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Abstract 

Ubiquitylation is a post-translated modification that is important for the host immune 

response to virus infection. Concurrently, it is also exploited by poxviruses for viral 

replication and evasion of the host immune response. Thus, this project focused on further 

elucidating how the ubiquitin (Ub) system is engaged during poxvirus infection. 

p28, a poxvirus encoded E3 Ub-ligase, is a virulence factor of ectromelia virus (ECTV) 

in susceptible strain A mice. To further investigate p28 function, we completely deleted the 

p28 gene from ECTV (ECTV-Δp28). The ECTV-Δp28 virus exhibited severely impaired 

virus production and genome replication in a mouse strain, cell type, and multiplicity of 

infection-dependent manner. Moreover, a FLAG-tagged p28 protein with a fusion Ub 

moiety was expressed and developed as a tool to capture p28 potential substrate proteins. 

To determine the DNA binding properties of p28, I purified recombinant His-tagged p28 

and examined the interaction between p28 and poxvirus hairpin DNA. 

To get a more comprehensive understanding of how proteins are ubiquitylated early 

after vaccinia virus (VACV) infection, a proteomics approach was used to identify and 

quantify ubiquitylated peptides in cells with or without VACV infection. These included 

peptides associated with TRIM25, a cellular E3 Ub/ ISG15-ligase, whose ubiquitylation is 

induced by a gene(s) in either arm of the VACV genome. Taken together, this thesis has 

revealed novel information about how poxviruses manipulate ubiquitylation. 
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Chapter 1: Introduction 
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1.1 Poxviruses 

Poxviruses are large, double-stranded DNA (dsDNA) viruses that infect a variety of 

vertebrate and invertebrate species (1). Unlike other DNA viruses, poxviruses replicate 

exclusively in the cytoplasm. The large genomes of poxviruses range from 130 to 360 kbp 

(2). In addition to encoding viral structure proteins, poxvirus genomes also encode 

virulence factors, host range factors, and proteins that modulate the host immune responses 

(3-6). Given the characteristics that poxviruses can stimulate strong immune responses, 

have the capacity to insert and express large foreign genes, and replicate in the cytoplasm 

with low risk of DNA recombination with host genes, poxvirus-based vectors are strong 

candidates for vaccine development (7). For example, fowlpox virus-based vectors are now 

used in chickens as vaccines against infections caused by Newcastle disease virus (8, 9), 

infectious laryngotracheitis (10), and avian encephalomyelitis virus (11). Many human 

clinical trials have been conducted using VACV attenuated poxvirus vector against diseases 

including HIV/AIDS (12, 13), influenza A (14), Hepatitis B (15), or malaria (16, 17). 

The Poxviridae family contains 83 species which are divided into two subfamilies: the 

Entomopoxvirinae and the Chordopoxvirinae (18). The Entomopoxvirinae subfamily 

infects insects, and the Chordopoxvirinae infects vertebrates (Table 1.1). Most identified 

poxviruses belong to the Chordopoxvirinae subfamily and can be further separated into 18 

genera (18). Of those genera, the Orthopoxvirus (OPV), Molluscipoxvirus, Parapoxvirus, 

and Yatapoxvirus have been reported to infect in humans (19). In my thesis work, I focus 
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on studying OPVs.  

1.1.1 OPVs 

The OPVs consist of many well-known poxvirus species with different host ranges 

and can infect a variety of mammals, including humans, rodents, and livestock (Table 1.1). 

Among these viruses, variola virus (VARV) is the most infamous member of the Poxviridae 

family (2, 20). VARV has a narrow host range, infecting only humans and causing smallpox 

disease in humans (21, 22). This disease was responsible for around 400 million deaths in 

the twentieth century (23). Fortunately, global eradication of smallpox was declared by the 

World Health Organization (WHO) in 1980 because of worldwide vaccination programs 

using VACV (7, 20). After the eradication of smallpox, the potential use of stored VARV 

as bioweapons, as well as zoonotic poxviruses in the wild, still poses continuing threats to 

humans (20, 24-27). For example, Mpox virus (MPXV), identified in 1958, has become a 

human health concern, causing more than 91,000 cases from 2022 to 2023 (28-31). In 

addition, the abolition of VARV vaccination programs results in an increase in the 

proportion of the population unprotected against poxviruses, raising the potential threat of 

poxviruses to human health (20, 32-34). Thus, VACV is still widely studied in research 

related to developing poxvirus vaccines and viral pathogenesis. 
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Genus Virus Major hosts 

