dk | Polyclonal | 1:10000 WB
anti-Goat IgG Molecular
Probes
Alexa Fluor 800 | Invitrogen— | A32930 Dk | Polyclonal | 1:10000 WB
anti-Goat IgG Molecular
Probes

Abbreviations: WB: Western blot; IF:
Ms: Mouse; Gt: Goat; Dk: Donkey

Immunofluorescence; IP: Immunoprecipitation; Rb: Rabbit;
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Table 4. Buffers and solutions

Buffer/solution Composition
4X separating buffer 1.5 M Tris pH 8.8, 0.4% SDS
4X stacking buffer 0.5 M Tris pH 6.8, 0.4% SDS

Biotin-iodoacetamide (BIAM)
reaction buffer

50 mM tris-HClI pHS8, 50 mM NacCl, 5 mM EDTA,
1% Triton X-100, 0.1% IGEPAL CA-630

Carbonate transfer buffer

10 mM NaHCO3, 3 mM NaCOs, 20% methanol

CHAPS lysis buffer

10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% CHAPS

IF antibody solution

0.2% Saponin, 2% BSA, in PBS++

IF blocking solution

0.2% Saponin, 2% BSA, in PBS++

IF wash solution

0.2% Saponin, 0.2% BSA, in PBS++

m-RIPA lysis buffer

50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholic acid, 0.1% SDS, SmM MgCl,

Mitochondria homogenization

buffer

250 mM sucrose, 10 mM HEPES, pH 7.4, 1 mM
EDTA, 1 mM EGTA

Sample loading buffer

60 mM tris pH 6.8, 2% SDS, 10% glycerol, 5% B-
mercaptoethanol, 0.01% bromophenol blue

SDS-PAGE running buffer

25 mM tris, 200 mM glycine, 0.1% SDS

(TBS-T)

Tris buffered saline-Triton X-100

10mM Tris pH 8.0, 150 mM NacCl, 0.05% Triton X-
100

WB antibody solution

10mM tris pH 8.0, 150 mM NacCl, 0.05% Triton X-
100, 2% skim milk powder or BSA

WB blocking solution

10mM tris pH 8.0, 150 mM NaCl, 0.05% Triton X-
100, 2% skim milk powder or BSA

Table 5. Plasmids

Plasmid Tag Vector Source
ORF7b C-terminal 3xFLAG pcDNA3.1 Dr. Tom Hobman’s Lab
SERCA2b N-terminal 2xHA pcDNA3.1 Precision Bio Laboratories
Erola C-terminal Myc pcDNA3.1 Dr. Robert Sitia’s Lab
2.2. Methods

2.2.1. Cell culture

2.2.1.1. Maintenance of cells

Vero E6 cells were obtained from Dr. Tom Hobman’s Lab, and HEK 293T cells were
obtained from ATCC. Cells were cultured in Gibco Dulbecco’s Modified Eagle Medium Nutrient
Mixture F-12 (DMEM; 11320033, Invitrogen) supplemented with 10% fetal bovine serum (FBS;
F1051, Sigma) at 37°C with 5% CO,. Cells were passaged using 0.25% trypsin-EDTA (2520056,
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Invitrogen), a maximum of 25 times after resuscitation. Stable cell lines were cultured in growth
media supplemented with 1 mg/mL geneticin (10131027, Invitrogen). At least 3 days prior to
experimentation, media was replaced with growth media without geneticin. Cell count was

performed using the Countess Il FL Automated Cell Counter (Life Technologies).

2.2.1.2. Transient transfection of cells

At least 24 h after seeding, cells were transfected with pcDNA3, ORF7b-FLAG,
SERCA2b-HA, or Erola-Myc plasmids. Transfection was done using Lipofectamine 3000
(L3000015, Invitrogen) or Metafectene Pro (T040, Biontex), following the manufacturer’s
protocol. Transfection complexes were prepared in Opti-MEM Reduced Serum Medium
(31985070, Invitrogen). Experiments were conducted 24-48 h after transfection, with at least 50%

of the cells transfected.

2.2.1.3. Generation of stable cell lines

To generate ORF7b-expressing stable Vero E6 cell lines, cells were transfected with
pcDNA3 or pcDNA3-ORF7b-FLAG using Lipofectamine 3000, as described previously. 48 h
after transfection, cells were trypsinized and seeded thinly in 10-cm dishes with growth media
containing 2 mg/mL geneticin to select for positive stable clones. Media was replaced every 3 days
for approximately 2 weeks, until individuals cell colonies were visible. Individual colonies were
selected and grown in 12-well plates. To verify ORF7b expression, cells were collected, lysed, and

analyzed via Western blot using the FLAG antibody (Table 2).

2.2.1.4. Isolation of plasmid DNA

DH5a E. coli bacteria (Invitrogen) was used to amplify plasmid DNA. Briefly, 100 puL of
bacteria was incubated with 1 puL of plasmid DNA on ice for 20 min. Bacteria was then heat-
shocked in a 45°C water bath for 45 s and added to 1 mL of sterile Luria-Bertani (LB) broth
(241420, BD Biosciences). Bacteria was pelleted down and resuspended in 100 puL of LB broth.
Bacteria was then plated onto LB agar (244520, BD Biosciences) plates containing ampicillin
(Sigma). The agar plates were incubated at 37°C overnight. The following day, colonies of bacteria
containing the plasmid DNA were picked and grown in 50 mL of LB broth containing ampicillin,

in a 220-rpm rotary shaker at 37°C overnight. The following day, the plasmid DNA was isolated
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from the bacteria using the Plasmid Midiprep Kit (12143, QIAGEN), following the manufacturer’s
protocol. Plasmid DNA was resuspended in TE buffer (12090015, Invitrogen). DNA concentration

was determined using the Nanodrop 2000C spectrophotometer (Thermo Scientific).

2.2.2. Preparation of whole cell lysates

To prepare whole cell lysates, cells were harvested via scraping with m-RIPA lysis buffer
(Table 4) supplemented with 1X cOmplete EDTA free protease inhibitor (11873580001, Roche)
and 1X PhosSTOP phosphatase inhibitor (4906845001, Roche), and kept on ice for 10 min.
Lysates were vortexed and centrifuged at 12,000 rcf for 15 min at 4°C to remove nuclei and
unbroken cells. Protein concentration of lysates was determined by Pierce Bicinchoninic Acid
(BCA) Protein Assay Kit (23225, Thermo Fisher Scientific), following the manufacturer’s

protocol.

2.2.3. Immunoblotting
2.2.3.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), lysates
were mixed with loading buffer (Table 4) and boiled for 5 min at 100°C. Equal amounts of protein
per sample were loaded onto SDS-PAGE gels. Precision Plus Protein Dual Color Standards
(1610374, Bio-Rad) was used as protein markers. The gels were electrophoresed in SDS-PAGE
running buffer (Table 4) at 150 V for 60-80 min.

2.2.3.2. Western blot

After resolving the proteins via SDS-PAGE, the proteins were then transferred to
nitrocellulose membranes (0.45-uM; 1620115, Bio-Rad) in carbonate transfer buffer (Table 4) at
400 mA for 2 h. Membranes were blocked in blocking solution (Table 4) for 1 h at 4°C and
incubated with primary antibodies (Table 2). After incubation with primary antibodies, membranes
were washed 3 times with tris buffered saline-Triton X-100 (TBS-T; Table 4) for 5 min each time,
then incubated with secondary antibodies (Table 3). After incubation with secondary antibodies,
membranes were washed 3 times with TBS-T. Proteins were detected using a LI-COR imaging

system (Biosciences). Protein bands were analyzed and quantified using Image Lab (Bio-Rad).
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2.2.4. Cell fractionation
2.2.4.1 Subcellular fractionation

ORF7b-expressing stable Vero E6 cells were grown to confluency in 10-cm plates prior to
experimentation. Cells were collected with 600 uL mitochondria homogenization buffer (Table 4)
supplemented with 1X cOmplete EDTA free protease inhibitor, per plate, and homogenized with
a ball-bearing homogenizer (Isobiotec, ball clearance 14-uM). The resulting homogenates were
centrifuged at 800 rcf for 10 min at 4°C to remove unbroken cells and nuclei. Post-nuclear
supernatants were centrifuged at 12,000 rcf for 10 min at 4°C to yield heavy membrane (HM)
fractions. The supernatants were then centrifuged at 60,000 rpm for 60 min at 4°C using a TLA
120.2 rotor (Beckman) to obtain light membrane (LM) fractions. The supernatants were then
incubated in ice-cold 100% acetone (BDH1101, BDH Chemicals) overnight and centrifuged at
12,000 rcf for 10 min at 4°C to yield cytosolic fractions. All fractions were resuspended in m-
RIPA lysis buffer. Fractions were loaded equal amounts in an 8-18% gradient SDS-PAGE gel and

analyzed via Western blotting, as previously described.

