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Abstract

Viral diseases are a constant threat that have profound impact on global health,
economics and societies. Understanding virus-host interactions is key for advancing our
knowledge of viral replication and pathogenesis, and thus for the development of effective
antiviral strategies to better prepare us for future outbreaks. This thesis investigates the roles of
post-translational modifications and protein-protein interactions during viral infections using
advanced mass spectrometry techniques. Post-translational modifications such as
phosphorylation, ubiquitination and proteolysis, significantly alter the function, stability, and
localization of both viral and host proteins, thereby modulating the virus cycle and host immune
responses. Virus-host protein-protein interactions form complex networks that viruses may
exploit to manipulate host cellular machinery to their advantage, or the host utilizes for activating

antiviral defense.

In Chapter 2, we identified potential human substrates targeted by the two SARS-CoV-2
viral proteases. We found that the main protease cleaved bromodomain-containing protein 2,
while the papain-like protease cleaved splicing factor, proline- and glutamine-rich. Chapter 3
examines the ubiquitination landscape during vaccinia virus infection, highlighting critical host
restriction factors that are ubiquitinated during viral infection, such as tripartite motif containing
25. Chapter 4 explores protein-protein interactions between the Mayaro virus and human host.
We performed co-immunoprecipitation of viral proteins while simultaneously infecting the human
cells with the virus, providing a comprehensive map of the viral protein interactome during

infection within host cells.

Our findings underscore the importance of post-translational modifications and protein-
protein interactions in virus-host dynamics, offering potential therapeutic targets and strategies

for antiviral drug development.
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1.1 Emerging viruses and viral diseases

In the last few decades, emerging viral diseases have posed significant strains to global
public health systems. The increase in viral disease outbreaks is driven by several factors, such
as transportation accessibility and environmental changes, and is expected to continue rising.
(1, 2) Examples of such viral diseases include Severe Acute Respiratory Syndrome (SARS),
Middle East Respiratory Syndrome (MERS), COVID-19, monkeypox, Dengue and Zika, caused
by various viral families including coronaviruses, poxviruses and mosquito-borne viruses. The
rapid and often unpredictable spread of these viral diseases challenges the existing healthcare
infrastructure worldwide and highlights the critical need for ongoing surveillance, research, and

the development of new therapeutic and preventive measures.

Viruses are microscopic infectious agents that can infect all forms of life, from animals
and plants to microorganisms. Unlike most living organisms, viruses lack the cellular machinery
necessary for independent existence and rely on the host cell’s machinery to replicate and
propagate. Structurally, viruses are composed of genetic material—either DNA or RNA—
encased in a protein coat, and sometimes surrounded by a lipid envelope. (3, 4) Their simplicity
belies their profound impact on human health, societies and ecosystems as they co-exist and
co-evolve with life. Understanding the complex virus-host interactions is a key step for
formulating effective public health strategies and mitigating the impact of these diseases on the

global population.

1.1.1 SARS-CoV-2

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent
of COVID-19, has led to a global health crisis since its emergence in late 2019. (5) SARS-CoV-2
is an enveloped, positive-sense single-stranded RNA virus belonging to the family

Coronaviridae and genus Betacoronavirus. The viral genome is approximately 30 kilobases



long, encoding for at least 29 proteins including structural proteins (spike glycoprotein,
envelope, membrane, and nucleocapsid proteins), nonstructural proteins (NSP1-16), and

accessory proteins (Fig. 1.1). (6)

The spike protein mediates viral entry into host cells by binding to the angiotensin-
converting enzyme 2 (ACE2) receptor, followed by fusion of the viral and cellular membranes.
Upon entry, the viral RNA genome is released into the cytoplasm, where it is translated into two
large overlapping polyproteins, pp1a and pp1ab. These polyproteins are cleaved by the viral
proteases NSP3pro (PLpro) and NSP5pro (3CLpro or Mpro) into individual NSPs, which form
the replication-transcription complex (Fig. 1.1). The viral proteases also interact with cellular
proteins, which | will discuss in Chapter 2. The replication-transcription complex then
synthesizes negative-sense RNA intermediates, which serve as templates for the production of

new positive-sense genomic RNA and subgenomic RNAs.
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Figure 1.1. Proteolytic processing of SARS-CoV-2 polyproteins by NSP3pro (PLpro) and
NSP5pro (Mpro). PLpro cleaves at three sites (dark blue triangles) and Mpro cleaves at eleven
sites (yellow triangles) on the SARS-CoV-2 polyproteins pp1a and pp1ab, resulting in the
release of nonstructural proteins essential for viral replication.

SARS-CoV-2 shares 80% genomic similarity with SARS-CoV, the causative agent of the

SARS epidemic from 2002 to 2003. (6, 7) Many research findings on SARS-CoV were



applicable to studies on SARS-CoV-2, laying the groundwork and accelerating the development
of vaccine and therapeutics for COVID-19. Moreover, foundational knowledge on coronaviruses,
including their structure, replication mechanisms, and interactions with human hosts, was
accumulated from years of research and played a crucial role in the resolution of the COVID-19
pandemic. For instance, structure-based design of prefusion-stabilized MERS-CoV and SARS-
CoV spike proteins contributed to the generation of SARS-CoV-2 spike variant HexaPro, (8)
which was the basis for COVID-19 vaccines including Spikevax (Moderna), (9) Comirnaty
(Pfizer-BioNTech), (10) Jcovden (Janssen) (11) and Nuvaxovid/Covovax (Novavax). (12)
Therefore, understanding the molecular mechanisms of viral replication and host evasion
strategies on SARS-CoV-2 is not only crucial for combatting COVID-19, but also for deeper

insights into coronavirus biology in better preparation for future outbreaks.

1.1.2 Vaccinia virus

Vaccinia virus (VACV) is a large double-stranded DNA virus belonging to the Poxviridae
family and Orthopoxvirus genus. VACYV is closely related to cowpox and horsepox viruses, (13,
14) and was used to eradicate smallpox in the global vaccination campaign in 1958-1977, (15)
where the name Vaccinia was later used to recognize the serological distinction it has evolved
from the cowpox virus. (16) Although closely related to the cowpox and variola virus (the
causative agent of smallpox), VACV infection typically causes mild symptoms. Attenuated
VACYV strains are still used as a live-virus vaccine against smallpox, and it is the most
extensively studied Orthopoxvirus in biomedical research to be genetically engineered for other
viral disease vaccination, (17) cancer therapeutics (18) and cancer vaccines. (19) The first fully
sequenced VACV strain was Copenhagen (VACV-Cop), and it is also the reference strain for

other VACV variants. VACV-Cop has a linear 191 kbp genome encoding 256 proteins.



There are two infectious forms of VACV: the intracellular mature virus (IMV) and the
extracellular enveloped virus (EEV) (Fig. 1.2a). (20) Although both forms enclose an identical
DNA-containing core and lateral bodies, the EEV is surrounded by an additional membrane
embedded with a unique set of membrane proteins. Upon infection, both IMV and EEV release
virion cores into the cytosol. Early viral mRNA is synthesized within viral cores, encoding
proteins required for immune evasion, virus uncoating, genome release, and DNA replication.
After DNA replication, late genes are expressed, producing structural and nonstructural proteins
for virion assembly. Spherical, non-infectious immature virions then acquire viral DNA to form
fully infectious brick-shaped IMV. (21) Some IMVs are further enveloped with lipid bilayers in the
trans-Golgi network and released as EEV (Fig. 1.2b). VACYV replicates exclusively in
cytoplasmic structures called factories, independent of the host nucleus. Therefore, its genome

is required to encode for cytoplasmic transcription and DNA replication.
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Figure 1.2. Morphology and replication cycle of VACV. a) The extracellular enveloped virus
(EEV) form of VACV contains an additional outer membrane to the intracellular mature virus
(IMV). Figure adapted from Shchelkunov and Shchelkunova. (22) b) IMV or EEV enters the host
cell by direct fusion at the membrane or macropinocytosis, respectively. Upon entry, the lateral
bodies dispense, and the core wall is activated as the site of early transcription. After early gene
expression and core wall uncoating, the genome is released and surrounded by endoplasmic
reticulum (ER) membranes, forming a replication factory with robust DNA replication. After
intermediate and late gene expression, nascent virions mature into IMV and are released by cell
lysis, or further processed in Golgi apparatus and exit by exocytosis. (23) Figure adapted from
ViralZone, SIB Swiss Institute of Bioinformatics.

1.1.3 Mayaro virus
Mosquito-transmitted diseases infect up to 700 million people and lead to one million

deaths worldwide every year. (24) With climate change, urbanization and international travel,



mosquito-borne diseases are becoming an increasing global threat. (25, 26) Researchers have
coined a term “ChikDenMaZika syndrome,” (27) to describe the common symptoms observed in
the recurrent epidemics of Chikungunya, Dengue, Mayaro and Zika virus. The scarcity of
corresponding vaccines and therapies accentuated the significance of virus-host interactions
research at the molecular level. The focus of Chapter 4 will be on one of these emerging

mosquito-borne viruses, the Mayaro virus (MAYV).

MAYYV is an emerging mosquito-transmitted virus that has caused endemics in Central
and South America. The virus has a sylvatic cycle mainly in nonhuman primates, birds and
reptiles as the natural reservoir, and can infect humans primarily through the mosquito species
Haemagogus as the vector. (28) Infected patients develop symptoms characterized by abrupt
onset fever and long-term joint pain, as well as other symptoms such as headache, muscle
pain, joint swelling and rash. With the increasing number of urbanized MAYYV infection cases,
there is rising concern for large-scale global outbreaks. (29) As MAYV continues to impose a
public health risk, there is currently no vaccine or treatment for the viral infection, as travelers

rely on preventative measures such as mosquito repellents as protection.

MAYYV is a positive-sense single-stranded RNA virus in the family Togaviridae and
genus Alphavirus. Its genome is about 11 kilobases long, with its genomic 49S RNA encoding
four non-structural proteins (NSP1-4) that possess enzymatic activities, while the subgenomic
26S RNA encodes five structural proteins: envelope glycoproteins (E1, E2, E3), capsid protein,

a protein conjectured to be viroporin (6K) (Fig. 1.3).
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Figure 1.3. The MAYV genome and proteome. The MAYV genome contains two open reading
frames (ORFs) encoding non-structural proteins NSP1-4 and structural proteins (capsid, E1, E2,
E3, 6K). NSPs have enzymatic functions, while structural proteins are involved in viral entry and
assembly. NSPs: non-structural proteins; Es: envelope proteins.

1.2 Host-virus interactions mediated by protein
modifications and interactions

The human genome contains approximately 20,000 protein-coding genes. (30) The
human proteome drives the molecular machinery in cellular processes and modulates essential
biological pathways in a cell. As health and disease impact specific protein function, fate and
turnover, the state of the proteome can in turn reflect the underlying mechanism of disease
pathobiology. Specifically, one can monitor changes in protein abundances, post-translational
modifications (PTMs) and protein-protein interactions (PPIs) to reveal dynamic alterations in
cellular signaling pathways and molecular networks due to the pathological conditions (see (31,
32) for a review). More importantly, using advanced proteomics techniques, such as liquid
chromatography with tandem mass spectrometry (LC-MS/MS), we can quantify differential
protein levels, identify novel PTMs and map intricate PPI networks, ultimately leading to the

discovery of potential biomarkers and therapeutic targets.



In the context of virology, proteomic analyses can elucidate virus-host interactions, (33—
35) viral protein functions, (36) and host immune responses. (9) This can uncover viral
strategies for establishing infection, immune evasion, and virion production, providing the
foundation for host- or virus-directed antiviral therapeutic development. Thus, the
comprehensive study of the proteome is an important part of understanding disease

mechanisms and advancing clinical research and treatment.

1.2.1 Post-translational modifications (PTMs)

PTMs are the covalent processing of a protein after biosynthesis, including proteolysis,
ubiquitination, phosphorylation and acetylation (for a review see (37, 38)). PTMs exponentially
increase the diversities and complexities of protein functions, and form an integral part of protein
signaling in biological systems. (39) It has been estimated that there are 100 proteoforms per
protein-encoding gene, (39) and for highly modified proteins such as histone proteins, 287 non-
redundant combinatorial PTMs were found for H3 in HeLa cells. (40) PTMs can act as activating

or inhibitory switches, contributing to the dynamic nature of cellular signaling.

1.2.2 Proteolysis

Proteolysis is the irreversible hydrolysis of peptide bonds. The half-time of uncatalyzed
proteolysis takes hundreds of years, (41) highlighting the indispensable role of proteases in
protein catabolism by significantly accelerating this process. There are 473 known and 90
putative human proteases categorized into five families based on their catalytic mechanism:
metallo-, cysteine, serine, threonine, and aspartyl proteases (reviewed by (42)). Cysteine, serine
and threonine proteases hydrolyze peptide bonds by nucleophilic attack via the catalytic
residues for which they are named, while metallo- and aspartyl proteases typically activate a

water molecule to carry out the nucleophilic attack.



Protease substrate residues are numbered in relation to the site of backbone cleavage.
For the substrate, residues N-terminal to the scissile amide bond are numbered sequentially
starting with P1 (non-prime sites). Conversely, amino acid residues C-terminal to the scissile
bond are numbered sequentially beginning with P1' (prime sites) (Fig. 1.4). (43) The

corresponding S numbering is used to designate the complementary regions of the protease

active site.
Protease
H2N P4 B3 P2 P1 P1' P2’ P3' P4 CO:H

Substrate

Cleavage site f

Figure 1.4. Nomenclature of cleavage sites on substrates and substrate-binding subsites
on proteases. Substrate residues are labeled non-prime (P) and prime sites (P’) in increasing
order, with P1 being the residue immediately before the cleavage site, and P1' immediately
after. Corresponding protease subsites are labeled non-prime (S) and prime (S’) binding the
substrate at corresponding positions. The cleavage occurs between the P1 and P1’ sites.

Proteases can be found in plants, animals, bacteria, and viruses, regulating and
conducting a diverse number of biological processes and complex signaling cascades (reviewed
by (44)). Some proteases are fairly promiscuous, recognizing a single amino acid in any peptide
chain, and thus causing proteolysis in a wide range of protein substrates. For example, trypsin
is a commonly used enzyme for protein digestion, cleaving peptide bonds on the C-terminus of
any lysine or arginine in a peptide sequence. In contrast, many proteases are highly specific to
longer, distinct, amino acid motifs, reflecting their regulated function in complex physiological
processes. A well-known protease in this category is the tobacco etch virus (TEV) protease,

which has a more stringent substrate consensus sequence ENLYFQ|(G/S), where the
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proteolysis occurs after glutamine. (45) As the TEV protease is required for the cleavage of the
TEV viral precursor polyprotein into functional viral protein units, its high specificity plays a
critical role in maintaining proper viral production and infectivity. Thus, the characterization of
protease cleavage specificity (46—48) and identification of protease substrates is a fundamental

step in the quest to understand the vital roles of proteases in various organisms.

Proteolysis can generate exposed, unstable neo-N-termini that can target the proteolytic
fragment for proteasome-dependent degradation. (49) However, proteolysis can also alter
protein functions and interactions by the precise removal of particular domains or signaling

sequences, resulting in gain-of-function modifications. (50, 51)

1.2.3 Proteolysis in SARS-CoV-2

Viral proteases play a crucial role in the replication and pathogenesis of SARS-CoV-2 by
processing the viral polyproteins required for the formation of the replication-transcription
complex. In SARS-CoV-2, the two proteases, NSP3 and NSP5, have become prime targets for

antiviral drug development.

NSP3pro, also known as papain-like protease (PLpro), is a cysteine protease with a
catalytic triad consisting of Cys111, His272, and Asp286. (52) PLpro cleaves the viral
polyproteins pp1a and pp1ab at three LXGG motifs, releasing NSPs 1, 2 and 3 (Fig. 1.1). (53,
54) PLpro also has deubiquitinating and delSGylating activities with high affinities for the
ubiquitin-like interferon-stimulated gene 15 protein (ISG15). (55) Inhibitors such as GRL0617

have shown potential in blocking PLpro activity and suppressing viral replication in vitro. (56, 57)

NSP5pro, also known as 3C-like protease (3CLpro) or main protease (Mpro), is also a
cysteine protease with a catalytic dyad consisting of Cys145 and His41. Mpro typically cleaves
after a glutamine residue (P1=Q), cutting the viral polyproteins at eleven distinct sites,

facilitating the release of NSPs essential for RNA transcription and replication (Fig. 1.1). This
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specificity is crucial for the precise processing of NSPs. Mpro has been shown to cleave several
host proteins to disrupt critical signaling pathways, such as NF-kB and interferon signaling,
further aiding in immune evasion and viral replication. (58-63) In Chapter 2, | will present the

systematic identification of SARS-CoV-2 Mpro and PLpro proteolysis targets in host cells.

Mpro is a well-validated target for antiviral drug development. Several inhibitors,
including GC376 (64) and the FDA-approved drug Paxlovid (nirmatrelvir/ritonavir), (65-68) have
demonstrated efficacy in inhibiting Mpro activity and preventing viral replication. Mpro inhibitors
are still targets of on-going developments of second-generation oral drug with improved

metabolic stability, (69) and pan-coronavirus antiviral therapy.

1.2.4 Ubiquitination

Ubiquitination is the reversible covalent attachment of ubiquitin on proteins. Ubiquitin is a
76-amino-acid protein, evolutionarily conserved among nearly all eukaryotic organisms,

regulating many aspects of eukaryotic biology (Fig. 1.5).
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Figure 1.5. Sequence and structure of ubiquitin. a) Amino acid sequence of ubiquitin.
Specific lysine residues involved in polyubiquitination (K6, K11, K27, K29, K33, K48, and K63)
are highlighted in red. b) Ubiquitin structure in ribbon format (PDB: 1ubq, illustrated using
Pymol), with lysine residues labeled and their positions indicated.

Ubiquitination is an ATP-dependent, highly ordered, and multistep enzymatic process. It

involves 1) ubiquitin activating enzyme (E1) binding and activating ubiquitin in an ATP-
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dependent manner, 2) transfer of ubiquitin onto ubiquitin-conjugating enzyme (E2) and 3)
ubiquitin ligase (E3) recruitment of ubiquitin-linked E2, recognizing and catalyzing the ubiquitin
transfer onto its substrates (Fig. 1.6a). Due to the increasing complexities of their functions, the

human genome encodes two genes for E1, 30 to 50 for E2, and more than 600 for E3. (70)

O @@
® — = e £ P
Monoublqumnated Polyubiquitinated

Substraie protein protein

HECT RING

’/ — — O
- ,
Ub N[&) Ub Ub
’ e T C2) P &) D 9P
C B8 ] RING RING1 IBR RING2

Figure 1.6. Schematic representation of the ubiquitination process and types of E3
ligases. a) The ubiquitination cascade involving E1, E2, and E3 that results in mono- or poly-
ubiquitinated proteins. b) Three main classifications of E3 ligases: homologous to the E6-AP C-
terminus (HECT) that form a thioester intermediate with ubiquitin before transferring it to the
substrate, Really Interesting New Gene (RING) that facilitate direct transfer of ubiquitin from E2
to the substrate, and RING1-Between-RING2 (RBR) that have features of both HECT and
RING, transferring ubiquitin via a two-step mechanism involving a thioester intermediate. ¢)
Member of multi-subunit complex cullin-ring ubiquitin ligases (CRL): Skp-1, cullin and F-box
(SCF) ubiquitin ligase complex and cullin-3 ubiquitin-ligase complex (CRL3). The dashed
regions enclose VACV-encoded adaptor proteins. Figure adapted from Humphreys et al. and
Cuietal (71,72)

E3 ligases are canonically categorized into three groups based on the type of domains
they contain: 1) Homologous to the E6-AP C-terminus (HECT), 2) Really Interesting New Gene

(RING), and 3) RING1-Between-RING2 (RBR) E3s (Fig. 1.6b). RING finger E3 ubiquitin ligases
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are the largest E3 family. Among these, the largest subfamily is the cullin-ring ubiquitin ligases
(CRL) that are responsible for ~20% for cellular ubiquitination. (73) The CRLs are protein
complexes consisting of a cullin protein, a RING protein, and an adaptor protein or substrate
recruiter. The cullin protein acts as a central scaffold, with its C-terminal and N-terminal domains
binding to the RING protein and the adaptor protein respectively (Fig. 1.6c). (74) Each CRL
subfamily has a distinct set of adaptor proteins, and they can influence E3 localization, catalytic

activity and regulate E3-substrate interaction.

The Skp-1, cullin and F-box (SCF) ubiquitin ligase complex is the first identified multiunit
CRL. (75-77) In SCF, the F-box protein is the substrate receptor that binds the linker protein
Skp1, which is in contact with N-terminal cullin-1, for substrate ubiquitination by the RING E3

(Fig. 1.6c¢; left). (76)

BTB-Kelch proteins are also substrate-specific adaptors for the cullin-3 ubiquitin-ligase
complex (CRL3), comprising an N-terminal BTB (broad complex, tramtrack and bric-a-brac)
domain, and a C-terminal Kelch domain with tandem repeats of a 50-amino-acid Kelch motif
(Fig. 1.6¢; right). BTB-Kelch proteins are capable of binding both cullin-3 through the BTB
domain, and the target substrate through the Kelch domain, without requiring linker proteins.
(74) They can also dimerize to simultaneously and independently facilitate two distinct substrate

ubiquitination. (78, 79)

E3 ligases catalyze the formation of an isopeptide bond between the ubiquitin C-terminal
glycine and an amino group of the target protein, typically on the side chain of lysines. A target
protein can also be mono- or poly-ubiquitinated, where polyubiquitination is the formation of
ubiquitin chains through the linkage between multiple ubiquitin moieties. Ubiquitin has seven

acceptor lysines (K6, K11, K27, K29, K33, K48, K63) and one methionine (M1) involved in
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ubiquitin conjugation, resulting in the formation of ubiquitin chains with varying lengths, types

and functional outcomes (Fig. 1.5, 1.7). (80)
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Figure 1.7. Ubiquitination occurs in multiple forms that result in distinct cellular
functions. a) Types of ubiquitination include monoubiquitination that can occur on multiple sites
and non-lysine residues, as well as polyubiquitination. b) Diverse functions of polyubiquitin
chains linked through different lysine residues (K6, K11, K27, K29, K33, K48, and K63).

K48 and K63 are the most abundant linkages and account for ~80% of total linkages in
mammalian cells. (81) Polyubiquitinated K48-linked and branched K48-K11 chains serve as the
most potent signals for degradation by the ubiquitin-proteasome system (UPS). (82) It can be
directly recognized by the intrinsic proteasomal ubiquitin receptors (26S proteasome regulatory
subunits Rpn10 and Rpn13), or mediated by shuttle factors with both ubiquitin- and proteasome

receptor-binding domains (e.g. UV excision repair protein RAD23 A and B, ubiquilin 1-4) (Fig.
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1.8). (83) The substrate is then deubiquitinated by deubiquitinating enzymes, unfolded, and
translocated to the 20S subunit core to come into contact with the proteolytic active sites for

degradation (Fig. 1.8). (84)
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Figure 1.8. Ubiquitin proteasome degradation. K48-linked polyubiquitination canonically
signals for proteasome-dependent protein degradation, where the substrate can directly bind
proteasomal ubiquitin receptors or the binding is mediated by shuttle factors. UBD: ubiquitin-
binding domain; PBD: proteasome-binding domain. Figure adapted from Pohl C. and Dikic I.
(82)

Monoubiquitination is well-known for altering protein localization and protein interactions.
For instance, membrane receptors like epidermal growth factor receptors can be
monoubiquitinated for internalization to attenuate signal transduction, (85) while histone
monoubiquitination regulates chromatin structure and gene expression. (86) Monoubiquitination

can also target protein for UPS-dependent degradation. (87)
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1.2.5 Ubiquitination in Vaccinia virus

The ability of poxviruses to undergo DNA replication and assembly exclusively within the
cytoplasm is a unique feature among DNA viruses and requires extensive regulation and
modulation of many cellular systems (reviewed by (88)). The UPS is a well-known pathway
manipulated by the poxvirus, as it tightly regulates important cellular functions, such as the cell
death, antigen presentation, signal transduction, and DNA repair (reviewed by (72, 89)) In
Chapter 3, | will illustrate changes in the global ubiquitome during VACV infection and identify

key host factors that are heavily ubiquitinated in response to VACV infection.

Several viruses have evolved mechanisms to exploit the ubiquitination system, by
encoding ubiquitin ligases and deubiquitinases, or interacting with components of the
ubiquitination machinery to target cellular components. (90, 91) During viral infection, both viral
and host proteins can be ubiquitinated in pro- or anti-viral mechanisms. For instance, the virus
can mediate the ubiquitination of host restriction factors for degradation by the UPS, while the
host initiates signaling molecule ubiquitination leading to activation of immune response (Fig.

1.9). (92)
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Figure 1.9. Role of ubiquitination in vaccinia viral pathogenesis. As the UPS can target
proteins for degradation or activate protein functions, it is both exploited by the virus in viral
pathogenesis and utilized by the host in immune response. Figure adapted from Luo H. et al.
(92)

There are three classes of E3 ligase adaptors encoded by poxviruses (reviewed by
(72)). VACV-Cop encodes three cullin-3 E3 ligase adaptors BTB-kelch proteins, A55, C2, and
F3, one BTB-only protein C5, and one kelch-repeat-only protein B10 (Fig. 1.6c¢; right).
Interestingly, among all viruses, only representative poxviruses contain BTB-kelch protein-

encoding genes. (93)

Although the absence of the BTB-Kelch genes in other VACV isolates indicates that they

are not essential for viral replication, the deletion of individual C2L and A55R genes in VACV-
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Cop resulted in changes in the plaque morphology and decrease in virus-induced cytopathic
effects. (94, 95) Intradermal infection of VACV C2 or A55R deletion in the mouse model
produced larger lesions, increased VACV-specific CD8+ T-cell proliferation, activation, and T
cell-mediated cytotoxicity compared to the wild-type VACV. (94—96) Murine intradermal infection
of VACV F3L significantly increased the NK cell population in lesions four days post infection.

(97)

Additionally, VACV also expresses adaptor proteins involved in the SCF, known as the
ANK-PRANC proteins (Fig. 1.6¢; left). (98) These proteins contain ankyrin-repeat (ANK)
domains and a diverged variant of the F-box protein called Poxvirus protein Repeat of Ankyrin-
C-terminal (PRANC) domain. VACV-Cop encodes three full ANK-PRANC proteins (C9, B4,
B18), two ANK domain only proteins (M1, K1), and a number of other truncated forms (C19L-
C21L/B25R-B27R,C17L-C18L/B23R-24R, B20R, C15L/B21R). (99) These proteins were found
to inhibit cellular including pathways NF-kB activation, (100) and interferon signaling, (101-103)

and the deletion of ANK-PRANC genes such as B4R caused reduced virus spread. (104)

Furthermore, treatment with proteasome inhibitors such as MG132 pre- or post-infection
drastically reduced viral titers, blocked viral replication and propagation. (105, 106) Specifically,
in the presence of MG132, early gene expression was prolonged and poxviral factories failed to
form, as the subsequent removal of MG132 rescued viral replication, factory-formation and late
protein production. (105) RNAI screening has further shown that the formation of CRL3 is
required for VACV genome replication. (107) However, whether this was due to lack of

ubiquitination on viral and/or host proteins remained unknown.

Given that the E3 adaptor proteins and the addition of proteasome inhibitors resulted in
aggravated virulence, it is evident that the UPS plays a significant role in VACV replication and

infection. Furthermore, the function of ubiquitination modifications is beyond just targeting
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protein for degradation as discussed in Chapter 1.2.4. The identification of ubiquitinated proteins
and the associated modification sites during viral infection will greatly enhance our
understanding of viral pathobiology. Although ubiquitination in cowpox virus-infected cell lysates
has been profiled, (108) the global ubiquitination dynamics in the model poxvirus VACV

infection has not been examined.

1.2.6 Protein-protein interactions (PPIs)

PPls are physical contacts between two or more protein molecules, resulting from
biochemical events driven by non-covalent interactions such as electrostatic forces, hydrogen
bonding, and hydrophobic interactions that can be stable or transient. (109) PPIs are
fundamental for orchestrating cellular activities, ranging from signal transduction to metabolic
pathways. They govern the formation of multiprotein complexes essential for cellular function.
By mediating interactions between key regulatory proteins, PPIs modulate enzyme activity,
substrate specificity, and cellular response to environmental cues. Furthermore, PPI networks
dynamically adapt to cellular conditions, influencing processes such as gene expression, protein

trafficking, and immune response (reviewed by (32, 110)).

1.2.7 Protein-protein interactions in Mayaro virus

Intraviral and virus-host PPls mediate and regulate essentially all steps of the MAYV
replication cycle. Through interaction between E2 and cell surface receptors, MAYV enters the
host cell via endocytosis. The low pH in the endosome induces fusion between E1 and
endosomal membrane, causing the release of the nucleocapsid into cytoplasm, which
disassembles and releases the viral genome. The open reading frame is first translated into a
non-structural polyprotein precursor NSP1234, cleaved into NSP123 and NSP4 that interacts to
form the initial replication complex for negative strand synthesis, followed by the sequential

cleavage of NSP1|2 and NSP2|3 sites for the formation of the mature replication complex (Fig.
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1.3, 1.10). (111) All three sites are processed by the viral protease activity residing in NSP2 or

in non-structural polyproteins containing NSP2.

MAYV NSPs have distinct enzymatic functions that are vital for viral replication (Fig.
1.10). (111) NSP1 is a membrane-anchored mRNA-capping enzyme. NSP2 is a multifunctional
protein that possesses protease, NTPase, RNA 5'-triphosphatase, and helicase activities. NSP3
contains a mono- and poly-ADP-ribose binding domain. NSP4 is an RNA-dependent RNA
polymerase and terminal adenylyltransferase that is responsible for the synthesis of poly(A) tails

of mMRNA.
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Figure 1.10. MAYYV replication cycle. The MAYYV replication cycle starts with the virus
attaching to host cell receptors and entering via receptor-mediated endocytosis. The capsid
disassembles, releasing 49S genomic RNA and 26S subgenomic RNA. The non-structural
proteins (NSP1-4) are first translated to form the viral replicase, aiding in the synthesis of both
genomic and negative-strand RNA. Structural proteins are then translated, cleaved in the ER,
matured in the Golgi, and assembled into nucleocapsids. Mature virions are then released to
infect other cells.

The subgenomic RNA is first translated into a single polyprotein precursor, and the
capsid protein is rapidly cleaved off in the cytoplasm due to its C-terminal cis-autoproteolytic
activity. The envelope structural polyprotein pE2-6K-E1 then translocates to the endoplasmic
reticulum (ER) via an N-terminal signal sequence on E3, where it is first cleaved by cellular
enzyme signalase for E1-pE2 heterodimer formation. The oligomerized heterodimer goes

through the Golgi apparatus towards the cell membrane, where pE2 is further cleaved by
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cellular furin to form mature E2 and E3. Finally, mature glycoproteins assemble into a complex

and virion budding occurs at the plasma membrane (Fig. 1.10).

Both E1 and E2 are Type | transmembrane proteins. E1 contains a hydrophobic fusion
peptide essential for the fusion of viral and cellular membranes, facilitating viral entry into host
cells. The E2 protein is involved in receptor binding and is the main target of neutralizing
antibodies. The E3 protein remains electrostatically bound to E2 until it is released at the late

phase of infection. (111)

There has been considerable interest in therapeutic and vaccine development for
alphaviruses. In 2023, a vaccine for a closely related alphavirus Chikungunya developed by
Valneva was approved by the U.S. Food and Drug Administration, called Ixchiq, targeting
individuals of age 18 years or older who are at increased risk of Chikungunya virus exposure.
(112) However, no cross-protecting vaccines between Chikungunya and MAYV infection have
been licensed. Due to the increased alphavirus co-circulation and risk for MAYV urbanization,
increased efforts are needed for antiviral therapeutics. Establishing virus-host PPl networks will
highlight hotspots where proteins or corresponding pathways can be targeted by existing drugs,
and may be used to guide rational design of virus- and host-directed combination therapies. In
Chapter 4, | will employ an improved approach to characterize virus-host interactions that better

reflects the mechanism of MAYV infection.

1.3 Mass spectrometry
Bottom-up proteomics is a method used to study proteins by the fragmentation and
identification of peptides. In combination with advanced LC-MS/MS instrumentation, bottom-up

proteomics provides simple and reliable protein assignment and quantification, and can be used

to characterize protein PTMs (113) and PPls. (114)
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In a typical bottom-up proteomics workflow, proteins are extracted from a biological
sample, such as cells, tissues or bodily fluids, and digested into peptides using a digestion
enzyme that is usually trypsin. The complex mixture of peptides is then separated by reversed-
phase liquid chromatography (HPLC) based on their hydrophobicities. The sequentially eluting
peptides are ionized to form precursor ions and introduced into the mass spectrometer. The
precursor ions are transmitted to a mass analyzer, where their mass-to-charge ratios (m/z) are
measured in the first mass scan (MS1). They are then fragmented along the peptide backbone
using collisional dissociation, creating fragment ions, and their m/z are measured again by the
mass analyzer in the second mass scan (MS2) to provide additional structural information on
the peptide identity. The resulting mass spectra, along with their retention times in the LC, are
analyzed using proteomics softwares and assigned to known protein sequences in the database
(see (114) for a review).