Orthopoxvirus 

Variola virus Humans 

Vaccinia virus 
Humans, cattle, buffalo, swine,  

rabbits 

Ectromelia virus Rodents 

Monkeypox virus 
Squirrels, anteaters, great apes,  

monkeys, humans 

Cowpox virus Rodents, cattle, humans 

Camelpox virus Camels 

Taterapox virus Gerbils 

Leporipoxvirus 

Myxomavirus Tapeti, brush rabbits 

Hare fibroma virus Cottontail rabbits 

Avipoxvirus 

Fowlpox virus 

Birds Sparrowpox virus 

Canarypox virus 

Capripoxvirus 

Goatpoxvirus Goats 

Sheeppox virus Sheep 

Lumpy skin disease virus Cape buffalo, cattle 

Cervidpoxvirus Deerpoxvirus Deer 

Molluscipoxvirus Molluscum contagiosum virus Humans, primates, birds, dogs 
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Parapoxvirus 

Bovine papular stomatitis virus Cattle, humans 

Orf virus Sheep, goats, humans 

Suipox virus Swinepox virus Swine 

Yatapoxvirus 

Tanapox virus Monkeys, humans 

Yaba-like disease virus Monkeys, humans 

Yaba monkey tumour virus Primates 

      

Table 1.1 Poxvirus taxonomy and their major hosts 

The table shows representative viruses from the Chordopoxvirinae and their major hosts. 

The table is adapted from figures in Maclachlan, N.J. et al., 2010 and Barrett, J.W. et al., 

2008 (19, 35) 
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1.1.1.1 VACV 

In 1798, Edward Jenner used material from cowpox lesions to immunize, protecting 

humans against smallpox (36). Over time, VACV became the virus used during the 

smallpox eradication program (37). “Vacca” in Latin means “cow”, which suggests that 

VACV is the virus inducing cowpox (38). However, the genome of VACV is distinct from 

cowpox virus (CPXV) and is more closely related to horsepox virus (39). From 1950 to 

1980, many VACV strains were used to eradicate smallpox. The names of some virus 

strains are related to the geographic regions where the vaccine was used. For example, the 

Tian Tan strain was used in China, and the Ikeda strain was used in Japan (40). The New 

York City Board of Health (NYCBH) strain was widely used in the United States. Many 

different strains of VACV were used in Europe, including the Paris strain used in France 

and the Copenhagen (Cop) strain used in Denmark. Many of these vaccines were made 

from lymph collections from the skin of VACV-infected calves or sheep (41). To improve 

the safety of smallpox vaccines, new-generation smallpox vaccines, such as ACAM2000TM 

which can be produced in tissue culture cell lines instead of animals, are licensed for use 

in the twenty-first century (7, 41). Furthermore, attenuated VACV strains have been 

generated and used in studies for developing vaccines and understanding the host-pathogen 

relationship. For instance, modified vaccinia Ankara (MVA) is generated by passaging 

chorioallantois vaccinia Ankara (CVA) for over 570 times in chicken embryo fibroblast 

cells causing the virus to lose about 15% of its genome and rendering it unable to replicate 
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in many mammalian cells (42, 43).  

1.1.1.2 Ectromelia virus (ECTV) 

ECTV, the causative agent of mousepox, is another member of the OPV genus (44). 

Unlike CPXV and VACV, ECTV has a narrow host range and only infects rodents in nature 

(Table 1.1) (21, 45). Thus, the mouse, as a natural host of ECTV, is a model for the study 

of the pathogenesis of poxvirus in vivo. The Moscow strain of ECTV (ECTV-Mos) was 

described as a highly infectious and virulent ECTV strain for mice compared to the 

Hampstead strain and NIH79 strain (46). In the natural environment, ECTV can infect mice 

through skin abrasions (47), but the severity of the disease depends on the mouse strain 

(48). In susceptible mouse strains, such as the strain A and BALB/c, infection with ECTV 

causes severe illness and mortality (48). However, other mouse strains like C57BL/6 and 

AKR strains are resistant to severe disease and recover from ECTV infection (49). The 

resistance of mice to ECTV infection requires both a functional innate immune response, 

especially activation of type I interferons, and the host adaptive immune response (45).  

1.2 Poxvirus structure 

1.2.1 Poxvirus genome structure 

The central region of the poxviral genome consists of genes that are highly conserved 

within the Chordopoxvirinae. These genes encode viral proteins and enzymes that are 

essential for viral entry into cells, genome replication, transcription, and structural proteins 

for virion assembly (2, 50). The two arm regions are variable in different poxviruses and 
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contain genes that are important for virus virulence, host range, and immune evasion (46, 

51). The right and left terminal regions of the viral genome are called terminal inverted 

repeats (TIRs) (50). The two strands of the viral genome are connected at their termini by 

AT-rich hairpin loops, structures essential for virion maturation (52, 53). (Figure 1.1A) 

The genome of the VACV-Cop can be divided into fragments after HindⅢ restriction 

endonuclease digestion, and these DNA fragments are named from A to P based on size 

(51) (Figure 1.1B). The VACV genes are named by letters that represent which fragment 

the gene is located in, Arabic numbers that represent the position of the gene in the fragment 

(the number from left to right), and L (represents left) or R (represents right) that indicates 

the direction the open reading frame (ORF) is transcribed (51). In 2021, Senkevich et al. 

proposed a new nomenclature, OPV genes (OPGs), based on the analysis of OPV gene 

evolution (54). This nomenclature unifies the names of the genes of OPV and is valuable 

to indicate homologues.  