2.2.4.2. Percoll gradient fractionation

Stable Vero E6 cells were grown to confluency in 15 20-cm dishes and harvested with 10
mL of mitochondria homogenization buffer supplemented with 1X cOmplete EDTA free protease
inhibitor. The cells were centrifuged at 1,500 rpm for 5 min at 4°C using a JA-12 rotor (Beckman)
and resuspended in 5 mL of mitochondria homogenization buffer. The cells were then
homogenized as previously described. The resulting homogenates were centrifuged at 2,000 rpm
for 10 min at 4°C to remove unbroken cells and nuclei. Post-nuclear supernatants were centrifuged
at 8,500 rpm for 10 min at 4°C to yield crude mitochondria fractions. The supernatants were then
centrifuged at 60,000 rcf for 60 min at 4°C using a TLA 120.2 rotor to obtain microsome fractions.
The supernatants were then incubated in ice-cold 100% acetone overnight and centrifuged at
16,100 rcf for 20 min at 4°C to yield cytosolic fractions. The previously isolated crude
mitochondria fractions were resuspended in 1 mL of mitochondria homogenization buffer and
layered on top of 7.5 ml of 18% Percoll (diluted from 100% in mitochondria homogenization
buffer; 17-0891-02, GE Healthcare) in a 10-mL ultra-clear polycarbonate Beckman tube. The tube
was centrifuged at 33,300 rpm for 35 min at 4°C using a Ti-90 rotor (Beckman) to obtain the MAM

and mitochondria fractions. To remove the Percoll, the MAM fractions were centrifuged at 60,000
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rpm for 1 h at 4°C using a TLA 120.2 rotor, and the mitochondria fractions were centrifuged at
10,000 rcf for 10 min at 4°C. All fractions were resuspended in m-RIPA lysis buffer. Fractions
were loaded equal amounts in an 8-18% gradient SDS-PAGE gel and analyzed via Western

blotting, as previously described.

2.2.5. Carbonate extraction

HEK 293T cells were seeded in 5 10-cm dishes at a concentration of 5x10° cells per plate.
The following day, the cells were transfected with ORF7b using Lipofectamine 3000, as previously
described. 48 h after transfection, cells were collected with 400 pL. mitochondria homogenization
buffer supplemented with 1X cOmplete EDTA free protease inhibitor, per plate, and homogenized
with a ball-bearing homogenizer. The resulting homogenates were pooled together and centrifuged
at 1,200 rcf for 10 min at 4°C to remove unbroken cells and nuclei. Post-nuclear supernatants were
split into two equal parts and centrifuged at 60,000 rpm for 60 min at 4°C using a TLA 120.2 rotor
to obtain membrane pellets. One pellet was resuspended in 200 pL mitochondria homogenization
buffer. The second pellet was resuspended in 200 uL sodium carbonate buffer (pH 11.5). Both
pellets were kept on ice for 30 min. Then, the homogenates were centrifuged at 125,000 rcf for 30
min at 4°C using a TLA 120.2 rotor. The pellets were resuspended in 50 pL m-RIPA lysis buffer.
To precipitate the solubilized proteins, 45 uL of trichloroacetic acid (TX1045, Millipore Sigma)
was added to each supernatant and kept on ice for 30 min. The supernatants were centrifuged at
16,100 rcf for 10 min at 4°C. The pellets were washed with ice-cold 100% acetone twice, and
resuspended in 50 pL m-RIPA lysis buffer. Fractions were loaded equal amounts in an 8-18%

gradient SDS-PAGE gel and analyzed via Western blotting, as previously described.

2.2.6. PNGase F de-N-glycosylation

HEK 293T cells were seeded in 1 well of a 6-well plate per condition at a concentration of
1x10° cells per well. The following day, the cells were transfected with ORF7b or Erola using
Lipofectamine 3000, as previously described. 48 h after transfection, cells collected and lysed with
100 pL 1X glycoprotein denaturing buffer (diluted from 10X in ddH20; B1704S, NE BioLabs)
and sonicated. Lysates were then boiled for 5 min at 100°C. Lysates were then subjected to de-N-
glycosylation using PNGase F (P0704L, NE BioLabs), following the manufacturer’s protocol.
After incubating the lysates in the reaction buffer for 1 h at 37°C, the lysates were diluted in loading
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buffer and boiled for 5 min at 100°C. Samples were loaded equal amounts on an SDS-PAGE gel

and analyzed via Western blotting, as previously described.

2.2.7. Co-immunoprecipitation

Per condition, 3.0 x 10 HEK 293T cells were seeded in 2 10-cm plates 3 days prior to
experimentation. The following day, cells were transfected with ORF7b and/or SERCA2b using
Lipofectamine 3000, following the manufacturer’s protocol. On the day of the experiment, cells
were washed with Dulbecco’s phosphate-buffered saline containing Ca** and Mg** (PBS++;
14040133, Thermo Fisher Scientific) and incubated with 5 mL 2 mM dithiobis succinimidyl
propionate (DSP; 22585, Thermo Fisher Scientific) in PBS++ for 30 min at room temperature, to
maintain protein crosslinking. Then, the cells were quenched with 5 mL 10 mM ammonium
chloride (A9434, Sigma) for 10 min. Cells were harvested in m-RIPA lysis buffer supplemented
with 1X cOmplete EDTA free protease inhibitor and 1X PhosSTOP phosphatase inhibitor and kept
on ice for 10 min. Lysates were vortexed and centrifuged at 12,000 rcf for 15 min at 4°C to remove
nuclei and unbroken cells. Protein concentration of lysates was determined by Pierce BCA Protein
Assay Kit. At least 100 pg of each lysate was stored at -80°C as the input samples. 1000-1500 pg
of each lysate, adjusted to 500 uL of m-RIPA lysis buffer, was incubated with primary antibodies
(Table 2) overnight at 4°C on a rotating shaker. The next day, Dynabeads Protein A magnetic
beads (10002D, Invitrogen) were equilibrated 3 times in m-RIPA lysis buffer at 4°C for 5 min
each time, and added to each sample and incubated for 1 h at 4°C on a rotating shaker. Protein A
beads were washed 3 times in m-RIPA lysis buffer and boiled in sample loading buffer (Table 4)
at 100°C for 5 min to obtain the bound samples. The input samples were diluted in sample loading
buffer and boiled at 100°C for 5 min. Input and bound protein samples were resolved by SDS-
PAGE and analyzed via Western blot, as previously described.

2.2.7.1. Protein redox state

Per condition, 4 x 10° HEK 293T cells were seeded in 3 wells of a 6-well plate and
transfected with ORF7b and/or SERCA2b wusing Lipofectamine 3000, following the
manufacturer’s protocol. 48 h post transfection, prior to experimentation, cells were treated with
10 mM dithiothreitol (DTT; A22066A, Invitrogen) or 5 mM diamide (D3648, Sigma-Aldrich) for
10 min at 37°C, constituting the fully reduced and fully oxidized controls. Cells were washed with
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PBS++ and lysed with 60 pL biotin-iodoacetamide (BIAM) reaction buffer (Table 4) containing
200 uM BIAM (21334, Thermo Fisher Scientific) and 1X cOmplete EDTA free protease inhibitor.
Then, cell lysates were pooled and placed on a rocker for 10 min at 4°C. Lysates were then
vortexed and centrifuged at 12,000 rcf for 10 min at 4°C to remove nuclei and unbroken cells. The
supernatants were kept in the dark for 90 min at room temperature to allow for the biotinylation of
reduced proteins. Bio-Spin columns (737-6221, Bio-Rad) were washed with CHAPS buffer (Table
4) three times and once with CHAPS buffer supplemented with 1X cOmplete EDTA free protease
inhibitor. To remove the unreacted BIAM, each cell lysate was loaded into two columns and
centrifuged at 1,000 rcf for 4 min at 4°C. 10 pL of each lysate was stored at -80°C as the input
samples. Each cell lysate was incubated with primary antibodies (Table 2) overnight at 4°C on a
rotating shaker. The next day, Dynabeads Protein A magnetic beads were equilibrated 3 times in
CHAPS buffer at 4°C for 5 min each time, and added to each sample and incubated for 1 h at 4°C
on a rotating shaker. Protein A beads were washed 3 times in CHAPS buffer and boiled in sample
loading buffer containing 50 mM DTT at 75°C for 10 min to obtain the bound samples. The input
samples were diluted in sample loading buffer containing 50 mM DTT and boiled at 100°C for 5
min. Input and bound protein samples were resolved by SDS-PAGE and analyzed via Western

blot, as previously described.