In addition to providing information about peptide and protein quantity, bottom-up
proteomics has been expanded for specialized aims such as mapping PTM species and sites

(113, 115) and PPIs. (116) | will explore some of these approaches in greater depth below.

1.3.1 PTM enrichment methods

Since PTMs typically occur at low abundance, with most of the protein remaining
unmodified, enrichment methods are necessary for systematic PTM profiling prior to mass
spectrometry analysis. Some methods depend on antibody specificity for the PTM (e.g.,
ubiquitination and acetylation), others exploit the ionic charges of the modification (e.g.,
phosphorylation), and some require additional labeling tools for PTM enrichment (e.g.,
proteolysis). | will provide a review over the enrichment methods currently employed for

identification of proteolysis and ubiquitination substrates in mass spectrometry.
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1.3.2 N-terminomics

N-terminomics is the large-scale identification of protein neo-N-termini that can be used
for the detection of proteolysis products. The N-terminomics methods consist of two main steps,
1) labeling of the proteolytic protein fragments, and 2) enrichment of the fragments from the
complex mixture. The enrichment can be achieved by modifying the cleaved peptide termini with
the addition of functional groups, or by taking advantage of differentially labeled isotopes. Since
carboxyl groups are less reactive than primary amines, peptide C-terminal labeling methods
have been difficult to develop and thus are not as established as N-terminal profiling

approaches (N-terminomics).

There are many challenges to overcome in order to precisely identify cleavage sites. For
example, the balance between protein expression and protein degradation leads to constant
proteolysis within a cell. In addition, cellular heterogeneity between treated and untreated
samples, or healthy and disease samples, makes it difficult to distinguish meaningful induced
proteolytic activity from transient background events. Moreover, proteolytic fragments of interest
are often low in abundance and can be targeted for subsequent degradation due to their
instability. (49) Various degradomics methods were created over the years to overcome some of
these issues, with the attempts of reliably detecting and resolving proteolytic peptides from
protein substrates and background peptides. Recent advances in mass spectrometry have also

greatly accelerated the progress and sensitivity of these proteomic methods (reviewed by (42)).

Negative selection approaches isolate native N-terminal peptides or target protease-
mediated neo-N-termini, through the enrichment of other internal fragments (internal tryptic
peptides). Popular negative enrichment methods such as combined fractional diagonal
chromatography (COFRADIC) (117) and Terminal Amine Isotopic Labeling of Substrates
(TAILS), (118) have been instrumental in mapping the degradome of many proteases, including

caspases (119) and matrix metalloproteinases (Fig. 1.11). (120) However, these methods are
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accompanied by limitations of potentially high background levels and thus must be used in
combination with statistical analyses to distinguish the tagged and untagged N-termini in
complex peptide mixtures. False negatives could still arise from the incomplete efficiency in
blocking the N-termini of internal tryptic fragments, such as in steps of N-acetylation blocking in
COFRADIC, (121) or reductive dimethylation by formaldehyde in chemical isotopic labeling in

TAILS.

| Negative Enrichment | @ Advantages ® Limitations

COFRADIC

@ Inexpensive reagents ® LC-MS/MS time-consuming

) ) and expensive
® Commercially available

. @ |dentification mainly using
® Low N-terminal enrichment ratio

specificity bias

® Commercially available @ Expensive reagents
@ Low N-terminal @ |dentification using isotopic
specificity bias enrichment ratio to naturally

. blocked N-termini
@® Low amount of starting
materials

| Positive Enrichment

Subtiligase
f'wi\ @® Unambiguous identification ~ ® Not commercially available
1 I)tr o (mass tag, Abu residue) . = o oun
. ‘@}} AN — L @ N-terminal specificity bias
S M * < OR jve- i
g@ “4,@1 ' . ERE W Lite-coll latowsg @ Large amount of starting
‘ fv’ f;;, : Biotin Abu material needed

NN R

Figure 1.11. Mass spectrometry-based N-terminomics methods used for protease
substrates identification. Advantages and limitations of current techniques are presented for
COFRADIC, (117) TAILS (118) and subtiligase. The COFRADIC method takes advantage of
differential gel electrophoresis migration of protein fragments. TAILS uses a polymer to capture
all free amines. Subtiligase is a protein ligase used to enzymatically attach a biotin label to the
backbone N-termini of protein fragments. COFRADIC: combined fractional diagonal
chromatography; TAILS: terminal amine isotopic labeling of substrates.
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Positive selection enables the direct labeling and capture of native N-termini and neo-N-
termini on protein fragments. The difficulty arises from specifically labeling the backbone a-
amines while leaving the protein ¢-lysine side chains unmodified. An enzymatic N-terminomics
approach was developed in this regard to selectively attach a biotin probe to N-terminal
fragments generated by proteolysis. Subtiligase, an engineered peptide ligase generated from a
protease called subtilisin, (122) is able to efficiently catalyze ligation between N-terminal o-
amines with a peptide ester (or thioester tag; Fig. 1.11). In untreated or apoptotic Jurkat cells,
proteolytic fragments generated by cellular protease activation are N-terminally ligated by
subtiligase to a designed peptide ester substrate, containing a biotin molecule for immobilization
on avidin and a TEV protease cleavage site for release and recovery. Therefore, after trypsin
digestion, biotinylated peptides can be easily isolated and selected from internal and C-terminal
tryptic fragments for the following LC-MS/MS analysis. Importantly, the recovered peptides also
contain a unique non-naturally occurring amino acid (a-amino butyric acid, Abu) derivative tag
upon TEV protease cleavage, such that labeled peptides can be unambiguously distinguished

from background tryptic peptides.

Despite the robustness and low false discovery rate, this enzymatic subtiligase N-
terminomics approach also has limitations. For example, a large amount of sample is often
needed for effective enrichment and detection, often requiring milligrams of starting material due
to the low efficiency of the labeling reaction (although recent advances in LC-MS/MS technology
have reduced this requirement). Another major drawback is that subtiligase also has an intrinsic
substrate specificity for ligation. (123) While subtiligase has broader specificity and higher
catalytic efficiency than many peptide ligases, it still possesses prime-side preferences for
specific residues. (122) This would limit its application in N-terminal bioconjugation, causing an
under-representation of peptides. This issue was partly resolved by mutating subtiligase at

different residues to alter its P1' and P2’ specificity, allowing one to select from a cocktail of
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subtiligase mutants tailored to broaden subtiligase specificity. (123) Finally, since subtiligase N-
terminomics takes advantage of an enzymatic reaction as opposed to a chemical reaction, it is
possible to perform labeling in live cells. Weeks et al. applied plasma membrane-targeted

subtiligase variants to label cell surface N termini in living cells. (124)

1.3.3 Ubiquitin remnant enrichment

The study on protein ubiquitination has been historically challenging. Ubiquitin
modification is large (~8 kDa if monoubiquitinated), with rapid, reversible turnover and low levels
of steady-state conjugations. (125) Moreover, many ubiquitinated proteins are susceptible to
UPS-mediated degradation, requiring the need for additional proteasome inhibitors. To identify
ubiquitinated proteins at the proteome level, an affinity-tagged ubiquitin is usually
overexpressed in cells, and ubiquitinated substrates are co-immunoprecipitated using the
affinity tag. Alternatively, a ubiquitin-binding protein such as an anti-ubiquitin antibody or a
protein containing a ubiquitin-binding domain can be used to purify endogenously ubiquitinated

proteins.

Identifying ubiquitination sites takes additional steps. Conventional biochemical analysis
requires site-directed mutagenesis on individual lysines to determine ubiquitination outcome and
biological significance. Conveniently, the three C-terminal ubiquitin residues are arginine-
glycine-glycine (RGG), and the protease trypsin cleaves any peptide bonds C-terminal to
arginines or lysines. Trypsin digestion of a ubiquitin-linked protein results in a characteristic
peptide at the ubiquitination site, later named ubiquitin remnant motif. This motif includes a two-
residue glycine-glycine remnant from the ubiquitin C-terminal sequence, covalently bonded to
the e-amino group in the target lysine side chain via an isopeptide bond (Fig. 1.12a). (126) This
lysine modification 1) is resistant to trypsin proteolysis at its C-terminus, resulting in a miss-

tryptic peptide; 2) introduces a 114 Da mass increase. These peptides can therefore be
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identified as a ubiquitination signature when searching for the modification (+114 Da on an
uncleaved lysine) in a proteomic software. (125) Combining protein-level enrichment for
ubiquitinated proteins and mass spectrometry-assisted ubiquitin remnant motif identification has
enabled the successful identification of a select number of ubiquitination substrates and sites
(Fig. 1.12b; left) (Appendix B). (125, 127-130) However, as a protein typically only contains one
or a few ubiquitination sites, protein-level enrichment does not sufficiently reduce sample
complexity. This resulted in the identification of most co-immunoprecipitated peptides that were
not diGlycyl modified, hindering efficient and high-throughput endogenous ubiquitomics

characterization.
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Figure 1.12. Identification of protein ubiquitination sites by mass spectrometry. a) Trypsin
digestion of mono- or poly-ubiquitinated proteins leaves a diGlycyl modification on lysine side
chains, also known as a ubiquitin remnant. b) Ubiquitinated proteins can be enriched using an
anti-ubiquitin antibody, and digested to peptides for mass spectrometry identification.
Alternatively, the proteome can be digested to peptides and only diGlycyl peptides are enriched
for mass spectrometry analysis.

The revolutionary breakthrough in ubiquitomics arose from the anti-diGlycyl lysine
antibody generated by Xu et al., who immunized mice with diGly-modified histone and

subsequently screened hybridoma lines for antibodies. (131) They found that the hybridoma line
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GX41 generated monoclonal antibodies bound diGly lysines-containing proteins with high
specificity. Further research demonstrated that the antibody could also immunoprecipitate
diGlycyl-lysine containing peptides. (131) Cell Signaling commercialized this discovery named
PTMScan ubiquitin remnant motif kit, which allowed peptide-level, diGlycyl-modified-lysine-
specific immunoaffinity enrichment in a 1 mg cell lysate under a simple, robust and standardized
workflow (Fig. 1.12b; right). Using this strategy, an increasing number of studies have profiled
the cellular ubiquitome in biological processes, such as those associated with DNA damage,

(132) protein degradation (133) and turnover (134), and cowpox virus infection. (108)

It is however important to note that the ubiquitin remnant profiling approach does not
distinguish between ubiquitin and two other ubiquitin-like modifications, NEDD8 and 1ISG15.
These ubiquitin-like proteins also end in C-terminal arginine-glycine-glycine and leave identical
diGlycyl remnants on lysine side chains after trypsin digestion. Nonetheless, Kim et al.
demonstrated that 94% of endogenous diGlycyl peptides were derived from ubiquitination
versus neddylation or ISGylation in colon cancer epithelial cells HCT 116 by using ubiquitin-

specific protease 2 and NEDD8-activating enzyme inhibitor. (135)

A ubiquitination-specific antibody, UbiSite, was generated to differentiate between
ubiquitination and ubiquitin-like modifications. UbiSite recognizes the C-terminal 13 amino acids
of ubiquitin (ESTLHLVLRLRGG) after proteolytic digestion with LysC that cleaves C-terminal to
lysines. (136) Furthermore, UbiSite is not limited to modified lysines in its specificity, allowing for
the identification of N-terminal and other non-canonical ubiquitination sites. Using UbiSite,
Akimov et al. identified 63,000 unique ubiquitination sites on 9,200 proteins in Hep2 and Jurkat
cells including 103 N-terminally ubiquitinated proteins. Although UbiSite is the only known
antibody currently that allows distinct, unambiguous identification of ubiquitination sites, there
are limitations associated with this technique. For instance, the 13-residue epitope can hinder

peptide fragmentation efficiency and convolute sequence assignment. Relying on LysC only for
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proteolysis will also reduce digestion efficiency, leading to generation of peptides that are too
long for detection. Employing a combination of diGlycyl ubiquitin remnant and UbiSite can be

helpful in pinpointing exclusive ubiquitination sites.

1.3.4 Immunoprecipitation and proximity labeling

For the high-throughput identification of protein dynamic interactions, advanced mass
spectrometry-based methods are widely used. The most popular interactomics approaches are
affinity-purification coupled with mass spectrometry (AP-MS), and enzyme-catalyzed proximity

labeling such as BiolD (proximity-dependent biotin identification).

In AP-MS, a protein of interest (“bait”) is cloned into a construct containing an affinity tag,
and is overexpressed in mammalian cells. Agarose beads or magnetic agarose beads coupled
with an antibody against the affinity tag are used to pull down the bait in the cell lysate, and
therefore cellular proteins binding to the bait (“preys”) will be co-immunoprecipitated. The preys
can be eluted using acidic buffers (e.g. 0.1 M glycine, pH 2.8) or SDS-containing buffers and
heating, or directly digested to peptides for LC-MS/MS analysis (reviewed in (137)). The
drawback of AP-MS is its dependence on the affinity of preys to the bait, and therefore fails to

identify weak and transient protein interactions.

BiolD, on the other hand, employs the overexpression of the bait fused with a biotin
ligase BirA*, that allows promiscuous biotinylation of proteins in close proximity to the protein of
interest over a radius of 10 nm. (138) Further improvements of BirA* mutants and truncated
variants, such as TurbolD, miniTurbo (139) and microlD, (140) continue to reduce labeling time
and ligase size, increasing reaction efficiency and specificity. However, proximity labeling does
not distinguish between directly interacting and proximal proteins, and often leads to many false

positives.
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Computational scoring algorithms provide assessment of identified PPIs. The PPIs can
be divided into three categories: 1) biologically relevant interactions; 2) biologically irrelevant
interactions (physically existing but only due to sample preparation artifacts); and 3) false
positives (physically non-existing interactions detected by error). (137, 141) The aim of different
scoring algorithms is to reliably identify biologically relevant PPIs while reducing biologically
irrelevant PPIs and filtering out false positives. The mostly used scoring pipelines includes
Significance Analysis of INTeractome (SAINT), (142) Mass spectrometry interaction STatistics
(MiST) (143) and Comparative Proteomic Analysis Software Suite (CompPASS) (Table 1.1).

(144)

Algorithm Developers Pros Cons

e Not designed for intensity-
level protein quantification
calculation

e Default configuration
penalizes common
interactors unless trained

e Highly used for virus-
MiST Nevan Krogan host AP-MS
e Configurable weights

e Can integrate DIA-

Anne-Claude intensity level protein
Gingras and quantification : :
SAINT Alexey I. e Can boost scores based * Sometimes noisy
Nesvizhskii on interactions in
literature

J. Wade Harper e (Can assess prey
CompPASS and specificity by generating
Steven P. Gygi various scores

e Convoluted formula without
weight customization

Table 1.1. Comparing popular AP-MS scoring pipelines. SAINT: Significance Analysis of
INTeractome; (142) MiST: Mass spectrometry interaction STatistics; (143) CompPASS:
Comparative Proteomic Analysis Software Suite. (144)

These algorithms leverage computational methods to analyze AP-MS data to distinguish
biologically relevant interactions from noise, by calculating a composite score to assess prey

specificity, reproducibility and abundance (MiST and CompPASS), or assigning scores based
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on a probability distribution statistical model (SAINT). Each pipeline has advantages and

limitations, and the implementation is dependent on the sample and data type.

The improved version of the SAINT algorithm, SAINTexpress, was extended to directly
analyze intensity-based quantitative data. (145, 146) While the number of spectral counts is an
efficient mode of protein quantification, the level of peptide intensities, especially measured by
peptide fragment masses in data-independent acquisition, have been shown to be a more
accurate mode of quantification. (147, 148) In addition, interaction scores can be boosted using
known Gene Ontology associations between proteins, increasing confidence and our functional

understanding in the identified PPI networks.

1.4 Objective of the thesis

At the molecular level, virtually all steps of viral infection and replication are reflected in
changes of protein PTMs and PPIs. Identifying these changes will reveal mechanistic details of
viral pathobiology and highlight key viral and cellular factors involved. Thus, the objective of the
thesis was to employ specialized advanced mass spectrometry techniques to characterize
PTMs and PPIs in viral infection. In Chapters 2 and 3, | describe the identification of SARS-
CoV-2 protease substrates and changes in the global ubiquitome induced by VACYV infection. In
Chapter 4, | present a virus-host PPl network in MAYV infected cells. These findings underscore
the critical functions of PTMs and PPlIs in viral infections, offering new insights for the proteomic

intricacies in the virus-host interplay.
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Chapter 2: The role of viral protease-induced
proteolysis in SARS-CoV-2

Preface

Chapter 2 was adapted from a published manuscript:

Luo, S. Y.; Moussa, E. W.; Lopez-Orozco, J.; Felix-Lopez, A.; Ishida, R.; Fayad, N.;
Gomez-Cardona, E.; Wang, H.; Wilson, J. A.; Kumar, A.; Hobman, T. C.; Julien, O.
Identification of Human Host Substrates of the SARS-CoV-2 MP™ and PLP™ Using
Subtiligase N-Terminomics. ACS Infect Dis 2023, 9 (4): 749-761. DOI:
10.1021/acsinfecdis.2c00458

| was responsible for experimental design and optimizations, mass spectrometry analysis,
functional studies and manuscript composition. E.W.M. performed experiments related to PLpro.
A.K,, T.C.H. and O.J. contributed to conceptualization. Other authors assisted in experiments

such as sample collection, viral infection and stable cell line generation.
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2.1 Abstract

The recent emergence of SARS-CoV-2 in the human population has caused a global
pandemic. The virus encodes two proteases, Mpro and PLpro, that are thought to play key roles
in suppression of host protein synthesis and immune response evasion during infection. To
identify the host cell substrates of these proteases, active recombinant SARS-CoV-2 Mpro and
PLpro were added to A549 and Jurkat human cell lysates, and subtiligase-mediated N-
terminomics was used to capture and enrich protease substrate fragments. The precise location
of each cleavage site was identified using mass spectrometry. Here, we report the identification
of over 200 human host proteins that are potential substrates for SARS-CoV-2 Mpro and PLpro
and provide a global mapping of proteolysis for these two viral proteases in vitro (Fig. 2.1).
Modulating proteolysis of these substrates will increase our understanding of SARS-CoV-2

pathobiology and COVID-19.
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Figure 2.1. Graphical abstract of Chapter 2.
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2.2 Introduction

SARS-CoV-2 is the causative agent of the COVID-19 pandemic. SARS-CoV-2 is an
enveloped, positive-sense, single-stranded RNA virus in the family Coronaviridae, genus -
coronavirus. The genome of SARS-CoV-2 encodes at least 29 viral proteins including 4

structural proteins, 16 non-structural proteins (NSPs) and 9 accessory proteins.

Two of the viral proteins in SARS-CoV-2, NSP3 and NSP5, possess protease activity.
They cleave two overlapping viral polyproteins (pp1a and pp1ab) translated in the major open
reading frames ORF1a and ORF1b into the 16 NSPs (NSP1-16) in their active form. The NSPs
possess essential enzymatic activities in viral replication, including helicase and RNA-
dependent RNA polymerase. (see (149) for a review) Due to the critical role of the SARS-CoV-2
proteases, they are targets for antiviral drugs. GC376, a drug originally developed to treat feline
coronavirus, also inhibits the main protease of SARS-CoV-2 and effectively blocks viral
replication in cells. (64) Currently, Paxlovid (oral antiviral drug nirmatrelvir/ritonavir, Pfizer) is the

only approved COVID-19 treatment targeting the SARS-CoV-2 viral protease. (65—68)

The two SARS-CoV-2 proteases are named according to their catalytic and structural
similarities to other known enzymes. NSP3pro is also known as papain-like protease (PLpro)
and cleaves at only three sites in the polyproteins pp1a and pp1ab. NSP5pro or picornaviral 3C-
like protease (3CLpro), cleaves at eleven sites and is thus also referred to as the main protease
(Mpro). Both SARS-CoV-2 proteases are cysteine proteases. The active site of SARS-CoV-2
Mpro contains a Cys145-His41 catalytic dyad. Based on its native cleavage sequence
consensus in the polyproteins and its crystal structure, (150) Mpro preferentially cleaves after
glutamine (P1 = GIn, Schechter and Berger nomenclature), (43) which allows stabilization in its
S1 pocket by three hydrogen bonds. (151) Studies on SARS-CoV-1 Mpro show that cleavage
can also occur after histidine but with lower frequency. (152) PLpro has a canonical cysteine

protease catalytic triad Cys111-His272-Asp286, and is a multifunctional protein with both
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proteolytic and mainly deubiquitinating activities. (153, 154) It cleaves almost exclusively after
residues GlyGly at P1 and P2 positions, with high preference for hydrophobic residues in P4

(Leu in particular) and broader specificity in P3. (155)

In addition to proteolytic processing of viral polyproteins, viral proteases can cleave host
substrates to modulate immune evasion and host gene expression shutoff. (156, 157) Although
the interactomes of SARS-CoV-2 viral proteins have been well studied, (35, 36, 158) it is more
challenging to characterize the entire range of substrates of viral proteases using conventional
immunoprecipitation methods, since proteolysis can lead to substrate release and the
subsequent degradation of protein fragments. Even with a catalytically-dead protease mutant,

the protease-substrate interactions can be transient and difficult to detect.

A number of targeted studies have identified specific SARS-CoV-2 protease substrates
in the human proteome. For example, Shin and co-workers hypothesized that high sequence
homology between the SARS-CoV-1 and -2 proteases suggests that they may share common
substrates and reported that ubiquitin-like interferon stimulated gene 15 protein is cleaved by
SARS-CoV-2 PLpro. (55) Systematic screening of interferon stimulatory genes and human
innate immune pathway proteins showed that SARS-CoV-2 Mpro cleaves the E3 ligase BRE1A
(RNF20 gene), (58) NLRP12, TAB1, (59), and CARDS, (60) and PLpro also cleaves IRF3 to
dysregulate the host innate immune response. (59) Other researchers examined disrupted
cellular apoptosis and autophagy pathways. Wenzel et al. found that Mpro cleaves NEMO, an
essential modulator of NF-kappa-B signaling in brain endothelial cells, (61) while Mohamud et
al. reported that PLpro cleaves the protein kinase ULK1. (159) Another method to identify
potential viral protease targets is to search for short stretches of homologous host-pathogen
sequences in the human proteome. Using this technique, Reynolds et al. showed that PLpro
cleaves cardiac myosin proteins (MYH7 and MYHG6), FOXP3, HER4 and PROS1 in vitro, (160)

and Miczi et al. showed that Mpro cleaves C-terminal-binding protein 1. (161)
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N-terminomics profiling of Mpro and PLpro can facilitate identification of human proteins
potentially cleaved during SARS-CoV-2 infection on a greater scale. Meyer et al. characterized
proteome-wide viral cleavage events occurring in both SARS-CoV-2 infected African green
monkey kidney cells (Vero E6) and human lung carcinoma cells overexpressing the virus entry
receptor (A549-ACE?2). (162) Refining the cleavage sites to match viral protease specificities,
they identified 14 putative Mpro and PLpro substrates. Further biochemical analysis confirmed
Mpro cleavage of pinin, phosphoribosylaminoimidazole carboxylase (PAICS gene) and golgin

A3 (GOLGA3 gene), whereas PLpro cleaves the protein kinase Src.

When a purified recombinant viral protease is incubated with human cell lysates, N-
terminomics methods, such as terminal amine isotopic labeling of substrates (TAILS), (163) can
be used to identify protease cleavage sites. Using this method, Koudelka et al. identified 318
unique protein substrates of SARS-CoV-2 Mpro in lung epithelial carcinoma cells and
pulmonary microvascular endothelial cells, but did not validate these substrates in infected cells.
(62) Also using TAILS, Pablos et al. profiled 101 Mpro substrates in human embryonic kidney
cells and lung epithelial cells treated with antiviral type | interferons. (63) They further
characterized and performed functional studies on several of these Mpro substrates such as
PTBP1 and the RNA polymerase, RPAP1, which are proteins involved in host transcription and
translation. They confirmed the Mpro cleavage of proteins in the Hippo signaling pathway: the
transcriptional coactivator YAP1, protein kinase MAP4K5, CREB1 and ATF-1, as well as

proteins involved in the antiviral response, such as galectin-8 and FYCO1.

Here, we employed an enzyme-mediated N-terminomics approach for the
comprehensive identification of potential substrates of SARS-CoV-2 Mpro and PLpro in the
human proteome. Using subtiligase-mediated N-terminomics in cell lysates, we identified 191
and 16 putative substrates of SARS-CoV-2 Mpro and PLpro, respectively. The enzymatic-

labeling approach presented here is unique and complementary to the known SARS-CoV-2
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degradome reported by other groups. By comparing our results to previous studies, we have
generated a list of all current SARS-CoV-2 protease substrates reported thus far, thereby filling
the gap of uncharacterized Mpro and PLpro interactomes. There is still a need for additional
antivirals for COVID-19 patients, and the characterization of SARS-CoV-2 protease cellular

targets will help us better understand the fundamental virology of SARS-CoV-2.

2.3 Materials and methods

2.3.1 SARS-CoV-2 Mpro expression and purification

The recombinant His6-GST-dual-tagged SARS-CoV-2 Mpro expression plasmid in the
pGEX-6P-1 vector was cloned and kindly gifted by Dr. Rolf Hilgenfeld’s lab. (150) The plasmid
was transformed into Escherichia coli strain BL21-Gold (DE3) cells (Novagen). Cells were
grown in LB media supplemented with 100 ug/mL ampicillin at 37°C to an ODeqo at 0.8.
Protease expression was induced with 0.5 mM IPTG at 37°C for 5 hours. Cells were harvested
by centrifugation at 6,000 x g and lysed by EmulsiFlex (Avestin). The cell lysates were clarified
by centrifugation, and the soluble fraction was purified by HisTrap FF column (5 mL; Cytiva).
The eluants were pooled and dialyzed with 10 units of PreScission protease (Cytiva) per mg of
target protein. The cleaved proteins were applied to connected GSTrap FF (1mL; Cytiva) and
Talon (1mL; Cytiva) columns. The flow-through was collected and concentrated using Amicon
Ultra 15 centrifugal filters (10 kDa). The purified untagged proteins were diluted with glycerol,

flash frozen in liquid nitrogen and stored at -80°C.

2.3.2 SARS-CoV-2 PLpro expression and purification

The GST-tagged SARS-CoV-2 PLpro expression plasmid in the pGEX-6P-1 vector was
graciously gifted by Dr. Shaun K. Olsen’s lab. (155) The plasmid was transformed in the
Escherichia coli strain BL21(DE3)pLysS. Cells were grown in LB media supplemented with 100

Mg/mL ampicillin and 25 pug/mL chloramphenicol at 37°C with 250 rpm shaking to an ODeg at
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0.8. The media was supplemented with 0.1 mM zinc sulfate to increase protein stability, and
protein expression was induced with 0.5 mM IPTG 18°C with 200 rpm shaking for 16 hours. The
cells were harvested by centrifugation at 6,000 x g for 15 minutes at 4°C and subsequently
lysed in binding buffer (50 mM Tris pH 7.5, 300 mM NaCl, 2 mM 2-mercaptoethanol) by
EmulsiFlex (Avestin). The lysates were clarified by centrifugation and the soluble fraction was
purified GSTrap HP column (5 mL; Cytiva). The eluants in elution buffer (50 mM Tris pH 7.5,
300 mM NacCl, 2 mM 2-mercaptoethanol, 100 mM reduced glutathione) were pooled and
dialyzed for 12 hours with 10 units GST-PreScission protease (Cytiva) per mg of target protein,
or 1 mg protease per 50 mg target protein, in dialysis buffer (50 mM Tris pH 7.5, 300 mM NaCl,
1 mM EDTA, 1 mM DTT). The cleaved proteins were purified by GSTrap HP column (5 mL;
Cytiva). The flow-through and wash fractions were pooled and concentrated by Amicon Ultra 15
centrifugal filters (10 kDa). The purified untagged protease was diluted to 10% glycerol, flash

frozen in liquid nitrogen and stored at -80°C.

2.3.3 Synthesis of coumarin fluorescent probe

A total of 200 mg of Rink Amide AM resin (0.89 mmol/g) were transferred to the reaction
cartridge (Poly-Prep Chromatography Column, Bio-Rad) and 6 mL of dichloromethane (DCM)
were added to the resin for swelling (30 min with constant mixing). DCM was removed by
vacuum filtration and the resin was washed three times with dimethylformamide (DMF), one

time with methanol, one time with DCM and a final wash with DMF (6 mL per wash).

The Fmoc-group was removed with 6 mL of 20% (v/v) Piperidine in DMF. The resin and
deprotection solution were gently agitated for 30 min. After that, the solution was removed by
vacuum filtration and the resin was washed five times with DMF (6 mL per wash). After the final
wash, a Kaiser test (ninhydrin test) was performed to confirm the removal of the Fmoc-group.

The Kaiser test reagents were prepared according to manufacturer’'s recommendations
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(AAPPTec). For Reagent A, 16.5 mg of potassium cyanide (KCN) were dissolved in 25 mL of
distilled water. A 1:50 dilution was made with 1 mL of the KCN solution and 49 mL of pyridine.
For Reagent B, 1 g of ninhydrin was dissolved in 20 mL of butanol. The Reagent C contains 20g
of phenol in 10 mL of n-butanol. A few beads were transferred to a 1.5 mL Eppendorf tube.
Three drops of each reagent were added. The mixture was heated for 3 min at 95°C in a
heating block. The presence of a blue color indicates deprotection of the resin. Addition of the
Fmoc-ACC group was carried out according to Poreba et al. with a few modifications. (164) A
mixture of Fmoc-ACC-OH (0.35 mmol, 2 eq), HATU (0.35 mmol, 2 eq) and Collidine (0.53
mmol, 3 eq) in 3 mL of DMF was added to the resin. The cartridge was protected from light with
aluminum foil and incubated with gentle agitation for 24h. Next day, the mixture was removed by
vacuum filtration and the resin was washed five times with DMF (6 mL per wash). Two extra
ACC additions were carried out using the same conditions. Kaiser test was performed at the

end to confirm coupling completion.

The sequence used for the probe corresponds to the most preferred substrate for Mpro,
Ac-Abu-Tle-Leu-GIn-ACC. (151) Each step addition was done for 2h with constant mixing using
the Fmoc-protected version of each residue (1.75 mmol, 10 eq), HATU (1.75 mmol, 10 eq) and
Collidine (1.75 mmol, 10 eq) in 5 mL of DMF. Followed by Fmoc-group removal for 15 min with
20% (vol/vol) Piperidine in DMF (1.2 mL of Piperidine in 4.8 mL of DMF). Five DMF washes at
the end of addition and deprotection steps were done (6 mL each). The completion of the
reaction was monitored with the Kaiser test. After the final deprotection, capping of the N-termini
was done with 6 mL of the acetylation mixture (Acetic anhydride, Pyridine and DMF in a
20:20:60% v/v/v) for 30 min with constant mixing. Once Kaiser test was negative (yellow color in
solution and beads), the resin was washed five times with 6 mL of DMF and three times with 6
mL of DCM. The resin was dried by vacuum filtration for 1h. Cleavage of the final product was

carried out for 2h with constant mixing with 5 mL of the cleavage solution,
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TFA/H20/Tripropylsilane (95:2.5:2.5% v/v/v). The solution was recovered and precipitated in 40
mL of cold Diethyl ether for 1h. Tube was spun down at 8000xg for 20 min. The pellet was
resuspended in ACN/H20 (50/50% v/v) and lyophilized until fully dry. The purity of the substrate
was confirmed by MALDI-TOF (Autoflex speed MALDI-TOF, Bruker). The final ACC probe was
dissolved in DMSO at a final 10 mM concentration and stored at -80°C. Similarly, the probe of
sequence Ac-Leu-Arg-Gly-Gly-ACC was synthesized for PLpro, (155) and stored at -80°C in

DMSO at a final concentration of 1 mM.

234 SARS-CoV-2 Mpro activity assay

Activity assays were performed in 96-well standard opaque plates using microplate
reader (SpectraMax M3; Molecular Devices) in assay volumes of 100 pL. In cell-free assays, 20
mM Tris-HCI, pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM dithiothreitol
(DTT) was used as the assay buffer. To assay in cell lysates, cells were lysed by probe
sonication in lysis buffer (20 mM Tris-HCI, pH 7.5, 0.1% Triton x-100 and 10 mM DTT with
protease inhibitors [5 mM EDTA, 1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride
(AEBSF), 1 mM phenylmethanesulfonyl fluoride (PMSF), and 20 yM z-VAD-fmk (N-
Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl ketone]. Cell lysates were clarified by
centrifugation and the soluble fraction was taken as the assay buffer. Final concentrations of 0.5
MM purified SARS-CoV-2 Mpro and 2 uyM of coumarin probe Ac-Abu-Tle-Leu-GIn-ACC
dissolved in DMSO were added to the buffer, with a final [DMSO] of 0.2%. The PMT gain was
set to low with reads in 30 s intervals for 1 hour, at Aexcitation of 355 nm and Aemission of 460

nm.