1.2.2 Structure of the poxvirus virion 

The poxvirus virion is a brick-shaped structure with dimensions of 360×270×250 nm 

(55). It contains a core with a single lipid membrane, two lateral bodies, and an outer 

membrane(s) (Figure 1.2). There are two infectious forms of poxviruses based on the study 

of VACV: mature virus (MV) and extracellular enveloped virus (EEV). MV is surrounded 

by a single lipid bilayer membrane with about 20 surface proteins (56, 57), including D8, 

A26, and A27, which can bind to chondroitin, laminin, or heparan on the cell
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Figure 1.1 Poxvirus genome 

A, Poxviruses DNA genome. The center region of the genome contains genes that are 

conserved and encodes essential viral proteins for replication. The two arms of the genome 

contain genes that are variable including viral proteins related to the host range and 

virulence. The TIRs are at the ends of the genome. B, The VACV genome fragments labeled 

by letters. The VACV-Cop genome fragments are digested by HindⅢ and named A to P 

from the longest to the shortest. The figure is adapted from (51). 
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Figure 1.2 Structure of poxvirus virion 

A, Mature virion. The virion is covered by single membrane with surface proteins. The 

core of poxvirus contains viral genome which is dsDNA enclosed in a protein formed core 

wall. Two lateral bodies are located on either side of the core. B, Extracellular enveloped 

virion. MV is covered by an extra membrane with specific viral proteins. The figure is 

adapted from (19). 
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membrane (58-60). Alternatively, EEV has an additional lipid membrane with at least six 

unique membrane proteins suggesting that EEV may bind different receptors on the cell 

membrane (61-63). The extra membrane protects virions against antibody (Ab) 

neutralization and makes EEV more infectious than MV (64, 65). However, MVs are the 

predominant poxvirus infectious particles (19). Most of the MVs remain in the cytoplasm 

and are released from the infected cell upon cell lysis, whereas EEVs remain on the surface 

of the cell or are liberated from the infected cells through exocytosis (19, 66). 

1.3 Poxvirus replication cycle 

Poxvirus replication occurs exclusively in the cytoplasm of infected cells (Figure 1.3). 

First, a virion attaches to molecules on the cell surface, then fuses with cell membrane and 

releases the virus core into the cytoplasm, which occurs together with viral early protein 

expression. After uncoating, the viral genome is released from the virus core, and a virus 

factory is formed, acting as the location of viral genome replication, protein synthesis, and 

virion assembly. EEVs and MVs are released by exocytosis or cell lysis, respectively. In 

the following sections, I will discuss in detail each step of poxvirus replication in cells. 

1.3.1 Attachment and entry 

The efficient binding between poxvirus and the cell surface is supported by the viral 

proteins on the virion surface as mentioned before. EEV enters the infected cell by 

macropinocytosis (67) (Figure 1.3 ①). The low pH in macropinosomes contributes to the 

rupture of the outer membrane of EEV (67). The released MV-like virion exposes its entry-
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fusion complex (EFC) for membrane fusion in the next step (68). The EFC is a complex 

formed by eleven viral proteins (A16, A21, A28, F9, G3, G9, H2, J5, L1, L5, and O3) and 

is required for virus entry and viral membrane fusion (69) (Figure 1.3 ②). Virion entry 

can be inhibited using neutralizing Abs against the components of EFC, A28 or L1 (70, 71). 

The genome of poxviruses also encodes some viral proteins, such as A56 and K2, which 

are localized on the surface of infected cells and act as suppressors of viral attachment, 

impairing membrane fusion by binding to EFC on the new virion, thereby avoiding 

secondary infections of cells by the same virus (72, 73).  

1.3.2 Uncoating 

Following the fusion of the MV membrane with the cell membrane, the viral core and 

other viral components, such as the viral proteins in the lateral bodies, are released into the 

cytoplasm (Figure 1.3 ③). F17 and H1 are proteins in the lateral bodies that inhibit 

immune responses by downregulating the cGAS and STING pathway, respectively (74, 

75). Before the viral core breaks down, the viral early protein mRNAs can be synthesized 

with the help of cellular ribonucleotide triphosphates (Figure 1.3④) (76). The translation 

of these mRNAs is critical for virus uncoating (Figure 1.3⑤), genome replication (Figure 

1.3⑥), and intermediate gene expression (Figure 1.3⑦) (64, 77-79). For example, the 

AAA+ ATPase D5 is a viral early protein detected by an siRNA screen as required for 

poxvirus uncoating (79). In addition to D5, other viral proteins (68k-ank or B18, C5, and 

M2) with mutually redundant functions related to virus uncoating were identified (80). Of 
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note, B18 and C5 are viral adaptor proteins associated with cellular E3 Ub-ligase 

complexes (79, 81). Furthermore, the inhibition of proteasomal activity abolished the virus 

uncoating (79-84). These results reveal the essential role of the Ub-proteasome system 

(UPS) in VACV replication, which I will discuss in more detail later. 