2.2.8. Immunofluorescence microscopy
2.2.8.1. Preparation of slides

Vero E6 cells were seeded on ethanol-sterilized 12-mm glass coverslips (12-545-82,
Fisherbrand) previously coated with poly-L-lysine (P4832, Sigma), and transfected the following
day as previously described. Briefly, cells were fixed with 4% paraformaldehyde (PFA) solution
in PBS++ (diluted from 16% PFA, 15710, Electron Microscopy Sciences) for 20 min at room
temperature, and quenched with 50 mM ammonium chloride for 10 min at room temperature. Cells
were then permeabilized with 1 mL of wash solution (Table 4) containing 0.1% Triton X-100 for
1 min and blocked with 1 mL of blocking solution (Table 4) for 15 min at room temperature. Cells
were incubated with primary antibodies (Table 2) for 1 h at room temperature and rinsed with
wash solution (Table 4). Cells were then incubated with secondary antibodies (Table 3) for 30 min.
Coverslips were washed again and mounted using VECTASHIELD Vibrance Antifade Mounting

Media (H1700, Vector Laboratories). Imaging was performed using an Axio Observer Z1 inverted
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phase contrast fluorescence microscope (Zeiss) equipped with a 100X objective lens. Micrographs

were analyzed using the AxioVision software (Zeiss).

2.2.8.2. Analysis of mitochondrial morphology

For analysis of mitochondrial network, cells were incubated with 100 nM MitoTracker
(M7512, Thermo Fisher Scientific) for 30 min at 37°C, then processed for immunofluorescence
microscopy as previously described. Additionally, cells were stained with DAPI (D9542, Sigma)
for 5 min at room temperature prior to blocking. Micrographs were analyzed using Fiji.
Mitochondrial morphology was evaluated using the parameters form factor (FF = 4mx

area/perimeter’) and aspect ratio (AR = major radius/minor radius).

2.2.9. Live-cell Ca’* measurement

Wildtype or ORF7b-expressing stable Vero E6 cells were seeded on ethanol-sterilized,
poly-L-lysine-coated, 12-mm glass coverslips and transfected the following day using
Lipofectamine 3000, as previously described. At the time of imagine, cells were approximately
80% confluent. Live-cell imaging was done with an Olympus FV1000 laser-scanning confocal
microscope equipped with a 20X objective lens (XLUMPLANFL, NA 1.0, Olympus). Images
were acquired using the Olympus FluoView software and analyzed with the Time Series Analyzer

v3.0 plugin on Fiji (NIH, USA).

2.2.9.1. ER Ca**

24 h after transfection with ER-RGECO (J. Wu et al., 2014), Vero E6 cells were transferred
to the microscope chamber filled with Hank’s Balanced Salt Solution (HBSS) containing Ca** and
Mg?" (HBSS++; 14025092, Thermo Fisher Scientific). Then, cells were perfused with HBSS++ at
a flow rate of 5 mL/min for the first 30 s using a perfusion pump system (Watson-Marlow Alitea-
AB, Sin-Can) to establish baseline fluorescence. Then, cells were perfused with HBSS (14175095,
Thermo Fisher Scientific) supplemented with 1.75 uM MgCl, (MX0045-1, EM Science), 410 uM
MgSO4 (230391, Sigma-Aldrich), 100 pM EGTA (4100, OmniPur EMD), and 60 uM tert-
butylhydroquinone (TBHQ; 97%, 112941, Sigma-Aldrich) for 14.5 min, to measure the clearance
of Ca?* from the ER. Images were taken every 3 s in the Alexa546 channel (excitation 559

nm/emission 575-675 nm).
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2.2.9.2. Mitochondrial Ca**

24 after transfection with Mito-RGECO (J. Wu et al., 2014), Vero E6 cells were transferred
to the microscope chamber filled with HBSS++. Then, cells were perfused with HBSS++ at a flow
rate of 5 mL/min for the first 30 s using a perfusion pump system to establish baseline fluorescence.
Then, cells were perfused with HBSS++ containing 10 uM carbonyl cyanide p-trifluoromethoxy
phenylhydrazone (FCCP; 15218, Cayman) for 12.5 min, to induce mitochondrial Ca" release; or
with HBSS++ containing 50 uM histamine (H7125, Sigma) for 4.5 min, to induce Ca?’ release
from the ER and subsequent uptake into the mitochondria. Images were taken every 5 s for the
FCCP group and every 1 s for the histamine group, in the Alexa546 channel (excitation 559
nm/emission 575-675 nm).

2.2.10. High-resolution respirometry

HEK 293T cells were seeded in 12-well plates and transfected the following day using
Metafectene Pro, as previously described. Experiments were done 48 h after transfection. Prior to
experimental analysis, the Oxygraph-2k machines (Oroboros Instruments, Innsbruck, Austria)
were washed with 70% ethanol, 90% ethanol, and milliQ water, and calibrated by adding 2.3 mL
of growth media to each chamber for 30-45 min until oxygen signals were stable.

Cells were lifted with trypsin and neutralized in fresh growth medium. Cells were spun
down at 120 rcf for 5 min at room temperature and resuspended in 2.8 mL of growth media. Cell
concentration was determined using the Countess II FL. Automated Cell Counter. For respirometry
analysis, 2 mL of intact cells were loaded into each chamber. Cellular respiration was recorded by
measuring oxygen flux as a function of time, at 37 °C and with a stirrer speed of 750 rpm. First,
routine respiration was measured in the presence of endogenous substrates. To measure leak
respiration, 1 pL of 4 mg/mL oligomycin (141829, Abcam) was added to each chamber. The
stepwise addition of 1 pL of 1 mM FCCP (C2920, Sigma-Aldrich) to each chamber was performed
and maximal respiration was recorded. Finally, residual oxygen consumption was measured by

adding 1 pL of 0.5 mM antimycin A to each chamber.
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2.2.11. ATP measurement

HEK 293T cells were seeded in 12-well plates at a concentration of 250,000 cells per well.
The next day, cells were transfected with ORF7b using Lipofectamine 3000, as previously
described. 48 h after transfection, cells were resuspended in CHAPS buffer (Table 4) supplemented
with 1X cOmplete EDTA free protease inhibitor. Cellular ATP content was determined using the
ATP Determination kit (A22066, Molecular Probes) following the manufacturer’s protocol.
Luminescence was measured using a Synergy 4 plate reader (Bio Tek) at 560 nm. ATP levels were
normalized to protein concentration, which was determined using BCA Protein Assay Kit, as

previously described.

2.2.12. Reactive oxygen species measurement
ROS measurements were conducted using a BD LSRFortessa flow cytometer (BD

Biosciences). Data analysis was performed using the BD FACSDiva software (BD Biosciences).

2.2.12.1 Mitochondrial ROS

Transfected HEK 293T and Vero E6 cells were grown to confluency in 12-well plates. On
the day of the experiment, cells were incubated with 500 nM CellROX Orange (C10443,
Molecular Probes) or with 1 uM MitoSOX (M36008, Molecular Probes) for 45 min at 37°C. Cells
were lifted with trypsin and resuspended in growth media and centrifuged at 100 rcf for 5 min at
room temperature. Cells were then resuspended in HBSS containing 0.5% BSA. CellROX Orange
and MitoSOX fluorescence signals (excitation 510 nm/emission 580 nm) were measure for at least
10,000 individual cells per sample. As a positive control, cells were treated with 0.4 mM tert-butyl
hydroperoxide (TBHP; C10493A, Invitrogen) 1 h prior to experiment.

