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CHAPTER 1

INTRODUCTION

1.1 Coronavirus Biology

1.1.1 Emergence of SARS-CoV-2 and the COVID-19 pandemic

In late 2019, a novel coronavirus (CoV) emerged in Wuhan, China, causing severe acute respiratory illness and
death in some cases (1,2). By early 2020, the virus had made its way across the globe and the World Health Organization
(WHO) declared the outbreak a pandemic on March 11", 2020 (3). The disease was named Coronavirus Disease 2019
(COVID-19, (4)) and the virus, after an initial title of 2019 novel CoV (2019-nCoV), was named SARS-CoV-2 (also referred
to as SARS-2 within this text) (5). Symptoms included fever, chills, difficulty breathing, and in severe cases, pneumonia,
and respiratory failure (6). As of January 2024, the current human toll stands at over 773 million reported cases and close
to 7 million deaths (7). In the ensuing weeks, months, and years after the emergence of SARS-CoV-2, the medical and
scientific community has conducted swift and concentrated research on the virus and COVID-19, pursuing therapeutic
strategies and a better understanding of how this new virus works. This dissertation is a small piece of these efforts, initiated
in late February of 2020 after conservations between myself, my advisor, Lars Plate, and a fellow graduate student,
Katherine Almasy, on how we might contribute to the larger CoV research endeavor. We began our work just as the
university and the city implemented shut-down measures to limit the outbreak spread, setting out to study the mechanisms
by which SARS-CoV-2 and other CoVs hijack a host cell for infection.

SARS-CoV-2 is the third highly pathogenic beta-CoV to emerge in the modern era. In late 2002, an outbreak of
SARS-CoV (also referred to as SARS-CoV-1 or SARS-1 within this text) occurred in Guangdong Province, China and
spread to Hong Kong, Singapore, Canada, and Vietnam (8,9). The outbreak ended in 2003 with 8,098 total cases and 774
deaths (10). A decade later, Middle Eastern Respiratory Syndrome- CoV (MERS-CoV; also referred to as MERS within this
text) broke out in Saudi Arabia in 2012 (11). To date, there have been 2,617 confirmed cases and 947 deaths (12). MERS-
CoV spilled over from bats to camels and eventually to humans (13,14). SARS-CoV also emerged from bats (15,16) and
there is evidence SARS-CoV-2 is likely to have bat origins as well (17-20). Further outbreaks of highly pathogenic CoVs
are likely, due to the large circulating pool of animal CoVs with spill-over potential, viral recombination events, and
increasing contact between wildlife and human populations (16,21,22). As such, continued study of this virus family is
imperative for preparing for future outbreaks.

Besides the three severely pathogenic CoVs, four human CoVs (hCoVs) associated with the common cold have
been characterized, including the alpha-CoVs hCoV-229E (23) and hCoV-NL63 (24), and the beta-CoVs hCoV-OC43 (25),
and hCoV-HKUT (26). The range of pathogenicity of human CoVs is notable and continued research is needed to understand
the molecular mechanisms governing these differential outcomes between viruses.

Additionally, there are a wide array of well-studied animal CoVs that have proven useful models for elucidating

fundamental principles of CoV biology. These include avian infectious bronchitis virus (IBV) (27) and murine hepatitis
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virus (MHV) (28). MHV in particular has served as a workhorse infection model, due to its ease of handling and

permissibility for cell culture (29,30).
1.1.2  Role of nonstructural proteins (nsps) in CoV infection

1.1.2.1 CoV replication cycle

CoVs subvert host cell functions to replicate and produce progeny virus. The events and molecular mechanisms
mediating infection have been studied extensively and are comprehensively reviewed by Perlman and Netland (31) and
V’kovski et al. (32), among many others. Herein, I will briefly review aspects of the CoV replication cycle with a focus on

the role of nonstructural proteins (nsps) and in particular the subjects of this dissertation: nsp2, nsp3, and nsp4.
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Figure 1-1. SARS-CoV-2 virion and genome composition.

A. SARS-CoV-2 virion composition, including labeled structural proteins, which deliver the viral RNA genome
(VRNA). The vRNA is 30,000 bases long and encodes for Orfla and Orf1b from which 16 nonstructural proteins
are produced. Structural and accessory proteins are encoded in the last two-thirds of the genome.

B. This dissertation focuses on the functions and host interactions of nsp2, nsp3 (containing a protease domain,
PL2pro), and nsp4.

CoV virions are enveloped in host-derived membranes, inside which is the viral positive-sense, single-stranded
RNA genome (gRNA) wrapped around nucleocapsid (N) protein (Figure 1-1A). The viral membrane is studded with
integral membrane structural proteins, including membrane (M), envelope (E), and spike (S), as well as hemagglutinin
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esterase (HE) in the case of MHV. The spike protein mediates cell attachment and entry, binding to host protein receptors
on the plasma membrane such as ACE2 (SARS-CoV-1, -2, hCoV-NL63) (33-35), DPP4 (MERS-CoV)(36), and CEACAM1
(MHV) (37) (Figure 1-2). Virions release the gRNA into the cytoplasm after fusion with either endosomes or the plasma
membrane and uncoating of nucleocapsid proteins. CoV gRNA is roughly 30,000 bases in length, one of the largest known
RNA viral genomes, with the first ~20,000 bases encoding two open reading frames (Orfla, Orflb) containing sixteen
nonstructural proteins (nsp1-16) (Figure 1-1A). The last ~10,000 bases encode for the structural proteins (S, E, M, N) with

accessory protein genes located between (31).
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Figure 1-2. The CoV replication cycle.
Prominent aspects of the replication cycle are highlighted, including attachment, genome release into the cytosol, production
of nsp polyprotein, replicase formation, genome replication, virion assembly, and release.

The Orfla/b portion of viral gRNA is translated first by host ribosomes, resulting in two polyproteins, ppla and
pplab, through the use of a -1 ribosomal frame shift at nspl11 (Figure 1-2). These polyproteins are inserted into host ER
membranes and self-cleaved by viral proteases (nsp3 and nsp5) to release the nsps (38). Nsps form double membrane
vesicles (DMVs) from ER-derived membranes and assemble into viral replication/transcription complexes (RTCs) within
DMVs (31). RTCs mediate viral gRNA replication and processing, in which negative-sense gRNA ((-)gRNA) is synthesized
and used as a template, both for gRNA replication and production of subgenomic RNAs (sgRNAs) that encode for structural

and accessory proteins. New gRNA is transferred to N protein in the cytoplasm and packaged with structural proteins into
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new virions in the ER-Golgi-Intermediate Compartment (ERGIC). Virions are canonically thought to exit the cell through
the secretory pathway, though recent evidence suggests this may be mediated by the lysosomal trafficking for MHV and
SARS-CoV-2 (39).

Nsps mediate most CoV replication events between entry and egress, in large part through virus-virus and virus-
host protein interactions (PPIs) (40,41). Likely due to this essential nature, nsp1-16 are found in almost all CoVs and in
general have high sequence conservation amongst homologs (with the exception of nsp2), which is in contrast to the
tremendous sequence variation for the spike protein. Nsp3 and nsp6, in combination with nsp4, are the only multi-pass
transmembrane nsps and rearrange host ER membranes into DM Vs (42-45). Recent work has also shown that nsp6 acts as
a gatekeeper between the ER and DM Vs, presumably to prevent host proteins from gaining access to the DMV interior (46).
Emergence of sequence variants in nsp3, nsp4, and nsp6 have been observed over the course of the COVID-19 pandemic
and some have been associated with alterations in SARS-CoV-2 pathogenesis (47—49).

Nspl12-16 complex together to form the core viral genome replication complex of the RTC with the assistance of
nsp7-10. Nsp12 contains the RNA-dependent RNA polymerase which synthesizes new viral RNA with the aid of nsp7 and
nsp8 (50). Viral gRNA is capped at the 5’ end by nsp9 and nsp12 and the cap is methylated by nsp14 and nsp16 (51). New
gRNA is also scanned by nsp14, which is a 3’ to 5’ exoribonuclease with proofreading and recombinase abilities, an unusual

feature for an RNA virus (52,53).

1.1.2.2  Nsp2 overview

Nsp2 is a soluble protein with an ambiguous role in replication (Figure 1-1B). It is dispensable for infection in
SARS-CoV-1 and MHYV cell culture models, albeit with significant stunting in viral titers (~two logio plaque forming units
(PFU)/mL) (54); however, its role may be more necessary during infection in animals and humans, perhaps in contending
with host immunity. There is a high degree of amino acid sequence variation between nsp2 homologs (32), and early
sequence analysis of SARS-CoV-2 identified regions of positive selection pressure in nsp2 (55). Nsp2 has also been shown
to associate with other nsps amid the viral RTC during infection (56-58), indicating likely involvement in supporting either
host modification or viral replication.

Structural characterization of SARS-CoV-2 nsp2 has been carried out through several different methods, such as
crosslinking mass spectrometry (59), X-ray crystallography of the N-terminus (60), and Cryo-electron microscopy (Cryo-
EM) aided by AlphaFold2 (61). These studies have identified well-conserved Zinc-binding sites in the N-terminus and
suggest potential RNA-binding activity.

1.1.2.3  Nsp3 overview

Nsp3 is a glycoprotein and the largest nsp, with a large N-terminal cytosolic portion, followed by two
transmembrane domains with a small luminal Ecto domain and a membrane-associated alpha helix domain on the C-
terminus (43) (Figure 1-1B). There are many domains within nsp3 with some variation between different CoVs (see review

(62)). In the N-terminal region, the ubiquitin-like domain (UBL) 1, UBL2, and macrodomain 1 (Mac1) domains are shared
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across homologs, while SARS-CoV and SARS-CoV-2 contain a SARS-unique domain (SUD). hCoV-OC43, hCoV-229E,
and MHV contain two papain-like protease domains (PL1pro and PL2pro), whereas SARS-1, SARS-2 and MERS only have
the one PL2pro domain (also annotated as PLpro). The PL2pro domain has been the subject of much research, as besides
cleavage of the nsp1/2/3/4 polyprotein sites, this domain also possesses deubiquitinase and deISGylation activity against
host proteins (63,64). The PL2pro domain functions as a Cysteine protease and inhibitors have been developed to suppress
viral infection, although none have been approved for treatment (65).

As noted above, nsp3 is involved in DMV formation. Recent work has found expression of SARS-CoV-2 nsp3 and
nsp4 are sufficient to form DMVs similar to those observed in infection (45). Cryo-electron tomography (Cryo-ET) studies
have revealed molecular pores doting DMVs during MHV infection, which appear to be produced by a crown-like
oligomerization of nsp3 and nsp4 (66). Further cryo-ET work with SARS-2 nsp3-nsp4 expression show that these proteins
are sufficient to form DMV pores (67). These pores are postulated to act as gateways for viral RNA to be transported to the

outside of DM Vs for virion encapsulation.

1.1.2.4 Nsp4 overview

Nsp4 contains four transmembrane domains with two luminal loops, one cytosolic loop, and both N- and C-termini
in the cytosol (68,69) (Figure 1-1B). It retains high sequence conservation between homologs and, like most nsps, is
indispensable for infection (70). It primarily acts to remodel host membranes for DM Vs (42,44), forming homodimers with
itself and heterodimers with nsp3 and nsp6 to pair host membranes together (71). The larger luminal loop of nsp4 is N-
glycosylated at two sites in MHV (N176, N237) (72) and one site in SARS-CoV and SARS-CoV-2 (N131) (43). This
glycosylation has been shown to be crucial for viral infection and DMV morphology, as mutations at these residues hinder

viral fitness (73).

1.1.3 ER protein homeostasis (proteostasis) network

1.1.3.1 General purpose of the proteostasis network

Human cells genomically encode approximately 20,000 different proteins (74), all with varying structural features,
isoforms, half-lives, spatial organization, and functions. To manage this vast proteome and maintain protein homeostasis
(proteostasis), cells use a collection of interconnected quality control systems which are collectively called the proteostasis
network. These systems can be broadly binned into three categories: 1) protein production, 2) protein degradation, and 3)
surveillance and regulation. They cover a range of activities, from protein folding and addition of post-translational
modifications to clearing misfolded proteins to responding to heat shock and other stress conditions (75). Key to these
networks is the coordination of PPIs between proteostasis factors and client proteins (76). The host proteostasis network is
particularly prominent in the endoplasmic reticulum (ER), where roughly a third of the cellular proteome is processed and

some are modified for secretion. The ER is an oxidizing environment akin to the outside of the cell and contains a high
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concentration of calcium and chaperones dedicated to folding new proteins. Given the centrality of the ER to proteostasis,
I will primarily focus on reviewing the relevant ER proteostasis systems, with an emphasis on processes known to be

hijacked by CoV replication.

1.1.3.2  Protein production and biogenesis systems

Proteins are produced by ribosomes, which translate genetic information encoded in mRNA transcripts into nascent
polypeptides. The essential nature of this process means every sequential event is heavily regulated. Translation initiation
requires the temporal assembly of various factors to assemble ribosomes and load mRNAs (77). Ribosomes can sometimes
stall on transcripts or transcripts may need to be temporally blocked from being translated, so components of the Ribosomal
Quality Control (RQC) complex act to prevent and remove problematic ribosome collisions (78). As polypeptides emerge
from the ribosome, they are scanned by the Signal Recognition Particle (SRP) for signal peptides that indicate ER membrane
localization and upon recognition, the ribosome is brought to the rough ER (79,80). Here proteins are threaded co-
translationally into the ER membrane by the Sec61 translocon, with the help of the ER membrane protein complex (EMC)
to insert transmembrane helices (81,82).

Within the ER, a whole slew of factors engage with client proteins for further processing. There is a large
concentration of molecular chaperones and co-chaperones, such as BiP (HSPAS) and GRP94, which help a variety of client
proteins fold into functional three-dimensional shapes (83). Post-translational modifications (PTMs) are added to modify
function or structure, such as disulfide bonds between two Cystine residues formed by protein disulfide isomerases (PDIs)
(84)
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Figure 1-3. Role of Malectin (MLEC) in glycoprotein biogenesis.

An important PTM is N-linked glycosylation, where an oligosaccharide is placed on an Asparagine residue in a
client protein (termed glycoprotein). Lipid-linked oligosaccharides (LLOs) are synthesized on the cytoplasmic face of the

ER before being brought into the lumen and placed on target proteins either co- or post-translationally by the
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Oligosaccharyltransferase (OST) Complex at Asn-X-Ser/Thr sequons (85). These sugars initially contain terminal glucosyl
groups which are used as recognition sites to monitor the status of glycoprotein biogenesis by the glycoprotein quality
control system (86) (Figure 1-3). Initially after OST transfer, the oligosaccharide has three glucosyl moieties and is trimmed
to diglucosyl by glucosidase I (Glul) and then subsequently into a monoglucosyl group by glucosidase II (Glull) (87-89).
From there, client glycoproteins enter the calnexin (CANX) folding cycle and the final glucosyl group is removed by Glull
if proper folding is achieved prior to further secretion. If the glycoprotein fails to reach the folded state, it is re-glucosylated
by UGGTI1 and re-enters the CANX folding cycle. If several iterations of this fail, the glycoprotein is shuttled for
degradation (86,90-92)

The trimming sequence from tri- to di- to monoglucosyl moieties was initially thought to be rapid. However, an
ER-resident lectin protein, malectin (MLEC), was discovered to have strong and specific affinity for diglucosyl moieties,
indicating a potential subset of glycoproteins that contain the diglucosyl sugars (93,94) (Figure 1-3). MLEC expression was
shown to be upregulated during ER stress and found to retain diglucosylated glycoproteins in the ER lumen (95). The
improper trimming is postulated to result from misfolding of the glycoprotein, preventing Glull full access to the glycan,
and so MLEC retains the client until proper folding and trimming can be achieved or the protein degraded. Given its role in
preventing secretion of misfolded glycoproteins, MLEC has been added to the list of glycoprotein quality control factors
(95,96). MLEC has also been shown to associate with ribophorin T (RPN1)(97-99), a component of the OST complex (100),
likely indicating a tight and early linkage between the initial addition of the triglucosylated oligosaccharide by the OST
complex and the surveillance function of MLEC. The role of MLEC in host cell proteostasis still requires further research

and this is further explored in the context of CoV replication in Chapter 4.

1.1.3.3  Degradation systems

Whether through the natural course of their lifespan or because of some external insult, proteins must be regularly
degraded to make room for new proteins and avoid toxic protein aggregation. Cells use several systems to clear proteins,
ranging from targeting individual proteins to whole organelles for destruction.

The canonical degradation apparatus for individual proteins is the ubiquitin-proteosome system (UPS). Target
proteins are tagged with polymers of the small protein ubiquitin by E3-ubiquitin ligases (101). The ubiquitin tags are
recognized by the proteosome, a large barrel-like complex with catalytic proteases in the interior, for subsequent proteolysis
and recycling of amino acids (102,103). Proteosomes are not located in the lumen of the ER and so there is a physical barrier
to destroying misfolded proteins in the ER. This is overcome by the ER-associated degradation (ERAD) pathway. In brief,
components of ERAD recognize misfolded proteins and retrotranslocate the clients across the ER lumen into the cytosol,
where the unfolded protein is tagged with ubiquitin and shunted to the aforementioned proteasome for degradation (104).

There are also systems in place for bulk-degradation, namely autophagy, in which large groups of protein aggregates
are encompassed by double membranes into vesicles (autophagosomes) that then fuse with the lysosome and general
degradation (105). The specific form of bulk degradation of whole portions of the ER is termed ER-phagy and is discussed
comprehensively in a recent review (106). New work has begun to decipher the molecular mechanisms which regulate ER-
phagy, including the identification of ER-phagy receptors, including RTN3, FAM134B, CCPG1, TEX264, and SEC62 (107-
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112). The specificity and operational principles of how regions and clients are selected is actively being researched and may

also have implications for protein secretion (76).

1.1.3.4 Regulation by the Unfolded Protein Response (UPR)

Cells encode a variety of stress response systems to sense and adapt to various insults to the proteome which might
jeopardize cell viability. One of these systems is the Unfolded Protein Response (UPR), which responds to accumulation of
misfolded proteins in the ER. The UPR temporarily shuts off new protein translation to decrease incoming client proteins,
upregulates ER chaperones to fold existing misfolded proteins, and expands ER volume (113), all in an attempt to mitigate
the misfolded protein burden. If unsuccessful and left chronically activated, the UPR can trigger apoptosis (114). The UPR
consists of three branches that signal downstream of their respective ER-membrane localized stress sensors to carry-out the
aforementioned functions: 1) protein kinase R-like ER kinase (PERK), 2) Inositol requiring enzyme la (IREla), and 3)
activating transcription factor 6 (ATF6) pathways (115,116).

1.2 Nsps and the Proteostasis Network

CoV infection necessitates the rapid and large-scale production of viral proteins to produce new viral genomes and
assemble progeny virions against the impending pressure of awakening host defense systems. Furthermore, viruses must
remodel host proteins and networks into a permissive cellular environment for replication. Because the host proteostasis
network is foundational to all aspects of these goals, CoVs have evolved diverse strategies to commandeer this essential

pathway.

1.2.1 Proteomics as a tool to measure virus-host interactions

Protein-protein interactions (PPIs) are one of the key methods used by viruses to hijack the host cell during infection
(Figure 1-4A). Defining the interactions between nsps and the host proteostasis network thus offers a foothold to
characterize mechanisms of viral infection. The application of mass spectrometry to measure proteins (proteomics) has been
leveraged extensively to explore the interface between viruses and the host cell, including measuring changes in host or
virus proteome levels (global proteomics), characterizing post-translational modifications (e.g. phosphoproteomics,
glycoproteomics), defining the proximal protein environment (proximity-labeling), and identifying virus-host protein-
protein interactions (PPIs) (interactomics/affinity-purification mass spectrometry (AP-MS)). Comparative AP-MS has
proven to be a valuable asset in studying viral infections of pathogens with high human health relevance (117).

Proteomics was again successfully deployed in response to the COVID-19 pandemic to characterize the molecular
underpinnings of SARS-CoV-2 as well as to advance therapeutic development. Several landmark studies include a SARS-
CoV-2 protein interactome map (118) and comparative interactomics profiling of SARS-CoV, SARS-CoV-2, and MERS-

CoV homologs (119) from a large consortium led by researchers at the University of California, San Francisco, as well as
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global proteomics profiling of SARS-CoV-2 infection (120) and a comparative multi-omics study on SARS-CoV, SARS-
CoV-2, hCoV-NL63, and hCoV-229E (121). These studies were carried out and published in a parallel time frame with the

comparative interactomics work described in this dissertation (Chapters 2 & 3) and highlight the importance of researching

CoV-host interactions.
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Figure 1-4. CoV nsp-host protein-protein interactions (PPI) mediate infection.

A.
B.

Virus-host PPIs can alter host protein localization, function, and stability.

Nsp2 interacts with 4EHP/GIGYF2 to modify translation repression and interferon (IFN) production. There are
conflicting studies on whether this interaction increases or suppresses translation repression.

Nsp3 contains a PL2pro protease domain, which in addition to cleaving the viral polyprotein, can cleave ubiquitin
or ISG-ylation post-translational modifications on host proteins, leading to modifications in host protein function.
Nsp3 and nsp4 interact with a variety of host proteins (RTN3/4, REEP5, TRAM1, VMP1, TMEMA41B) to mediate
DMV formation.

Nsp1 inhibits translation by binding the mRNA intake site on ribosomes.
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Herein, I will review recent advances in our understanding of the interactions between CoV nsps and the host
proteostasis network, with a particular emphasis on the application of interactomics to study this interface and the nsps

which this dissertation focuses on (nsp2, nsp3, nsp4).

1.2.2 Nsp2 & host translation regulators

Nsp2 has been studied in several different interactomics studies and found to interface with several aspects of the
proteostasis network. Early work expressing tagged SARS-CoV nsp2 in cells during SARS-CoV infection by Cornillez-Ty
et al. identified interactions between nsp2 and GIGYF2 and EIF4E2 (4EHP) (122), which act as translation repressors in
conjunction with the Ribosome Quality Control (RQC) system (123-125) (Figure 1-4B). This interaction was later reported
to be conserved with SARS-CoV-2 nsp2 (118,119), though work from our group would suggest it is a SARS-1 specific
interaction (126).

Characterization of the structural determinants of these interactions has led to varied models on the binding
interfaces. One study reported that SARS-CoV-2 nsp2 binds directly to GIGYF2 (127), narrowing down the binding site on
GIGYF2 to amino acids 860-919 using IP and proximity ligation assays (PLA). In contrast, another study suggested multiple
binding interfaces between SARS-CoV-2 nsp2, 4EHP, and GIGYF2 using a series of truncation IP assays (128). The authors
additionally narrowed down the binding region of nsp2 to the N-terminal region (1-350 aa), consistent with findings by AP-
MS that naturally occurring variants with G262V and G265V substitutions in SARS-CoV-2 nsp2 reduce 4EHP-GIGYF2
binding (61). There is further conflicting evidence on the functional output of this interaction, with nsp2 either interfering
with the translation repression activity of the 4dEHP/GIGYF2 complex (128) or enhancing translation repression, particularly
against IFN- production (127) (Figure 1-4B). These discrepancies may result from differences in interaction and functional
assays used. Regardless, 4EHP and GIGYF2 have been shown to be important for SARS-CoV-2 infection, with genetic
depletion of these factors leading to reduced viral replication (127,129). Whether these functions apply to other nsp2
homologs, such as SARS-CoV and MERS-CoV, remains to be tested.

Other interactions between nsp2 and host translation regulation have been reported. The MERS-CoV nsp2 homolog
was shown to interact with several components of the RQC (119), including the ASC-1 complex, which disassembles
collided ribosomes (130), and TCF25, an RQC complex subunit (131). This study also identified an interaction with
GALNT2, which catalyzes a portion of the O-linked oligosaccharide biosynthesis pathway (132). The implications of nsp2
interactions with glycoprotein biogenesis pathways require further investigation (see Chapter 4). Beyond PPIs, proximity-
labeling proteomics has also shown that MHV and MERS-CoV nsp2 are in close proximity to host translation initiation
factors and autophagy factors at Replication-Transcription Complexes (RTCs) during infection (133).

Clearly, there is a consistent connection between nsp2 and the protein biogenesis pathway, which is the subject of

further investigation in Chapter 4.

1.2.3 Nsp3 PLpro & host protein modifications
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Nsp3 was largely absent from large-scale AP-MS studies published at the advent of the COVID-19 pandemic, due
in part to the protein’s large size and poor expression. Chapter 3 details our lab’s work to fill this gap using comparative
interactomics. Early work has primarily focused on domain-specific interactions, though improved protein expression
models have enabled studies of full-length nsp3 (45,134).

Much of the interface between nsp3 and the host proteostasis system is centered around its function as a viral
protease and manipulation of ER membranes to form DMVs. The papain-like protease domain (PLpro or PL2pro) cleaves
the orfla polyprotein between nsp1/nsp2/nsp3/nsp4 (135) and has been shown to remove post-translational modifications
(PTMs) on host proteins, namely through deubiquitination and deISGylation (62) (Figure 1-4C). Ubiquitination and
ISGylation are pivotal modifications that influence the stability and trafficking of the host proteome, particularly in
organizing host anti-viral defense (136), making these PTMs important targets for viral interference.

The deubiquitinating activity of PLpro is conserved across CoV nsp3 homologs. The SARS-CoV PLpro domain
was shown to have deubiquitinating activity by Linder et al. (137) and later structural work revealed the binding interface
for MERS-CoV PLpro with ubiquitin (138). SARS-CoV-2 PLpro was shown to diverge in client specificity from SARS-1,
with SARS-CoV-2 preferring to cleave ISG-ylated substrates in contrast to SARS-CoV preferences for cleaving
ubiquitinated substrates. This difference in substrate preference was shown to lead to a reduction in the interferon response
to SARS-CoV-2 infection (139,140). Additional proteomics work has shown that many of the interactions of the N-terminal
cytoplasmic arm of nsp3 (which contains PLpro) are largely oriented around the PLpro domain, highlighting the importance

of this domain in host interactions (141).

1.2.4 Nsp3, nsp4, & ER membrane proteins

Both nsp3 and nsp4 are embedded in ER-derived membranes, placing these proteins in a prime location to modify
host membranes and the tightly linked proteostasis processes linked to the ER environment. SARS-CoV-2 nsp3 and nsp4
can be expressed as an auto-cleaving polyprotein and are sufficient to form DM Vs similar to those observed during infection
(45). As such, much recent work has focused on the dual interface between nsp3/nsp4 and the host factors needed to reshape
ER-derived membranes for DM Vs (Figure 1-4C).

One of the primary proteostasis networks that has been implicated in DMV formation are vesicle-based protein
degradation pathways, such as autophagy (58,142) and ERAD-associated vesicles (134,143). In a typical subversive fashion,
CoVs repurpose cellular waste-disposal mechanisms to shield viral propagation.

Recent work has highlighted how this subversion is mediated by nsp3/4 PPIs with host regulators of autophagy.
Williams, et al. reported PPIs between ER reticulon proteins RTN3/4 with SARS-CoV-2 nsp3 and nsp4 (144). RTN3 was
recently shown to serve as an ER autophagy (ER-phagy) receptor (107). The authors further show that these interactions
mediate DMV formation and are pro-viral for SARS-CoV-2 infection.

Concurrently, the ER-resident autophagy regulators VMP1 and TMEM41B (145,146) have been shown to be key
host dependency factors in SARS-CoV-2 and common cold CoV strains (147,148). Further biochemical study of this
dependency found that VMP1 directly interacts with both SARS-2 nsp3 and nsp4 through its ER Iuminal loop, while
TMEM41B binds just nsp4 to mediate DMV formation (148). Further, TMEM41B regulates nsp3 and nsp4 intraviral PPIs,
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with TMEM41B knockout weakening interactions between the two. TMEM41B has also been shown to play a broader role
in RNA virus modulation of host ER membranes. It interacts with DENV NSP4 to facilitate replication sites around the ER
membrane (129), which points towards pan-RNA virus therapeutics if TMEM41B-specific inhibitors can be developed.
Nsp3/4-interactions with ER-phagy/autophagy factors may also influence host protein degradation regulation and should
be studied further.

A common caveat of AP-MS studies using individual viral protein expression is the loss of infection context which
may drastically reshape the nsp interactome. Pahmeier et al. partially circumvent this using the self-cleaving SARS-CoV-2
tagged nsp3/nsp4 polyprotein construct for AP-MS (149). Using full-length nsp3 increases the relevance of identified
interactors, overcoming limitations of protein truncation. As nsp3 and nsp4 are sufficient for SARS-CoV-2 DMV formation,
the authors were able to identify host interactors with the nsp3/nsp4 polyprotein and use individual nsp3 or nsp4 IPs to
subtract out interactors likely not associated with DMV formation. They identified several ER proteostasis interactors,
including TMEM33 (a regulator of UPR activator (150)) and OST components (OSTC, MAGT1), however knockdown of
these interactors did not lead to significant loss in DMV formation or SARS-CoV-2 infection. Intriguingly, the host factors
FAM149B1, CCAR2, and ZC3HAV1 were found to promote DMV formation and SARS-CoV-2, despite these factors
having cytosolic localization.

Continuing to bridge the gap between single protein and virus infection AP-MS, a recent study profiled the
interactome of SARS-CoV-2 nsp3, nsp4, and nsp6 expressed individually or in pairs. They identified a wide swath of ER-
resident interactors, including the nsp3-interacting REEP5 and TRAM1 (151). REEPS induces ER membrane curvature
(152) and TRAM1 works in complex with Sec61 to translocate secretory proteins into the ER membrane (153). The authors
demonstrate that this interaction is maintained during SARS-CoV-2 infection and that knockout of REEPS severely
attenuates replication.

Additional AP-MS work performed in the early stage of the pandemic found nsp4 interacts with a wide range of
ER membrane, protein biogenesis, and glycosylation factors (119). MERS nsp4 has been shown to interact with TOR1ATP2
(119), a factor that can induce double membrane formation in the ER (154). A conserved interaction amongst SARS-1 and
SARS-2 nsp4 homologs is with ALG11 (118,119), the final enzyme in oligosaccharide synthesis process on the cytoplasmic
face of the ER prior to transfer by the OST complex (155). Additionally, the MERS homolog interacts with the mannose
lectin LMANI, which acts as a cargo receptor to sort proteins for ER-to-Golgi trafficking (156), and the prolyl 4-
hydroxylase subunit PAHA1, which catalyzes the formation of 4-hydroxyprolines in collagen (119,157). As nsp4 is also a
glycoprotein, it remains to be determined whether interactions with PTM factors occur as a client protein or as a modifier

of host machinery.

1.2.5 Other nsps at the host proteostasis interface

While this dissertation focuses on nsp2, nsp3, and nsp4, several other CoV nsps have been documented to interact

with the proteostasis network, primarily nsp1, nsp6, and nsp8.
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1.2.5.1 Nspl

SARS-CoV nspl was the subject of a yeast-two hybrid screen which identified a large cluster of peptidyl-prolyl
isomerases (immunophilins: PPIA, PPIG, PPIH, FKBP1A/B) interacting with the N-terminus of nsp1 (158). This interaction
was shown to induce upregulation of cytokine production. Inhibition of the interaction suppressed both SARS-CoV and
hCoV-229E replication.

Nspl has also been shown to interfere with host translation. SARS-CoV nspl was shown to suppress host translation
through binding with the 40S ribosomal subunit and inhibiting ribosomal translation, leading to suppression of interferon
(IFN) production and host anti-viral activity (159,160). This function is conserved with SARS-CoV-2 nspl, which was
further found to bind the 18S ribosomal RNA within mRNA entry channel and block translation initiation and protein
production (161) (Figure 1-4D). This interaction is disrupted by the 5’ leader sequence on viral subgenomic RNAs
(sgRNAs), allowing for selective viral translation while repressing host IFN translation. Using ribosomal profiling, a recent
preprint has also reported that SARS-CoV-2 nspl enhances viral genomic RNA (gRNA) translation efficiency through
interactions with the host translation initiation factor EIF1A (162). These studies showcase how nspl modifies host

translation mechanisms to support viral protein production.

1.2.5.2 Nsp6

Nsp6 has been shown to interact with several chaperones. AP-MS identified an interaction between MERS nsp6
and the co-chaperones DNAJB1/4 (119) and between SARS-CoV-2 nsp6 and the Sigma-1 receptor (S1R) (118). SIR is an
ER-membrane-resident chaperone that regulates ER-to-mitochondria calcium signaling through interactions with its client
protein inositol 1,4,5-triphosphate receptor (IP3R) (163) as well as ER stress signaling (164). S1R is a common target for
several antipsychotics, antihistamines, and antimalarials and a wide array of licensed S1R ligands have been tested against
SARS-CoV-2 infection (118). Several of these compounds had antiviral activity (PB28, haloperidol, clemastine,
cloperastine), except for one (dextromethorphan) which increased infection. While it remains to be tested whether these
compounds disrupt the nsp6-S1R interaction, efforts have been made to target this interface through in-silico drug testing
(165) and it is clear the SIR plays an important role in viral replication, as knockout of S1R impedes both SARS-CoV and
SARS-CoV-2 infection (119,166).

1.2.5.3 Nsp8 & nsp9

Nsp8 and nsp9 have been shown to interact with host pathways involved in membrane protein biogenesis. Most
notably, AP-MS studies identified a conserved interaction between SARS-CoV-2, SARS-CoV, and MERS-CoV nsp8
homologs with components of the signal recognition particle (SRP; SRP19/54/72) (118,119). The SRP complex is composed
of proteins scaffolded on a long noncoding RNA (IncRNA; 7SL) and co-translationally directs nascent proteins for ER
membrane insertion (79,80). Further work by Banerjee, et al. found that nsp8 and nsp9 bind to the 7SL scaffold at sites

where SRP54 and SRP19 normally bind, displacing the host proteins and preventing ER-membrane insertion of client
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proteins and leading to IFN suppression (161). It remains to be seen whether this mechanism can differentiate between host

versus viral proteins, as many CoV proteins require ER-membrane insertion.

1.2.5.4 Nsps and the Unfolded Protein Response

Coronavirus replication requires extensive production, folding, and modification of viral proteins (167), as well as
alteration of ER-derived membranes to form DMV for replication sites. These processes can trigger ER stress and activate
the Unfolded Protein Response (UPR) (168). SARS-CoV-2 has been shown to activate all three branches during infection
(169) and MHV triggers activation of the XBP1 and PERK pathways while also hindering production of certain UPR-
responsive genes such as CHOP (170). The contribution of individual CoV proteins has also been demonstrated, such as
SARS-CoV-2 Spike and orf8, which are sufficient to activate the UPR (169), and the SARS-CoV accessory proteins orf3a
and orf8ab, which activate the PERK and ATF6 pathways respectively (171,172). This previous work shows that CoVs can
modulate stress responses from multiple angles. Interestingly, relatively little is known about the impact of CoV nsps on the
UPR, despite the central role nsps play in modifying host membranes for infection. This gap is further explored in this
dissertation Chapter 5.

1.3 Dissertation Outline

1.3.1 Pressing questions

With the onset of the COVID-19 pandemic, several pressing scientific questions arose surrounding the virus of the
moment, SARS-CoV-2. What parts of a host cell does SARS-CoV-2 use for infection? How is SARS-CoV-2 different or
similar from other highly pathogenic CoVs that we have encountered before? What infection mechanisms differentiate a
highly pathogenic CoV from a common cold CoV? Which host cell dependencies might current and future CoVs need for
infection? And can we exploit these dependencies for anti-viral therapies against SARS-CoV-2 and perhaps a broader range
of CoVs?

In parallel, the outbreak brought into focus broader questions about pandemic preparedness. How can we quickly assess
emerging pathogens for their molecular mechanisms of infection? Can we identify host dependencies that are shared among
a family of viruses and develop anti-viral therapies to have on hand prior to new outbreaks? And are there pan-viral targets

that can be exploited for broad spectrum anti-virals against multiple families of viruses?

1.3.2 Aims and dissertation layout

In this dissertation, I set out to answer some of the pressing questions listed above by exploring the interactions between
CoV nsps and the host cell. In particular, I chose to focus on how nsps hijack host proteostasis systems and whether these

mechanisms are the same or different between SARS-CoV-2 and other CoVs. The goals of this work roughly fit into two
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phases, beginning with a discovery phase of nsp-host interactions (Aim 1 & 2) and transitioning to focus on functional

characterization of these interactions (Aims 3 & 4) and are as follows:

Aim 1. Use comparative proteomics to rapidly profile unique and conserved host interactors of CoV nsp homologs.
Aim 2. Apply functional genomics screening to determine which interactors are important for infection (pro-viral)
versus host defense (anti-viral), with a particular focus on host proteostasis interactors.

Aim 3. Investigate how individual nsp-host proteostasis interactions mediate CoV infection.

Aim 4. Investigate how nsps modulate host proteostasis systems like the Unfolded Protein Response through PPIs to

modify the host cell environment.

Aim 1 is encompassed in Chapters 2 & 3, which were a joint, collaborative effort between Dr. Katherine M. Almasy, a
fellow graduate student in the Plate Lab, and me. Chapter 2 showcases the rapid deployment of a comparative interactomics
workflow to profile the interactomes of SARS-CoV-2 and other CoV nsp2 and nsp4 homologs (based on published work
(126)). Chapter 3 details an expanded application of this workflow to nsp3 homologs and includes a foray into the goals of
Aim 4, looking at the interface of nsp3 and the Unfolded Protein Response (UPR) (based on published work (173)). Chapter
4 encompasses Aims 2 & 3, first applying functional genomics screening to identify relevant interactors from Chapter 2 and
then focusing on one of the most impactful hits, the glycoprotein quality control factor Malectin (MLEC), and characterizing
its function in infection (unpublished work in preparation for submission). Chapter 5 then builds off work from Chapter 3
and investigates how nsp3 and nsp4 tune the UPR using a systems biology approach (based on published work (174)). The
work in this chapter was a joint project with an undergraduate mentee, Athira Sivadas, and in collaboration with others.

Lastly, in Chapter 6, I discuss conclusions, impact, and limitations of the work, and outline future directions.

1.4 Potential Impact

The interactions between viral nsps and host proteins are the foundation upon which CoV infection is built. Thus,
studying these interactions advances both our knowledge of the basic biology of infection and lends crucial insight into
strategies we might take to stop infection and preserve human health. SARS-CoV-2 is a novel human pathogen. To
understand the molecular mechanisms which govern infection, we must both draw from our knowledge of related CoVs and
use discovery-oriented methods. This work can have an immediate impact in expanding our knowledge of how SARS-CoV-
2 infects cells. A comparative approach can also widen our understanding of how CoVs operate as a family and what
differentiates these viruses from one another. Additionally, viruses are masters of manipulating host processes, so examining
viral mechanisms of replication invariably sheds light on the fundamental biology of human cells. This work will help reveal
guiding principles for host proteostasis networks, such as the understudied glycoprotein quality control factor, Mlec, and
systems regulation of proteostasis through the Unfolded Protein Response.

Furthermore, this work can enhance approaches to pandemic preparedness. Developing a comparative interactomics
workflow that can rapidly assess the workings of emerging pathogens will provide valuable information on a novel virus
like SARS-CoV-2. This can identify potential host dependencies that can be targeted with existing drugs for accelerated
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therapeutic testing. Outside of an outbreak setting, this work also provides a framework for finding host dependencies shared
across multiple viruses within families that have a known propensity for causing severe disease in humans, like
coronaviruses. Targeting host dependencies can also decrease the likelihood of drug-resistance development. Given that
host proteostasis systems are heavily used by other RNA viruses for infection, detailed research into CoV-proteostasis

interactions may also be widely applicable for developing broad spectrum antivirals that target these dependencies.
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CHAPTER 2

COMPARATIVE MULTIPLEXED INTERACTOMICS OF SARS-COV-2 AND HOMOLOGOUS
CORONAVIRUS NONSTRUCTURAL PROTEINS 2 AND 4

This chapter is adapted from “Comparative Multiplexed Interactomics of SARS-CoV-2 and Homologous
Coronavirus Nonstructural Proteins Identifies Unique and Shared Host-Cell Dependencies” published in ACS Infectious
Disease and has been reproduced with the permission of the publisher and my co-authors: Katherine M. Almasy, Eli F.

McDonald, Lars Plate.

Davies, J.P.*, Almasy, K.M.*, McDonald, E.F., and Plate, L. (2020). Comparative Multiplexed Interactomics of SARS-
CoV-2 and Homologous Coronavirus Nonstructural Proteins Identifies Unique and Shared Host-Cell Dependencies. Acs
Infect Dis 6, 3174-3189. 10.1021/acsinfecdis.0c00500.