1.3.3 Poxvirus replication in virus factories 

Viral genome replication (Figure 1.3 ⑥) and late protein synthesis (Figure 1.3 ⑧) 

occur in a membrane-associated structure, called a “virus factory” (77, 85). The membrane 

of the virus factory is wrapped from endoplasmic reticulum (ER) membranes which can be 

detected as early as 2 hours post-infection (hpi) (86). At early time points, each infectious 

particle generates one factory (86). These virus factories expand in size and merge with 

other factories formed by other virions, which is important for recombination of the viral 

genome with other replicating poxviruses (87, 88). The formation of virus factories protects 

viral components from detection and degradation by the host DNA sensors, RNA sensors, 

and enzymes involved in the host immune responses (86). The replication of the viral 

genome is essential for viral intermediate (Figure 1.3⑦) and late gene expression (Figure 

1.3⑧) (89). Many proteins encoded by these genes, such as viral structural proteins and 

transcription factors, are packed into the progeny virions (Figure 1.3⑨) (90).  

1.3.4 Assembly and release 

Progeny genomes and viral proteins are packed into an oval lipid structure called the 

immature virion (IV) (Figure 1.3⑨), which then forms a dense, brick-shaped infectious 
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virus particle, MV (Figure 1.3⑩) (90). The maturation of virions requires the help of many 

viral late proteins, such as D13 and A5 (91-93). MVs constitute the majority of infectious 

viral particles, and their release is achieved by cell lysis (Figure 1.3⑰) (90). Some MVs 

are wrapped in trans-Golgi or endosomal membrane to become wrapped virions (WVs), 

which have triple membranes on the surface of the viral particles (94-97). WVs are then 

transported along microtubules to the cell surface (98-102). The outer membrane of WV 

fuses with the cell membrane, followed by the release of an EEV from the infected cell 

(61).  

Overall, the replication cycle of poxviruses is complex. It includes multiple steps and 

requires different virus-host interactions. Many steps of poxvirus replication, like 

uncoating and virus factory formation, require the host Ub system. 

1.4 Ubiquitylation 

Ubiquitylation changes the properties of the target protein, including the abundance, 

localization, activity, or interactions with other proteins (103). This post-translational 

modification is also critical in the regulation of numerous cellular processes during 

poxvirus infection (82, 104-106). 

1.4.1 The ubiquitylation reaction 

Ubiquitylation is a process of attaching Ub to a specific target protein. Ub is a 76-

amino acid small protein that is highly conserved in eukaryotic cells (104). The 

modification of a protein by Ub occurs by forming an isopeptide bond between the Ub C- 
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Figure 1.3 Poxvirus replication cycle 

The schematic shows the VACV replication cycle. EEV or MV attaches ① and fuses ② 

with the cell membrane. ③ Virus core and other components, like lateral bodies, are 

released into the cytoplasm. ④ Expression of viral early proteins initiates the virus core 

uncoating and ⑤ viral genome liberation. The genome of poxvirus replicates in the virus 

factory ⑥ and then the intermediate ⑦ and late proteins ⑧ begin to be expressed. ⑨ IVs 

are assembled in the virus factory and consist of lipid, viral genome, and viral proteins. ⑩ 

Mature virions are released from the virus factory, and ⑪ a small portion traffick upon 

microtubules to get an extra double-membrane derived from trans-Golgi or endosome. ⑫ 

WVs traffick to the cell surface and ⑬ the outer membrane fuse with the plasma membrane 

to release the ⑭ EEVs from cell. ⑮ Some MVs get an additional membrane from the 

plasma membrane forming EEV which are released from the cell ⑯. ⑰ Most of the MVs 

in the infected cells are released by cell lysis. 
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terminal glycine residue and the ε-amino group of the lysine residue in the target protein 

(Figure 1.4 A). The process utilizes three enzymes: E1 Ub-activating enzyme, E2 Ub-

conjugating enzyme, and E3 Ub-ligase enzyme (Figure 1.4B) (107, 108). First, Ub is 

activated by the E1 Ub-activating enzyme in an ATP-dependent manner. Then the activated 

Ub is transferred from E1 to an E2 Ub-conjugating enzyme. The E2 enzyme then facilitates, 

directly or indirectly, the ligation of Ub to the target protein specifically recognized by an 

E3 Ub-ligase. 

The eukaryotic E3 Ub-ligases can be separated into three families: really interesting 

new gene (RING) domain, homologues to the E6-AP carboxy terminus (HECT) domain, 

and RING-between-RING (RBR) domain (Figure 1.5) (109). E3 Ub-ligases with a RING 

domain bind to E2, allowing Ub transfer from E2 to target proteins (Figure 1.5A). 