2.2.12.2. Cytoplasmic ROS

Transfected HEK 393T cells were grown to confluency in 12-well plates. On the day of
the experiment, cells were incubated with 1 puM CellROX Green (C10444, Molecular Probes) for
1 h at 37°C. Cells were lifted with trypsin and resuspended in growth media and centrifuged at
100 rcf for 5 min at room temperature. Cells were then resuspended in HBSS containing 0.5%

BSA. CellROX Green fluorescence signal (excitation 545 nm/emission 565 nm) was measured for
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at least 10,000 individual cells per sample. As a positive control, cells were treated with 0.4 mM

TBHP 1 h prior to experiment.

2.2.13 Statistical analysis

Statistical analysis was done using Prism (GraphPad). For comparisons between groups, a
student’s t- test was used. Data is presented as mean, with error bars indicating the standard error
of the mean. Statistical significance refers to * P < 0.05; ** P < 0.01; *** P < (.001; **** P <

0.0001.
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CHAPTER 3: Results
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3. RESULTS

3.1. Preface

The experiments presented herein were conducted using two cell lines: HEK 293T and
Vero E6. The HEK 293 cell line is an immortalized cell line established from embryonic kidney
cells (Russell et al., 1977). Several subtypes have been obtained thereafter, including HEK 293T,
which was established by the expression of a temperature-sensitive SV40 T-antigen mutant, which
allows plasmids containing the SV40 origin of replication to replicate when transfected into the
cells (DuBridge et al., 1987). Among human cell lines, HEK 293T is widely utilized due to its
rapid growth rate and propensity for transfection. Given that our experiments rely on the transient
transfection of ORF7b into our cell model, HEK 293T was an appropriate choice for this project.

The Vero cell line, on the other hand, was established from kidney epithelial cells extracted
from an African green monkey (Yasumura & Kawakita, 1963). Since then, several subtypes,
including Vero E6, have been derived. Like the HEK 293 cell line, the Vero cell line is an
immortalized cell line. However, Vero cells are more adherent that HEK 293 cells, which make
them suitable for experiments such as microscopy (Emeny & Morgan, 1979). In addition, Vero
cells are widely used in virology research. Vero cells are IFN expression deficient, which means
that they do not secrete IFNs during viral infection. Therefore, the antiviral defense mechanism of
Vero cells is compromised (Emeny & Morgan, 1979). This means that Vero cells are susceptible
to many viruses, including SARS-CoV-2 and other coronaviruses, and have become a popular
choice within the field of virology, in particular for the development of vaccines against viral
diseases (Kiesslich & Kamen, 2020). For these reasons, we decided to conduct some of our

experiments using the Vero E6 cell line.

3.2. Results
3.2.1. ORF7b is an integral membrane protein

The sequence of the SARS-CoV homolog of ORF7b contains a putative transmembrane
domain and a cytosolic C-terminus region, pointing towards a Type III transmembrane protein
topology (D. X. Liu et al., 2014; Schaecher et al., 2007). Given the high sequence similarity
between the ORF7b homologs (Redondo et al., 2021; Yoshimoto, 2020), we hypothesized that the
SARS-CoV-2 ORF7b could have a similar structure. Indeed, bioinformatic analysis of the SARS-
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CoV-2 ORF7b sequence using TOPCON (topcon.net) predicts a transmembrane region from
residues 9-29, with a luminal N-terminus and a cytosolic C-terminus (Figure 3A). Such a topology
is consistent with a Type III transmembrane protein. However, the topology of ORF7b has not yet
been biochemically demonstrated. Thus, sodium carbonate extraction was performed on cell
membrane homogenates to test whether ORF7b is an integral protein. This method relies on the
alkaline pH which converts membrane vesicles into membrane sheets, and reduces non-covalent
protein interactions, thereby releasing loosely attached peripheral membrane proteins without
disrupting the integrity of lipid bilayer membranes (Fujiki et al., 1982; Kim et al., 2015). We
detected ORF7b signal in the total membrane homogenates, and upon sodium carbonate treatment,
ORF7b was retained in the pellet (P) fraction, similar to the integral ER membrane protein marker
calnexin, while the peripheral ER membrane protein marker TTC35 was extracted into the soluble
(S) fraction (Figure 3B). Thus, our data suggests that SARS-CoV-2 ORF7b, like its SARS-CoV
homolog, is an integral membrane protein.

To further investigate the topology of ORF7b topology, we conducted a PNGase F de-N-
glycosylation assay. This protocol utilizes PNGase F to remove N-linked oligosaccharides from
glycoproteins. Such modifications can be observed as molecular weight shifts on a Western blot.
Analysis of the ORF7b sequence showed that Asn-38 is part of a consensus site for a potential N-
glycosylation (Figure 3A). If Ans-38 is in the ER lumen, it could be glycosylated, and treatment
with PNGase F would result in its de-glycosylation, which would be observed as a downward shift
in the molecular weight for ORF7b. Such is the case for Erola (Figure 3C), which is a glycosylated
protein in the ER. However, if ORF7b assumes a Type III transmembrane topology, as indicated
by TONCONS, then Asn-38 would be in the cytosol, and we would not expect it to be glycosylated.
Thus, we would observe no molecular weight shift for ORF7b. As predicted, no apparent change
was observed for the molecular weight of ORF7b after treatment with PNGase F, which is

consistent with the idea that the C-terminus region of ORF7b is cytosolic.
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Figure 3. ORF7b is an integral membrane protein. (A) Sequence analysis of ORF7b, generated
using TOPCONS (topcons.net) (i: inside of the membrane/cytosolic, o: outside of the
membrane/luminal, M: membrane region). Asn-38 is highlighted as a potential N-glycosylation
site. (B) Total membrane homogenates from ORF7b-expressing HEK 293T cells were subjected
to carbonate extraction and separated into pelleted (P) and soluble (S) membrane fractions, which
were analyzed via Western blot for FLAG, calnexin, and TTC35. (C) HEK 293T cells were
transfected with ORF7b-FLAG for 48 h prior to lysis. Lysates were subjected to de-N-
glycosylation using PNGase F. Lysates were analyzed via Western blot for FLAG. The Erola
group served as a positive control.
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3.2.2. ORF7b targets the MAMs

Previous immunofluorescence microscopy studies have revealed that ORF7b targets the
ER (Lee et al., 2020). Additionally, various SARS-CoV-2 viral protein-host protein interaction
screens have shown that ORF7b interacts with MAM proteins (Samavarchi-Tehrani et al., 2020;
Stukalov et al., 2021). Such an interaction would suggest that ORF7b localizes in the proximity of
ER-mitochondria contact sites. Thus, to investigate the intracellular localization of ORF7b, we
analyzed the distribution of this SARS-CoV-2 accessory protein in Vero E6 cells by
immunofluorescence microscopy. As expected, ORF7b showed a dispersed reticular staining
pattern that was similar to the distribution of the ER protein marker ERp57, consistent with the
finding of previous studies that ORF7b localizes to the ER (Figure 4A). Additionally, we found
that ORF7b staining overlapped with ER-mitochondria contact sites, indicated by areas where
ERp57 staining was in close proximity with MitoTracker staining (enlarged, Figure 4A). We then
complemented this analysis by subjecting total membrane homogenates of HEK 293T cells to
differential centrifugation, which separates the membranes into heavy membranes (HM) fractions
and light membrane (LM) fractions (Figure 4B). This assay showed that the majority of the ORF7b
signal was found in the HM fraction, which contains the mitochondria, the rough ER, and the
MAMs (Gilady et al., 2010; Myhill et al., 2008), further pointing towards a localization to the
MAMs for ORF7b.

In order to ascertain the localization of ORF7b to the MAMs, we then analyzed the
distribution of ORF7b on a Percoll gradient, which can isolate the MAMs from mitochondria
(Gilady et al., 2010; Stone & Vance, 2000). Membranes isolated as crude mitochondria via
differential centrifugation are resolved on a Percoll gradient, resulting in a pure mitochondria
fraction that is enriched with the mitochondria protein marker MCU, and a MAM fraction that is
enriched with established MAM protein markers Erola, calnexin, and TMX1 (Figure 5) (Gilady
et al., 2010; Gutiérrez et al., 2020; Raturi et al., 2016). This fractionation showed that ORF7b was
present in the MAMs, with virtually no ORF7b in the pure mitochondria fraction. This result is
consistent with the fractionation data that showed that ORF7b is found in HM fractions obtained
via differential centrifugation.