2.3.5 SARS-CoV-2 PLpro activity assay

Activity assays were performed in 96-well standard opaque plates using a microplate

reader (SpectraMax M3; Molecular Devices) in assay volumes of 100 pL. In cell-free assays, 20
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mM Tris-HCI, pH 8.0, 5 mM NaCl and 5 mM DTT was used as the assay buffer. To assay in cell
lysates, cells were lysed by probe sonication in lysis buffer (20 mM Tris-HCI, pH 8.0, and 0.1%
Triton x-100 with protease inhibitors [5 mM EDTA, 1 mM AEBSF, 1 mM PMSF, and 4 mM
iodoacetamide (IAM) with 30 min incubation in the dark]. IAM was quenched with 20 mM DTT
then the cell lysates were clarified by centrifugation and the soluble fraction was taken as the
assay buffer. Final concentrations of 5 uM purified SARS-CoV-2 PLpro and 10 uM of coumarin
probe Ac-Leu-Arg-Gly-Gly-ACC dissolved in DMSO were added to the buffer, with a final
[DMSO] of 1%. The PMT gain was set to low with reads in 30 s intervals for 3 hours, at

Aexcitation of 355 nm and Aemission of 460 nm.

2.3.6 Cell culture

A549 and Jurkat (ATCC) were cultured respectively in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco #11995-065) and Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco #11875-093), supplemented with 10% fetal bovine serum, 100 U/mL penicillin

and 100 ug/ml streptomycin, and 2 mM L-glutamine.

2.3.7 N-Terminal labeling and enrichment

The expression constructs for subtiligase expression (WT and M222A mutants) were a
gift from Jim Wells (University of California San Francisco) and Amy Weeks (University of
Wisconsin-Madison). (123) Jurkat (5 x 10°) and A549 (2.5 x 10°) cells were respectively used in
each corresponding replicate. Cells were harvested by centrifugation and lysed by gentle probe
sonication in lysis buffer to maintain native protein fold (20 mM Tris-HCI, pH 7.5, 0.1% Triton x-
100 and 10 mM DTT with protease inhibitors [5 mM EDTA, 1 mM AEBSF, 1 mM PMSF] for
Mpro and 20 mM Tris-HCI, pH 8.0, and 0.1% Triton x-100 with protease inhibitors [5 mM EDTA,
1 mM AEBSF, 1 mM PMSF, 4 mM IAM subsequently quenched with 20 mM DTT prior to

addition of PLpro] for PLpro). In Jurkat cell lysates, we also added 20 uM z-VAD-fmk to
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irreversibly inhibit endogenous caspases prior to adding SARS-CoV-2 Mpro. Cell lysates were
clarified by centrifugation. For PLpro, 10X assay buffer (200 mM Tris-HCI, pH 8.0, 50 mM NacCl,
50mM DTT) was added 1:10 to clarify the lysate. 0.5 yM of purified SARS-CoV-2 Mpro or 5 yM
of purified SARS-CoV-2 PLpro was added to the soluble cell lysates for 2 h incubation, with
aliquots taken out to monitor protease activity as a function of time. N-terminal labeling was then
performed with 1 uM stabiligase WT, 1 uM subtiligase M222A, and 1 mM TEVest6 (123) for 1 h.
Tagged protein fragments were precipitated using acetonitrile, then denatured (8 M Gdn-HCI)
and reduced (5 mM TCEP), and thiols were alkylated (10 mM IAM), before ethanol precipitation.
Biotinylated N-terminal peptides were then captured with NeutrAvidin agarose beads
(ThermoFisher) for 24 h. The beads were washed using 4 M Gdn-HCI, trypsinized, and peptides
were released from the beads using TEV protease. The TEV protease was precipitated using

2.5% TFA, and the peptides were desalted with using C18 Ziptips (Rainin).

2.3.8 Mass spectrometry analyses

Peptides were separated using a nanoflow-HPLC (Thermo Scientific EASY-nLC 1200
System) coupled to Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher
Scientific). A trap column (5 um, 100 A, 100 um x 2 cm, Acclaim PepMap 100 nanoViper C18;
Thermo Fisher Scientific) and an analytical column (2 ym, 100 A, 50 ym x 15 cm, PepMap
RSLC C18; Thermo Fisher Scientific) were used for the reverse phase separation of the peptide
mixture. Peptides were eluted over a linear gradient over the course of 120 min (or 90 min for
the PLpro Jurkat dataset) from 3.85% to 36.8% acetonitrile in 0.1% formic acid. 2 replicates of
Mpro N-terminomics in Jurkat lysates were injected on the MS with and without the installation
of FAIMS Pro interface (Field Asymmetric lon Mobility Spectrometry) to broaden protein
coverage. Data were analyzed using ProteinProspector (v5.22.1) against the concatenated
database of the human proteome (SwissProt.2017.11.01.random.concat), with maximum false

discovery rate 1% for peptides. The peptides were searched at a maximum of 3 missed trypsin
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cleavages with TrypsinPro digest specificity relaxed at peptide N-termini. Search parameters
included a precursor mass tolerance of 15 ppm, a fragment mass tolerance of 0.8 Da, precursor
charge range of 2-5, with the constant modification carbamidomethylation (C), and variable
modifications of and Abu (N-term), deamidated (N/Q), and oxidation (M). The maximum number
of variable modifications was set to 3. MS data are available through MassIVE: MSV000088583

and MSV000088584 (Mpro), and MSV000090124 and MSV000090125 (PLpro).

2.3.9 In vitro cleavage assays of putative substrates

HEK293T and HEK293T-ACE2 cells were transiently transfected with plasmid GFP-
BRD2 (Addgene #65376) or FLAG-SFPQ (Addgene #166960) using Polyplus jetOPTIMUS DNA
transfection reagent, lifted using 0.5 mM EDTA and pelleted. Jurkat and A549 cells were
cultured, lifted using 0.5 mM EDTA, pelleted by centrifugation, and lysed in the same lysis buffer
used in the N-terminomics protocol above. The cell lysates were incubated with or without the
active recombinant SARS-CoV-2 Mpro and PLpro, with activity assays to monitor protease
activity in parallel. Aliquots of the cell lysates were taken at time points 0, 1, and 2 h, and
reactions were quenched by boiling with the 5X Laemmli buffer for 5 min. The GFP-BRD2
Q206A plasmid was generated using site-directed mutagenesis with the forward oligo:
GCCAAGTTGGCAGCGCTCGCGGGCAGTGTTACCAGTG and reverse oligo:
CACTGGTAACACTGCCCGCGAGCGCTGCCAACTTGGC to mutate codon CAG to GCG
(oligos purchased from IDT). The thermocycle was performed on 50 ng GFP-BRD2 (Addgene,
#65376) and pfu (Truin Science Ltd., #ETS4020) with 5 min initial denaturation at 95°C, 17
cycles of 50 s denaturation at 95°C, 50 s of annealing at 50°C, and 16 min of extension of 68°C,
and final extension at 68°C for 10 min. The PCR product was incubated with Dpnl, and

transformed in DH5a cells. The final extracted plasmid was Sanger sequenced.
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2.3.10 Stable cell line generation and viral infection

Stable cell line generation and viral infection. HEK293T-ACE2, A549-ACE2 and H23-
ACEZ2 stable cell lines and SARS-CoV-2 infection were performed as described previously.
(165) SARS-CoV-2 (hCoV-19/Canada/ON-VIDO-01/2020; GISAID accession no.
EPI_ISL_425177) was kindly provided by Darryl Falzarano (Vaccine and Infectious Disease
Organization, Saskatoon, Canada). HEK 293T-ACE2 and A549-ACE2 cells were developed by
electroporating a human ACE2 encoding plasmid (Addgene #1786; a gift from Hyeryun Choe).
The cells were passaged six times in culture, surface-stained for ACE2 (goat anti-ACE2; AF933-
SP; R&D Systems), and the highest 2% of cells expressing ACE2 were sorted from the bulk
population. Virus culture and experiments were performed according to level 3 containment
procedures. Virus stocks were generated and titrated (by plaque assay) in Vero E6 cells, and

HEK293T-ACE2, A549-ACE2 and H23-ACEZ2 cells were infected using MOI = 1.

2.3.11 Immunoblot

SARS-CoV-2 infected cell lysates and cell lysates incubated with SARS-CoV-2 Mpro
and PLpro were loaded on 7.5% or 10% SDS-PAGE gels. After separation, proteins were
transferred onto 0.45 pm nitrocellulose membranes (BioRad), blocked in 2.5% fish skin gelatin
in TBS at RT for 1 h, then incubated with primary antibodies diluted in 2.5% fish skin gelatin in
TBST at 4°C overnight. The membrane was washed 3X with TBS for 5 min, and incubated with
secondary antibodies diluted in 2.5% fish skin gelatin in TBST at RT for 1 h. The membrane was
washed again 2X with TBST and 1X with TBS for 5 min before viewing on the LI-COR Odyssey
imaging system. Antibodies and mammalian plasmids used in this study are presented in Table

2.1. For full uncropped immunoblot images see Appendix A.
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Acc# |Gene Name Sources Catalog # |Plasmids for overexpression studies
Q13263 [TRIM28 R&D Systems |MAB7785 https://www.addgene.org/45569/
Proteintech 16820-1-AP |https://www.addgene.org/45907/
Q7Z2W4 |ZC3HAV1
GeneTex GTX120134 |https://www.addgene.org/45906/
P52948 |NUP98 Wozinak Lab -
P25440 |BRD2 Abcam ab139690 https://www.addgene.org/65376/
Q53GL7 |PARP10 LSBio LS-C747885 |-
P23246 |SFPQ Thermo Fisher |PA519663  |https://www.addgene.org/166960/
: : e o
P42212 |GFP Abcam ab6673 -
P04406 |GAPDH Cell Signaling 2118 -
P68363 |a-tubulin Cell Signaling 3873 -
Q93H4B7 |B-tubulin Sigma T5293 -
P60709 |B-actin Abcam ab8224 -

Table 2.1. Antibodies and plasmids used in the study.

24 Results

To identify the host substrates of SARS-CoV-2 Mpro and PLpro and their corresponding
cleavage sites, we used a subtiligase-mediated N-terminomics approach to positively enrich the
newly generated N-termini from cleaved proteins in human cell lysates (123, 166) (Fig. 2.2).
Nascent N-termini were enzymatically labeled with a biotinylated peptide ester using subtiligase,
allowing for the subsequent positive enrichment of biotinylated proteins on immobilized
neutravidin beads. The proteins were further digested by trypsin, and the bound N-terminal
peptides were released from the beads by cleavage at a tobacco etch viral (TEV) site
engineered into the biotin ester tag. This leaves a unique N-terminal a-aminobutyric acid (Abu)
modification on the peptides allowing for unambiguous and precise identification of SARS-CoV-

2 protease cleavage sites using LC-MS/MS.
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Figure 2.2. Identification of SARS-CoV-2 Mpro and PLpro host substrates in in vitro
subtiligase N-terminomics. Active recombinant Mpro or PLpro was added to human cell
lysate, generating protein cleavages that were labeled with a designed biotinylated peptide ester
by subtiligase. After enrichment by neutravidin, trypsin and TEV protease were added for the
release of labeled peptides with a unique N-terminal mass tag Abu (a-aminobutyric acid),
allowing for identification of viral protease cleavage sites in LC-MS/MS.

241 Activity assay in cell lysates

We used two different cell lines, A549 (adenocarcinomic human alveolar basal epithelial
cells) and Jurkat (human T lymphocyte cells) to compare the results across different cell origins
and increase substrate identification in human proteomes. To ensure the purified recombinant
protease was active in cell lysates, we monitored its proteolytic activity using a fluorescence
activity assay. The optimal P4-P1 substrates of SARS-CoV-2 Mpro and PLpro were previously
identified via substrate specificity screening. (151, 155) Coumarin probes based on these
sequences were used to test recombinant protease activities: Ac-Abu-Tle-Leu-GIn-ACC was
incubated with purified Mpro, and Ac-Leu-Arg-Gly-Gly-ACC with PLpro in both cell-free
environment and in cell lysates (Fig. 2.3, 2.4). Following optimization, the viral proteases were
able to cleave the coumarin probes in the complex cellular environment, demonstrating

comparable fluorescence signals to cell-free assays.
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Figure 2.3. Plasmid construct, protein expression an

(155) and is consistent with previously reported value. (1

0:20 0:40 1:00
Time (h)

d purification of SARS-CoV-2 Mpro.
a,b) SARS-CoV-2 Mpro was expressed and purified by affinity purification with authentic N- and

C-termini. ¢) The fluorescence activity assay was carried out using the optimal coumarin
substrate Ac-Abu-Tle-Leu-GIn-ACC. d) The enzyme kinetics assay was performed using 0.09
MM Mpro, and 0.78 to 50 uM coumarin substrate in 100 yL total assay volume. The kcat/KM
was calculated using the linear region of the Michaelis-Menten curve kcat/KM = slope / [E],

51) e) The protease activity was
monitored in parallel with the reverse N-terminomics, in cell-free conditions and cell lysates with

0.5 yM Mpro and 2 yM coumarin substrate, showing that it was proteolytically active.
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Figure 2.4. Protein expression, purification and activity of PLpro. a) PLpro expression and
purification was conducted using a plasmid encoding for the protease domain of Nsp3 with an
N-terminal GST tag. GST-PLpro is purified from E. coli lysates using a glutathione sepharose
column. The GST tag is removed in an overnight dialysis using a PreScission protease. b) Prior
to removal of the GST tag, GST-PLpro is collected in the elution fractions. Following GST tag
removal, the PreScission protease and GST-tag remain bound to the column and collected in
the second elution while PLpro is obtained in the unbound fractions. ¢) The fluorescence activity
assay was carried out using the optimal coumarin substrate Ac-Leu-Arg-Gly-Gly-ACC (see Fig.
2.2). The enzyme kinetics assay was performed using 0.5 uM PLpro, and 0.78 to 20 uM
coumarin substrate in 100 uL total assay volume. The kcat/KM was calculated using the linear
region of the Michaelis-Menten curve kcat/KM = slope / [E]. (155) d) The activity of 5 uM PLpro

was measured using 10 uM of the coumarin substrate in buffer, A549 and Jurkat cell lysates.
Performed by Eman W. Moussa.
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24.2 |[dentification of Mpro substrates

Since primary T lymphocytes have been previously reported to be infected by SARS-
CoV-2, (167) and Jurkat cells were a convenient suspension cell model for cell expansion, we
first performed two N-terminomics replicates in Jurkat cell lysates to identify human host
substrates of the Mpro. We discarded labeled peptides with N-termini located within the first four
residues from the start of a protein sequence in order to focus our analysis on endoproteolytic
sites (e.g. to avoid protein start sites and methionine removal). In the Jurkat proteome, we were
able to identify 746 labeled unique cleavages in 600 host substrates. We then searched for
cleavage sites with GIn and His residues at P1 position only (P1=Q/H), which correspond to
Mpro specificity. (151) This yielded 154 unique cleavages in 146 substrates, exhibiting a 20.6%
enrichment at P1=Q/H from background protease activity (Fig. 2.5a). To expand the host
proteome targeted by Mpro, we performed two experimental replicates with lung epithelial cells
(A549) and identified 2283 unique labeled cleavage sites. Of these, 210 cleavage sites in 196
substrates contained P1=Q/H, corresponding to an enrichment rate of 9.0% (Fig. 2.5a).
Interestingly, the enrichment rate of Mpro-specific cleavage sites in A549 was lower than in
Jurkat, but still higher than untreated lysates with endogenous proteases that typically showed a
P1=Q/H at 3.9% (2.5% and 1.4%, respectively). (168) This suggested that the added Mpro was
active in cell lysates and cleaved human substrates. Combining labeled cleavages with P1=Q/H
in A549 and Jurkat, we found 334 unique sites (Fig. 2.6). However, we hypothesized that a new
emerging virus such as SARS-CoV-2, would cleave host substrates at new sites i.e. sites not
identified in previous N-terminomics experiments. Therefore, we used the DegraBase (169) to
eliminate sites previously observed in healthy and apoptotic cells in subtiligase-based N-
terminomics experiments. These included background proteolysis in human cells due to the
incomplete inhibition of endogenous proteases. In addition, we could narrow down the list of
Mpro substrates by identifying cleavage sites found in the PLpro dataset matching Mpro

specificity, and vice versa. In total, we estimated that 39% of cleavage sites featuring P1=Q/H
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may not be directly attributed to the Mpro activity (Fig. 2.6a, 131/334 cleavage sites). While
these cleavages may result from background proteolysis of the host cells, we also cannot rule
out that the viral proteases may be targeting the same sites as the host proteins. Ultimately, we
focused our analysis on the 157 cleavage sites where P1=Q and 46 where P1=H, found in 148
and 46 host substrates, respectively (for a total of 191 substrates as three substrates contain
both P1=Q and P1=H cleavage sites). Overall, we observed 203 unique cleavage sites

(P1=Q/H) in 191 human substrates cleaved by the Mpro of SARS-CoV-2 in vitro.
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Figure 2.5. Identification of SARS-CoV-2 Mpro substrates. a) N-terminomics statistics of two
A549 replicates (left) and of two Jurkat replicates (right). In A549, 2283 unique cleavages were
labeled, and 210 sites in 196 host proteins correspond to SARS-CoV-2 Mpro specificity with GIn
or His at P1 residue (P1=Q/H) at 9.2% enrichment rate. In Jurkat, 746 unique labeled cleavages
were identified with 154 sites at P1=Q/H in 146 proteins, showing an enhanced enrichment at
21%. b) IceLogo showing P4-P4' residue enrichment in all labeled cleavage sites in A549 (left)
and Jurkat (right), and c¢) in sites where P1=Q/H only. d) Venn diagram showing the overlap in
P1=Q/H cleavages between the A549 and Jurkat proteomes.
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Figure 2.6. Identification of SARS-CoV-2 Mpro and PLpro substrates using subtiligase N-
terminal labeling. a) N-terminomics statistics of two Jurkat and two A549 replicates for each of
Mpro (left) and PLpro (right). For Mpro, 2870 unique labeled cleavages were identified with 334
sites at P1=Q/H in 308 proteins, showing an enhanced enrichment at 12%. For PLpro, 3884
unique labeled cleavages were identified with 438 sites at P1=G and 22 sites at P1,P2=G in 330
and 20 proteins, respectively, showing enrichment for P1=G at 11%. For each viral protease,
the number of Mpro and PLpro substrates unique to each protease is also reported. b) IceLogo
showing P4-P4' residue enrichment for Mpro with P1=Q/H (left) and for PLpro with P1,P2=G

(right).
24.3 Identification of PLpro substrates.

We conducted similar experiments with PLpro. We performed two replicates in A549 and
Jurkat cell lysates and identified 3884 labeled unique cleavage sites in 2000 human proteins
(Fig. 2.6). We then looked for cleavage sites with Gly in the P1 position only or with Gly in both
P1 and P2 positions, corresponding to the known PLpro specificity. (155) We identified 438
unique cleavages in 330 host proteins corresponding to a 11.2% enrichment of P1=G, and 22
unique cleavages in 20 proteins corresponding to a 0.65% enrichment of P1,P2=G (Fig. 2.6).
Additionally, by comparing these results to the DegraBase and removing any cleavage sites

with P1,P2=G detected in the Mpro N-terminomics experiments, we identified 16 unique
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cleavage sites that have not been previously observed in healthy and apoptotic cells by

subtiligase-based N-terminomics (Table 2.2). Of particular interest, 11 of these featured a Leu

at P4 (LxGG motif). By comparison, only one LxGG cleavage site was observed in the Mpro

dataset. Overall, we identified 16 new cleavage sites at P1,P2=G in 16 putative substrates in

SARS-CoV-2 PLpro in vitro N-terminomics, with 11 featuring a LxGG motif.

Acc #

P4-P1| P1'-P4’

Gene

Protein Name

Subcellular Localization

000487

LGGG1o |MPGL

PSMD14

26S proteasome non-
ATPase regulatory subunit

14

Cytosol, extracellular region,
nucleoplasm, nucleus

QONVZ3

AVGG211 | SLVQ

NECAP2

Adaptin ear-binding coat-
associated protein 2

Cytoplasmic vesicle (clathrin-
coated vesicle membrane), cell
membrane

P04632

LKGG11 | GGGG

CAPNSA1

Calpain small subunit 1

Cytoplasm, cell membrane

P22626

NQOGG281 | GYGG

HNRNPA2B1

Heterogeneous nuclear
ribonucleoproteins A2/B1

Nucleus, nucleoplasm,
cytoplasm, cytoplasmic granule,
secreted (extracellular exosome)

P05787

YAGG422 | LSSA

KRT8

Keratin, type Il cytoskeletal
8

Cytoplasm, nucleus
(nucleoplasm), nucleus matrix

Q6PKGO

LPGG12 |ATLL

LARP1

La-related protein 1

Cytoplasm, cytoplasmic granule

QouJu2

LSGG7 | GGGG

LEF1

Lymphoid enhancer-binding

factor 1

Nucleus

P22059

LGGGz23 |GAGP

OSBP

Oxysterol-binding protein 1

Cytoplasm (cytosol, perinuclear
region), golgi apparatus
membrane, endoplasmic

reticulum membrane, golgi
apparatus (trans-Golgi network)

014908

LGGGsg | GSGG

GIPC1

PDZ domain-containing

protein GIPC1

Cytoplasm, membrane

Q7L014

LRGGggq | TILA

DDX46

Probable ATP-dependent
RNA helicase DDX46

Nucleus speckle, nucleus (Cajal
body), membrane

015234

LRGGs33 |GSCS

CASC3

Protein CASC3

Cytoplasm (perinuclear region,
stress granule, cytoplasmic
ribonucleoprotein granule),

nucleus, nucleus speckle, cell

projection (dendrite)

060610

LPGGe24 | VCIS

DIAPH1

Protein diaphanous

homolog 1

Cell membrane, cell projection
(ruffle membrane), cytoplasm
(cytoskeleton, microtubule
organizing center, centrosome,
spindle), nucleus

55




Acc # P4-P1 | P1'-P4’ Gene Protein Name Subcellular Localization

AOAOB4J2F0| IAGG;; |VYIF PIGBOS1 Protein PIGBOS1 Mitochondrion outer membrane

P35637 GSGG192 | GYGN FUS RNA-binding protein FUS Nucleus

Splicing factor, proline- and |Nucleus speckle, nucleus matrix,

P23246 | LGGGe:IGGIG | SFPQ glutamine-rich cytoplasm

Ubiquitin-60S ribosomal

P62987 LRGGrs |IIEP UBAS52 protein L40

Cytoplasm, nucleus

Table 2.2. Putative substrates of SARS-CoV-2 PLP™,
244 SARS-CoV-2 Mpro cleaves BRD2

The Bromodomain and Extra-Terminal (BET) domain family of proteins is known to 1)
regulate gene expression by interacting with acetylated histones and 2) facilitate RNA
polymerase |l transcription (see ref. (170) for a review). In SARS-CoV-2, multiple studies
reported that BET proteins can have both pro- and anti-viral effects. (35, 171, 172) In our N-
terminomics experiment, we observed bromodomain-containing protein 2 (BRD2) cleavage by
Mpro after Q206 (AALQ|GSVT) in Jurkat cell lysates. We investigated BRD2 cleavage by
immunoblot in both Jurkat cell lysates and lysates of HEK293T-ACE2 cells overexpressing
GFP-tagged BRD2. We observed the appearance of a cleavage product matching the molecular
weight of the N-terminal fragment of BRD2 after cleavage at Q206 following a 2h incubation with
Mpro (23 kDa, 50 kDa with GFP) (Fig. 2.7b,c). To confirm this cleavage site, we overexpressed
the mutant GFP-BRD2 Q206A and did not observe the cleavage product (Fig. 2.7¢). In addition,
no cleavage product was observed for GFP-BRD2 when incubated with Mpro in the presence of
the Mpro inhibitor GC376 (Fig. 2.8). (64) Collectively, these results confirmed that BRD2 is a
Mpro substrate. To examine the effect of viral infection on the level of host BRD2, we infected
three cell lines (A549-ACE2, HEK293T-ACE2 and H23-ACE2) with SARS-CoV-2, and saw a
decrease in full-length BRD2 levels compared to uninfected control (Fig. 2.7d,e, Fig. 2.9), and
the presence of a cleavage product in infected HEK293T-ACE2 and H23-ACE2 (Fig. A.1d, Fig.

2.9b).
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Figure 2.7. Proteolysis of BRD2 by Mpro in vitro and in SARS-CoV-2 infected cells. a)
BRD2 contains Bromo 1, Bromo 2, and N-terminal extra terminal (NET) domains. Our N-
terminomics study identified Mpro cleavage site in BRD2 after Q206, cleaving off the Bromo 1
domain. b) BRD2 was cleaved by recombinant Mpro in Jurkat cell lysates. Jurkat cell lysates
were incubated with recombinant Mpro for 0-4 hours, and immunoblotted against BRD2. A
cleavage product appeared with incubation time as the full length BRD2 level decreased. ¢)
GFP-BRD2 WT and Q206A mutant overexpression in HEK293T-ACE2 and in vitro cleavage by
recombinant SARS-CoV-2 Mpro. HEK293T-ACE2 cells overexpressing GFP-BRD2 were lysed,
and the cell lysates were incubated with Mpro for 2 hours and immunoblotted against GFP.
Cleavage was only observed with GFP-BRD2 WT. Depletion of full-length BRD2 was also
observed in SARS-CoV-2 infected d) A549-ACE2 and e) HEK293T-ACE2 at 24 and 48 h.p.i.
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Figure 2.8. BRD2 is cleaved by SARS-CoV-2 Mpro (n=2, biological replicates). HEK293T
lysates overexpressing GFP-BRD2 were incubated with 0.5 uM Mpro for 0, 2, and 4 h in the
absence or presence of 8 yM Mpro inhibitor GC376 (Selleck Chemicals, #S0475, dissolved in
DMSO). GFP-BRD2 cleavage product was only observed without GC376 in the assay.
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Figure 2.9. Immunoblots of SARS-CoV-2 infected H23-ACE2 lysates in two biological
replicates. a,b) A decrease in full-length BRD2 level was observed at 24 h.p.i., as most
Infected cells underwent cell death at 48 h, causing the decrease in spike detection. A band
corresponding to the apparent cleavage product of BRD2 at ~23 kDa was present in b).
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24.5 SFPQ is cleaved in SARS-CoV-2 infected cells
Among the 16 putative substrates identified for SARS-CoV-2 PLpro, we further

investigated the splicing factor, proline- and glutamine-rich (SFPQ). SFPQ is a DNA- and RNA-
binding protein found in paraspeckles, which are subnuclei compartments located in the
interchromatin space of mammalian cell nuclei and regulate gene expression. SFPQ was shown
to play a proviral role in Influenza A virus transcription, with its downregulation resulting in
reduced viral replication. (173) SFPQ is also utilized as a pro-viral host dependency factor by
several RNA viruses during infection, including the encephalomyocarditis virus (174) and
hepatitis delta virus, (175) and even targeted for proteolysis in human rhinovirus A16 to promote
viral replication. (176) Immunoblotting of SARS-CoV-2 infected A549-ACE2 lysates showed the
full-length SFPQ at 76 kDa in both the mock and infected cells at 24 and 48 h.p.i., and the
expected 69 kDa SFPQ cleavage product only in infected lysates (Fig. 2.10). This was
consistent with our in vitro studies and suggests that PLpro cleaves SFPQ during infection.
However, when uninfected Jurkat and A549-ACE2 cell lysates were incubated with SARS-CoV-
2 PLpro, no corresponding cleavage product was observed on immunoblot (Fig. 2.10c, Fig.
A.4a). Additionally, no clear in vitro cleavage product was observed in PLpro incubation with
overexpressed FLAG-SFPQ in HEK293T-ACE2 cells (Fig. A.4b), even after
immunoprecipitation (Fig. A.4c). Expression of full length NSP3 in HEK293T-ACE2 cells (24 h
post-transfection) also did not induce detectable endogenous SFPQ proteolysis by immunoblot
(Fig. A.4d). While SFPQ is clearly cleaved during viral infection, it is also likely involving host

proteases.
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Figure 2.10. Proteolysis of SFPQ in SARS-CoV-2 infected cells. a) PLpro cleaves SFPQ
after G637, C-terminal to the RNA recognition motifs. b) SFPQ was cleaved in A549-ACE2 cells
infected with SARS-CoV-2. c¢) SFPQ cleavage by PLpro could not be detected using
immunoblotting in Jurkat cell lysates. Performed by Eman W. Moussa.

24.6 Comparative analysis of all known Mpro substrates

We compared our data with SARS-CoV-2 Mpro substrates reported using TAILS or TMT
labeling (Fig. 2.11). (62, 63, 162) TAILS and subtiligase-based labeling are complementary N-
terminomics methods used to identify the N-termini of proteins; the protease-induced neo-N-
termini are identified by negative and positive enrichment, respectively (see review (166)). The
two methods each have their own advantages, such as the ability to identify cleavages in low-
abundance proteins and different biases in P1’ sites. Thus, a compilation of all N-terminomics
data on the SARS-CoV-2 Mpro can expand our understanding of how viral proteases function to
regulate the host cell environment. We provide here a global analysis of all reported cleavage
sites of SARS-CoV-2 Mpro identified: our subtiligase-mediated N-terminomics study, the TAILS
experiments from Pablos et al. and Koudelka et al., and the N-terminomics study in SARS-CoV-
2 infection-induced proteolysis from Meyer et al. (Fig. 2.11a). For consistency across the
datasets, cleavage sites with P1=Q/H in any cell lines, that have passed the authors’ statistical
evaluation in the case of negative enrichment techniques, and are not within the first 4 residues
of the start of a protein sequence, are included in this comparative analysis. In total, there are

742 unique cleavage sites in 604 human proteins attributed to SARS-CoV-2 Mpro activity. Of
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these, 59 new substrate cleavages were identified by two or more studies (Fig. 2.11b).
Interestingly, one protein called NUP107 was identified in all four datasets, with the cleavage
site between residues Q35 and A36 (VLLQ35|ASQD). NUP107 is a nucleoporin and a member
of the nuclear pore complex that mediates the transport between the cytoplasm and nucleus.
Many nuclear pore complex proteins are cleaved during RNA viral infections, such as
picornaviruses including polioviruses and rhinoviruses, (177) to impair the transport of
transcription factors involved in the immune response or mMRNA maturation, or to block mRNA
transport, promoting the translation of viral mMRNAs or enabling access to nuclear factors
required for viral replication (reviewed by (178)). However, the NUP107 cleavage site was also
found in the PLpro dataset, suggesting that perhaps this substrate is targeted by both Mpro and
an unidentified human host protease. Similarly, stathmin and XRCC1 were also identified as
putative Mpro substrates by three groups but were found in our PLpro dataset. Stathmin
regulates the cell cycle by re-organization of the microtubule cytoskeleton. Down-regulation of
phosphorylation on stathmin and other cytoskeleton assembly proteins was also observed in
SARS-CoV-2 infected cells. (179) The DNA repair protein XRCC1 is required for the repair of
DNA single-strand breaks, and has been found to interact with proteins encoded by DNA
viruses such as human papillomavirus, (180) as well as hepatitis B and C viruses. (181) There
are also two new protein cleavages that were commonly identified in three groups but not
observed in the DegraBase or in the PLpro N-terminomics experiments: the 26S proteasome
non-ATPase regulatory subunit 8 (PSMD8) cleaved after Q89, and a bifunctional enzyme
involved in de novo purine biosynthesis called PAICS that is cleaved after Q34. PSMDS is a part
of the 26S proteasome complex and is a host restriction factor in HIV-1. (182) PAICS is
identified as an oncogene in several tumor types, but it has also been shown to bind to influenza
A virus nucleoprotein. (183) Although the link between virology and the two proteins have not
been well studied, their cleavages could imply a significant role in the SARS-CoV-2

pathobiology. For instance, cellular proteins involved in purine biosynthesis have been explored
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as potential antiviral targets, (184, 185) and many viruses developed mechanisms to utilize the

host ubiquitin-proteasome systems, which will be discussed more in-depth in Chapter 3.
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Figure 2.11. Comparative analysis of SARS-CoV-2 Mpro putative substrates. a) Overlap in
identified cleavage sites among SARS-CoV-2 Mpro N-terminomics in vitro studies. (62, 63) b)
59 common cleavage sites were identified by different Mpro studies, and have not been
observed in the PLpro N-terminomics dataset nor in the DegraBase. (169)

2.5 Discussion

2.5.1 The possible roles of BRD2 cleavage in SARS-CoV-2

BET proteins interact with many viral proteins and modulate viral infections. In particular,
bromodomain-containing protein 4 (BRD4) forms a complex with E2 for transcriptional silencing
in human papillomaviruses, (186) and BRD2 interacts with latency-associated nuclear antigen 1
(LANAT1) in Kaposi’s sarcoma-associated herpesvirus. (187) BRD2 binds the SARS-Cov-2
envelope E protein (35) and is required for ACE2 transcription which likely benefits SARS-CoV-
2 replication in human lung epithelial cells. It also acts as a host antiviral factor by promoting the

transcription of genes involved in type | interferon response. (171) In another recent study,

63



BRD2, 3 and 4 inactivation was shown to increase viral infection in cells and mice
overexpressing ACE2. (172) Our N-terminomics and immunoblot studies showed BRD2
cleavage by Mpro after Q206 (AALQ|GSVT). This viral protease cleavage removes the
bromodomain | (BDI) (Fig. 2.7a), potentially disrupting BRD2 binding to the acetylated histones
and thereby affecting host gene transcription. (188) Our N-terminomics study also detected
proteolysis of BRD4, which is another member of the BET family that binds to SARS-CoV-2 E
protein. (35, 172) The cleavage of BRD4 after Q1077 (SQFQ|SLTH) in the C-terminal region
could interfere with the formation of the P-TEFb transcriptional complex, preventing the
activation of interferon-stimulated genes. (189) Thus, the BET proteins have a sophisticated role
during SARS-CoV-2 viral pathogenesis, that may interact with multiple viral proteins and fine-

tune the gene expression of key proteins involved in biological pathways.