Alternatively, E3 Ub-ligases with a HECT domain or a RBR domain bind to E2, then the 

activated Ub is transferred from the cysteine on the E2 to the E3, forming a thioester bond 

between the cysteine on the E3 and the Ub (Figure 1.5B and C). Then, the Ub is transferred 

from E3 to the target protein (Figure 1.5B and C). 

To specifically recognize target proteins for ubiquitylation, E3 Ub-ligases have not 

only a catalytic domain but also a domain responsible for binding target proteins. The 

catalytic domain and substrate binding domain may exist within an individual protein or in 

separate proteins that combine to form a multi-subunit E3 Ub-ligase complex (Figure 

1.6A). Cullin-RING Ub ligases (CRL) are a large subfamily of multi-subunit E3 Ub-ligases 
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Figure 1.4 The ubiquitylation reaction 

A, Modification of Ub on a target protein. Ub is covalently attached to lysine residues of 

target proteins. An isopeptide bond (orange) links ε-amino group of K (blue) of target 

protein and the C-terminal glycine (G) residue of Ub. B, Ubiquitylation process. Ub is 

activated by E1 Ub-activating enzymes in an ATP-dependent manner. Activated Ub is 

transferred to E2 Ub-conjugating enzymes. E3 recruits target protein(s) to E2 followed by 

ubiquitylation of the target protein(s).  
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Figure 1.5 Classification of E3 Ub-ligase proteins 

A, E3 Ub-ligase proteins with RING domain bind to E2. The complex allows Ub transfer 

directly from E2 to the target protein. E3 Ub-ligase proteins with HECT domains (B) or 

RBR domains (C) bind to E2 and then transfer activated Ub from E2 to E3. The Ub on E3 

is then transferred onto the target protein. The figure is adapted from (110). 



20 

 

(110). They comprise a central scaffold protein, a cullin (Cul) protein, which binds to an 

adaptor protein(s) at the N-terminus and a RING domain containing protein at the C-

terminus (Figure 1.6A) (111).The RING domain-containing protein is crucial for CRL 

binding with E2-Ub. Eight mammalian Cul proteins (Cul1, 2, 3, 4A, 4B, 5, 7, and 9) have 

been identified, each recruiting its own adaptor protein(s) (Figure 1.6B) (111, 112). For 

instance, the adaptor protein of Cul1 is S-phase kinase-associated protein 1 (Skp1), which 

interacts with substrate receptors, F-box proteins, to recruit target proteins for 

ubiquitylation (113). The activation of Cul1 E3 Ub-ligases is stimulated by the 

modification of Cul1 with a Ub-like protein, Nedd8 (114-116). Cul1 without covalently 

attached of Nedd8 binds its inhibitor CAND1, which suppresses the function of Cul1 Ub-

ligases (116, 117). Furthermore, Broad complex, Tramtrack, Bric-a-brac (BTB) protein 

serves as an adaptor that binds to Cul3 (118). Instead of recognizing target proteins by 

associating with substrate receptors, BTB proteins are capable of recruiting substrate 

proteins via their substrate binding motif, often kelch repeats (118).  
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Figure 1.6 Model of CRL E3 Ub-ligases and their distinctive adaptor proteins 

A, CRL E3 Ub-ligases. Multiple subunits form a complex that catalyzes the transfer of Ub 

from E2 to the target protein. A scaffold or Cul protein (blue) connects a RING domain 

containing protein (pink) and an adaptor protein (orange), which respectively binds to E2 

and recognizes specific target protein. RING domain containing proteins recruit E2 with 

Ub to CRL E3 Ub-ligase. Target proteins (green) are recognized by adaptor proteins. B, 

The distinctive adaptor protein(s) of the CRLs. The adaptor proteins (orange) bind to the 

N terminus of Cul protein and recruit target proteins by their own substrate recognizing 

motif or the substrate receptors (yellow) interacting with it. Skp1, S-phase kinase-

associated protein 1; VHL, von Hippel-Lindau protein; BTB, broad-complex, tramtrack 

and bric à brac domain; DCAF, DDB1 and Cul4-associated factor; DDB1, DNA damage-

binding protein 1; SOCS, Suppressors of cytokine signalling; FBXW8, F-box and WD 

repeat domain containing protein 8. The figure is adapted from (111). 
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1.4.2 Types of Ub chains 

The Ub modification regulates protein abundance and functions by attaching different 

types of Ub chains (119). A single Ub molecule can be added to one or more lysine residues 

in a target protein. These single-Ub modifications on the target proteins are associated with 

the regulation of DNA replication and repair, gene transcription, endocytosis, protein 

localization, and activity (120). Alternatively, target proteins can be modified by 

conjugating Ub chains (104). Ub contains seven lysine residues (K6, K11, K27, K29, K33, 

K48, and K63) and an N-terminal methionine residue (M1), which allow adding additional 

Ub molecules and forming different types of poly-ubiquitylation chains (Figure 1.7). Ub 

added to different residues in Ub produces chains with different topologies and functions. 