*co-first authors
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Human coronaviruses (hCoV) have become a threat to global health and society, as evident from the SARS outbreak
in 2002 caused by SARS-CoV-1 and the most recent COVID-19 pandemic caused by SARS-CoV-2. Despite high sequence
similarity between SARS-CoV-1 and -2, each strain has distinctive virulence. A better understanding of the basic molecular
mechanisms mediating changes in virulence is needed. Here, we profile the virus-host protein-protein interactions of two
hCoV non-structural proteins (nsps) that are critical for virus replication. We use tandem mass tag-multiplexed quantitative
proteomics to sensitively compare and contrast the interactomes of nsp2 and nsp4 from three betacoronavirus strains: SARS-
CoV-1, SARS-CoV-2, and hCoV-OC43 — an endemic strain associated with the common cold. This approach enables the
identification of both unique and shared host cell protein binding partners and the ability to further compare the enrichment
of common interactions across homologs from related strains. We identify common nsp2 interactors involved in
endoplasmic reticulum (ER) Ca?* signaling and mitochondria biogenesis. We also identify nsp4 interactors unique to each

strain, such as E3 ubiquitin ligase complexes for SARS-CoV-1 and ER homeostasis factors for SARS-CoV-2. Common
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nsp4 interactors include N-linked glycosylation machinery, unfolded protein response (UPR) associated proteins, and anti-
viral innate immune signaling factors. Both nsp2 and nsp4 interactors are strongly enriched in proteins localized at
mitochondrial-associated ER membranes suggesting a new functional role for modulating host processes, such as calcium
homeostasis, at these organelle contact sites. Our results shed light on the role these hCoV proteins play in the infection
cycle, as well as host factors that may mediate the divergent pathogenesis of OC43 from SARS strains. Our mass
spectrometry workflow enables rapid and robust comparisons of multiple bait proteins, which can be applied to additional
viral proteins. Furthermore, the identified common interactions may present new targets for exploration by host-directed

anti-viral therapeutics.

All supplemental materials can be found in Appendix 1 or accompanying the online publication.

2.2 Introduction

Coronaviruses (CoVs) are positive single-stranded RNA viruses capable of causing human disease with a range of
severity. While some strains, such as endemic hCoV-OC43, cause milder common-cold like symptoms, other strains are
associated with more severe pathogenesis and higher lethality, including SARS-CoV-1 (emerged in 2002), MERS-CoV (in
2012), and most recently SARS-CoV-2, the causative agent of COVID-19(1,2). Despite the relevance of CoVs for human
health, our understanding of the factors governing their divergent pathogenicity remains incomplete. Pathogenicity may be
mediated by a variety of factors, including different specificities and affinity for different cell surface receptors such as
angiotensin-converting enzyme 2 (ACE2) for SARS-CoV-1 and SARS-CoV-2(1,3) or 9-O-acetylated sialic acid for hCoV-
0C43(4). CoV strains also engage a variety of host immune processes in infected cells. Pathogenic strains more strongly
interfere with interferon I signaling (4,5) and induce apoptosis and pyroptosis (6—9). Ensembles of virus-host protein-protein
interactions (PPIs) orchestrate the reprogramming of these processes during infection.

Coronaviruses possess the largest known RNA viral genomes, approximately 30kbp in length. The 5’20 kb
region of the genome encodes for two open reading frames (orfla/1ab) that produce 16 non-structural proteins (nsp1-nsp16)
needed to form the viral replication complex, while the 3° proximal region encodes for the structural proteins and several
accessory factors with varying roles (Figure 2-1A). Previous protein-protein interaction studies of individual CoV proteins
have shed light on their functions in the infected host cells and putative roles during pathogenesis. Yeast-two hybrid studies
of coronavirus proteins have identified intraviral interactions(10) and interactions between nspl and immunophilins(11),
and a proximity-labeling approach was used to determine host proteins concentrated in sites of replication(12).

Affinity purification-mass spectrometry (AP-MS) is a powerful tool to study virus-host interactions and has been
used extensively to examine how viruses reorganize host cells(13—16). A prior AP-MS study of SARS-CoV-1 nsp2 identified
multiple host interactors including prohibitin 1/2 (PHB1/2)(17). Most notably, Gordon et al. recently profiled host
interactors for 26 SARS-CoV-2 proteins(18). While these studies enabled important insight on individual viral protein
functions, they focused on single CoV strains, limiting direct cross-strain comparisons.

Here, we sought to profile and compare the host interaction profiles of nsps from multiple hCoVs, namely hCoV-
0C43, SARS-CoV-1, and SARS-CoV-2. Through comparative interactomics, we identify both conserved and unique
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interactors across various strains. Notably, quantitative analysis of interaction enrichment enables nuanced differentiation
between shared interactions for each coronavirus protein. Through this approach we discovered both conserved and novel
functions of viral proteins and the pathways by which they manipulate cellular processes. Comparisons across strains may
also provide clues into the evolutionary arms race between virus and host proteins to hijack or protect protein-protein
interfaces(19). Additionally, identified host dependencies can potentially be exploited as targets for host-directed antiviral
therapeutics.

In particular, we focus on the host interactors of nsp2 and nsp4. Nsp2 has been suggested to play a role in modifying
the host cell environment, although its precise function remains unknown(17). Nsp2 is dispensable for infection in SARS-
CoV-1 (20) and has pronounced amino acid sequence differences across coronavirus strains (Figure 2-1B, Figure 7-1).
Additionally, early sequence analysis of SARS-CoV-2 identified regions of positive selection pressure in nsp2(21). Given
the variability of sequence across strains and the ambiguous function, a comparison of interaction profiles across strains can
yield insights into the role of nsp2. In contrast, the role of nsp4, a transmembrane glycoprotein, is better defined, most
notably in formation of the double-membrane vesicles associated with replication complexes(22,23). Unlike nsp2, nsp4 has
a high degree of sequence similarity across human coronavirus strains (Figure 2-1B, Figure 7-1).

In this study, we use affinity purification-proteomics to identify interactors of nsp2 from two human coronaviruses
(SARS-CoV-1 and SARS-CoV-2) and interactors of nsp4 from three strains (OC43, SARS-CoV-1, and SARS-CoV-2).
Quantitative comparative analysis of nsp2 interactors identifies common protein binding partners, including the ERLIN1/2
complex and prohibitin complex involved in regulation of mitochondrial function and calcium flux at ER-mitochondrial
contact sites. We also identify overlapping nsp4 interactors, including N-linked glycosylation machinery, UPR associated
factors, and anti-viral innate immune signaling proteins. Unique interactors of different nsp4 homologs include E3 ubiquitin
ligase complexes for SARS-CoV-1, and ER homeostasis factors for SARS-CoV-2. In particular, we found nsp2 and nsp4
interactors are strongly enriched for mitochondria-associated ER membranes (MAM) factors, suggesting a potential

mechanism to affect calcium homeostasis and other host processes at these organelle contact sites.

2.3 Results

2.3.1 Design and validation of expression of CoV nsp2 and nsp4 constructs for affinity purification

The two main open reading frames of the CoV viral genome, orfla and orflab, encode for 16 non-structural proteins
which perform a variety of tasks during the infection cycle (Figure 2-1A). We focus our analysis on two of these proteins,
nsp2 and nsp4. Nsp2 is a less functionally-well understood protein with less than 70% amino acid sequence identity between
the SARS-CoV-1 and SARS-CoV-2 homologs (Figure 2-1B, Figure 7-1). Nsp4 is a component of the CoV replication
complex that is 80 % identical between SARS strains, but only 42% between SARS and OC43 strains, a less clinically
severe human CoV (Figure 2-1B, Figure 7-1).

To compare the virus-host protein-protein interactions of nsp2 and nsp4 across multiple CoV strains, we designed
FLAG-tagged expression constructs for affinity purification (Figure 2-1C). SARS-CoV-1 and SARS-CoV-2 nsp2 constructs

contain an N-terminal FLAG-tag, while the SARS-CoV-1, SARS-CoV-2, and OC43 nsp4 constructs contain a C-terminal
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FLAG-tag. In addition, nsp4 constructs contain a 19 amino acid leader sequence corresponding to the C-terminus of nsp3,

which includes the nsp3-PL2P® cleavage site necessary for proper nsp4 translocation into the ER membrane as has been

shown previously(24,25). Improper membrane insertion would likely alter the observed interactome as compared to the

native state.
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Figure 2-1. Design and validation of expression of CoV nsp2 and nsp4 constructs for affinity purification.

A.
B.

C.

D.

E.

Schematic of SARS-CoV-2 genome organization.

Amino acid sequence identity and similarity (in parentheses) for comparisons of nsp2 and nsp4 homologs. Sequence
alignments are shown in Figure 7-1A-B.

Nsp2 and nsp4 FLAG-tagged construct designs. Nsp2 constructs contain an N-terminal FLAG-tag. Nsp4 constructs
contain a 19 amino acid leader sequence from nsp3 at the N-terminus, including the PL2P™ cleavage site, along with
a C-terminal FLAG-tag.

Western blot of nsp2 homologs expressed in HEK293T cells. Cells were transiently transfected with FLAG-nsp2.
Proteins were detected using an anti-FLAG antibody.

Same as in (D), of nsp4 homologs. Cells were transiently transfected with nsp4-FLAG.

Protein constructs were transiently transfected into HEK293T cells and proteins were detected by immunoblotting for

the FLAG-tag. While HEK293T cells are not representative of the primary physiological target tissue, these cells are

permissive to infection, and were able to recapitulate strong interactors expected in lung tissue in a prior SARS-CoV-2

interactome study(18). The nsp2 constructs were detectable as a single protein band at the expected molecular weight

(Figure 2-1D), while nsp4 constructs displayed two distinct bands at a lower size than its expected molecular weight (Figure

2-1E). This lower apparent molecular weight was previously reported and the different bands likely correspond to different

glycosylation states(18). To ensure nsp4 is expressed fully and the detected products do not correspond to a truncated
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protein, we immunopurified the protein using FLAG-agarose beads and analyzed the purified protein by LC-MS. We
detected peptide fragments spanning the N- and C-termini with overall sequence coverage of up to 62% (Figure 7-1)

confirming expression of the full proteins.

2.3.2 Affinity purification-mass spectrometry identifies nsp2 interactors

To identify host cell interaction partners of the distinct CoV non-structural proteins, we employed an affinity
purification-mass spectrometry workflow (Figure 2-2A). The protein constructs were expressed in HEK293T cells, gently
lysed in mild detergent buffer, and co-immunopurified from whole cell lysates using anti-FLAG agarose beads. Virus-host
protein complexes were then reduced, alkylated, and trypsin digested. Importantly, we used tandem mass tag (TMT)-based
multiplexing using TMTpro-16plex or TMT-11plex for relative quantification of protein abundances. For this purpose, 4 —
6 co-immunoprecipitation (Co-IP) replicates for respective nsp2 homologs were pooled into a single MS run. Co-IPs from
mock GFP transfected cells were included to differentiate non-specific background proteins (Figure 2-2B). Overall, the
data set included three individual MS runs containing 34 Co-IP (SARS-CoV-2 n = 13; SARS-CoV-1 n = 9; GFP (mock) n
=12) (Figure 7-2A).

We first determined interactors of the individual nsp2 homologs by comparing the log-transformed TMT intensity
differences for prey proteins between bait and GFP samples (Figure 2-2C-D). We optimized variable cutoffs for high- and
medium-confidence interactors based on their magnitude of enrichment compared to the GFP samples and confidence as
defined by adjusted p-values (Figure 2-2C-D, Figure 7-2B-C). Using the most stringent cutoff, we identified 6 and 11 high-
confidence interactors for SARS-CoV-2 and SARS-CoV-1 nsp2 respectively (Figure 2-2C-D). Including medium-
confidence interactors, we identified 20 nsp2 interactors for each homolog, including four overlapping proteins, ERLINI,
ERLIN2, RNF170, and TMEM199 (Figure 2-2E).

Gene enrichment analysis shows nsp2 interactors are involved in a number of host cell processes, including metabolic
processing and transport (Figure 7-3A). A number of these interactors are membrane-associated proteins in the ER and
nucleus (Figure 7-3B). Detailed comparisons of gene set enrichments for individual nsp2 homologs revealed several
pathways preferentially enriched for SARS-CoV-1, such as mitochondrial calcium ion transport, protein deacetylation, and
negative regulation of gene expression (Figure 7-3C). We confirmed by immunofluorescence that SARS-CoV-1 and SARS-
CoV-2 nsp2 are largely localized perinuclear and co-localize partially with the ER marker PDIA4 (Figure 7-3D). Nsp2
expression appears to be limited to a subset of cells as seen by immunofluorescence staining, indicating low transfection
efficiency. This indicates that the identified interactions are occurring in the subset of transfected cells processed in this
study. Nonetheless, the transfection efficiency was sufficient to detect nsp2 and protein interaction partners by western blot
and mass spectrometry analysis.

To validate our findings, we cross referenced our data set with previous coronavirus interactomics studies. A prior
study of expressed SARS-CoV-1 nsp2 in trans with SARS-CoV-1 infection in HEK293 cells stably expressing the ACE2
virus receptor. They identified 11 host interactors, five of which overlap with our SARS-CoV-1 list, including GIGYF2,
PHB, PHB2, STOML2, and EIF4E2 (17). We also cross referenced our interactors with a recently published SARS-CoV-2
interactomics data set performed in HEK293T cells (18). Interestingly, we identified 18 new interactors, though several of
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these share secondary interactions with the proteins identified by Gordon et al. (Figure 7-4). In addition, we cross referenced
our host interactor data set with tissue- and cell line-specific protein expression data sets to determine interactor expression
levels in tissues associated with primary infection (Figure 7-5)(26-28). We find that expression of identified interactors is

enriched in lung and upper aerodigestive tissues in multiple proteomics datasets, confirming the relevance of these factors

to coronavirus tropism.
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Figure 2-2. Affinity purification-mass spectrometry (AP-MS) identifies nsp2 interactors.

A. General AP-MS workflow to quantitatively determine interactors of viral nsp homolog. HEK293T cells are
transfected with FLAG-tagged expression constructs of nsps as bait or GFP (mock) and lysed. Bait proteins are
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immunoprecipitated (IP) along with interacting proteins, reduced, alkylated, and tryptic digested. Peptides are then
tandem-mass tag (TMT) labeled, pooled, and analyzed by LC-MS/MS for identification and quantification.

B. Data processing workflow. Peptide spectra are identified and matched to corresponding proteins (SEQUEST HT),
then quantified based on TMT reporter ion intensity (Proteome Discoverer 2.4). High confidence interactors are
filtered by comparing bait vs control. Interaction ratios between bait homologs are determined (log2 fold change)
and adjusted p-value calculated using ANOVA.

C. (C-D) Volcano plot of SARS-CoV-2 nsp2 (C) and SARS-CoV-1 nsp2 (D) datasets to identify medium- and high-

confidence interactors. Plotted are log2 TMT intensity fold changes for proteins between nsp2 bait channels and

GFP mock transfections versus -logl0 adjusted p-values. Curves for the variable cutoffs used to define high-

confidence (red) or medium confidence (blue) interactors are shown. 16 = 0.5

Same as in (C), for SARS-CoV-1 nsp2. 16=0.43

Venn diagram comparing high-confidence interactors between nsp2 homologs. Sixteen unique proteins were

identified each, while four proteins overlapped both data sets (listed in adjacent table).

™o

2.3.3 Quantitative comparison of SARS-CoV-1 and SARS-CoV-2 interactors

Apart from determining nsp2 host cell interactors, we sought to understand to what degree interactions vary between
SARS-CoV-1 and SARS-CoV-2. Our multiplexed analysis enabled direct comparison of TMT intensities between the
SARS-CoV-1 and SARS-CoV-2 nsp2 Co-IPs (Figure 2-3A). We validated that nsp2 bait levels are largely invariable across
the replicates, enabling the direct comparison of prey protein intensities (Figure 7-2D). We find a subset of interactors are
clearly enriched for SARS-CoV-1, including GIGYF2, HDACS, EIF432, and PHB2 (Figure 2-3A). In contrast, several
other interactors are enriched more strongly for SARS-CoV-2, for instance FOXK1 and NR2F2.

We performed unbiased hierarchical clustering of the enrichment intensities to group the nsp2 interactors in an
unbiased way. This analysis yielded four distinct clusters. Clusters 1 and 2 contained shared interactors between SARS-
CoV-1 and SARS-CoV-2 nsp2. On the other hand, clusters 3 and cluster 4 contained proteins that bound exclusively to
either SARS-CoV-2 or SARS-CoV-1, respectively (Figure 2-3B). To better visualize the relationship between shared and
unique nsp2 interactors, we constructed a network plot (Figure 2-3C). We also included experimentally validated secondary
interactions from the STRING database to group shared and unique interactors into functionally relevant subclusters.

Several of these subclusters are shared between SARS-CoV-1 and SARS-CoV-2 nsp2, for instance one including
STOML2, PHB, PHB2, VDAC2. These proteins were previously shown to interact and upregulate formation of
metabolically active mitochondrial membranes(29). Another subcluster involves ERLIN1, ERLIN2, and RNF170, which
form a known complex regulating ubiquitination and degradation of inositol 1,4,5-triphosphate receptors (IP3Rs), which in
turn are channels regulating Ca** signaling from the ER to the mitochondria. Consistent with this, we detect mitochondrial
calcium ion transmembrane transport as one of the unique biological processes associated with SARS-CoV-1 nsp2, but not
SARS-CoV-2 (Figure 7-3C). Interestingly, ERLIN1 and ERLIN2 show stronger interactions with SARS-CoV-1 nsp2 than
with SARS-CoV-2, indicating some strain-specific preference, which was confirmed by western blot analysis of homolog
co-IPs (Figure 7-6A). Additional shared interactors include a subunit of the vacuolar ATPase (ATP6AP1) and a regulatory
protein (TMEM199), supporting a common role for nsp2 to influence lysosomal processes. Finally, we observe one cytosolic

and one ER-resident Hsp70 chaperone (HSPAS, HSPAS) as shared interactors, highlighting their role in nsp2 folding.
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Figure 2-3. Quantitative comparison of SARS-CoV-1 and SARS-CoV-2 nsp2 interactors.

A. Volcano plot comparing interactions between nsp2 homolog from SARS-CoV-1 and SARS-CoV-2. Only high- and
medium confidence interactors of nsp2 are shown. Highlighted proteins meet the filter criteria of adjusted p-value
< 0.05 and | log2 fold change | >1.

B. Heatmap comparing the enrichment of SARS-CoV-1 and SARS-CoV-2 nsp2 interactors compared to GFP control.
log2 fold change is color-coded and centered by row (blue low, yellow high enrichment). Hierarchical clustering
using Ward’s method shown on the left was carried out on euclidean distances of log2 fold changes scaled by row.
Clusters 1 and 2 corresponds to shared interactors of SARS-CoV-1 and -2 nsp2, while cluster 3 and 4 for are unique
interactors for SARS-CoV-2 and SARS-CoV-1 nsp2, respectively.

C. Protein-protein interaction (PPI) network map of nsp2 homologs. Blue lines indicate viral-host PPIs, where line
width corresponds to fold enrichment compared to the GFP control. Grey lines indicate annotated host-host PPIs in
STRING (score > 0.75). Groups of interactors with a common functional role are highlighted.
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Unique SARS-CoV-2 interactors include FOXK1 and NR2F2, both of which are anti-viral transcription factors
induced in response to other viruses(30,31). We also observe an exonuclease regulator of endosomal nucleic acid sensing
(PLD3)(32), a transcription factor associated with the influenza humoral response (MAZ)(33,34), and a DNA-binding
protein implicated in B cell class switching (KIN or KIN17)(35). In contrast, the list of unique SARS-CoV-1 interactors
includes components of the 4EFP-GYF2 translation repression complex (GYGYF2, EIF4E2), lysosomal ion channels
involved in chloride/proton ion exchange (CLCN7, OSTM1), and the cytosolic histone deacetylase 6 (HDACG6). While
SARS-CoV-1 interactors GIGYF2 and EIF4E2 were also identified in the recent SARS-CoV-2 nsp2 dataset(18), it is clear
from our quantitative comparison that enrichment of this complex with SARS-CoV-2 nsp2 is much weaker than with SARS-

CoV-1 nsp2.

2.3.4 Comparative profiling of CoV nsp4 interactions

We extended our comparative analysis of host cell interactors to another CoV non-structural protein nsp4 involved
in the replication complex. We applied the same AP-MS workflow used to identify nsp2 interactors (Figure 2-2A). In
addition to SARS-CoV-1 and SARS-CoV-2 nsp4, we also included the hCoV-OC43 nsp4 construct. With this addition, we
sought to probe the protein-protein interactions that differentiate strains causing severe pathogenesis versus non-severe. To
this end, four co-immunoprecipitation replicates of respective nsp4 homologs were pooled into a single MS run, along with
mock GFP transfected cells to differentiate non-specific background proteins (Figure 2-2B). The full data set included three
individual MS runs, containing 40 Co-IPs (SARS-CoV-2 n = 12; SARS-CoV-1 n = 8; OC43 = 8; GFP (mock) n = 12)
(Figure 7-7A).

As previously described, we optimized variable cutoffs for high- and medium-confidence interactors based on their
magnitude enrichment compared to GFP samples (Figure 2-4A, Figure 7-7B-C). We identified 29, 20, and 13 high-
confidence interactors for SARS-CoV-2, SARS-CoV-1, and OC43 respectively using the most stringent cutoff (Figure
2-4A, Figure 7-7B-C). Including medium-confidence interactors, we identified 86, 126, and 93 nsp4 interactors for SARS-
CoV-2, SARS-CoV-1, and OC43 nsp4 homologs respectively. Comparisons of high-confidence interactors yielded 17
shared interactors between all strains (Figure 2-4B) or 30 medium-confidence shared interactions (Figure 7-7D).

Similarly to our analysis of nsp2, we compared our data set with previously published nsp4 interactomics data,
including the recently published study of the SARS-CoV-2 interactome(18), and find there is relatively little overlap between
our identified SARS-CoV-2 nsp4 interactors and published nsp4 interactomics data (Figure 7-8). This discrepancy could
be attributed to the nsp4 constructs in our study including the N-terminal residues of nsp3, which were added to ensure
proper localization and prevent the hydrophobic N-terminal region of nsp4 to serve as signal sequence (24). For further
validation, we determined interactor expression levels in human tissues and find interactors are enriched in tissues relevant

to coronavirus tropism (Figure 7-5)(26-28).
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Figure 2-4. Comparative profiling of nsp4 interactions.

A. Volcano plot of the SARS-CoV-2 nsp4 datasets to identify medium- and high-confidence interactors. Plotted are
log2 TMT intensity differences for proteins between nsp4 bait channels and GFP mock transfections versus -log10
adjusted p-values. Curves for the variable cutoffs used to define high-confidence (red) or medium confidence (blue)
interactors are shown. 16 = 0.66. Equivalent volcano plot for SARS-CoV-1 and OC43 nsp4 are shown in Figure
7-5B-C.

B. Venn diagram of interactors from nsp4 homologs. Overlapping nsp4 interactors between all strains are listed in the
adjacent table.

C. Heatmap comparing the enrichment of interactors for the different nsp4 homologs. log2 fold change is color-coded
and centered by row (blue low, yellow high enrichment). Hierarchical clustering using Ward’s method shown on
the left was carried out on euclidean distances of log2 fold changes scaled by row. Clusters 1 corresponds to shared
interactors of SARS-CoV-1, -2, and OC43 nsp4. Cluster 2, and 4 contain unique interactors for OC43 and SARS-
CoV-1 nsp4, respectively, while cluster 3 contains shared interactors of SARS-CoV-1 and SARS-CoV-2.

D. Protein-protein interaction (PPI) network map of interactors of nsp4 homolog. Blue lines indicate measured viral-
host PPIs, where line width corresponds to fold enrichment compared to the GFP control. Grey lines indicate
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annotated host-host PPIs in STRING (score > 0.75). Groups of interactors with a common functional role are
highlighted.

Analysis of GO-terms associated with the nsp4 interactors showed multiple enriched biological processes, such as cell
organization and biogenesis, transport, and metabolic processes (Figure 7-9A). Interestingly, several shared SARS nsp4
interactors are associated with cell death, cellular communication, and cell differentiation. Shared interactors of all three
strains are predominantly ER-membrane associated proteins, while many SARS-CoV-1 and OC43 specific interactors are
annotated as nuclear-localized (Figure 7-9B). Comparisons of gene set enrichment analysis between strains indicate the
ERAD pathway is significantly enriched for SARS strains, most strongly for SARS-CoV-1 (Figure 7-9C). Ubiquitin-
dependent protein catabolic processes and ER mannose trimming are also strongly enriched for SARS-CoV-1. In general,
processes strongly enriched for SARS-CoV-1 are less enriched for SARS-CoV-2, and to an even lesser extent for OC43.

Our multiplexed analysis of nsp4 homolog Co-IPs enabled direct comparison across strains (Figure 7-10A-C). We
validated that nsp4 bait levels were mostly similar across replicates, allowing for direct comparison of bait protein intensities
(Figure 7-10D). Unbiased hierarchical clustering of enrichment intensities to group nsp4 interactors yielded four distinct
clusters. Clusters 1 contained common interactors of all nsp4 homologs (Figure 2-4C), while cluster 3 contains shared
interactors of SARS-CoV-2, SARS-CoV-1 nsp4 that displayed weaker enrichment with OC43. In contrast, cluster 2 and 4
contained unique interactors enriched for OC43 and SARS-CoV-1 nsp4, respectively. To visualize functionally relevant
subclusters of shared and unique nsp4 interactors, we constructed a network plot, including high-confidence interactions
(score > 0.75) from the String database (Figure 2-4D). Inclusion of all median-confidence interactors of the nsp4 homologs
yielded a similar clustering and network organization (Figure 7-10E, Figure 7-11).

We identified several common interactors across all three nsp4 homologs. These include components of UPR signaling
(TMEM33) and ER-phagy (CCPG1). We also identify RNFS5, an ER-localized E3 ubiquitin ligase known to modulate anti-
viral innate immune signaling(36,37), and VKORC1, which reduces Vitamin K, a key cofactor for several coagulation factor
proteins(38). Not surprisingly, given that nsp4 is a glycosylated protein, we also identify several members of the N-linked
glycosylation machinery (STT3B, MAGT1, CANX, DDOST) (Figure 2-4D) in all three strains.

We identified several shared interactors between SARS-CoV-1 and SARS-CoV-2 that were absent in OC43. These
include the ERLIN1/2 complex, LONP1, HERPUDI, GET4, and BAG2, all of which are involved in a facet of ER
homeostasis, proteostasis or trafficking (Figure 2-4D). We validated the interactions of nsp4 constructs with ERLIN2 and
CANX by Co-IP, and confirmed that ERLIN2 enriches significantly more strongly with SARS-CoV-1 and -2 compared to
0C43, while CANX interacts with all three homologs (Figure 7-6A). The ERLIN1/2 complex was also identified in the
nsp2 data set (Figure 2-3B-C) and shows comparable enrichment values between SARS-CoV-1 and SARS-CoV-2.
Interestingly, the other four overlapping interactors all exhibit increased enrichment for SARS-CoV-2 versus SARS-CoV-
1. LONP1 is a mitochondrial peptidase responsible for removing the majority of damaged mitochondrial proteins via
proteolysis. The unfolded protein response (UPR) induces HERPUD1 expression, which is involved in the ER-associated
degradation pathway (ERAD) to maintain ER homeostasis (39). BAG2 serves as a co-chaperone for HSP70 chaperones,
acting as a nucleotide exchange factor to regulate chaperone-client interactions through modulating HSP70 ATPase rates
(40), while GET4 is part of a complex driving trafficking of tail-anchored proteins to the ER (41).

We observed shared interactors between OC43 and SARS-CoV-2, such as the N-glycosylation factor RFT1 (42,43)
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and a sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA — ATP2A2) (44). In addition, we identified shared
interactors between OC43 and SARS-CoV-1, including a regulator of UPR-mediated apoptosis (WLS or GPR177) (45), a
member of the signal peptidase complex (SEC11A) (46), and factors involved in cholesterol synthesis (IDI1, DHCR7) (47—
50). WLS, SECI11A, and DHRC7 exhibited higher enrichment for OC43, whereas IDI1 was more greatly enriched for
SARS-CoV-1. Consistent with this observation, we identified sterol metabolic process as one of the unique processes
enriched for OC43 nsp4.

In addition to shared interactors, we found several unique interactors for SARS-CoV-2, including the monoubiquitin-
ribosomal fusion protein (RPS27A), a Golgi/ER-resident zinc receptor that has been shown to regulate TNF receptor
trafficking and necroptosis (SLC39A7), and the ER-resident Hsp70 chaperone BiP (HSPAS). The latter two play distinct
roles in regulating ER homeostasis and proteostasis. In contrast, only two unique OC43 nsp4 interactors were identified: a
target of the NEDDS8-Cullin E3 ligase pathway (MRFAP1)(51) and FAM120A, an RNA-binding protein found to serve as
a scaffolding protein for the IL13 signaling pathway (Figure 7-10B-C) (52,53). Both of these proteins are localized to the
nucleus (Figure 7-9B). Lastly, we identified a large cluster of unique SARS-CoV-1 nsp4 interactors that compose the CTLH
E3 ubiquitin ligase complex (Figure 2-4D). This nuclear complex maintains cell proliferation rates, likely through the
ubiquitination of the transcription factor Hbp1, a negative regulator of cell proliferation(54). This complex is highly enriched
for SARS-CoV-1 specifically, presenting one of the most profound differences in interaction profile (Figure 7-8A,C). This
specificity of engagement was validated through co-IP and western blot (Figure 7-6A-B). We confirmed that only SARS-
CoV-1 nsp4 co-purified with several of CTLH components (MKLN1, WDR26, RANBP9).

The fact that both OC43 and SARS-CoV-1 nsp4 displayed prominent interactions with nuclear proteins prompted us
to evaluate the cellular localization of the protein by immunofluorescence. We detected perinuclear puncti for all constructs
which partially co-localized with the ER marker PDIA4 (Figure 7-12), consistent with prior studies(55). However, for
SARS-CoV-1 and OC43 nsp4, we also detected measurable signal in the nucleus, supporting a nuclear function and the
observed interactions with proteins in the nucleus. As observed with nsp2 expression, immunofluorescence staining
indicated that nsp4 expression was limited to a low number of cells within transfected plates, implying that identified

interactions originate from a subset of cells.

2.3.5 Enrichment of mitochondria-associated membrane proteins as nsp2 and nsp4 interactors

In our evaluation of cellular compartment GO-terms, we noticed that nsp2 and nsp4 interactors are enriched in
membranes of the endoplasmic reticulum and the mitochondria (Figure 7-3B, Figure 7-9B). In particular, ERLIN1/2 and
RNF170 form an E3 ubiquitin ligase complex known to localize to the interface between the ER and mitochondria, regions
termed mitochondria-associated membranes (MAMs). We therefore probed our data set for any other MAMs-associated
nsp2 and nsp4 interactors. We cross-referenced our interactor lists with three published data sets that specifically
characterized the MAMs proteome(56—58) and identified 17 proteins associated with MAMs (Figure 2-5A-B). Seven of
these factors solely interact with nsp2, eight proteins solely interact with one or more strains of nsp4, and the ERLIN1/2
complex interacts with both nsp2 and nsp4 (Figure 2-3C, Figure 2-4D). Interestingly, the ERLIN1/2 complex only interacts
with SARS-CoV-1 and -2 proteins and not OC43. SARS-CoVs may use ERLIN1/2 to regulate ER Ca** signaling and the
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myriad of downstream host processes controlled by this signaling pathway (Figure 2-5D).

To determine if nsp2 or nsp4 indeed co-localize to MAMs, we performed subcellular fractionation and probed for the

presence of viral proteins in MAMs fractions, as well as various fraction markers (CALX and ERLIN2 for MAMs, MCU
for mitochondria) by western blotting (Figure 2-5C, Figure 7-13). We find that both SARS-CoV-2 nsp2 and nsp4 are
detected in MAMs, though nsp4 is more enriched at MAMSs than nsp2 (Figure 2-5C). SARS-CoV-1 nsp2 is absent from the
MAMs fractions, while both SARS-CoV-1 and hCoV-OC43 nsp4 are strongly enriched in MAMs (Figure 7-13).
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Figure 2-5. Enrichment of mitochondria-associated membrane (MAM) proteins as nsp2 and nsp4 interactors.

A.

Interactors of nsp2 homologs annotated for MAM proteins. The lists of interactors were cross-referenced with
previous publications profiling the MAM proteome (Split-Turbo ID(56), Contact-ID(57), and subcellular
fractionation(58)).

Same as in (A), for nsp4 homologs.

Subcellular fractions of SARS-CoV-2 nsp2 or nsp4 transfected HEK293T cells to determine localization of viral
proteins to MAMs. Homogenate (H), cytosol (C), microsome (Mic), crude mitochondria (CrtM), and MAMs
fractions were probed via Western blot for subcellular markers (CALX and ERLIN2 for MAMs; MCU for
mitochondria) and viral proteins (FLAG). Subcellular fractionation was carried out in triplicate and representative
blots shown.

Proposed model for how SARS-CoV nsp2 and nsp4 utilize ERLIN1/2 and interacting protein factors to regulate ER
Ca’" signaling at MAMs.
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2.4 Discussion

Our analysis enables both the identification of interactors for SARS-CoV-1, SARS-CoV-2, and OC43 homologs of
nsp2 and nsp4, and comparative quantitative enrichment to differentiate between shared and unique host cell binding
partners. We acknowledge the limitations of using transiently transfected viral proteins for AP-MS. Viral infection is a
collection of both protein-protein and RNA-protein interactions and our approach of single protein expression may omit
direct interactions that would result from the full context of virus replication. In addition, transient and low affinity
interactions may not be identified using our current approach. Additional incorporation of chemical crosslinkers may be
necessary to capture such transient interactors. However, given the logistical barriers to handling BSL-3 viruses, paired with
the urgency of the current pandemic, our workflow is an efficient system to perform comparative analysis and generate a
shortlist of interactors to prioritize for further investigation. Furthermore, some direct interactions of CoV proteins may be
short in duration and missed by interaction mapping in full virus infection. Thus, relevant but short-lived interactions may
be better identified through individual protein expression.

We identify several nsp2 interactors shared across SARS strains, including STOML?2, and prohibitins (PHB and
PHB?2), which were previously identified as interacting with SARS-CoV-1(17). These proteins work in tandem to induce
formation of metabolically active mitochondrial membranes to regulate mitochondrial biogenesis. Increased levels of
STOML2 are associated with increased ATP production and reduced apoptosis induction(29). This conserved interaction
for SARS strains presents an avenue for nsp2 to increase mitochondrial metabolism and stall apoptosis to maintain a pro-
viral cellular environment. Additionally, STOML2 has been found to play a key role in stabilizing hepatitis C virus
replication complexes(59) and PHB has been shown to promote entry of both Chikungunya virus(60) and enterovirus
71(61). These factors may prove effective pan-RNA virus targets for host-directed therapies. We also attempted to extend
the comparative analysis to OC43 nsp2. However, this construct did not express detectable protein, which could be due to
much lower homology to SARS-CoV-2 and SARS-CoV-1 than for other non-structural proteins.

For nsp4, we identify multiple unique SARS-CoV-1 interactors, most notably members of the CTLH E3 ubiquitin
ligase complex. This complex is known to regulate levels of Hbpl, a negative regulator of proliferative genes(54) and was
previously shown to interact with the dengue viral protein NS2B3(62), implicating this complex as a target for RNA viruses
to influence cell proliferation. We also identified the FBX045-MYCBP2 E3 ubiquitin ligase complex, which has been
shown to prevent cell death in mitosis (63). Together, this may support a role in SARS-CoV-1 nsp4 co-opting host ubiquitin
complexes to extend cell viability during infection to promote viral replication. During resubmission, Gordon et al.
published a comparative coronavirus interaction network confirming the SARS-CoV-1 specific interactions with the CTLH
E3 ligase complex(64).

Furthermore, we find components of the cholesterol biosynthesis pathway, IDI1 and DHCR7, which were specifically
enriched for SARS-CoV-1 and OC43 nsp4 respectively. IDI1 has been shown to be downregulated by host cells in response
to CM V-infection-induced interferons(47) and is upregulated by both HIV and HCV during infection(48,49). DHCR?7 is
downregulated during RNA virus infection in macrophages to promote IRF3 signaling and IFN-1 production. Moreover,
inhibition of DHCR?7 aids in clearance of multiple RNA viruses(50). These previous findings indicate that interactions with
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IDI1 and DHCR7 may provide means for coronaviruses to counteract anti-viral responses. Interestingly, these interactions
with the aforementioned E3 ligase complexes and cholesterol biogenesis factors are not enriched for SARS-CoV-2 nsp4,
implying that SARS-CoV-2 pathogenesis may not require these interactions.

As a whole, it appears that SARS-CoV-2 homologs differ from SARS-CoV-1 not by gaining new interactions, but
rather by losing network nodes. This is emphasized in the gene enrichment analysis of nsp2 and nsp4 (Figure 7-3C, Figure
7-9C), in which multiple pathways are more strongly enriched for SARS-CoV-1, as well as in the nsp4 interactome (Figure
2-4C-D), particularly with the absence of E3 ligase complex interactions for SARS-CoV-2. It will be important to investigate
potential functional implications of the engagement of the E3 ubiquitin ligase, as well innate immune signaling factors on
CoV infections and the course of pathogenicity for the divergent strains.

To gain functional insights into which nsp2 and nsp4 interactions may have an impact on CoV infection, we mined
recently published data from a genome wide CRISPR knockout screen and a targeted siRNA knockdown/CRISPR knockout
screen of SARS-CoV-2 interactors (Figure 7-14A-B)(64,65). The comprehensive genome wide dataset by Heaton et al.
conducted in A549 lung cancer cells identified that knockout of several of the proteostasis components (BAG2, DDOST),
as well as ERLIN1 and ERLIN2 enhanced cell survival in the presence of SARS-CoV-2, suggesting that these factors may
have an anti-viral function (Figure 7-14A). When comparing the more limited siRNA knockdown data in A549 cells and
CRISPR knockout data in Caco2 colorectal cancer cells, ATP6AP1 stood out as hampering SARS-CoV-2 infection in both
cell models supporting a pro-viral role (Figure 7-14B)(64). ATP6AP1/Ac4S5 is a critical accessory subunit to facilitate the
assembly of the vacuolar ATPase in support of lysosome function and autophagy playing a role in viral infection(66). Future
functional genomic screens will be necessary to evaluate the role of other interactors on CoV infection and evaluate
differential roles for the distinct strains.

A particularly noteworthy finding is the identification of 17 MAMs factors in the combined nsp2 and nsp4 datasets,
based on cross-referencing interactors with previously published proteomics studies of MAMs proteins(56—58). Given the
prominence of these interactions, it is tempting to speculate that nsp2 and nsp4 localize to MAMs and influence processes
at these important organelle contact sites (Figure 2-5D). MAMs are nodes for innate immune signaling and apoptosis
pathways, both of which are common targets for viral manipulation.

In particular, we identify the E3 ubiquitin ligase RNF5 interacting with all nsp4 homologs. RNF5 targets STING for
degradation, which stabilizes retinoic acid-inducible gene-I (RIG-I) and mitochondrial antiviral-signaling protein (MAVS)
interactions at MAMs, thereby inducing inteferon-1 and -3 production via IRF3 and NF-«B signaling(36,37). RIG-I is one
of the main viral RNA genome sensors in host cells; therefore, it is possible that nsp4 increases targeting of RNF5 to MAMs
to inhibit downstream signaling of RIG-1.

We also identify the ERLIN1/2 complex in both nsp2 and nsp4 data sets. In the nsp2 interaction network, the complex
is associated with a different E3 ligase, RNF170. RNF170 has been shown to inhibit innate immune signaling by targeting
TLR3 for degradation, thereby blocking IRF3 and NF-«B signaling pathways(67). In addition, ERLIN1/2 acts in concert
with RNF170 to target the inositol-1,4,5-triphophate receptor (IP;R) for degradation via polyubiquination(68). IPsR is an
ER-resident Ca?" channel integral in the formation of MAMs(69,70). Calcium flux at MAMs has been shown to increase
mitochondrial calcium uptake, which increases ATP production, thereby benefitting active viral replication(71). Indeed,

several other viruses have been shown to influence ER Ca?" exchange. For instance, the Hepatitis C viral protein, NS5A,
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promotes degradation of IPsR3 to limit apoptosis induction triggered by persistent Ca*" signaling at MAMs(72). Previous
studies have shown the SARS-CoV-1 E protein acts as a channel to leak ER calcium stores during infection(73), but to our
knowledge, no such features have been attributed to either nsp2 or nsp4. Thus, manipulation of ER Ca?* signaling via IPsR
regulation may represent a novel method by which coronaviruses manipulate mitochondrial function (Figure 2-5D). In
support of this, we find that both SARS-CoV-2 nsp2 and nsp4 colocalize to MAMs using subcellular fractionation (Figure
2-5C). Additionally, a recent study found that IP3R3 is significantly upregulated during SARS-CoV-2 infection(74) (Figure
7-14C). Further studies will be important to evaluate whether ER calcium exchange and mitochondrial metabolism could

impact coronavirus infection.
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2.6 Methods

Protein expression constructs

Coding sequences for nsp2 and nsp4 were obtained from GenBank (MN908947 SARS-CoV-2 isolate Wuhan-Hu-
1; AY278741 SARS-CoV-1 Urbani; NC 006213 hCoV OC43 strain ATCC VR-759). Human codon optimized sequences
were designed, genes synthesized, and cloned into pcDNA3.1-(+)-C-DYK (nsp4) to append a C-terminal FLAG tag, or into
pcDNA3.1-(+)-N-DYK (nsp2) to append an N-terminal FLAG tag (GenScript).

Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% glutamine. Cells were kept at 37°C,
5% CO2. Generally, 2 x 10° cells were seeded into 10cm dishes. 24 hours post-seeding, cells were transfected with 5ug
nsp2, nsp4, or fluorescent control DNA constructs in pcDNA3.1-(+)-C/N-DYK vectors using a calcium phosphate method.

Media was exchanged 16 hours post-transfection, and cells were harvested 24 hours after changing media.

Immunoprecipitation

Cells were collected and washed with PBS. Immunoprecipitation samples were lysed by resuspension in TNI buffer
(50 mM Tris pH 7.5, 150mM NaCl, 0.5% IGEPAL-CA-630) with Roche cOmplete protease inhibitor on ice for at least 10
minutes, followed by sonication in a room temperature water bath for 10 minutes. Lysates were cleared by centrifugation at
17,000 x g for 10-20 minutes. Sepharose 4B resin (Sigma) and G1 anti-DYKDDDDK resin (GenScript) were pre-washed
4x with the respective lysis buffer for each sample. Protein concentrations in cleared lysates were normalized using BioRad

Protein Assay Dye and added to 15 uL Sepharose 4B resin for 1 hour, rocking at 4°C. Resin was collected by centrifugation
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for 5-10 minutes at 400 x g and pre-cleared supernatant was added directly to 15 pL G1 anti-DYKDDDDK resin and rocked
at 4°C overnight. The next day, supernatant was removed and resin was washed 4 times with the respective lysis buffer.
Bound proteins were eluted with the addition of modified 3x Laemelli buffer (62.5 mM Tris, 6% SDS) for 30 minutes at
room temperature followed by 15 minutes at 37°C, followed by a second elution for 5-15 minutes at 37°C. 10% of elution
was set aside for SDS-PAGE and silver staining to confirm immunoprecipitation efficiency, and the remainder was prepared
for mass spectrometry. Silver staining was performed using a Pierce Silver Stain kit (Thermo Scientific). Separate biological
replicates of co-immunoprecipitated lysates were identically processed, in which inputs and elutions were normalized and
run on SDS-PAGE gel, transferred to PVDF membrane, and blotted for various host interactors using the following
antibodies (1:1000 dilutions): anti-FLAG (Sigma-Aldrich, F1804), anti-calnexin (GeneTex, GTX109669), anti-muskelin
(Santa Cruz Biotechnology, SC-398956) anti-ERLIN2 (Sigma-Aldrich, HPA002025), and anti-GAPDH (GeneTex,
GTX627408) as a loading control.

Tandem Mass Tag sample preparation

Sample preparation was carried out as described(75). Briefly, eluted proteins were precipitated in
methanol/chloroform/water (3:1:3), washed twice in methanol, and protein pellets were air dried. Pellets were resuspended
in 1% Rapigest SF (Waters), reduced, and alkylated. Proteins were digested in trypsin-LysC overnight. Digested peptides
were labeled using 11-plex or 16-plex tandem mass tag (TMT or TMTpro) reagents (Thermo Scientific), pooled, and

acidified using formic acid. Cleaved Rapigest was removed by centrifugation of samples at 17,000 x g for 30 min.

MudPIT liquid chromatography-mass spectrometry analysis

Triphasic MudPIT microcolumn were prepared as described(76). Individual pooled TMT proteomics samples were
directly loaded onto the microcolumns using a high-pressure chamber followed by a wash with 5% acetonitrile, 0.1% formic
acid in water (v/v) for 30 min. Peptides were analyzed by liquid chromatography-mass spectrometry on an Exploris 480 in
line with an Ultimate 3000 nanoLC system (Thermo Fisher). The MudPIT microcolumns were installed on a column
switching valve on the nanoLC systems followed by 20 cm fused silica microcapillary column (ID 100um) ending in a
laser-pulled tip filled with Aqua C18, 3um, 100 A resin (Phenomenex). MudPIT runs were carried out by 10uL sequential
injection of 0, 10, 20, 40, 60, 80, 100 % buffer C (500mM ammonium acetate, 94.9% water, 5% acetonitrile, 0.1% formic
acid), followed by a final injection of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was
followed by a 130 min gradient using a flow rate of 500nL/min (0 — 6 min: 2% buffer B, 8 min: 5% B, 100 min: 35% B,
105min: 65% B, 106 — 113 min: 85% B, 113 — 130 min: 2% B). Electrospray ionization was performed directly from the
tip of the microcapillary column using a spray voltage of 2.2 kV, ion transfer tube temperature of 275°C and RF Lens of
40%. MS1 spectra were collected using the following settings: scan range 400 — 1600 m/z, 120,000 resolution, AGC target
300%, and automatic injection times. Data-dependent tandem mass spectra were obtained using the following settings:
monoisotopic peak selection mode: peptide, included charge state 2 — 7, TopSpeed method (3s cycle time), isolation window
0.4 m/z, HCD fragmentation using a normalized collision energy of 32, resolution 45,000, AGC target 200%, automatic

injection times, and dynamic exclusion (20 ppm window) set to 60 s.
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Experimental layout and data analysis

The nsp2 AP-MS experiments included three individual MS runs combining 34 Co-AP samples (SARS-CoV-2 n =
13; SARS-CoV-1 n = 9; GFP (mock) n = 12). Samples were distributed to TMTpro 16plex or TMT11plex channels as
outlined in Figure S2A. The nsp4 AP-MS experiments consisted of three individual MS runs, containing 40 Co-IPs (SARS-
CoV-2 n=12; SARS-CoV-1 n = 8; OC43 = §; GFP (mock) n = 12). Samples were distributed to TMTpro 16plex channels
as outlined in Figure S5A. Identification and quantification of peptides and proteins were carried out in Proteome Discoverer
2.4 (Thermo Fisher) using a SwissProt human database (Tax ID 9606, release date 11/23/2019). CoV nsp2 and nsp4 protein
sequences were added manually. Searches were conducted in Sequest HT using the following setting: Trypsin cleavage with
max. 2 missed cleavage sites, minimum peptide length 6, precursor mass tolerance 20 ppm, fragment mass tolerance 0.02
Da, dynamic modifications: Met oxidation (+15.995 Da), Protein N-terminal Met loss (-131.040 Da), Protein N-terminal
acetylation (+42.011 Da), static modifications: Cys carbamidomethylation (+57.021 Da), TMTpro or TMT6plex at Lys and
N-termini (+304.207 Da for TMTpro or +229.163 for TMT6plex). Peptide IDs were filtered using the Percolator node using
an FDR target of 0.01. Proteins were filtered based on a 0.01 FDR requiring two peptide IDs per protein, and protein groups
were created according to a strict parsimony principle. TMT reporter ions were quantified using the reporter ion
quantification considering unique and razor peptides, and excluding peptides with co-isolation interference greater than
25%. Peptide abundances were normalized based on total peptide amounts in each channel assuming similar levels of
background signal in the APs. Protein quantification roll-up used all quantified peptides. Pairwise ratios between conditions
were calculated based on total protein abundances and ANOVA on individual proteins was used to test for changes in
abundances and to report adjusted p-values.

To filter high-confidence interactors of individual CoV nsp proteins, we used a variable filter combining log2 fold
enrichment and adjusted p-value according to a published method(77). Briefly, the histogram of log2 protein abundance
fold changes between nsp-transfected versus mock-transfected groups were fitted to a gaussian curve using a nonlinear least
square fit to determine the standard deviation o (see Figure 7-2B-C). Fold change cutoffs for high-confidence and medium-
confidence interactors were based on 2 ¢, or 1 o, respectively. For actual cutoffs taking into consideration adjusted p-values,
we utilized a hyperbolic curve y > ¢ / (x — x¢), where y is the adj. p-value, x the log2 fold change, xy corresponds to the
standard deviation cutoff (2 o or 1 6), and ¢ is the curvature (¢ = 0.4 for 1 o, and 0.8 for 2 ©). (see Figure 2-2C-D, Figure
2-4A, Figure 7-7B-C).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE(78) partner repository with the dataset identifier PXD022017.

Gene set enrichment analysis

GO-term categories for biological processes and cellular components for interactors were based on assignment in
the Proteome Discoverer Protein Annotation node. Gene set enrichment analysis was conducted in EnrichR(79). The
analysis was conducted separately for sets of interactors of individual nsp2 or nsp4 homologs and GO-terms for biological
processes were filtered by adjusted p-values < 0.1. Redundant GO-terms were grouped manually based on overlapping

genes in related terms.
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Network plots and identification of overlapping interactions with published data

Extended and overlapping interactomes between novel interactors identified in this study and previously published
interactors(18) were generated by scraping the top n interactors of each primary prey protein on the STRING database using
the python API. We established an extended secondary interactome by searching for the top 20 and top 30 STRING db
interactors of the nsp4 primary interactors and nsp2 interactors respectively using limit parameter in STRING API and
searching against the human proteome (species 9606). We then compared the extended interactomes of our data with the
previously published data by dropping any secondary interactors that did not appear in both data sets. Next, we concatenated
the primary interactors from our data, the primary interactors from the published data, and the overlapping secondary
interactors into a single data frame. Finally, we searched the overlapping secondary interactors against the STRING database
human proteome to determine interactors between secondary interactors with a threshold of greater than 50% likelihood in

the experimental score category. The results were plotted in Cytoscape.

Immunofluorescence confocal microscopy

HEK293T cells were cultured on glass-bottom culture dishes (MatTek, P35G-0-14-C) and transfected with CoV
expression constructs as previously described. Cells were fixed with 4% paraformaldehyde-PBS, washed thrice with PBS,
then permeabilized in 0.2% Triton-X (in PBS). After three PBS washes, cells were blocked in PBS with 1% BSA with 0.1%
Saponin (blocking buffer). After blocking, cells were incubated with anti-PDIA4 primary antibody (Protein Tech, 14712-1-
AP) in blocking buffer (1:1000 dilution) for 1 hour at 37°C. After three PBS washes, cells were incubated with AlexFluor
488-conjugated anti-rabbit goat antibody (ThermoFisher, A-11008) in blocking buffer (1:500 dilution) at room temperature
for 30 min. Cells were then stained with M2 FLAG primary antibody (SigmaAldrich, F1804) and AlexFluor 594-conjugated
anti-mouse goat antibody (ThermoFisher, A-11005) using the same conditions. Cells were then mounted in Prolong Gold
with DAPI stain (ThermoFisher, P36935). Cells were imaged using an LSM-880 confocal microscope (Zeiss) and images

were merged using Image J software.

Subcellular fractionation

HEK293T cells were transfected with tdTomato, nsp2, or nsp4 constructs as previously described and harvested via
scraping (1.5-2.0 x 10® cells per sample). Cells were fractionated based on a previously published protocol(80). In brief,
cells were mechanically lysed in 6 mL of sucrose homogenization medium (250 mM sucrose, 10 mM HEPES, pH 7.4) using
a douncer homogenizer (Kimbell, DD9063). Homogenate was spun four times (5 min, 600xg, 4°C) to pellet cell debris and
intact cells. The supernatant was then centrifuged for 10 min at 10,300xg, 4°C in a fixed angle rotor to pellet crude
mitochondria. The resulting supernatant was centrifuged at 10,300xg for 10 min at 4°C twice more to pellet residual crude
mitochondria and then ultracentrifuged at 100,000xg for 60 min at 4°C to separate the microsome fraction (pellet) from the
cytosolic fraction (supernatant). The crude mitochondrial pellet was resuspended in 0.5 mL of mannitol buffer A (250 mM
mannitol, 0.5 mM EGTA, 5 mM HEPES, pH 7.4), layered on top of 8 mL of 30% (w/v) Percoll solution (Sigma, P1644),
then ultracentrifuged at 95,000xg for 65 min at 4°C to separate MAMs from crude mitochondria. MAMs were pelleted by
centrifugation at 100,000xg for 1 h at 4°C. Fractions were run on SDS-PAGE gel and proteins detected via Western blotting
with the following antibodies: anti-calnexin (GeneTex, GTX109669), anti-MCU (ThermoFisher, MA5-24702), anti-FLAG
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(Sigma-Aldrich, F1804), and anti-ERLIN2 (Sigma-Aldrich, HPA002025).
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CHAPTER 3

COMPARATIVE INTERACTOMICS OF SARS-COV-2 NONSTRUCTURAL PROTEIN 3 AND
HUMAN CORONAVIRUS HOMOLOGS

This chapter is adapted from “Comparative Host Interactomes of the SARS-CoV-2 Nonstructural Protein 3 and
Human Coronavirus Homologs” published in Molecular & Cellular Proteomics and has been reproduced with the
permission of the publisher and my co-authors: Katherine M. Almasy, Lars Plate.

Almasy, K.M.*, Davies, J.P.*, and Plate, L. (2021). Comparative Host Interactomes of the SARS-CoV-2 Nonstructural
Protein 3 and Human Coronavirus Homologs. Mol Cell Proteomics 20, 100120. 10.1016/j.mcpro.2021.100120.
*co-first authors

3.1 Summary
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Human coronaviruses have become an increasing threat to global health; three highly pathogenic strains have
emerged since the early 2000s, including most recently SARS-CoV-2, the cause of COVID-19. A better understanding of
the molecular mechanisms of coronavirus pathogenesis is needed, including how these highly virulent strains differ from
those that cause milder, common-cold like disease. While significant progress has been made in understanding how SARS-
CoV-2 proteins interact with the host cell, non-structural protein 3 (nsp3) has largely been omitted from the analyses. Nsp3
is a viral protease with important roles in viral protein biogenesis, replication complex formation, and modulation of host
ubiquitinylation and ISGylation. Herein, we use affinity purification-mass spectrometry to study the host-viral protein-
protein interactome of nsp3 from five coronavirus strains: pathogenic strains SARS-CoV-2, SARS-CoV, and MERS-CoV;
and endemic common-cold strains hCoV-229E and hCoV-OC43. We divide each nsp3 into three fragments and use tandem
mass tag technology to directly compare the interactors across the five strains for each fragment. We find that few interactors
are common across all variants for a particular fragment, but we identify shared patterns between select variants, such as

ribosomal proteins enriched in the N-terminal fragment (nsp3.1) dataset for SARS-CoV-2 and SARS-CoV. We also identify
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unique biological processes enriched for individual homologs, for instance nuclear protein important for the middle
fragment of hCoV-229E, as well as ribosome biogenesis of the MERS nsp3.2 homolog. Lastly, we further investigate the
interaction of the SARS-CoV-2 nsp3 N-terminal fragment with ATF6, a regulator of the unfolded protein response. We show
that SARS-CoV-2 nsp3.1 directly binds to ATF6 and can suppress the ATF6 stress response. Characterizing the host
interactions of nsp3 widens our understanding of how coronaviruses co-opt cellular pathways and presents new avenues for

host-targeted antiviral therapeutics.

All supplemental materials can be found in Appendix 2 or accompanying the online publication.

3.2 Introduction

Coronaviruses are a family of positive-sense, single-stranded RNA viruses that typically cause upper respiratory
infection in humans. Four endemic strains have been characterized that cause symptoms resembling those of the common
cold. However, since 2002, three more pathogenic strains have emerged: SARS-CoV in 2002, MERS-CoV in 2012, and
SARS-CoV-2, the causative agent of COVID-19, in 2019(1-5). Some of the differences in pathogenicity can be attributed
to differential receptor binding, for example, SARS-CoV and SARS-CoV-2 utilize the angiotensin converting enzyme 2
(ACE2) receptor, while 229E (a common-cold causing strain) uses the human aminopeptidase N receptor(5—7). At the same
time, the engagement of viral proteins with different host proteins or complexes within infected cells is equally critical to
understand changes in pathogenicity. These engagements alter the native protein-protein interaction (PPI) architecture of
the cell and have been shown to perform various pro-viral functions such as suppression of the type I interferon system for
immune evasion purposes(8—10).

The coronavirus genome is among the largest RNA virus genomes, at approximately 30 kilo base pairs in length.
The 3’ third of the genome encodes for the four structural proteins used to construct new virions, as well as several accessory
factors shown to be important for pathogenesis. The 5’ two thirds of the genome consist of two open reading frames (orfla
and orf1b) that encode for sixteen non-structural proteins (nsps) that perform a number of functions throughout the viral life
cycle, including replication and proofreading of the RNA genome and formation of the replication-transcription complex.
The largest of these proteins, at approximately 2000 amino acids, is nsp3. Nsp3 is a large multi-domain protein, of which
the papain-like-protease (PL2™®) domain has been most closely studied. In addition to autoproteolysis of the viral
polyprotein, the PL2P° domains possess both deubiquitinase and delSGylation activities(11-13). Additionally, nsp3 in
complex with nsp4 and nsp6 has been shown to be sufficient for formation of the double-membraned vesicles (DMVs)
implicated in the CoV replication cycle(14,15). Expression of the C-terminus of nsp3 and full-length nsp4, while not enough
to induce DMV formation, does cause zippering of the ER membrane(16). However, role(s) of nsp3 outside of the PL2"°
remain less well understood(17).

Herein, we focused our analysis on four nsp3 homologs from the genus betacoronavirus (hCoV-OC43, MERS-CoV,
SARS-CoV, SARS-CoV-2) and one homolog from the genus alphacoronavirus (hCoV-229E). Within the betacoronaviruses,
hCoV-0OC43 is from clade A, SARS-CoV and SARS-CoV-2 are from clade B, and MERS-CoV is from clade C. The domain

organization of nsp3 varies widely among coronavirus genera, and even from strain to strain. Despite the differences, ten
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regions are conserved across all coronavirus variants: two ubiquitin-like domains (UBLs), a glutamic acid-rich domain,
protease domain, two transmembrane regions separated by an ER ectodomain, and two C-terminal Y domains (Figure 8-1).

Affinity purification-mass spectrometry (AP-MS) has been used extensively to characterize the coronavirus
interactome, including in two large studies by Gordon et al. to characterize the SARS-CoV-2 host protein interactions and
compare these to the SARS-CoV and MERS-CoV interactomes(18,19). Another study compared the interactomes of
isolated SARS-CoV and SARS-CoV-2 PL2P* domains(11). However, the remaining parts of nsp3 have been missing from
SARS-CoV-2 interactome studies thus far, likely because of their complex topology and large size making expression of
the protein difficult. To circumvent this problem, we divided the nsp3 protein into three fragments based on earlier
interrogation of the SARS intraviral interactome(14,20). These fragments are referred to as nsp3.1 for the N-terminal
fragment, nsp3.2 for the middle fragment, and nsp3.3 for the C-terminal fragment(21). We expressed each fragment from
each of the five viruses listed above (hCoV-229E, hCoV-OC43, MERS-CoV, SARS-CoV, SARS-CoV-2). We employed
tandem mass tag (TMTpro 16plex) isobaric tagging technology, which enables highly multiplexed analysis for direct
comparison of interactor abundances across homologs from all strains. Previously, we demonstrated the use of AP-MS and
TMT technologies in comparing the interactomes of the coronavirus nsp2 and nsp4 proteins from three strains: SARS-Co V-
2, SARS-CoV, and hCoV-OC43(22). We now extend the analysis to the understudied nsp3 protein across additional viral
strains. In particular, comparing host protein interactions for homologs from multiple coronavirus strains and genera may
provide insight into how the molecular mechanisms of pathogenic coronaviruses differ from endemic ones, as well as the
evolution of functions that nsp3 assumes across these strains.

Our study finds that very few interactors are shared among the five strains, although several interactors are common
among the mostly conserved SARS variants. Several previously unknown pathways are discovered to be highly enriched
with individual variants, such as ERAD processing for SARS-CoV nsp3.2 and nuclear import for 229E nsp3.2. In addition,
we find that SARS-CoV-2 nsp3.1 interacts with the unfolded protein response (UPR) transcription factor ATF6 and
suppresses the ATF6 pathway in both basal and activated conditions. These discoveries open the door for further work
delineating the role of nsp3 in coronavirus infections, with a particular emphasis on the variation in roles between different

CoV strains.

3.3 Results

3.3.1 Expression of nsp3 truncations and AP-MS of CoV nsp3

The orfla and orf1b open reading frames encode for 16 non-structural proteins which perform crucial roles during
the viral life cycle, including replication of the genome and formation of double-membraned vesicles. Non-structural protein
3 (nsp3) is the largest of the 16 non-structural proteins; the full-length protein is 1586 — 1945 amino acids long (177-217
kDa) (Figure 3-1A). While the domain organization is different among CoV variants, several domains are shared, including
multiple ubiquitin-like-domains, at least one highly conserved papain-like protease (PL2"°) domain, and an ER luminal
domain postulated to be important for nsp4 binding and double membrane vesicle (DMV) formation (Figure 3-1B-C,
Figure 8-1).
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Figure 3-1. Design and expression of CoV nsp3 truncations for affinity-purification mass spectrometry (AP-MS).

A. Coronavirus (CoV) genome schematic indicating the regions encoding orfla, orflab, and structural/accessory
proteins. Nsp3 is encoded within orfla.

B. General schematic of SARS-CoV-2 nsp3 protein topology. Nsp3 has two single-span transmembrane regions
anchoring the protein in the ER membrane, with a small luminal domain and both N and C terminal regions in the
cytosol. The conserved papain-like protease (PL2P") domain is on the N-terminal cytosolic portion. For this study,
the nsp3 protein was truncated into three fragments: nsp3.1 (1-749), nsp3.2 (750-1462), and nsp3.3 (1463-1945),
numbering corresponding to SARS-CoV-2 nsp3.

C. The nsp3 truncations for homologs from all five human coronaviruses used in this study. All fragments contain a
C-terminal FLAG tag for affinity-purification. Percent sequence identity compared to SARS-CoV-2 is indicated.
The PL2P™ domain in nsp3.2 homologs is highlighted in light blue.

D. Western blotting of immunopurified nsp3.1, nsp3.2, and nsp3.3 homologs after transient transfection in HEK293T
cells. Predicted MW of proteins is indicated below.

E. AP-MS workflow to identify virus-host protein interactions of nsp3 fragment homologs. HEK293T cells were
transfected with corresponding homologs and lysates were immunopurified using anti-FLAG beads to enrich for
viral proteins in complex with host interactors. Proteins were reduced, alkylated, and digested with trypsin.
Peptides were then labeled with tandem mass tags (TMTpro) and analyzed by tandem mass spectrometry (LC-
MS/MS) to both identify and quantify host interactors.
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Initial attempts at expression of the full-length construct for SARS-CoV-2 nsp3 were unsuccessful, likely due to the
complex structure and topology of the full-length protein. To study the interactome, we thus divided the protein into three
portions based on a prior interactome study carried out on similar truncations of the SARS-CoV nsp3 homolog(20). The N-
terminal fragment (nsp3.1), comprising the first ubiquitin-like-domain through the SARS unique domain, is expected to
localize exclusively to the cytosol (Figure 3-1C, Figure 8-1). The second portion (nsp3.2), starting before the second
ubiquitin-like domain and ending just after the first transmembrane region, includes the papain-like-protease (PL2P)
domain. The C-terminal fragment (nsp3.3) starts with the ER-localized 3Ecto-domain, includes the second transmembrane
region and ends with the C-terminus of the protein. Based on multiple sequence alignments, similar N-terminal, middle,
and C-terminal constructs were created for the SARS-CoV, MERS-CoV, hCoV-OC43, and hCoV-229E nsp3 homologs
(Figure 8-1). Each construct contains a C-terminal FLAG tag for affinity purification (Figure 3-1C).

Constructs were transfected into HEK293T cells, and expression was confirmed by immunoprecipitation and
immunoblotting for the FLAG tag and/or detection by mass spectrometry (Figure 3-1D). Overall, SDS-PAGE gel patterns
matched with the expected molecular weights; the exception was the MERS nsp3.1 fragment, which ran larger than
expected. In addition, confocal immunofluorescence microscopy of transfected HEK293T cells shows that nsp3.2 and
nsp3.3 homologs colocalize with PDIA4, an ER marker, while nsp3.1 exhibits cytosolic localization as expected (Figure
8-2A-C). Although kidney cells do not represent a primary tissue target of the virus, previous work has identified HEK293T
cells as appropriate cell lines to recapitulate relevant CoV protein interactions with host factors(18,22). While the constructs
showed variable expression levels, all fragments were reproducibly detectable by mass spectrometry, and peptides coverage
spanned the length of each fragment (Figure 3-1D). For native co-immunoprecipitations with host interactors, protein
constructs were expressed, lysed in mild detergent buffer to maintain interactions, and co-immunoprecipitated from lysates
using anti-FLAG beads. After confirmation of IP by silver stain, samples were reduced, alkylated, and trypsin digested.
Samples were labeled using TMTpro 16plex reagents for MS2 quantification of peptides abundances(23) (Figure 3-1E).
Between 2-4 co-immunoprecipitation replicates for each construct were pooled into a single TMTpro 16plex run, along with
mock IPs from tdTomato transfected cells to establish the background signal. The final datasets consisted of 184 IPs across
the 16 constructs (tdTomato & 15 viral protein constructs) (Figure 8-3). We quantified the abundance of nsp3 bait proteins
across the biological replicates showing consistent enrichment compared to the mock control (Figure 8-3G-I).

After identification and quantification of interactors using Proteome Discoverer, a variable cutoff method was used
to determine high- and medium- confidence interactors for each construct based on enrichments compared to the tdTomato

background control.

3.3.2 Comparison of CoV nsp3.1-host interactors

The N-terminal fragments of nsp3 contain a conserved ubiquitin-like domain (Ubl1), a highly variable or acidic-
rich region, a conserved macrodomain (Macl), followed by strain-specific domains (Figure 3-2A, Figure 8-1). In hCoV-
229E and hCoV-OC43, this fragment includes a papain-like protease domain (termed PL17™). This first PL1"° domain is
absent from all viruses in clades B and C of the betacoronaviruses, hence its absence in MERS-CoV and the two SARS

variants. In contrast, SARS strains contain a SARS-unique domain (SUD) consisting of 3 sequential macrodomains. Overall,
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1 to 631-762. All fragment homologs contain a ubiquitin-like domain (Ubl1, yellow) and a conserved macrodomain
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(Macl, blue). SARS-CoV-2 and SARS-CoV contain a SARS-unique domain (SUD, green), while hCoV-OC43 and
hCoV-229E contain a papain-like protease domain (PL17, pink).

B. Venn diagram showing the number of unique and shared host interactors amongst all five CoV nsp3.1 homologs.
Total interactors for each homolog are shown in parentheses.

C. Network plot of virus-host interactors. Individual nsp3.1 homologs are shown as red circles, while host interactors
are shown as yellow circles. Blue lines indicate virus-host protein interactions, where line width and shade are
wider/darker for more highly enriched interactions. Grey lines indicate known host-host protein interactions from
the STRING database. Notable clusters of host proteins are highlighted. The transcription factor ATF6 (red
diamond) interacts with SARS-CoV-2, SARS-CoV, and hCoV-OC43 and was subjected to later functional follow-
up (Figure 3-5).

this region of nsp3 is most variable from strain to strain, despite several of the predicted domains being conserved (Figure
3-1B-C, Figure 8-1).

The final dataset for the N-terminal fragment analysis combined 5 mass spectrometry runs containing 62 co-IP
samples (tdTomato 15, SARS-CoV-2 13, SARS-CoV 9, OC43 9, MERS 8, 229E 8) (Figure 8-2A). We identified a robust
set of high-confidence interactors for each fragment: 39 for SARS-CoV-2, 44 for SARS-CoV, 41 for MERS-CoV, 30 for
hCoV-0C43, and 87 for hCoV-229E (Figure 8-4).

Of these high-confidence interactors, none were common across all 5 strains, and none were common to all
betacoronaviruses (Figure 3-2B). Fourteen interactors were common between the two SARS variants, and 2 of these 14
interactors, MKI67 and ATF3, were also shared with the MERS fragment. MKI67 is required to maintain individual
chromosomes in the cytoplasm during mitosis, and ATF3 is a cyclic AMP-dependent transcription factor which negatively
regulates the cellular antiviral response. Lastly, we identified 25 high confidence interactors unique to SARS-CoV-2, 16
unique to SARS-CoV, 17 unique to hCoV-OC43, 62 unique to hCoV-229E, and 23 unique to MERS-CoV. Notably contained
in this fragment is the SARS-unique domain, which is exclusively found in SARS-CoV and SARS-CoV-2 nsp3. As noted,
14 proteins were identified as interactors of both fragments. Eleven of these interactors were exclusive to the SARS variants,
including several ribosomal proteins (RPL38, RPS11, RPS2, RPS16) and assorted factors (FMR1, MKRN2, SP1, VEZF1,
CREBS5, CCNG1, and PEX11B).

We also identify 9 shared interactors between OC43 and 229E, both of which have a PL1P™ domain (UBR4,
TUBA4A, SQSTM1, RPP25L, MADD, DNAJB1, BAG6, AHSG, AATF). BAG6 and DNAJB1 are co-chaperones
components involved in protein quality control (24,25), while UBR4 is an E3 ubiquitin ligase involved in membrane
morphogenesis and SQSTMI is an autophagy receptor(26,27). These shared interactors may represent possible targets of
the PL1P" domains in OC43 and 229E.

We performed the same filtering on proteins observed to be less enriched with the viral bait and more enriched with
the tdTomato background, interpreting these largely to be proteins which bind non-specifically to the FLAG beads in the
absence of viral bait and its interactors (Figure 8-4). To determine any overlap between our data set and contaminant
interactors, we queried all identified high-confidence interactors in the Contaminant Repository for Affinity Purification
(CRAPome) dataset for common contaminant proteins found in control AP-MS experiments(28). Using a frequency
threshold of 25%, only 34 of 186 unique high-confidence interactors overlapped with the CRAPome (Figure 8-5),

emphasizing the specificity of host interactors for viral bait proteins. Many of these overlapping interactors are ribosomal
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and chaperone proteins with central roles in protein biogenesis and may be expected to be found in control AP-MS
experiments.

As an alternative method to map shared and unique interactors for nsp3.1 from the different strains, we performed
hierarchical clustering of the grouped protein abundance Z-scores for all identified high-confidence interactors (Figure 8-6).
Consistent with the Venn diagram, we observed a cluster of shared interactors for the SARS construct (cluster 4), distinct
interactors of 229 (cluster 5) and MERS (cluster 3). A large cluster (7) contained interactors present in four of the strains
but absent in SARS-CoV-2.

To ascertain how these proteins cluster into cellular pathways with potential pro- or anti-viral roles, we grouped the
high-confidence interactors into a network plot. To highlight connections between the binding partners, known protein
interactions based on the STRING database were included (Figure 3-2C). Several groups of associated interactors emerged,
including a large cluster of eleven ribosomal proteins (RPS2, RPS11, RPS16, RPS18, RPS25, RPS27A, RPL11, RPL23,
RPL29, RPL37A, RPL38). Other notable clusters include factors involved in protein quality control (BAG2, BAG6, HSPA6,
DNAIJBI, UBL4A, GET4), metabolic transport (SLC1A3, SLC25A1, SLC25A5, SLC25A6, SLC25A16, SLC25A33),
histone modification (SUZ12, MSL1, WDRS5), RNA-binding proteins (FXR1/2, FMR1), and E3 ubiquitin ligases (CUL2,
COMMD4, HERCS, UBR4, PJA2). Interactions between nsp3 and FXR1/2, as well as several ribosomal proteins were also
prominently observed in a BiolD proximity ligation data set(29). Additionally, ten transcription factors were identified with
at least one interaction to severely pathogenic betacoronaviruses. These include VEZF1, a transcription factor for 1L-3(30),
ATF3, a broad negative regulator of NF-«B, IL-4, IL-5, IL-13 expression(31), and ATF6, which turns on expression of the
ATF6 branch of the unfolded protein response (UPR)(32).

As a last method to identified pathways represented by the interactors, we filtered the list of proteins through
EnrichR to determine the most common gene ontology terms related to biological processes among each interactome
(Figure 8-7). For both SARS variants, as well as MERS-CoV, we observed a strong enrichment for several ribosomal-
related processes, including SRP-dependent cotranslational protein targeting, ribosome biogenesis, and rRNA metabolic
processes. These processes were not observed in the less pathogenic hCoV-OC43 and hCoV-229E strains. For SARS-CoV,
but not SARS-CoV-2, we also observed several mitochondrial related processes, such as mitochondrial transport, and
mitochondrial RNA metabolic processes. hCoV-OC43 showed enrichment of factors associated with an upregulation of
transcription from RNA polymerase Il factors. Lastly, despite having the highest overall number of high confidence

interactors, no individual pathways showed enrichment at the high confidence interactor level for hCoV-229E.

3.3.3 Comparison of nsp3.2 CoV interactors

Next, we turned to the middle fragment of the nsp3 constructs, which includes the highly conserved PL2"° domain,
the protease responsible for the self-cleavage of several coronavirus non-structural proteins from the orfla/b
polypeptide(33). This domain also has deubiquitination and de-ISGylation activity, an activity well-studied in the
pathogenic coronaviruses, but less studied in the endemic strains(34,35). The importance of this domain for both viral
polypeptide processing and remodeling of host ubiquitination/ISGylation modifications make it an intriguing target for drug
development. Also included in this fragment are the second ubiquitin-like domain UBL2, the first transmembrane domain,
and the first portion of the ER ectodomain (Figure 3-3A).
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Figure 3-3. Comparative interactomics of CoV nsp3.2 homologs.

A. Schematic of nsp3.2 protein topology for all five CoV homologs. Nsp3.2 contains both cytosolic, transmembrane,
and luminal regions. All homologs contain a ubiquitin-like domain (Ubl2, yellow), a papain-like protease domain
(PL2P™, purple), a transmembrane region (TM1, blue), and the N-terminal portion of the ectodomain (3Ectoy,
brown). Betacoronavirus homologs also contain a nucleic acid binding domain (NAB, green), while SARS strains
also have a betacoronavirus-specific marker (BSM, light blue).

B. Venn diagram showing the number of unique and shared host interactors amongst all five CoV nsp3.2 homologs.
Total interactors for each homolog are shown in parentheses.

C. Network plot of virus-host interactors. Individual nsp3.2 homologs are shown as red circles, while host interactors
are shown as yellow circles. Blue lines indicate virus-host protein interactions, where line width and shade are
wider/darker for more highly enriched interactions. Grey lines indicate known host-host protein interactions from
the STRING database. Notable clusters of host proteins are highlighted.
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The final dataset for the middle fragment analysis combined 3 mass spectrometry runs containing 59 co-IP samples
(tdTomato 10, SARS-CoV-2 11, SARS-CoV 11, hCoV-OC43 10, MERS-CoV 10, hCoV-229E 7) (Figure 8-3B,E). In total,
we identified 11 high confidence interactors for SARS-CoV-2, 23 for SARS-CoV, 11 for hCoV-OC43, 36 for MERS-CoV,
and 35 for hCoV-229E (Figure 3-3B, Figure 8-8). Nine proteins were observed as high confidence interactors for both
SARS-CoV and SARS-CoV-2. No proteins were observed to be common among all 5 strains at the high confidence level
(6 at the medium confidence level), and no proteins were observed to be exclusive interactors of betacoronaviruses at the
high confidence level (2 at the medium confidence level). Lastly, we identified 2 high confidence interactors unique to
SARS-CoV-2, 11 unique to SARS-CoV, 3 unique to OC-43, 28 unique to 229E, and 34 unique to MERS. When querying
the CRAPome dataset, we only found overlap in 14 of 93 identified proteins, supporting the specificity of the interactors
for the nsp3.2 bait proteins (Figure 8-5).

We also grouped the high-confidence interactions into a network plot highlighting previously known interactions
We carried out hierarchical clustering of the grouped abundance Z-scores for all high-confidence interactors. The resulting
heatmap (Figure 8-9) more clearly highlights a cluster of shared interactions for all five strains (cluster 2), although
intensities vary, which could explain why not all may have passed our stringent high-confidence cutoff. Cluster 1 contains
binding partners found in four of the strains, but absent in MERS. A striking observation were two large clusters of strain-
specific interactors for 229E (cluster 3) and MERS (cluster 4) respectively.

from String DB (Figure 3-3C). We identify several ER-associated degradation (ERAD) components as high
confidence interactors of SARS-CoV nsp3.2. While some of these components were identified as high confidence
interactors of SARS-CoV-2 as well, the number and magnitude were both much less. Analysis of GO terms associated with
both the medium and high confidence interactors confirmed the enrichment of the ERAD machinery, as well as several
related processes such as membrane proteolysis and cellular response to ER stress (Figure 8-10).

The 229E fragment revealed a high number of unique interactors related to nuclear importins and translocation of
proteins into the nucleus (IPOS, IPO7, [PO11, IPOS, KPNB1, TNPO1). A recent report identified a role of MHV nsp3 in
forming pores across the DMV membrane in coronavirus infection, potentially for the purpose of dsSRNA export from the
DMVs(36). The nuclear importins could be additional host factors co-opted by 229E or alphacoronaviruses specifically for
a similar purpose. Additional interactors of the 229E fragment include ERLIN1 and ERLIN2, which we previously identified
as being interactors of both SARS-CoV-2 and SARS-CoV nsp2 and nsp4. These proteins are also associated with ERAD,
most notably in regulating ubiquitination and degradation of the inositol 1,4,5-triphosphate receptor IP3R(37). Lastly, other
unique interactor of hCoV-229E nsp3.2 included a cluster of mitochondrial membrane transporters (SLC25A6, SLC25AS5,
VDAC?2), as well as a cluster of subunits of the conserved oligomeric Golgi (COG) complex involved in intra-Golgi
mediated vesicle transport. COG6 was identified in a recent CRISPR screen as essential for hCoV-229E replication(38),
and the intra-Golgi mediated vesicle transport was a pathway enriched only in our hCoV-229E nsp3.2 dataset, not appearing
for the other strains (Figure 8-10).

Lastly, for MERS nsp3.2. we identified a complex of ribosomal RNA (rRNA) processing factors as highly unique
interactors, including DDX51, NOL9, NOL10, UTP14A, WDR36, URB1, RBM34, PPAN, and PDCD11 (Figure 3-3C).

Consistent with this finding, RNA processing and ribosome biogenesis were the most highly-enrichment GO terms specific
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to the MERS nsp3.2 fragment (Figure 8-10). Other viruses have been shown to target ribosomal biogenesis to facilitate
infection, such as Human cytomegalovirus (HCMV) and HIV-1(39,40). The specificity of these interactors for MERS nsp3.2

is striking and may represent a unique replication strategy to modulate host protein synthesis.

3.3.4 Comparison of nsp3.3 CoV interactors

The C-terminal fragments begin with the second half of the ER ectodomain, continuing through the second
transmembrane region and Y domains, ending with the nsp3/nsp4 cleavage site. The Y domains, although one of the more
conserved domains across the 5 strains, remains largely unstudied. In co-expression experiments of individual SARS-CoV-
2 nsp3 fragments and nsp4, we observed co-immunoprecipitation of this C-terminal fragment with nsp4 (Figure 8-11). In
contrast, the N-terminal and middle fragments did not co-immunoprecipitate with nsp4.

The final dataset for the middle fragment analysis combined 5 mass spectrometry runs containing 63 co-IP samples
(tdTomato 15, SARS-CoV-2 14, SARS-CoV 9, hCoV-0OC43 9, MERS-CoV 8, hCoV-229E 8) (Figure 8-3C,F). In total, we
identified 75 high confidence interactors for SARS-CoV-2, 66 for SARS-CoV, 52 for hCoV-OC43, 49 for MERS-CoV, and
76 for hCoV-229E (Figure 3-4B, Figure 8-12). One protein, SLC39A6, a zinc transporter, was observed as a high
confidence interactor for all five strains (68 proteins observed as common medium confidence interactors). Five proteins,
DERL3, TMEM33, SC5D, CERS1, and ALGS, were observed as high confidence interactors unique to the betacoronavirus
strains. DERL3 is a functional component of the ERAD system, TMEM33 is involved in tubular ER network organization
as well as being a component of the IRE1 and PERK stress response pathways, SC5D is involved in cholesterol biosynthesis,
CERSI1 is involved in lipid biosynthesis, and ALGS is involved in N-glycan biosynthesis. Lastly, we identify 48 high
confidence interactors unique to SARS-CoV-2, 17 unique to SARS-CoV, 20 unique to hCoV-OC43, 41 unique to hCoV-
229E, and 18 unique to MERS-CoV (Figure 3-4B). As for the other nsp3 fragment, little overlap was identified with the
CRAPome dataset (12 of 206 proteins), confirming the specificity of the interactions (Figure 8-5).

We carried out hierarchical clustering of the grouped abundance Z-scores for all high-confidence interactors. The
resulting heatmap (Figure 8-13) highlights 6 clusters of interactors, including a cluster of shared interactors for all five
strains (cluster 4), a cluster of shared betacoronavirus interactors (cluster 5), and a cluster of shared SARS interactors (cluster
6).