2.5.2 Noncanonical specificity of Mpro

Previous biochemical analyses and N-terminomics studies on SARS-CoV-2 Mpro placed
a rather stringent selection filter for Mpro substrates, where only cleavage sites with a P1=Q are
considered as potential Mpro targets. Indeed, based on the crystal structure of both SARS-CoV-
1 and -2, GIn can occupy the S1 pocket by stable interactions with His163, Phe140 and Glu166.
(150, 151, 190) However, the ability for SARS-CoV-1 Mpro to recognize other residues at the
P1 site, specifically His and Met, and incorporate them into its active site has been reported by
peptide library screening. (152) In Koudelka et al.’s in vitro SARS-CoV-2 Mpro N-terminomics
experiment, a strong enrichment of His in P1 position was also observed in the identified
cleavage sites. (62) Pablos et al. explored the noncanonical cleavage sequences of Mpro in
detail using peptide libraries derived from N-terminomics substrates combined with molecular
docking simulations, and showed that Mpro can cleave after P1=G/H/M. (63) Similarly, while
Leu is the preferred residue at the P2 position, Mpro can also recognize other hydrophobic

residues at P2 such as Val, Phe, Met, Ala and lle, and has even broader specificities at
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positions P3 and P4. Hence, we selected potential Mpro substrates featuring a GIn or His at the
P1 position in our in vitro N-terminomics (P1=Q/H only) to allow some selectivity at the P1 site,
but relaxed restrictions on other sites. We did not include cleavage sites P1=M for further
investigation (3.8% of total labeled cleavages), as these were not enriched over typical
background proteolysis. (168) We also looked at the secondary structure of the Mpro cleavage
site locations, where we found that 10 cuts occurred in a-helices, 6 in B-strands, 1 in turn and

the rest in uncharacterized or disordered regions.

253 Potential activation of other cellular proteases in cell lysates
The putative SARS-CoV-2 Mpro and PLpro cellular targets were subjected to pathway
analyses using Metascape (191) to reveal how viral proteases potentially disrupt cellular
processes during infection. Mpro cleavage of host substrates is predicted to affect the cell cycle
and cellular gene expression (Fig. 2.12a), and the enriched processes of PLpro substrates
highlight metabolism of RNA (Fig. 2.12b). In our in vitro N-terminomics experiments, there are
also many labeled cleavages in the human proteome that do not fall under the specificity
profiles of the viral proteases Mpro and PLpro. While we cannot rule out exogenous co-purified
protease activity from E. coli, we believe that by adding a cocktail of protease inhibitors
(targeting metallo- and serine proteases) and focusing on substrates matching Mpro and PLpro
specificities, we have minimized the identification of non-related protease substrates. In
addition, we can exclude substrates found in the PLpro dataset matching Mpro specificity and
vice versa, using each dataset to identify unique cleavage sites to the viral proteases. However,
the non-selective inhibition of other proteases is not 100% efficient. The observed cleavage
sites that do not fall under the specificity profiles of Mpro and PLpro may be due to cellular
protease activation and may still be of interest. The activity of the host proteases can be
attributed to a few possibilities, such as the direct activation by the viral proteases to initiate

proteolysis of other proteins, or indirectly resulted from the viral protease incubation in the
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cellular proteome. Therefore, we searched all labeled cleavage sites from our N-terminomics
datasets on TopFind 4.1, (192) to investigate which endogenous proteases account for those
cleavages (Fig. 2.13). A majority of the cleavage sites correspond to granzyme M specificity
(P1=L/M). (193) As the viral-infection induced activation of granzyme M is characteristic in
cytotoxic T lymphocytes, it is interesting to find its activation by viral proteases in an in vitro

environment.
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SARS-CoV-2 M putative targets

A549

Processing of Capped Intron-Containing Pre-mRNA (R-HSA-72203)

Cell Cycle, Mitotic (R-HSA-69278)

Cellular responses to stress (R-HSA-2262752)

positive regulation of stem cell population maintenance (G0O:1902459)
p56p- pre-rRNA complex (CORUM:3055)

regulation of cellular amide metabolic process (GO:0034248)

-log10(P)
Jurkat

Processing of Capped Intron-Containing Pre-mRNA (R-HSA-72203)
Huntington disease (hsa05016)

Cell Cycle, Mitotic (R-HSA-69278)

SUMOylation of transcription cofactors (R-HSA-3899300)
DNA-templated transcription (GO:0006351)

Androgen receptor signaling pathway (WP138)

PID E2F PATHWAY (M40)

1 SUMOylation of RNA binding proteins (R-HSA-4570464)

4 6 8
Hog10(P)

[ J—
[N]

All

Processing of Capped Intron-Containing Pre-mRNA (R-HSA-72203)
Cellular responses to stress (R-HSA-2262752)

Cell Cycle, Mitotic (R-HSA-69278)

Androgen receptor signaling pathway (WP138)

RNA transport (ko03013)

Chromatin modifying enzymes (R-HSA-3247509)

Signaling by Rho GTPases (R-HSA-194315)

DNA conformation change (GO:0071103)

Viral process (G0O:0016032)

SUMO E3 ligases SUMOylate target proteins (R-HSA-3108232)
Cytokine Signaling in Immune system (R-HSA-1280215)

0 2 4 6 8 10 12 1
-log10(P)
SARS-CoV-2 PLP® putative targets
A549
| | Metabolism of RNA (R-HSA-8953854)
| RNA splicing (GO:0008380)
0 1 2 3 4 5 6
-log10(P)
Jurkat
| | Metabolism of RNA (R-HSA-8953854)
| DNA recombination (GO:0006310)
] Positive regulation of organelle organization (GO:0010638)
0 1 2 3 4 5
-log10(P)
All
00 S | tboiom of A 543855654
Regulation of mRNA metaboli (G0O:1903311)
| Degradation of beta-catenin by the destruction complex (R-HSA-195253)
Shigellosis (hsa05131)
Peptidyl-lysine modification (GO:0018205)
Positive regulation of organelle organization (GO:0010638)
Amide biosynthetic process (GO:0043604)
0 1 2 3 4 5 6 7 8
-log10(P)

Figure 2.12. Gene Ontology analysis of a) MP™ and b) PLP™ putative substrates in A549, Jurkat,
and both A549 and Jurkat cell lysates using Metascape. (191)
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254 Up- and down-regulation of viral protease substrates during
viral infection

We initially hypothesized that viral proteases would cleave host restriction factors to
improve replication efficiency, and that the cleaved host protein fragments, due to their low
stability, could be subsequently targeted for degradation by the host cell machinery. However,
when we used the list of all putative substrates identified by N-terminomics and compared it to
the reported proteome changes during SARS-CoV-2 infection (36, 194) or CRISPR screens,
(195, 196) we found that the protease substrates we identified did not correlate with lower
protein levels in infected cells. It is possible that these were not targeted for degradation by the
cell. Alternatively, some of these proteolytic fragments could potentially lead to a gain-of-
function, such as is the case of SFPQ, where a proviral factor can be cleaved by a viral

protease. (176)
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2.5.5 Limitations of the study

We acknowledge that a large number of substrates identified in our in vitro N-
terminomics may not actually be cleaved during infection and could be bystanders. We
performed studies on the protein substrates known to play a role in host antiviral defense, such
as transcription intermediary factor 1-beta (TRIM28) and the zinc finger antiviral protein
(ZC3HAV1, also known as ZAP). However, we did not see depletion of TRIM28 and ZAP in the
in vitro cleavage assays or in infected cells using immunoblot (Fig. A.5). Similarly, proteolysis in
protein mono-ADP-ribosyltransferase PARP10 and nuclear pore complex protein Nup98-Nup96
could not be detected via immunoblot. This could be in part due to inability of the proteases to
access substrates during infection and/or the fact that high concentrations of viral proteases
were used in the in vitro studies (0.5 uM and 5 uM, for Mpro and PLpro respectively). It can also
be challenging to precisely detect substrate proteolysis or degradation via immunoblot of
infected cell lysates, where depending on the cell line, only a fraction of the cell population is
infected, and a subfraction of those infected cells has only low levels of proteolysis in the
corresponding host proteins. Many commercial antibodies also failed to detect protease-cleaved
substrates in immunoblots. There are many reasons that could explain this discrepancy:
substrate degradation, proteolysis by host proteases or E. coli protease contaminants, sub-
optimal time points, subcellular localization, and IFN-induced protein expression. It is also
possible that the epitope could also be damaged by proteases in the lysate, or that post-
translational modifications (ubiquitination, phosphorylation, etc.) of the substrates could prevent
antibody recognition. Furthermore, the overexpression of ACE2 receptor improves cellular
susceptibility to viral infection in human cell lines, such as HEK293T and A549, but since many
host proteins are involved in ACE2-mediated pathways, the constitutively overexpressed ACE2
might affect the degradation of these substrates in vivo, such as TRIM28 (197) and BRD2. (171)

When we compared the results from this study to other subtiligase-based N-terminomics studies
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on human proteases such as caspase-3 and -9, most identified substrates showed robust
cleavage by immunoblot in in vitro cleavage assays and in apoptotic cells. (198) The drastic
difference in detection between studies demonstrates that proteolysis in host proteins by viral
proteases may occur only at very low levels. As a host cell is infected, even though many
cellular pathways are disrupted, the virus prevents cell death in order to sustain viral replication.
Hence, the low level of cellular protein proteolysis by viral proteases can be interpreted as a

mechanism for the virus to maximize replication efficiency, while maintaining cell viability.
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Chapter 3: The role of ubiquitination in VACV
infection

Preface

Chapter 3 was adapted from a manuscript in preparation:

Dong, J.; Luo, S. Y.; Smyth, S.; Melvie, G.; Julien, O.; Ingham, R. J. Characterizing
changes in protein ubiquitylation during vaccinia virus infection.

| was responsible for method optimizations and sample preparation in mass spectrometry
analysis, as well as statistical analysis. J.D. performed the viral infections, and J.D. and G.M.
performed immunoblotting analysis in this Chapter. O.J. and R.J.I. contributed to
conceptualization and experimental design. Other authors assisted in sample collection and

viral infection.
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3.1 Abstract

Ubiquitination is a post-translational modification that is required for poxviruses to
replicate their genomes and evade the host immune response. In this study, we used diGlycyl
ubiquitin remnant enrichment to profile global ubiquitinated sites and quantified changes in
protein ubiquitination states early after Vaccinia virus (VACV) infection. Our study demonstrated
that many viral and host protein ubiquitination states were significantly altered during VACV
infection. This included examples of degradative and non-degradative ubiquitination of host
proteins, and revealed novel ways the host ubiquitin-proteasome system (UPS) is engaged
during infection. In particular, we found that the cellular E3 Ub/ISG15-ligase TRIM25 was
heavily ubiquitinated and subsequently degraded early after infection of cells with VACV. This

may represent a novel host restriction factor that VACV utilizes the UPS to overcome.

3.2 Introduction

Poxviruses are large double-stranded DNA viruses including important human
pathogens such as variola virus (causative agent of smallpox) that killed hundreds of millions of
people before its eradication, and monkeypox virus that is responsible for the recent global
outbreak. Moreover, some poxviruses such as cowpox virus are important livestock pathogens.
Although closely related to other poxviruses, Vaccinia virus (VACV) infection typically causes
mild symptoms, and was in fact used for smallpox vaccination in the global campaign.
Therefore, VACV has been the most extensively studied poxvirus model for development in

vaccines and cancer therapies.

Ubiquitination is the reversible, covalent post-translational modification of proteins with
the 76 amino acid protein ubiquitin. The process starts with the ATP-dependent activation of
ubiquitin by an E1 ubiquitin-activating enzyme, followed by its transfer to an E2 ubiquitin-

conjugating enzyme. The E2 enzyme then facilitates the ubiquitin transfer to substrates, directly
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or indirectly, through binding an E3 ubiquitin-ligase protein which brings both E2 and substrate
together. Proteins can be modified by ubiquitin by monoubiquitination, where a single ubiquitin
molecule is added to a lysine residue in a target protein. Alternatively, chains of ubiquitin,
formed by covalent ubiquitin conjugations through lysine residues, can also form on substrates.
Other than acting as a canonical signal for proteasome-mediated protein degradation, both
mono- and polyubiquitination are involved in a variety of biological processes, such as cell
cycle, autophagy, protein trafficking, and innate immunity. Thus, ubiquitination is an extremely
versatile modification that serves numerous functions in the cell. Not surprisingly, poxviruses

have acquired several mechanisms to co-opt the host UPS for their benefit.

Poxviruses require the 26S proteasome (105, 106, 108) and cellular ubiquitination
components (e.g. E1 ubiquitin-activating enzyme (105, 107) and Cullin3 (107)) to productively
infect cells. In addition, these viruses encode within their genomes several E3 ubiquitin-ligases
and substrate adapters for multi-subunit cellular E3 ubiquitin-ligases. Particularly, VACV
encodes a number of cullin-3 E3 ligase adaptors BTB-kelch proteins that have been implicated
in impairing the innate and adaptive immune responses, (95-97, 102, 103) blocking necroptotic

cell death (199), and facilitating virus spread. (104)

While poxviruses utilize the UPS to successfully establish infection, this system is also
important for the host immune response to infection. For example, innate antiviral signaling
pathways, such as those involved in the activation of RIG-I, (200, 201) and NF-kB, (202, 203)
utilize degradative and non-degradative ubiquitination. In addition, the UPS is an important part
of the adaptive immune response by processing viral peptides for presentation in major

histocompatibility complex (MHC) class I. (204).

As the UPS can target proteins for degradation or activate protein functions, it is both

leveraged by the virus in viral pathogenesis and employed by the host in antiviral defense.
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However, how the VACYV infection engages in the UPS has never been systematically studied.
To explore the intricate ubiquitome in VACYV infection, we infected HelLa cells with VACV and
enriched for diGlycyl peptides in the infected and control cell lysates using a diGlycyl-lysine
specific antibody. We performed statistical analysis to identify proteins containing diGlycyl
peptides with significantly altered abundances in the VACV infected sample, including 42 host
proteins and 77 viral proteins. One of the interesting substrates was the tripartite motif
containing 25 (TRIM25), an E3 ligase known to play a role in innate immune defense against
viruses. We found that TRIM25 higher-molecular-weight (HMW), likely ubiquitinated, species
were evident as early as 1 h post-infection. Our study established the ubiquitome of both viral
and host proteins during VACV infection, and identified the ubiquitination of potential host

restriction factors.

3.3 Materials and methods

3.3.1 Cell culture and virus

HeLa cells were obtained from Dr. Jim Smiley (University of Alberta) and maintained in
Dulbecco's Modified Eagle Medium (Sigma, #D5796-500ML) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, F1051-500ML) and 1% antibiotic-antimycotic solution (Gibco,
#15240062). All cells were incubated at 37°C and 5% CO.. VACV Copenhagen (VACV-Cop)

was obtained from Dr. Michele Barry (University of Alberta).

3.3.2 DiGlycyl peptide enrichment

HelLa cells (2 x 107) were pretreated with 10 yM MG132 (Enzo, #BMLP11020005) for 1
h. Cells were then inoculated with VACV-Cop viruses at a multiplicity of infection (MOI) of 3 for 1
h and incubated for a further 4 h with 10 yM MG132 in an incubator at 37°C and 5% CO.. Cells
were lysed in 8 M urea, 40 mM Tris-HCI pH 8.5 and gentle probe sonication (amplitude = 20%,

alternate between on and off every 2 s, for a total of 1 min), and the lysates were clarified by
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spin centrifugation at 13,000 rpm in benchtop centrifuge for 10 min at 4°C. Proteins were
reduced with 10 mM dithiothreitol (DTT) for 45 min at 37°C, alkylated with 30 mM iodoacetamide
for 45 min at room temperature, followed by addition of 20 mM DTT. Proteins were then
digested with trypsin in 1:100 enzyme:substrate ratio overnight at 37°C, and trypsin was
precipitated in 2% trifluoroacetic acid (TFA). Peptides were desalted using SOLA HRP SPE
cartridge (Thermo Fisher, #60109-001). Desalted and dried peptides were subjected to
automated diGlycyl enrichment using the PTMScan ubiquitin remnant motif kit (Cell Signaling,
#59322) on a KingFisher Duo Prime. Briefly, 1 mg peptides were resuspended in 1 mL HS (high
degree of specificity and sensitivity) bind buffer #1 provided in the kit, and peptide binding with
20 uL of the Ab-bead slurry was done at room temperature for 2 h. The beads were washed 4x
with 1 mL HS IAP (immunoaffinity purification) wash buffer provided in the kit and 2x with 1 mL

H20. Peptides were eluted 2 times with 50 uL 0.15% TFA at room temperature.

3.3.3 Mass spectrometry analysis

Peptides were desalted with C18 ziptips (#ZTC18S960, Millipore) and recovered in
buffer A (0.1% formic acid) prior to mass spectrometry analysis. The samples were analyzed
using a nanoflow-HPLC (Thermo Scientific EASY-nLC 1200 System) coupled to an Orbitrap
Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific). Reverse phase separation
of the peptides was done with an Aurora Ultimate analytical column (25 cm x 75 ym ID with 1.7
MM media, lonOpticks). Peptides were eluted with a solvent B gradient (80% ACN, 0.1% FA) for
120 min. The gradient was run at 400 nL/min with analytical column temperature set at 45°C.
Data were analyzed using Proteome Discoverer (v2.4.1.15) against the concatenated database
of the human proteome (UP000005640) combined with VACV-Cop proteome (UP000008269),
with relaxed false discovery rate set at 5% and restricted at 1%. Search parameters included a
maximum of two missed trypsin cleavages, a precursor mass tolerance of 15 ppm, a fragment

mass tolerance of 0.8 Da, with the constant modification carbamidomethylation (C), and variable
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modifications of acetyl (protein N-term), deamidated (N/Q), oxidation (M), and GlyGly

(uncleaved K). The maximum number of variable modifications was set to 4. Statistical analysis
was performed by Proteome Discoverer using background-based t-test and protein abundance
ratios were calculated using pairwise peptide ratios. Mass spectrometry data files are available

through MassIVE Respository #MSV000094020.

3.3.4 Metascape Analysis
diGlycyl peptides enriched in either uninfected or infected cells were analyzed by
Metascape (v3.5.20230501) using express analysis and the human species setting. Categories

with a significant adjusted p value (q<0.05) are shown.

3.3.5 Immunoblot analysis

Protein lysates or immunoprecipitations in SDS-PAGE sample buffer were separated by
SDS-PAGE (Hoeffer) before being transferred to nitrocellulose membranes (1620115, Bio-Rad)
using a semi-dry transfer apparatus (Bio-Rad). Membranes were then blocked in 5% milk in
PBS overnight at 4°C before being incubated with the indicated primary antibodies. Membranes
were then incubated with secondary antibodies, goat-anti-rabbit 680 or goat-anti-mouse 800, for
45 min at room temperature in the dark and imaged using an Odyssey scanner (LI-COR

Biosciences).

3.4 Results
3.4.1 |dentification of diGlycyl peptides from uninfected and VACV-
Cop-infected Hela cells

Hela cells pre-treated with the proteasome inhibitor, MG132 for 1 h were either left

uninfected or infected with VACV-Cop at a MOI of 3 for 1 h followed by an additional 4 h

incubation in the presence of MG132 (Fig. 3.1a). Lysates were then subjected to trypsin
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digestion and diGlycyl peptides were enriched before being analyzed by mass spectrometry.
diGlycyl enrichment utilizes an antibody (Ab) that recognizes the diGlycyl remnant present on
ubiquitinated lysine residues after trypsin digestion. (131) Three independent experiments
identified 1753 (1496 cellular and 257 viral) distinct diGlycyl peptides (Fig. 3.1b). The majority of
peptides (= 78%) were identified in both uninfected and infected cells (Fig. 3.1c), albeit their
abundance was not necessarily the same. Moreover, there was considerable overlap in diGlycyl

peptides identified between the independent experiments (Fig. 3.1d).
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Figure 3.1. Identification of diGlycyl peptides in VACV-Cop-infected HeLa cells. a) Outline
of the experimental workflow used for the purification and identification of diGlycyl peptides. b)
Summary of diGlycyl peptides identified in the three independent experiments. ¢) Venn
diagrams illustrating the number of the peptides identified in uninfected cells, VACV-Cop-
infected cells, or both in each independent experiment. d) Venn diagrams illustrating the
number of the peptides identified in uninfected or infected cells in common between the three
independent experiments.

We focused our analysis on the 1720 diGlycyl peptides found in at least 2 independent
experiments. Quantifying average peptide abundance over the three independent experiments
revealed 304 peptides enriched for (= 2-fold change and p < 0.05) in VACV-Cop-infected cells.
The majority of these diGlycyl peptides (247; 81%) were from viral proteins, and 57 peptides
were associated with 42 cellular proteins (Fig. 3.2) (Table 3.1). Furthermore, we identified 37
cellular diGlycyl peptides enriched for (= 2-fold change and p < 0.05) in uninfected cells (Fig.

3.2).
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Figure 3.2. Volcano plot of diGlycyl peptides derived from host proteins found in at least
two independent experiments. Peptides in blue were enriched = 2-fold (p-value < 0.05) in
uninfected cells, whereas peptides in pink were enriched = 2-fold (p-value < 0.05) in VACV-Cop-
infected cells. Peptides in grey were considered of lower confidence given their prominent
enrichment in only one of the replicates.

Gene Name Acc # Protein Descriptions diGlycyl lysines
ACSL3 095573 Long-chain-fatty-acid--CoA ligase 3 K509
ASPM Q8IZT6 Abnormal spindIe-Iikgr(r)’r;(i;;ocephaIy-associated K1875, K2618

ATP2A2 P16615 Sarcoplasmic/end':_lpz:jaassrgi%reticulum calcium K481
ATP5F1A P25705 ATP synthase subunit alpha, mitochondrial K175
C110rf68 Q9H3H3 UPF0696 protein C110rf68 K200
CDK2 P24941 Cyclin-dependent kinase 2 K20
CENPF P49454 Centromere protein F K223
DHFR P00374 Dihydrofolate reductase K64
DSTN P60981 Destrin K45
EEF1G P26641 Elongation factor 1-gamma K294
EGFR P00533 Epidermal growth factor receptor K716
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Gene Name Acc # Protein Descriptions diGlycyl lysines
ELP2 Q61A86 Elongator complex protein 2 K459
ETS2 P15036 Protein C-ets-2 K144

HDAC2 Q92769 Histone deacetylase 2 K75
HDLBP Q00341 Vigilin K453
HJURP Q8NCD3 Holliday junction recognition protein K495
HNRNPM P52272 Heterogeneous nuclear ribonucleoprotein M K716
IFIT P09914 Interferon-induced Eégéeeil?sv:ith tetratricopeptide K259
ITM2B Q9Y287 Integral membrane protein 2B K16
LAPTM4A Q15012 Lysosomal-associated transmembrane protein 4A K7
MYL3 P08590 Myosin light chain 3 K142
NOL6 Q9H6R4 Nucleolar protein 6 K149
NONO Q15233 Non-POU domain-c:rnottaeiinr:ng octamer-binding K371
ODC1 P11926 Ornithine decarboxylase K115
PIAS4 Q8N2W9 E3 SUMO-protein ligase PIAS4 K69
PRPF8 Q6P2Q9 Pre-mRNA-processing-splicing factor 8 K1392
PSMD4 P55036 26S proteasome non-ATPase regulatory subunit 4 K365
RACK1 P63244 Receptor of activated protein C kinase 1 K175
RNF114 Q9Y508 E3 ubiquitin-protein ligase RNF114 K112
RPA1 P27694 Replication protein A 70 kDa DNA-binding subunit K167
RPL13A P40429 60S ribosomal protein L13a K188
RPL19 P84098 60S ribosomal protein L19 K126
RPL23A P62750 60S ribosomal protein L23a K115
RPS10 P46783 40S ribosomal protein S10 K139
RPS11 P62280 40S ribosomal protein S11 K20, K45
RPS17 P08708 40S ribosomal protein S17 K49
SLC25A6 P12236 ADP/ATP translocase 3 K33, K245
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Gene Name Acc # Protein Descriptions diGlycyl lysines
SUMO3 P55854 Small ubiquitin-related modifier 3 K41
SUN2 QYUH99 SUN domain-containing protein 2 K502, K1263
K112, K283,
K320,
TRIM25 Q14258 E3 ubiquitin/ISG15 ligase TRIM25 K320/K332,
K335, K425,
K439
TRNAU1AP QINX07 tRNA selenocysteine 1-associated protein 1 K166, K310
Zinc finger ZZ-type and EF-hand domain-
ZZEF1 043149 containing protein 1 K2501

Table 3.1. Cellular proteins containing significantly enriched diGlycyl peptides in infected
cells, shown in Fig. 3.2 (pink shaded region.) The “/” under the Column “diGlycyl lysines”
indicates the identification of a peptide with a single diGlycyl modification, but with insufficient
MS2 fragmentation data to determine the exact position of the modified lysine on the peptide.

3.4.2 Differentially enriched human diGlycyl peptides associated with
antiviral signaling

Metascape analysis was performed to determine whether any cellular pathways or
processes were overrepresented from proteins associated with diGlycyl peptides preferentially
found in uninfected or infected cells. Translation and the cell cycle were categories associated
with proteins with peptides enriched in infected cells (Fig. 3.3a), whereas processes linked to
proteins with peptides enriched in uninfected cells included deubiquitination, viral infection
pathways, DNA replication, and necroptosis (Fig. 3.3b). However, since these analyses may not
include all known functions attributed to these proteins, we examined the literature to identify
additional activities regulated by these proteins. We found that several of the peptides were
from proteins associated with antiviral signaling, Ub/Ub-like signaling, and DNA
replication/repair (Fig. 3.3c). Moreover, several peptides were from proteins previously
implicated in poxvirus infection including IFITs, (103) WDR®, (205) RACK1, (206) DDX5, (207)
and EGFR. (208)

81



Eukaryotic translation elongation

2 1 o MG132

I feScu€
ratio

Cell cycle:
TROP2 regulatory signaling: ACSL3
Translational elongation ATP2A2
Negative regulation of protein binding: Cllorf68
I T T T 1 CDK2
¢ ! : ? : CENPF
~Logyo(a)
! DHFR
b ETS2
Protein processing in endoplasmic reticulum- | HDLBP
Deubiquitination ] HJURP
Rhythmic process | IFIT1 3.55
Clear cell renal cell carcinoma pathways- | ITM2B 1.64
Protein K63-linked deubiquitination— ] NOL6
VEGFA-VEGFR2 signaling- ] NONO
Positive regulation of DNA replication 1 PSMD4
Viral infection path | RACK1
TGF-beta receptor | i SMADs ] RNF114 2.16
Cellular component disassembly-| ] RPA1
Necroptosis ] RPS10
Negative regulation of intracellular signal transduction] | RPS11
T T T 1 SUN2
0 1 2 3 4
TRIM25 1.37
~Logio(a)
c TRNAUTAP
3 EGFR 1.66
2o oz
393%2:s85023323333327 LAPIISA ol
—9cS3%57J%»¥gTTgTTod RPS17
CZ0oNdXZJONRNNNNNNNNZS
anti-viral S SOFGNO=SZ RN ON AN O G
signalling - IS ] RPL13A
MYL3
3
z zZ o - SLC25A4
== 44444444
923 3Z23sBo3ZIDDDDDDZYH EEF1G
R e
Ub/Ub-like ERA RN R EEE R R R e RPL23A
signalling [ I | [ ] HNRNPM
o o
ngnon?>>83mmzflﬁo 2 0 2 0 2 4 6 8 1218
cgzoggi%%zpnggggzo - ——
DNA SESZZE32SPR2FEIS R VACV/uninfected VACV-WR (hpi)
replication/repair [N ] abundance ratio (Logro)

Figure 3.3. Analysis of the protein functions and abundances with enriched diGlycyl
peptides in VACYV infection. Metascape analysis of cell signaling pathways and processes of
proteins associated with diGlycyl peptides enriched in a) VACV-Cop-infected or b) uninfected
Hela cells. Categories with significant adjusted p-value (q < 0.05) are shown. ¢) Heat map of
identified diGlycyl proteins associated with antiviral signaling, Ub or Ub-like signaling, or DNA
replication/repair was determined from the literature. The abundance ratio (VACV
infected/uninfected; Log10 scale) is indicated. Peptides with an abundance ratio of -2 were
exclusively found in uninfected cells, whereas those with an abundance ratio of 2 were found
exclusively in infected cells. d) For proteins with enriched diGlycyl peptides in VACV-Cop
infected HelLa cells, we examined their overall protein-level abundance changes using the
dataset generated by Soday et al. in VACV-WR infected HFFF-TERT cells. (209) The heat map
shows the changes in protein levels during infection relative to the uninfected sample which was
arbitrarily set at 1. Proteins whose abundance decreased during infection are highlighted with
asterisks. MG132 rescue ratio, as determined by Soday et. al. is indicated. Those with a rescue
ratio greater = 1.25 are indicated in black.

The identification of a diGlycyl lysine residue on a peptide is indicative of the site being

ubiquitinated. However, it does not provide any information about the consequence of this
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ubiquitination. Therefore, we compared our data to published work that analyzed changes in
protein levels in HFFF-TERT cells infected with VACV Western Reserve strain (VACV-WR).
(209) Despite this study using a different cell line and VACV strain, several of the proteins with
diGlycyl peptides enriched in VACV-Cop-infected HelLa cells were decreased over the course of
infection (Fig. 3.3c). Furthermore, this study showed that protein levels for most of the down-
regulated proteins could be partially rescued by treatment with MG132 (Fig. 3.3c). This
indicates these proteins are likely degraded in a proteasome-dependent manner in VACV-
infected cells which has been shown for the IFIT proteins. (103) Intriguingly, the levels of many
proteins with diGlycyl peptides enriched in infected cells did not decrease over the course of
infection (Fig. 3.3c). This suggests that ubiquitination of these proteins may serve a non-

degradative function.

3.4.3 |dentification of diGlycyl VACV peptides

Although VACYV replication is highly dependent on the cellular ubiquitination system,
ubiquitination on viral proteins during VACYV infection has never been systematically examined.
In our study, we detected 222 unique diGlycyl peptides in 77 proteins in the VACV-Cop
proteome (Table 3.2). We found diGlycyl modifications on known ubiquitinated viral proteins,
such as N1 protein, an inhibitor of the nuclear factor NF-kB and apoptosis that contributes to
virulence, (210) and E5 protein, which facilitates the ubiquitination and degradation of the DNA

sensor cyclic GMP-AMP synthase. (211)

Of note, two viral E3 ligase adaptor BTB-Kelch proteins A55 and C2 were identified with
five and one diGlycyl sites, respectively. Three VACV ANK-PRANC adaptors, B20, C9 and M1
were also found with diGlycyl sites. C9 protein binds IFITs and resists type | interferon-induced
state. (102, 103) All of the diGlycyl modifications were located in the substrate binding domains

(C-terminal Kelch domain in BTB-Kelch or N-terminal ankyrin domain in ANK-PRANC). This
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suggests that the ubiquitination of these adaptor proteins can play a key role in viral infection by

regulating viral and/or host substrate recognition in addition to targeting unfolded viral proteins

in viral translation.