Since MAM-targeted viral proteins are known to alter MAM protein composition through
protein-protein interactions, including SARS-CoV-2 ORF3a (Lee et al., 2020), we were interested
in whether ORF7Db affected the intracellular distribution of MAM proteins (Figure 5). In the control
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(empty vector; EV) group, TMX1 was relatively more enriched in the MAM fraction in
comparison to the microsome fraction. However, in the ORF7b group, the TMX1 signal in the
MAM fraction was decreased. A similar observation was made for calnexin, albeit to a lesser
degree, whereas the distribution pattern of Erola remained the same between the control and
ORF7b groups. Altogether, our subcellular fractionation experiments showed that ORF7b is
enriched in the MAMs and alters the distribution of some MAM proteins.
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Figure 4. Intracellular localization of ORF7b. (A) Transfected Vero E6 cells were grown on 12-
mm glass coverslips and processed for immunofluorescence microscopy. Cells were incubated
with MitoTracker (mitochondria marker) and antibodies against ERp57 (ER marker) and FLAG
(ORF7b marker). Scale bar = 10 um. (B) Total membrane homogenates from ORF7b-transfected
Vero E6 cells were fractionated into heavy membrane (HM), light membrane (LM), and cytosolic
fractions, which were analyzed via Western blot for FLAG, calnexin, Erola, TMX1, MCU, and
Drpl. EV: Empty vector.
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Figure 5. ORF7b cofractionates with the MAMs. Total membrane homogenates from control
and ORF7b-transfected Vero E6 cells were fractionated into crude mitochondria, pure
mitochondria, MAM, microsome, and cytosolic fractions using a Percoll gradient. Fractions were

analyzed via Western blot for FLAG, calnexin, Erola, TMX1, MCU, and Drpl.
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3.2.3. ORF'7b disrupts MAM protein interactions

As previously mentioned, various SARS-CoV-2 viral protein-host protein interaction
screens have revealed that ORF7b interacts with MAM proteins, including regulators of
SERCAZ2bD, calnexin and TMX1 (Gordon et al., 2020; Lee et al., 2020; Samavarchi-Tehrani et al.,
2020; Stukalov et al., 2021). To verify the protein interactions of ORF7b with SERCA2b
regulators, we conducted a co-immunoprecipitation assay. Briefly, HEK 293T cells were
transfected with FLAG-tagged ORF7b. After 48 h, cells were lysed and subjected to
immunoprecipitation using anti-FLAG antibodies (Figure 6A). This experiment showed that both
calnexin and TMXI1 co-immunoprecipitated with ORF7b, whereas in the control group, calnexin
and TMX1 signals were absent. To further verify that these signals were not background bands or
a result of non-specific antibody binding, we probed for the MAM-localized NOX4 protein, which
is also known to mediate the activity of SERCA2b (Beretta et al., 2020; Tong et al., 2010). Unlike
calnexin and TMX1, NOX4 was not detected in the IP sample of either control or ORF7b group.
We also sought to determine whether ORF7b could interact with SERCA2b directly. Thus, we
transfected our cells with FLAG-tagged ORF7b, as well as HA-tagged SERCA2b (since
endogenous levels of SERCA2b are too low to detect). Interestingly, when we immunoprecipitated
ORF7b, we detected a faint SERCA2b signal (Figure 6B). This finding suggests that ORF7b could
also interact with SERCAZ2b, in addition its regulators.

Viral proteins have been known to interfere with protein-protein interactions within host
cells. One example i1s vMIA, which localizes to the MAMs, where it can interact with Sig-1R, thus
disrupting the interaction between Sig-1R and IP3R and destabilizing IP3R (Bozidis et al., 2010;
Missiroli et al., 2018; Williamson & Colberg-Poley, 2010). Therefore, we hypothesized that a
similar scenario could happen with ORF7b; given that ORF7b showed interaction with SERCA2b
and its regulators, we sought to determine whether expression of ORF7b influenced interaction of
these proteins with each other. Briefly, HEK 293T cells were transfected with FLAG-tagged
ORF7b and HA-tagged SERCA2b. After 48 h, cells were lysed and subjected to
immunoprecipitation using anti-HA antibodies (Figure 7A). As predicted, calnexin and TMX1
were pulled down in the control lysate, confirming that under normal conditions, SERCA2b
interacted with these proteins. However, for ORF7b-expressing cells, there was a significant
reduction in calnexin and TMX1 signals, suggesting that the interactions between SERCA2b and
calnexin or TMX1 were disrupted upon ORF7b expression (Figure 7A, B). Interestingly, we also
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detected a faint ORF7b band in the IP samples, further corroborating an interaction between
SERCA2b and ORF7b. Altogether, our co-immunoprecipitation results show that ORF7b interacts
with calnexin and TMX1, and this is concurrent with a reduction in interaction between these
proteins and SERCA2b.

Given that calnexin and TMX1 mediate the redox state of SERCA2b (Gutiérrez et al.,
2020; Raturi et al., 2016), our finding that ORF7b disrupted interactions between SERCA2b and
calnexin and TMX1 prompted us to explore whether, as a result, the oxidation of SERCA2b was
altered. Thus, we performed a biotinylated iodoacetamide (BIAM) labelling assay to determine
SERCAZ2b redox state within control and ORF7b-expressing HEK 293T cells in the presence of a
thiol-recognizing BIAM (Gutiérrez et al., 2020). This assay showed that SERCA2b was mostly
reduced in control HEK 293T cells, based on SERCA2b-BIAM signals established from diamide
and DTT treatments, which constitute the fully oxidized and reduced controls, respectively (Figure
7C). However, no apparent changes in SERCA2b-BIAM signal were observed for the ORF7b
group, suggesting that expression of ORF7b does not have a major consequence on the redox state

of SERCA2b (Figure 7C).
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Figure 6. ORF7b interacts with MAM proteins. (A) HEK 293T cells were transfected with
FLAG-tagged ORF7b for 48 h prior to lysis. Lysates were subjected to immunoprecipitation by
anti-FLAG antibodies. Proteins were resolved via SDS-PAGE and immunoblotted against FLAG,
TMX1, calnexin, and NOX4 (as a MAM protein negative control). (B) HEK 293T cells were
transfected with FLAG-tagged ORF7b and HA-tagged SERCA2b for 48 h prior to lysis. Lysates
were subjected to immunoprecipitation by anti-FLAG antibodies. Proteins were resolved via SDS-
PAGE and immunoblotted against FLAG and HA.
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Figure 7. ORF7b disrupts MAM protein interactions. (A) HEK 293T cells were transfected
with FLAG-tagged ORF7b and HA-tagged SERCA2b for 48 h prior to lysis. Lysates were
subjected to immunoprecipitation by anti-HA antibodies. Proteins were resolved via SDS-PAGE
and immunoblotted against HA, TMX1, calnexin, and FLAG. (B) Densitometric analysis of bands
was performed using Imagel. Data is presented as a mean of three replicates, with error bars
indicating standard error of mean. ** P < 0.01, **** P <0.0001. (C) Analysis of the oxidation
state of SERCA2b was done using a biotinylated iodoacetamide (BIAM) switch assay. HEK 293T
cells expressing FLAG-tagged ORF7b and HA-tagged SERCA2b were analyzed via Western blot
for HA and BIAM signals. Diamide and DTT treatments constituted the fully oxidized and fully

reduced control groups, respectively.

53



3.2.4. ORF7b alters Ca’" levels

Our results thus far have indicated that ORF7b interacts with MAM proteins and disrupts
interactions between SERCA2b and its regulators. Given that SERCA2b serves as the main pump
responsible for Ca*" refilling of the ER, we sought to explore whether ORF7b affected Ca**
availability within the ER. We used the ER-targeted red fluorescent genetically encoded Ca**
indicator for optical imaging (ER-RGECO) (Gutiérrez et al., 2020; J. Wu et al., 2014) to measure
the total amount of Ca?"in the ER within control and ORF7b-expressing Vero E6 cells, which
were treated with the SERCA2b inhibitor TBHQ to prevent Ca’’ refilling of the ER, thereby
depleting ER Ca?" stores (Figure 8A). Our results show that the ER-RGECO signal in the ORF7b
group was reduced by around 20% compared to the control group, indicating that ORF7b-
expressing cells have less ER Ca®" content (Figure 8A).