Despite these C-termini being the most conserved of the fragments across strains, there was a large divergence
observed in the enriched pathways when searched for enriched GO-terms (Figure 8-14). In all strains except hCoV-OC43,
ERAD was a highly enriched pathway. It has been postulated that nsp3, in tandem with nsp4 and nsp6, hijacks ERAD-
tuning vesicles during double-membrane vesicle (DMV) formation, after ERAD factors EDEM1 and OS-9 were shown to
co-localize with MHV-derived DMVs in infected cells(14)(41). Our results may provide insight into a role for nsp3 in
modulating this machinery

Unexpectedly, the biological process most enriched for the hCoV-229E fragment was protein N-linked
glycosylation. N-linked glycosylation sites are localized at the N-terminus of the 3.3 fragment in the ectodomain. One of
these interactors, MGAT 1 (unique to the hCoV-229E interactome), was identified in the CRISPR screen as being an essential
gene for hCoV-229E infection(38). In addition, we identify STT3B, a catalytic component of the oligosaccharyl transferase
complex, as a high confidence hCoV-229E nsp3.3 interactor.
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Figure 3-4. Identification of CoV nsp3.3 host interactors.
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transmembrane region (TM2, blue), a likely amphipathic helix (AH1, green), and a Y&CoV-Y domain (red).
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B. Venn diagram showing the number of unique and shared host interactors amongst all five CoV nsp3.3 homologs.
Total interactors for each homolog are shown in parentheses.

C. Network plot of virus-host interactors. Individual nsp3.3 homologs are shown as red circles, while host interactors
are shown as yellow circles. Blue lines indicate virus-host protein interactions, where line width and shade are
wider/darker for more highly enriched interactions. Grey lines indicate known host-host protein interactions from
the STRING database. Notable clusters of host proteins are highlighted.

The patterns observed in our GO term analysis were consistent with network plots of high-confidence interactors
(Figure 3-4C). Multiple homologs shared interactors involved in ERAD (RNF139, DERL1, DERL3, ERLECI, SYNVI,
0OS9, RNFS5, SEL1L) and the oligomeric Golgi complex (COG1, COG6, COG7, SYS1). A cluster of five components of the
mitochondrial ATP synthase complex (ATPSE, ATP5G3, ATPSH, ATP5F1, and ATP50) was enriched for hCoV-OC43
nsp3.3, while clusters of Hsp70 co-chaperones (DNAJB1, DNAJC16, BAG2) and N-glycan biosynthesis factors (MGAT]1,
MGAT2, MAN2A2) were enriched for hCoV-229E nsp3.3. Interestingly, a large swath of identified high-confidence
interactors are interconnected based on STRING analysis but do not cluster into distinct biological categories outside of

those previously mentioned.

3.3.5 SARS-CoV-2 nsp3.1 interacts with ATF6 and suppresses the ATF6 branch of the Unfolded Protein Response

(UPR)

An intriguing observation was the shared interaction of the nsp3.1 fragment from SARS-CoV-2, SARS-CoV and
hCoV-OC43 with ATF6 (Figure 3-2C), a transmembrane protein located across the ER membrane serving as one of the
sensors of the ER unfolded protein response (UPR). Upon activation by ER stress, ATF6 is trafficked to the Golgi apparatus,
where site-1 and site-2 proteases (SP1 & MBTPS2) cleave the protein, releasing an active transcription factor that serves to
upregulate chaperones and other proteostasis factors which aid in relieving ER stress(32). Intriguingly, we also observed
MBTPS2 as an interactor of SARS-CoV nsp3.2. MSTPS2 was found in a recent CRISPR to be an essential gene in the
replication of SARS-CoV-2(38). Coronaviruses are known to upregulate the UPR. Specifically, the SARS-CoV spike protein
was shown to be sufficient to upregulate transcription of factors such as GRP78/BiP and GRP94(42,43), both known to be
downstream targets of ATF6(44,45). Furthermore, SARS-1 Orf8 can activate ATF6 and promote UPR induction(46), but a
role for nsp3 in UPR modulation during virus infection is not known.

As technical validation of the interaction of the N-terminal fragment of SARS-CoV-2 nsp3 with ATF6, we used a
HEK293T cell line expressing a doxycycline-inducible 3xFLAG-ATF6 construct(47). The affinity tag of the nsp3 N-
terminal construct was replaced with a 2x strep tag (2xST) to allow for complementary immunopurifications (IP) and
detection. We transiently transfected 3xFLAG-ATF6 cells with SARS-CoV-2 nsp3.1-2xST and carried out reciprocal co-
IPs to validate the interactions (Figure 3-5A). We detected some background nsp3.1-2xST protein in the control (DMSO-
treated) FLAG-IP where ATF6 was not induced. This was likely due to some leaked expression. However, the viral protein
was noticeably enriched when 3XxFLAG-ATF6 was robustly induced with doxycycline. ATF6 was also observed in reciprocal

Co-IPs (Figure 3-5A), further validating the interaction between SARS-CoV-2 nsp3.1 and ATF6.

63



100 kDa

75 kDa

50 kDa -

B Nsp3.1-FT
Input IP: FLAG IP: Strep T i
omato ¥
&°  Nsp3.1-2xST & Nsp3.1-2xST & Nsp3.1-2xST _— q@ Q?’ w Q?" &
& SARS2 - «f SARS2 &9 SARS-2 Tm: 0 16h  6h & & & & qF

+dox DMSO +dox  +dox DMSO +dox +dox DMSQ +dox
_ QLT EN— — I1B: FLAG
—] N

100 kDa 4
75 kDa +

£
|

N
sl

75 kDa - ——
100 kDa 4Grp94 )
25 oa ] «gip B KDEL
75 kDa-I | 1B: PDIA4
 —— — ANsp3.1
=
— ] IB: Strep 37 kDa.I — ————— — |IB: GAPDH
Grp9%4 - ; .
0.0007 p 49 0.0019 BiP 4 PDIA4

[ ]
' 0.00012 ®
‘n o
. ! :
[ ] ®
R 2

Fold Change vs tdTomato ()

tdTomato tdTomato tdTomato

log2 scaled TMT

Figure

1.0- ' 0.0003 E
0.0036

N B

-0.54

0.013

0.63

log2 scaled TMT

-1.04

£

T T T T -0.2 T T T T
DMSO Tm DMSO Tm DMSO 147 DMSO 147

tdTomato (ctr) SARS-2 nsp3.1 tdTomato (ctr) SARS-2 nsp3.1
3-5. SARS-CoV-2 nsp3.1 interacts with ATF6 and suppresses the ATF6 branch of the Unfolded Protein

-1.5

Response (UPR).

A

Representative co-immunopurification (IP) western blots of 3xFT-ATF6 cells transfected with SARS-CoV-2
nsp3.1-2xST or tdTomato (control), lysed, and immunopurified for either FLAG or 2xStrepTag. Cells were treated
with 100 nM doxycycline to induce 3xFT-ATF6 expression 24 h pre-harvest. Input and IP elution blots were
probed with both anti-FLAG and anti-StrepTag antibodies. n = 3
Representative western blots of HEK293T cells transfected with nsp3.1-FT homologs or tdTomato (control),
lysed, and probed for FLAG, ATF6 branch markers (Grp94, BiP, PDIA4), and GAPDH as a loading control.
Control cells were either treated with DMSO or 6 pg/mL Tunicamycin (Tm) at 6 or 16 h pre-harvest to induce an
ER stress response. TdTomato 16 h pre-harvest, n = 4; TdTomato 6 h pre-harvest, n = 3; all others, n=7.
Quantification of western blots shown in (B). Error bars indicate average £SEM. Paired student T-tests were used
to test for significance between samples and tdTomato+DMSO control, with p-values < 0.05 shown.
Box-and-whisker plots of ATF6-regulated protein abundance measured by quantitative proteomics. HEK293T
cells were transfected with tdTomato (control) or SARS-CoV-2 nsp3.1-FT and treated with DMSO or 6 ug/mL
tunicamycin for 16 h pre-harvest. Shown are the distribution of scaled log2 TMT intensities for ATF6-regulated
proteins based on published genesets(45). A one-way ANOVA with Geisser-Greenhouse correction and post-hoc
Tukey’s multiple comparison test was used to determine significance. Adjusted p-values are shown. n =4
biological replicates in a single mass spectrometry run.
Box-and-whisker plots of ATF6-regulated protein abundance measured by quantitative proteomics. HEK293T
cells were transfected with tdTomato (control) or SARS-CoV-2 nsp3.1-FT and treated with DMSO or 10 uM 147
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for 16 h pre-harvest. Shown are the distribution of scaled log2 TMT intensities for ATF6-regulated proteins based
on published genesets(45). A one-way ANOVA with Geisser-Greenhouse correction and post-hoc Tukey’s
multiple comparison test was used to determine significance. Adjusted p-values are shown. n = 3 biological
replicates in a single mass spectrometry run.

Given this observation of SARS-CoV-2 nsp3.1 directly binding to ATF6, we sought to determine if this interaction
could constitute a mechanism by which the UPR may be modulated. Cells were transfected with all five nsp3.1 homologs
and immunoblotting performed for known ATF6-specific target genes (GRP78/BiP, GRP94, PDIA4) to determine if
upregulation of these proteins occurred. The nsp3.1 fragments were robustly expressed, but no notable upregulation of
GRP78/BiP, GRP9%4 or PDIA4 was observed (Figure 3-5B-C). Instead, we saw a small but significant reduction in protein
levels for GRP94 and PDIA4 with SARS-CoV-2 and MERS-CoV nsp3.1. The same experiment was performed to monitor
changes of RNA transcript level, but similarly no upregulation of BiP, PDIA4 or ERDJ4 (IRE1 marker) transcripts was seen
(Figure 8-15). We also did not observe any site-1/2 protease mediated-cleavage of ATF6 in SARS-CoV-2 nsp3.1-transfected
samples (Figure 3-5A).

Given the small reduction in GRP94 and PDIA4 protein levels (Figure 3-5B-C), an alternative possibility was that
the nsp3.1 binding event could suppress ATF6 activation. To further test this possibility, cells were transfected with the
respective nsp3.1 constructs and treated with the global UPR activator tunicamycin (Tm). We profiled global expression
changes using quantitative proteomics to gain a broader insight into the regulation of UPR target genes based on larger
genesets of ATF6-regulated targets, as well as targets of the other UPR branches (IRE1/XBP1s and PERK)(45). SARS-
CoV-2 nsp3.1 resulted in a small, but significant downregulation of ATF6 targets compared to a control transfection (Figure
3-5D), which was consistent with the data obtained from quantitative Western blot. We observed robust activation of ATF6-
target genes with Tm treatment (Figure 3-5D, Figure 8-16A), and also observed upregulation of IRE1/XBP1s and PERK
target genes (Figure 8-16B-C). However, when nsp3.1 was expressed in cells, the Tm-induced expression changes of ATF6
target genes were significantly lower than with a mock control, confirming a suppression of the ATF6 response (Figure
3-5D, Figure 8-16A). When measured at the transcript level using qPCR, the same general trend was observed, though
statistical significance was not reached (Figure 8-161). In contrast, nsp3.1 had no significant effect on the expression of
IRE1/XBPI1s or PERK targets (Figure 8-16B-C), highlighting that the viral protein does not globally suppress the UPR
response.

CoV infection typically activates the UPR to a smaller degree than global UPR stressors, such as tunicamycin or
thapsigargin(42,48). For this reason, we set out to test whether nsp3.1 could more fully suppress the ATF6 response during
such partial activation. We used compound 147, a small molecule ER proteostasis regulator that preferentially activates the
ATF6 branch of the UPR to mimic the incomplete UPR activation observed during CoV infection(49,50). We carried out
the same global quantitative proteomics and geneset analysis to profile UPR target expression. ATF6 target genes were
robustly activated when control-transfected cells were treated with 147 (Figure 3-5E, Figure 8-16D). However, as expected,
the overall activation was reduced compared to Tm treatment, and no IRE1/XBP1s or PERK activation occurred with 147
(Figure 8-16E-F). In contrast, nsp3.1 expression completely blocked the upregulation of upregulation of ATF6 targets when
cells were treated with 147, further confirming the suppression of the ATF6 response (Figure 3-5E, Figure 8-16D). To

ensure that the suppression was specific to ATF6 targets, we also analyzed the response of 147 treatment and SARS-CoV-2
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nsp3.1 expression on other UPR branches and the cytosolic heat shock response (Figure 8-16G-H). We did not observe any

change in expression in response to 147 or nsp3.1 further validating that the regulation is specific to ATF6.

3.4 Discussion

As evidenced by its many domains, nsp3 likely serves a multitude of roles within the coronavirus replication cycle.
Some of these roles are well characterized, such as the requirement of nsp3 for formation of double-membraned vesicles
and the papain-like protease function in autocleavage of the orfla polypeptide(14-17,51,52). Other roles remain less
defined, and the interactome of the individual nsp3 fragments contained herein may serve to help delineate the role of this
protein across several CoV strains. Using tandem mass tags (TMTpro 16plex), we are able to directly identify and compare
the abundance of interactors across five coronavirus strains, including two different genera and three different
betacoronavirus clades. Given the frequent emergence of severely pathogenic coronavirus strains over the past 20 years, it
is becoming increasingly apparent that a deeper knowledge of the molecular mechanisms of coronavirus replication is
needed to understand how we may better prepare therapeutics against potential future strains of these viruses.

The N-terminal portion of the protein (nsp3.1) is the only fragment lacking transmembrane domains and exclusively
localizes to the cytosol. This could explain the high expression levels seen with this fragment, although there was still some
variation among the expression efficiency for the homologs from different viral strains. An interesting divergence observed
in the nsp3.1 dataset is the enrichment of pathways related to mitochondrial transport and metabolism in the SARS-CoV
dataset that is absent in the SARS-CoV-2 dataset. Given the two fragments share high sequence identity, it is noteworthy
when one pathway is so highly enriched in one fragment versus the other, pointing to rapid divergent evolution. Other
SARS-CoV-2 proteins have been shown to interact with several components of the mitochondria(18,19), including our
earlier nsp2/4 dataset that found both SARS-CoV and SARS-CoV-2 proteins interacting with mitochondria-associated
membrane factors involved in controlling calcium flux between ER and mitochondria(22). Interestingly, the most highly
enriched pathways in both of the SARS variants are also enriched (to a similar magnitude) in the MERS-CoV nsp3.1
fragment pointing towards conserved functions among the pathogenic variants.

The C-terminal portion of the nsp3.1 fragment for SARS-CoV and SARS-CoV-2 consists of the SARS unique
domain (SUD). While a definitive function of this domain has not been established in the coronavirus replication cycle,
prior studies described a role for macrodomains within the SUD binding G-quadruplexes, strings of RNA containing
multiple guanosines(51,53,54). While no RNA-binding pathways were observed as enriched with either of the SARS nsp3.1
fragments, potentially related processes such as mRNA catabolism, rRNA metabolism, and ribosome biogenesis were
significantly enriched. This pathway was also observed in the MERS-CoV nsp3.1 interactor set, potentially pointing to a
broader role for pathogenic strains. The singular pathway shown to be enriched only in the two SARS variants was “positive
upregulation of transcription in response to ER stress”, which prompted us to investigate the interactions and regulation of
this fragment with the UPR sensor ATF6, which is discussed further below.

The middle fragment yielded the smallest number of overall interactors of the three fragments, across all five strains.
Generally, expression levels of this fragment were also lower than the termini, which may have limited detection of
interactors. However, all fragments and interactors were still reproducibly detectable by mass spectrometry. Surprisingly,
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we observed highly distinct pathway enrichment from the MERS-CoV and hCoV-229E fragments showing substantial
interactions with ribosomal RNA processing proteins and nuclear import proteins, respectively. Interactions of other
coronavirus proteins with nuclear transport machinery have been observed, for instance nsp9 with the nuclear pore complex
and nsp1 with mRNA export machinery(18,55). Orf6 of SARS-CoV and SARS-CoV-2 inhibits STAT 1 signaling by blocking
nuclear import of phosphorylated STAT1. Nuclear localization of SARS-CoV and SARS-CoV-2 orf3b has been shown, as
well as for N proteins(56—58). In contrast, no strains studied to date have observed interactions of nuclear transport pathways
with nsp3. One possibility is the recruitment of nuclear transport proteins to 229E nsp3 to assist in the transport of viral
components from double-membraned vesicles, which nsp3 is essential in helping to create(14—16). A recent study showed
that nsp3 from murine hepatitis C virus (MHV) not only assists in initial formation of the DM Vs, but subsequently forms
the core of a pore-like structure that may aid in export of viral RNA(36). The absence of these protein interactions between
nsp3.1 homologs from betacoronavirus strains and nuclear importins points to evolution of functional divergence.

We also find that MERS nsp3.2 uniquely interacts with rRNA processing machinery involved in ribosome
biogenesis. Several of these factors (WDR36, NOL10, URB1) were previously found to interact with SARS-CoV-2, SARS-
CoV, and MERS-CoV nsp8 homologs(18,19). Some viruses, such as HIV-1, have also been shown to down-regulate factors
involved in rRNA processing during infection(40). Given the dependence of all coronaviruses on host translation machinery,
it is interesting that MERS is the only CoV to maintain these interactions. This may represent a specialized avenue for
MERS-CoV to modulate host translation through nsp3.

Viruses often modulate cellular stress responses in order to assist during replication and/or subvert the host immune
system. Many groups of viruses, including coronaviruses and flaviviruses, have been shown to upregulate branches of the
UPR(42,43,46,59—64), although exact roles of this activation for the viral life cycle are still debated. We were therefore
particularly interested to find ATF6 as a high confidence interactor of the SARS-CoV and SARS-CoV-2 nsp3.1 fragments.
ATFG6 is a transmembrane sensor representing one of the most upstream portions of the ER unfolded stress response (UPR).
As noted, coronaviruses replicate near the ER, and nsp3 possesses transmembrane domains that anchor the protein in the
ER membrane. Given the localization of nsp3.1 to the cytosol, the protein is likely to interact with the cytosolic basic leucine
zipper (bZIP) transcriptional activator domain of ATF6. Therefore, we sought to determine if the fragment could be
regulating the ability of ATF6 to respond to stress. We probed the transcriptional and translational level of known ATF6
regulated genes after overexpression of nsp3.1 fragments. Surprisingly, SARS-CoV-2 nsp3.1 led to a significant decrease
in ATF6 protein markers, suggesting suppression of the ATF6 pathway. In addition to inhibiting basal ATF6 activity, we
showed that SARS-CoV-2 nsp3.1 was also capable of partially suppressing ER-stress induced ATF6 activation, and fully
blocked the more modest induction by the pharmacological activator 147. It is likely that UPR activity has to be finely tuned
during infection to prevent detrimental consequences from prolonged activation, such as apoptosis induction. Prior studies
found that the IRE/XBP1s UPR branch was inhibited by the SARS-CoV E protein and that ATF6 gene targets were not
upregulated during MHYV infection despite ATF6 activation and cleavage(60,65). These results suggest that coronaviruses
employ strategies to attenuate distinct UPR signaling branches, but little is known about what viral proteins are responsible
for tuning UPR activity. Our results indicate that the N-terminal regions of SARS-CoV-2 nsp3 directly acts on ATF6 to
suppress activation. Further work is needed to understand the molecular mechanisms of this suppression and its role during

SARS-CoV-2 infection.
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Many studies have highlighted the utility of viral protein interactomes in identifying roles for host pathways in the
life cycle of many viruses(38,66), and large-scale interactome studies with SARS-CoV-2 demonstrated how these
interactomes may be useful for identifying existing drugs to be repurposed to fight viral infections(18). Despite the large
body of work done in the past year on SARS-CoV-2, interactome studies of nsp3 have been limited to the PL2P* papain-
like-protease domain(11). In addition to presenting data for the full nsp3 interactome, our studies highlight the utility of
using tandem mass tag technology to quantitatively compare the SARS-CoV-2 nsp3 interactome to the interactome of other
known coronaviruses, both severely and mildly pathogenic. We find very divergent interactomes, suggesting that while there
is a large conservation of domains, there may also be more specific roles for this protein in the context of each individual
virus. One caveat is the use nsp3 fragments in our analysis, which may miss host interactions that require different region
or domains of the protein to coordinate. Additionally, it would be intriguing to investigate the interactomes of nsp3
(fragmented or in full) with nsp4 and/or nsp6, as coordination between these viral proteins is required to form the double-
membraned vesicles characteristic in CoV infection. In the future, it may be important to study the variations in host protein
interactions that occur between specific SARS-CoV-2 variants that are rapidly emerging. For instance, the recently isolated
B.1.1.7 (alpha) variant, shown to be highly transmissible and responsible for a large uptick in cases in the United Kingdom,
possesses four mutations within orflab, three of which are in nsp3(67)(68). Additionally, the B.1.351 (beta) variant contains
one nsp3 mutation, and the P.1 (gamma) variant contains two(67). This makes nsp3 protein variants relevant to study for

better understanding how such evolutionary adaptations in non-structural proteins may impact virulence.

3.5 Acknowledgements

We thank Andrew Spencer, Joyce Kariuki, and Athira Sivadas for assistance with data analysis and literature review, as well
as members of the Plate lab for their critical reading and feedback of this manuscript. This work was funded by T32
AlI112451 (NIAID) and National Science Foundation Graduate Research Fellowship (KMA); T32 GM008554 (NIGMS)
(JPD); 1R35GM133552 (NIGMS); and Vanderbilt University funds.

3.6 Methods

Table 3-1. Primers used for qRT-PCR and generation of constructs

Target Primer Sequence (5°-3°) Notes

Nsp3_N_term_rem_F atcaaggtgttcaccacagtg Forward primer to remove N-terminus of
Wuhan nsp3 (nsp3.2, 3.3 generation)

Nsp3_N_term_rem_R catgctagccagcttggg Reverse primer to remove N-terminus of
Wuhan nsp3 (nsp3.2 generation)

Nsp3_middle_rem_F tattgtacaggcagcatccc Forward primer to remove middle fragment
of Wuhan nsp3 (nsp3.3 generation)

Nsp3_middle_rem_R ggttctcacctcccgceag Reverse primer to remove middle fragment
of Wuhan nsp3 (nsp3.1 generation)

Nsp3_C_term_rem_F ctcgagtctagagggccc Forward primer to remove C-terminus of
Wuhan nsp3 (nsp3.1, 3.2 generation)
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Nsp3_C _term_rem R ggtggcgattgtcacgttg Forward primer to remove C-terminus of
Wuhan nsp3 (nsp3.2 generation)
SARS2 _nsp3.1_xFT_F atccgcagtttgaaaagtaaacccg | Removal of FLAG tag from Wuhan nsp3.1
ctgatcagcctcg fragment
SARS2 _nsp3.1_xFT_R catcccccgecgecttcgagggttc | Removal of FLAG tag from Wuhan nsp3.1
tcacctcccgeag fragment
2xStrep_F ctcgaaggcggeggggga Amplification of 2xStrep tag from pLVX
vector
2xStrep_R ttacttttcaaactgcggatgtgac | Amplification of 2xStrep tag from pLVX
catgatccac vector
PDIA4 F agtggggaggatgtcaatgc
PDIA4 R tggctgggatttgatgactg
BiP_F gcctgtatttctagacctgcec
BiP R ttcatcttgccagccagttg
ERDJ4 F ggaaggaggagcgctaggtc
ERDJ4 R atcctgcaccctccgactac
GAPDH_F gtcggagtcaacggatt
GAPDH_R aagcttcccgttctcag

Construct design

The coding sequences for full-length nsp3 were obtained from GenBank (SARS-CoV-2 isolate Wuhan-Hu-1 MN908947,
SARS-CoV Urbani AY279741, hCoV-OC43 NC006213, MERS-CoV JX869059, hCoV-229E AF304460).

Sequences for creating fragments of the SARS-CoV nsp3 were chosen based on Pan et al, 2008, PLoS One(21). The amino
acid sequences of full-length nsp3 for the remaining hCoV strains were aligned using ClustalOmega to the SARS-CoV
fragments to determine the corresponding starting/ending positions for each fragment.

Full length SARS-CoV-2 nsp3 was codon optimized and cloned into a pcDNA-(+)-C-DYK vector (Genscript). Truncations
were performed using primers listed in Table 1. All other nsp3 fragments were individually codon optimized and cloned
into pTwist CMV Hygro vectors (Twist Biosciences).

SARS-CoV and SARS-CoV-2 nsp3.1 strep-tagged constructs were created using primers listed in Table 1. Briefly, nsp3
fragment plasmids were amplified to exclude the FLAG tag. A pLVX vector containing a strep tag was used to amplify the
insert. The two fragments were ligated using a DNA HiFi assembly kit (NEB). All plasmid constructs were confirmed by

sequencing (Genewiz).

Cell culture and transfection

HEK293T and HEK293T-REx cells were maintained in Dulbeccos’ Modified Eagle’s Medium (high glucose) and
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% glutamine. Cells were kept at 37°C, 5%
CO.. For transfections, 2E6 cells were seeded into 10cm tissue culture dishes. 24 hours after seeding, cells were transfected
using a calcium phosphate method with 5 pug nsp3 or tdTomato construct. Media was exchanged 16 hours post-transfection

and cells were harvested 24 hours after media exchange.
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FLAG immunoprecipitations

Immunoprecipitations were performed as reported previously(22). Cells were collected from 10cm dishes via scraping,
washed with PBS, and lysed by suspension in TNI buffer (S0mM Tris pH 7.5, 150mM NaCl, 0.5% IGEPAL-CA-630)
supplemented with Roche cOmplete protease inhibitor. Cells were left to lyse on ice for at least 10 minutes, followed by 10
minute sonication in a room temperature water bath. Lysates were cleared by centrifugation at 21.1xg for 20 minutes. Protein
concentrations were normalized using 1x BioRad Protein Assay Dye, and normalized lysates were added to 15 pL pre-
washed (4x in lysis buffer) Sepharose 4B beads (Sigma) and rocked at 4°C for 1 hour. Resin was collected by centrifugation
at 400xg for 10 minutes, and pre-cleared supernatant was added to 15 uL G1 anti-DYKDDDDK resin (GenScript) and
rocked at 4°C overnight. The next day, resin was collected by centrifugation at 400xg for 10 minutes. Resin was washed 4x
with lysis buffer. Resin-bound proteins were eluted with the addition of modified 3x Laemelli buffer (6% SDS, 62.5mM
Tris) for 30 minutes at room temperature, followed by 15 minutes at 37°C. A second elution was performed for 15 minutes
at 37°C.

During the first IP for each construct, immunoprecipitation was confirmed by silver stain using a Pierce Silver Stain Kit

(Thermo Fisher) and by western blotting with anti-FLAG antibody (Sigma-Aldrich, F1804)

Immunofluorescence confocal microscopy

HEK293T cells were transfected with nsp3 constructs as described in “Cell culture and transfection”. Two hours post-media
change, 2x10* transfected cells were seeded into glass-bottom culture dishes (MatTek, P35G-0-14-C). At 40 hours post-
transfection, cells were fixed with 4% paraformaldehyde-PBS, washed with PBS three times, then permeabilized in 0.2%
Triton-X (in PBS). After three PBS washes, cells were blocked in PBS with 1% BSA and 0.1% Saponin (blocking buffer)
for 1 hour at room temperature. After blocking, cells were incubated with anti-PDIA4 primary antibody (Protein Tech,
14712-1-AP) in blocking buffer (1:1000 dilution) overnight at 4°C. After three PBS washes, cells were incubated with
AlexFluor 488-conjugated anti-rabbit goat antibody (ThermoFisher, A-11008) in blocking buffer (1:500 dilution) at room
temperature for 30 min. Cells were then stained with M2 FLAG primary antibody (SigmaAldrich, F1804) and AlexFluor
594-conjugated anti-mouse goat antibody (ThermoFisher, A-11005) using the same conditions. Cells were then mounted in
Prolong Gold with DAPI stain (ThermoFisher, P36935) overnight. Cells were imaged using an LSM-880 or LSM-710

confocal microscope (Zeiss) and images were merged using Image J software.

Nsp3.1-ST & ATF6-FT Co-immunoprecipitation

HEK293T-REx cells expressing doxycycline-inducible 6xHis-3xFLAG-HsATF6a were seeded in 15cm tissue culture
dishes(69). Cells were transiently transfected with 15 pg SARS-CoV-2 nsp3.1-ST or tdTomato constructs 24 hours after
seeding as previously described. At 16 hours post-transfection media was exchanged and cells were treated with either
DMSO or 100 uM doxycycline. Cells were harvested 24 hours later via scraping in cold PBS with 10 uM MG132. Cells
were lysed in ATF6 lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 1x protease inhibitor, and 1% LMNG
(Anatrace NG322) for 15 min at 4°C as previously described(70). Lysates were vortexed twice briefly and then cleared by
centrifugation at 17,000 x g for 15 min. Lysates were normalized and pre-cleared with 15 pL Sepharose 4B beads in ATF6
wash buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA). Pre-cleared supernatant was then divided in two, with half
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immunoprecipitated for FLAG-ATF6 with 15 pL G1 anti-DYKDDDK resin and the other half affinity purified for nsp3.1-
ST using 15 pL Strep-Tactin XT Superflow High Capacity resin (IBA Life Sciences, 2-4030-002) and rocked at 4°C
overnight. Resin was washed 4x with ATF6 wash buffer. Resin-bound proteins were eluted with modified 3x Laemelli buffer
(6% SDS, 62.5mM Tris) as described previously. Inputs and elutions were then diluted with 6x Laemelli buffer (12% SDS,
125 mM Tris pH 6.8, 20% glycerol, bromophenol blue, 100 mM DTT), heated at 37°C for 30 min, and run on SDS-PAGE
gel. Proteins were detected via western blotting with M2 anti-FLAG (Sigma-Aldrich, F1804) and THE anti-Strep II tag
FITC (Genescript, A01736-100) antibodies.

Western blot and RT-qPCR analysis of UPR activation

HEK293T cells were transfected with nsp3.1-FT homologs or tdTomato (mock) in 6-well plates as previously described.
Mock samples were treated with DM SO or 6 pg/mL Tunicamycin (Tm) for 16 h (protein analysis) or 6 h (transcript analysis)
prior to harvest by cell scraping. Harvested cells were split into a 2/3 aliquot for protein analysis and a 1/3 aliquot for mRNA
analysis.

For protein analysis, cells were lysed as previously described for immunoprecipitations. Lysates were normalized using 1x
BioRad Protein Assay Dye and run on SDS-PAGE gel before transfer to PVDF membranes and subsequent western blotting,.
Blots were probed with 1:1000 dilutions of anti-KDEL (Enzo, ADI-SPA-827-F), anti-PDIA4 (ProteinTech, 14712-1-AP),
M2 anti-FLAG (Sigma-Aldrich, F1804), and anti-GAPDH (GeneTex, GTX627408) antibodies in 5% BSA.

For RT-qPCR, cellular RNA was extracted using the Zymo Quick-RNA miniprep kit. Then 500 ng total cellular RNA was
synthesized into cDNA using random hexamer primers (IDT), oligo-dT primers (IDT), and Promega M-MLV reverse
transcriptase. Subsequent qPCR analysis was carried out using BioRad iTaq Universal SYBR Green Supermix, combined
with the primers listed below for target genes. Reactions were run in 96-well plates on a BioRad CFX qPCR instrument.
Conditions used for amplification were 95°C, 2 minutes, 45 repeats of 95°C, 10s and 60°C, 30s. A melting curve was
generated in 0.5 °C intervals from 65 °C to 95 °C. Cq values were calculated by the BioRad CFX Maestro software.
Transcripts were normalized to a housekeeping gene (GAPDH). All measurements were performed in technical duplicate;
each of these duplicates was treated as a single measurement for the final average. Data was analyzed using the BioRad

CFX Maestro software.

Global proteomics of UPR activation

HEK293T cells were transfected with SARS-CoV-2 nsp3.1-FT or tdTomato (mock) in 10 cm dishes in triplicate as
previously described. Samples were treated with either DMSO, 10 uM 147, or 6 ng/mL tunicamycin for 16 h prior to harvest
by cell scraping. Harvested cells were lysed in TNI lysis buffer and 20 pg of protein (as measured using Bio-Rad protein
assay dye reagent) was aliquoted and precipitated via methanol/chloroform precipitation as described below. Pellets were

digested with trypsin (Thermo Fisher) and labeled with 16plex TMTpro.

Tandem Mass Tag sample preparation
Sample preparation was carried out as previously described(22). Eluted proteins were precipitated via methanol/chloroform

water (3:1:3) and washed thrice with methanol. Each wash was followed by a 5 minute spin at 10,000xg. Protein pellets
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were air dried and resuspended in 1% Rapigest SF (Waters). Resuspended proteins were reduced (TCEP) for 30 minutes,
alkylated (iodoacetamide) for 30 minutes, and digested with 0.5 pg trypsin/Lys-C (Thermo Fisher) overnight. Digested
peptides were labeled using 16plex TMTpro (Thermo Scientific) and quenched with the addition of ammonium bicarbonate.
Each TMT channel shown in Figure 8-3A-F represents an independent immunoprecipitation and biological replicate.
Samples were pooled, acidified, and concentrated. Cleaved Rapigest products were removed by centrifugation at 17,000xg

for 45 minutes.

MudPIT LC-MS/MS analysis

Triphasic MudPIT columns were prepared as previously described using alternating layers of 1.5cm C18 resin, 1.5cm SCX
resin, and 1.5cm C18 resin(71). Pooled TMT samples (roughly one-third of pooled IP samples and 20 pg of peptide from
global UPR activation samples) were loaded onto the microcapillaries using a high-pressure chamber, followed by a 30
minute wash in buffer A (95% water, 5% acetonitrile, 0.1% formic acid). Peptides were fractionated online by liquid
chromatography using an Ultimate 3000 nanoLC system and subsequently analyzed using an Exploris480 mass
spectrometer (Thermo Fisher). The MudPIT columns were installed on the LC column switching valve and followed by a
20cm fused silica microcapillary column filled with Aqua C18, 3um, C18 resin (Phenomenex) ending in a laser-pulled tip.
Prior to use, columns were washed in the same way as the MudPIT capillaries. MudPIT runs were carried out by 10uLL
sequential injections of 0, 10, 20, 40, 60, 80, 100 % buffer C (500mM ammonium acetate, 94.9% water, 5% acetonitrile,
0.1% formic acid) for IP samples and 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100% buffer C for global UPR activation samples,
followed by a final injection of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was
followed by a 130 min gradient using a flow rate of 500nL/min (0-6 min: 2% buffer B, 8 min: 5% B, 100 min: 35% B,
105min: 65% B, 106-113 min: 85% B, 113-130 min: 2% B). ESI was performed directly from the tip of the microcapillary
column using a spray voltage of 2.2 kV, an ion transfer tube temperature of 275°C and a RF Lens of 40%. MS1 spectra were
collected using a scan range of 400-1600 m/z, 120k resolution, AGC target of 300%, and automatic injection times. Data-
dependent MS2 spectra were obtained using a monoisotopic peak selection mode: peptide, including charge state 2-7,
TopSpeed method (3s cycle time), isolation window 0.4 m/z, HCD fragmentation using a normalized collision energy of 32
(TMTpro), resolution 45k, AGC target of 200%, automatic injection times, and a dynamic exclusion (20 ppm window) set

to 60s.

Data analysis

Identification and quantification of peptides were performed in Proteome Discoverer 2.4 (Thermo Fisher) using the
SwissProt human database (TaxID 9606, released 11/23/2019; 42,252 entries searched) with nsp3 fragment sequences (15
entries) manually added (42,267 total entries searched). Searches were conducted with Sequest HT using the following
parameters: trypsin cleavage (maximum 2 missed cleavages), minimum peptide length 6 AAs, precursor mass tolerance
20ppm, fragment mass tolerance 0.02Da, dynamic modifications of Met oxidation (+15.995Da), protein N-terminal Met
loss (-131.040Da), and protein N-terminal acetylation (+42.011Da), static modifications of TMTpro (+304.207Da) at Lys
and N-termini and Cys carbamidomethylation (+57.021Da). Peptide IDs were filtered using Percolator with an FDR target

of 0.01. Proteins were filtered based on a 0.01 FDR, and protein groups were created according to a strict parsimony
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principle. TMT reporter ions were quantified considering unique and razor peptides, excluding peptides with co-isolation
interference greater that 25%. Peptide abundances were normalized based on total peptide amounts in each channel,
assuming similar levels of background in the IPs. For global UPR proteomics, protein abundances were also scaled. Protein
quantification used all quantified peptides. Post-search filtering was done to include only proteins with two identified

peptides.

Experimental Design and Statistical Rationale

Nsp3.1 analysis combined 62 co-IP samples distributed across 5 individual MS runs (biological replicates: 15x tdTomato
(negative co-IP control), 13x SARS-CoV-2, 9x SARS-CoV, 8x MERS-CoV, 9x hCoV-OC43, 8x hCoV-229E). Nsp3.2
analysis combined 63 co-IP samples distributed across 4 individual MS runs (biological replicates: 15x tdTomato (negative
co-IP control), 14x SARS-CoV-2, 9x SARS-CoV, 9x hCoV-0OC43, 8x MERS-CoV, 8x hCoV-229E). Nsp3.3 analysis
combined 63 co-IP samples distributed across 5 individual MS runs (biological replicates: 15x tdTomato (negative co-IP
control), 14x SARS-CoV-2, 9x SARS-CoV, 8x MERS-CoV, 9x hCoV-OC43, 8x hCoV-229E). Pairwise ratios between
conditions were calculated in Proteome Discoverer based on total protein abundance, and ANOVA was performed on
individual proteins to test for change in abundances and report adjusted P-values. To filter interactors of individual nsp3
fragments, we used a variable cutoff method combining log2 enrichment and adjusted p-value according to a published
method (22,72). The histogram of log2 protein abundance fold changes for each construct vs the tdTomato control was fitted
to a gaussian curve with a bin width of 0.1 using a nonlinear least square fit (excluding outliers) to determine the standard
deviation o of the scatter. For medium- and high-confidence interactors, the cutoff values were 16 and 20 respectively. To
take into consideration the adjusted p-values, we used a hyperbolic curve y > ¢/(x-xg) where y is the adjusted p-value, x is
the log2 fold change, and x¢ corresponds to the value of the 16 or 2¢ standard deviation. Negative medium- and high-

confidence interactors were filtered using cutoff values of -16 and -2¢ respectively and the hyperbolic curve y > - ¢/(x+xy).

CRAPome overlap, geneset enrichment analysis, comparative heatmaps, and network plots

High-confidence interactors of all homologs for each nsp3 fragment were queried in the CRAPome “Homo sapiens Single
Step Epitope tag AP-MS” dataset(28). A frequency threshold of 25% of control experiments found in was used to qualify
an interactor as overlapping with the CRAPome. A gene ontology (GO) enrichment analysis for biological processes was
conducted in EnrichR. The analysis was conducted separately for the high (and/or medium) confidence interactors for each
fragment. GO terms were manually filtered for adjusted p-values <0.1. Redundant GO terms were grouped manually based
on overlapping genes in related pathways.

Network plots were generated in Cytoscape(73); human protein interactions were validated based on the STRING database.

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner

repository with the dataset identifier PXD024566. All other necessary data are contained within the manuscript.
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CHAPTER 4

THE GLYCOPROTEIN QUALITY CONTROL FACTOR MALECTIN PROMOTES CORONAVIRUS
REPLICATION AND VIRAL PROTEIN BIOGENESIS

4.1 Summary
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Coronavirus (CoV) modulate host protein production and protein homeostasis (proteostasis) networks to promote
infection. Much of this is mediated by the nonstructural proteins (nsps), such as nsp2 and nsp4, which rewire host processes
through protein-protein interactions (PPIs). With the emergence of SARS-CoV-2, it is imperative to identify host PPIs that
are shared across CoV nsp homologs and understand how these interactions promote infection. Using quantitative
proteomics and functional genetic screening, [ identify conserved host proteostasis interactors of nsp2 and nsp4 which serve
pro-viral roles in infection of a model betacoronavirus, MHV. Of note is the glycoprotein quality control factor, Malectin
(MLEC), the knockdown of which leads to a reduction of infectious titers by two logio PFU/mL. I find that during infection,
nsp2 and MLEC maintain a genetic interaction and that nsp2 interacts with MLEC-associated protein complexes. MHV
infection also drastically modifies the MLEC-interactome, stabilizing association with the Oligosaccharyltransferase (OST)
complex while titrating off basal interactors. Furthermore, I find MLEC promotes early viral replication events, namely nsp
production, with knockdown of MLEC leading to defects in viral protein abundance and genome replication. This pro-viral
role is dependent on the glycoprotein quality control role of MLEC. Together, these results reveal a new role for the
conserved interactor MLEC in promoting CoV infection by enhancing viral glycoprotein production and presenting a

potential therapeutic target for pan-CoV antivirals.

All supplemental materials can be found in Appendix 3.

4.2 Introduction

Several highly pathogenic human coronaviruses (CoVs) have emerged in the past few decades and imposed drastic

public health burdens, including the betacoronaviruses SARS-CoV, MERS-CoV, and most recently SARS-CoV-2. Given
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the pattern of past CoV emergence and the likelihood of future outbreaks, it is imperative to understand the molecular
strategies shared by CoVs to infect human cells. CoVs hijack host cellular systems through virus-host protein-protein
interactions (PPIs) to mediate infection. In particular, the sixteen nonstructural proteins (nsps) encoded by CoVs alter the
cellular environment to enhance infection and create viral replication/transcription complexes (RTCs) to reproduce viral
genomes.