VACV Gene | Acc# Protein name # of_d_lGlycyl diGlycyl lysines
modifications
A3L P20643 Maijor core protein 4b 2 K164, K471
A18R P20534 Transcript termination protein A18 3 K47, K88, K290
A20R P20995 DNA polymerase processivity factor 3 K248, K310, K349
component A20
A31R P21096 Protein A31 1 K13
A35R P21058 Protein A35 2 K56, K62
A37R P21060 Protein A37 3 K126/K132, K233,
K243
A42R P68695 Profilin 1 K109
Ad4L P21097 3 beta-hydroxysteroid 3 K188, K198, K296
dehydrogenase/Delta 5-->4-isomerase
A47L P21067 Protein A47 1 K75
A49R P21068 Protein A49 1 K143
A51R P21069 Protein A51 3 K23/29, K38, K236
. K59, K187/K198,
B2R P20999 Poxin 3 K198
B8R P21004 | Soluble interferon gamma receptor B8 3 K211, K212, K239
B12 P21098 Pseudokinase B12 2 K5, K52
B13R P20841 Putative serine protf-:‘mase inhibitor 2 1 K77
homolog first part
B14R P20842 Putative serine proteinase inhibitor 2 1 K208
homolog second part
K88/K93, K111,
B19R P21077 Surface antigen S 8 K123, K123, K150,
K189, K242, K255
B20R P21078 Protein B20 1 K29
B29R P21090 Inactive chemokine-binding protein 1 K98
CaL P21037 Kelch repeat protein C2 1 K486/K491
CoL P21042 Ankyrin repeat protein COL 1 K5
c10L P21043 Protein C10 1 K126
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# of diGlycyl

VACV Gene | Acc# Protein name modifications diGlycyl lysines
C16L P21100 Protein C16/B22 1 K16
D1R P20979 [mRNA-capping enzyme catalytic subunit 5 KBtgi?i’?};?g’
K36, K124, K291,
K291, K317/K325,
D5R P21010 Primase D5 14 iigi ﬁg:; ﬁgg?
K576, K576/K591,
K591
D8L P20508 Cell surface-binding protein 1 K32
D12l | P2oggo | MRNA-capping enzyme regulatory 4 K6, K88, K95, K214
subunit
DUT P68634 Deoxyuridin.e 5'-triphosphate 1 K51
nucleotidohydrolase
E2L P21080 Protein E2 2 K475, K707/K708
E3L P21081 RNA-binding protein E3 1 K45
E5R P21046 Protein E5 6 K?gg 527;9}(}?;0
F1L P68450 Protein F1 1 K76
FaL P20493 Ribonucleoside-dipho.sphate reductase 5 K144, K295
small chain OS
F6L P68601 Protein F6 OS 1 K9
F11L P21052 Protein F11 3 K30, K31, K235
F12L P21053 Protein F12 5 K7(l)<’3|é15’5?<’4§361’
F15L P21020 Protein F15 2 K31, K49
F16L P21021 Protein F16 1 K92
F17R P68454 Phosphoprotein F17 2 K17, K74
G1L P21022 Metalloendopeptidase G1 1 K7
G5R P21026 Putative nuclease G5 1 K213
G7L P21028 Assembly protein G7 2 K268, K292/K295
H1L P20495 | Dual specificity protein phosphatase H1 2 K8, K165
H5R P20538 | Late transcription elongation factor H5 1 K16
HR P20632 Interferon antagonist K1L 1 K282
I3L P20499 Protein 13 3 K182, K189, K211
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# of diGlycyl

VACV Gene | Acc# Protein name modifications diGlycyl lysines
. . . K5, K10/K17, K655,
m P20503 Rlbonucleos?aer-d;pshuobsupr:tate reductase 8 K675, K679, K687,
9 K691, K740
I6L P68463 Telomere-binding protein 16 3 K6, K274, K365
I7L P20501 Core protease |7 1 K410/K414
: K80, K82, K91,
K5L P21084 Protein K5 4 K102
K6L P68465 Protein K6 1 K34
. - K369, K430,
KBTB1/A55R | P21073 |Kelch repeatand gjnd;’ma'”'coma'”'”g 5 K514/K516, K516,
P K535
L4R P20981 Core protein VP8 1 K204
K9, K21, K177,
: K221, K241, K241,
LIG P20492 DNA ligase 9 K260, K470/473,
K477
K45, K184,
M1L P20640 Ankyrin repeat protein M1 6 K197/K200, K244,
K229, K452
M2L P21092 Protein M2 1 K180
N1L P21054 Protein N1 1 K78
N2L P20641 Protein N2 1 K103
O1L P21093 Protein O1 1 K498
PAPL P21079 Poly(A) polymerase catalytic subunit 3 K35, K75, K327
PAPS P21033 Cap-specific mMRNA (nucleoside-2'-O-)- 4 K132, K241, K282,
methyltransferase K303
K21, K82, K359,
POL P20509 DNA polymerase 8 K514, K532, K685,
K810, K844
RPO7 P68315 DNA-directed RNA pqumerase 7 kDa 1 K29
subunit
RPO18 P21034 DNA-directed RNA pollymerase 18 kDa 3 K33, K43, K121
subunit
RPO19 PE8610 DNA-directed RNA polIymerase 19 kDa 1 K70
subunit
RPO22 PE8608 DNA-directed RNA pollymerase 22 kDa 5 K7, K11
subunit
RPO30 P21082 DNA-directed RNA poI'ymerase 30 kDa 5 K54. K126
polypeptide
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VACV Gene | Acc# Protein name # of.d.lGl).lcyl diGlycyl lysines
modifications
K139, K452, K455,
. K762, K777, K790,
RPO132 | Pessoa |PNV-directed RSA Zo't)i’c';erase 133 kDa 12 K800, K882, K1002,
polypep K1108, K1117,
K1125
K50, K54, K75,
K109, K663, K710,
K1095, K1097,
DNA-directed RNA polymerase 147 kDa K1119,
RPO147 P20504 polypeptide 15 K1202/K1210,
K1210, K1218,
K1218/K1227,
K1227, K1228
SPI-1 P20531 Serine proteinase inhibitor 1 3 K162, K233, K249
SPI-3 P20532 Protein K2 1 K181
TK P68564 Thymidine kinase 1 K149
TMK P68693 Thymidylate kinase 2 K14, K47
UNG P20536 Uracil-DNA glycosylase 3 K86, K90, K169
VETFL P20635 [ Early transcription factor 82 kDa subunit 1 K513
Intermediate transcription factor 3 large K124, K139, K153,
VITF3L | P20998 Subu‘;it 9 6 K153/K154,
K173/K177, K357
VPK1 P20505 B1 kinase 2 K204, K238

Table 3.2. List of the identified 77 diGlycyl-modified VACV proteins and sites. Grey-
shaded rows indicate the VACV BTB-Kelch proteins; blue-shaded rows indicate the ANK-
PRANC proteins. The “/” under the Column “diGlycyl lysines” denotes the identification of a
peptide with a single diGlycyl modification, however with insufficient MS2 fragmentation
information to assign the exact modified lysine position on the peptide.

We also compared our list to the reported cowpox viral (CPXV) protein ubiquitination
profiled using the same diGlycyl ubiquitin remnant approach. (108) Specifically, the authors
revealed 137 conserved ubiquitination sites in 54 viral proteins shared among five CPXV
strains. They found that these highly conserved proteins were also encoded by VACV-Western
Reserve strain (VACV-WR), although they did not characterize the ubiquitome in VACV-WR

infection. However, we observed limited overlap between the diGlycyl modifications in diGlycyl
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viral proteins between CPXV and VACV-Cop (<50%), even though all these viral proteins are
also encoded by VACV-WR (Figure 3.4). Additionally, when we compared the viral proteins with
the highest diGlycyl sites in CPXV and VACV, there was a more pronounced contrast. For
instance, major core protein 4a precursor was most heavily modified in CPXV, but no
associated diGlycyl sites were found in VACV. Similarly, many VACV DNA-directed RNA
polymerases were found to contain several diGlycyl sites, with some of them presenting over
ten modifications, but they were far less modified in CPXV. This might suggest that CPXV and
VACV have different ubiquitination mechanisms despite shared lineage; however, a

comprehensive sequence alignment is necessary to confirm this hypothesis.

diGlycyl
VACYV proteins

diGlycyl
CPXYV proteins

Figure 3.4. Overlap between diGlycyl viral proteins in VACV and CPXV viral proteins. A
previous study identified conserved ubiquitination sites in 54 viral proteins among five CPXV
strains. (108) Although all were also encoded by VACV-WR, many were not ubiquitinated during
VACYV infection.

3.4.4 K6-, K11- and K63-linkages were significantly decreased

There are seven acceptor lysines on ubiquitin that can serve as linkage anchors for
polyubiquitination. We wanted to use the abundance of diGlycyl modified lysines on ubiquitin, as
an indicator for the relative abundance of ubiquitin linkages and their corresponding biological
contexts during infection. We found diGlycyl peptides corresponding to ubiquitin-ribosomal
protein eS31 fusion protein RPS27A, specifically on K6, K11, K27, K48 and K63. To our

surprise, we found three of the ubiquitin diGlycyl peptides were significantly decreased in VACV
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infection, with modifications located on K6 (PSM; peptide-spectrum matches = 5), K11 (PSM =

16) and K63 (PSM = 6). No significant changes in abundance were observed for other sites.

The most well-known role for K11-linked ubiquitination is cell cycle regulation.
Interestingly, VACV has also been long reported to arrest and inhibit cell cycle progression and
mitosis. (212—215) More recently, VACV B1 kinase and/or B12 pseudokinase were shown to
mediate the degradation of cell cycle effectors. (216) B12 was identified with two diGlycyl
modifications in our study (Table 3.2). Additionally, many significantly increased diGlycyl host
peptides are involved in the cell cycle regulation (Fig. 3.3a). This further implies that VACV
might disrupt cell cycle regulation by decreasing K11-linked polyubiquitin and by ubiquitination

of viral proteins, providing mechanistic details for a well-established phenomenon.

K6- and K63-linked ubiquitin conjugations are both highly involved in DNA damage
response and repair. VACV was also shown to utilize cellular DNA damage response to recruit
host proteins for viral genome replication. (217) This ties in with the heavy ubiquitination of viral
DNA-directed RNA polymerases, along with that of the viral replisome components H3 and 13
we observed in our study (Table 3.2). K63-linked deubiquitination was also highly enriched in
the significantly decreased diGlycyl host peptides (Fig. 3.3b), further indicating DNA damage

response signaling was involved in VACV infection.

Collectively, our data identified diGlycyl modifications on known ubiquitinated VACV
proteins, and novel viral proteins that dysregulate biological processes such as cell cycle and
DNA damage response. This is further supported by the significant decrease of K6, K11 and
K63 ubiquitin linkages also involved in cell cycle and DNA damage response, showing the

pivotal role of ubiquitination in the virus cycle.
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3.4.5 DiGlycyl modifications on TRIM25

The most striking observation from the diGlycyl enrichment data was the identification of
nine diGlycyl peptides, that could be definitively assigned to six lysine residues, from TRIM25
that were enriched for or exclusively found in VACV-Cop-infected HelLa cells (Fig. 3.5a,b).
Moreover, TRIM25 levels were found to decrease ~40% in a proteasome-dependent manner

over the course of infection of HFFF-TERT cells with VACV-WR (Fig. 3.3c). (209)

TRIM25 is a really interesting new gene (RING) domain-containing E3 Ub-ligase that
also functions as an E3 ligase for the Ub-related molecule, ISG15 (Fig. 3.5¢). (218) TRIM25
performs many different functions, (219) but is perhaps most well-known for introducing K63-
linked ubiquitin chains onto retinoic acid-inducible gene-l (RIG-I). (220, 221) RIG-I is a pattern
recognition receptor that recognizes viral RNA and initiates signals that lead to the production of
type | interferons (reviewed in (222)). Rather than promoting RIG-I degradation, ubiquitination of
RIG-I by TRIM25 promotes RIG-I activation. (220) It is not surprising that many viruses have
acquired mechanisms to interfere with the ability of TRIM25 to ubiquitinate RIG-I. (223—-225)
However, no studies have examined whether poxviruses interfere with TRIM25 signaling.
Therefore, we decided to further investigate the putative ubiquitination of TRIM25 in VACV-

infected cells.
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Figure 3.5. Extensive diGlycyl modifications found on TRIM25 using ubiquitin remnant
profiling in VACV-Cop-infected HelLa cells. a) TRIM25 protein sequence and coverage in
diGlycyl-peptide enriched fractions. Grey shaded region denotes detected peptides. b)
Abundance ratios between VACV-Cop-infected and control for the diGlycyl peptides containing
the six lysines. An arbitrary 100 was set as the maximum. ¢) The locations of identified TRIM25
diGlycyl peptides relative to its domain. Four diGlycyl sites were located in the coiled-coil region.

3.4.6 TRIM25 modifications were likely due to ubiquitination

We confirmed that TRIM25 was highly modified by immunoblot analysis. Anti-TRIM25
immunoblot analysis revealed the appearance of HMW, potentially ubiquitinated, TRIM25
species and a decrease in the lower-molecular-weight (LMW) TRIM25 band over the course of
infection (Fig. 3.6a). HMW TRIM25 proteins were evident as early as 1 hour post-infection (hpi),
persisted throughout infection, but were reduced at 24 hpi (Fig. 3.6a). Quantification of total
anti-TRIM25 immunoreactive bands in uninfected and infected cells showed a decrease in anti-

TRIM25 levels over the course of infection (Fig. 3.6b).
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Figure 3.6. Immunoblot analysis showed modified TRIM25 species at as early as 1 hpi. a)
Lysates of HelLa cells uninfected or VACV-Cop-infected (MOI of 10) for the indicated times were
immunoblotted with antibodies against the indicated proteins. I3 and A34 are viral early and late
proteins, respectively, and immunoblots of these were included to show the course of infection.
The anti-B-actin blots were included to show protein loading. Molecular mass markers are
indicated to the left of blots. b) Quantitative analysis of TRIM25 immunoreactive bands in
VACV-Cop-infected cells (mean and standard deviation) relative to uninfected cells from 4
independent experiments. A one-way ANOVA was used to calculate statistical significance
between uninfected cells (0 h time point) and the indicated time points post-infection. *; p < 0.05,
**. p < 0.01. Performed by Jianing Dong in the Ingham laboratory.

To further investigate whether the HMW TRIM25 species were ubiquitinated forms of the
protein, we pre-treated HelLa cells with the E1 inhibitor, TAK-243, (226) and infected cells with
VACV-Cop in the presence of the inhibitor (Fig. 3.7a). A dose-dependent decrease in TRIM25
HMW species was observed in infected cells treated with TAK-243 (Fig. 3.7b; upper panel),
although this was associated with a decrease in 13 protein expression (Fig. 3.7b; middle panel).
An examination of ubiquitinated proteins in lysates from TAK-243-treated cells revealed the
inhibitor was effective (Fig. 3.7¢). Taken together, these results show that E1 activity is required
for the appearance of HMW TRIM25 species at the time of infection, and identified TRIM25

diGlycyl modifications by mass spectrometry were derived from ubiquitination.

92



4h «— pre-treat with uninfected VACV-Cop uninfected VACV-Cop
TAK243 or DMSO

0 oo §h s PR
TAK243: 0\1\ '\Q‘J\ \3‘5 06 '\\é ‘3\3 \\‘J\ TAK243: 0\*]‘ '\\\‘J\ \*!\% o '\‘? 6 \\\’1\

) HMW
inoculate Hela 8 =MW 20 kpa —

oh with VACV-Cop for 1 h anti-TRIM25 blot 55 kDa —|

or left uninfected 35 kDa ]
S T—
1 hpi | <— incubate cells in - anti-conjugated Ub blot
media with or without anti-13 blot
TAK243 55 kDa 55 kDa —
T oy e S S < s S W G S S S——
harvest
4 hpi <«— samples anti-B-actin blot anti--actin blot
at 4 hpi
d e f
uninfected VACV-Cop uninfected VACV-Cop
(] 0 .15Y s O b M
| v;\?' 0o fn\’
/’“ :f, TAK243: O\h '\Q\J\ "‘I\ \1 'l' 6\3 TAK243 0‘1‘ % \}‘J\ \*t‘ \'], '?r ‘JQ\
inoculate Hela
oh === | with VACV-Cop for 1 h 100 kDa HMW 100 kDa
= or left uninfected — — — — — o— 2
TO KDa —|w— — - LM 70 kDa —
1 hpi «— incubate cells in ant-TRIM2b:Diot 55 kDa
media with or without 35 kDa —| [Rp—— o
TAK243 - - ]
anti-conjugated Ub blot
B anti-13 blot
harvelst 55 kDa 55 kDa
4 hpi <+— samples .
P ald%pi —————— — -—‘--—_-—
anti-B-actin blot anti-B-actin blot

Figure 3.7. TRIM25 ubiquitination in VACV-Cop-infected cells treated with E1 inhibitor. a)
Schematic of the experimental workflow used to examine the effect of the E1 inhibitor TAK243
treatment on TRIM25 HMW species. b,c) Lysates from uninfected cells or cells with VACV-Cop
for 4 h (MOI of 10) treated with the indicated concentrations of inhibitor were immunoblotted
with antibodies against the indicated proteins. The anti-13 blot shows infection of the cells, and
the anti-B-actin blots show protein loading. The conjugated ubiquitin antibody recognizes mono-
and poly-ubiquitinated proteins. The anti-B-actin blots were included to show protein loading.
Molecular mass markers are indicated to the left of blots. Performed by Jianing Dong in the
Ingham laboratory.

Additionally, we examined whether the formation of HMW TRIM25 species was affected
by treatment with the neddylation E1 protein inhibitor, MLN4924 (Fig. 3.8a). (227) No changes
in HMW TRIM25 species were observed in cells treated with MLN4924 (Fig. 3.8b; upper panel).
However, neddylation of a known NEDD8 modified protein, Cullin1, (228) was affected by
MLN4924 treatment (Fig. 3.8c; upper panel). Taken together, these experiments support the

notion that TRIM25 is ubiquitinated, but not neddylated, in VACV-Cop-infected cells.
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Figure 3.8. TRIM25 ubiquitylation in VACV-Cop-infected cells treated with neddylation E1
inhibitor. a) Schematic of the experimental workflow used to examine the effect of the
neddylation E1 inhibitor, MLN4924, on TRIM25 HMW species. b, ¢) HelLa lysates from
uninfected cells or cells with VACV-Cop for 4 h (MOI of 10) treated with the indicated
concentrations of inhibitor were immunoblotted with antibodies against the indicated proteins.
The anti-13 blot shows infection of the cells, and the anti-B-actin blots show protein loading. The
anti-Cullin1 Ab recognizes both unmodified Cullin1 (Cul1) and NEDD8-modified Cullin1
(Cul1NEPD8) ‘The anti-B-actin blots were included to show protein loading. Molecular mass
markers are indicated to the left of blots. Performed by Grace Melvie in the Ingham laboratory.

3.4.7 Effect of proteasome inhibition on TRIM25

Proteomics studies suggest that TRIM25 is degraded in a proteasome-dependent
manner in VACV infection (Fig. 3.3d). (209) To directly test this, HeLa cells were treated before
and after inoculation with the proteasome inhibitor, MG132, and TRIM25 levels were examined
at 4 and 8 hpi (Fig. 3.9a). Total TRIM25 levels were modestly increased in cells treated with
MG132 (Fig. 3.9b), more so 8 hpi, but this difference was not statistically significant (Fig.
3.9¢,d). Similar observations were made for the LMW TRIM25 species (Fig. 3.9b,e,f). MG132
treatment blocked expression of the B5 viral late protein (Fig. 3.9b) which was consistent with
previous studies showing late gene expression requires proteasome activity. (105-107) Thus,

the reduction in TRIM25 protein levels is, at least in part, due to proteasomal degradation.
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Figure 3.9. MG132 treatment modestly rescues TRIM25 levels in VACV-Cop-infected HeLa
cells. a) Outline of the experimental workflow used in this experiment. b) Lysates were
immunoblotted for Abs against the indicated proteins. 13 and B5 are viral early and late proteins,
respectively. Immunoblots for these proteins were included to show the course of virus infection.
The anti-B-actin blots were included to show protein loading. Molecular mass markers are
indicated to the left of blots. Quantitative analysis of total anti-TRIM25 immuno-reactive bands 4
(c) or 8 (d) hpi in cells infected in the presence or absence of MG132 are shown. Quantification
is from 5 (c) or 4 (d) independent experiments and expressed relative to the samples not
treated (-) with MG132. The abundance of the LMW TRIM25 band 4 (e) or 8 (f) hpi are shown.
Quantification represents the mean and standard deviation from 5 (e) or 4 (f) independent
experiments and expressed relative to the samples not treated (-) with MG132. A paired, one-
tailed Student t test was used to calculate statistical significance. ns; not significant, *; p < 0.05.
Performed by Jianing Dong in the Ingham laboratory.

3.5 Discussion

3.5.1 Mono- vs poly-ubiquitination

The use of the ubiquitin remnant antibody targeting diGlycyl lysines enables high-

throughput profiling of the cellular ubiquitome, but it does not provide information about the
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number or the type of conjugated ubiquitin chains on proteins. For instance, there were at least
six diGlycyl lysines identified on TRIM25 in our study, which corresponded to the accumulation
of HMW species detected by immunoblot analysis. The modified forms of TRIM25 were most
predominant between 80 to 90 kDa (unmodified mass = 71 kDa) and appeared more as a
smear higher up on the molecular weight scale, suggesting that the most abundant species was
a mono- or di-ubiquitinated form of TRIM25 based on the size of ubiquitin (8 kDa) (Fig. 3.6).
However, we could not definitively attribute all the HMW formation to multi-monoubiquitination or

polyubiquitination or a mixture of both on the identified six sites.

We found that the proteasome inhibitor MG132 treatment modestly increased
unmodified TRIM25 levels (Fig. 3.8) consistent with the previous study reporting proteasome-
dependent TRIM25 degradation during VACYV infection (Fig. 3.3d). (209) However, there was
no statistical difference in total TRIM25 levels (including HMW forms) between treatments with
and without MG 132, suggesting that not all ubiquitinated forms of TRIM25 were targeted for
proteasome-dependent degradation (Fig. 3.8¢,d). We also could not rule out that the changes
in anti-TRIM25 immunoreactive bands in infected cells were due to the anti-TRIM25 antibody

exhibiting differential recognition or binding capability to the modified protein.

Collectively, the HMW TRIM25 species persisted through infection with and without
MG132 treatment, and likely represented mono- and di-ubiquitinated forms of TRIM25 that

could serve a non-degradative function.

We aimed to monitor the abundances of diGlycyl lysines on ubiquitin as an indicator for
changes in the types of ubiquitin linkages during VACV infection. Interestingly, we found that
three of the ubiquitin diGlycyl lysines (K6, K11 and K63) were significantly decreased in VACV-
infected HelLa. No significant changes in abundance were observed for other sites. This

suggested there was at least decrease in some forms of polyubiquitination.
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3.5.2 Ubiquitin-like modifications

The trypsin digestion of proteins modified by the ubiquitin-like proteins, ISG15 and
NEDDS, also generates diGlycyl motifs. Although studies have shown that 94% of cellular
diGlycyl motifs were derived from ubiquitin, (135) additional experiments were needed to
confirm the diGlycyl modifications of interest specifically resulted from ubiquitination. We verified
that the formation of HMW TRIM25 species was fully inhibited by pretreatment of the E1
inhibitor TAK243 (Fig. 3.7b), and was unaffected by the neddylation E1 inhibitor MLN4924 (Fig.
3.8b). Our results demonstrated these HMW species were not neddylated but ubiquitinated
forms of the protein. However, further research is required to fully eliminate the possibility of
ISGylation. Immunoblot experiments to determine whether TRIM25 was ISGylated were
inconclusive, and specific ISGylation inhibitors are not available to our knowledge. Thus, we

cannot rule out that the HMW TRIM25 species may also represent ISGylated forms of TRIM25.

Alternatively, the use of the UbiSite antibody, which recognizes the C-terminal 13 amino
acids of ubiquitin (ESTLHLVLRLRGG) after LysC digestion, can provide definitive assignment of
the ubiquitination sites on proteins (reviewed in Chapter 1.3.3). (136) However, LysC only
cleaves C-terminal to unmodified lysine residues. Based on the protein sequence surrounding
the identified TRIM25 diGlycyl lysines (Fig. 3.5a), LysC digestion on ubiquitinated TRIM25 will
generate peptides that are too long for LC-MS/MS detection and thus may be ineffective in this

case.

3.5.3 Viral infection-induced deubiquitination

In our study, we focused our analysis on proteins with significantly increased diGlycyl
modifications in VACYV infection. However, a generally overlooked field is viral-infection induced
deubiquitination. Many viruses encode deubiquitinases. For instance, SARS-CoV-2 PLpro is a

deubiquitinase and delSGylase. (153, 154) Although the VACV genome does not encode any
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known deubiquitinases, viral proteins can interact with host deubiquitinases to regulate immune
signaling pathways and induce deubiquitination. One of the proteins we detected with
significantly decreased diGlycyl sites in VACV infection was OTU domain-containing protein 5
(OTUDS5; also known as deubiquitinating enzyme A, DUBA). OTUD?5 is a deubiquitinase that
negatively regulates immune response by suppressing type | interferon production. (229) We
observed substantially reduced ubiquitination on OTUD5 K385 during VACV infection (Fig. 3.2).
As OTUDS is activated by phosphorylation, (230) the effect of ubiquitination or deubiquitination
on OTUDS activity has never been examined. Lastly, the significant decrease of K6, K11 and
K63 ubiquitin linkages also implied less ubiquitination or even enhanced deubiquitination in
VACYV infection. Further investigations on deubiquitination in viral infection will provide a more
comprehensive understanding of the viral replication strategies and mechanisms. For instance,
the same protein can undergo ubiquitination and deubiquitination at distinct lysine residues
during viral infection, serving different functions. Specifically, we found three cellular proteins
containing both significantly increased and decreased diGlycyl modifications (PEG10, RPL10

and RPS10), although their roles in VACV infection were not explored in our study.
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Chapter 4: Virus-host protein-protein interactions in
MAYYV infection

Preface

Chapter 4 consists of unpublished work performed both by me and Joaquin Lopez-Orozco. |
performed mass spectrometry analysis, statistical analysis and manuscript composition. J.L.
assisted with many experiments such as electroporation and viral infection. Drs. Tom Hobman

and Olivier Julien were involved with the experimental design.
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4.1 Abstract

Mayaro virus (MAYV) infection is an emerging mosquito-transmitted viral disease with
high expansion and urbanization risks. Building a virus-host protein-protein interaction (PPI)
network will be a significant step in understanding the molecular mechanisms of viral infection in
support of effective vaccine and therapeutic development. One of the conventional mass
spectrometry-based interactomics approaches is affinity-purification coupled with mass
spectrometry (AP-MS). Although substantial success has been achieved in mapping virus-host
PPls using AP-MS, there are some limitations associated with this approach especially in
virology applications. To enhance the biological significance of interactomics in virology studies,
we used AP-MS to characterize virus-host PPIs in the context of viral infection. We have
identified host proteins that are specific to viral protein subcellular locations and biological
pathways, as well as key common interactors that are shared among multiple viral proteins that

could otherwise be missed using the conventional approach.

4.2 Introduction

Found in parts of South and Central America, MAYYV is transmitted to humans through
the bite of an infected mosquito. (231) MAYV infection can cause fever, headache, muscle and
joint pain. The virus has caused many epidemics, and has been shown to be transmitted by
mosquito species Aedes aegypti (232) and Aedes albopictus (233) that have spread to many
countries, posing a risk for urbanization and future global outbreaks. To date, there are no
vaccines or treatments for MAYV disease. Although a few host protein interactors are identified
for some MAYV non-structural proteins (NSPs), (234) the viral protein interactome has not been

systematically characterized under infection conditions.

To gain insights on the mechanism of MAYV pathobiology, we employed affinity-

purification coupled with mass spectrometry (AP-MS) to map the interaction network between
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virus and host proteins. Interactomics using LC-MS/MS characterizes protein-protein
interactions, and in the context of virology studies, can be used to characterize virus-host
protein interactions. After viral entry in host cells, the viral genome is released into the
cytoplasm, and translated into non-structural and structural proteins. The viral proteins interact
with the host to compete for molecular resources, and viral replication is dependent on these
protein-protein interactions. Building a virus-host protein interaction network is a significant step
in understanding the molecular mechanisms of viral infection and in defining the viral
pathobiology. Furthermore, characterizing viral protein interactome can reveal dysregulated
cellular pathways in the host, along with key viral interactors that might be restriction and

dependency factors. These viral interactors can be modulated for antiviral therapeutics.

AP-MS has been widely used in mapping virus-host protein-protein interactions in many
studies. (33-36, 235) However, there are some limitations associated with this approach when
characterizing virus-host PPls, as the cells are expressing a viral protein but not infected by the
virus. Viral infection inherently alters the host proteome and signaling pathways, and for
instance, protein-protein interactions downstream of elevated interferon response or activated
apoptotic signaling may be potentially missed. Secondly, the viral proteins are usually
expressed in the cell one at a time. This overlooks the potential formation of the viral replication
complex in the virus cycle, where the binding of host proteins may only be mediated by a stable
viral protein complex. We hypothesized that by performing AP-MS in virus-infected cells, we

would better define the virus-host interactome of MAYV (Fig. 4.1).
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Figure 4.1. Overview of the AP-MS in infected cells experimental design. HEK293T cells
were transfected with a FLAG-tagged viral protein construct by electroporation, recovered, and
then infected by MAYV, generating a pool of infected cells overexpressing a FLAG-tagged viral
protein. The binding proteins (viral and cellular) were enriched using automated anti-FLAG co-
immunoprecipitation and digested to peptides for LC-MS/MS analysis.

4.3 Methods

4.3.1 Plasmids

Plasmids used in this study were pcDNA 3.1(-) 3xFLAG constructs generated and
described previously(234). In brief, 3xFLAG tag was cloned C-terminal to MAYV viral protein-
specific gene in the pcDNA 3.1(-) plasmid. (236) Due to the cis-autoproteolysis activity of
capsid protein, which cleaved off the C-terminal 3xFLAG tag, a 3xFLAG sequence was added
in frame to the N-terminal region of the protein. The NSP2 C480A construct was cloned by site-
directed mutagenesis using overlapping oligos AAAGCTAAAGTGGCCTGGGCCAAATGC and
GCATTTGGCCCAGGCCACTTTAGCTTT. The integrity of all constructs was confirmed by

Sanger sequencing.
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4.3.2 Cell culture
HEK293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, #11995-065), supplemented with 10% fetal bovine serum (Sigma, #F1051-500ML) and

20 mM HEPES (Gibco, #15630-080). Cells were maintained at a 37°C incubator with 5% CO..

4.3.3 Electroporation

Sub-confluent HEK293T cells were harvested by trypsinization, and collected by
centrifugation at 500 x g for 5 min. Cells were resuspended in 1.5 x 107 cells/mL of Cytomix
buffer [10 mM potassium phosphate buffer, pH 7.6, 25 mM HEPES, pH 7.6, 120 mM KCl, 0.15
mM CaCl,, 2 mM EGTA, 5 mM MgCl: (all pHs adjusted to 7.6 using KOH)]. 100 uL of plasmid
DNA at 100 ng/uL and 400 uL of cell suspension were transferred to an electroporation cuvette
(Bio-Rad, 0.4 cm gap width, #1652088), supplemented with freshly prepared 2 mM ATP and 5
mM glutathione. Cells were pulsed once with 975 pF and 300 V (Bio-Rad, Gene Pulser Il). Time
constants were typically between 17-20 ms. Electroporated cells were transferred to 10 mL of
pre-warmed medium (described under 4.3.2), where 1 mL was added to a well in the 6-well
plate in preparation for cell counting for viral infection, and the rest (~10 mL) was added to a

T75 for cell recovery.

4.3.4 Viral infection

MAYV-mNeonGreen reporter virus was developed by Dr. Anil Kumar in the Hobman lab.
The virus strain used in the study was Mayaro Venezuela 16A (Genebank KP842794), (237)
which was kindly gifted by Brandy Russell at the Centre for Disease Control and Prevention
(Fort Collins, CO, USA). Virus stocks were generated in C6/36 cells [kindly provided by Dr.
Sonja Best, NIH Rocky Mountain laboratories (Hamilton, MT, USA) and cultured in Dr. Tom
Hobman’s lab] (234) and titered using HEK293T cells. 24 h post electroporation, HEK293T cells

in the T75 were replaced with fresh medium. 48 h post electroporation, HEK293T cells in the 6-
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well plate were lifted by trypsinization for counting using trypan blue and Countess Il FL
Automated Cell Counter (ThermoFisher). According to the cell count, the required viral particles

were added to the corresponding T75 flask to yield a multiplicity of infection (MOI) of 1.

For MOI = 1:

] cell count in the 6 — well plate (in cells/mL) x 10
volume of virus needed =

viral titre
10 hours post infection (h.p.i.), cells were lifted using 0.5 mM EDTA and collected by

centrifugation at 800 x g for 5 min. Cell pellets were frozen upright in the -80°C.

4.3.5 Cell viability assay

Cell viability assay was performed in a cell culture 96-well opaque-wall microplate
(Greiner bio one, #655083) using CellTiter-Glo Luminescent Cell Viability Assay (Promega,
#G7571).