As mentioned earlier, MAMs provide the ER and mitochondria with a spatial relationship
which permits Ca®" transfer between the two organelles. Thus, levels of Ca** within these two
organelles are highly related and can influence each other. To determine the relevance of our ER
Ca®" findings to mitochondrial Ca?*, we used the mitochondria-targeted Ca?" probe mito-RGECO
(Gutiérrez et al., 2020; J. Wu et al., 2014) to measure the amount of Ca*" in the mitochondria in
control and ORF7b-expressing Vero E6 cells. Treatment with FCCP, which inhibits Ca?* uptake
to the mitochondria by depolarizing the mitochondrial membrane, did not show any significant
differences in mitochondrial Ca®" content between the control and ORF7b group (Figure 8B).
However, IP;R-mediated Ca®* release from the ER and subsequent uptake into mitochondria upon
treatment with histamine resulted in a 25% increase in Ca®" transfer within ORF7b-expressing
cells (Figure 8C). Altogether, our Ca*" data suggests that ORF7b promotes mitochondrial Ca*
uptake, concurrent with the finding that ORF7b-expressing cells have a reduced capacity to refill

their ER Ca?" stores via SERCA2b.
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Figure 8. ORF7b alters Ca** levels. (A) Control and ORF7b-expressing Vero E6 cells were
transfected with ER-RGECO and imaged by fluorescence microscopy to measure ER Ca*". 60 uM
TBHQ was added to induce Ca®" release from the ER. The drop in ER-RGECO fluorescent signal
was recorded and quantified. (B) Control and ORF7b-expressing Vero E6 cells were transfected
with Mito-RGECO and imaged by fluorescence microscopy to measure mitochondrial Ca**. 10
uM FCCP was added to induce Ca’" release from the mitochondria. The drop in Mito-RGECO
fluorescent signal was recorded and quantified. (C) Control and ORF7b-expressing Vero E6 cells
were transfected with Mito-RGECO and imaged by fluorescence microscopy to measure
mitochondrial Ca**. 50 pM histamine was added to induce Ca’'release from the ER and
subsequent uptake into the mitochondria. The peak in Mito-RGECO fluorescent signal was
recorded and quantified. Data is presented as a mean of at least three replicates, with error bars
indicating standard error of mean. * P <0.05; ** P <0.01.
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3.2.5. ORF7b promotes mitochondrial activity

The finding that ORF7b promotes mitochondrial Ca** uptake would suggest that ORF7b
could promote mitochondrial activity, since Ca** activates the enzymes of the TCA cycle, which
generates the substrates needed for oxidative phosphorylation. Thus, we measured mitochondrial
oxygen consumption within HEK 293T cells using high-resolution respirometry (Djafarzadeh &
Jakob, 2017), given that oxygen is consumed via Complex IV of the ETC during oxidative
phosphorylation. We found no difference in basal respiration and leak respiration between control
and ORF7b-expressing cells. However, we found that ORF7b-expressing cells showed a
significant increase in maximal oxygen consumption capacity compared to control cells (Figure
9A), which is often associated with increased substrate availability (Hill et al., 2012).

Given that both ATP and ROS production are tied to the activity of the ETC, we decided
to measure mitochondrial ATP and ROS levels within ORF7b cells. We employed a luminescence-
based assay to measure total cellular ATP levels, but did not detect a difference between control
and ORF7b-expressing cells (Figure 9B). On the other hand, our experiments using fluorescent
ROS-detecting reagents that target the mitochondria or the cytosol revealed that ORF7b-
expressing cells had a two-fold increase in mitochondrial ROS, but similar amounts of cytosolic
ROS compared to control cells (Figure 9C, D), which suggest that effects of ORF7b are directed
to the mitochondria. Altogether, our results indicate that ORF7b promotes activity of the ETC
within mitochondria.

Interestingly, we also observed an increase in the active form of AMPK, phosphorylated
AMPK (p-AMPK) in ORF7b-expressing cells (Figure 9E). Given that AMPK is known to promote
mitochondrial activity by inducing Ca?* flux into the mitochondria through the activation of MCU
(H. Zhao et al., 2019), our observation that levels of p-AMPK are increased within ORF7b-

expressing cells is consistent with increased mitochondrial Ca*" uptake and mitochondrial activity.
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Figure 9. ORF7b promotes mitochondrial activity. (A) HEK 293T cells were transfected with
ORF7b for 48 h prior to high-resolution respirometry analysis. Oxygen consumption rates were
measured for basal, leak, and maximal respirations. (B) HEK 293T cells were transfected with
ORF7b for 48 h prior to luminometry analysis. Total cellular ATP was measured as luminescence.
(C) HEK 293T cells were transfected with ORF7b for 48 h prior to flow cytometry analysis. Cells
were stained with the fluorescent ROS dye CellROX Green (mitochondrial ROS) or Orange
(cytosolic ROS). ROS was measured as mean fluorescence intensity (MFI). (D) Vero E6 cells
stably expressing ORF7b were plated in normal growth conditions 24 h prior to flow cytometry
analysis. Cells were stained with the mitochondria-specific fluorescent ROS dye MitoSOX.
Mitochondrial ROS was measured as % positive cells. (E) HEK 293T cells were transfected with
ORF7b for 48 h prior to lysis. Lysates were analyzed via Western blot for FLAG, AMPK, p-
AMPK, and y-tubulin (as a loading control). Densitometric analysis of bands was performed using
Imagel]. Data is presented as a mean of at least three replicates, with error bars indicating standard
error of mean. * P <0.05.
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3.2.6. ORF'7b alters mitochondrial morphology

The structural integrity of the mitochondria is greatly influenced by levels of Ca®" and
oxidative stress. For example, elevated levels of ROS resulting from excessive mitochondrial Ca?*
are recognized by redox sensors that activate downstream signaling pathways that stimulate
proteins involved in mitochondrial fission, which often represents a step during apoptosis (Jezek
et al. 2018). In addition, various studies have found that treatment of cells with the SERCA2b
inhibitor thapsigargin led to an increase in intracellular Ca** levels, concomitant with an uptake of
Ca”" into mitochondria, which is associated with the increase in ROS formation and activation of
the mitochondria fission machinery (Breckenridge et al., 2003; Hom et al., 2010; Hom et al., 2007).
We were therefore interested in seeing whether changes to mitochondrial morphology occur within
ORF7b-expressing cells, wherein we observed changes in levels of mitochondrial Ca** and ROS
(Figure 10A). To do this, we analyzed mitochondrial network for two parameters, form factor and
aspect ratio, which are related to mitochondrial branching and elongation, respectively (Harmuth
et al. 2018). We found that, compared to the control, mitochondria within ORF7b-expressing cells
had a reduced degree of both form factor and aspect ratio, which points towards a fragmented
phenotype (Figure 10B). These results suggest that expression of ORF7b promotes mitochondrial

fission, and is consisted with our finding that ORF7b promotes mitochondrial ROS production.
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Figure 10. ORF7b promotes mitochondrial fragmentation. (A) Transfected Vero E6 cells were
grown on 12-mm glass coverslips and processed for immunofluorescence microscopy. Cells were
incubated with MitoTracker (mitochondria marker), DAPI (nuclear marker), and antibodies
against FLAG (ORF7b marker). Scale bar = 10 um. (B) MitoTracker staining was analyzed using
Fiji for mean area, perimeter, and major and minor radii. Mitochondria branching and roundness
were evaluated using the parameters form factor (FF = 4x x area/perimeter?) and aspect ratio (AR
= major radius/minor radius), respectively. * P <0.05; ** P <0.01.
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CHAPTER 4: Discussion and Future
Perspectives
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4. DISCUSSION AND FUTURE PERSPECTIVES

4.1. Discussion and future work
4.1.1. ORF7b is an ER-targeted integral membrane protein

In this thesis, we analyzed the topology of the SARS-CoV-2 accessory protein ORF7b.
Through biochemical assays, we were able to demonstrate that ORF7b is an integral membrane
protein and that a potential N-glycosylation site on the C-terminus domain is not glycosylated
(Figure 3B, C). Altogether, these findings could point towards a protein topology comprised of a
transmembrane domain with cytosolic C-terminus and a luminal N-terminus, consistent with
bioinformatic predictions that ORF7b assumes a Type III transmembrane protein topology.
However, more sophisticated assays must be conducted to confirm the topology of ORF7b.
Furthermore, we were able to assess the intracellular localization of ORF7b through
immunofluorescence microscopy imaging and subcellular fractionation (Figure 4). Our results
show that ORF7b localizes to the ER, consistent with previously reported observations that ORF7b
targets the ER.