Nsps have varying degrees of sequence conservation, topology, and ascribed functions. This work focuses on two
contrasting nsps, nsp2 and nsp4. Nsp2 is a soluble protein with an ambiguous role in viral infection and low sequence
conservation amongst CoV homologs. Previous work has found that when nsp2 is deleted from the Murine Hepatitis Virus
(MHV) and SARS-CoV genome, infectious virus is still produced, albeit with significant stunting in titers (~two logio
PFU/mL)(1). Nsp2 has also been shown to associate with other nsps amid the viral RTC(2-4), indicating that while
dispensable, nsp2 promotes viral infection and likely works in coordination with other viral proteins. In contrast, nsp4 is a
multipass transmembrane glycoprotein with high sequence conservation amongst CoV homologs(5-7). In conjunction with
nsp3 and nsp6, nsp4 plays an indispensable role in host membrane manipulation to form double membrane vesicles (DM Vs),
which serve as the primary sites of viral genome replication (8-11).

One of the primary cellular systems hijacked by CoVs during infection is the host proteostasis network. The
proteostasis network maintains the cellular proteome, from protein folding, addition of post-translational modifications, and
trafficking to degrading old or misfolded proteins (12). Key to this network is the coordination of PPIs between quality
control factors and client proteins to surveil the state of proteome, which is particularly important in the biogenesis and
secretion of glycosylated proteins (glycoproteins)(13-16).

Previous work has harnessed quantitative proteomics to characterize interactions between nsp2 and the host
proteostasis system. V’kovski et al. applied proximity-labeling using a BiolD-nsp2 encoding MHYV strain to identify host
factors proximal to the RTC, including autophagy and translation initiation factors(17). Nsp-host interactors of have also
been identified using affinity-purification mass spectrometry (AP-MS) in multiple studies(18-23). These studies have
consistently identified the host translation repressor complex of 4EHP/GIGYF2 as an interactor of SARS-CoV and SARS-
CoV-2 nsp2 homologs, and subsequent work has characterized the structural determinants of this interaction(24—26). There
is conflicting evidence on the function of this interaction, as some studies have found that nsp2 interferes with the translation
repression activity of the 4EHP/GIGYF2 complex(24), while others report that nsp2 enhances the translation repression,
particularly against IFN-B production(25). MERS-CoV nsp2 interacts with components of the Ribosome Quality Control
(RQC) pathway(22), including the ASC-1 complex(27) and TCF25(28), in addition to a component of O-linked
oligosaccharide biosynthesis (GALNT2)(29). The interface between nsp2 and glycoprotein biogenesis pathways has
remained unexplored.

Interactions between nsp4 and endoplasmic reticulum (ER) proteostasis factors have also been examined,
particularly in the context of DMV formation(30). A variety of ER interactors have been shown to promote formation of
DMVs from ER-derived membranes during SARS-CoV-2 infection, including RTN3/4(31), VMP1, and TMEM41B(32).
SARS-CoV-2 nsp4 has also been found to activate the Unfolded Protein Response (UPR), a cellular stress response which

mitigates accumulation of misfolded proteins in part through ER expansion and ER chaperone upregulation(33).
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Previously, we performed a comparative interactomics study of nsp2 and nsp4 homologs from SARS-CoV-2,
SARS-CoV, and hCoV-OC43(18). We identified several conserved proteostasis interactors amongst SARS-CoV-2 and
SARS-CoV nsp2 homologs, including the chaperones HSPAS5 and HSPAS, the glycoprotein quality control factor
MLEC(34,35), and the ubiquitination complex ERLIN1/2/RNF170(36,37). We also found conserved nsp4-proteostasis
interactors, such as components of the N-linked glycosylation machinery (DDOST, STT3B, MAGT1, CANX), the ER
Membrane Complex (MMGT1)(38,39), ER-cargo receptors (CCPG1(40), SURF4(41)), and protein degradation factors
(TMEM33, TMEMA43, HERPUD1, ERLIN1/2). In this work, I expand our interactomics to a wider panel of nsp2 and nsp4
homologs to include MERS-CoV, hCoV-229E, and MHV. I evaluate the functional relevance of PPIs and find that many
conserved ER proteostasis interactors serve pro-viral roles in a CoV infection model, most notably the glycoprotein quality
control factor Malectin (MLEC). I interrogate the nature of the interaction between nsp2 and MLEC by combining
quantitative proteomics with classical virological assays and find that MLEC promotes viral nsp production during infection.
This work identifies a new virus-host dependency with potential for pan-CoV therapeutics and furthers our understanding

of the basic biology of CoV infection.

4.3 Results

4.3.1 Nsp2 and nsp4 ER proteostasis interactors are conserved across CoV homologs

We previously mapped the comparative interactome of nsp2 (SARS-CoV-2 and SARS-CoV) and nsp4 (SARS-CoV-
2, SARS-CoV, hCoV-0C43) homologs(18). To determine the scope of conservation of previously identified interactors, I
expanded our panel of nsp homologs to include the alphacoronavirus hCoV-229E and the betacoronaviruses MERS-CoV
and Murine Hepatitis Virus (MHV) (Figure 4-1A). hCoV-OC43 homologs were omitted due to poor expression. The MHV
homologs were included to determine the relevance of using MHV as a BSL-2 infection model for testing the functionality
of interactors in active infection. I utilized our previously reported nsp construct design and affinity-purification mass
spectrometry (AP-MS) workflow(18,19), in which FLAG-tagged nsp homolog constructs were transiently transfected into
HEK293T cells and cells harvested 40 hours post-transfection (Figure 4-1B). Cells were lysed and bait proteins
immunopurified for FLAG-tag along with accompanying host interactors (Figure 9-1, Figure 9-2) before being reduced,
alkylated, and trypsin/LysC digested. Peptides were subsequently labeled with TMTpro tags and analyzed by tandem mass
spectrometry (LC-MS/MS), enabling both protein identification and relative quantification (Supplemental Tables S1, S2,
Figure 9-1, Figure 9-2)

I cross referenced our previous comparative interactomics dataset with this dataset and identified several proteins
of interest that were conserved across most, if not all, homologs analyzed (Figure 9-1, Figure 9-2). Several of these
conserved interactors are ER proteostasis factors, such as MLEC (nsp2-interactor), CCPG1, and SURF4 (nsp4-interactors),
and others are mitochondria-associated proteins, including STOML2, PHB2 (nsp2-interactors) and TIMM21 (nsp4-
interactor) (Figure 4-1C). These interactors are conserved with MHV homologs to various degrees, enabling us to utilize

MHYV as an accessible model BSL-2 virus to evaluate the relevance of interactors for active CoV infection.
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Figure 4-1. Nsp2 and nsp4 interactors are conserved across CoV homologs, including ER proteostasis factors.
A. Nsp2 & nsp4 FLAG-tagged homolog construct design. Placement of N-terminal FLAG-tag for nsp2 and C-terminal

4.3.2

FLAG-tag for nsp4 was based on previous construct designs(18). A corresponding 18 - 23 amino acid long leader
sequence from the C-terminus of nsp3, including the PL2P™ cleavage site, is added on the N-terminus of nsp4
constructs to improve protein biogenesis and insertion, as has been reported previously(10,42).

Schematic of comparative affinity-purification mass spectrometry (AP-MS) workflow to identify nsp-host
interactors.

Enrichment of select nsp2 and nsp4 interactors conserved across multiple CoV homologs versus negative control
(Tdtomato) background. n = 3-4 IP replicates’/homolog in 1 MS run.

Conserved nsp-proteostasis interactors are pro-viral factors, including malectin

I next sought to test the functional relevance of conserved nsp-interactors and determine their pro- or anti-viral role

in active CoV infection. I turned to the BSL-2 model betacoronavirus MHYV, which has been used extensively to study CoV

biology(43-45), to screen interactors in two phases. In the first phase, priority interactors (10 nsp2 interactors, 16 nsp4

interactors) were knocked down (KD) using pooled siRNA in Delayed Brain Tumor (DBT) cells, a highly permissive cell

culture model for MHYV, and then infected with a previously characterized replicase reporter virus containing a genome-

encoded Firefly Luciferase protein fused to the N-terminus of nsp2 (MHV-FFL2)(2) (Figure 4-2A). Interactors were

prioritized based on conservation across multiple CoV homologs or categorization in distinct biological clusters of interest.

Cells were infected at multiplicity of infection (MOI) of 0.1 and 1 plaque forming units (PFU) per cell to account for MOI-

dependent effects. Scramble siRNA was used as a negative control to represent basal infection levels and siCeacam1 was
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used as positive control to deplete the cellular receptor for MHV. At 8 hours post infection (hpi) or 10 hpi (for MOI 1 and

0.1 respectively), cells were harvested and luminescence measured as a correlate of viral replicase protein production (Figure

9-3).
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Figure 4-2. Conserved nonstructural protein (nsp) host interactors are pro-viral factors for CoV infection,

including malectin (MLEC).
A. Schematic of RNAI screening of priority interactors using a replicase reporter virus (MHV-FFL2, luminescence) or

B.

plaque assay (MHYV, titer).

Correlation plot of nsp2 interactor knockdown effect against replicase reporter virus (MHV-FFL2, luminescence)
versus infectious titer (MHYV, plaque). Scramble siRNA (blue) was used as basal control for comparison. siCeacam1
(MHV cellular receptor) was used as positive control (purple). Proteostasis factors are highlighted in green.
Infections were performed at MOI 0.1 for 10 hpi, n=3-5. Dot represents mean, crosshatch indicates SEM.
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C. Same as in (B), but of nsp4 interactor knockdowns.

D. MHYV titers at MOI 0.1 or 1 in DBT cells treated with Scramble, siCeacam1, or siMlec siRNA (10 hpi), as measured
by plaque assay. Paired Student’s t-test for significance, p<0.05 considered significant, n =3 (MOI 0.1), n = 3-4
(MOI 1).

E. Viral replicase reporter levels (luminescence) in DBT cells treated with Scramble, siCeacaml, individual siMlec
(#1-4), or pooled siMlec siRNA, then infected with MHV-FFL2 (MOI 1, 9 hpi). Student’s t-test used for
significance, with p<0.05 considered significant. n =4

I identified several proteins with significant effects on the viral replicase reporter. These proteins were then
advanced to the second phase of screening in which the effect of interactor KD was assessed on MHV-WT viral titers using
the lower throughput plaque assay (Figure 4-2A). The MOI and time point at which the significant effect in the luminescence
reporter assay was observed were retained for the plaque assay. [ identified several interactor KDs with significant reductions
in titers (Figure 9-4). To better visualize the effect of interactor KDs on both viral replicase reporter and titers, I graphed
these results together as a correlation plot for MOI 0.1 (Figure 4-2B, C) and MOI 1 (Figure 9-5). As expected, CEACAM1
KD leads to a large reduction in both replicase reporter and titer levels. I find that almost all interactor KDs lead to a
reduction in both replicase reporter and titer levels, indicating that these proteins are pro-viral factors. At MOI 0.1, there are
several ER proteostasis factors which lead to substantial reductions in replicase reporter levels but with a range of effects
on viral titer. For nsp2 interactors, these include the glycoprotein quality control factor malectin (MLEC), and components
of the translation repression complex EIF4E2 and GIGYF2. Among nsp4 interactors were several pro-viral factors that have
previously been shown to support infection of other viral families. These include MMGT1 (EMCS5, a component of the ER
membrane complex) (46-48), SURF4 (ER secretory cargo receptor)(41,49-52), CCPG1 (ER-phagy receptor)(40), and
components of the glycoprotein biogenesis factors (STT3B, MAGT1, CANX)(53,54). I also tested the effects of interactor
KDs on cell viability and found that none led to more than 17% reduction in viability, indicating that cell toxicity was not
driving observed phenotypes (Figure 9-6).

I found that MLEC KD yielded the largest decrease in viral titer, even surpassing the effect of CEACAMI receptor
KD. For this reason, I chose to focus on MLEC and further characterize this interaction. I verified that MLEC KD leads to
titer reductions at both MOI 0.1 and 1 (10 hpi), albeit to a lesser extent with the latter, indicating that this is not a fully MOI
dependent phenotype (Figure 4-2D). An MOI of 1 was used in all subsequent experiments unless otherwise specified.

I further validated if the reduction in MHYV infection was MLEC-specific by testing the constituent individual
siRNAs which compose the pooled siMlec treatment used previously. I find that at least two of the four siMlec (#2, 3) lead
to reductions in viral replicase reporter levels (as measured with MHV-FFL2) and that endogenous MLEC protein levels
are reduced by ~80% compared to Scramble (Figure 4-2E, Figure 9-7). Together, these results support a MLEC-specific
phenotype and show that MHV is highly dependent on MLEC as a pro-viral factor for infection.

4.3.3 Nsp2 interacts with MLEC-associated protein complexes during infection

MLEC is an ER-resident glycoprotein quality control factor which binds with high affinity to diglucosylated
moieties on protein-linked oligosaccharides in the ER lumen (34,55). These oligosaccharides are typically rapidly trimmed
from triglucosyl to diglucosyl to monoglucosyl moieties by glucosidases (Glucosidase I and II respectively), but
diglucosylated proteins may result from mistrimming events likely related to misfolding(56). MLEC expression is
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upregulated during ER stress, when misfolded proteins accumulate, and has been found to retain diglucosylated
glycoproteins in the ER lumen to prevent secretion of misfolded glycoprotein(35,57). MLEC has also been shown to
associate with ribophorin I (RPN1)(58-60), a component of the OST complex, indicating a tight and early linkage between
the initial addition of the triglucosylated oligosaccharide by the OST complex and the surveillance function of MLEC
(Figure 4-3A).
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Figure 4-3. Nsp2 maintains a genetic interaction with MLEC and protein-protein interactions with MLEC-
associated protein complexes during infection.

A. Schematic of the role of MLEC in glycoprotein quality control.

B. Comparison of MHV-WT vs. MHV-del2 (nsp2 deleted) infectious titers in siMlec vs. Scramble-treated DBT cells,
expressed as Log10 fold change. MHV-WT (MOI 0.1, 10 hpi) or MHV-del2 (MOI 0.5, 10 hpi). n = 3-5, with Mann-
Whitney T-test for significance, p <0.05 considered significant.

C. Volcano plot of MHV GFP-nsp2 interactome during infection (MOI 1, 9 hpi). Comparison to MHV-WT infected
cells was used as a background control for the GFP-IP. Linear filters of Log2 fold change > 1 and adjusted p-value
> 0.05 were applied. Viral proteins (purple), OST complex factors (green), and translocon factors (blue) are
annotated. MHV-GFP2 (n = 8 IPs), MHV-WT (n = 7 IPs) combined in 1 MS run. One-way ANOVA with multiple
testing corrections was used for significance.

D. Schematic of FT-MLEC construct design and IP-MS experimental design. FT-MLEC construct is composed of an
N-terminal signal sequence (SS), followed by a FLAG-tag, and the MLEC luminal domain. There is a 10 residue
long transmembrane helix with a short 2 amino acid long cytosolic C-terminal tail. Stably expressing FT-MLEC or
WT DBT cells were infected with MHV (MOI 2.5, 9 hpi) and subjected to DSP (0.5 mM) crosslinking, before lysis
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and FLAG IP. Elutions were reduced, alkylated, trypsin digested, and analyzed by LC-MS/MS. Parental DBT and

MHYV (n = 4 1Ps), FT-MLEC DBT and mock (n = 6 IPs), FI-MLEC DBT and MHV (n = 6 1Ps/condition), pooled

into 1 MS run.

E. Volcano plot of FTI-MLEC interactors during MHV infection. Samples were normalized to total peptide amounts.
Linear filters of Log2 fold change > 1 or < -1 and adjusted p-value > 0.05 were applied. Viral proteins and MLEC
(purple), downregulated (red), and OST complex factors (green) are annotated. T-test with multiple testing
corrections for significance.

F. Waterfall plot of FT-MLEC interactome comparing MHV versus mock infection. Samples were normalized to FT-
MLEC bait levels. Components of the OST complex (green), the glycoprotein processing pathway (orange), and
the five most downregulated interactors (red) are annotated.

I found it curious that nsp2, a non-glycosylated, cytoplasmic protein, would interact with MLEC, an integral ER
membrane protein with a short two amino acid cytoplasmic tail. I chose to first assess if there is a broader genetic interaction
between nsp2 and MLEC. To this end, I compared the effect of MLEC-KD on WT MHYV infection versus infection with
MHYV lacking nsp2 (MHV-del2)(1) (Figure 4-3B, Figure 9-8). As expected, infection with MHV-del2 with Scramble siRNA
leads to reduced titer compared to WT MHYV infection, which has been previously shown (1). I find that MLEC KD leads
to only an order of magnitude reduction in titer of MHV-del2, as opposed to the two logio PFU/mL reduction of MHV-WT,
indicating that there is a genetic interaction between nsp2 and MLEC. Absent this interaction, we would have expected a
greater decrease in titer with both MLEC KD and MHV-del2 infection.

I next sought to determine if nsp2 forms a PPI with MLEC during infection. I profiled the nsp2 interactome by
infecting DBT cells (MOI 1) with an MHV genetically encoding GFP fused to the N-terminus of nsp2 (MHV-GFP2), which
has been previously characterized(2). Infection with WT MHV was used as a background control for the GFP IP. At 9 hpi,
I harvested and lysed cells with gentle lysis buffer to maintain native interactions, then immunoprecipitated GFP-nsp2.
Elutions were reduced, alkylated, trypsin digested, and TMTpro labeled prior to LC-MS/MS analysis as described
previously (Figure 4-3C, Supplemental Table S3, Figure 9-9).

I found that nsp2 interacts with several viral proteins, including the structural nucleocapsid (N) and membrane (M)
proteins, and the nonstructural proteins nspl and nsp3. I also observe several mitochondrial interactors, most notably
ATAD3A, which acts as a scaffold protein on the surface of the mitochondria to tether the outer and inner mitochondrial
membranes together(61,62). This interaction may suggest a role for nsp2 in modifying mitochondrial activity, as previously
suggested(18).

Excitingly, I identify several interactions between nsp2 and the OST complex (RPN1, STT3A, DDOST) and SSR4
(a component of the translocon complex). While MLEC itself was not identified, these interactors are previously known to
associate with MLEC. These proteins themselves are integral ER membrane proteins with minimal cytosolic domain
presence, likely indicating there may be some intermediary protein facilitating these interactions. Nsp2 has been shown to
localize to RTC sites from the cytoplasmic face(2,3), so by extension these interactions between the OST complex and
MLEC may be concentrated at these replication sites. Regardless, these interactions with known MLEC-associated proteins
point towards a larger connection between nsp2 and glycosylated membrane protein processing machinery during infection.

To complement our GFP-nsp2 IP-MS results, I pursued a host-centric interactomics approach and sought to
determine whether MLEC interacts with nsp2 or any other viral proteins during CoV infection. Additionally, I asked whether
MHYV infection alters the interactome of MLEC. To this end, I made DBT cells stably expressing an N-terminal FLAG-

tagged construct of MLEC (FT-MLEC) (Figure 4-3D). I validated that the signal sequence of this construct is properly
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cleaved (as evident by the immunoblotting reactivity to M1 FLAG antibody) and that FT-MLEC localizes to the ER, as
shown by colocalization IF with PDIA4, an ER marker (Figure 9-10). I further tested whether overexpression of FT-MLEC
in these cells alters MHV infectivity and find that viral titers are similar to infection in WT DBT cells (Figure 9-10).

To characterize the interactome of MLEC during infection, I infected FT-MLEC DBT cells with MHV (MOI 2.5)
for 10 hpi (Figure 4-3D). Parental DBT cells were infected to serve as a background control for FLAG-IP. Mock infected
FT-MLEC DBT cells served as a basal control to differentiate how MHV infection alters the MLEC interactome. Prior to
harvest, infected cells were subjected to crosslinking with dithiobis(succinimidyl propionate) (DSP, 0.5 mM) to capture
potentially transient interactions characteristic of lectin-client interactions and then lysed and immunoprecipitated for
FLAG-tag. Elutions were subsequently trypsin digested, labeled with TMTpro, pooled, and analyzed by tandem mass
spectrometry (LC-MS/MS) as described previously.

I compared FT-MLEC versus Parental DBT cells to identify MLEC-interacting proteins during infection (Figure
4-3E, Supplemental Table S4, Figure 9-11). Several members of the OST complex (RPN1, RPN2, MAGT1, DDOST,
STT3A, STT3B) were significantly enriched as expected, given they are canonical MLEC interactors. The MHV Spike
protein was positively but only modestly enriched. No nsp proteins were identified as interactors, contrary to my initial
expectations.

I also examined the effect of MHV infection on the host interactome of MLEC (Figure 4-3F). Comparing FT-
MLEC IPs from cells either mock or MHV infected (normalized to FT-MLEC levels, Figure 9-11), T found that there is a
large loss of the basal MLEC interactome during infection. Some of the most downregulated proteins include CAPZB, VIM,
SLAIN2, and LGALS1/3. LGALS proteins (galectin) are a group of lectins which bind beta-galactosides and typically
reside in the cystol, though they can be secreted through transport into the ER-Golgi intermediate compartment
(ERGIC)(63). There is also a more modest downregulation of interactions with glycoprotein processing factors, including
MOGS (glucosidase I, Glul) and to a lesser extent GANAB (glucosidase 11, Glull). Glul acts upstream of MLEC to trim the
triglucosyl oligosaccharide on glycoproteins to a diglucosyl moiety, whereas Glull acts downstream to trim the diglucosyl
oligosaccharide to a monoglucosyl group(64—66). From there, client glycoproteins enter the calnexin (CANX) folding cycle,
which is partially regulated by UGGT1(13,16,67,68). Both CANX and UGGT]1 are modestly downregulated interactors
during MHV infection, suggesting a possible decoupling of early and late glycoprotein quality control systems.

In contrast, OST complex interactors (RPN1/2, STT3A/B, MAGT1, DDOST) are maintained and even slightly
upregulated during infection. These results indicate that MHV infection induces a reorganization of the MLEC host
interactome in which some canonical interactions are retained (the OST complex), while a slew of others is downregulated,
including with other components of the glycoprotein biogenesis pathway and other lectin family proteins.

In summary, I find that nsp2 maintains a genetic interaction with MLEC and interacts with MLEC-associated
proteins during infection. Furthermore, MHV infection seems to drastically alter the interactome of MLEC, leading to a

stabilization of OST interactions while titrating off most basal interactors.

4.3.4 MLEC promotes early CoV replication events and viral protein biogenesis
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I next sought to understand at which stage in the viral replication cycle MLEC promotes infection, namely viral
entry and genome release, viral polyprotein biogenesis, replicase formation and genome replication, or virion assembly and
release (Figure 4-4A).

To test if MLEC promotes viral entry, I measured abundance of viral positive-sense genomic RNA, (+)gRNA,
present within the cell early in MHV infection (MOI 1, 2 hpi) via quantitative reverse transcription PCR (RT-qPCR) (Figure
4-4B, Table 4-1). I find that KD of the MHV cellular receptor CEACAMI1 leads to a reduction in (+)gRNA levels compared
to Scramble control, whereas siMlec actually leads to an increase in intracellular (+)gRNA. This finding indicates MLEC

does not promote viral entry and genome release.
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Figure 4-4. MLEC promotes early CoV replication events and viral protein biogenesis.

A. Schematic of main events during the CoV replication cycle. Viral RNA (VRNA), double membrane vesicle (DMV),
ER-Golgi Intermediate Compartment (ERGIC).

B. Abundance of positive-sense MHV genomic RNA ((+)gRNA) as measured by RT-qPCR (MHV WT, MOI 1, 2 hpi)
and normalized to Rp/l3a transcript levels. Paired Student’s T-test for significance, p<0.05 considered significant,
n=2-3.
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C. MHV-FFL2 replicase reporter time course during infection from 2 — 10 hpi (MOI 1). Mock infected cells used as
background luminescence control. Two-way ANOVA, Benjamini, Krieger, Yekutieli multiple comparisons, n = 3,
* p<0.05, ** p<0.01, ***p<0.005, ****p<0.0001, color coding represents results of siMlec (pink) or siCeacaml
(teal) compared to Scramble control (black).

D. Abundance of negative-sense MHV genomic RNA ((-)gRNA) as measured by RT-qPCR (MHV WT, MOI 1, 10
hpi). Paired Student’s T-test, p<<0.05 considered significant, n = 2-3.

E. Relative abundance of intracellular viral proteins during MHYV infection in DBT cells treated with Scramble or
siMlec siRNA (MOI 1, 10 hpi), measured by quantitative proteomics. Purple protein names denote viral
glycoproteins. Spike protein (S), membrane protein (M), nucleocapsid protein (N). One-way ANOVA with multiple
testing correction. * p<0.05, ** p<0.01, ***p<0.005, ****p<(0.0001, n = 6-7 biological replicates/condition across
2 MS runs.

Next, I asked whether MLEC promotes viral polyprotein production using the MHV-FFL2 virus, which reports on
the abundance of nsp2 as a correlate of replicase protein production. DBT cells were treated with Scramble, siCeacaml, or
siMlec and then infected with MHV-FFL2 (MOI 1) and lysates harvested every two hours, from 2 to 10 hpi (Figure 4-4C).
I find that early on at 2 and 4 hpi luminescence levels are low and relatively equal amongst conditions. At 6 hpi, siMlec and
siCeacaml levels were stunted compared to Scramble, and this difference continued to significantly widen at 8 and 10 hpi.
These results indicate MLEC likely promotes early replicase protein production.

I hypothesized then that a reduction in replicase proteins would in turn result in a loss of viral genomic RNA
production. To test this outcome, I used RT-qPCR to measure the abundance of negative-sense viral gRNA, (-)gRNA, which
is the biochemical intermediate of (+)gRNA replication, at 10 hpi (Figure 4-4D, Table 4-1). As expected, MLEC-KD leads
to a significant reduction in (-)gRNA levels compared to Scramble control. I also find that (+)gRNA and Nucleocapsid
transcripts are significantly reduced at 10 hpi, corroborating this result (Figure 9-12).

Since MLEC KD reduces nsp2 levels as seen in the MHV-FFL2 timecourse, I wondered how MLEC KD might
affect the abundance of the rest of the MHV proteome. To this end, I turned again to quantitative proteomics to measure the
abundance of intracellular viral proteins. DBT cells were treated with Scramble or siMlec and infected with MHV-WT (MOI
1, 10 hpi). Lysates were reduced, alkylated, trypsin digested, and TMTpro labeled for LC-MS/MS analysis as before.
Comparing the siMlec vs. Scramble conditions, I find there is a global reduction in the total viral proteome, with significant
decreases in structural, non-structural, and accessory proteins (Figure 4-4E, Figure 9-13). There are significant reductions
in several viral glycoproteins, including Spike, nsp4, and nsp6, however MLEC KD also affects non-glycosylated protein
levels, such as nucleocapsid and nsp2. Given that nsps are translated first in infection and that structural proteins are
translated from subgenomic RNAs (sgRNAs) produced during viral genomic replication, the reduction in nsp levels with
MLEC KD likely spurs the subsequent drop in structural protein abundance. As such, I conclude that nsp protein production

is dependent on MLEC, which cascades into loss of viral genome replication and subsequent defect in viral titers.

4.3.5 MLEC mediates viral replication through the glycoprotein biogenesis pathway

Since MLEC acts as a quality control factor in the N-linked glycoprotein biogenesis pathway, I hypothesized that
MLEC promotes viral protein production through this function. This would then predict that upstream inhibition of the

pathway would not have a combinatorial effect with MLEC KD in suppressing viral protein production. In other words, if
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MLEC promotes MHYV replication through a mechanism outside of the glycoprotein biogenesis, then pathway inhibition
and MLEC KD would suppress viral replication from two separate avenues, leading to synergistic infection suppression.
To test this hypothesis, I used the small molecule NGI-1, which inhibits the glycan transfer activity of the OST
complex, upstream of Glul(69) (Figure 4-5A). DBT cells were transfected with Scramble siRNA (negative control),
siCeacaml (positive control), or siMlec and then treated with 5 uM NGI-1 or DMSO at the start of infection with MHV-
FFL2 (MOI 1, 10 hpi). This dosage and timing were chosen to partially inhibit the OST complex without fully ablating viral
infection, as NGI-1 has been shown previously to be a potent positive-sense RNA virus inhibitor(53) (Figure 9-14). Lysates
of infected cells were analyzed by Western blot to verify MLEC KD and probe for ERDJ3, an ER-resident glycosylated
chaperone, to measure N-linked glycosylation inhibition (Figure 4-5B, Figure 9-14). I found that the reduction in viral
replicase reporter levels upon NGI-1 treatment were comparable between Scramble and MLEC KD cells, indicating that
there is not a synergistic effect of upstream OST inhibition and MLEC KD and that MLEC promotes viral glycoprotein
biogenesis through the canonical role (Figure 4-5C). In contrast, while not significant, CEACAM1 KD combined with NGI-

1 treatment leads to increased suppression of MHV-FFL2 replicase reporter levels, as compared to Scramble-treated

background.
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Figure 4-5. MLEC mediates replication through the glycoprotein quality control pathway.
A. Schematic of glycoprotein biogenesis and quality control pathway. NGI-1 is an OST inhibitor that blocks N-linked

glycosylation(69).
B.

Representative Western blot of DBT lysates after OST inhibition and MLEC KD during MHV-FFL2 infection (MOI

1, 10 hpi). Blotting for glycosylated and non-glycosylated ERDJ3 served as a marker of N-linked glycosylation
inhibition. Lysates were matched with the corresponding luminescence reading.

Levels of MHV-FFL2 replicase reporter with NGI-1 or DMSO treatment at the time of infection in cells with

Scramble, CEACAMI1, or MLEC KD in the same lysates analyzed in (B). One replicate of siCeacam1 fell below
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the limit of detection (dotted line). Mock infected cells used as control for background luminescence. Student’s T-
test for significance, with p<0.05 considered significant, n = 6.

D. Abundance of N-linked glycosylated Spike peptides in siMlec versus Scramble-treated DBT cells. Cells were
treated with siRNA and infected with mock or MHV (MOI 1, 10 hpi). Lysates were trypsinized, TMTpro labeled,
pooled, then treated with PNGase F to cleave oligosaccharides, resulting in a deamidation mass shift (N to D)
detectable by LC-MS/MS. Peptide sequence is listed, with “N*” denotating a deamidation modified Asn in a
canonical glycosylation sequon (N-X-S/T, where X is not Proline). Peptides where the modified Asn could not be
resolved lack the “N*” annotation. Peptide position within the protein is in brackets. One-way ANOVA, adjusted
p-value. * p<0.05, ** p<0.01, ***p<0.005, ****p<0.0001, n = 4/condition, 1 MS run.

I then asked how knockdown of MLEC might affect the N-linked glycosylation status of viral proteins during
infection. Based on our previous results, I would predict that MLEC KD would lead to disruptions in the glycoprotein
biogenesis pathway and decreased glycosylation of viral glycoproteins. To assess the glycosylation status of viral proteins,
I treated DBT cells with Scramble or siMlec siRNA and then infected cells with MHV (MOI 1, 10 hpi). Lysates were trypsin
digested, TMTpro labeled, and pooled as before. Labeled peptides were then treated with PNGase F to trim off N-linked
oligosaccharides, leading to an Asn to Asp conversion and a mass shift (deamidation, +0.984 Da) detectable by LC-MS/MS
analysis(16,68) (Figure 4-5D, Supplemental Table S5, Figure 9-15). Viral peptides were then filtered for deamidation
modifications and verified to contain canonical N-linked glycosylation site sequons (N-X-S/T, where X is not Proline;
glycopeptides). I was unable to detect glycopeptides from nsps but identified five glycopeptides from the Spike protein. All
five showed a decrease in abundance in siMlec versus Scramble siRNA treated cells, with four being statistically significant.
While we cannot ascertain the effect on nsp glycopeptides with this data, these results further support a role for MLEC
promoting viral protein biogenesis through the glycoprotein quality control pathway.

With this mass spectrometry data set, I also examined general alterations to the cellular proteome with MLEC KD
and MHV infection (Figure 9-15). I find that in uninfected cells, MLEC KD leads to relatively little proteome-wide changes,
with MLEC being the only protein significantly downregulated and no other proteins significantly upregulated, supporting
the specificity of MLEC KD in MHV suppression (Figure 9-15B). In Scramble-treated cells, MHV infection leads to large
alterations in the cellular proteome (Figure 9-15C), and MLEC KD attenuates these changes and viral protein abundance
(Figure 9-15D).

4.4 Discussion

In this study, we build off our previous comparative interactomics study(18) to characterize conserved protein-
protein interactions (PPIs) between CoV nsps and host proteostasis factors. By expanding the panel of nsp homologs tested,
I was able to identify interactors conserved with additional viruses, including MERS-CoV, hCoV-229E, and MHV (Figure
4-1). MHV was then used as model virus to determine the pro- or anti-viral roles of conserved interactors. I identified several
conserved ER proteostasis factors with pro-viral roles, most notably the glycoprotein quality control factor Malectin
(MLEC), which leads to a drastic reduction in viral titers (Figure 4-2). Interrogating the nsp2-MLEC interaction, I found
that nsp2 and MLEC maintain a genetic interaction and that nsp2 interacts with MLEC-associated proteins such as the OST
complex during infection. MHV infection also remodels the MLEC interactome, enriching MLEC-OST complex
interactions while titrating off basal MLEC interactors (Figure 4-3). I show that MLEC KD leads to defects in viral nsp

production, which likely induces subsequent reductions in viral genome replication and structural protein production (Figure
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4-4). Lastly, I find that MLEC promotes viral replication through the glycoprotein biogenesis pathway and MLEC KD leads
to a decrease in viral glycopeptides during infection (Figure 4-5).

There are several potential mechanisms by which MLEC mediates CoV infection. Initially, I thought nsp2 might
recruit MLEC to act as a retention factor that interacts with the ppla/ab polyprotein to enhance nsp biogenesis and possibly
promote the structural formation of RTCs. However, | was unable to detect a direct PPI between MLEC and nsps during
MHYV infection, so this may not be mediated through a direct interaction. A recent AP-MS study profiling the interactome
of co-expressed SARS-CoV-2 nsp3 and nsp4 did identify MLEC as an interactor (70). Therefore, while I did not detect
MHYV nsp3 and nsp4 as MLEC interactors, the SARS-CoV-2 homologs may interact instead. It is possible that the set of
conditions used here were not conducive to detecting these PPIs or that interactions are more prominent in earlier timepoints
of infection as opposed to the one tested (10 hpi). Further work should be done to test alternative conditions and timepoints.
This also points to some of the limitations of using individual protein overexpression for AP-MS, as the greater infection
context is absent and interaction networks may differ. Additionally, it cannot be ruled out that MLEC also interacts with the
other diglucosylated moiety present in cells, specifically the Lipid-Linked Oligosaccharide (LLO) precursor during glycan
synthesis prior to addition of the third terminal glucosyl group by ALG10.

Alternatively, nsp2 and MLEC may be connected through an indirect mechanism. I show that nsp2 does interact
with several OST complex factors, including DDOST, STT3A, and RPNI, the latter being a bonified interactor of
MLEC(58,59). Further, MHV infection enhances the association of MLEC with the OST complex, potentially leading to
more efficient glycoprotein biogenesis. Given that nsp2 has previously been shown to localize with RTCs during
infection(2,3) and I detect nsp2 interactions with nsp3 (an RTC marker), I propose that the nsp2-OST-MLEC interaction
axis leads to enhanced viral glycoprotein production around RTCs, most prominently being the biogenesis of nsps. This is
in line with previous proximity-labeling work that showed host cell translational machinery locate near nsp2 and RTCs(17).
Concurrently, knockdown of MLEC leads to impediment of nsp production and aberrant glycosylation of other viral proteins
like Spike.

In parallel, MLEC KD may handicap the glycoprotein quality control network and lead to accumulation of
misfolded diglucosylated proteins, thereby perturbing ER proteostasis. CoVs rely on the host ER for infection, from building
DMVs from ER membranes to using host ER chaperones (many of which are glycosylated) to fold a high influx of nascent
viral proteins. Imbalances in ER proteostasis would lead to less-than-amenable environment for viral replication and indeed
previous work has shown that potent ER stressor small molecules lead to hampered CoV infection(71). Therefore, MLEC
may also promote CoV replication through maintenance of ER proteostasis. Future studies should explore the impact of
MLEC KD on basic cell biology and ER proteostasis.

Additional work is needed to characterize the spatial organization of the nsp2-OST-MLEC interaction complex
during infection and to determine whether MLEC and OST complexes localize to RTCs. MLEC localization has been shown
to be regulated by its association with RPN1, where under basal conditions MLEC localizes to the ER but under ER stress
conditions can traffic to the Golgi (72). RPN1 overexpression restores MLEC localization to the ER. My FT-MLEC
interactomics show that during MHV infection, MLEC retains its interactions with RPN1 and other OST interactors.
Additionally, I showed that nsp2 interacts with RPN1 during infection. This suggests that nsp2 may use RPN1 to retain
MLEC in the ER to assist in viral protein production.
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It will also be important to identify the structural determinants of these interactions, including resolving the binding
interfaces by creating truncations and point mutations, such as abolishing the lectin binding residues in MLEC(58). Profiling
the kinetics of viral glycoprotein production in the absence of MLEC and developing targeted MS workflows to detect nsp
glycopeptides will also aid our understanding of the role of MLEC in viral glycoprotein biogenesis. Lastly, the dependency
of MLEC for infection will need to be tested with other CoVs, including SARS-CoV-2, as well as other RNA viruses.

To my knowledge, this is the first time MLEC has been implicated in CoV infection. Comparative interactomics
approach suggests MLEC may play a role in multiple CoVs. Prior work has also indicated a role for MLEC in influenza
protein folding(35), indicating that MLEC may serve a pro-viral function in a variety of RNA virus infections and make an
attractive broad spectrum anti-viral target. Indeed, the strategy of drugging host proteostasis factors to inhibit RNA virus
replication is being actively pursued(73-79). Additionally, MLEC remains an understudied component of the glycoprotein
biogenesis pathway and our interactomics data sets can be of additional value to further interrogate its function.

In conclusion, this chapter combines quantitative proteomics with traditional virological assays to identify

the conserved nsp2 interactor MLEC and reveal its pro-viral function in mediating nsp protein biogenesis.
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4.6 Methods

Plasmids

Expression constructs for SARS-CoV-2, SARS-CoV, and hCoV-OC43 nsp2 and nsp4 homologs were used as
previously reported(18). Expression sequences for nsp2 and nsp4 homologs of MERS-CoV, hCoV-2293, and MHV were
pulled from GenBank (NC 019843 MERS-CoV EMC/2012; AF304460 hCoV-229E; KF268337 MHV-icA549). For nsp4,
a corresponding 18 (MHV), 23 (MERS) or 21 (229E) aa leader sequence from the C-terminus of nsp3 was added to the N-
terminus, as performed previously (10,42). Sequences were human optimized, synthesized, and cloned into a pTwist-CM V-
Hygro vector with an N-terminal 3x-FLAG tag (nsp2) or C-terminal 3x-FLAG tag (nsp4) (Twist Biosciences).

Expression construct for FT-MLEC was made using the mouse coding sequence (GenBank, NP_780612.2). The
endogenous signal sequence (1-29 aa) was replaced with the pro-trypsin signal sequence to improve expression efficiency
(MSALLILALVGAAVA), followed by a 3x-FLAG tag prior to the remaining MLEC sequence. Construct was mouse codon

optimized, synthesized and cloned into a pTwist-CMV-Hygro vector (Twist Biosciences).

Primers

Table 4-1. Primers used in this study.

ID Name Sequence Notes
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(+H)gRNA _F

TGCGGTTTTATCACGCAGTT

To detect positive-
sense MHV genomes
((H)gRNA), targeting nsp2
sequence from cDNA by RT-
qPCR(80)

(H)gRNA R

GGCAACCCACCCACGAA

To detect positive-
sense MHV genomes
((+)gRNA) targeting nsp2
sequence from cDNA by RT-
qPCR (80)

(-)gRNA_cDNA

GTGGATACACATCGTTATCG

To synthesize cDNA
from negative-sense MHV

genomes ((-)gRNA)(81)

(-)gRNA F

CATGTTTACGGGCTAGCACC

To detect (-)gRNA,
targeting nspl2  reverse
sequence from cDNA by RT-
qPCR (81)

(-)gRNA R

CGAAGTTCTATGGCGGTTGG

To detect (-)gRNA,
targeting nspl2  reverse
sequence from cDNA by RT-
qPCR (81)

Nucleocapsid F

GCCTCGCCAAAAGAGGACT

To detect
subgenomic  viral RNA
(Nucleocapsid) from cDNA
by RT-qPCR(17)

Nucleocapsid R

GGGCCTCTCTTTCCAAAACAC

To detect
subgenomic  viral RNA
(Nucleocapsid) from cDNA
by RT-qPCR (17)

Gapdh F

ATGTGTCCGTCGTGGATCTG

To detect Gapdh
transcripts by RT-qPCR

Gapdh R

GGTGGAAGAGTGGGAGTTGC

To detect Gapdh
transcripts by RT-qPCR

10

Rpll13a F

GGCCGAGGCCATCTTCTT

To detect Rpll3a
transcripts by RT-qPCR (17)
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11 Rpll3a R TTCCGGAGAAAGGCCAGATA To detect Rpli3a
transcripts by RT-qPCR (17)

Cell Lines

HEK293T cells were a generous gift from Dr. Joseph Genereux (University of California, Riverside) and grown in
high glucose Dulbecco’s Modified Eagle Growth Medium with 10% fetal bovine serum, 1% glutamine, and 1%
penicillin/streptomycin (DMEM-10). Murine Delayed Brain Tumor (DBT) cells were a generous gift from Dr. Mark
Denison (Vanderbilt University Medical Center) and grown in DMEM-10 with 10 mM HEPES (DMEM-10-HEPES).
HEK?293T and DBT cells were maintained at 37°C with 5% CO2 and passaged with 0.25% (HEK293T) or 0.05% (DBT)
Trypsin-EDTA. Cells were tested regularly for mycoplasma.