4.3.6 Automated anti-FLAG affinity purification and on-bead trypsin
digestion

Cells were resuspended in 500 uL lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl
and 1% Triton X-100) supplemented with 1X Halt protease and phosphatase inhibitor
(ThermoFisher, #P178443) lysed by gentle sonication, and clarified by centrifugation at 13,000
rpm for 10 min. 20 L of the clarified lysate was saved as “input”. The rest proceeded to
automated anti-FLAG affinity purification using KingFisher Duo Prime (ThermoFisher) and anti-
DYKDDDDK magnetic agarose beads (Pierce, #A36797) according to the manufacturer’s
instructions with minor modifications. In brief, 50 uL of magnetic beads were pre-washed with
lysis buffer, incubated with cell lysates for 2 h at 4 °C, washed twice with lysis buffer, and

washed twice with 100 mM ammonium bicarbonate. The beads were then reduced with 10 mM
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DTT, alkylated with 50 mM iodoacetamide, and directly digested to peptides with 0.6 pg of

trypsin for 5 h at 37°C. Digested peptides were dried using GeneVac (EZ 2 4.0).

4.3.7 Mass spectrometry analysis

For input lysates prior to anti-FLAG pulldown, sample cleanup was performed using S-
trap micros (ProtiFi) with the addition of 5% SDS. Peptides were desalted with C18 ziptips
(Millipore, #TC18S960) and recovered in buffer A [0.1% formic acid (FA)] prior to mass
spectrometry analysis. The samples were analyzed using an lonOpticks Aurora TS 25 cm
coupled to an Orbitrap Exploris 480 Mass Spectrometer (ThermoFisher). Reverse phase
separation of the peptides was done with an Aurora Ultimate analytical column (25 cm x 75 ym
ID with 1.7 um media, lonOpticks). Peptides were eluted with a solvent B gradient (80% ACN,
0.1% FA) for 90 min. The gradient was run at 400 nL/min with analytical column temperature set
at 45°C. For both input and IP samples, DIA analysis was used using 37.5 m/z isolation window
widths, and data were searched using Spectronaut (v18.5) with directDIA library-free workflow
and factory settings against the concatenated database of the human proteome (UP000005640,
v2021-08-30) and MAYV Venezuela 16A proteome (Genebank KP842794) (237) with false
discovery of peptides restricted at 1%. Search parameters included a maximum of two missed
trypsin cleavages, with the constant modification carbamidomethylation (C), and a maximum of
five variable modifications of acetyl (protein N-term) and oxidation (M). Only tryptic peptides
were searched, and MS1 intensities were normalized using total peptide amount. Protein

abundances were calculated using the sum of peak areas of peptide MS2 quantities.

4.3.8 Analysis of protein-protein interactions
Protein interactions were scored based on DIA MS2-level protein abundances. The data
report files generated by Spectronaut were reformatted as required input files for executing

SAINT and MiST analysis.
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For SAINT analysis, SAINTexpress-int program (146) was run with default settings and
controls scored as independent experiments. To incorporate known interaction data to boost
interaction scores, the Gene Ontology Annotation database for human was downloaded from
EMBL-EBI (v2023-11-10), and the corresponding protein associations for all preys detected in

the study were extracted. SAINT scores were visualized using dot plot. (ProHits-viz(238))

MiST scores were calculated for each viral protein individually against control, with log2
transformed MS2-level protein abundances and default fixed weights (reproducibility = 0.30853,

specificity = 0.68551, abundance = 0.00596). (141)

4.4 Results

4.4 .1 Optimization of transfection and infection level

To perform AP-MS in infected cells, one of the key steps was to generate and maximize
the cell population that were both 1) expressing the target affinity-tagged viral protein and 2)
infected by the virus of interest. We selected electroporation to improve plasmid uptake
efficiency, and allowed cells to recover for 48 h. Optimizing viral infection post-transfection was
also necessary to infect a large cell population at an early stage of infection without inducing cell
death or excessive protein degradation. We tested a series of MOls and earlier infection times
prior to 24 h.p.i., at which point we noticed infected cells detach by microscopy. Using cell
viability assay and flow cytometry with cells infected by MAYV-mNeonGreen reporter virus, we
found MOI of 1 and harvesting 10 h.p.i. yielded the highest percentage of both viable and
infected cells (Table 4.1). Therefore, we were able to establish a protocol with highest viral

protein expression and infection.
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10 h.p.i. 12 h.p.i.
Viability | Infection | Viability [ Infection
Mock 100% 0 100% 0
MOl 1 89% 86% 45% 90%
MOI 3 67% 89% 31% 96%
MOI 5 50% 93% 35% 94%
MOI 10 36% 91% 42% 94%

Table 4.1. The highest percentage of viable and infected cells was observed at MOI=1 by
MAYV 10 h.p.i. HEK293T cells were infected with MAYV encoding a GFP reporter protein at
MOI 1, 3, 5, and 10, along with 10 and 12 h.p.i. Numbers of viable cells were determined by cell
viability assay, and infection efficiency was determined by flow cytometry. Percentages were
generated using mock cells as the denominator.

4.4.2 Overexpression of viral protein in infected cells

The viral protein constructs used in this study were designed and described previously.
(234) The expression of different viral proteins affects cell proliferation rates and can cause
cytotoxicity, resulting in variations in cell counts. For instance, NSP2 causes host transcriptional
shutoff and its expression is highly cytotoxic to cells. (234, 239) To partially mitigate the
cytotoxicity caused by viral-protease induced proteolysis, and also to better capture NSP2
protease substrates in the otherwise transient proteolysis interactions, we generated a
catalytically dead mutant for the viral protease encoded in the NSP2 (NSP2 C480A, NSP2-
dead). Additionally, for all cells expressing various viral proteins to be treated with MOI=1
equivalence of plaque forming units (pfu) of viral particles, we counted the number of living cells
in each condition and replicate prior to infection (Figure 4.2). We noticed substantial cytotoxicity
in cells transfected with NSP2, and even further reduced cell count with NSP2 C480A. This
demonstrates that the viral protease catalytic activity alone did not contribute to NSP2

cytotoxicity. The observed variation in cell proliferation and death caused by viral protein
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expression underscores the importance of accurate cell counts for the downstream infection

step.
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Figure 4.2. Cell proliferation and death post-electroporation. Average numbers of living
cells were normalized to the cells electroporated with CMV-FLAG vector (n = 4). Error bars
denote standard deviations (SDs). One-way ANOVA was performed (assuming Gaussian
distribution and equal SDs), where the means were compared pairwise with Tukey corrections.
*'p<0.05 *; p=<0.01, *** p<0.001, ***; p < 0.0001. All other unplotted comparisons were

not significant (p > 0.05).

4.4.3 Viral protein detection in infected input and IP

After HEK293T cells were transfected with FLAG-tagged viral protein constructs,
recovered for 48 h, and then infected with MAYYV for 10 h (MOI = 1) according to cell counts, the
cells were lysed under gentle conditions. At this stage, it was critical to inactivate viruses while
maintaining protein complexes. We opted for a lysis buffer containing 1% Triton X-100 and
intermediate salt concentration (150 mM NaCl), and further used probe sonication at low
amplitude (15%) for complete cell lysis. Aliquots of lysate input were taken before automated

anti-FLAG AP-MS. Co-immunoprecipitated proteins were subjected to on-bead trypsin
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digestion, and both input and IP were analyzed by mass spectrometry using DIA for more in-

depth proteome coverage and improved mass accuracies.

We were able to detect >7000 and >3000 proteins for input and IP, respectively (Fig.
4.3), with the exception of NSP2 and NSP2 C580A that were lower than other viral proteins,
which was consistent with cell counts (Fig. 4.2). This showed the extensive profiling of the
transfected and infected global cell proteomes, and robust enrichment of the viral protein co-

immunoprecipitation.
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Figure 4.3. Data summary of protein groups and peptides detected in input and IP. I[P
samples showed an enrichment ratio at ~50% (n = 4).

Additionally, using input data, we can assess the efficiency of transfection and infection
by monitoring the viral protein abundance levels. We used two parameters: MS2 quantity that
reflects protein intensities, and the number of precursors corresponding spectral counts (Fig.

4.4). We saw high levels of viral protein expression and enrichment in both the input and IP.
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Figure 4.4. Heatmaps showing the MS2 quantity and number of precursors of the
overexpressed viral protein in corresponding samples in both input and IP.
Overexpressed viral proteins searched using protein abundance and number of precursors were
identified in the infected lysate input and particularly enriched in the IPs.

The overexpression of viral protein prior to infection can alter the viral replication rate,
especially with structural proteins that boost viral entry to the cells. Interestingly, we saw strong
association between E1 and NSP4, where we detected high levels of E1 in NSP4-transfected
cell lysates (Fig. 4.4a), and high levels of NSP4 in 6K-E1 transfected IP (Fig. 4.4b; upper
panel). This suggested that 1) the overexpression of the NSP4, RNA-dependent RNA
polymerase, boosted viral replication; 2) E1 interacted with NSP4. Although the interaction
between NSP4 and E1 has not been previously reported, all positive-strand RNA viruses

replicate in association with the cytoplasmic membranes in infected cells, (240) and the RNA
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replicases, such as MAYV NSP4, are anchored to the membrane and therefore can very likely

interact with E1.

444 Scoring virus-host protein-protein interactions using MiST

To identify host protein interactors specific to viral proteins, we first used MiST, the most
commonly used computational algorithm to score AP-MS data in virus-host PPls. (141) We
scored the dataset as a whole using default fixed weights, where all baits and the corresponding
prey MS2 quantities were included. We then visualized the MiST scores using Cytoscape (Fig.

4.5). (241) This generated a narrow, restricted network including seven baits.
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Figure 4.5. Complete MiST analysis of the MAYV protein interactome in infected cells.
This analysis emphasized unique interactions specific to each viral protein. Blue rectangles:
host proteins “preys”; yellow diamonds: viral proteins “baits”; edges diffused according to MiST
scores (closer to the bait = more significant).

Of note, MiST does not define any conditions as negative controls. Using default fixed
weights for prey specificity, reproducibility and abundances, the algorithm treats all conditions
as equally independent experiments, and penalizes common interactions as nonspecific

background proteins. While this is a robust strategy to filter for highly specific PPIs that are
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unique to each bait protein, it is not best suited for our study. In our experiment, the cells were
both transfected and infected, and the overexpressed affinity-tagged viral proteins were involved
in the viral replicase formation, resulting in the potential identification of complex-bound proteins
shared among viral proteins. Furthermore, multiple viral proteins can interact with the same key
cellular protein to enhance a single function or to modulate different functions during infection.
For instance, SARS-CoV-2 envelope protein interacts with bromodomain-containing protein 2
(BRD2) to increase the transcription of cellular receptors for viral entry, but the viral protease
Mpro cleaves BRD2 to reduce cellular receptor expression at later stage of infection. (35, 171,
172, 242) Therefore, common virus-host PPIs remain biologically relevant and should be

included in our analysis.

We then scored the dataset pairwise using MiST, where we compare each viral protein
bait to the control vector exclusively, enabling a binary comparison between the IPs in
experimental condition and the negative control (infected cell lysates overexpressing CMV-
FLAG) (Fig. 4.6). We applied a more stringent filter for MiST score = 0.9 to gate the number of
interactions at higher confidence, and incorporated the prey abundances in the IP experiment
by border thickness. Additionally, for each identified interactor, we looked for its corresponding
protein abundance in the input lysates. The overexpression of viral proteins can induce
proteomic changes especially in the context of viral infection. Thus, whether a viral protein
interactor was elevated or depleted in abundance would further indicate its mechanistic role in
viral pathobiology, and guide how we could modulate its level to counter infection. We coloured
the prey nodes according to its protein abundance in input lysates in comparison to the vector
control, where shades of blue denoted decreased abundances and orange indicated increased.
We observed that the border thickness did not correspond to orange shading of the nodes,
showing that the increased prey abundances in the IP could not be simply attributed to cellular

proteomic changes after viral protein transfection, but resulted from virus-host interaction. In
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fact, many high-confidence preys were decreased in protein abundance at the input level,

suggesting that the viral protein interaction caused this decline.
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Figure 4.6. MiST analysis of individual MAYV bait proteins against control (MiST score 2
0.9). Cyan circles: viral proteins “baits”; rectangles: host proteins “preys”, shaded from blue to
orange = from decreased to increased in input lysates compared to infected cells transfected
with control vector (CMV-FLAG); border thickness = abundance in IP. Edges diffused according
to MiST scores (closer to the bait = more significant).
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Although the binary MiST scoring approach created a more comprehensive visualization
of MAYV-host PPI network, it did not illustrate the interconnectedness of viral protein
interactomes. For example, neurogenic locus notch homolog protein 2 (NOTCH2), a type |
transmembrane protein that interacted with Epstein-Barr viral protein, (243, 244) was found to
interact with both MAYV transmembrane glycoproteins 6K-E1 and E3-E2 (Fig. 4.7). Attempts to

visualize all the interactomes using Cytoscape resulted in a cluttered, convoluted network that

was difficult to interpret (Fig. 4.7).
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Figure 4.7. Merged MiST analysis of individual MAYV bait proteins against control (MiST
score = 0.9). Cyan circles: viral proteins “baits”; rectangles: host proteins “preys”, shaded from
blue to orange = from decreased to increased in input lysates compared to infected cells
transfected with control vector (CMV-FLAG); border thickness = abundance in IP. Edges
diffused according to MiST scores (closer to the bait = more significant).

4.4.5 Scoring virus-host protein-protein interactions using SAINT
Alternatively to MiST, SAINT is also highly used for scoring PPls in AP-MS and proximity
labeling. (245) SAINT uses a statistical model to assign either true or false interactions based
on explicitly defined negative control purifications, placing a stronger emphasis on high prey
abundance relative to control. Its enhanced implementation, SAINTexpress, was able to
accommodate common interactors at varying quantitative levels with different baits in a single

integrated model. (146)
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Figure 4.8. SAINT analysis of the MAYV viral protein interactome. Dot plot showing the
enrichment of viral protein interactors over FLAG control, scored using SAINT analysis boosted
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with reported interactions in Gene Ontology annotations. Three perspectives were represented:
raw prey abundances (average intensity) shown by the dot colour scaling from blue to black;
relative prey abundances across baits shown by the dot size; prey confidence indicated by the
dot outline (with SaintScore = 0.75 considered significant). Virus-host protein-protein
interactions in infected cells show clustered patterns specific for NSP2 (Row 3) and Envelope
proteins (Row 4).

We used SAINTexpress to score MAYV-host PPIs based on peptide fragment intensities
measured by data-independent acquisition, and visualized the results using dot plot (Fig. 4.8).
(238) This analysis highlighted many common interactions shared among viral proteins. This
observation was consistent with the mechanisms of viral protein processing and in MAYV
replication, where viral polyproteins are sequentially cleaved, and mature viral proteins form
stable complexes in infected cells (reviewed in Chapter 1.2.6). Particularly, interactors could be
grouped into distinct clusters on the dot plot, that were specific to envelope proteins (Row 4),
NSP2 (Row 3), and others shared among most viral proteins. There were proteins unique to
NSP2 WT and those that were more abundant in NSP2-dead, which possibly resulted from

interactions due to the NSP2 protease catalytic activity.

4.4.6 Interactor enrichment analysis

We next evaluated the subcellular localization of the MAYV viral protein interactors. To
do this, we used the lists of interactors generated from the binary MiST analysis (Fig. 4.6), and
lowered the minimum MiST scores to 0.75. The expanded interaction networks encapsulated all
potential viral protein interactors, and allowed a more comprehensive analysis of the viral
protein interactomes. The viral protein interactors demonstrated different subcellular localization
profiles (Fig. 4.9). For instance, ER was enriched in E3-E2 interactors, which was expected as
the glycoproteins were synthesized and processed in the ER (Fig. 1.9). Cytoplasm was also
highly enriched in the localization of NSP2-, 3- and 4-binding proteins, but more proteins were

membrane-associated for NSP1 interactors, suggesting the unique involvement of NSP1 in
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membrane protein signaling. Furthermore, both NSP2 and NSP2 mutant interactors showed

highly similar compartmentalization, despite differences in the composition of their interactomes.
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Figure 4.9. Top five enriched subcellular locations of MAYV protein interactors (p-value <
0.05). Enrichment analysis was performed using the stringAPP on the Cytoscape.

Many of the enriched biological processes of the viral protein interactors corresponded
to the subcellular locations (Fig. 4.10). For instance, NSP1 interactors were both membrane-
associated and uniquely involved in the cell surface receptor signaling pathway. We also
observed the enrichment in oxidative phosphorylation only in NSP2-dead but not NSP2, which
indicated the protease substrates might be involved in MAYYV infection-induced oxidative stress.
(246) Interestingly, both NSP3 and capsid interactomes exhibited strong enrichment in
subcellular locations, yet were weakly associated in biological processes. These analysis tools
could confirm the proper subcellular localization of the overexpressed protein constructs, and

strengthen our understanding of roles of the MAYV proteins during infection.
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Figure 4.10. Top five enriched biological processes of MAYV protein interactors (p-value <
0.05). Enrichment analysis was performed using the stringAPP on the Cytoscape.

4.4.7 Integrating SAINT and MiST scores

Using various strategies to score and analyze the identified virus-host PPIls indeed
expanded the interactome landscape from different perspectives. The next step was to focus on
key interactors with high confidence across multiple scoring algorithms. Therefore, we
integrated SAINT and binary MiST scores of the MAYV interactome, by setting both scores to a
minimum of 0.75, and searching for the overlap between the two pools of putative interactors.
We then searched for their protein abundances at the input level and visualized the result using
Cytoscape (Fig. 4.11). This resulted in a rather simplified but interconnected network that can

direct immediate targets for follow-up studies.
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4.5 Discussion

451 Limitations of the study

The interaction of the tagged viral proteins with viral proteins produced during infection,
requires the ability to form complexes in trans. We acknowledge that this may not be the case
for all proteins. We assumed that the overexpressed viral protein participated in process of viral
replication despite being translated from different mMRNA molecules (trans-interactions).
Overexpressing one viral protein during infection could also lead to potential changes in viral
replication, such as the increased viral E1 abundance observed in infected cells with NSP4
overexpression (Fig. 4.4), suggesting higher viral titre due to increased level of NSP4 replicase.
This altered stoichiometry could introduce artifactual PPIs that do not occur in native viral
infections. Furthermore, to allow cell recovery from electroporation, the viral protein was
constitutively expressed for 48 h before infection, where many PPls between the bait and
cellular proteins might have already taken place. We assumed that the later infection could
induce changes in the PPIs significant for viral infection and replication, which would be
captured in the subsequent anti-FLAG pull down. For instance, the envelope proteins E1 and E2
are only released from the ER upon heterodimerization (reviewed in Chapter 1.2.7). We
designed the protein constructs in the study for this to only occur with infection, and the
overexpressed envelope proteins are otherwise retained in the ER. While AP-MS in infected
cells has certain limitations that require further evaluation, it marks a considerable step forward

as a virus-host interactomics screening approach compared to conventional AP-MS.

4.5.2 Infection significantly alters viral protein interactome
Our group has previously conducted AP-MS with MAYV proteins under conventional
uninfected cell conditions, also scored using binary MiST analysis. (234) To evaluate PPIs only

induced by infection, we compared the viral protein interactors, both scored by MiST binary

120



analysis with a threshold of 0.75, with and without infection. Strikingly, we observed very limited
overlap, ranging from no to three common hits. The only exception was NSP2-dead IP, which
contained 34 interactors that were also found in the NSP2 IP previously carried out without
infection. This might indicate that viral infection significantly altered the PPI landscape, and that
the NSP2 protease catalytic activity might lead to a distinct interactome during infection.
Specifically, although the previously identified NSP2 interactors DNA-directed RNA polymerase
Il subunit A (Rpb1) and transcription initiation factor IIE subunit 2 (TFIIE2) were detected in our
experiment, they were not significantly enriched in the NSP2 IP over infected control. Notably,
the interaction between NSP2 and the two host proteins was found in AP-MS without viral
infection, and it was later characterized that MAYV NSP2 depletes Rpb1and TFIIE2 during viral
infection. (234) Therefore, our experimental conditions with increased NSP2 expression under
viral infection would further reduce the possibility of detecting Rpb1and TFIIE2, especially since
our control IP was also performed in infected lysates. This could be a limitation of our study:
viral infection can induce PPIls, but depending on the role of the proteins, their detection in AP-

MS is not necessarily always enhanced.

453 Alternatives for AP-MS in infection

In this study, we performed AP-MS in infected cells to capture PPIs in viral infections.
However, factors such as scalability and accessibility of the proper biosafety level facilities to
work with different viruses can place limitations for adapting this approach. In addition,
incorporating the infection step can be a labour-intensive and time-consuming bottleneck in a
typically high-throughput AP-MS workflow, especially when studying viruses with a large
number of viral proteins (e.g., poxviruses encoding > 200 proteins). Alternatively, cells can be
treated with infection-like stimuli, such as cytokines. For instance, the Overall’s group treated

human lung epithelial cells with interferon a and B before lysis to examine antiviral response-
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related substrates for SARS-CoV-2 Mpro in vitro. (63) This could serve as a cost- and resource-

effective option for AP-MS or other in vitro studies.

454 Protein interactions shared by multiple viral proteins

Most AP-MS studies focused the analysis on host proteins that uniquely interact with
each viral protein. Indeed, this is a good strategy to remove non-specific binders, false positives
or artifacts in the dataset, as increased sensitivity in mass spectrometry has enabled thousands
of protein identifications in a single co-immunoprecipitation run, making the selection process for
follow-up candidates difficult. However, this filter also can be too harsh and can neglect that
multiple viral proteins can interact with one key host factor, to regulate diverse functions or fine-
tune a specific process. Such phenomenon was demonstrated in our SARS-CoV-2 study in
Chapter 2, where BRD2 interacted with the viral Envelope protein to facilitate viral entry, (35)
but was also cleaved by the viral protease Mpro. Investigating exclusive interactors alone will

inevitably miss critical host factors and lead to misinterpretation of virus-host dynamics.

4.5.5 Further characterization of protein-protein interactions

Some of the ongoing and future work includes functional studies on the viral protein
interactor candidates. For instance, interferon alpha and beta receptor subunit 1 (IFNAR1) is an
antiviral factor that recruits STAT2 and activates interferon signaling induced by viral infection.
(247, 248) In our study, the cytoplasmic tail of IFNAR1 uniquely interacted with MAYV NSP1.
This was in line with our interactome analysis where NSP1 interactors were highly enriched in
cell surface receptor signaling (Fig. 4.10), suggesting MAYV NSP1 may be highly involved in
critical receptor interactions including IFNAR1.

Other interesting targets include those that are differentially interacting with NSP2 and
NSP2-dead, which can be NSP2 protease substrates. In conjunction with the in vitro N-

terminomics screening strategy presented in Chapter 2 and protease purification in Appendix D,
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we can generate a list of viral protease substrates whose cleavage sites are labeled and
interactions with the proteases are shown during infection. This will accelerate the identification

of bona fide proteolysis targets that can potentially reveal novel therapeutic targets for

intervention.
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Chapter 5: Overall discussions and conclusions

5.1 Synopsis

Protein post-translational modifications (PTMs) and protein-protein interactions (PPIs)
undergo significant changes during all stages of viral infection and replication. My thesis work
aimed to unravel the intricate molecular mechanisms of viral infections by studying PTMs and
PPIs using proteomics techniques. Our research has identified the proteolysis targets of SARS-
CoV-2 proteases, profiled protein ubiquitination in VACV infection, and characterized the virus-
host interaction networks in MAYV infection. Taken together, this thesis highlighted the various
mass spectrometry approaches in illustrating the interplay in virus-host interactions, providing
insights into the mechanisms of viral manipulation of host cellular processes and identifying
putative targets for antiviral therapies. This work provided a basis for the potential repurposing

of drugs or new therapeutics targeting either viral or host proteins.

5.2 Challenges in mapping PTMs in viral infection

PTM characterization is challenging. PTMs are highly dynamic and regulated, with many
of them being reversible and low-abundance. It often requires the use of PTM-specific
enrichment methods to effectively isolate the modifications for identification that would otherwise
be undetectable by standard shotgun proteomic approaches. Moreover, the PTM location
assignment is dependent on the peptide fragmentation, where a poor MS2 pattern could cause
misassignment or failure in localization. (249) The peptide-spectrum assignment in LC-MS/MS
analysis softwares for highly modified peptides is also more convoluted and can lead to
identification of false positives, especially in data-independent acquisition that is gaining
popularity in label-free protein quantifications (reviewed in (250)). Steps in sample processing
can often produce artifacts that closely resemble PTM mass shifts. (249) For instance,

overalkylation of lysines by iodoacetamide results in a covalent adduct that is identical to the
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mass of diGlycyl ubiquitin remnant. (251) Meanwhile, true modifications, such as phosphate
groups, are labile and can be easily lost in both sample preparation and phosphorylated peptide

fragmentation in LC-MS/MS (Appendix C). (252)

Additionally, for most proteins, many sequences are simply inaccessible by bottom-up
proteomics using common digestive enzymes (i.e. trypsin), or do not ionize/mobilize/fragment
well, causing incomplete PTM mapping. (253) PTMs further amplify this inaccessibility, by
potentially blocking cleavage by the digestive enzymes. Due to the complexity of modified
proteoforms, multiple digestive enzymes are required for deep proteome profiling, (254) or
additional strategies such as top- or middle-down proteomics need to be integrated to study all

proteoforms of a target protein. (40, 255)

Viral infection adds another layer of complexity. Our studies in Chapters 2 and 3
exemplified that PTMs on a protein could vary as the viral infection progressed. BRD2 was
required for SARS-CoV-2 entry, (171) but was cleaved by the viral protease during infection. In
VACYV infection, TRIM25 was highly ubiquitinated as early as 1 h.p.i., but its ubiquitinated forms
were significantly reduced at 24 h.p.i. (Fig. 3.6a). Thus, infection time is another variable that
affects the PTM landscape. Currently, we are uncertain whether the proteomic changes at an
earlier infection time point fully represent the immediate antiviral responses, or the stable,
persistent protein modifications fundamentally define the virus cycle. Since proteomic analysis
provides only a snapshot of the dynamic interactions between cellular machinery and an
invading pathogen, determining the optimal timing and frequency of sampling is crucial.
Additionally, PTMs can vary depending on cell type, viral strain, and MOI. These factors should

be carefully considered when investigating PTMs in virology studies.

Recent advances in single-cell transcriptomics and proteomics allow to capture

proteomic changes by zooming into single virus-infected cells, eliminating the bulk analysis of a
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heterogeneous cell population with various cellular and infection states. (256) It also permits the
use of rare cell lines that correspond to viral tropism, such as the human primary cells,
particularly in the cases where cellular responses to viral infections are dependent on cell types.
However, while single-cell research may represent a new tool for virology studies, it will likely
not enhance the identification of virus-induced PTMs at its current state, as PTMs are found in
even more minute amounts when analyzed at the single-cell level. The development of more
advanced methodologies are necessary to overcome these challenges and fully realize the

potential of single-cell virology research.

5.3 Challenges in characterizing PPIs in viral infection

In Chapter 4, we proposed that performing AP-MS experiments in infected cells provided
a better mimic of PPls in viral infections. It also led to the identification of many viral protein
common interactors. Current PPI scoring algorithms do not fully support the analysis of such
interconnected PPI networks, and deciphering between common interactors or non-specific
binders often entirely relies on the negative control. Furthermore, we employed anti-FLAG AP-
MS for PPI identification, which has a smaller affinity tag (1 kDa) than popular alternatives such
as using proximity labeling enzymes (Appendix F). However, anti-FLAG AP-MS can often miss
transient interactions. On the other hand, while proximity labeling allows the use of harsh lysis
conditions for membrane protein identification and virus inactivation, the larger fusion protein
(BirA*) is more likely to interfere with PPIs. This can be particularly concerning if viral infection is
implemented in the study, where viral proteins are processed from polyprotein precursor and
BirA* could hinder the replication complex formation. That said, new smaller BirA* variants are

being designed, such as MicrolD2 with a size of 19 kDa and fast labeling time (1h). (257)
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5.4 Crosstalk between PTMs and PPIs — what are we
missing?

An interesting aspect that we have not fully explored in this thesis was the connection
between PTMs and PPls. We know that protein PTMs can alter PPls, (258) and that is how they
mediate protein signaling. However, we did not specifically quantify changes in the PTM of a
viral protein binding prey, or characterize the interactome of a highly modified protein in viral
infection, such as TRIM25. Mass spectrometry advances have enabled the sensitive, high-
throughput and robust proteomic quantification of cells, tissues, bodily fluids, and now even in a
single cell, but what we are potentially missing is the functional knowledge of all these protein
levels. To what extent do the low-abundance protein decorations alter its interactions with other
proteins? Moverover, PTMs also impact other PTMs. (259) As discussed in Chapter 3, VACV
encodes SCF E3 ligase adaptors ANK-PRANC proteins, and we found these viral adaptor
proteins to be ubiquitinated (Table 3.2). However, only phosphorylated proteins are recruited to
the SCF ubiquitin-ligase complex. (77) Performing comparative analysis on phosphoproteomics
and ubiquitomics in VACV infected cells may uncover unexpected findings such as
phosphorylated and ubiquitinated viral ANK-PRANC substrates. Lastly, we assumed a single
abundance per protein encoding gene in our AP-MS study, originating from the sum of the
corresponding peptides abundances (MS2 peak area). This is a common practice in
interactomics studies but perhaps neglects the variety of PTM-modified species, (260) which
was estimated to be 100 proteoforms per protein encoding gene. (39) Each detected peptide
may originate from different proteoforms, which may have varying abundances and carry
diverse functions. Although current technology does not allow us to easily distinguish among the
proteoforms and explore the proteome to such depths, considering all these factors is a step
toward creating a more diverse network that better represents the virus-host interaction
dynamics. Finally, while | have not address this in my thesis, | would expect that artificial

intelligence tools will become more frequently used in the short future in proteomics research, to
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study and analyze post-translational modifications and protein-protein interaction networks. This
could be revolutionary, just like AlphaFold has recently transformed the field of structural

biology. (261)
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Appendix A — Supporting information for Chapter 2:
The role of viral protease-induced proteolysis in
SARS-CoV-2

Preface
Appendix A includes supporting information for Chapter 2: The role of viral protease-induced
proteolysis in SARS-CoV-2, and has been published as part of the manuscript:

Luo, S. Y.; Moussa, E. W.; Lopez-Orozco, J.; Felix-Lopez, A.; Ishida, R.; Fayad, N.;
Gomez-Cardona, E.; Wang, H.; Wilson, J. A.; Kumar, A.; Hobman, T. C.; Julien, O.
Identification of Human Host Substrates of the SARS-CoV-2 Mpro and PLpro Using
Subtiligase N-Terminomics. ACS Infect Dis 2023, 9 (4): 749-761.

List of the supporting figures:

Figure A.1.  Fullimmunoblot images of Fig. 2.7.

Figure A.2.  Additional immunoblot of SARS-CoV-2 infected A549-ACE2
Figure A.3.  Additional immunoblot of SARS-CoV-2 infected HEK293T-ACE2
Figure A.4.  Cleavage of SFPQ by PLpro additional validation

Figure A.5.  Cleavage of Mpro substrates not detectable by immunoblots
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Figure A.1. Full immunoblot images of Fig. 2.7. Proteolysis of BRD2 by MP™ in vitro and in
SARS-CoV-2 infected cells. a) BRD2 was cleaved by recombinant MP™ in Jurkat cell lysates.
Jurkat cell lysates were incubated with recombinant MP™ for 0-4 hours, and immunoblotted
against BRD2. A cleavage product at 23 kDa appeared with incubation time as the full length
BRD2 level decreased. b) GFP-BRD2 WT and mutant Q206A overexpression in HEK293T-
ACE2 and in vitro cleavage by recombinant SARS-CoV-2 MP°. HEK293T-ACE2 cells
overexpressing GFP-BRD2 were lysed, and the cell lysates were incubated with MP™ for 2 hours
and immunoblotted against GFP. Cleavage was only observed with GFP-BRD2 WT. Depletion
of full-length BRD2 was also observed in SARS-CoV-2 infected ¢) A549-ACE2 and d)
HEK293T-ACE2 at 24 and 48 h.p.i.
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Figure A.2. Additional immunoblot of SARS-CoV-2 infected A549-ACE2 lysates and BRD2
quantification. a) Another representative replicate was performed in addition to the blot
presented in Figure 3 of the main manuscript, for a total of n=3, biological replicates. b)
Quantification of BRD2 levels at 24 h and 48 h after infection with SARS-CoV-2 compared to
mock. BRD2 levels measured were 0.6 £ 0.1 (24 h) and 0.3 + 0.3 (48 h), with a *p < 0.05 using
Student’s t-test.
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Figure A.3. Additional immunoblot of SARS-CoV-2 infected HEK293T-ACE2 lysates and
BRD2 quantification. a) Another representative replicate was performed in addition to the blot
presented in Figure 3 of the main manuscript, for a total of n=4, biological replicates. b)
Quantification of BRD2 levels at 24 h and 48 h after infection with SARS-CoV-2 compared to
mock. BRD2 levels measured were 0.3 £ 0.2 (24 h) and 0.6 + 0.2 (48 h), with a *p < 0.05 using
Student’s t-test.
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Figure A.4. Additional investigation of cleavage of SFPQ by PLP™ in vitro (n=2, biological
replicates). a) Uninfected A549-ACE2 cell lysates were incubated with PLP® and SFPQ
cleavage by PLP™ could not be detected using immunoblotting. b) Cleavage of overexpressed
FLAG-tagged SFPQ in HEK293T-ACE2 cells by PLP™ was also not detected on immunoblot. ¢)
A potential cleavage product was observed when incubating immunoprecipitated FLAG-SFPQ
with SARS-CoV-2 PLP™. d) Expression of full length NSP3 in HEK293T-ACE2 did not show
distinct cleavage of SFPQ compared to the control.
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Figure A.5. Substrate proteolysis by MP™ was not detectable by immunoblot for a) in vitro
cleavage assays of TRIM28 in Jurkat lysates; b) in vitro cleavage assays of PARP10 in Jurkat
lysates; ¢) in vitro cleavage assays of ZAP in A549 lysates; and d) endogenous NUP98 level in
infected A549-ACE2 cells. This suggests that these targets can be cleaved by MP™, but only at a
low level detectable only by mass spectrometry.
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Appendix B — Protein-level enrichment for PTM
detection

Preface

Appendix B includes method optimizations for protein-level enrichment to detect diGlycyl sites
on a target protein, and contains preliminary unpublished results for the project in the
manuscript:

Delyea C., Forster M., Luo S., Dubrule B.E., Julien O., and Bhavsar A.P. The Salmonella
effector SspH2 facilitates spatially selective ubiquitination of NOD1 to enhance
inflammatory signaling. Biochemistry. (accepted)
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B.1 Summary

Salmonella enterica serovar Typhimurium (S. Typhimurium) is a Gram-negative
facultative intracellular pathogen. It is a major cause of diarrhoeal disease worldwide, and
results in 33 million healthy life years being lost yearly. (World Health Organization, 2018) As
part of its pathogenesis, S. Typhimurium delivers effector proteins into host cells. One effector is
SspH2, a member of the novel E3 ubiquitin ligase family, interacts with, and enhances, NOD1
pro-inflammatory signaling, though the underlying mechanisms are unclear. We aimed to use
mass spectrometry analysis to uncover the ubiquitination sites on host NOD1 by Salmonella
SspH2. We overexpressed FLAG-tagged NOD1 and HA-tagged SspH2 in HEK293T cells, and

tested various methods to optimize the detection of ubiquitination sites on NOD1.