Chains generated through the addition of Ub to lysine 48 of Ub (K48-linked chains) are 

the most abundant homotypic polyubiquitin linkage in cells (about 29% of all lysine-

residue-based linkages in yeast cells) (121). All polyubiquitin chains have been shown to 

be involved in protein degradation by the 26S proteasome (121, 122). However, K48-

linked chains primarily serve as a signal for targeting substrates to the 26S proteasome for 

degradation (123). In contrast, chains generated through the addition of Ub molecules to 

lysine 63 (K63-linked chains) can alter protein function and mediate protein-protein 

interactions (124).  
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Figure 1.7 The structure of Ub 

The 3D view of the structure of Ub (Homo sapiens) with side chains of the amino acids 

shown in purple. The side chains of the 7 lysine residues (K6, K11, K27, K29, K33, K48, 

and K63) in Ub are highlighted in blue. The highly conserved C-terminal RGG residues 

are labeled by purple letters. The image of Ub structure was downloaded (November 2023) 

from MMDB, updated in October 2007. PDB ID: 1UBQ, MMDB ID: 57540. 
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It is worth noting that, in addition to homotypic polyubiquitylation, heterotypic 

polyubiquitin chains are also found (103). Furthermore, other Ub-like proteins, such as 

small Ub-like modifier (SUMO), can participate in the formation of “mixed” Ub chains 

(125, 126). Some post-translational modifications, like phosphorylation and acetylation, 

on Ub in polyubiquitin chains alter their structure and function (127-129). Thus, 

ubiquitylation plays multiple roles and regulates numerous processes by attaching various 

types of polyubiquitin chains to target proteins. During poxvirus infection, the Ub system 

is also involved in activating immune responses (105). It is not surprising that poxviruses 

utilize the Ub system during their infection (82, 106).  

1.5 Poxvirus manipulation of the Ub system 

1.5.1 The necessity of the UPS for poxvirus replication  

The UPS of the host not only plays a crucial role in regulating protein levels (121), but 

is also required for poxvirus replication (Figure 1.8) (82). Many proteins in poxvirus 

particles have been shown to be ubiquitylated (83, 84). Inhibition of the UPS by the 

proteasome inhibitor, MG132, impaired poxvirus DNA replication and late gene expression 

(81, 82). Further studies demonstrated that both proteasome activity and early gene 

expression were required for poxvirus uncoating during infection (79, 80, 84) (Figure 1.8 

①). However, treatment with the E1 inhibitor, UBE1-41, had no effect on virus uncoating, 

suggesting that proteasome-mediated degradation rather than de novo protein 

ubiquitylation was necessary for poxvirus uncoating (84). Nonetheless, using UBE1-41 to 
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treat poxvirus-infected cells impaired the formation of virus factories, indicating that 

ubiquitylation was required for poxvirus replication after viral core breakdown (84) 

(Figure 1.8 ②).  

1.5.2 The genomes of poxviruses encode viral E3 ligases and adaptor proteins 

To hijack the host Ub system and suppress host immune responses, The genomes of 

OPVs encode four groups of viral E3 Ub-ligases and adaptor proteins associated with 

cellular E3 Ub-ligase complexes (Figure 1.9) (106).  

1.5.2.1 Viral adaptor proteins 

Poxvirus genomes encode three families of adaptor proteins, ankyrin repeat/F-box 

(ANKR/F-box), ANKR/BC-box, and BTB/kelch proteins (130). These viral proteins 

interact with distinct cellular E3 Cul proteins and serve as adaptor proteins for the Cul E3 

Ub-ligase complexes (131) (Figure 1.9 A, B, and C). The genes encoding these viral 

proteins are located in the variable regions of the genome and are sometimes duplicated in 

both arms of the genome (54). CPXV encodes all families of OPV adaptor proteins, while 

some genes of these adaptor proteins can be lost or truncated in VACV and ECTV (132, 

133). These adaptor proteins from selected OPVs and their functions are summarized in 

Table 1.2 (46, 54).  

Poxviral ANKR/F-box proteins play multiple roles in evading host immune responses. 

For instance, VACV C9L (OPG25) encodes a protein that mediates interferon (IFN)-

induced proteins with tetratricopeptide repeats (IFITs) ubiquitylation and proteasomal 
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degradation (134, 135). IFITs bind directly to RNAs without eukaryotic caps to inhibit 

translation of these non-self RNAs (136). Apart from synthesizing viral RNAs with IFIT-

resistant cap 1 (137), poxvirus genomes encode C9 to degrade IFITs in infected cells, which 

is essential for poxvirus genome uncoating and DNA replication (134, 135). An ANKR/F-

box protein of cowpox virus, CPXV006 (OPG3), recognizes NF-κB1 p105 and inhibits the 

NF-κB signaling pathway (138, 139). In addition, CPXV006 is known as viral inducer of 

RIPK3 degradation (vIRD) (140). RIPK3 is a necroptosis adaptor that induces death of 

infected cells to control poxvirus replication (141). To inhibit necroptosis in infected cells, 

CPXV006 targets RIPK3 for ubiquitylation and degradation via the proteasome (140). 