To generate stable expressing FI-MLEC DBT cells, parental DBT cells were transfected with 1.5 pg
pTwist-CMV-Hygro-FT-MLEC plasmid in 6-well plates using 4.5 uL FuGENE 4K transfection reagent (#E5911) in
DMEM-10-HEPES media (antibiotic-free) according to the manufacturer’s directions. After two days, cells were expanded
into 10 cm plates and selected with 200 pg/mL Hygromycin in DMEM-10-HEPES media. After an additional three days,
cells were selected with 100 pg/mL Hygromycin in DMEM-10-HEPES media for another eleven days, with periodic media
changes. Surviving polyclonal cells were expanded and frozen down, with a portion of cells lysed and tested for FT-MLEC

expression by Western blot.

Virus Stocks

MHV-A59 (MHV-WT), MHV-FFL2 (Firefly luciferase fused to the N-terminus of nsp2)(2), MHV-GFP2 (GFP
fused to the N-terminus of nsp2)(2), and MHV-del2 (deletion of nsp2)(1) were also gifted from Dr. Mark Denison
(Vanderbilt University Medical Center). Virus was propagated in 10 cm dishes of DBT cells by infecting at MOI 0.01 for
24 hpi in DMEM-2-HEPES (same recipe as DMEM-10-HEPES, with only 2% FBS), freezing plates at -80°C, then thawing,
centrifuging media (4,000 rpm, 10 min, 4°C), and storing supernatant in -80°C. Low passage stocks were used for infection

experiments.

Transient Transfection

HEK?293T cells were seeded into 10 cm dishes at 1.5 x 10° cells/plate in DMEM-10 media and a day later transfected
with 5 pg of respective nsp plasmids or Tdtomato control via drop-wise addition of a calcium phosphate mixture (0.25 M
CaCly, 1x HBS (137 mM NaCl, 5 mM KCI, 0.7 mM Na,HPO,4 7.5 mM D-glucose, 21 mM HEPES)). Media was exchanged
for fresh DMEM-10 16 h post-transfection, and cells were harvested by scraping an additional 24 h later using cold PBS
(containing 1 mM EDTA) on ice, followed by x2 PBS washes. Cells were lysed in TNI lysis buffer (S0OmM Tris pH 7.5,
150mM NacCl, 0.5% IGEPAL-CA-630) containing 1x Roche cOmplete EDTA-free protease inhibitor (#4693132001) on ice

for 15 min, sonicated 10 min at room temperature (RT), and then spun at 21,100xg (15 min, 4°C) to clear lysates of cell
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debris. Supernatants were transferred to new tubes. Protein concentration was measured by Pierce BCA kit (Thermo Fisher

Scientific, #23225) and normalized.

SDS-PAGE and Western Blotting Analysis

Samples were combined with a 6x Laemelli buffer (12% SDS, 125 mM Tris, pH 6.8, 20% glycerol, bromophenol
blue, 100 mM DTT) at a 5:1 ratio, then heated at 37°C for 30 min. Samples were run on an SDS-PAGE gel before being
transferred to Immobilon-FL. PVDF membrane paper (Millipore Sigma, 0.45 um, #IPFL00010). Blots were blocked with
5% milk in TBS-T (Tris-buffered saline with 0.1% Tween) for 1 h, RT then probed with primary antibody. Anti-M2 FLAG
(Sigma Aldrich, #F1804), anti-M1 FLAG (Sigma Aldrich, #F3040), anti-GAPDH (Genetex, #GTX627408), anti-ERDJ3
(Santa Cruz Biotechnology, #SC-271240), or anti-GFP (produced in-house) at 1:1000 in blotting buffer (5% BSA with
0.01% Sodium Azide in TBS-T). Anti-MLEC antibody (ProteinTech, # 26655-1-AP) was used at 1:800 in blotting buffer.
Blots were then treated with either 1:10,000 dilutions in 5% milk/TBS-T of goat anti-mouse IgG StarBright700 (BioRad,
#12004158) or goat anti-rabbit IgG IRDye800CW (Fischer, #926-32211) secondary antibody or 1:10,000 dilutions in TBS-
T of anti-mouse or anti-rabbit [gG HRP (Promega, #W4021 or #W4011). All blots were imaged by ChemiDoc and analyzed
on BioRad ImageLab.

SIRNA Reverse Transfection

siGENOME SMARTpool or individual mouse siRNAs for interactors, siGENOME Non-targeting Control
(Scramble; # D-001206-13), and siTOX (#D-001500-01-05) were purchased from Horizon. In 96-well plate experiments,
plates were pre-treated with poly-D-lysine (0.1 mg/mL) for 1 min at 37°C and washed twice with PBS. DBT cells (1x10%,
96-well; 7.5x10%, 12-well; 1.5x10°, 6-well) were reverse transfected with siRNA (25 nM final concentration) using
DharmaFECT 1 Transfection Reagent (Horizon/Dharmacon, #T-2001-02) according to the manufacturer’s instructions and

incubated at 37°C for 40 h.

CellTiter-Glo Assay
DBT cells were seeded in 96-well plates and reverse transfected with siRNAs in triplicate as detailed above. After
40 h, media was removed, cells washed with PBS, and analyzed by Cell TiterGlo kit (Promega, #G7572) according to the

manufacturer’s instructions.

MHY Infection

Viral stocks were thawed on ice prior to use. DBT cells were counted, and the amount of virus added to cells was
calculated based on respective MOI. Virus stock was mixed thoroughly with 25 uL (96-well), 100 pL (12-well), or 200 pL
of DMEM10-HEPES or antibiotic-free DMEM-10-HEPES (for siRNA transfected samples) per well. Cells were washed
with PBS, then inoculum added, and plates incubated for 30 min at 37°C, with rocking every 10 min. Inoculum was removed
and cells washed twice with PBS before addition of respective media. Cells were incubated at 37°C for the prescribed
infection duration. At harvest, supernatant was removed and saved for plaque assay. Cells were washed with PBS and then

harvested by 0.05% Trypsin-EDTA.
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Plaque Assay

DBT cells were plated in technical duplicate/dilution at 2.5x10° cells/well in 12-well plates. After 24 h, serial 1:10
dilutions of virus samples were made in gel saline (3 mg/mL gelatin from porcine skin (Sigma Aldrich, #G2625) in DPBS
(Gibco, #14040-133). 50 uL of respective viral dilutions were added to cells and incubated for 30 min at 37°C (rocking
every 10 min). After, 1 mL of overlay solution of 1:1 2% agar:2xDMEM-10-HEPES was added to wells and allowed to
solidify (5 min, RT), before plates were incubated at 37°C for 20 hpi or until visible plaques formed. The assay was stopped
with addition of 4% formaldehyde in PBS (20 min, RT) and solid overlay removed. Plates were air dried, and plaques

counted manually.

MHV-FFL?2 Replicase Reporter Assay

DBT cells were infected with MHV-FFL2 as detailed above. At harvest, supernatant was removed, and cells washed
with PBS. Assays in 96-well plates (RNAIi interactor screen) were then lysed directly with 100 pL/well of SteadyGlo
substrate (Promega, # E2510) and 5 min of low rpm shaking. Assays in 12-well plates (all others) were lysed with 200 pL
of Glo Lysis Buffer (Promega, #E2661) for 5 min (RT), spun at 13,000xg, 2 min (RT), and mixed in a 1:1 ratio with
SteadyGlo substrate in three technical replicates/sample in a 96-well plate. Plates were measured for luminescence. A

portion of lysates was retained for Western blot analysis.

Immunofluorescence

FT-MLEC DBT cells were plated on glass-bottom culture dishes (MatTek, #P35G-0-14-C) and grown for 24 h.
Cells were fixed with 4% paraformaldehyde in PBS, washed x3 with PBS, then permeabilized in 0.2% Triton-X/PBS. After
three PBS washes, cells were treated with blocking buffer (1% BSA/PBS with 0.1% Saponin). After blocking, cells were
incubated with a 1:750 dilution of anti-PDIA4 primary antibody (Protein Tech, 14712-1-AP) in blocking buffer for 1 hour
at 37°C. After three PBS washes, cells were incubated with AlexFluor 488-conjugated anti-rabbit goat antibody
(ThermoFisher, A-11008) in blocking buffer (1:500 dilution) for 30 min at RT. Cells were then stained with 1:1000 dilution
of M2 FLAG primary antibody (SigmaAldrich, F1804) and 1:500 AlexFluor 594-conjugated anti-mouse goat antibody
(ThermoFisher, A-11005) in blocking buffer. Cells were then mounted in Prolong Gold with DAPI stain (ThermoFisher,

P36935). Cells were imaged using a Zeiss LSM-880 confocal microscope and analyzed in ImageJ.

Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR)

Cellular RNA was extracted with a QuickRNA miniprep kit (Zymo, #R1055). Then, 500 ng total cellular RNA was
reverse transcribed into cDNA using M-MLYV reverse transcriptase (Promega, #M1701) with random hexamer primers (IDT,
#51-01-18-25) and oligo-dT 15mer primers (IDT, #51-01-15-05). For negative-sense gRNA measurement, primer #3 (Table
1) was used instead to generate cDNA. iTaq Universal SYBR Green Supermix (BioRad, #1725120) was then used with
respective primers (primers #1-2, 4-11) for target genes and reactions run in technical duplicate in 96-well plates on a

BioRad CFX gPCR instrument. Amplification was carried out in the following sequence: 95°C, 2 min; 45 cycles of 95°C,
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10 s and 60°C, 30 s. A melting curve was generated in 0.5°C intervals from 65°C to 95°C. Cq values were calculated in the

BioRad CFX Maestro software and transcripts were normalized to a housekeeping gene (Gapdh or Rpli3a).

NGI-1 Treatment

To determine dosage, DBT cells were seeded in 12-well plates, then 4 h later treated with a range of doses (0.05,
0.5, 5, 10, 20 uM) of NGI-1 (SigmaAldrich, #SML1620), Tunicamycin (Tm, 1 pg/mL; Abcam, #ab120296), or DMSO.
After 20 h, cells were harvested and lysed in TNI lysis buffer as described in “Transient Transfection.” DMSO-treated
lysates were split in half, with one half deglycosylated by PNGase F (Promega, #V4831) treatment for 1 h at 37°C. Lysates
were then analyzed by Western blot.

To test MLEC KD and NGI-1 effects on MHV-FFL2, 40 h post-siRNA reverse transfection DBT cells were infected
MHV-FFL2 as described above. After inoculum incubation and PBS washes, media containing 5 uM NGI-1 or DMSO was

added to cells. Infected cells were measured for luminescence as detailed above.

FLAG Immunoprecipitations (IPs)

Sepharose 4B resin (SigmaAldrich, #4B200) and G1 anti-DYKDDDDK resin (GenScript, #L.00432-10) were pre-
washed four times with wash buffer (lysis buffer without protease inhibitor) for each sample. Cell lysates were normalized
in wash buffer and added to 15 puL Sepharose 4B resin for 1 h, rocking at 4°C. Resin was collected by centrifugation for 10
minutes at 400xg (4°C) and pre-cleared supernatant was added directly to 15 uL. G1 anti-DYKDDDDK resin and rocked at
4°C overnight. Supernatant was then removed, and resin was washed x4 with wash buffer. Bound proteins were eluted with
elution buffer (62.5 mM Tris, pH 6.8, 6% SDS) for 30 min at RT then 15 min at 37°C, followed by a second elution for 15

minutes at 37°C.

GFPIP

DBT cells were infected with MHV-GFP2 or MHV-WT in 10 cm plates (MOI 1, 9 hpi) as detailed above. Cells
were harvested by 0.05% trypsin-EDTA and lysed in 200 pL TNI lysis buffer with protease inhibitor (Roche, #4693132001)
as detailed in “Transient Transcription.” Normalized lysates were pre-cleared with 15 pL Sepharose 4B resin as in “FLAG
IPs” and then cleared supernatant was added to 15 uL. GFP-Trap magnetic agarose beads (Chromotek, #GTMA-20) and
incubated for 2 h rocking (4°C). Beads were separated with a magnet and rinsed four times with wash buffer. Proteins were

eluted with elution buffer as in “FLAG IPs.”

FT-MLEC IP and DSP Crosslinking

Parental or FT-MLEC DBT cells were infected with MHV (MOI 2.5, 9 hpi) in 10 cm plates as detailed above. At
harvest, cells were washed x3 with PBS, then incubated with 10 mL of 0.5 mM dithiobis(succinimidyl propionate) (DSP)
crosslinker (ThermoScientific, #P122585) in PBS at 37°C for 10 min. Crosslinker was quenched with 1 mL of 1 M Tris (pH
7.5) for 5 min at 37°C, after which cells were washed x3 with PBS and trypsinized to remove from plate. Cells were lysed

in RIPA lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate) with protease
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inhibitor for 15 min on ice, followed by two 10 sec vortex pulses and spun at 21,100xg (15 min, 4°C). Cleared supernatant

was normalized and immunoprecipitated for FLAG as in “FLAG IP.”

Global Viral Proteomics Samples
DBT cells were reverse transfected with siRNA in 6-well plates and after 40 h infected with MHV (MOI 1, 10 hpi).
Cells were harvested by 0.05% trypsin-EDTA and then lysed in TNI lysis buffer and prepared for mass spectrometry as

follows.

General Mass Spectrometry Sample Preparation

Elutions or 20 pg of protein/lysate were prepared for mass spectrometry. Proteins were precipitated with LC/MS-
grade methanol:chloroform:water (in a 3:1:3 ratio), then washed three times with methanol, with each wash followed by a
2-minute spin at 10,000xg at RT. Protein pellets were air dried and resuspended in 5 uL of 1% Rapigest SF (Waters,
#186002122). Resuspended proteins were diluted with 32.5 pL. water and 10 pL 0.5 M HEPES (pH 8.0), then reduced with
0.5 pL of fresh 0.5 M TCEP for 30 min at RT. Samples were alkylated with 1 pL of fresh 0.5 M iodoacetamide for 30 min
in the dark at RT and then digested with 0.5 pg Pierce Trypsin/Lys-C (Thermo Scientific, # A40007) overnight at 37°C
shaking. Peptides were diluted to 60 pulL with LC/MS-grade water and labeled using TMTpro labels (Thermo Scientific, #
A44520) for 1 h at RT, followed by quenching with fresh ammonium bicarbonate (0.4% v/v final) for 1 h at RT. Samples
were then pooled, acidified to pH < 2.0 with formic acid, concentrated to 1/6™ original volume via Speed-vac, and diluted
back to the original volume with buffer A (95% water, 5% acetonitrile, 0.1% formic acid). Cleaved Rapigest products were

removed by centrifugation at 17,000xg for 30 min (RT) and supernatant transferred to fresh tubes.

PNGase F Mass Spectrometry Sample Preparation

DBT cells were seeded in 12-well plates and reverse transfected with siRNA as previously described, then infected
with MHV (MOI 1) after 40 h. At 9 hpi, cells were harvested by 0.05% trypsin-EDTA, washed twice with PBS, then lysed
in RIPA lysis buffer with protease inhibitor. Protein concentrations were measured by BCA kit and 20 pg protein/sample
was carried forward to MS preparation on a BioMek 17 automated workstation. Proteins were reduced with 5 mM DTT
(60°C, 30 min, 1,000 rpm shaking), followed by alkylation with 20 mM lodoacetamide (RT, 30 min, in dark) and quenched
with additional 5 mM DTT (15 min, RT). Hydrophilic and hydrophobic Sera-Mag Carboxylate-modified SpeedBeads
(Cytiva, #09-981-121, #09-981-123) were prepared in a 1:1 ratio and washed x4 with LC/MS-grade water. Eight (8) puL of
beads mixture was added to sample to bind proteins and mixed. Pure ethanol (90 pL) was added to samples and incubated
5 min, RT, at 1,000 rpm. Beads were separated by a magnet and washed x3 with 180 puL 80% ethanol. Proteins were then
on-bead digested with 0.5 ug Trypsin/LysC (Thermo Scientific, # A40007) in 0.5 M HEPES buffer (pH 8.0) for 10 h, shaking
at 1,000 rpm at 37°C. After digestion, samples were labeled with TMTpro labels (1 h, RT) and quenched with 10% w/v
ammonium bicarbonate (1 h, RT), then pooled together and reduced to 1/5" volume by Speed-vac. Approximately 40 ug of
labeled peptides were then treated with PNGase F (Promega, #V4831) for 2 h at 37°C and taken forward to LC-MS/MS

analysis.

97



Tandem Mass Spectrometry (LC-MS/MS) Analysis

Triphasic MuDPIT columns(82) were packed with 1.5cm Aqua 5 um C18 resin (Phenomenex, #04A-4299), 1.5cm
Luna 5 pm SCX resin (Phenomenex # 04A-4398), and 1.5cm Aqua 5 um C18 resin. TMT-labeled samples (20 pg of lysates
or 1/3" of IP elutions) were loaded onto the microcapillaries via a high-pressure chamber. Samples were washed, with buffer
A (95% water, 5% acetonitrile, and 0.1% formic acid) for 30 min. MudPIT columns were installed on the LC column
switching valve and followed by a 20cm fused silica microcapillary analytical column packed with 3 um Aqua C18 resin
(Phenomenex, # 04A-4311) ending in a laser-pulled tip. Analytical columns were washed with buffer A for 30 min prior to
use. Peptides were fractionated online using liquid chromatography (Ultimate 3000 nanoL.C system) and then analyzed with
an Exploris480 mass spectrometer (Thermo Fisher). MudPIT runs were carried out by 10uL sequential injections of 0, 10,
20, 30, 40, 50, 60, 70, 80, 90, 100% buffer C (500mM ammonium acetate, 94.9% water, 5% acetonitrile, 0.1% formic acid),
followed by a final injection of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was
followed by a 130 min gradient using a flow rate of 500nL/min (0-6 min: 2% buffer B, 8 min: 5% B, 100 min: 35% B,
105min: 65% B, 106-113 min: 85% B, 113-130 min: 2% B). ESI was performed directly from the tip of the microcapillary
column using a spray voltage of 2.2 kV, an ion transfer tube temperature of 275°C and an RF Lens of 40%. MS1 spectra
were collected using a scan range of 400-1600 m/z, 120k resolution, AGC target of 300%, and automatic injection times.
Data-dependent MS2 spectra were obtained using a monoisotopic peak selection mode: peptide, including charge state 2-7,
TopSpeed method (3s cycle time), isolation window 0.4 m/z, HCD fragmentation using a normalized collision energy of
36%, 45k resolution, AGC target of 200%, automatic (whole cell lysates) or 150 ms (IP elutions) maximum injection times,

and a dynamic exclusion (20 ppm window) set to 60s.

Mass Spectrometry Data Processing

Identification and quantification of peptides were performed in Proteome Discoverer 2.4 (Thermo Fisher). For viral
protein interactomics in HEK293T cells, the SwissProt human database (TaxID 9606, released November 23, 2019; 42,252
entries searched) with FT-nsp2 and nsp4-FT sequences (11 entries) manually added (42,263 total entries searched) was used.
For peptides from experiments in murine DBT cells, the SwissProt mouse database (TaxID 10090, released November 23,
2019; 25,097 entries searched) with MHV-WT (GenBank: KF268337, 25 entries) or MHV-GFP2 sequences (GenBank:
KF268337, with addition of eGFP sequence to the N-terminus of nsp2 as previously detailed(2), 25 entries) or the FT-MLEC
sequence (1 entry) manually added (25,122 - 25,123 total entries searched) were used. Searches were conducted with
Sequest HT using the following parameters: trypsin cleavage (maximum two missed cleavages), minimum peptide length
6 AAs, precursor mass tolerance 20 ppm, fragment mass tolerance 0.02 Da, dynamic modifications of Met oxidation
(+15.995 Da), protein N-terminal Met loss (—131.040 Da), and protein N-terminal acetylation (+42.011 Da), static
modifications of TMTpro (+304.207 Da) at Lys, and N-termini and Cys carbamidomethylation (+57.021 Da). For PNGaseF-
treated samples, an additional dynamic modification of Asn deamidation (+0.984 Da) was used. Peptide IDs were filtered
using Percolator with an FDR target of 0.01. Proteins were filtered based on a 0.01 FDR, and protein groups were created
according to a strict parsimony principle. TMTpro reporter ions were quantified considering unique and razor peptides,
excluding peptides with co-isolation interference greater than 25%. Peptide abundances were normalized based on total

peptide amounts in each channel, assuming similar levels of background, or based on bait protein for IPs where noted.
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Protein quantification used all quantified peptides. Post-search filtering was carried out to include only proteins with two or

more identified peptides.

Data Availability

The mass spectrometry proteomics raw data and Supplementary Tables S1-S5, which contain the complete protein
and peptide identification list, are deposited to the ProteomeXchange Consortium via the PRIDE partner repository
(PXD049130).
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CHAPTER 5

SARS-COV-2 NONSTRUCTURAL PROTEINS 3 AND 4 TUNE THE UNFOLDED PROTEIN
RESPONSE

This chapter is adapted from “Expression of SARS-CoV-2 Nonstructural Proteins 3 and 4 Can Tune the Unfolded
Protein Response in Cell Culture” published in Journal of Proteome Research and has been reproduced with the permission
of the publisher and my co-authors: Athira Sivadas, Katherine R. Keller, Brynn K. Roman, Richard J.H. Wojcikiewicz, Lars
Plate.

Davies, J.P.*, Sivadas, A.*, Keller, K.R., Roman, B.K., Wojcikiewicz, R.J.H., and Plate, L. (2023). Expression of SARS-
CoV-2 Nonstructural Proteins 3 and 4 Can Tune the Unfolded Protein Response in Cell Culture. J. Proteome Res.
10.1021/acs.jproteome.3c00600.

*co-first authors

5.1 Summary
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Coronaviruses (CoV), including SARS-CoV-2, modulate host proteostasis through activation of stress-responsive
signaling pathways such as the Unfolded Protein Response (UPR), which remedies misfolded protein accumulation by
attenuating translation and increasing protein folding capacity. While CoV nonstructural proteins (nsps) are essential for
infection, little is known about the role of nsps in modulating the UPR. We characterized the impact of overexpression of
SARS-CoV-2 nsp4, a key driver of replication, on the UPR in cell culture using quantitative proteomics to sensitively detect
pathway-wide upregulation of effector proteins. We find nsp4 preferentially activates the ATF6 and PERK branches of the
UPR. Previously, we found an N-terminal truncation of nsp3 (nsp3.1) can suppress pharmacological ATF6 activation. To
determine how nsp3.1 and nsp4 tune the UPR, their co-expression demonstrated that nsp3.1 suppresses nsp4-mediated
PERK, but not ATF6 activation. Re-analysis of SARS-CoV-2 infection proteomics data revealed time-dependent activation
of PERK targets early in infection, which subsequently fades. This temporal regulation suggests a role for nsp3 and nsp4 in
tuning the PERK pathway to attenuate host translation beneficial for viral replication while avoiding later apoptotic
signaling caused by chronic activation. This work furthers our understanding of CoV-host proteostasis interactions and

highlights the power of proteomic methods for systems-level analysis of the UPR.

All supplemental materials can be found in Appendix 4 or accompanying the online publication.
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5.2 Introduction

The coronavirus SARS-CoV-2 has caused the COVID-19 pandemic, resulting in more than 6.8 million deaths to
date(1). Coronaviruses (CoV) require host cell translation machinery and endoplasmic reticulum (ER) derived membranes
for replication. CoV infection is known to induce ER stress and activate the Unfolded Protein Response (UPR)(2—4). The
UPR alleviates stress from accumulation of misfolded proteins in the ER lumen by temporarily suppressing global protein
translation, increasing the production of ER chaperones, expanding ER membrane synthesis, and if stress persists, triggering
apoptosis. The UPR is composed of three branches that signal downstream of their respective ER-membrane localized stress
sensors: 1. protein kinase R-like ER kinase (PERK), 2. Inositol requiring enzyme la (IRE1a), and 3. activating transcription
factor 6 (ATF6) pathways (5,6).

Activation of PERK leads to the phosphorylation of eukaryotic initiation factor 2o (eIF2a) and attenuation of global
protein translation to prevent further accumulation of misfolded proteins in the ER. A select group of proteins are translated
under these conditions, including activating transcription factor 4 (ATF4), which upregulates expression of various genes
involved in protein folding, antioxidant response, and the pro-apoptotic transcription factor C/EBP Homologous Protein
(CHOP)(7,8). IRE1a has endoribonuclease activity which, upon ER stress, cleaves X-box-binding protein 1 (XBPI)
transcripts, leading to splicing and translation of the XBP1s transcription factor and increased gene expression of ER protein
chaperones, translocation and secretion factors, and components of ER-associated degradation (ERAD), as well as ER
biogenesis(9). Lastly, ATF6 is translocated to the Golgi upon ER stress, where it is cleaved by site-1 and site-2-proteases.
The N-terminal fragment (ATF6p50) is a transcription factor which initiates upregulation of various protein folding,
secretion, and degradation factors, as well as expansion of the ER(5,6,10,11).

Coronavirus replication requires extensive production, folding, and modification of viral proteins(12), as well as
alteration of ER-derived membranes to form double-membrane vesicles (DMVs) for replication sites. These processes can
trigger ER stress and activate the UPR(13). Indeed, a previous study found that all three branches of the UPR are activated
during SARS-Co V-2 infection and that expression of SARS-CoV-2 Spike or orf8 protein is sufficient to activate the UPR(3).
SARS-CoV proteins orf3a and orf8ab were also found to activate the PERK and ATF6 pathways respectively(14,15). A
related betacoronavirus, mouse hepatitis virus (MHV), triggers activation of XBP1 and PERK pathways while also
hindering production of certain UPR-responsive genes such as CHOP(4). This previous work shows that coronaviruses can
modulate stress responses at multiple phases and emphasizes the need for downstream proteome measurements to elucidate
the consequences in the host cell.

Surprisingly, relatively little is known about the impact of CoV nonstructural proteins (nsps) on the UPR. Nsps are
the first viral proteins translated during infection, rewire the host cell, and replicate the viral genome. In particular, three
transmembrane nsps (nsp3, nsp4, and nsp6) are responsible for DMV formation from ER-derived membranes(16). Nsp3
contains a papain-like protease domain (PL2P°), which cleaves the orfla/b polypeptide and also possesses
deubiquination/de-ISGylation activity(17,18). Nsp4 is a glycoprotein containing four transmembrane domains and plays a
key role in membrane reorganization(19,20).
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We have previously characterized the interactomes of nsp3 and nsp4 CoV homologs and found that both proteins
have evolutionary conserved interactions with several ER proteostasis factors(21,22). We identified an interaction between
an N-terminal fragment of SARS-CoV-2 nsp3 (nsp3.1) and ATF6 and showed that nsp3.1 can suppress pharmacologic
activation of the ATF6 pathway(22). Given the known role of nsp4 in host membrane alteration, we sought to elucidate if
nsp4 activates or suppresses the UPR and whether nsp4 may act in concert with nsp3 to tune UPR activation. In particular,
we leveraged a quantitative proteomics approach to characterize the upregulation of genes known to be transcriptionally
activated by the UPR(6,23,24). Importantly, this approach enables sensitive measurement of pathway-wide changes in
effector proteins and accounts for viral protein-mediated regulation that may occur downstream of transcriptional activation.
A more precise understanding of the role of CoV nsps in modulating the UPR will further our knowledge of how coronavirus

replication manipulates host proteostasis pathways during infection.

5.3 Results

5.3.1 SARS-CoV-2 nsp4 upregulates expression of UPR reporter proteins

Given the role of nsp4 in modulating host ER membranes during infection, we hypothesized that nsp4 may induce
ER stress and subsequently activate the UPR pathway. To test this, we exogenously expressed a C-terminally FLAG-tagged
SARS-CoV-2 nsp4 construct (nsp4-FT, Figure 5-1A) in HEK293T cells as previously reported(21) and measured transcript
and protein expression of several UPR branch markers. Tdtomato (Tdt) expression was used as a negative control to account
for any transfection-induced cell stress and benchmark the basal state of UPR marker levels. Importantly, previous work
has shown transient expression of fluorescent, cytosolic proteins does not induce ER stress and the UPR(25). Treatment
with tunicamycin (Tm, 1 pg/mL, 6 h) was used as a positive control for strong, general UPR activation. Samples were
harvested 40 hours post-transfection, to ensure robust expression of viral proteins. Using RT-qPCR, we found that nsp4-FT
expression led to a moderate but signification upregulation of HSPAS transcripts and upregulation, though not significantly,
of PDIA4 transcripts, both markers for ATF6 branch-activation (6,11,26) (Figure 5-1B).

To probe downstream protein expression of ATF6 UPR markers, we measured BiP, GRP94, and PDIA4 levels by
Western blot in the presence of nsp4-FT (Figure 5-1C-F, Figure 10-1, Figure 10-2). These proteins have been extensively
used in prior studies as Western blot markers for ATF6(27). Quantification of the control and nsp4-FT lanes show that nsp4
induces a weak upregulation of ATF6 reporter proteins (Figure 5-1D,F). We also found that nsp4-FT induces upregulation
of a PERK pathway marker, CHOP(28) (Figure 5-1E,F, Figure 10-2), to a greater extent than SARS-CoV-2 FT-nsp2 (a
cytosolic viral protein).

To determine whether nsp4-induced CHOP upregulation is mediated through the PERK pathway as opposed to
other stress pathways, such as the Integrated Stress Response (ISR) pathway, we utilized the PERK inhibitor GSK2656157
(PERK1)(29,30). In HEK293T cells, GFP transfection with DMSO treatment served as basal control and Tm (1 pg/mL, 16
h) with PERKi treatment (1 uM, 16 h) was used as positive control for PERK inhibition activity. We found that treating
cells expressing nsp4-FT with PERKi reduces induction of an upstream transcriptional regulator of CHOP, ATF4, (Figure
10-3) indicating that nsp4 upregulation of the ATF4/CHOP axis is dependent on PERK.
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Together, these results indicate that SARS-CoV-2 nsp4 activates the UPR, albeit at milder levels than the toxic ER

stressor tunicamycin, but still at biologically-relevant levels.
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Figure 5-1. SARS-CoV-2 nsp4 upregulates expression of UPR reporter proteins.

A. SARS-CoV-2 nsp4 expression construct and membrane topology, containing a C-terminal FLAG-tag (nsp4-FT) and
an N-terminal segment of the last 19 C-terminal amino acids in nsp3 for optimal membrane insertion(21). Construct
contains the native PL2P™ protease cleavage site.

B. RT-qPCR of ATF6 pathway activation reporters HSPA5 and PDIA4 in the presence of SARS-CoV-2 nsp4-FT,
normalized to GAPDH transcripts and compared to basal levels (GFP). Treatment with 1 pg/mL Tunacimycin (Tm)
for 6 h was used as a positive control. n = 3, mean £SEM, One-way ANOVA with Benjamini, Krieger and Yekutieli
multiple testing correction, p<0.05 considered statistically significant.

C. Representative Western blot of ATF6 protein markers (PDIA4, GRP94, BiP) in the presence of Tdtomato (Tdt),
SARS-CoV-2 nsp4-FT, or treatment with 1 pg/mL Tm (16 h), with GAPDH as a housekeeping gene for loading
control. Displayed blot sections are from the same blot image and exposure settings (see Figure 10-1 for all
quantified, original blots).

D. Quantification of Tdtomato (Tdt), and nsp4-FT in Western blots in (¢), normalized to GAPDH band intensities, and
compared to basal levels (Tdt). n = 3-5, mean +SEM, One-way ANOVA with Benjamini, Krieger and Yekutieli
multiple testing correction, p<0.05 considered statistically significant.

E. Representative Western blot of CHOP and BiP in the presence of SARS-CoV-2 FT-nsp2, nsp4-FT, or treatment with 5
pg/mL Tm for short (4h) or long (20h) time points. See Figure 10-2 for all quantified, original blots.
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F. Quantification of Western blots in (e), normalized to GAPDH band intensities and compared to basal control (vector).
n =3, mean £SEM. One-way ANOVA with Benjamini, Krieger and Yekutieli multiple testing correction, p<0.05
considered statistically significant.

5.3.2 Nsp4 upregulates the ATF6 and PERK pathways as measured by quantitative proteomics

While measuring a select few protein markers by Western blot provides some indication of UPR activation, a more
precise and pathway-wide approach is required to comprehensively characterize downstream modulation of the cellular
proteome. To this end, we analyzed the global proteome of HEK293T cells transfected with SARS-CoV-2 nsp4-StrepTag
(nsp4-ST) using tandem mass spectrometry (LC-MS/MS) with TMTpro isobaric tags to quantify protein abundance (Figure
5-2A, Supplemental Tables S1, S2, S3). Transfection of GFP was used as a control to indicate the basal state of the UPR
(-nsp4). Samples were normalized based on global peptide abundance (Figure 10-4). Over 4,200 proteins were identified,
with HSPAS being the most upregulated host protein (Figure 5-2B). A ranked list enrichment analysis of Gene Ontology
(GO) Biological Processes terms identified “Cytoplasmic Translation” (GO:0002181) as the only GO term significantly
enriched, with the majority of these categorized proteins positively enriched in the presence of nsp4 (Figure 10-5).

To measure pathway-wide changes of each UPR branch, we used a previously defined set of genes that have been
shown to be transcriptionally upregulated upon stress-independent activation by RNA-Seq analysis(6,24,31)
(Supplemental Table S1). By quantifying proteome changes in these pathway reporters, we can account for viral protein-
mediated alterations in translation or degradation of proteostasis factors that may occur downstream of transcriptional
activation.

We compared UPR pathway upregulation in the absence or presence of nsp4 by examining the distribution of target
upregulation for each pathway (Figure 5-2C, Figure 10-6). We found that both the ATF6 and PERK pathways were
significantly upregulated.

We also examined the abundances of individual proteins identified within the ATF6 and PERK pathways (Figure
5-2D). There was a heterogeneous ATF6 response to nsp4 expression, with some proteins (DNAJB11 and MANF)
displaying relatively small change while others (HSPAS, PDIA4, HYOU1, HSP90B1) showed much higher upregulation.
Comparing to previously published proteomics dataset(22), we find nsp4-ST induces higher expression of ATF6 markers
over basal levels compared to a specific ATF6 pharmacological activator, compound 147, but to a lesser extent than Tm
treatment (Figure 10-7). We found that the PERK pathway upregulation by nsp4 was largely dominated by changes in
ASNS and WARS abundance (Figure 5-2D).

To determine whether UPR activation by nsp4 was simply a result of overexpressing a multi-pass transmembrane
protein, we expressed a panel of proteins with similar topology properties in HEK293T cells and measured effects on UPR
markers by TMTpro LC/MS-MS compared to nsp4 and a GFP control (Figure 10-8, Supplemental Tables S4, S5). We
chose multi-pass transmembrane proteins with previously characterized roles in human disease, specifically wild-type
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)(32), HA-tagged human Ether-a-go-go-Related Gene
(hERG-HA)(33), and Myc-tagged Peripheral Myelin Protein 22 (PMP22-Myc)(34). None of these transmembrane proteins
activated the UPR to a similar extent as nsp4, most notably the ATF6 pathway, indicating a nsp4-specific phenotype.
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Figure 5-2. SARS-CoV-2 nsp4 upregulates the ATF6 and PERK pathways as measured by quantitative proteomics.
A. Experimental schematic to measure UPR induction by SARS-CoV-2 nsp4-ST expression in HEK293T cells using

B.

tandem mass spectrometry (LC/MS-MS) and TMTpro-based quantification.

Volcano plot of global proteome changes, with cut-offs indicating Log2 FC (vs GFP) <-1 or > 1, adjusted p-value <
0.05. Proteins passing cut-offs are annotated. Adjusted p-value calculated using a t-test, controlling for FDR by the
Benjamini-Hochberg method. N =3, 1 MS run.

Log? fold change of UPR branch protein markers in the absence (GFP) or presence of SARS-CoV-2 nsp4-ST, as
outlined in (a) assessed by TMT reporter ion intensities. Dots represent individual protein markers previously defined
by RNA-seq analysis to be transcriptionally upregulated upon stress-independent activation of respective UPR
branches (6,24,31). Swarm plot shows median, n = 3 biological replicates, 1 MS run, one-way ANOVA with Geisser—
Greenhouse correction and post-hoc Tukey’s multiple comparison test was used to test significance, p<0.05
considered significant. See Supplemental Tables S2, S3 for mass spectrometry data set.

Heatmap of individual log2 fold change for ATF6 and PERK protein markers in the absence or presence of SARS-
CoV-2 nsp4-ST.

Log?2 fold change of UPR branch protein markers in A549 lung epithelial cells the presence of SARS-CoV-2 nsp4-FT
or Tunicamycin (1 pg/mL, 16 h) compared to basal control (GFP). UPR branch protein markers were defined as in
(b). Swarm plot shows median, n = 4 biological replicates, 1 MS run, one-way ANOVA with Geisser—Greenhouse
correction and post-hoc Tukey’s multiple comparison test was used to test significance, p<0.05 considered significant.
See Supplemental Tables S6, S7 for mass spectrometry data set.
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To determine if this phenotype extends to disease-relevant cell models, we expressed SARS-CoV-2 nsp4-FT in
A549 lung epithelial cells and measured changes in UPR markers via TMTpro LC/MS-MS (Figure 5-2E, Figure 10-4,
Figure 10-9, Figure 10-10, Supplemental Tables S6, S7). As a positive control for UPR activation, we included samples
treated with Tm (1 pg/mL, 16 h). In our proteomics data set, we identified close to 4,000 proteins, with only one host protein
surpassing a Log2 fold change > 1 threshold (AHSG) (Figure 10-9). A ranked list enrichment GO term analysis identified
several terms significantly enriched, including “Nuclear DNA replication” and “Regulation of chromosome separation”
(Figure 10-9).

ATF6 protein markers are moderately but statistically significantly increased in the presence of nsp4, though to a
lesser extent than in HEK293T cells, while the PERK pathway was not upregulated but rather downregulated, indicative of
some cell-type specific effects. Together, these results indicate SARS-CoV-2 nsp4 activates an ATF6 and PERK response
characterized by substantial ER chaperone upregulation, though to a lesser extent compared to the potent ER stressor,

tunicamycin.

5.3.3 SARS-CoV-2 nsp3.1 suppresses nsp4-induced PERK activation, but not ATF6 activation

Nsp4 and nsp3 are key inducers of double-membrane vesicle (DMV) formation during CoV replication(16,19),
which, along with viral protein production, may induce ER stress and the UPR. We previously showed an N-terminal
fragment of nsp3 (nsp3.1) suppresses pharmacological ATF6 activation(22). Therefore, we sought to test whether nsp3.1
might dampen nsp4-induced UPR activation, providing a form of viral tuning of the host UPR. To this end, we co-transfected
HEK293T cells with SARS-CoV-2 nsp4-ST and nsp3.1-FT plasmids in equal amounts (0.75 pg) and measured the effect
on ATF6 protein reporters by Western blot and UPR markers by mass spectrometry (Figure 5-3A, Supplemental Tables
S2, S3). In addition, we tested if nsp3.1 could suppress UPR activation induced by SARS-CoV-2 orf8-ST, another viral
protein known to activate the UPR(3). A GFP transfection served as a control for basal UPR state. To ensure that all samples
were expressing similar amounts of protein, individual viral protein transfections were supplemented with equal amounts
of GFP-expression plasmid (0.75 pg each). All transfections used 1.5 pg DNA plasmid in total.

As expected, we found that transfection with nsp4 and orf8 individually induced increased protein expression of
the ATF6 markers BiP and GRP94 (though not PDIA4) compared to basal conditions, as measured by Western blot (Figure
5-3B,C, Figure 10-11). However, nsp3.1 did not lead to any notable decrease in the expression of ATF6 markers when co-
expressed with nsp4 or orf8.

To more comprehensively quantify UPR protein markers, we analyzed these same lysates by TMTpro-quantitative
LC-MS/MS. We found that nsp3.1 does not suppress nsp4- or orf8-induced ATF6 activation (Figure 5-3D). Interestingly,
we found that co-expression of nsp3.1 with nsp4 significantly lowers PERK marker levels compared to nsp4 alone (Figure
5-3E), while IRE1/XBP1s activation was not significantly decreased with co-expression (Figure 10-12). These results
demonstrate that nsp3.1 is not capable of suppressing ATF6 activation induced by other viral proteins, such as nsp4 or orf8,

but can suppress PERK activation.
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Figure 5-3. SARS-CoV-2 nsp3.1 suppresses nsp4-induced PERK, but not ATF6 activation.

A

B.