B.2 Evaluation of ubiquitin overexpression, protein-level
enrichment, and bead selection

We first would like to evaluate whether the co-overexpression of ubiquitin and the
protein-level enrichment steps were necessary to detect diGlycyl sites on NOD1. Additionally,
we compared the target protein coverage and the number of associating diGlycyl sites identified
using two immunoprecipitation (IP) methods. We tested pre-conjugated commercial anti-FLAG
magnetic beads (Pierce), and alternatively, we pre-incubated a mouse anti-FLAG antibody with

Protein G magnetic beads, and proceeded to binding in lysates (direct IP).

Table B.1 provided the summary of results. We confirmed that we were able to detect
numbers of proteins and peptides corresponding to the sample complexities of IP and lysates,
and we detected the overexpressed Salmonella E3 ligase SspH2. Next, we performed more
targeted analysis on the NOD1 sequence coverage and its diGlycyl sites (Table B.2). We found
that the overexpression of ubiquitin did not affect the total number of IPed proteins or peptides

(Table B.1), but drastically increased the number of diGlycyl sites on NOD1 (Table B.2).
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Moreover, the anti-FLAG enrichment significantly enhanced the identification of diGlycyl sites on
NOD1 (Table B.2), even when its coverage was about the same in the IP and lysates. Lastly,
although we were able to detect more proteins and peptides using Pierce anti-FLAG in the IP
samples (Table B.1), direct IP using anti-FLAG antibody and Protein G beads in ubiquitin-
overexpressing lysates resulted in the highest number of diGlycyl sites identified on NOD1
(Table B.2). Therefore, we showed that protein-level enrichment was an effective alternative in

characterizing PTMs on a target protein with these optimizations.

It was however important to note that, since the enrichment was protein-level, both
diGlycyl and unmodified NOD1 peptides were pulled down (Fig. B.1). Given that the
identification of low-abundance modified peptides could be obscured by their unmodified
counterparts, this might partially elucidate why the identification of diGlycyl sites on the target

protein required specific conditions and approaches.

Overexpressed Sample % Coverage of
rotein tvoe Beads # Proteins # Peptides SspH2
P yp (# peptides)
Manual IP Pierce 1614 6864 68.9% (45)
NOD1+SspH2 Manual Ip | Protein G+ 954 3169 79.9% (48)
antibody
Lysates - 2234 19437 79.8% (49)
Manual IP Pierce 1662 6656 62.2% (44)
Protein G + o
NOD1+SspH2+Ub | Manual IP antibody 1144 3938 80.1% (49)
Lysates - 2014 18074 75.6% (44)

Table B.1. Summary of results comparing 1) effects of overexpressing ubiquitin; 2) effects of
protein-level enrichment; 3) effects of using different beads in identifying proteins and peptides.
Pierce: anti-FLAG (Anti-DYKDDDDK) magnetic agarose (Pierce, A36797); Protein G +
antibody: Dynabeads Protein G beads (Invitrogen) and mouse a-FLAG (Sigma; M). Samples
were run on the Orbitrap Fusion Lumos.
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Overexpressed # NOD1 NOD1 # <_1|Glycyl Lys
. Sample type Beads - sites on T
protein peptides coverage position
NOD1
Manual IP Pierce 56 65.8% 1 K473
Protein G + o K473
NOD1+SspH2 Manual IP antibody 52 59.2% 2 K582
Lysates - 43 58.6% 0 -
K473
Manual IP Pierce 53 59.1% 3 K746
K666
K473 K858
K746 K812
NOD1+SspH2+Ub Protein G + o K756 K778
Manual IP antibody 66 67.9% 12 K754 K142
K598 K809
K666 K70
Lysates - 44 58.7% 1 K746

Table B.2. Effects of experimental conditions on profiling diGlycyl sites on NOD1. Pierce:

anti-FLAG (Anti-DYKDDDDK) magnetic agarose (Pierce, A36797); Protein G + antibody:

Dynabeads Protein G beads (Invitrogen) and mouse a-FLAG (Sigma; M). Samples were run on

the Orbitrap Fusion Lumos.

}

[((TVLR)LSVNQITDGGVK

|

[(TVLR)LSVNQITDGGVKVLSEELTK GlyGly@12

Figure B.1. Protein-level enrichment yielded both modified and unmodified peptides from
the same protein. The diGly- state of K co-existed with unmodified K; for instance, the peptides
above were detected in the same sample (Nod1+SspH2+Ub, Protein G + anti-FLAG antibody).

B.3 Effects of automated enrichment

We have also tested manual and automated anti-FLAG protein enrichment using
KingFisher Duo (ThermoFisher) with anti-FLAG antibody and Dynabeads Protein G, under
conditions optimized above. C.D. generated a catalytically dead mutant SspH2 C580A as a
negative control. The automated anti-FLAG IP greatly enhanced the capture of FLAG-NOD1

(Fig. B.2). Data analysis also revealed the automated IP samples contained overall more
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proteins, and higher NOD1 coverage with increased diGlycyl site identification (Table B.3). All

samples were searched against the SspH2 WT/C580A sequence and the active site mutation

was confirmed (Fig. B.3).

kDa

250
150
100

SspH2 C580A + NOD1 + Ub

SspH2 WT + NOD1 + Ub

Manual

Automated

Manual

Automated

Nod1

Figure B.2. Enhanced FLAG-NOD1 capture using automated IP. Coomassie-stained SDS-
PAGE of eluted anti-FLAG IP in HEK293T lysates overexpressing the indicated constructs.

# glygly .
. . % coverage | # NOD1 . # glygly sites
Sample #proteins | # peptides on NOD1 peptides s:gsntzn in the pulldown
NOD1+Ubs+ Manual 637 3851 76.50% 99 14 83
SspH2 C580A Auto 905 5411 78.50% 118 27 131
NOD1+Ubs+ Manual 602 3429 73.30% 93 12 78
SspH2 WT Auto 933 5420 76.00% 111 22 104

Table B.3. Enhanced identification on overall IPed proteins/peptides, and increased
NOD1 coverage and diGlycyl sites using automated direct IP. All IPs were performed with
anti-FLAG antibody and Dynabeads Protein G.
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C580A samples WT samples
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161 ' D A A VVQKMRACLN NGNAVLNVGE SGLTTLPDCL PAHITTLVIP DNNLTSLPAL 161 Q' A N NGNAVLNVGE SGLTTLPDCL PAHITTLVIP DNNLTSLPAL

241 PPELRTLEVS GNQLTSLPVL PPGLLELSIF SNPLTHLPAL PSGLCKLWIF GNOLTSLPVL PPGLQELSVS DNQLASLPAL 241 PPELRTLEVS GNQLTSLPVL PPGLLELSIF SNPLTHLPAL PSGLCKLWIF GNQLTSLPVL PPGLQELSVS DNQLASLPAL
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561 EDEALRANTF AMATEATSSA EDRVIFFLHQ MKNVQLVHNA EKGQYDNDLA ALVATGREMF RLGKLEQIAR EKVRTLALVD 561 EDEALRANTF AMATEATSSC EDRVIFFLHQ MKNVQLVHNA EKGQYDNDLA ALVATGREMF RLGKLEQIAR EKVRTLALVD
641 EIEVWLAYON KLKKSLGLTS VISEMRFFDV SGVTVTDLOD AELQVKAAEK SEFREWILQW GPLHRVLERK APERVNALRE 641 EIEVWLAYON KLKKSLGLTS VISEMRFFDV SGVTVTDLOD AELQVKAAEK SEFREWILOW GPLHRVLERK APERVNALRE
721 KQISDYEETY RMLSDTELRP SGLVGNTDAE RTIGARAMES AKKTFLDGLR PLVEEMLGSY LNVQWRRN 721 KQISDYEETY RMLSDTELRP SGLVGNTDAE RTIGARAMES AKKTFLDGLR PLVEEMLGSY LNVQWRRN

Figure B.3. Detection of SspH2 sequences corresponding to WT and C580A. Red: SspH2
peptides found in the IP. The residue at 580 was indicated by the green arrow.
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Appendix C — Optimizations of phosphoproteomics
workflow

Preface

Appendix C includes method optimizations for the phosphoproteomics workflow used in the
unpublished projects, and contains some collaborative work with Jason Lane and Dr. Amit

Bhavsar (University of Alberta).
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CA1 Summary

Phosphorylation is a critical PTM that plays a vital role in regulating numerous cellular
processes, including signal transduction, cell division, and metabolic control.
Phosphoproteomics coupled with LC-MS/MS analysis enables the characterization and
quantification of the phosphoproteome in a biological sample, elucidating the dynamic changes
in protein phosphorylation states and sites in response to various stimuli, and providing insights
into cellular pathways and disease mechanisms. Enrichment strategies such as immobilized
metal affinity chromatography (IMAC) are employed to selectively isolate phosphopeptides from
the proteome. Here, | investigated variations in each step of the phosphoproteomics workflow to

improve enrichment and detection of phosphopeptides.

C.2 Effects of sample lysis and desalting methods on
identifications

We tested two alternative approaches for sample preparation in phosphoproteomics
workflow based on Jersie-Christensen et al. with some modifications (Fig. C.1). (1) Cells were
lysed either on ice in classic RIPA buffer [50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS and protease and phosphatase inhibitors
(ThermoFisher, Halt)] or by boiling in GdnHCI (6 M guanidine hydrochloride and 100 mM Tris-
HCI, pH 8.5). The RIPA sample underwent acetone precipitation, reduction and alkylation, LysC
and trypsin digestion, and peptide desalting using ProTrap XG (Allumigs). The GdnHCI protein
extract was directly reduced, alkylated and digested by LysC and trypsin in solution. The
peptides were desalted using SOLA HRP SPE cartridges (ThermoFisher, #03-150-391).
Desalted peptides from both samples proceeded to the same Ti-IMAC HP (MagReSyn)
phosphopeptide enrichment automated using KingFisher Duo Prime. Both the flow-through
(total peptides; TP) and the eluted fractions (phosphopeptides; PP) were desalted again and

analyzed on LC-MS/MS.
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Figure C.1. Two alternative phosphoproteomics workflows featuring different lysis
buffers and desalting methods.

We assessed the number of peptides and phosphopeptides in the samples processed
using the two workflows. We found that the use of ProTrap resulted in no peptide identification
after phosphopeptide enrichment (Fig. C.2; left), although other non-phosphorylated peptides
were identified in the unbound fractions (Fig. C.3; left). On the other hand, the sample with
heated GndHCI lysis and SOLA-column desalting yielded sufficient numbers of
phosphopeptides in the PP fraction (Fig. C.2; right), and higher numbers of unmodified peptides
in both PP and TP (Fig. C.2; right). Therefore, all subsequent experiments were performed with

the GdnHCI workflow indicated in Fig. C.1.
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Figure C.2. Number of identified peptides and phosphopeptides in elution after Ti-IMAC
enrichment. Cells were cultured and treated with the PBS (control) or the indicated molecule by

J.L.

RIPA GdnHCI
30007 B peptides 100007 5025 M peptides
1 2580 . .
] phosphopeptides 80004 phosphopeptides
4 2228
1 2102
n 20004 7
5 ] € 6000
a ] T
g ] 8_ 4441
* 10001 # 40007 oo
2000+
E 589
0: 32 26 23 0 i 50 . 48 .
Control LPS Cisplatin Control LPS Cisplatin

Figure C.3. Number of identified peptides and phosphopeptides in the flow-through after
Ti-IMAC enrichment. Cells were cultured and treated with the PBS (control) or the indicated

molecule by J.L.
C.3 Types of phospho beads and enrichment buffer

We further investigated the use of varying phosphopeptide enrichment beads and
conditions with 270 ug Jurkat peptides per sample. For Ti-IMAC beads, we used 25 pL of 20
Mg/uL beads per 500 ug peptides, pre-washed beads 3X with binding buffer [80% acetonitrile
(ACN), 0.1% trifluoroacetic acid (TFA)], and proceeded to peptide binding at RT for 30 min. The
beads were washed 3X with the binding buffer, eluted 2X with 50% ACN, 2.5% NH4+OH, and
neutralized with 75% ACN, 10% FA. We also tested another enrichment protocol with increased

TFA concentration in the binding buffer to 6% and more thorough washing. (2) The beads were

pre-washed 3X with the binding buffer (80% ACN, 6% TFA) and were incubated with peptides in
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the binding buffer with mixing at RT for 20 min. Beads were washed 3X with the binding buffer,
1X with 80% ACN, 1X with 80% ACN, 0.5 M glycolic acid, and 1X with 80% ACN. The peptides

were eluted 2X by 50% ACN, 1% NH4OH.

We additionally evaluated TiO, beads (Titansphere, GL Sciences) and followed the
enrichment protocol by Jersie Christensen et al., (1) where the enrichment was carried out in
80% ACN, 12% TFA, and beads were washed with increasing concentrations of ACN (10%,
40%, and 60%) and 6% TFA, and finally eluted first with 5% NHsOH, and then with 25% ACN,

10% NH4OH.

We found that enrichment with Ti-IMAC beads and 6% TFA yielded the highest numbers
of phosphopeptides and phosphoproteins (Fig. C.4). Notably, there was high overlap among the
peptides identified in the PP fractions among the three conditions (Fig. C.5a), especially in

phosphopeptides (Fig. C.5b), with exclusive gain in Ti-IMAC 6% TFA.

Lastly, we explored the phosphopeptide enrichment preference of Ti-IMAC beads
between 0.1% and 6% TFA. We found that the phosphopeptide abundances in the two samples
correlated (Fig. C.6; r = 0.80). It is noteworthy that the unique phosphopeptides in Ti-IMAC 6%

TFA also did not exclusively contain multi-phosphorylated peptides.
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Figure C.4. Number of peptides and phosphopeptides and the corresponding proteins
enriched with varying beads and binding conditions. All enrichment steps were automated
by KingFisher Duo Prime, with 270 ug starting peptides in Jurkat (peptide concentration
measured by Nanodrop).
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Figure C.5. Overlap among the enrichment conditions in the identification of a) peptides and
b) phosphopeptides. All enrichment steps were automated by KingFisher Duo Prime, with 270
Mg starting peptides in Jurkat (peptide concentration measured by Nanodrop).
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Figure C.6. Correlation between phosphopeptides identified in Ti-IMAC 6% TFA (x-axis)
and Ti-IMAC 0.1% TFA (y-axis). The abundances of quantified peptides enriched by Ti-IMAC
beads were plotted using a scatter plot. The Pearson correlation coefficient (r) showed very
strongly positive correlation between the two conditions for phosphopeptides (r = 0.80); r = 0.33
for non-phosphorylated peptides. Grey dots: non-phosphorylated peptides; red dots:
phosphorylated peptides.

C.3 Effects of acquisition methods on phosphopeptide IDs

The parameter optimization on LC-MS/MS for phosphopeptide analysis is critical for their
fragmentation and assignment. We found that in a tribrid mass spectrometer, using orbitrap for
both MS1 and MS2 (OT-OT) ion measurements yielded better results than conventional

methods of measuring MS1 ions in orbitrap and MS2 by ion trap (OT-IT) (Fig. C.7).
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Figure C.7. Numbers of peptides and phosphopeptides identified using the above LC-
MS/MS methods. Jurkat peptides were enriched with Ti-IMAC beads, and the same sample
was injected twice, analyzed either with OT-IT (MS1 by orbitrap, MS2 by ion trap), or OT-OT
(MS1 and MS2 both by orbitrap).
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Appendix D — Protein expression, purification, and
activity assays of Chikungunya and Mayaro viral
proteases

Preface
Appendix D includes collaborative work with Drs. Tom Hobman (University of Alberta), Jeanne
Hardy (University of Massachusetts Amherst) and Anil Kumar (University of Saskatchewan). |

modified some purification and assay conditions from Kristalle G. Cruz (University of

Massachusetts Amherst).
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D.1 Summary

Outbreaks of Zika, Dengue and West Nile virus have drawn the world’s attention to the
mosquito-borne viruses, and the scarcity of corresponding vaccines accentuated the
significance of virus-host interactions research at the molecular level. The successful
development of SARS-CoV-2 main protease inhibitor Paxlovid (Pfizer) as antiviral treatment has
especially underscored the importance of viral protease research. In alphavirus, preliminary
studies have shown that the viral protease plays a key role in suppressing cellular transcription
and blocking interferon signaling in immune response during infection. (1,2) However, the
specific cellular targets of these proteases remain uncharacterized. To identify host substrates
cleaved by viral proteases in alphaviruses, we aimed to express and purify active Chikungunya
virus (CHIKV) and Mayaro virus (MAYV) proteases. The viral proteases can be added to human

cell lysates for N-terminomics labeling experiments and substrate characterization.

D.2 Expression and purification of CHIKVP

E. coli codon optimized sequence encoding the CHIKV NSP2 protease domain
(CHIKVP) was cloned in the vector pET-15b(-) with N-terminal 6X His tag and cleavable TEV
protease recognition sequence (His6-TEV-CHIKVP) by A.K. The plasmid was transformed in
BL21(DE3)pLysS cells and cultured in 2X YT induced with 1 mM IPTG at ODsoo = 0.7 incubated
for 6 hours at 170 rpm and 15°C. Cells were lysed in lysis buffer (50 mM Tris, pH 8.0, 300 mM
NaCl, 5% glycerol) by Emulsiflex and the lysates were clarified by centrifugation at 40,000 x g
for 4°C at 30 min. The soluble protein extract then proceeded to Ni column purification using
HisTrap (Cytiva), with wash buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, 50 mM
imidazole) and elution buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, 300 mM
imidazole). The eluted fractions containing His-TEV-CHIKVP were pooled and dialyzed
overnight with 1:50 TEV protease:protein ratio in 2 L of dialysis buffer (50 mM Tris, pH 8.0, 5%

glycerol, 1 mM TCEP) with a stirrer at 4°C. The untagged CHIKVP was purified by a second Ni
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column purification using the previous wash and elution buffers, and the flow-through and wash

fractions containing the protein was collected.
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Figure D.1. Expression and purification of His-TEV-CHIKVP. His-TEV-CHIKVP was
expressed in BL21(DE3)pLysS and purified by Ni column purification.

D.3 Activity assay of CHIKVP

Recombinant CHIKVP activity was monitored using fluorescence resonance energy
transfer (FRET) probe substrate DABCYL-RAGGYIFS-GIu(EDANS)-NH2 (Biomatik) with Aex =
340 nm and Aem = 490 nm. Under cell-free assay conditions, 2 uM of untagged CHIKVP was
incubated with 30 uM substrate in assay buffer (50mM HEPES, pH 7.0, 1TmM CHAPS) in 96-well
opaque plate (Corning) (Fig. D.2). To perform activity assays in lysates, 5-10 million A549 cells
were lysed in 1 mL assay buffer supplemented with protease inhibitors (5 mM EDTA, 1 mM
AEBSF, 1 mM PMSF, 4 mM IAM) using probe sonication, and lysates were clarified by

centrifugation at 13,000 rpm for 10 min. 20 mM of DTT was added to quench excess IAM.
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Figure D.2. Recombinant CHIKVP activity monitored by FRET assays. 2 uM of CHIKVP
was incubated with 30 uM probe DABCYL-RAGGYIFS-GIu(EDANS)-NH2 in the assay buffer.
10 mM of IAM completely inhibited CHIKVP activity.

D.4 Expression and purification of MAYVP

Despite the sequence homology between CHIKVP and MAYVP (Fig. D.3), MAYVP

exhibited very different biochemical properties, where the MAYVP expression in various

constructs in bacterial systems formed inclusion bodies (Fig. D.4). Moreover, its expression in

mammalian cells was also highly cytotoxic, imposing many challenges for performing in vitro

studies.
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Figure D.3. Sequence alignment between CHIKVP and MAYVP showed 67% identical and
81% similar homology.
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Figure D.4. Unsuccessful expression of recombinant MAYVP in bacterial cells. a)
Expression of His-TEV-MAYVP in cell lines 1 (BL21-CodonPlus-RIL), 2 [BL21-CodonPlus(DE3)-
RIPL] and 3 (Arctic express(DE3)RIL) was mostly in the insoluble cell pellets. The bacterial cell
lines were kindly gifted by Dr. R. Glen Uhrig (University of Alberta). b) Expression of GST-
MAYVP did not improve its solubility.

Finally, we found SUMO tag fusion significantly improved MAYVP solubility. E. coli
codon optimized sequence encoding the MAYV NSP2 protease domain (MAYVP) was cloned in
the pET-28a backbone vector fused with His-SUMO tag cleavable by His-Ulp1 (SUMO
protease) to maintain MAYVP native N- and C-termini. The pET-28a vector plasmid and the
plasmid encoding His-Ulp1 were kindly gifted by Dr. Joanne Lemieux. His-SUMO-MAYVP was
transformed in BL21(DE3) and the bacteria were cultured in 2X YT + 1% glycerol. Protein
expression was induced with 0.5 mM IPTG at ODsgo = 0.65 at 170 rpm, 15°C overnight. Cells
were lysed in binding buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 5% glycerol and 25 mM
imidazole) by Emulsiflex and the lysates were clarified by centrifugation at 40,000 x g for 4°C at
30 min. The soluble protein extract then proceeded to Ni column purification using HisTrap
(Cytiva), with the above binding buffer and elution buffer (50 mM Tris, pH 7.5, 300 mM NaCl,
5% glycerol and 500 mM imidazole). Notably, all of MAYVP was precipitated after SUMO tag

removal during dialysis with His-Ulp1. Therefore, we kept the SUMO tag for subsequent studies.
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Figure D.5. Expression and purification of His-SUMO-MAYVP. His-SUMO tagged MAYVP
was expressed in BL21(DE3) and purified with Ni column purification.
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Appendix E — Protein expression, purification, and
activity assays of Norwalk viral protease

Preface

Appendix D includes collaborative work with Dr. John (Lok Man) Law (Memorial University of

Newfoundland).

E.1 Summary

Noroviruses (also known as Norwalk viruses; NV) are a leading cause of acute
gastroenteritis globally, resulting in widespread outbreaks in various settings such as hospitals,
schools, and cruise ships. Currently, there are no vaccines or therapies for NV infections. NV
encodes a viral protease (NVP) in non-structural protein 6 (NS6), that is essential for viral
polyprotein processing and viral replication. Research on NV and its protease is fundamental for
the development of viral protease inhibitors and other targeted antiviral therapies. In this study,
we aimed to express and purify active recombinant NVP for future experiments such as

identification of the viral protease substrates in host cells.

E.2 Expression and purification of NVP

E. coli codon optimized sequence encoding the NVP protease domain (Norovirus Gl,
obtained from NCBI NC-001959, nucleotide 3305-3847) was cloned into the pET-28a backbone
vector fused with His-SUMO tag cleavable by His-Ulp1 (SUMO protease) to maintain NVP
native N- and C-termini. The pET-28a vector plasmid and the plasmid encoding His-Ulp1 were
kindly gifted by Dr. Joanne Lemieux. The His-SUMO-NVP construct was transformed in
BL21(DE3), and bacteria were cultured in 2X YT. Protein expression was induced with 0.5 mM

IPTG at ODsoo = 0.65, incubated overnight at 22°C at 200 rpm. Cells were lysed in binding buffer
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(50 mM Tris, pH 7.5, 300 mM NaCl, 25 mM imidazole) by Emulsiflex and the lysates were
clarified by centrifugation at 40,000 x g for 4°C at 30 min. The soluble protein extract then
proceeded to the first Ni column purification using HisTrap (Cytiva), with binding buffer and
elution buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 500 mM imidazole) (Fig. E.1a). The eluted
fractions containing His-SUMO-NVP (B3-B12) were pooled and dialyzed with SUMO protease in
1:500 SUMO:protein ratio in 2 L dialysis buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 1 mM
TCEP) overnight at 4°C. The cleaved protein was then subjected to a second Ni column
purification using the same buffers, where the fractions containing untagged NVP in flow-

through and wash were collected (Fig. E.1b).
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Figure. E.1. Expression and purification of recombinant NVP. His-SUMO-NVP was
expressed in BL21(DE3), purified by a) first Ni column purification, cleaved and dialyzed with
SUMO protease and further subjected to b) a second Ni column purification. The collected
untagged NVP contained native N- and C-terminal sequences without additional residues.
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E.3 Activity assay of NVP
Both SARS-CoV-2 Mpro and NVP are 3C-like cysteine proteases and exhibit similar

sequence preferences at non-prime sites (P2P1 = LQ). However, we observed little to no NVP
proteolytic activity with Mpro probes (Fig. E.2). When monitoring its activity using FRET probe
Dabcyl-FHLQ|GPED-EDANS (Biomatik) in the assay buffer (20 mM Tris, pH 7.5, 1 mM EDTA,
10 mM DTT), NVP activity levels were substantially higher (Fig. E.3). We speculated that prime
site sequence was required for NVP activity, and P1'P2' = GP were critical sites highly preferred
for GI NVP. This was consistent with previous kinetics studies performed on GlI NVP using 14-

amino-acid activity probes. (1)
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30000 62001 = +4 UM NVP
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Figure E.2. Activity of 4 yM NVP against the Mpro coumarin probe Ac-Abu-Tle-Leu-GIn-
ACC. a) NVP activity was close to the control baseline (no protease) relative to Mpro. b)
Zoomed in view of the NVP activity showed limited increase in RFU over one hour.
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Figure E.3. Activity of 1, 2.5 and 5 pM of NVP. Activity monitored using 15 uM assay probe
Dabcyl-FHLQ|GPED-EDANS.
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Appendix F — Comparing the BAD Protein

Interactomes in 2D and 3D Cell Culture Using
Proximity Labeling

Preface

Appendix F has been published on the manuscript:
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F.1 Abstract

Protein-protein interaction studies using proximity labeling techniques, such as biotin
ligase-based BiolD, have become integral in understanding cellular processes. Most studies
utilize conventional 2D cell culture systems, potentially missing important differences in protein
behavior found in 3D tissues. In this study, we investigated the protein-protein interactions of a
protein, Bcl-2 Agonist of cell death (BAD) and compared conventional 2D culture conditions to a
3D system wherein cells were embedded within a 3D extracellular matrix mimic. Using BAD
fused to the engineered biotin ligase miniTurbo (BirA*), we identified both overlapping and
distinct BAD interactomes in 2D and 3D conditions. The known BAD binding proteins 14-3-3
isoforms and Bcl-XL interacted with BAD in both 2D and 3D. Of the 131 BAD interactors
identified, 56% were specific to 2D, 14% were specific to 3D, and 30% were common to both
conditions. Interaction network analysis demonstrated differential associations between 2D and
3D interactomes, emphasizing the impact of culture conditions on protein interactions. The 2D-
3D overlap interactome encapsulated the apoptotic program, which is a well-known role of BAD.
The 3D unique pathways were enriched in extracellular matrix signaling, suggestive of hitherto
unknown functions for BAD. Thus, exploring protein-protein interactions in 3D provides novel
clues into cell behavior. This exciting approach has the potential to bridge the knowledge gap

between tractable 2D cell culture and organoid-like 3D systems.
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Figure F.1. Graphical abstract of Appendix F.
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F.2 Introduction

Characterizing protein-protein interactions and the resultant protein interactomes is an
expanding field in proteomics'3. In particular, advances in proximity labeling techniques have
enabled unbiased identification of both stable and transient protein interactors in living cells*.
While these methods have been successful at mapping protein-protein interactions in most
regions of the human cell®, most BiolD experiments are typically carried out in cells cultured on
a plastic surface in a 2-dimensional (2D) monolayer for experimental simplicity. However, these
conditions do not take into account the possibilities of proteins behaving differently in cells
embedded in the extracellular matrix (ECM) in 3-dimensional (3D) tissues or organs.
Differences in 2D and 3D cell morphology indicate that inter- and intra-cellular signaling in 2D
versus 3D cell culture are inherently different. There are profound variations in protein-protein
interactions involved in a variety of molecular pathways, such as differential molecular
machineries that drive cell mobility and migration in 2D or 3D model systems®2,

The protein Bcl-2 Agonist of cell death (BAD) was first identified as a protein that binds
the anti-apoptotic proteins BCL-2 and BCL-XL®. Although BAD sensitizes cells to apoptosis in
cell culture, it has complex roles in vivo'®'2, including altering glycolysis via binding to
glucokinase' ' and modulating mammary epithelial cell mobility'. To examine the extent to
which 2D and 3D cellular environments affect protein interactions, we queried the protein-
protein interactions in 2D and 3D culture using BAD as a bait within human mammary epithelial
cells (MCF10A). While some of the proteins identified overlapped, we find significant differences
in BAD interactomes between 2D and 3D conditions, highlighting the importance of

incorporating the effect of cellular context to define protein-protein interaction networks.
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F.3 Results

F.3.1 Establishing experimental model systems

To identify the differential protein interactome in 2D versus 3D systems, we employed
proximity labeling’2. Given the size of BAD (23 kDa), we decided to use the smaller biotin ligase
miniTurbo, which promiscuously biotinylates interacting proteins effectively and has a higher
biotin ligation efficiency with a shorter incubation time compared to other biotin ligase variants'?.
We fused miniTurbo to the C-terminus of our bait protein BAD where it showed similar
subcellular localization to untagged BAD (Fig. F.2), and generated an MCF10A cell line stably
expressing the fusion protein where endogenous BAD expression is knocked-out®. As a
control, we generated MCF10A cell lines stably expressing miniTurbo tagged to the monomeric
green fluorescent protein, mEmerald. For 2D culture, we grew cells as monolayers on plastic
dishes under conventional conditions, where cells grow and migrate on the surface and
eventually form a confluent monolayer. For 3D cultures, single cells were embedded in an ECM
mimic of basement membrane mixed with collagen-1'" (Fig. F.3A, B). In 3D culture, cells form
multicellular clusters known as cysts. Cells on the exterior surface of the cyst interact with the
surrounding ECM with some cells initiating collective cell migration to form multicellular tubules.
Confocal microscopy showed this differential morphology of cells cultured in 2D vs 3D (Fig.
F.3B). Intracellular localization of BAD was similar in both conditions. We also assessed the
heterogeneity of the 3D culture conditions. As expected, the 3D cysts were filled and lacked a

central lumen as described by others™®,
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Figure F.2. Expression level of N- and C-terminal fusion of miniTurbo to BAD. (A)
Immunoblot shows expression and phosphorylation status in MCF10A BAD-miniTurbo (C-
terminal fusion) and miniTurbo-BAD (N-terminal fusion). The expression of BAD is lower
in the C-terminal fusion versus N-terminal fusion. (B) Immunofluorescence images show
localization of BAD-miniTurbo (C-terminal fusion) both in the cytoplasm and mitochondria,
similar to untagged-BAD, while miniTurbo-BAD (N-terminal fusion) was largely found in
the mitochondria. Consequently, the BAD-miniTurbo (C-terminal fusion) was chosen for
proximity labeling experiments.
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We next verified that the miniTurbo moiety retained biotin ligase activity. Time course
labeling in the presence and absence of exogenously added biotin showed a time-dependent
and biotin-dependent increase of protein biotinylation. Biotinylated proteins could be observed
after 30 min in 2D and 1 hour in 3D (Fig. F.3C) — and these time points were chosen for further
experiments to minimize non-specific protein-protein interactions. Biotinylation was monitored
using immunofluorescence microscopy and showed expected localization in both 2D and 3D
conditions (Fig. F.3D). We also observed consistent biotinylation signals distributed throughout
the cyst, except in the nucleus as expected, demonstrating adequate biotin diffusion throughout
the 3D multicellular cysts. We next assessed the ability to capture biotinylated proteins by
streptavidin pull-down. Biotinylated proteins were efficiently depleted from the streptavidin flow-
through (FT) fraction in both 2D and 3D. These findings demonstrate that miniTurbo expressing
cells cultured in 2D and 3D successfully produced biotinylated proteins that could be captured

by streptavidin.