As mentioned earlier, various proteins encoded by the SARS-CoV-2 genome, including
ORF7b, are found in the ER. Targeting of viral proteins to the endomembrane system (i.e., the ER
and the Golgi complex) is not an uncommon event among enveloped RNA viruses, including
SARS-CoV-2. Such viruses are known to hijack certain aspects of ER replication machinery to
benefit their own replication and pathogenesis by ensuring the production of viral proteins
(Ravindran et al., 2016; Sureda et al., 2020). First, viral replication proteins localize to the ER to
mediate the severe restructuring of the ER membrane for the formation of membrane vesicles
which serve as sites for the replication of viral RNA (Roingeard et al., 2022). Next, translated viral
structural proteins, such as S, M, and E, in the case of SARS-CoV-2, translocate to the ER
membrane and move through the ER-to-Golgi intermediate compartment (ERGIC), where they
assemble with N-encapsulated, newly replicated viral genomic RNA to form new virions, which
subsequently bud into the lumen of ERGIC. Finally, the virions and are released from the infected
cell via exocytosis (Ravindran et al., 2016; V’kovski et al., 2021). Although viral accessory
proteins are not required for viral replication, some viral accessory proteins that localize to the
endomembrane system have been identified to impart a benefit for the formation and subsequent

release of virions during infection. For instance, the viral protein U (Vpu), which is an ER

61



membrane-associated accessory protein encoded by HIV-1, promotes the release of newly
synthesized HIV-1 virions from infected host cells. Vpu achieves this by binding and antagonizing
Tetherin, which is a host restriction factor that inhibits the release of virions from host cells (Dubé
et al., 2010). Whether ORF7b, which we have found to localize to the ER membrane, plays a role

in the replication and budding of SARS-CoV-2 virions, remains to be investigated.

4.1.2. ORF7b disrupts interactions between SERCA2b and its regulators

Various protein screens have reported that ORF7b interacts with MAM-localized proteins,
including calnexin and TMX1. Through our co-immunoprecipitation experiments, we were able
to reproduce these findings (Figure 6). However, whether ORF7b targets the MAMs had not been
previously investigated. In this thesis, we were able to demonstrate, through subcellular
fractionation experiments, that ORF7b is indeed found in the MAMs (Figure 5).

Through subsequent co-immunoprecipitation experiments, we determined that ORF7b
disrupted interactions between SERCA2b and its regulators, calnexin and TMX1 (Figure 7A, B).
In line with this observation, we found that ORF7b-expressing cells had decreased ER Ca** stores
(Figure 8A). Given that SERCAZ2b is responsible for the refilling of Ca** in the ER, decreased ER
Ca** levels point toward a reduction in SERCA2b activity, as previously demonstrated by various
studies (Gutiérrez et al., 2020; Raturi et al., 2016). In the hopes of shedding insight into the
mechanisms tied to the regulation of SERCA2b activity by ORF7b, we conducted a BIAM
labelling assay to investigate the oxidation state of SERCA2b in the presence of ORF7b. Despite
observing reduced interaction between SERCA2b and its redox regulators upon ORF7b
expression, we did not observe a change in the redox state of SERCA2b (Figure 7C). This result
suggests that the oxidation of SERCA2b might not be the primary basis for altered SERCA2b
activity. However, this experiment was performed only once, so statistical significance cannot yet
be determined for these results.

What are other ways in which ORF7b could influence SERCA2b activity? One possibility
is that ORF7b alters SERCA2b activity independent of its redox state or interactions with calnexin
and TMX1. Given that we have found that ORF7b interacts directly with SERCA2b, we
hypothesize that ORF7b could inhibit SERCA2b activity in a similar manner to PLN. As
mentioned earlier, PLN binds SERCA via its inhibitory transmembrane domain. Since the putative

transmembrane domain of ORF7b resembles that of PLN, we propose that the interaction between
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ORF7b and SERCA2b could be enough to disrupt SERCA2b activity, thereby triggering the
changes in ER Ca?" that we have observed. One approach to investigate this is to directly measure
the pump activity of SERCA2b within a proteoliposome system, in which SERCA2b and/or
another protein of interest, such as ORF7b, is inserted into lipid membrane vesicles (Smeazzetto
et al., 2017). In this setup, no other proteins are present, and would eliminate the influence of other
proteins, such as calnexin and TMX1, on SERCA2b activity, which would otherwise be present in
a cell model.

Another possible explanation for the changes in ER Ca** levels that we observed is that
ORF7b could act independently of SERCA2b. As previously mentioned, ORF7b has been
identified as a viroporin, which has been implicated in the regulation of intracellular Ca*" levels
through its ion channel function. Notably, Ca®>" leakage from the ER has been observed upon
expression of viroporins, including the rotavirus NSP4 (Hyser et al., 2010; Hyser & Estes, 2015)
and picornavirus 2B viroporins (Ito et al., 2012; Triantafilou et al., 2013). Whether ORF7b could

potentially alter ER Ca*" levels by way of its ion channel function remains to be investigated.

4.1.3. ORF7b promotes mitochondrial activity

An important function of MAMs is to control the flux of Ca?" between the ER and
mitochondria, which ultimately dictates mitochondrial activity. In line with our observation that
ORF7b-expressing cells have a decreased ability to refill ER Ca®" stores via SERCA2b, our data
suggests that ORF7b could promote mitochondrial Ca** uptake (Figure 8C). Concordant with this
finding, we observed increased oxygen consumption within ORF7b-expressing cells (Figure 9A).
How does this role of ORF7b fit in our understanding of mitochondrial metabolism in the context
of viral infections? Generally, viruses are known to alter mitochondrial metabolism in order to
maintain an energy-sufficient environment for viral replication. The way by which viruses can
induce changes in host cell metabolism depends on the type of virus. For instance, HCMV
enhances mitochondrial metabolism by increasing mitochondrial biogenesis and respiration
(Kaarbg et al., 2011). A related virus, the herpes simplex virus type 1, is known to increase
mitochondrial metabolism via the induction of the TCA cycle (Vastag et al., 2011). Similarly,
HCV upregulates TCA cycle enzymes to promote a regular supply of TCA cycle products
(Diamond et al., 2010), which are needed to maintain ATP levels during infection. Infection with

HCV is also known to promote mitochondrial fatty acid oxidation, which contributes to ATP
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production (Diamond et al., 2010; Rasmussen et al., 2011). Thus, viruses target different aspects
of mitochondrial metabolism in order to facilitate an optimal condition for viral infections; SARS-
CoV-2 is no exception. For instance, a recent study found that the SARS-CoV-2 accessory protein
ORF3c induces a shift from glucose to fatty acid oxidation and enhances oxidative phosphorylation
(Mozzi et al., 2022). In this thesis, we provide evidence that suggests that the SARS-CoV-2
accessory protein ORF7b promotes mitochondrial metabolism by promoting mitochondrial Ca**

uptake.

4.1.4. ORF7b induces a condition of oxidative stress

Our observation that ORF7b-expressing cells have increased levels of mitochondrial ROS
compared to control cells (Figure 9C, D), point towards a condition of oxidative stress upon
ORF7b expression. As previously mentioned, aberrant mitochondrial ROS production can directly
impact cell fate and lead to apoptosis. When it comes to viral infections, the physiological roles of
apoptosis are complex. On one hand, apoptosis can be an efficient antiviral defense mechanism
since it eliminates infected cells. In contrast, viral-induced apoptosis in host cells would contribute
to the pathogenicity of the virus (Benedict et al., 2002). In view of this, viruses are known to hijack
intracellular signaling pathways to benefit their own survival by either suppressing host cell death
to enable their replication inside infected cells, or promoting host cell death to obtain nutrients and
disseminate further (Tiku et al., 2020).