Experimental schematic to test the effect of SARS-CoV-2 nsp3.1 on nsp4- or orf8-induced activation of the UPR in
HEK293T cells by Western blot and tandem mass spectrometry (LC-MS/MS).

Representative Western blot of ATF6 protein markers (PDIA4, BiP, GRP94) and viral proteins (SARS-CoV-2 nsp4-
ST, nsp3.1-FT, and orf8-ST), with GAPDH as a housekeeping gene for a loading control. See Figure 10-11 for all
quantified, original blots.

Quantification of Western blots in (B), normalized to GAPDH band intensities. n = 2-3, mean £+SEM, One-way
ANOVA with Benjamini, Krieger and Yekutieli multiple testing correction, p<0.05 considered statistically significant.
Global proteomics analysis of ATF6 protein marker levels in the presence of SARS-CoV-2 nsp4-ST, nsp3.1-FT, orf8-
ST, or specified combinations. Box-and-whisker plot shows median, 25" and 75" quartiles, and minimum and
maximum values. One-way ANOVA with Geisser—Greenhouse correction and post-hoc Tukey’s multiple comparison
test was used to test significance; 1 MS run, n = 2-3 biological replicates. See Supplemental Tables S2, S3 for mass
spectrometry data set.

Global proteomics analysis of PERK protein marker levels, as in (D).

Curiously, we also noted nsp3.1 protein levels are lower in co-transfections with nsp4 versus GFP, as seen by both

Western blotting (Figure 5-3B, quantified in Figure 10-13) and proteomics (Figure 10-13). Examining global changes in the

proteome with nsp4 expression showed few proteins are substantially down- or up-regulated (Figure 10-5). Therefore, it is

likely that this is a specific effect on nsp3.1 protein levels.

5.3.4 Re-analysis shows time-dependent PERK activation during SARS-CoV-2 infection
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Previous work has shown that the UPR is activated during SARS-CoV-2 infection(3). A re-analysis of global
proteomics during a SARS-CoV-2 infection time-course in Caco-2 cells(35) shows a modest upregulation of ATF6 and
IRE1/XBP1s pathways by 10 hpi (Figure 5-4A-D). Additionally, a moderate upregulation of PERK-induced protein
markers at 6 hpi that is downregulated by 24 hpi (Figure 5-4E,F), particularly for ABCF2, ASNS, CEBPB, and SLC1A4.
This time-dependent regulation of the PERK UPR pathway induction and subsequent suppression may be explained by
nsps, such as nsp3.1 and nsp4. Early activation of the PERK pathway may be important to interfere with host translation
through elF2a phosphorylation, while the later deactivation would avoid ATF4/CHOP-mediated cell death typically

associated with prolonged PERK activation.

5.4 Discussion

Previous studies show that SARS-CoV-2, SARS-CoV, and MHV activate branches of the UPR to varying
degrees(2—4,14,15), however the role of nsps in this process has remained largely unexplored. Of particular interest are the
nsps involved in host membrane alteration to promote infection by DMV formation, such as nsp3 and nsp4. In this work,
we find that overexpression of SARS-CoV-2 nsp4 activates the ATF6 and PERK branches of the UPR in HEK293T cells
(Figure 5-1, Figure 5-2). This is evident by both Western blotting for ATF6 markers such as BiP and GRP94 and the PERK
marker CHOP (Figure 5-1).

We further harnessed the capabilities of TMTpro-based quantitative proteomics to measure pathway changes in
these UPR branches. The grouped analysis of co-regulated protein sets for the individual UPR pathways enables a
comparative assessment of the degree of UPR branch activation and can even detect very small levels of induction (Figure
5-2). We also find that nsp4 activates the ATF6 pathway in A549 cells, though more moderately compared to HEK293T
cells (Figure 5-2E), indicating cell-specific effects that may be tied to variable nsp4 protein expression in different cells, or
divergent regulation mechanism of the UPR. We also acknowledge that transient transfection of individual or pairs of viral
proteins cannot completely reflect the complete infection milieu, however this reductionist approach allows for
characterization of specific viral protein contributions to UPR modulation, as has been conducted in prior studies(3,14,15).

In both HEK293T and A549 cells, the overall degree of UPR activation by nsp4 is lower than with the highly-toxic,
global ER stressor tunicamycin, but higher than treatment with branch specific pharmacologic activators (Figure 5-2, Figure
10-7). This is in line with the moderate UPR activation observed in viral infection, where strong, chronic UPR activation
may trigger apoptosis and would likely be counter-productive for replication. Additionally, prior work has found that modest
upregulation of individual UPR branches can substantially improve quality control and secretion of disease-relevant
proteins, such as in light-chain amyloidosis(23,24). Furthermore, our use of TMTpro-based quantitative proteomics using
reporter ion intensity from MS2 spectra is subject to ratio compression, which may reduce the magnitude of observed fold
changes(36). Thus, the moderate UPR activation measured here may be biologically relevant to CoV-reprogramming of

host cells during infection.
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Figure 5-4. Re-analysis of UPR activation in global proteomics data of Caco-2 cells infected with SARS-CoV-2.
(A,C.E) Box-and-whisker plots of ATF6 (A), IRE1/XBP1s (C), and PERK (E) protein markers during SARS-CoV-2
infection (2-24 hours post infection (hpi)) compared to mock infected samples. Box-and-whisker plot shows median, 25
and 75" quartiles, and minimum and maximum values. One-way ANOVA with Geisser—Greenhouse correction and post-
hoc Tukey’s multiple comparison test was used to test significance. *p-value <0.05 annotated.

(B,D,F) Heatmaps of individual ATF6 (B), IRE1/XBP1s (D), and PERK (F) protein markers as in (A), (C), (E)
respectively. Dataset published by Bojkova, et al. 2020(35).

It is pertinent to further study the molecular mechanisms by which nsp4 trigger UPR activation. We have previously
profiled a comparative interactome of nsp4 homologs(21) and did not identify protein interactions with the ATF6 sensor
protein as seen with nsp3(22), making it unlikely that signaling occurs through a direct interaction. As a multi-pass

transmembrane protein, nsp4 may be prone to misfolding or may modulate host ER membranes, which can trigger ATF6
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activation in some cases(37). Further work will be needed to define the precise molecular mechanisms by which nsp4
activates the ATF6 and PERK branches.

We previously showed that an N-terminal fragment of SARS-CoV-2 nsp3, nsp3.1, interacts with ATF6 and can
suppress pharmacological activation of the ATF6 pathway(22). We hypothesized that nsp3 and nsp4 may act in concert to
tune the UPR to increase protein folding capacity while minimizing apoptotic effects of chronic activation. We found that
co-expression of nsp3.1 with nsp4 or orf8 does not repress ATF6 activation but does suppress nsp4-induced PERK activation
(Figure 5-3). Time-dependent PERK activation was evident from global proteomics data during SARS-CoV-2 infection(35)
showing an increase in target protein levels during the first 6 hpi, followed by a later decline (Figure 5-4). Though the
magnitude of pathway change was more subdued than our data set, partially due to noisier data, there is still a trend of tight
temporal regulation. This suggests a role for nsp3 and nsp4 in moderating PERK signaling to permit the early signaling
events (elF2a-mediated host translational attenuation) that are beneficial for viral propagation while preventing
ATF4/CHOP-mediated induction of apoptosis.

The precise mechanism by which nsp3.1 suppresses nsp4-induced PERK activation will require further
investigation. SARS-CoV-2 nsp3.1 directly interacts with ATF3 (22), a PERK protein marker which is upregulated by ATF4
and promotes pro-apoptotic signaling(38). This protein interaction may represent one avenue by which the PERK pathway
is tuned by nsp3.1 to limit apoptosis in infected cells. We also acknowledge that other kinases, such as those involved in the
Integrated Stress Response (ISR), may be activated, contributing to upregulation of protein markers categorized under the
PERK pathway. We do find that nsp4-mediated upregulation of these proteins is dependent on PERK, using a small molecule
PERK inhibitor (GSK2656157) (Figure 10-3). However, the contributions of other kinases, particularly in the context of
our re-analysis of infection-based proteomics, cannot be ruled out.

The absence of ATF6 suppression in co-expression is surprising, given that we previously showed nsp3.1 could
suppress ATF6 activation by tunicamycin treatment, which potently activates the global UPR through inhibition of protein
glycosylation. This may suggest that the mechanisms by which nsp4 activates the ATF6 pathway are distinct from a general
tunicamycin stressor and can overcome the opposing effects of nsp3.1. Alternatively, nsp4-induced ATF6 activation may be
too moderate for nsp3.1 to have any measurable effect (Figure 10-7). In the context of viral infection, there are multiple
points of UPR induction via nsp4, orf8, Spike, ER membrane perturbation, etc. which in combination may require partial
suppression by nsp3.1 to tune the host UPR and prevent host cell apoptosis.

Relatedly, co-expression of nsp4 with nsp3.1 leads to a noticeable decrease of nsp3.1 levels compared to control
co-expression of GFP with nsp3.1 (Figure 5-3B, Figure 10-13). This drop in protein levels may in part explain the lack of
ATF6 suppression by nsp3.1. It is unclear how nsp4 affects nsp3.1 levels. While ATF6 activation increases production of
ERAD factors to clear misfolded proteins, nsp3.1 is a cytosolic fragment of nsp3 and should not be subject to increased
ERAD.

Additional questions remain regarding nsps and the UPR, such as how conserved is UPR activation across nsp4
homologs? Does nsp6, another key protein in DMV formation(16), have a similar effect on the UPR? And how might nsp3,
nsp4, and nsp6 affect the UPR in concert? Using quantitative proteomics to measure changes in UPR-induced protein

expression, as we have done here, should prove a powerful and comprehensive tool in answering these questions.
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Lastly, previous work has shown that UPR inhibition can attenuate SARS-CoV-2(3) and MERS-CoV(39) infection.
Viral families beyond coronaviruses, such as flaviviruses, have been shown to rely on the UPR and can be inhibited using
UPR modulators(40—42). These opposing phenotypes, in which either UPR activation or inhibition can disrupt infection,
highlight the important and diverse functions the UPR plays in viral replication. Continued efforts to delineate the roles of
individual viral proteins in modifying the UPR will be critical to the further development of UPR-targeting anti-virals. Our
work contributes to this goal by identifying a new role for SARS-CoV-2 nsp4 as a potent UPR activator and the coordination
of nsp3.1 with nsp4 to tune the PERK pathway.
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5.6 Methods

DNA Constructs

SARS-CoV-2 nsp4-FT, nsp3-FT, FT-nsp2, and orf8-FT (Wuhan-Hu-1 MN908947) were codon-optimized and cloned into a
pcDNA-(+)-C-DYK vector (Genscript) or pcDNA-(+)-N-DYK vector for nsp2 (Genscript). An N-terminal truncation
nsp3.1-FT (residues 1-749) was generated as previously described (21). Nsp4-ST and orf8-ST constructs were generated
through the NEB HiFi Assembly system. In brief, the FLAG-tag from nsp4-FT was removed through amplification with
primers 3 & 4 respectively. A 2xStrepTag was amplified from a SARS-CoV-2 nsp2-ST in a pLVX-EFlalpha plasmid
construct (kind gift from Dr. Nevan Krogan, University of California, San Francisco) using primers 1 & 2. The linear nsp4
product was then combined with the 2xStrepTag fragment via HiFi assembly (1:2 vector to insert ratio). The orf8-ST
construct was made by amplifying out the orf8 gene from the pcDNA-(+)-C-DYK vector using primers 5 & 6. A pLVX-
EF1lalpha-SARS-CoV-2-nsp2-2xStrepTag plasmid was linearized using primers 7 & 8, retaining the vector backbone and
2xStrepTag while removing the nsp2 gene. These were then combined via HiFi assembly (1:2 vector to insert ratio). A
plasmid expressing human WT CFTR in the pcDNAS vector was gifted from Drs. Eric Sorscher and Jeong Hong (Emory
University)(43). Expression plasmid for human ERG (KCNH2) with an HA-tag in the first extracellular loop (residues 444-
460) in a pAG293-pIRES2-GFP backbone was provided by Dr. Brett Kronke (Vanderbilt University Medical Center)(33).
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Expression plasmid for human PMP22 with a Myc-tag in the second extracellular loop (residues 126-135) in a pIRES2-
EGFP vector was provided by Dr. Charles Sanders (Vanderbilt University)(34). Plasmids were verified by sequencing

(Genewiz).

Primers

Table 5-1. Description of primers used in this study. Primers are referenced by ID number in the text.
ID | Primer Sequence Notes

1 2xStrepTag_rem_F CTCGAAGGCGGCGGGGGA Amplification

of 2xStrepTag
from pLVX
vector

2 2xStrepTag_rem_R TTACTTTTCAAACTGCGGATGTGACCATGATCCAC Amplification

of 2xStrepTag
from pLVX
vector

3 nsp4_Wuhan_xFT_F | ATCCGCAGTTTGAAAAGTAATAAACCCGCTGATCAGCC Removal of
FLAG tag
from nsp4
4 nsp4d_Wuhan_xFT_R | CATCCCCCGCCGCCTTCGAGCAGGACTGCGGAAGTAATG Removal of
FLAG tag
from nsp4
5 Wuhan-orf8 F CCGGTGAATTCGCCGCCACCATGAAGTTCCTGGTATTTC Amplification

of orf8 gene
from pcDNA
vector

6 Wuhan-orf8 R CATCCCCCGCCGCCTTCGAGAATAAAGTCCAAGACCAC Amplification

of orf8 gene
from pcDNA
vector

7 pLVX_F CTCGAAGGCGGCGGGGGA Amplication

of pLVX

vector  with

2xStrepTag
8 pLVX R GGTGGCGGCGAATTCACCG Amplication
of pLVX

vector  with

2xStrepTag
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9 | GAPDH-GPCR_F | GTCGGAGTCAACGGATT
10 | GAPDH-gPCR_R | AAGCTTCCCGTTCTCAG

11 | HSPA5-qPCR_F GCCTGTATTTCTAGACCTGCC
12 HSPA5-gPCR_R TTCATCTTGCCAGCCAGTTG
13 | PDIA4-gPCR_F AGTGGGGAGGATGTCAATGC
14 | PDIA4-gPCR_R TGGCTGGGATTTGATGACTG

Cell Culture and Transfection

HEK293T cells were generously provided by Dr. Joseph Genereux (University of California, Riverside). A549 lung
epithelial cells were obtained from ATCC (CCL-185). Cell lines were tested regularly for mycoplasma. HEK293T and A549
cells were maintained at 37°C, 5% CO2 in high glucose Dulbecco’s Modified Eagle Growth Medium with 10% fetal bovine
serum, 1% glutamine, and 1% penicillin/streptomycin (DMEM-10). Cells were seeded into 6-well plates at a concentration
of 4 x 10° cells/well. HEK293T cells were transfected dropwise, twenty-four hours after seeding, using a calcium phosphate
cocktail (1.5 pg total DNA, 0.25 M CaCl,, 1x HBS (137 mM NaCl, 5 mM KCl, 0.7 mM Na;HPOj4, 7.5 mM D-glucose, 21
mM HEPES)). For PMP22-Myc expression, a lower DNA amount of 0.3 ug was used, as previously described(34). The
media was changed 18 hours later with fresh DMEM-10 media. A549 cells were seeded in antibiotic-free DMEM-10 and
24 h later were transfected with FuGENE 4K transfection reagent (FUGENE #E5911) (1.5 ug DNA with 4.5 pL FuGENE
4K) in plain Optimem media. Samples were treated with DMSO or Tunicamycin (Tm, 1 pg/mL) for 16 h (protein analysis)
or 6 h (RNA analysis) prior to harvest in described experiments. GFP controls were used to assess transfection efficiency,
which averaged 70-80% in HEK293T cells and 40-50% in A549 cells. Transfected cells were harvested by cell scraping in
cold 1 mM EDTA in PBS over ice, 40 h post-transfection to enable robust expression of viral proteins. To measure CHOP
levels, HEK293T cells were transfected twenty-four hours after seeding, using 1pg cDNAs and 6 pl of 1mg/ml PEI (pre-
mixed in 50 pl of serum-free culture medium). Samples were treated with Tunicamycin (Tm, 5 pg/mL) for 4h or 20h prior

to harvest.

RT-gPCR

HEK293T cells were transfected and harvested as described previously. Cellular RNA was extracted using the Zymo
QuickRNA miniprep kit (#R1055) and 500 ng total cellular RNA was reverse transcribed into cDNA using random hexamer
primers (IDT #51-01-18-25), oligo-dT 15mer primers (IDT # 51-01-15-05), and Promega M-MLYV reverse transcriptase
(#M1701). gPCR analysis was carried out using BioRad iTaq Universal SYBR Green Supermix (#1725120), added to
respective primers (primers 9-14) for target genes and reactions were run in 96-well plates on a BioRad CFX qPCR
instrument. Conditions used for amplification were 95°C, 2 min, 45 repeats of 95°C, 10 s and 60°C, 30 s. A melting curve

was generated in 0.5°C intervals from 65 to 95°C. Cq values were calculated by the BioRad CFX Maestro software and
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transcripts were normalized to a housekeeping gene (GAPDH). All measurements were performed in technical duplicate;

technical duplicates were averaged to form a single biological replicate.

PERK Inhibition Assay

HEK293T cells were seeded in 6-well plates at 4 x 10° cells/well and transfected with GFP or SARS-CoV-2 nsp4-FT as
previously described. GFP samples treated with either Tunicamycin (Tm, 1 pg/mL) or Tm and PERK inhibitor II
GSK2656157 (PERKIi, 1 puM) for 16h and nsp4-FT samples treated with PERK inhibitor II GSK2656157 (PERKi, 1 uM)
for 36h prior to harvest. Samples were harvested 40 h post transfection by scraping and lysed in RIPA buffer as described

in Western Blot Analysis.

Western Blot Analysis

HEK293T cells were lysed on ice in TNI buffer (50mM Tris pH 7.5, 150mM NaCl, 0.5% IGEPAL-CA-630) with Roche
cOmplete EDTA-free protease inhibitor (#4693132001) for 15 minutes and then sonicated for 10 minutes in a water bath at
room temperature. A549 cells were lysed on ice in RIPA buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.1% SDS, 1% Triton
X-100, 0.5% deoxycholate) with Roche cOmplete EDTA-free protease inhibitor (#4693132001) for 15 minutes. HEK293T
cells for transmembrane protein panel (CFTR, hERG-HA, PMP22-Myc, nsp4-ST) and PERK inhibition assay were also
lysed in RIPA buffer. Lysates were spun down at 21.1k xg for 15 minutes at 4°C. Samples were added to 6x Laemelli buffer
(12% SDS, 125 mM Tris, pH 6.8, 20% glycerol, bromophenol blue, 100 mM DTT) and heated at 37°C for thirty minutes.
The samples were then run on an SDS-PAGE gel and transferred to a PVDF membrane for Western blotting. M2 anti-FLAG
(Sigma Aldrich, F1804), anti-KDEL (Enzo ADI-SPA-827-F), anti-PDIA4 (ProteinTech 14712-1-AP), THE anti-Strep II tag
FITC (Genescript, A01736-100), anti-CFTR (217) (purified from B lymphocyte hybridoma cells as described in(32)), anti-
HA.11 (Biolegend, 901513), anti-Myc (9B11) (Cell Signaling Technology, 2276S), anti-GFP (ThermoFisher, A6455), anti-
ATF4 (Cell Signaling Technology, 11815) or anti-GAPDH (GeneTex, GTX627408) antibodies were used to probe Western
blots at a 1:1000 dilution in TBS blocking buffer (0.1% Tween, 5% BSA, 0.1% Sodium Azide).

To measure CHOP protein levels, HEK293T cells were lysed on ice in 1% CHAPS lysis buffer (50 mM Tris H-Cl, 150 mM
NaCl, ImM EDTA, 1% CHAPS, 10 uM pepstatin, 0.2 mM phenylmethylsulfonyl fluoride, 0.2 uM soybean trypsin inhibitor,
and 1mM DTT; pH 8.0) for 30 minutes. Lysates were spun down at 16,000 xg for 10 minutes at 4°C. Samples were added
to 4x gel-loading buffer (50mM Tris/HCI (pH 6.8), 100mM DTT, 2% SDS, 0.1% Bromophenol Blue, 10% glycerol, 100
mM DTT) and heated at 37°C for thirty minutes. The samples were then run on an 13% SDS-PAGE gel and transferred to
a nitrocellulose membrane for Western blotting. M2 anti-FLAG (Sigma Aldrich, F1804), anti-BiP #3177 (Cell Signaling
Technology), anti-CHOP #7351, and anti-GAPDH #365062 (Santa Cruz Biotechnology Inc.), antibodies were used to probe
Western blots in TBS blocking buffer (0.1% Tween, 4% BSA, 0.1% Sodium Azide). GAPDH signal was used to normalize

band intensities. Protein expression on Western blots was quantified using ImageLab.

Proteomics Experimental Design
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HEK293T UPR analysis combined 2-3 biological replicates into 1 individual MS run (3x GFP, 3x nsp3.1-FT+GFP, 3x nsp4-
ST+GFP, 3x nsp3.1-FT+nsp4-ST, 2x orf8-ST+GFP, 2x orf8-ST+nsp3.1-FT). A549 UPR analysis combined 4 biological
replicates into 1 individual MS run (4x GFP, 4x GFP+Tm, 4x nsp4-FT). UPR analysis of transmembrane protein panel
expression in HEK293T cells combined 3-4 biological replicates into 1 MS run (3x GFP, 4x WT-CFTR, 3x hERG-HA, 3x
PMP22-Myc, 3x nsp4-ST).

Sample Preparation for Mass Spectrometry

Samples were harvested and lysed as described in Western Blot Analysis. Protein concentration was quantified using 1x
BioRad Protein Assay Dye (#5000006) and 20 pg of protein from each sample was prepared for mass spectrometry. Proteins
were precipitated via mass spectrometry grade methanol:chloroform:water (in a 3:1:3 ratio) and washed three times with
methanol. Each wash was followed by a 2-minute spin at 10,000xg at room temperature. Protein pellets were air dried 30-
45 min and resuspended in 5 pL of 1% Rapigest SF (Waters #186002122). Resuspended proteins were diluted with 32.5 pLL
water and 10 uL. 0.5 M HEPES (pH 8.0), then reduced with 0.5 pL of freshly made 0.5 M TCEP for 30 minutes at room
temperature. Samples were then alkylated with 1 uL of fresh 0.5 M iodoacetamide (freshly made) for 30 minutes at room
temperature in the dark and digested with 0.5 ug Pierce Trypsin/Lys-C (Thermo Fisher # A40007) overnight at 37°C shaking,.
Peptides were diluted to 60 uL with LC/MS-grade water and labeled using TMTpro labels (Thermo Scientific # A44520)
for 1 h at room temperature. Labeling was quenched with the addition of fresh ammonium bicarbonate (0.4% v/v final) for
1 h at room temperature. Samples were then pooled, acidified to pH < 2.0 using formic acid, concentrated to 1/6™ original
volume via Speed-vac, and diluted back to the original volume with buffer A (95% water, 5% acetonitrile, 0.1% formic
acid). Cleaved Rapigest products were removed by centrifugation at 17,000xg for 30 minutes and supernatant transferred

to fresh tubes.

MudPIT LC-MS/MS Analysis

Alternating layers of 1.5cm Aqua 5 um C18 resin (Phenomenex # 04A-4299), 1.5cm Luna 5 pm SCX resin (Phenomenex
#04A-4398), and 1.5cm Aqua 5 pm C18 resin were packed to make triphasic MudPIT columns as described previously(44).
TMT-labeled samples (20 pg) were loaded onto the microcapillaries via a high-pressure chamber, followed by a 30-minute
wash in buffer A (95% water, 5% acetonitrile, and 0.1% formic acid). The MudPIT columns were installed on the LC column
switching valve and followed by a 20cm fused silica microcapillary column filled with Aqua C18, 3um resin (Phenomenex
# 04A-4311) ending in a laser-pulled tip. Columns were washed in the same way as the MudPIT capillaries prior to use.
Liquid chromatography (Ultimate 3000 nanoLC system) was used to fractionate the peptides online and then analyzed via
an Exploris480 mass spectrometer (Thermo Fisher). MudPIT runs were carried out by 10uL sequential injections of 0, 10,
20, 30, 40, 50, 60, 70, 80, 90, 100% buffer C (S00mM ammonium acetate, 94.9% water, 5% acetonitrile, 0.1% formic acid),
followed by a final injection of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was
followed by a 130 min gradient using a flow rate of 500nL/min (0-6 min: 2% buffer B, 8 min: 5% B, 100 min: 35% B,
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105min: 65% B, 106-113 min: 85% B, 113-130 min: 2% B). ESI was performed directly from the tip of the microcapillary
column using a spray voltage of 2.2 kV, an ion transfer tube temperature of 275°C and an RF Lens of 40%. MS1 spectra
were collected using a scan range of 400-1600 m/z, 120k resolution, AGC target of 300%, and automatic injection times.
Data-dependent MS2 spectra were obtained using a monoisotopic peak selection mode: peptide, including charge state 2-7,
TopSpeed method (3s cycle time), isolation window 0.4 m/z, HCD fragmentation using a normalized collision energy of
36%, 45k resolution, AGC target of 200%, automatic maximum injection times, and a dynamic exclusion (20 ppm window)

set to 60s.

Peptide identification and quantification

Identification and quantification of peptides were performed in Proteome Discoverer 2.4 (Thermo Fisher) using the
SwissProt human database (TaxID 9606, released 11/23/2019; 42,252 entries searched) with nsp3.1, nsp4, orf8, CFTR,
hERG-HA, and PMP22-Myc sequences (6 entries) manually added (42,258 total entries searched). Searches were conducted
with Sequest HT using the following parameters: trypsin cleavage (maximum two missed cleavages), minimum peptide
length 6 AAs, precursor mass tolerance 20 ppm, fragment mass tolerance 0.02 Da, dynamic modifications of Met oxidation
(+15.995 Da), protein N-terminal Met loss (—131.040 Da), and protein N-terminal acetylation (+42.011 Da), static
modifications of TMTpro (+304.207 Da) at Lys, and N-termini and Cys carbamidomethylation (+57.021 Da). Peptide IDs
were filtered using Percolator with an FDR target of 0.01. Proteins were filtered based on a 0.01 FDR, and protein groups
were created according to a strict parsimony principle. TMT reporter ions were quantified considering unique and razor
peptides, excluding peptides with co-isolation interference greater than 25%. Peptide abundances were normalized based
on total peptide amounts in each channel, assuming similar levels of background. Protein quantification used all quantified
peptides. Post-search filtering was carried out to include only proteins with two or more identified peptides. Common

contaminants (e.g., albumin & keratins) were flagged and not included in downstream analyses.

Data Availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner

repository with the data set identifier PXD039797. All other necessary data are contained within the manuscript.
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CHAPTER 6

CONCLUSIONS

6.1 Dissertation Summary

In this dissertation, I explore the mechanisms through which coronaviruses (CoVs) take over a host cell for
infection, with a focus on the interface between nonstructural proteins (nsps) and the ER proteostasis network. This work
centers on the role of nsp2, nsp3, and nsp4 in mediating CoV infection through virus-host protein-protein interactions (PPIs)
with both individual proteostasis factors and broader stress response systems.

In Chapter 1, [ introduced the emergence of SARS-CoV-2 and the overall impact of CoVs on human health, before
providing a brief synopsis on the role of nsps in CoV replication and the basics of the ER proteostasis network. I then review
some of the more recent findings in the scientific literature related to the intersection of nsps and the host proteostasis
network, highlighting the use of AP-MS in discovering interactions and subsequent virological and biochemical functional
characterization. Lastly, I laid out the pressing questions that my work aimed to address, namely: what are the conserved or
unique protein interactions between SARS-CoV-2 and homologous nsps? Are these interactions supporting or suppressing
infection? How do nsps influence individual proteostasis interactors? And how do nsps tune larger stress response systems,
like the Unfolded Protein Response (UPR)?

Chapter 2 showcases the rapid deployment of quantitative proteomics to comparatively profile the interactomes of
nsp2 and nsp4 homologs in the early months of the COVID-19 pandemic. In a collaborative effort with Katherine M.
Almasy, we performed comparative AP-MS analysis of tagged nsp2/4 homologs from SARS-CoV-2, SARS-CoV, and
hCoV-0C43 expressed in human cells. We identified clusters of shared interactors for SARS-1 and SARS-2, such as
mitochondrial biogenesis and ER calcium transfer factors, as well as unique interactors for SARS-1, including a translation
repressor complex. For nsp4 homologs, we found conserved glycosylation machinery and protein quality control factors, as
well as large E3-ubiquitin ligase complex for SARS-CoV. Among both data sets there were several proteins localized to
ER-mitochondria contact sites (MAMs) and I showed that both nsps, and in particular nsp4, can localize to these MAMs
using subcellular fractionation.

Chapter 3 applies our comparative interactomics workflow to nsp3, a protein missing from other CoV interactome
maps. We expanded the panel of viruses to include MERS-CoV and hCoV-229E homologs and divide nsp3 into three
fragments (nsp3.1, 3.2, 3.3) for comparative interactome profiling. Our AP-MS yielded large interactome networks,
including shared factors involved in ERAD and transcriptions factors, and unique clusters, such as nuclear importins (229E
nsp3.2) and ribosomal RNA processing factors (MERS nsp3.2). We found a shared interaction between SARS-2, SARS-1,
and OC43 nsp3.1 with the UPR sensor and transcription factor ATF6 and postulated this interaction may alter ATF6 activity.
Using quantitative proteomics, I found that SARS-CoV-2 nsp3.1 suppressed protein levels of genes induced by ATF6, both
under basal conditions and when ATF6 is pharmacologically activated.

In Chapter 4, I follow-up on the functional role of conserved nsp2 and nsp4 interactors we identified by AP-MS in

Chapter 2. Using the model betacoronavirus MHYV, I applied an RNAi screen against priority interactors to categorize them
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as either pro- or anti-viral. I found that several conserved proteostasis interactors are pro-viral, most prominently the nsp2-
interactor Malectin (MLEC), which is a glycoprotein quality control factor. Applying AP-MS to analyze nsp2 and MLEC
interactions during CoV infection, I show that nsp2 interacted with several MLEC-associated components of the OST
complex and that MHV infection drastically remodels\ed the interactome of MLEC. Furthermore, MLEC promoted early
infection events like viral protein biogenesis and this seems to be mediated through the role of MLEC in glycoprotein quality
control.

Lastly, Chapter 5 details a collaborative project with my undergraduate mentee, Athira Sivadas, and others, in
understanding the role of nsps in modulating the UPR at a systems level. This work builds off our finding that SARS-CoV-
2 suppresses the ATF6 branch of the UPR by profiling how nsp4, another transmembrane protein involved in DMV
formation, modulates the UPR. Applying our quantitative proteomics method, we find that nsp4 activates both an adaptive
arm of the UPR (ATF6) and the pro-apoptotic arm (PERK). Further, co-expression of nsp3 and nsp4 retains ATF6 activation
but suppresses PERK activation and we find that this trend is also found in a published SARS-CoV-2 infection proteomics
study, where there is initially early PERK activation that is quickly tamped down. We predict that this activity is a viral
tuning strategy to increase chaperones and folding capacity (ATF6) and suppress host translation (PERK), while avoiding

potential apoptosis driven by chronic PERK activation.

6.2 Impact

Pandemic Preparedness
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Figure 6-1. AP-MS workflows can assist in pandemic preparedness.

The work presented herein has contributed to the fields of proteomics, proteostasis biology, and virology through
application of cutting-edge mass spectrometry methods and classical virology techniques. In response to the COVID-19
pandemic, Katherine Almasy and I worked quickly to identify protein interactors of SARS-CoV-2 proteins, generating the
comparative proteomics data by mid-April, 2020 and posting an online preprint article detailing our findings by mid-July,
2020. Our rich nsp interactome datasets have been mined and used as basis for hypotheses-driven functional studies by
other researchers around the globe, as reflected by over 120 citations in the scientific literature. We have revealed conserved

interactors of CoV homologs, aiding our understanding of the infection strategies utilized across the CoV family. The
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comparative interactomics profiling of nsp3 filled an important gap in the existing literature, as it was absent from several
large-scale AP-MS studies at the time (1-3). From a methods perspective, our streamlined comparative AP-MS pipeline can
be applied to rapidly assess the protein interactome of emerging viruses (Figure 6-1). This can save valuable time in
identifying potential host dependencies for candidate anti-viral targets and aid in pandemic preparedness for future viral
outbreaks.

This work also unveils a previously unreported CoV-host dependency factor with the identification of the nsp2-
interactor, Malectin (MLEC). MLEC is a still relatively understudied component of the glycoprotein quality control
pathway, having only been discovered in 2008 (4). Much remains to be explored regarding the role of MLEC in
glycobiology. For instance, how does MLEC coordinate the refolding of diglucosylated proteins? If the client protein is
properly folded, how is the information relayed to release the client from MLEC? Can Glull access the diglucosyl moiety
while the client protein is bound to MLEC? And what signal(s) communicate that a retained client protein should be shuttled
to ERAD for degradation? The interactomics and glycoproteomics data in Chapter 4 should be a rich source for answering
these questions related to the fundamental biology of MLEC.

Additionally, this dissertation furthers our knowledge on the role of nsp2 in CoV infection, which has long had an
ill-defined function in replication. Our comparative AP-MS reveals a potential role for mitochondria-associated ER
membrane (MAMs) factors with nsp2. I further present a potential intersection between nsp2 and the glycoprotein
biogenesis pathway, which has not been previously known. As a conserved interactor of hCoV nsp2 homologs, MLEC also
represents a potential target for host-directed therapies against multiple CoVs.

This work also helps to fill a gap in our understanding of how CoVs induce and modulate host stress response
pathways like the Unfolded Protein Response (UPR). We show that SARS-CoV-2 nsps can act in concert to tune the UPR
in a manner that is potentially advantageous for replication. As multiple studies have shown that small molecule modulation
of the UPR can be antiviral (5-7), our findings offer further clarity on the CoV-UPR interface that may be exploited for
improved therapeutic intervention. Additionally, our technique of using quantitative proteomics to measure the functional
activation of UPR branches is highly sensitive and comprehensive, enabling detection of pathway changes at the proteome
level that may be overlooked by transcript-level methods. This methodology can be applied to other biological fields where

nuanced UPR activation is relevant, such as in cancer, aging, and neurobiology (8).

6.3 Limitations

As with all research endeavors, there are some limitations to the work presented here. One of the main limitations
of the comparative AP-MS workflow is that we use expression of single viral proteins to profile interactomes. Viral infection
is a complex, dynamic conglomerate of host interactions that can dramatically alter a cell, and single bait protein
overexpression omits this context. There is some irony in this paradox, as we are most interested in studying the mechanisms
by which viruses overtake a host cell. However, this practice continues to be extremely common in the proteomics field, as
a reductionist approach is logistically more accessible, faster, and versatile, particular in comparative applications like ours.

I do partially overcome some of these limitations with the GFP-nsp2 MHV AP-MS experiments presented in Chapter 4.
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This is only possible because of the genetic tolerance of nsp2 for fusions which different CoV research groups have exploited
for creating tool viruses (9,10).

An accompanying limitation is the use of HEK293T cells as the human cell model for our comparative proteomics.
This was used because of ease of transfection to different affinity-tagged constructs, which enabled rapid proteome profiling.
However, this brings the caveat that the mapped interactome may not be identical to the lung cells that are natively infected
in humans, as HEK293T cells are immortalized and have undergone genetic changes. An immortalized lung cell line, such
as A549 cells, or primary human airway epithelial (HAE) cells would be more relevant, though these bring increasing levels
of difficulty for experimentation.

Continuing with limitations in model systems, the work presented in Chapter 4 is all performed with a mouse CoV
(MHV) in murine cells. MHV has long served as a workhorse model virus for studying CoVs but has limits on the
transferability of observations to human CoVs. For instance, nsps in MHV have different glycosylation patterns, additional
or missing domains in nsp3, and low sequence conservation of nsp2. Additionally, there are differences in mouse vs. human
cellular proteomes. With that acknowledged, there is a large repertoire in the literature of phenotypes and mechanisms being
fully or in part conserved with SARS-CoV, MERS-CoV, and SARS-CoV-2. The relevance of interactors I identified, like

MLEC, necessitates further testing in human CoV infection.

6.4 Future Directions

There remains much additional work to do and many more research questions to pursue. One of the primary
directions is moving towards more infection-relevant models for AP-MS analysis to enhance the power of interactomics. If
feasible, performing IPs on viral proteins with endogenous antibodies would be ideal, though this requires a validated, IP-
grade antibody for every target of interest. Incorporating an affinity-tag to be expressed endogenously by the virus would
circumvent this drawback, though finding tolerated sites of insertion in a polyprotein is typically challenging. Additionally,
performing comparative studies with multiple, highly pathogenic CoVs in BSL-3 brings many more logistical challenges.
A potential solution is to use viral replicons as an intermediary model. Replicons can encode the full suite of nonstructural
proteins as well as other accessory and structural proteins without producing viable virions. These can be transfected or
electroporated into cells, as well as be stably expressed in cells in an inducible manner. This strategy incorporates far more
of the ensemble of the viral proteome and improves the relevance of interactors. Because replicons are encoded on plasmid
vectors, they are also more readily amenable to modification, such as tag or mutation insertion, and panels of replicons can
be assembled to compare various virus interactomes. There are several SARS-CoV-2 replicon systems that can generate
single-round infectious virions, enabling studies of viral assembly and entry processes in BSL-2+ conditions (11-14). These
replicon systems are well-suited for interactomics studies and are being actively pursued by others in the Plate group, which
will improve the relevance of future work.

It will also be interesting to determine how mutations observed in SARS-CoV-2 nsps during the progression of the
COVID-19 pandemic affect nsp-host interactions. There have been several recent reports showcasing the impact of point

mutations in nsps on SARS-CoV-2 infection, such as nsp2 (15), nsp3 (16), nsp4 (17), and nsp6 (13). These mutations likely
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affect other virus-host PPIs and further exploration of their effects, as is being pursued by others in the Plate group, will
likely lend insight into the roles of nsps in replication.

Building off the findings in Chapter 4, it will be necessary to determine whether MLEC and other conserved
proteostasis interactors are dependency-factors for human CoVs like SARS-CoV-2, SARS-CoV, and MERS-CoV. Many
genome-wide CRISPR screens of SARS-CoV-2 and other CoVs have been performed (18-24), however some of the
limitations of large-scale genetic screens, such as quality of guide RNAs, warrant a direct testing of priority interactors. In

the absence of immediate access to BSL-3 facilities, the aforementioned replicon system can help assess this question.

Druggable? pan-RNA virus
_l_ dependency?

DENV

)? o @ ZIKV
-~

Z ; Influenza

MLEC

Figure 6-2. MLEC as a host-targeted, pan-RNA virus antiviral target.

Furthermore, ER proteostasis systems tend to be widely used by RNA viruses for replication and so it is of interest
to test whether MLEC is a dependency-factor for other pathogens such as flaviviruses. As human-infecting flaviviruses like
dengue (DENV) and Zika virus (ZIKV) can be cultured in BSL-2(+) conditions, these are accessible experiments to perform.
If MLEC or other interactors are widely used by RNA viruses, these will be exciting targets to develop inhibitors against as
host-directed therapies (Figure 6-2).

The role of MLEC in CoV infection is just beginning to be explored and further characterization of this interaction
is needed. Moving forward, it would be beneficial to develop a method to track CoV glycoprotein biogenesis, folding, and
interactions with MLEC and other protein quality control factors during an infection time-course (Figure 6-3). This is an
area where using chemical biology tools, such as non-canonical amino acid incorporation, could be applied to pulse-label
viral proteins and track their progression through the proteostasis network via time-resolved interactomics. This
methodology would also be useful in elucidating other mechanisms of basic CoV biology, such as the coordination of
proteostasis factor in co- and post-translationally processing a ~6,600 amino acid-long polyprotein. Additionally, it will be
of interest to determine the localization and structural determinants of these interactions and how these characteristics
contribute to viral infection.

Lastly, there were several pro-viral, proteostasis interactors identified in Chapter 4 that warrant further investigation.
These include the ER-phagy receptor, CCPG1, the ER membrane protein complex component, MMGT1, and the cargo
receptor, SURF4. Each may be the basis for whole separate projects and should shed light both on fundamental principles

of the ER proteostasis network and CoV infection mechanisms.
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Figure 6-3. Future work to define the nsp2-MLEC-OST interface.

In closing, this dissertation deepens our knowledge of the fundamental basic biology of CoV infection, identifies
conserved host dependencies that can be exploited for therapeutic development, and develops a quantitative viral proteomics
that can further pandemic preparedness. My hope is that this work can be continued by future graduate students and

scientists, as there are many more leads and hypotheses to be pursued.
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APPENDIX 1

Supplemegtary figures for Chapter 2.
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Figure 7-1. Amino acid sequence comparison and MS sequence coverage of CoV non- structural protein homologs.
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. Amino acid sequence alignment of nsp2 homologs from SARS-CoV-1 (SARS) and SARS-CoV-2 (Wuhan). Identical
or similar residues are highlighted and color scheme corresponds to amino acid properties.