179



3 2 3 Dimensional cell culture
2 Dimensional cell culture

[

. ] Cyst
Single cells - S‘"Q‘?FEIIS /‘
; . 3 . ‘ \ ‘ i . o
— (e | " . ‘ e & . ) ( P .'/
MCF10A cells in MCF10A cells embedded
complete media in Matrigel: Collagen-I
Day 0 Day3 Day 0 Day8
B Anti-BAD DAPI Merge o 2D BAD-mT 3D BAD-mT
= Tme “30m 30m 1h _1h _2h _2h _ 4h__4h__ _30m 30m 1h_2h 4h
[=] Biotin - + - + - + - + -+ + o+ o+
23
)
<
a -
< \
S z - | | -
o % —— —
[ &) ©
g g |
a5 z |
@ s |
o a — ‘
<
aQ
<
o
2
T |
g ) P | [ pp——|
E D 2D 3D
D +Biotin | 2D culture 3D culture
£
°
o
BAD-mT - BAD-mT + BAD-mT + 2
BAD _|H miniTurbo | BAD | miniTurbo | BAD miniTurbo
y
BAD + mT + mT + £ G
o
BAD [miniTurbo |- Emerald | miniTurbo | _Emerald o v
+
| I Streptavidin-488
l DAPI
- = e B2
20 o . % Reduction ] ; o8
Yo L J "a . §¢ Alkylation ~ / Q 1 5N 1
L P 5 ® & Ps  Wash ﬁ Trypsin digestion ¢ p] o----&--9®
.« 1® —_— > P > o ——» P4
e Q Automated @ 075 @, é % . LC-MS/MS o--
9 streptavidin Host interactor  analysis Interactome
purification peptides characterization

Figure F.3. Biotin ligase methodology in 2D and 3D cell culture. (A) Schematic of MCF10A
human mammary epithelial cell model systems in 2 dimension (2D) or 3 dimensions (3D). (B)
Immunofluorescence of BAD subcellular localization in MCF10A cells grown in 2D or 3D
conditions. BAD (cyan); DAPI (blue); scalebar = 20 um. (C) Streptavidin blot confirming biotin
ligase activity in 2D and 3D conditions. Incubation times with biotin and the presence or
absence of biotin are indicated. Biotinylated proteins were visualized using streptavidin-680. (D)
Biotinylation was also monitored using immunofluorescence microscopy and showed expected
localization in both 2D and 3D conditions. (E) Schematic of the proximity labeling experimental
design and controls. Addition of biotin is indicated with pink shading. (mT= miniTurbo; +
indicates biotin treatment).
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F.3.2 |dentification of potential BAD interacting and proximal proteins
Purified biotinylated proteins were reduced, alkylated, and subjected to trypsin digestion,
using automated magnetic bead capture to minimize variability (Fig. F.3E). The resulting
peptides were analyzed by liquid chromatography followed by tandem mass spectrometry (LC-
MS/MS) using an Orbitrap Fusion Lumos (see methods). We identified a combined 4056 total
proteins in the 2D culture samples, and 2531 total proteins in the 3D culture samples (2D: n=3;
3D: n=4). Next, we identified the BAD proximal proteins by comparing the abundance of
proteins in the BAD-miniTurbo sample with biotin (BAD-mT+) to those in the mEmerald-
miniTurbo control samples (mT+) (Fig. F.4A, B). Volcano plot analysis of this comparison
indicated that 124 and 66 protein hits were significantly enriched in 2D and 3D culture
conditions, respectively (p-value < 0.05 and fold change > 3) (Fig. F.4A, B). We generated a list
of known interacting proteins obtained by querying the BioGRID interaction repository of
published physical and genetic interactions'®. From the 121 BAD-interacting proteins that were
curated in the database, we filtered for the ones derived in human cells that had evidence of
physical interaction and were represented by at least 2 independent publications. This
generated a list of 18 proteins with high-confidence as known BAD-interactors. Of these known
BAD-interactors, 6 (33%) proteins were identified in our 2D and 3D culture interactomes (Fig.
F.4C). Importantly, both the known BAD-interactors and our potential BAD-interactome
contained 14-3-3 isoforms (four of seven in the 2D and 3D samples), and BCL-XL (in 3D
samples), which constitute the best documented canonical interactors of BAD (Fig. F.4A, B)%.
Thus, our screen captured both well-documented BAD interactors and identified potential novel

BAD interacting proteins.
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Figure F.4. Protein interactors identified by mass spectrometry. Volcano plots of all
biotinylated proteins identified in 2D (A; n=3) and 3D (B; n=4). The comparison of BAD-
miniTurbo+ to miniTurbo+ control is shown. Dashed lines demarcate adjusted p-value of < 0.05
and a fold change greater than 3 with proteins inside this area shaded in grey. The circle size
and line color indicate the number of peptides and percentage of the protein coverage,
respectively. Previously known BAD interactors from literature are labeled. (C) Venn diagram
comparing overlap between our identified potential BAD interactors with previously known BAD
interactors from BioGrid™®.

F.3.2 Screening for BAD specific interacting proteins in 2D and 3D

To further filter out non-specific interactors, we incorporated additional negative controls
and subjected the data to unsupervised agglomerative hierarchical clustering. Specifically, in
addition to the aforementioned mEmerald-miniTurbo control (mT+), we included untagged BAD
incubated with biotin (BAD+) and BAD-miniTurbo without biotin (BAD-mT-) in the 2D

experimental setup (Fig. F.3E; n=3). These controls allowed for two more quality control
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comparisons to ensure minimizing non-specific identification of BAD interactors. However, given
the experimental constraints of the 3D cultures (e.g. time and cost), only BAD-mT+ compared to
mT+ were included in the 3D conditions. For analysis, we considered only proteins with a p-
value < 0.05 and = 3-fold change in BAD-mT+ compared to mT+ in both 2D and 3D cultures,
which pared our list down to 141 proteins. Unsupervised hierarchical clustering heatmap of
these lists of proteins ultimately identified three main general clusters containing 2D unique, 3D
unique, or 2D/3D overlapping proteins (n=131 proteins, in Fig. F.5A).
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Figure F.5. Unsupervised hierarchical clustering identifies differential BAD-interacting proteins
in 2D and 3D. (A) Possible BAD interactors (p-value < 0.05 and fold change = 3) were derived
from the ratios indicated on the y-axes and subjected to unsupervised hierarchical clustering
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heatmaps to agglomerate BAD-specific interactors in 2D (n=3) and 3D (n=4). BAD-miniTurbo
with biotin (BAD-mT+) was compared to four controls (+ indicates biotin treatment): miniTurbo
without BAD in 2D and 3D (mT+), BAD-miniTurbo without biotin (BAD-mT-), BAD without
miniTurbo (BAD+) in 2D. 131 interactors were identified for BAD which are highlighted as three
main clusters; 2D-unique (green), 3D-unique (magenta) and 2D-3D overlap interactors’ clusters
(blue). (B) Venn diagram comparing overlap between potential BAD interactors in 2D and 3D
conditions. (C) Correlations of the log2 fold change from all common proteins between 2D
(BAD-mT+/mT+) & 3D (BAD-mT+/mT+) (Rho=0.45259). The color of the circles indicate the -
log10 adjusted p-value for 2D (right semicircle) and 3D (left semicircle), with red being the most
significant. The alpha threshold value (adjusted p-value = 0.05) is shown in white. The top 10
proteins with the lowest p-values are labeled. (D) Volcano plot comparing proteome changes of
MCF10A in 2D and 3D culture stably expressing miniTurbo-BAD with biotin treatment (2D: n=3;
3D: n=4), before biotin capture. Proteins with significantly increased abundance in 3D were
shaded in the red box (fold change = 1.5, p-value < 0.05), and proteins with significantly
increased abundance in 2D were shaded in the green box. The enriched BAD interactors
identified from the subsequent proximity labeling were highlighted according to the heatmap
clusters. (E) Ranked protein abundances from the volcano plot. The BAD-interactors identified
from the proximity labeling heatmap clusters are highlighted, showing a dispersed distribution
from high to low abundant proteins. The dashed lines correspond to the quartiles of the total
protein abundances distribution prior to the enrichment step.

F.3.2 BAD interactome varies in 2D vs 3D culture conditions

From these 131 potential BAD interactors, 2D unique and 3D unique clusters consisted
of 74 hits and 18 hits, exclusively identified in 2D and 3D conditions respectively. The overlap
cluster consisted of the remaining 39 hits found in both 2D and 3D conditions (Fig. F.5B).
Correlation of all 131 potential BAD interactors in 2D vs 3D gave a negative correlation
(Pearson correlation coefficient = -0.41), as would be expected since the hits in the 2D and 3D
unique clusters were more than the overlapping hits. However, the enrichment of all overlapping
hits was positively correlated, as shown in Fig. F.5C. Interestingly, the most enriched common
interactors in 2D and 3D culture were also the most significant hits.

We also assessed the global proteome changes in response to 2D and 3D culture.
Specifically, an aliquot of the input cell lysates from MCF10A cells expressing miniTurbo-BAD in
2D and 3D with biotin treatment before the enrichment step of our proximity labeling

experiments were subjected to total protein abundance quantitation using data independent
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acquisition (DIA) (Fig. F.5D). Culture conditions altered the abundance of a subset of proteins.
We ranked the 6,000+ proteins quantified in the lysates based on their abundances (Fig. F.5E),
and indicated the BAD interactors we had identified from the proximity labeling experiments (2D
unique, 3D unique, and 2D-3D overlap). This data showed that protein levels of some of the 3D-
specific interactors were elevated in response to 3D culture. The majority of interactors,
however, were similarly expressed in either culture condition, and of these, a subset was
differentially biotinylated in 2D vs 3D, indicating that protein interactome changes were likely
specific and not simply a function of protein abundance. Finally, the highest-fold enriched hits
from each cluster are shown (Fig. F.6). Of note, all the previously known BAD-interacting
proteins were found in the 2D-unique or 2D-3D overlapping clusters. In summary, our analyses
identified 131 potential BAD interacting proteins; 56% are unique to 2D culture, 14% are unique
to 3D culture and 30% were identified to interact with BAD in both 2D and 3D culture conditions.
Thus, the BAD-interactome differs depending on culture conditions, with nearly two thirds of

BAD-proximal proteins showing exclusive interactions in either 2D or 3D.
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Gene Uniprot  2D-[%]  3D-[%]  2D-Fold 3D-Fold 2D-Adj 3D-Adj Cellular
Description Symbol Accession Coverage Coverage Change Change p=Value p=Value Location
Vacuolar protein sorting-associated protein 338 VPS33B  Q9H267 3 2.2E-12 CE
Folylpolyglutamate synthase, mitochondrial FPGS Q05932 6 2.2E-15 M, C
Bromodomain adjacent to zinc finger domain protein 1A BAZ1A QINRL2 3 4.3E-14 N

@ [ Ubiquitin-like modifier-activating enzyme 6 UBAG AOAVT1 4 239 4.7E-09 c

g Heterogeneous nuclear ribonucleoprotein U-like protein 2 HNRNPUL2 Q1KMD3 3 201 4.6E-08 N

& | Prefoldin subunit 2 PFDN2  QIUHV9 17 13.7 1.1E-10 C,M, N

™8 Integrator complex subunit 3 INTS3 Q68E01 3 131 29E-03 N, C
Protein NDRG1 NDRG1 Q92597 22 1.7 3.8E-07 N, C,CM
UDP-N-acetylhexosamine pyrophosphorylase UAP1 Q16222 8 11.6 1.3E-05 c
CDGSH iron-sulfur domain-containing protein 1 CISD1 QINZ45 53 11.6 2.5E-09 M
Mitochondrial fission factor MFF QIGZY8 17 58 21E-06 M,P
Collagen alpha-2(V) chain COL5A2  P05997 3 538 11E-13 8
Coagulation factor V F5 P12259 1 5.2 14E04 S

@ W Fibrinogen gamma chain FGG P02679 | 1 4.7 9.5E-09 S

-2 W Protein arginine methyltransferase NDUFAF7, mitochondrial NDUFAF7  Q7L592 9 43 38E-04 M

S Tumor protein D54 TPD52L2 043399 21 38 22E03 C

> @ Hemoglobin subunit delta HBD P02042 15 35 39E-02 C
Collagen alpha-1(1V) chain COL4A1  P02462 2 33 8.0E03 S
Fibrinogen beta chain FGB P02675 10 33 50E-04 §
Laminin subunit alpha-1 LAMA1 P25391 5 3.2 11E06 S
OCIA domain-containing protein 1 OCIAD1 QONX40 [ 38l 11 X 76 22E-15 59E07 E
10 kDa heat shock protein, mitochondrial HSPE1 Pe1604 | 67 00 32 106 66 22E-15 38E-07 M

o [l 14-3-3 protein epsilon YWHAE ~ P62258  INNT3 N 46 8.2 66 22E-15 54E-15 N,C

‘E‘: 14-3-3 protein gamma YWHAG  P61981 47 | 32 80 64 22E-15 B54E-15 C

3 [ Bel-2-like protein 1 BCL2L1 Q07817 [ ] 141 4 28 114 28E-02 28E-06 M, C

2 W Cytochrome ¢ oxidase subunit 5B, mitochondrial COX58  P10606 M 2601 6 12 55 13E-05 46E-05 M

8' NADH dehydrogenase 1 alpha subcomplex assembly factor 2 NDUFAF2  Q8N183 s ; 21 63 6.3 48E-13 93E-06 M
Protein CDV3 homolog CDV3 QIUKY7 32 00 22 85 34 10E-06 9.1E-02 C
Testis development-related protein TDRP QssYLs B 350 6 28 87 54E-02 76E-05 C,N
Alpha-synuclein SNCA p37840 | 39 19 35 72 14E-02 14E-06 N,C,CM,S

C=Cytoplasm, CM= Membrane, E=Endosome, M=Mitochondria, N= Nucleus, P= Peroxisome, S= Secreted

Figure F.6. List of top hits for BAD interactomes in 2D and 3D. The table shows the top 10
hits for each cluster. The proteins were ranked based on the fold change in the 2D and 3D
groups. For the 2D and 3D overlap group, a combined fold-change score was calculated by the
sum of the combined 2D and 3D fold changes. Only proteins with = 2 unique peptides in either
2D or 3D and presence in = 2 replicates were selected for the final list.

F.3.2 Association of 2D and 3D interactome with each other and
known interactors

To further characterize the proteins within each cluster, we analyzed their subcellular
localizations (Fig. F.7A). The subcellular protein distributions for the 2D-3D overlap group were
fairly similar to the 2D unique hits, with the majority of proteins found in the cytoplasm, nucleus
and mitochondrion. On the other hand, the subcellular distributions of the 3D unique hits were
markedly different with greater than 60% representation of secreted proteins. This strongly
suggested distinct biological consequences of these differential BAD interactomes in 2D vs 3D

conditions. To further explore this, we leveraged interactomics STRING database analysis?'.
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Using BAD as our bait, we queried our interactome clusters using all curated interactions
(known and predicted interactions) in the STRING database. 2D-3D overlap hits gave a robust
interaction network, with BAD and its canonical interactors such as BCL2L1 (BCL-XL) and 14-3-
3 isoforms forming part of the core network (Fig. F.7B). 2D-unique interactors showed weaker
association with each other. Interestingly, similar to the 2D-3D overlap hits, 3D-unique hits
showed a robust interaction network that has not yet been linked to BAD (Fig. F.7B). This
suggests that BAD is a novel interactor of an established interaction network in 3D culture,
further emphasizing the value of incorporating 3D models to capture molecular networks that

might be otherwise missed in 2D models.

F.3.2 The 2D- vs 3D-specific BAD interactomes differ in cellular
pathways

We then queried the Reactome database to identify significant pathways from 2D
unique, 3D unique and 2D-3D overlap interactomes (Fig. F.7C). The most significant and
represented pathway in the 2D-3D overlap BAD-interactome was apoptosis. This was not
surprising, as BAD is a well-known pro-apoptotic protein?’. The 3D unique interactome
pathways included ECM components, including collagen. This was consistent with the identified
prevalence of secreted proteins, and STRING analysis associations with multiple ECM nodes.
Altogether our data identified clear differences in BAD-proximal proteins in 2D vs 3D conditions,
and these differential interactomes were functionally distinct. Apoptotic signaling was associated
with 2D or 3D, whereas ECM-related pathways were exclusively in 3D. Thus, BAD likely has
functionally different roles in 2D vs 3D conditions. Importantly, our work highlights the value of

incorporating 3D culture analysis to study protein-protein interactions.
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Figure F.7. Characterization of the differential BAD interactomes in 2D and 3D. (A) The
subcellular localization of the proteins found in the 2D unique, 3D unique and 2D-3D overlap
groups. Localization data was extracted from the UniProt. (B) STRING interaction connections
between proteins from the 2D-unique, 3D-unique and 2D-3D overlap clusters. Note, the bait
protein (BAD) was included in each analysis. The network nodes are proteins, filled with
known/predicted protein structure, if available. Differently colored lines represent different types
of evidence used in predicting the associations. Types of evidence include presence of fusion,
neighborhood, co-occurrence, experimental, text-mining, database, co-expression & homology
evidence. (C) Reactome pathway analysis of 2D unique, 3D unique and 2D-3D overlap clusters
with custom background genes correction which are all the proteins that are identified as
biotinylated in our 2D and 3D experiments. Circle size and color indicate the number of proteins
and Enrichr combined score, respectively. Dashed line demarcates adjusted p-value < 0.05.

F.4 Discussion

Though in vivo tissues and organs are organized in a 3D space, most in vitro
experimental models employ traditional 2D cell cultures which lack the rich 3D informative

environment important in tissue physiology’. 3D cultures aim to narrow the gap between in vitro
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models and the in vivo systems that are the study of interest. Some of the essential aspects that
are affected by different culturing systems are cell morphology and cell-cell interactions. For
instance, when cultured in 2D, non-transformed mammary epithelial cells, such as MCF10A,
form monolayer sheets of cells that lack polarization. In contrast, when embedded within an
ECM mimic of basement membrane as 3D cultures, those same MCF10A cells form
multicellular cysts of polarized cells'®. The addition of extracellular collagen-I to the ECM
stimulates collective cell invasion and produces multicellular tubules similar to the process of
mammary gland morphogenesis'’ (Fig. F.3A). This demonstrates that cell morphology and
migration are affected by the environment??. At the molecular level, gene expression and protein
abundance changes and consequent signaling pathways are profoundly different between 2D
and 3D cultures”?3. For example, in a breast cancer model, 3D cultures showed an increase in
expression of genes that are involved in initiation, progression and metastasis compared to
conventional 2D cell culture?*. Further functional differences include cellular drug response,
wherein 3D systems showed different cell viability and molecular mechanisms after
treatment?>2. Although the 3D culture models are hampered by higher costs, time constraints,
and requirement for method expertise, studies in 3D provide an enhanced and likely more
physiologically relevant understanding of in vivo biological processes compared to conventional
2D models.

To investigate molecular mechanisms of cellular processes, identifying protein-protein
interactions is a powerful approach. We employed the proximity labelling methodology wherein
our bait protein-of-interest was fused to a biotin ligase to label and purify proximal/interacting
proteins. We used the miniTurbo biotin ligase, which requires short labeling times, low
temperature and produces low background'. Our model protein-of-interest was the Bcl-2
agonist of cell death (BAD), which we used as our bait. BAD is a pro-apoptotic protein that has
various roles in cell cycle, glucose metabolism, immune system development, autophagy,

breast cancer biomarker and mammary gland development'2%2’. We identified 74, 18 and 39
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BAD-interacting proteins in 2D unique, 3D unique and 2D-3D overlap, respectively. This shows
that our protein interacts with both common and unique proteins in 2D and 3D. To our
knowledge very few groups have explored differential protein interactomes imparted by 3D
culture model systems. Perez-White et al.?® compared the 2D and 3D interactome of EphA2-
proximal proteins in keratinocytes and identified 3D-specific interactors associated with different
biological pathways?®2°. Wang et al. explored 2D vs 3D unique and shared PAR6B-proximal
proteins in colon carcinoma cells and identified PARD3B as a novel interactor required for
lumen formation in 3D multicellular cysts?°.

In our study, we aimed to elucidate the impact of 2D and 3D cultures by identifying
interactors to a specific protein (BAD) in mammary epithelial cells. BAD regulates collective cell
invasion during pubertal mammary gland morphogenesis' and thus identifying BAD interactors
in 3D may be physiologically relevant. We found that 14% of interacting proteins were specific to
3D conditions and 56% were specific to 2D conditions. Pathway analysis of 2D-3D overlap
proteins showed apoptosis as the most significant pathway, which is the canonical function for
BAD?. This observation not only highlights the impact of culture methods on the protein
interactomes but also prompts consideration that BAD can execute its apoptotic function in both
2D and 3D environments. The 3D unique proteins suggest an involvement of BAD in ECM
organization. This observation points to a novel role for this protein; an exciting avenue we are
currently pursuing in our studies. This role is likely related to the morphology of mammary
epithelial cells that are unique to 3D cultures. MCF10A cells form multicellular cysts with tubules
when they are embedded in basement membrane and collagen-I. Basement membrane driven
stiffness provides an environment conducive for cyst formation. The reorganization of collagen
fiber networks facilitates the multicellular process of tubule formation'. Notably, the lack of a 3D
ECM in 2D culture, leads to the loss of BAD interactions with proteins involved in ECM

reorganization.
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Overall, this study signifies the importance of different culturing systems in affecting
protein-protein interactions. As 3D cultures are designed to mimic tissue, proximity labeling in
3D systems has excellent potential to provide further insight into physiologically relevant

molecular processes.

F.5 Materials and Methods
F.5.1 Generating expression constructs and stable cell lines

The BAD-miniTurbo and miniTurbo-mEmerald constructs were generated in the pWPI-
IRES-Bla-AK (Addgene Cat#154980) lentivirus vector backbone. Lentivirus packaging particles
were generated in HEK293T cells that were transfected by Lipofectamine 2000 (Invitrogen
Cat#11668-027) with a plasmid mixture of BAD-miniTurbo or miniTurbo-mEmerald, pVSV-G
and PCMV Gag Pol (10.5:3:10.5 pg of plasmid ratio, respectively). Stable ectopic expression of
constructs were generated in MCF10A BAD" (BAD knockout) cells we previously described™.
The MCF10A BAD™ were transduced with lentiviral particles and were selected using

Blasticidine S hydrochloride at 10 ug/mL (Sigma Cat#15205).

F.5.2 Cell line culture
Cell lines were maintained in growth medium'®; DMEM/F12 (Sigma Cat#D6421)

supplemented with 5% horse serum (Invitrogen Cat#16050-122), 200 nM L-Glutamine, 20ng/mL
EGF (Peprotech Cat#AF100-15), 0.5ug/mL Hydrocortisone (Sigma Cat# H-0888),100 ng/mL
cholera toxin (Sigma Cat#C-8052) and10 pg/mL insulin (Sigma Cat# 1-1882) in a humidified
incubator at 37°C with a 5% CO; atmosphere. The same media were used for both 2D and 3D
cultures. 2D cell culture was using conventional methods, and grown to 100% confluency to
maintain a similar growth rate as found in 3D cultures. For 3D culture, cells were embedded in a
3D matrix. The 3D collagen-l component was prepared by neutralization of bovine collagen-I

(Corning Cat#354231) with 1 N NaOH and 10x DMEM (217:8:25 volume ratio, respectively) and
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incubated for 1 h on ice. Single cells were then embedded (50 cells per L) in pre-thawed 1
parts volume growth factor reduced basement membrane (Matrigel, Corning Cat#354230) and 9
parts volume collagen-| solution (1 mg/mL final concentration). The cell-gel suspension was
gently plated in 12-well plates (60 yL per well). The plates were incubated in 37°C for 1h. Pre-

warmed growth medium was then added and replenished every 3 days'S.

F.5.2 Immunoblotting
Cell lysates were generated using RIPA lysis buffer (50mM Tris, 150mM NaCl,

0.1%SDS, 0.5% Sodium deoxycholate, 1% Triton X-100, Protease and Phosphatase inhibitor,
PH=7.5). 3D culture lysates were made by shearing the gels 5 times in a 27-gauge needle in
RIPA lysis buffer. The protein lysates were collected from the supernatant after 14,000g, 20 min
centrifugation at 4°C. Lysates were resolved on SDS-PAGE gels and transferred to
nitrocellulose membranes. For biotinylation detection, membranes were incubated with
Streptavidin-680 (Licor Cat#D2040-35). For BAD expression and phosphorylation status,
membranes were incubated with anti-BAD (Sigma#B0684), anti-phospho-BAD(Ser112) (Cell
Signaling Technology# 9291) and anti-phospho-BAD(Ser136) (Cell Signaling Technology#
5286). Anti-Tubulin (Sigma Cat#T5168) or anti-GAPDH (Sigma Cat#G8795) were used as
controls. HRP and IRDye-coupled secondary antibodies were used for detection and blots were
scanned using Odyssey LI-COR Fc imager (LI-COR Biosciences) in the chemiluminescence

and 700 nm channels.

F.5.3 Immunofluorescence

Cells (1x 10° cells) were seeded in a 12-well plate on coverslips. After 2 days cells were
pre-incubated with 200nM MitoTracker-Red (Invitrogen#479525) (15min), then were fixed in 4%
PFA (15 min) and permeabilized with 0.5% Triton X-100 (20 min). For staining, coverslips were
blocked (3% BSA in PBS, 30 min) and incubated with anti-BAD (Sigma Cat#B0684) at 4°C

overnight. Anti-rabbit (Alexa-Fluor 647) was used as a secondary antibody. Biotin signal was
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detected by Streptavidin AF488 (Jackson ImmunoRsearch Cat# 016-540-084). Nuclei were
stained with DAPI. Methodology was the same for 2D and 3D with the exception that 3D

cultures were quenched with 50 mM NH4CI (30 min) after fixation.

F.5.4 Imaging and analysis

Confocal imaging was acquired with Volocity software (PerkinElmer, USA) using a x60 oil
immersion objective on WaveFx spinning-disk microscope (Quorum Technologies,ON, Canada).
The microscope was set up on an Olympus IX-81 inverted stand (Olympus, Japan), equipped
with an EM-CCD camera (Hamamatsu, Japan). Brightfield imaging was done on Zeiss
AxioObserver.Z1 Microscope, x2.5 air objective with an extra x1.6 magnifier. Image analyses
were performed in MATLAB (MathWorks) and ImageJ. To extract 3D structure properties in
brightfield images, images were corrected for non-uniform background as we earlier detailed®’,
using a wide Gaussian (standard deviation 10 pixels) to estimate the background image. Next,
edge and Sobel operator was applied to the background corrected image to get a binary gradient
image mask of the 3D structures as we earlier detailed'32. 3D structures’ circularity and areas
were computed using MATLAB's ‘regionprops’ function on the binary image. To characterize the
biotin diffusion in the cyst, the fluorescence intensities for each channel were measured in the
middle z-stack using line plot profile in Imaged. Mean and standard deviation of the fluorescence
intensity for each pixel measured from the center of the cysts were calculated and plotted using

Prism (Graphpad version 9.0).

F.5.5 Proximity labeling
Bio-ID was done based on the protocol that was previously described'. MCF10A BAD-

miniTurbo and miniTurbo-Emerald were incubated in complete media supplemented with 50 yM
biotin for 30 min and 1 hour in 2D and 3D culture, respectively. After PBS wash, cell lysates

were prepared for purification as described above.
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F.5.6 Automated purification

Streptavidin purification of biotinylated proteins was carried out using KingFisher Prime
Duo automation (Thermo inc.). For each sample, 200 uL of streptavidin magnetic beads
(Thermo Fisher Cat#88817) were pre-washed with 500 uL lysis buffer and protease inhibitor
cocktail (described above). Beads were then incubated with clarified cell lysates at 4°C for 18 h
(with gentle mixing on the KingFisher), washed 2x with lysis buffer with protease inhibitors, and
1x with PBS. Protein-bound beads underwent reduction with 300 uL of 10 mM dithiothreitol for
45 min and alkylation with 300 uL of 50 mM iodoacetamide for 45 min and washed with 100 mM
ammonium bicarbonate. On-bead trypsin digestion was performed at 37°C for 5 h on the

KingFisher.

F.5.7 Mass spectrometry analysis

For input lysates prior to streptavidin enrichment (MCF10A cells stably expressing
miniTurbo-BAD in 2D and 3D culture with biotin treatment), sample cleanup was performed
using S-trap micros (ProtiFi). Peptides were desalted with C18 ziptips (Millipore
Cat#ZTC18S960) and recovered in buffer A [0.1% formic acid (FA)] prior to mass spectrometry
analysis. The samples were analyzed using a nanoflow-HPLC (Thermo Scientific EASY-nLC
1200 System) coupled to an Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher
Scientific). Reverse phase separation of the peptides was done with an Aurora Ultimate
analytical column (25 cm x 75 pym ID with 1.7 ym media, lonOpticks). Peptides were eluted with
a solvent B gradient (80% ACN, 0.1% FA) for 90 min. The gradient was run at 400 nL/min with
analytical column temperature set at 45°C. For input lysates, DIA analysis was used using 38.5
m/z isolation window widths, and data were searched using Spectronaut with directDIA library-
free workflow and factory settings. Enriched data from proximity labeling were acquired using
DDA, and data were analyzed using Proteome Discoverer (v2.4.1.15) against the concatenated

database of the human proteome (UP000005640, v2021-08-30), with false discovery of
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peptides restricted at 1%. Search parameters included a maximum of two missed trypsin
cleavages, a precursor mass tolerance of 15 ppm, a fragment mass tolerance of 0.8 Da, with
the constant modification carbamidomethylation (C), and variable modifications of acetyl
(protein N-term), deamidated (N/Q), and oxidation (M). The maximum number of variable
modifications was set to three. Only tryptic peptides were searched, and MS1 intensities were
normalized using total peptide amount. Statistical analysis was performed using Proteome
Discoverer (v2.4). Protein abundances were calculated using the sum of peptide peak MS1
intensities. Protein abundance ratios were calculated using the median of all peptides pairwise
ratios, and hypothesis testing was performed using background-based t-test. Based on the
number of measurements, the p-values were adjusted using the Benjamini-Hochberg method by
Proteome Discoverer. Missing values were imputed with low abundance resampling using

bottom 5% of all detected values, for all protein abundance ratio calculations.

F.5.8 BAD interactome identification

Data analysis and plotting was done on MATLAB and R. Briefly, we first computed
Volcano plots in 2D and 3D datasets and verified enrichment of canonical BAD interactors as
expected (Fig. F.4). We considered significant proteins (adjusted p-value < 0.05) whose fold
change > 3. Using unsupervised hierarchical clustering heatmaps (Euclidean distance metric
and Ward's linkage algorithm3?) as we earlier detailed in code linked in “Availability of data and
materials” section in Zare et al**, these candidates clustered into 3 groups of possible BAD
interactors (n=131) in 2D unique (n=74), 3D unique (n=18) and 2D-3D-overlap (n=39) clusters
(Fig. F.5A). We tested the strength of these patterns using the function ‘clusterboot in R’s ‘fpc’
package. For each cluster, cluster stability was the resultant mean of Jaccard coefficients
obtained from 3000 bootstrap resampling iterations. The 2D-3D-overlap cluster was enriched
with canonical BAD interactors, validating our analysis approach. The online STRING database

(version 12) was used on these clusters for generation of protein interactions networks?' with
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default confidence score cutoff of 0.4 to determine whether two nodes were functionally related.
The bait protein, BAD, was included in each analysis. The subcellular locations of interactors
were extracted from UniProt/Swiss-Prot human proteome (2023-11-08) using Biopython. The
calculated percentages were proportional to all proteins containing subcellular location
annotations under the comments section. Pathways (Reactome) analysis was computed using
Enrichr for each cluster, with custom background genes correction®. All proteins identified as
biotinylated in our 2D and 3D experiments were used as background in our ‘custom background

corrected’ approach®.

F.5.9 Data availability
Mass spectrometry spectrum files are available on MassIVE: MSV000093357 (2D

miniTurbo), MSV000093358 (3D miniTurbo); MSV000094824 (2D shotgun), MSV000094825

(3D shotgun).
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