Some viral E3 adaptor proteins have redundant functions with other viral genes. For 

example, CPXV025 (OPG23), also known as CP77, rescues the host range defects induced 

by deletion of K1L gene which is required for viral replication on rabbit kidney (RK13) 

cells (142).  

Poxviruses also encode another group of ANKR proteins containing a C-terminal BC 

box that interact with Cul2 (143). ANKR/BC proteins of ECTV (EVM010) and CPXV 

(CPXV016) (OPG14) inhibit innate immune signalling, including DNA sensing, RNA 

sensing, and Toll-like receptor (TLR) signalling pathways (143). Another ANKR/BC 

protein encoded by CPXV, CPXV019 (OPG17), also blocks the TLR signalling pathway. 

The effect of EVM010 on the inhibition of innate immunity was suppressed without 

association with Cul2 (143). This indicates that the ability of viral ANKR/BC proteins is 
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Figure 1.8 The Ub system is required by poxvirus replication 

The schematic shows the steps of poxvirus replication that require a functional host Ub 

system. ①MG132 inhibits proteasome activity and impairs virus uncoating. ② UBE1-41 

is an E1 enzyme inhibitor and inhibits the Ub system of the host. Inhibiting the 

ubiquitylation of the infected cells using UBE1-41 impairs virus factory formation. 
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Figure 1.9 E3 Ub-ligases and adaptor proteins encoded by OPV genomes 

OPV genomes encode four groups of proteins involved in the Ub system: ANKR/F-box 

(A), ANKR/BC (B), and BTB/kelch (C) are viral adaptor proteins associated with Cul1-, 

Cul2- and Cul3-based multi-subunit E3 Ub-ligases, respectively. Viral proteins have purple 

borders. D, p28 contains an N-terminal KilA-N domain and a C-terminal RING domain. It 

functions as a single subunit E3 Ub-ligase. The figure is adapted from (106).  
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dependent on participation in a Cul2 E3 Ub-ligase complex. 

Viral BTB/kelch proteins are associated with immunopathology and influence host 

innate immune responses. The loss of VACV C2L (OPG33) was related to smaller plaque 

size in vitro. (144) Furthermore, C2L appears to play a role in promoting increased cell 

infiltration into infected ears in an intradermal mouse model (144). The deletion of VACV 

F3L (OPG47) did not affect virus replication in tissue culture cells, but resulted in smaller 

lesion and increased numbers of NK cells in virus-infected ears of mice (145). The NF-κB 

signalling pathway was also inhibited by a BTB/kelch protein encoded by VACV A55R 

(OPG184) (146). Interestingly, the inhibition was not dependent on the interaction of A55 

with cellular Cul3, and the kelch domain alone was sufficient to impair NF-κB signalling 

(146). This suggests that the function of the viral adaptor proteins does not necessarily 

require their association with cellular E3 Ub-ligase components or their ubiquitylation 

activity. 

Both viral ANKR/F-box and BTB/kelch proteins are important for poxvirus infection. 

VACV B18R (OPG203) encoding an ANKR/F-box protein, and VACV C5L (OPG30), a 

gene encoding for a BTB/kelch protein, were identified as poxvirus uncoating and DNA 

replication factors with mutually redundant functions (80). B4, an ANKR/F-box protein 

encoded by the VACV B4R gene (OPG189), is suggested to play a role in virion release 

and spread (147). Taken together, poxviral adaptor proteins interact with cellular Cul 

proteins, inhibit host immune responses, and contribute to virus infection. 



30 

 

      

Structure OPG CPXV-BR VACV-Cop ECTV-Mos Role during infection 

ANKR/ 

F-box 

3 006/225a C19L 002/171a 

induce RIPK3 

proteasomal 

degradation and 

prevent necroptosis 

(140) 

inhibit NF-κB pathway 

(138, 139) 

4 008/223a C17L     

9 11   5   

15 17       

23 25     host range (142) 

25 27 C9L   

induce IFIT 

ubiquitylation and 

degradation, thereby 

enabling viral genome 

uncoating (134, 135) 

189 198 B4R 154 virus spread (147) 

203 211 B18R 165 virus uncoating (80) 

205 213       

211 220       

ANKR/BC 

14 16   10 
inhibit innate immunity 

(143) 

17 19     
inhibit TLR signalling 

pathway (143) 
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BTB/kelch 

11 13       

30 32b C5L   Uncoating (80) 

33 35 C2L 18 
inhibit inflammation 

(144) 

47 50 F3L 27 small lesion size (145) 

184 193 A55R 150/167 
impair NF-κB pathway 

(146) 

196 204 B10Rc     

206 215       

            

Table 1.2 E3 adaptor protein genes of OPVs 

The table shows the poxviral genes encoding for E3 adaptor proteins in CPXV (Brighton 

Red strain, CPXV-BR), VACV-Cop, and ECTV-Mos. The table includes the OPG names 

of the genes in OPVs, as well as gene names in CPXV-BR, VACV-Cop, and ECTV-Mos. 