In many cases, viruses have developed ways to inhibit or delay apoptosis in order to foster
an environment suitable viral replication, especially during the early stages of infection. For
example, the HCV NS5A protein is known to activate signal transducer and activator of
transcription 3 (STAT-3) and nuclear factor k B (NF-kB) survival pathways (Gong et al., 2001).
However, apoptosis can still be activated during infection at a later point via immune activation,
cellular damage caused by the virus, or specific viral proteins (Gatti et al., 2020). For example, the
influenza A PB1-F2 protein targets the mitochondrial intermembrane space, where it disrupts
mitochondrial dynamics and membrane potential, thereby inducing cell death (Zamarin et al.,
2005). Within SARS-CoV-2, the accessory protein ORF3a was found to induce apoptosis by
activating caspase-8, which cleaves Bid to tBid and induces the release of cytochrome ¢ (Ren et
al., 2020). In addition, a recent study found that SARS-CoV-2 ORF7b promoted apoptosis by
inducing the expression of TNF-a (R. Yang et al., 2021).
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Although we did not directly test for cell death induction in this study, we did, however,
observe various hallmarks of apoptosis. For example, we found that ORF7b-expressing cells
exhibited highly fragmented mitochondria (Figure 10), which, as mentioned earlier, often
represents a step during apoptosis (Jezek et al., 2018). In addition, despite measuring increased
oxygen consumption, which drives ATP production, we did not observe an increase in cellular
ATP levels within ORF7b-expressing cells (Figure 9B). Given that apoptosis is an energy-
consuming process, owing to a number of ATP-dependent steps, including caspase activation and
chromatin condensation (Ferrari et al., 1998; Kass et al., 1996; Miyoshi et al., 2006), the lack of
increased ATP levels within ORF7b-expressing cells wherein we observed increased oxygen
consumption could indicate that ATP is being consumed at a higher rate within these cells in order
to drive apoptosis.

In addition, we observed changes in protein distribution upon ORF7b expression that point
towards a condition of apoptosis, namely the reduction of calnexin signal in MAM fractions
(Figure 5). According to previous literature, under conditions of apoptosis or cell stress, calnexin
dissociates from BAP31 and moves away from the MAMs (Delom et al., 2007). This allows
BAP31 to increase its interaction with Fis1, which cleaves BAP31 to the pro-apoptotic p20-BAP31
(Iwasawa et al., 2011). Whether p20-BAP31 is present in ORF7b-expressing cells has yet to be
investigated.

Further corroborating a condition of apoptosis upon ORF7b expression is the presence of
a calnexin signal of lower molecular weight in the MAM fraction for the ORF7b group that is
consistent with the partial cleavage of calnexin (Figure 5). Under apoptotic conditions, including
infection with influenza virus, calnexin can be cleaved in its cytosolic domain tail by caspases,
including caspase-3 and caspase-7, resulting in a cleaved product that is around 3 kDa smaller than
the full-length calnexin (Takizawa, 2004). We hypothesize that the same thing happens upon
ORF7b expression. Furthermore, caspase-3 is known to be activated by caspase-8, which is
enriched at the OMM at ER-mitochondria contact sites (Chandra et al., 2004; Lakkaraju &
van der Goot, 2013), which might explain why the cleaved calnexin signal is only observed in the
MAM fraction. However, further experiments must be conducted to elucidate the mechanism

behind calnexin cleavage upon ORF7b expression.
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4.1.5. Could ORF7b trigger inflammation?

An important player in the innate immune response against pathogenic infections is the
inflammasome (Zheng et al., 2020). Upon sensing viral infections, inflammasomes will trigger the
innate immune response to eliminate the virus (Lupfer et al., 2015). However, dysregulation of
inflammasome activity could lead to a state of severe inflammation, as the case if for acute
inflammatory diseases. Increasing evidence shows that induction of inflammasome and
dysregulation of the innate immune response can occur within SARS-CoV-2 infections, leading to
augmented inflammatory responses that contribute to the clinical presentation of patients with
COVID-19 (Rodrigues et al., 2020; Toldo et al., 2021; Vardhana & Wolchok, 2020).

Inflammasomes are named according to different sensing proteins: NLRP1, NLRP3,
NLRC4, and AIM2 (Broz & Dixit, 2016). Among them, the NLRP3 (which stands for NOD-like
receptor family pyrin domain containing 3) inflammasome is expressed in most cell types and
serve important functions during RNA viral infections (X. Wang et al., 2014). In fact, it has been
shown that NLRP3 inflammasomes are activated in blood cells during SARS-CoV-2 infections
and are active in COVID-19 patients (Rodrigues et al., 2020; Toldo et al., 2021). The NLRP3
inflammasome is composed of NLRP3, the adaptor protein apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC), and pro-caspase-1 (Effendi & Nagano, 2021). In
general, NLRP3 inflammasome activation upon viral infection requires a priming signal and an
activation signal. The binding of viral membrane components to pattern recognition receptors on
the host cell surface initiates the priming signal, leading to the activation of NF-xB. NF-«B then
upregulates the expression of NLRP3, as well as proinflammatory cytokines pro-IL-1p and pro-
IL-18, which remain inactive in the cytosol until stimulated by the second signal. The second
signal, induced by a wide range of stimuli, including K* efflux, Ca®" influx, and mitochondrial
ROS, is required to promote NLRP3 inflammasome complex assembly and activation (He et al.,
2016). Once the inflammasome complex is assembled, pro-caspase-1 is auto-processed to active
caspase-1, which cleaves pro-IL-1B and pro-IL-18 to their active forms, IL-1B and IL-18.
Eventually, these cytokines are released from the infected cell to trigger inflammation.

A link between inflammation and MAMs was first made upon the observation that ROS
promoted the activation of NLRP3 inflammasomes. Upon elevated levels of ROS from damaged
mitochondria, NLRP3 relocates to the MAMs and assembles into the inflammasome (R. Zhou et

al., 2011). Thus, in light of the finding that ORF7b promotes mitochondrial ROS production
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(Figure 9C, D), it would be interesting to investigate whether ORF7b could induce NLRP3
inflammasome activation, which has been reported in SARS-CoV-2 infections. Further endorsing
ORF7b as a potential trigger for NLRP3 inflammasome formation is the fact that viroporins can
induce NLRP3 inflammasome activity (Farag et al., 2020). Viroporin-induced NLRP3
inflammasome activation could be due to changes in Ca>" homeostasis. For example, the HCV P7
and picornavirus 2B viroporins stimulate Ca®" flux from the ER into the cytosol, providing the
activation signal for NLRP3 inflammasome formation (Ito et al., 2012). Additionally, viroporins
that are known to influence ROS production, such as the influenza A M2 viroporin, have also been
implicated in NLRP3 inflammasome activation (Farag et al., 2020; R. Wang et al., 2019). On this
basis, further investigation on the consequences of ORF7b on mitochondrial dysregulation and
inflammatory responses must be conducted to further our understanding of the role of ORF7b for

SARS-CoV-2 infections.

4.2. Conclusions

In this thesis, we gained a better understanding of the role of the SARS-CoV-2 accessory
protein ORF7b (Figure 11). Herein, we were able to demonstrate that ORF7b is an integral
membrane protein that targets the ER. More specifically, ORF7b localizes to the MAMs and
interacts with various MAM-localized proteins, including SERCA2b and its regulators, namely
calnexin and TMX1. We also show that upon ORF7b expression, interactions between SERCA2b
and its regulators were diminished. Concordant with this, we observed a decrease in ER Ca**
levels, which point towards an inhibition of SERCA2b activity upon ORF7b expression. However,
given that there are many possibilities which would result in this phenotype, as outlined previously,
further studies must be conducted to elucidate the mechanism by which ORF7b alters ER Ca?*
levels.

Furthermore, we were able to demonstrate the effects of ORF7b expression on
mitochondrial metabolism. Our finding that ORF7b promotes mitochondrial metabolism and
oxidative stress are consistent with the idea that SARS-CoV-2 can hijack mitochondrial function
and manipulate the metabolic pathways of host cells. That being said, the consequences of these
changes to mitochondrial metabolism triggered by ORF7b have yet to be investigated. Indeed,
further studies must be conducted to fully understand the function of ORF7b as an important

protein for SARS-CoV-2 infections.
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Figure 11. The role of ORF7b for ER-mitochondria Ca?** homeostasis and mitochondrial
metabolism. ORF7b targets the MAMs and reduces protein interactions between SERCA2b and
its regulators, calnexin (CNX) and TMX1. Expression of ORF7b also promotes Ca*" flux towards
the mitochondria. Concordant with this, ORF7b-expressing cells exhibited higher mitochondrial
metabolic activity, by way of increased oxygen consumption and ROS production. Created with
BioRender.com
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