. Amino acid sequence alignment of nsp4 homologs from SARS-CoV-1 (SARS), SARS-CoV-2 (Wuhan) and hCoV-
OC43. Identical or similar residues are highlighted and color scheme corresponds to amino acid properties.

. Tandem MS sequence coverage of SARS-CoV-2 (Wuhan) nsp4. Detected peptides are indicated in green.

. Tandem MS sequence coverage of SARS-CoV-1 (Urbani) nsp4. Detected peptides are indicated in green.

. Tandem MS sequence coverage of hCoV-0OC43 nsp4. Detected peptides are indicated in green.
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Figure 7-2. TMT normalization and filtering of nsp2 interactors.

A. Normalized log10 TMT abundances of all proteins in the affinity purification samples expressing GFP control or
nsp2 homologs as bait proteins. Pairing of individual samples into three separate mass spectrometry runs is
indicated by the color bars
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B. Histogram of log2 fold change enrichment of proteins in SARS-CoV-2 nsp2 affinity purificatlllkkion samples
compared to GFP controls. A gaussian non-least square fit of the distribution is shown in light blue. The standard
deviation of the distribution (o) is indicated and 1 ¢ and 2 o (dotted lines) were used for the variable cutoffs to
define medium- and high-confidence interactors, 1 ¢ = 0.5.

C. Same as in (B), for SARS-CoV-1 nsp2, with 1 6 =0.43.

D. Normalized TMT intensities comparing the abundances of SARS-CoV-2 and SARS-CoV-1 nsp2 homologs in the
replicate samples.
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Figure 7-3. Gene ontology (GO) pathway analysis of interactors and cellular localization of nsp2 homologs.
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GO terms associated with the individual interactors of nsp2. Terms were assigned in the Protein Annotation node in
Proteome Discoverer 2.4. Proteins were grouped according to the hierarchical clustering in Fig. 3B to distinguish shared
and distinct interactors of SARS- CoV-1 and SARS-CoV-2 nsp2.

A. GO terms for biological processes.

B. GO terms for cellular components.

C. Comparisons of pathways identified in gene set enrichment analysis of interactors of nsp2 homologs. Gene set
enrichment analysis of high-and medium-confidence interactors was performed in Enrichr. GO terms for
biological processes with adjusted p-values < 0.1 were included in the analysis and filtered manually to remove
redundant terms containing similar genes. Non-redundant pathways are shown and color scheme indicates
confidence of enrichment as represented by adjusted p-values of the Enrichr analysis.

D. Confocal microscopy images of nsp2 homologs expressed in HEK293T cells, stained for PDIA4 (ER marker,
green), FLAG-nsp2(red), and DAPI (blue). Scale bar is 10 pm.
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Figure 7-4. Nsp2 interactome overlap with published dataset.

Extended and overlapping interactors between our nsp2 dataset and previously published interactors of SARS-CoV-2
nsp2(1). Nsp2 proteins are shown as purple circles (our dataset) or pink circle (published dataset). Previously published
primary interactors are shown as dark pink diamonds, novel primary interactors identified in this study are shown as
yellow diamonds, overlapping primary interactors (GIGYF2) are shown as orange diamonds, and overlapping secondary
interactors scraped from the STRING database are shown as blue ellipses. Previously identified primary interactions are
shown with red edges, novel primary interactions identified in this study are shown with blue edges, overlapping primary
interactors are shown with orange edges, and secondary interactions scraped from the STRING database are shown as
grey edges between nodes.
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Figure 7-5. Tissue-specific expression of nsp2 and nsp4 interactors.

Nsp2 and nsp4 interactors were cross-referenced with existing data sets on protein expression in cell lines and tissue-
samples(2—4) to identify enrichment levels of interactors.

A. Top ten cell lines enriched for interactors in the CCLE data set(2) based on analysis of combined ranking score using
Enrichr(5).
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B. Top ten tissue samples enriched for interactors in the GTeX data set(3) based on analysis of combined ranking score
using Enrichr(5).

C. Violin plots showing logo protein quantification values for the nsp2 and nsp4 interactions in 29 healthy human
tissues based on the dataset published by Wang et al.* The median quantification across all tissues is shown on the
right. Significance of expression difference was assessed in Graphpad Prism by mixed-effects analysis with the

Geisser-Greenhouse correction and Holm-Sidak’s multiple comparison test for each tissue compared to the median. *
p<0.05; **p<0.01, ***p<0.001; ****p<0.0001
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Figure 7-6. Co-immunoprecipitation of MAMs and proteostasis factors with CoV non-structural proteins.
Lysates from HEK293T cells transfected with respective viral homologs of nsp2 or nsp2 were immunopurified using anti-
FLAG sepharose beads.
A. Blots probed for MAMs factors (CANX, ERLIN2). Representative blots for input and co-immunoprecipitations of
are shown, n=3.
B. Blots probed for CTLH E3 ligase complex interactors (MKLN1, RANBP9, WDR26). Same as in (A).
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Figure 7-7. TMT normalization and filtering of nsp4 interactors.
A. Normalized log10 TMT abundances of all proteins in the affinity purification samples expressing GFP control or
nsp4 homologs as bait proteins. Pairing of individual samples into three separate mass spectrometry runs is
indicated by the color bars.
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. Volcano plot of SARS-CoV-1 nsp4 interactors to identify medium- and high-confidence interactors. Plotted are
log2 TMT intensity fold changes for proteins between nsp2 bait channels and GFP mock transfections versus -
log10 adjusted p-values. Curves for the variable cutoffs used to define high-confidence (red) or medium
confidence (blue) interactors are shown. 1o = 0.4

. Same as in (B), for hCoV-OC43 nsp4. 1 6 =0.40

. Venn diagram comparing medium-confidence interactors of nsp4 homologs.
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Figure 7-8. Nsp4 interactome overlap with published dataset.

Extended and overlapping interactors between our nsp4 dataset and previously published interactors of SARS-CoV-2
nsp4(1). Nsp4 proteins are shown as purple circles (our dataset) or pink circle (published dataset). Previously published
primary interactors are shown as dark pink diamonds, novel primary interactors identified in this study are shown as
yellow diamonds, overlapping primary interactors are shown as orange diamonds, and overlapping secondary interactors
scraped from the STRING database are shown as blue ellipses. Previously identified primary interactions are shown with
red edges, novel primary interactions identified in this study are shown with blue edges, and secondary interactions
scraped from the STRING database are shown as grey edges between nodes. The extended overlapping interactome
reveals each Nsp4 protein uniquely plugs into clusters of proteins involved in the same pathway, which appear as circles
of nodes such as the TIMM pathway involved in protein import into the mitochondria on the bottom left.
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Figure 7-9. Gene ontology (GO) pathway analysis of nsp4 homolog interactors.
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GO terms associated with the individual interactors of nsp4. Terms were assigned in the Protein Annotation node in
Proteome Discoverer 2.4. Proteins were grouped according to the hierarchical clustering in Fig. 4C to distinguish shared
and distinct interactors of SARS- CoV-1, SARS-CoV-2, and OC43 nsp4.

A. GO terms for biological processes.

B. GO terms for cellular components.

C. Comparisons of pathways identified in gene set enrichment analysis of interactors of nsp4 homologs. Gene set
enrichment analysis of high-and medium-confidence interactors was performed in Enrichr. GO terms for
biological processes with adjusted p-values < 0.1 were included in the analysis and filtered manually to remove
redundant terms containing similar genes. Non-redundant pathways are shown and color scheme indicates
confidence of enrichment as represented by adjusted p-values of the Enrichr analysis.
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Volcano plot comparing interactions between nsp4 homolog from SARS-CoV-1, SARS- CoV-2, and OC43. Only high-
and medium confidence interactors of nsp4 are shown and high confidence interactors are highlighted in red.

A

m

Comparison of SARS-CoV-1 and SARS-CoV-2.

B. Comparison of SARS-CoV-2 and OC43.
C.
D. Normalized TMT intensities comparing the abundances of SARS-CoV-2, SARS-CoV-1, and OC43 nsp4

Comparison of SARS-CoV-1 and OC43.

homologs in the replicate affinity purification samples.

Heatmap of high- and medium-confidence nsp4 homolog interactors compared to GFP control. log2 fold change
is color-coded and centered by row (blue low, yellow high enrichment). Hierarchical clustering using Ward’s
method shown on the left was carried out on euclideanan distances of log2 fold changes scaled by row.

149



PSEN2

SLCROAT
PIRSSISHNLSUNZ [ soury
= A
eor & ) FAm208
5 o | (Joso, scsoefovie
DR T ), &
{ s mEC
AT Ghanoia 0
n J NGLYT
Th9SFY oLY
T ten @ ogu
c“ L ¥ 20k % T
L O y ©
@\ @7 | e
A\ ¥ e
TepdVENS @]
e i /
A ALGE
. M /" secein
R ’ ) seosin

ugTe
SCARBY | § &
( I VKQRC1LY 8 PGAPY
ATP1BY SO [
s s
! .SCAMPS
0sTC
ABCOG %
ADAMTS!
MoGS uagm (). CHeF2
© uﬁa ) oo (s
NCSTN )
) PIGH S
( LPCATS

s LN mﬁmm
[ . el
() LHAN2 asapyt AR

bty <] Wﬁ

) e 8. @ !
TMEDIOTMED2 "8’,_ RaNPIE S s \\Uf\
() nomaz S @) L ",\\\Qﬁ\g\an —/—, >

GLBiL2

\Wu\hsm_(ls g “Ehomingny .,

FAF2 - RPS27A

) 5"3"": D"?\mczsm - HAPLNG
TMEDS gy DR, DUEDR /,/ = / o o PRKOC
7 sbEzL - PAHAT ZMYND1G > — Us @
& = O (2= // / 7 V0SB 1y
MANE HYOU "’E“—;Mﬂq‘m _ > ; o NN
B 0= 0 Rt pppes P ALY S x ABHDI2
X = O G arpiar V9 DakE S (
AMER TERC 4 £ i AMANZL &8 OO
( (@] T, e @ Jeaung - - XPOL_
CYR61 & e 518" ) BA@Z( -
Y GET4 7
D) HIPAS
Aouals CoMMDA / &)
EPHBA Tgar ——’/
SEP1S;ELENOFLONG)

“8” Wfl"
Figure 7-11. Network map of high- and medium-confidence nsp4 horﬁblog interactors.
PPI network map of high- and medium-confidence interactors of nsp4 homolog. Blue lines indicate viral-host PPIs, where
line width corresponds to fold enrichment compared to the GFP control. Grey lines indicate annotated host-host PPIs in

STRING (score > 0.75).
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Figure 7-12. Subcellular localization of nsp4 homologs.
Confocal immunofluorescence microscopy images of nsp4 homologs expressed in HEK293T cells, stained for PDIA4
(ER marker, green), FLAG-tag (red), and DAPI (blue). Scale bar is 10 um.
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Figure 7-13. Localization of SARS-CoV-1 nsp2, nps4, and hCoV-OC43 nsp4 to MAMSs.

SARS-CoV-1 nsp2, nsp4, hCoV-0C43, or mock transfected HEK293T cells were fractionated to determine localization
of viral proteins to MAMSs. Homogenate (H), cytosol (C), microsome (Mic), crude mitochondria (CrM), and MAMs
fractions were probed via Western blot for subcellular markers (CALX and ERLIN2 for MAMs; MCU for mitochondria)
and viral proteins (FLAG). (Mock, n=2; all others, n=1)
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Figure 7-14. Functional genomic screens of interactors and global 1P3R3 protein levels in SARS-CoV-2 infection.
A. Sorted enrichment of sgRNAs (Ifc) in the genome-wide CRISPR screen of the GeCKO V2 library in A549-Cas9-

1.

ACE2 lung cancer cells infected with SARS-CoV-2 published by Heaton et al. (6) Interactors of nsp2 and nsp4
found in the dataset are highlighted in blue and red respectively.

Correlation of Z-scores from functional genomics screens in A549-ACE2 and Caco-2 cells infected with SARS-Cov-
2 published by Gordon et al. (7) The A549 cells were transduced with siRNA pools of prioritized SARS-CoV
interactors and Caco?2 cells contained CRISPR knockouts of the prioritized interactors. Z-score < 0 represents
decreased infectivity upon knockdown, while Z-score > 0 represents increased infectivity. Interactors of nsp2 and
nsp4 found in the dataset are highlighted in blue and red respectively.

Changes in the global proteome of Caco-2 cells during SARS-CoV-2 infection were measured via quantitative
proteomics up to 24 hpi by Bojkova et al. (8) Mass spectrometry data was mined for log,-fold changes in global
IPsR3 levels during infection. Significance was tested using unpaired two-sided students t-tests between infected and
mock samples, *p<0.05.
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Figure 8-1. Multiple-sequence alignment and domain organization of amino acid sequences for nsp3 truncations
from different coronavirus strains.

A-C. Amino acid sequences of nsp3.1 (A), nsp3.2 (B), and nsp3.3 (C) homologs were aligned using Clustal Omega.
Domain organization is noted by colored boxes(1).
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Figure 8-2. Immunofluorescence confocal imaging of nsp3 fragments.

A.-C. Colocalization of nsp3 fragment FLAG-tagged homologs (red) with the ER marker, PDIA4 (green), in HEK293T
cells. Representative images shown. Scale bar is 20 um. (A) nsp3.1 is predominantly localized diffusely cytosolic. (B)
nsp3.2 and (C) nsp3.3 show greater co-localization with the ER maker PDIA4 confirming ER localization.
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Figure 8-3. Nsp3 TMT intensity distribution.

A-F.  Box-and-whisker plot of the log10 TMT intensity abundance of all 11 mass spectrometry runs used in this study.
Nsp3 homologs are grouped by same color box-and-whiskers while the identity of the corresponding mass spectrometry
run is denoted by colored blocks below. TMT abundances were normalized based on total peptide amounts (A-C). See
supporting dataset S8 for the layout of samples across TMT channels.

A,D. Normalized (A) and unnormalized (D) TMT abundance distribution for nsp3.1 dataset. Channels denoted
“nsp3.3” were used for the nsp3.3 dataset within the corresponding mass spectrometry run.

B,E. Normalized (B) and unnormalized (E) TMT abundance distribution for nsp3.2 dataset.

C,F.  Normalized (C) and unnormalized (F) TMT abundance distribution for nsp3.3 dataset. Channels denoted
“nsp3.1” were used for the nsp3.1 dataset within the corresponding mass spectrometry run.

G-1.  Normalized TMT abundances of nsp3 bait proteins to compare the enrichment of fragments from the different
strains. Box and whisker blots represent min. to max. values. (G) nsp3.1, (H) nsp3.2, (1) nsp3.3.
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Figure 8-4. Volcano plots of nsp3.1 homolog high-confidence interactors enriched vs tdTomato control.

Host interactors of nsp3.1 homologs were identified by quantitative proteomics and graphed by log2 fold change
compared to tdTomato control and -log10 adjusted p-value (based on ANOVA). Interactors were filtered for medium
(blue) and high (red) confidence interactors based on a hyperbolic curve using 16 (medium-confidence) or 2c (high-
confidence) standard deviations of the histogram of log2 protein abundance fold changes (refer to “Data analysis” in
Methods). Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. Total MC
and HC interactors for positive and negative fold change are indicated respectively.
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Figure 8-5. CRAPome overlap with nsp3.1, nsp3.2, and nsp3.3 homolog high-confidence interactors.

All high-confidence interactors of nsp3 fragments were queried in the CRAPome Homo sapiens single step epitope tag
AP-MS dataset to identify common contaminant proteins(2). Interactors with a frequency of 25% or higher in CRAPome
control experiments qualified as overlapping with the CRAPome.
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Figure 8-6. Comparative heatmap of nsp3.1 high-confidence interactors.

Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.1 homologs yields 7 unique
clusters.
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Figure 8-7. GO term analysis of nsp3.1 high-confidence interactors.

Heatmap of gene ontology (GO) term analysis of nsp3.1 high-confidence interactors for enriched biological processes.
Selected terms are displayed with corresponding -log10 adjusted p-value for each homolog.
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Figure 8-8. Volcano plots of nsp3.2 homolog high-confidence interactors enriched vs tdTomato control.

Host interactors of nsp3.2 homologs were identified by quantitative proteomics and graphed by log2 fold change
compared to tdTomato control and -log10 adjusted p-value (based on ANOVA). Interactors were filtered for medium
(blue) and high (red) confidence interactors based on a hyperbolic curve using 16 (medium-confidence) or 2c (high-
confidence) standard deviations of the histogram of log2 protein abundance fold changes (refer to “Data analysis” in
Methods). Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. Total MC
and HC interactors for positive and negative fold change are indicated respectively.
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Figure 8-9. Comparative heatmap of nsp3.2 high-confidence interactors.

Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.2 homologs yields 5 unique
clusters.
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Figure 8-10. GO term analysis of nsp3.2 high-confidence interactors.

Heatmap of gene ontology (GO) term analysis of nsp3.2 high-confidence or medium-confidence interactors for enriched
biological processes. Selected terms are displayed with corresponding -log10 adjusted p-value for each homolog.
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Figure 8-11. Nsp3 fragment co-immunoprecipitations with nsp4.

Samples were co-transfected with 2x-strep tagged SARS-CoV-2 nsp4(3) and individual SARS-CoV-2 FLAG-tagged nsp3
fragments (nsp3.1, nsp3.2, nsp3.3) or tdTomato as a control, respectively. FLAG immunoprecipitations were performed to
pull down on nsp3 constructs and immunaoblotting was performed with an anti-FLAG antibody to confirm nsp3.3
expression and an FITC anti-Strep antibody to monitor nsp4 co-immunoprecipitation.
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Figure 8-12. Volcano plots of nsp3.3 homolog high-confidence interactors enriched vs tdTomato control.

Host interactors of nsp3.3 homologs were identified by quantitative proteomics and graphed by log2 fold change
compared to tdTomato control and -log10 adjusted p-value (based on ANOVA). Interactors were filtered for medium
(blue) and high (red) confidence interactors based on a hyperbolic curve using 16 (medium-confidence) or 2c (high-
confidence) standard deviations of the histogram of log2 protein abundance fold changes (refer to “Data analysis™ in
Methods). Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. Total MC
and HC interactors for positive and negative fold change are indicated respectively.
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Figure 8-13. Comparative heatmap of nsp3.3 high-confidence interactors.

Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.3 homologs yields 6 unique

clusters.
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Figure 8-14. GO term analysis of nsp3.3 high-confidence interactors.

Heatmap of gene ontology (GO) term analysis of nsp3.3 high-confidence or medium-confidence interactors for enriched
biological processes. Selected terms are displayed with corresponding -log10 adjusted p-value for each homolog.
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Figure 8-15. Effect of nsp3.1 homologs on UPR transcript expression.

Expression changes of UPR marker transcripts in response to nsp3.1 homolog or mock (tdTomato) transfection measured
by reverse transcription gPCR (RT-qPCR). A mock transfected sample was treated with 6 pg/mL Tunicamycin (Tm) 6 h
pre-harvest to induce general UPR activation as a positive control. BiP and PDIA4 were measured as ATF6 markers,
while ERDJ4 was measured as a IREL/XBP1s marker. Bars indicate average, error bars indicate SEM. Paired student T-
tests were used to test for significance, with p-values < 0.05 shown. Mock+Tm(6h), n = 4 biological replicates; all other
samples, n = 6 biological replicates.
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Figure 8-16. IRE1, PERK UPR, and HSR activation by SARS-CoV-2 nsp3.1

A-C, G. Heatmap of ATF6 UPR signaling branch protein markers (A), box-and-whisker plots showing distribution of
protein makers of IRE1/XBP1s (B) and PERK (C) UPR signaling branches and the cytosolic heat shock response (HSR)
pathway (G) as measured by quantitative proteomics. HEK293T cells were transfected with tdTomato (control) or SARS-
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CoV-2 nsp3.1-FT. Samples were treated with DMSO or 6 pg/mL tunicamycin for 16 h pre-harvest. A one-way ANOVA
with Geisser-Greenhouse correction and post-hoc Tukey’s multiple comparison test was used to determine significance
(adjusted p-values all > 0.05). n = 4 biological replicates in a single mass spectrometry run.

D-F, H.Heatmap of ATF6 UPR signaling branch protein markers (A) and box-and-whisker plots showing distribution of
protein makers of IREL/XBP1s (B) and PERK (C) UPR signaling branches and HSR pathway (H) as measured by
quantitative proteomics. HEK293T cells were transfected with tdTomato (control) or SARS-CoV-2 nsp3.1-FT. Samples
were treated with DMSO or 10 uM 147 for 16 h pre-harvest. A one-way ANOVA with Geisser-Greenhouse correction
and post-hoc Tukey’s multiple comparison test was used to determine significance (adjusted p-values all >0.05). n =3
biological replicates in a single mass spectrometry run.

l. Expression changes of ATF6 (BiP, PDIA4) and IRE1/XBP1s (Erdj4) markers in response to SARS-CoV-2 nsp3.1
or mock (tdTomato) transfection. Where indicated, tunicamycin (Tm) samples were treated 6 hours prior to harvest.
Paired ratio t-tests were used to measure significance (n = 4 biological replicates)
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APPENDIX 3

Supplemental figures for Chapter 4.
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Figure 9-1. Nsp2 homolog panel comparative interactome.

A. Representative western blot of nsp2 homolog panel expressed in HEK293T cells and FLAG immunoprecipitated.
Tdtomato serves as negative IP control. Blotting for FLAG and GAPDH as a loading control.

B. Normalized TMT channel abundances of nsp2 panel AP-MS (n = 3-4 IPs/homolog, 1 MS run)

C. Auverage nsp2 bait levels as measured by AP-MS.

D. Interacting proteins from our previous comparative proteomics study(1) were cross-referenced against this nsp2
AP-MS panel and the log2 fold enrichment against Tdtomato background is displayed. Proteins not identified in
this the current AP-MS panel are marked with an “X”.
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Figure 9-2. Nsp4 homolog panel comparative interactome.

A. Representative western blot of nsp4 homolog panel expressed in HEK293T cells and FLAG immunoprecipitated.
Tdtomato serves as negative IP control. Blotting for FLAG and GAPDH as a loading control.

B. Normalized TMT channel abundances of nsp4 panel AP-MS (n = 3-4 IPs/homolog, 1 MS run)

C. Auverage nsp4 bait levels as measured by AP-MS. OC43 was omitted from analysis due to low expression levels.

D. Interacting proteins from our previous comparative proteomics study(1) were cross-referenced against this nsp4
AP-MS panel and the log2 fold enrichment against Tdtomato background is displayed. Proteins not identified in
this the current AP-MS panel are marked with an “X”.
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Figure 9-3. MHV-FFL2 replicase reporter screen against RNAI of interactors.

Ten nsp2 interactors and 16 nsp4 interactors were knocked down by siRNA in DBT cells in 96-well plates, then infected
with MHV-FFL2 at MOI 0.1 (10 hpi) or MOI 1 (8 hpi). Lysates were harvested and luminescence measured by SteadyGlo
assay (Relative Luminescence Units, RLU). Student’s T-test for significance, with p<0.05 considered significant. KDs
that test significant compared to Scramble are annotated by the asterisk bracket. Mean £SEM; interactor KD, n = 9 across
3 separate assays; Scramble, n = 28 across 10 separate assays; Ceacaml KD, n = 18 across 6 separate assays.
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Figure 9-4. Effect of interactor knockdown screen on MHYV titer.

Prioritized interactors from the MHV-FFL2 replicase reporter screen were knocked down in DBT cells with siRNA for 40
h, then infected with MHV (MOI 0.1, 10 hpi or MOI 1, 8 hpi as indicated). Scramble siRNA was used as base line control
and siCeacam1 as positive control. Supernatant from infected cells was collected and infectious titer measured by plaque
assay. Student’s t-test for significance, with p<0.05 considered significant. Mean£SEM; Interactors, n = 3; Scramble, n =
6 (MOI 0.1) or 3 (MOI 1); siCeacaml1, n =6 (MOI 0.1) or 3 (MOI 1).
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Figure 9-5. Effect of interactor knockdown on MHV-FFL2 replicase reporter vs. MHYV titer (MOI 1).

Correlation plot of the effect of prioritized nsp2 and nsp4 interactor knockdowns on MHV-FFL2 replicase reporter vs.
MHYV titer (MOI 1, 8 hpi). Scramble (blue) siRNA was used as basal control, siCeacam1 (magenta) as a positive control.
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Figure 9-6. Cell viability of interactor knockdowns.
DBT cells were treated with respective siRNAs for 40 hpi in 96-well plate and then assayed for cell viability via CellTiter

Glo kit. Non-treated cells (Plain) and siTOX (positive control leading to cell death) were included as controls.
Mean+SEM; Scramble, n = 12; siCeacaml, n = 6, all others, n = 3.
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Figure 9-7. Mlec KD efficiency with individual vs. pooled siMlec.

A. Western blots of DBT lysates probed for endogenous Mlec (red arrow) with GAPDH as loading control.
Cells were treated with individual siMlec siRNAs (#1-4) or pooled siMlec (all four individual SIRNAs
combined) for 40 h prior to MHV-FFL2 infection. Plain cells were not treated with sSiRNA.

B. Quantification of Mlec bands in (A), normalized to GAPDH levels and relative to Scramble control.

Mean+SEM, n = 3-4.
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Figure 9-8. Genetic interaction between nsp2 and Mlec.
Infectious titers (PFU/mL), as measured by plaque assay, from DBT cells treated with Scramble, siCeacam1, or siMlec

siRNA for 40 h prior to infection with MHV (MOI 0.1, 10 hpi) or MHV-del2 (nsp2 deletion, MOI 0.5, 10 hpi).
Mean+SEM; MHV, n = 3; MHV-del2, n = 5. Student’s t-test for significance, p<0.05 considered significant.
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Figure 9-9. MHV-GFP2 IP and AP-MS metrics.

A. Western blots of GFP-IP inputs and elutions for AP-MS (four representative samples per condition), probing for
GFP. DBT cells were infected with MHV-WT or MHV-GFP2 (MOI 1, 9 hpi), lysed, and immunoprecipitated for
GFP. Stain-free blot of inputs as loading control. Red arrow indicates GFP-nsp2. While we did not detect a GFP-
nsp2 band in elution, subsequent MS analysis showed enriched levels of nsp2 over MHV-WT (C), indicating
successful enrichment. We attribute lack of blot detection due to poor antibody performance.

B. Total peptide normalized TMT abundance from MHV-GFP2 AP-MS. MHV-WT, n = 7; MHV-GFP2, n = 8 IPs,
in 1 MS run.

C. GFP-nsp2 levels measured by AP-MS in MHV-WT and MHV-GFP2 IP samples. One-way ANOVA with
multiple testing corrections to test significance.
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Figure 9-10. Validation of FT-Mlec stable DBT cell line.

A. Western blot of FT-Mlec lysate, probed with either anti-M2 or M1 FLAG, to test for cleavage of signal sequence
and reveal of N-terminal FLAG tag (M1) on Mlec construct. The same lysate was split in half and run on an SDS-
PAGE gel. After transfer, the blot was cut in two halves and probed separately with respective FLAG antibodies,
then imaged together. P.L., protein ladder.

B. Colocalization immunofluorescence (IF) of FT-Mlec DBT cells, staining for FLAG (FT-Mlec), PDIA4 (ER
marker) FT-Mlec, and DAPI, with overlay. Scalebar = 10 um

C. Titers of MHV infection in FT-Mlec or Parental DBT cells (MOI 1, 9 hpi), measured by plaque assay. Paired
Student’s t-test for significance, p<0.05 considered significant; n = 3.
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Figure 9-11. FT-Mlec IP and AP-MS metrics.

A. Western blot of representative samples from FLAG IP input and elution in Parental (Par.) or FT-Mlec cells

B.

C.

infected with MHV or mock (MOI 2.5, 9 hpi), probed for M2 FLAG. Red arrow indicates FT-Mlec.

Total peptide normalized TMT channel abundances of FT-Mlec AP-MS. FT-Mlec + MHV, n = 6; FT-Mlec +
mock, n = 6; Parental+MHV, n = 4 IPs.

Mlec grouped TMT abundance with total peptide normalization or bait (FT-Mlec) normalization. Bait
normalization was used for FT-Mlec interactome comparison between MHV vs. Mock conditions (Fig. 3F). T-
test with multiple testing corrections for significance.
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Figure 9-12. Effect of Mlec KD on viral genomic and subgenomic RNA levels.

A. Positive-sense genomic RNA ((+)gRNA) levels in Scramble, siCeacaml, or siMlec treated DBT cells infected
with MHV (MOI 1, 10 hpi), as measured by RT-gPCR and normalized to Rpl13a transcript levels (Table 1). n =
2; Student’s T-test for significance, p<0.05 considered significant.

B. Subgenomic (Nucleocapsid) transcript levels in Scramble vs siMlec siRNA treated DBT cells infected with MHV
(MOI 0.1, 10 hpi), as measured by RT-qPCR and normalized to Gapdh transcript levels (Table 1). Scramble, n =
5; siMlec, n = 2; Student’s T-test for significance, p<0.05 considered significant.
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Figure 9-13. Effect of Mlec KD on intracellular MHV proteome.

A. Total normalized TMT channel intensity for global MHV proteome in DBT cells (MOI 1, 10 hpi). Scramble, n =

B.

C.

6; siMlec, n = 7 biological replicates across 2 MS runs.

Total viral protein levels in Scramble vs. siMlec treated DBT cells. One-way ANOVA with multiple testing
correction.

Raw TMT abundance of intracellular viral proteins during MHYV infection in DBT cells treated with Scramble or
siMlec siRNA (MOI 1, 10 hpi), measured by quantitative proteomics. Purple protein names denote viral
glycoproteins. Spike protein (S), membrane protein (M), nucleocapsid protein (N). One-way ANOVA with
multiple testing correction. * p<0.05, ** p<0.01, ***p<0.005, ****p<0.0001.
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Figure 9-14. NGI-1 inhibition of the oligosaccharide transfer complex (OST).

A. Western blot of DBT cell lysates treated with a range of NGI-1 doses (0.05, 0.5, 5, 10, 20 uM) for 20 h prior to
harvest. Treatment with DMSO or Tunicamycin (Tm, 1 pg/mL, inhibitor of upstream oligosaccharide synthesis)
were used as controls. DMSO treated lysates were split in half, with one half treated with PNGase F to remove N-
linked glycans and induce a gel shift on glycosylated proteins. Probing for Erdj3 (a glycosylated ER chaperone)
was used to measure changes in glycosylation. Gapdh blotting used as loading control.

B. Western blots of DBT lysates treated with siRNA (40 h, Scramble, siCeacam1, or siMlec), then drugged with
NGI-1 (5 pM) or DMSO and infected with MHV-FFL2 (MOI 1, 10 hpi). Plain cells were untreated, uninfected to
serve as background luminescence control. Lysates were probed for Mlec to verify knockdown, Erdj3 to verify
glycosylation inhibition, and Gapdh as loading control.
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Figure 9-15. Glycoproteomics metrics for MHV infection.

A. TMT channel abundance normalized to total peptide abundance. n = 4/condition, 1 MS run

B. Volcano plot showing the effect of Mlec KD on the cellular proteome in uninfected DBT cells (Mock-
siMlec/Mock-Scramble). Dotted lines indicate log2 FC < -1 or > 1 and adj. p-value <0.05. ANOVA test with
multiple testing corrections for significance. Downregulated (red), upregulated (green), and viral (purple) proteins

are annotated.
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C. Same as in (B), but showing the effect of MHV infection on Scramble-treated DBT cells (MHV-Scramble/Mock-
Scramble).

Same as in (B), but showing the effect of Mlec-KD on MHV infection (MHV-siMlec/Mock-Scramble).

Volcano plot showing the effect of Mlec-KD on Spike peptides in MHV infection (MHV-siMlec/MHV-
Scramble). Glycopeptides are highlighted (orange). ANOVA test with multiple testing corrections for
significance.

mo
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APPENDIX 4

Supplemental figures for Chapter 5.
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Figure 10-1. Western blot analysis of UPR markers.

Western blot analysis of HEK293T cells transfected with specified viral proteins or Tdtomato as basal control. Tm
treatment was used as a positive control. Green boxed lanes were shown for Fig. 1c. Green and red boxed lanes were

guantified for Fig. 1d. Red asterisks indicate viral proteins. Tdt, tdTomato; Tm, Tunicamycin (1 pg/mL); FT, FLAG-Tag;
ST, StrepTag. Corresponding full blots are shown below.
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Figure 10-2. Western blots of CHOP and BiP upregulation.

Blots quantified for Fig. 1f. Replicate 2 blot was shown in Fig. 1le. WT-HEK293T cells were transfected with empty
vector or SARS-CoV-2 FT-nsp2 or nsp4-FT, with control vector samples treated for 4 or 20 h Tunicamycin (5 pg/mL).
Western blotting for M2-FLAG, BiP, and CHOP shows marked upregulation of BiP and CHOP in nsp4-FT expressing
cells. Corresponding full blots are shown below.
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Figure 10-3. Effect of PERK inhibition on ATF4 upregulation mediated by nsp4.

HEK?293T cells were transfected with GFP or SARS-CoV-2 nsp4-FT, with GFP samples treated with either Tunicamycin
(Tm, 1 pg/mL) or Tunicamycin and PERK inhibitor 1l GSK2656157 (PERKI, 1 uM) for 16h and nsp4-FT samples treated
with PERK inhibitor 1l GSK2656157 (PERKIi, 1 uM) for 36h.
a) Western blots were probed for FLAG, ATF4, and GAPDH. Corresponding full blots are shown below.
b) Quantification of Western blots in (a), normalized to GAPDH band intensities and relative to basal control
(GFP+DMSO). n = 3, mean £SEM. Paired T-test was used to test significance, p<0.05 considered statistically

significant.
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Figure 10-4. TMT channel abundances

HEK?293T (a,b) or A549 (c) cells were transfected with GFP (basal control) or corresponding proteins, lysates harvested

and lysed at 40 h post-transfection, labeled with TMTpro isobaric labels, and analyzed by tandem mass spectrometry

(LC/MS-MS). Identified proteins were normalized by total peptide amount.

a) Unnormalized and normalized log10 TMT abundances for MS experiment analyzing HEK293T UPR, corresponding
to Fig. 2,3. See Supplemental Tables S2, S3.

b) Unnormalized and normalized log10 TMT abundances for HEK293T cells expressing transmembrane protein panel,
corresponding to Supplemental Fig. S8. See Supplemental Tables S4, S5.

¢) Unnormalized and normalized log10 TMT abundances for MS experiment analyzing A549 UPR, corresponding to
Fig. 2. See Supplemental Tables S6, S7.
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Figure 10-5. Waterfall plot of proteome in HEK293T cells expressing SARS-CoV-2 nsp4-ST vs GFP control

A ranked list enrichment analysis was applied to identified proteins based on Log2 Fold Change (nsp4-ST vs GFP) (using
the STRING database(1)). Only one Gene Ontology (GO) Biological Processes term was significantly enriched
(Cytoplasmic Translation, GO:0002181), with 81/104 genes having a positive Log2 Fold Change and 23/104 genes
having a negative Log2 Fold Change. Proteins within the Cytoplasmic Translation GO Term are highlighted in red.
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Figure 10-6. Normalized TMT abundance levels of individual Unfolded Protein Response (UPR) pathway protein
markers

UPR markers in HEK293T cells expressing various viral proteins (corresponding to Fig. 2, 3). Adjusted p-value
calculated using a T-test, controlling for FDR by the Benjamini-Hochberg method. *p<0.05, **p<0.001
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Figure 10-7. Comparison of ATF6 markers with other studies

ATF6 marker log2 fold change enrichment over basal conditions in HEK293T cells with treatment of Tm (1 pg/mL, 16
h), 147 (10 uM, 16 h), or nsp4-ST expression. Samples were quantified by TMTpro-based LC/MS-MS. Basal conditions
are Tdtomato transfection with DMSO for drug treatment or GFP transfection for nsp4-ST treatment. Previously
published data from Almasy, Davies, Plate MCP 2021 is annotated(2).
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Figure 10-8. Effect of various multi-pass transmembrane proteins on the UPR as compared to nsp4.

Nsp4-ST, WT Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), HA-tagged human Ether-a-go-go Related

Gene (hERG-HA), or myc-tagged peripheral myelin protein 22 (PMP22-Myc) were expressed in HEK293T cells and

harvested 40 h post-transfection.

a) Western blot confirmation of protein expression in HEK293T lysates.

b) UPR branch reporter protein levels were measured by global proteomics using tandem mass spectrometry (LC/MS-
MS) and compared to GFP negative control. One-way ANOVYéy with Geisser—Greenhouse correction and post-hoc



Tukey’s multiple comparison test was used to determine significance, p<0.05 considered significant, significant p
values shown; 1 MS run, n = 3-4 biological replicates. See Supplemental Tables S4, S5 for mass spectrometry data
set.

a A549

15+ o e e .
AHSG nsp4

10 *

-log10 adj. p-value

Log2 Fold Change (nsp4-FT v GFP}

Ranked List Enrichment

Nuclear DNA replication; GO:0033260

Requlation of chromosome separation; GO:1905818

Mitotic cell cycle checkpoint signaling; G0:0007093
Regulation of chromosome segregation; GO:0051983
Regulation of mitotic sister chromatid separation; GO:0010965
DNA-templated DNA replication; GO:0006261

Negative regulation of mitotic cell cycle; GO:0045930

DNA replication; GO:0006260

Cytoplasmic translation; GO:0002181

Negative regulation of mitotic cell cycle phase transition; G0:1901991
Mitotic nuclear division; G0O:0140014

Cell cycle checkpoint signaling; GO:0000075

Nuclear division; GO:0000280

Negative regulation of cell cycle phase transition; GO:1801988
Regulation of mitotic cell cycle phase transition; GO:1901990
Regulation of cell cycle phase transition; GO:1901987
Negative regulation of cell cycle; GO:0045786

Cellular respiration; GO:0045333

L) )
0 1 2

Enrichment Score
Figure 10-9. Global proteome analysis of A549 cells expressing SARS-CoV-2 nsp4-FT vs GFP control
(corresponding to Fig. 2).

«

a) Volcano plot of global proteome, with cut-offs indicating Log2 FC (vs GFP) < -1 or > 1, adjusted p-value < 0.05.
Common contaminant proteins were filtered out. Proteins passing cut-offs are annotated. Adjusted p-value
calculated using a T-test, controlling for FDR by the Benjamini-Hochberg method. N = 4, 1 MS run.

b) A ranked list enrichment analysis was applied to identified proteins based on Log2 Fold Change (hsp4-FT vs
GFP) (using the STRING database(1)).
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Figure 10-10. Normalized TMT abundance levels of individual Unfolded Protein Response (UPR) pathway protein
markers

UPR markers in A549 cells expressing nsp4-FT or treated with Tm (corresponding to Fig. 2). Adjusted p-value calculated
using a T-test, controlling for FDR by the Benjamini-Hochberg method. *p<0.05, **p<0.001

196



Replicate 1 & & Replicate 2 A &

/ '\' ’
X o N R L o o N
C')Q XOQ QQ QQ Q,Qrb xCQQ ;\XO C?Q x(@Q QQQ
RRAPCIIS Q&7 K <X
SN G DS ¥ o D 4 S
R F P K R L LE L
K K T LS ¢ & & & E S

1004~ — W
2 LR s L
GRP94 100 - «GRPY4
o [ «- o o 79~ [EE ] 0™ | et

1o SR 1 FLAC oo e ] BiFLAG

50F -
go 37 = -
7 B n . .
IB: Strep = IB: Strep
22 25- L
204 } ’ k. S
(@R R e : -
kDa NN
Replicate 3 \g’\ &
Q QQ '\'
Q « QQ Q%Q %Q
<'o RS &"
% %

(§<Q (@Q é? {3’ & {3’

190 B [18: KDEL
1000 e 1B: FLAG
50
37
IB: Strep
25
20

kDa

Figure 10-11. Western blots of nsp3.1, nsp4, and orf8 expression combinations.

Blots quantified for Fig. 3c, replicate 2 was shown in Fig. 3b. Red asterisks indicate viral proteins. Corresponding full
blots are shown below.
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Figure 10-12. Upregulation of IRE/XBP1s proteomics protein markers.

a) Global proteomics analysis of IRE1/XBP1s protein marker levels in the presence of SARS-CoV-2 nsp4-ST,
nsp3.1-FT, orf8-ST, or specified combinations. Box-and-whisker plot shows median, 25" and 75" quartiles, and
minimum and maximum values. One-way ANOVA with Geisser—Greenhouse correction and post-hoc Tukey’s
multiple comparison test was used to determine significance, p<0.05 considered significant; 1 MS run, n = 2-3
biological replicates. See Supplemental Tables S2, S3 for mass spectrometry data set.

b) Individual IRE1/XBP1s pathway protein markers in the absence or presence of nsp4-ST, from (a).
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Figure 10-13. Viral protein abundance levels.

a) Quantification of the nsp3.1-FT bands shown in Fig. 3, Supplemental Fig. S11. n = 3. T-test for significance between
samples, p-value annotated.

b) SARS-CoV-2 nsp3.1-FT, nsp4-ST, and orf8-ST protein abundances (log2 scaled TMT abundances) in experiment
corresponding to Fig. 3. n = 2-3 biological replicates, 1 MS run, T-test for significance between indicated samples, p-
value annotated.
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