Also shown in the table are the roles of these poxviral adaptor proteins during poxvirus 

infection. a The genes presented on both arms of the viral genome. b CPXV32 only has BTB 

domain. c B10R only has a kelch domain. The data is adapted from Chen, N. et al. 2003 

and Senkevich, G.T. et al. 2021 (46, 54).  
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1.5.2.2 p28 and its homologues 

p28 (OPG21) is a ~28-kDa E3 Ub-ligase (Figure 1.9D). Its homologues are found 

throughout the Chordopoxviruses (Figure 1.10) (106, 148, 149), except for VACV-Cop, 

which has completely lost the p28 gene, and VACV strain Western Reserve (VACV-WR), 

which expresses a truncated p28 (150). The amino acid identity between p28 and its 

homologues is shown in Table 1.3. The Fowlpox virus (FPXV) genome encodes two p28 

proteins (151), while most other strains, like ECTV and VARV, encode one p28 (46). p28 

is expressed at both early and late stages of poxvirus replication and localizes to virus 

factories (150-155). There are two functional domains of p28: the N-terminal KilA-N 

domain and a C-terminal RING domain (Figure 1.9D). The KilA-N domain was previously 

found in bacteriophages and large DNA viruses, and suggested to be homologous to the 

APSES fungal DNA-binding domain (156). The predicted structure of the KilA-N domain 

has two 2-β-strand-α-helix units, which is identical to the APSES domains (156). The p28 

encoded by Shope fibroma virus (SFV-N1R), a poxvirus that infects rabbits, binds to both 

single-stranded DNA (ssDNA) and dsDNA columns (155). In addition, a truncated p28 

encoded by VACV-WR was identified in the complex of nascent DNA and proteins during 

poxvirus infection (157). p28 without a RING domain (p28 KilA-N alone) is sufficient for 

virus factory localization (152). The deletion of a highly conserved seven amino acid 

residues (44-50; YINITKI) in the KilA-N domain disrupted p28 virus factory localization 

(153). The RING domain of p28 is a RING-finger domain with highly conserved cysteine 
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Figure 1.10 p28 proteins encoded by poxvirus genomes 

Alignment of p28 proteins from selected Chordopoxviruses. The indicated p28 protein 

sequences were aligned by CLUSTAL format alignment, MAFFT FFT-NS-i (v7.487). The 

relative location of the KilA-N and RING domains (153) are underlined. Amino acids 

which conserved in RING domain are highlighted in purple and indicated by asterisk. D6R; 

VARV (Somalia-1977); AAA69414, p28; VACV (International Health Department-White, 

IHD-W); AIX98929, EVM012; ECTV (Mos); AAM92318, C7R; CPXV (BR); CAA64092, 

D5R; MPXV (Zaire-96-I-16); AAL40466, N1R; Rabbit fibroma virus (Kasza); 

NP_052029, FPV150; FPXV (Iowa); NP_039113.1, FPV157; FPXV (Iowa); NP_039120.1  
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  D6R p28 C7R D5R EVM012 N1R FPV150 FPV157 

D6R - 95.45 97.52 95.04 95.02 29.67 29.03 29.26 

p28   - 97.93 95.87 96.27 30.14 28.57 28.82 

C7R     - 97.52 97.51 29.67 29.03 28.82 

D5R       - 95.44 29.67 29.49 28.82 

EVM012         - 29.81 28.7 28.51 

N1R           - 32.59 29.2 

FPV150             - 35.42 

FPV157               - 

                  

 

Table 1.3 The identities between p28 and its homologues 

The overall percent amino acid identities between the p28 and its homologues are indicated. 

D6R; VARV (Somalia-1977); AAA69414, p28; VACV (IHD-W); AIX98929, EVM012; 

ECTV (Mos); AAM92318, C7R; CPXV (BR); CAA64092, D5R; MPXV (Zaire-96-I-16); 

AAL40466, N1R; Rabbit fibroma virus (Kasza); NP_052029, FPV150; FPXV (Iowa); 

NP_039113.1, FPV157; FPXV (Iowa); NP_039120.1. The identities were created by 

Clustal2.1 and determined using the EMBOSS Needle alignment tool. 
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and histidine residues (C3HC4) (Figure 1.10), which has the ability to bind zinc (150, 158). 

The first two conserved cysteines of the p28 RING domain, C173 and C176, are essential 

for the auto-ubiquitylation activity of p28 (151, 152).  

p28 is a critical virulence factor of ECTV in susceptible mice. Senkevich et al. 

generated a p28 deletion mutant virus (ECTV-p28RING-gpt) by exchanging the RING domain 

of p28 with a xanthine-guanine phosphoribosyltransferase (gpt) selection cassette in an 

orientation opposite to the p28 gene (158). When strain A susceptible mice were infected 

with ECTV-p28RING-gpt, the median lethal dose (LD50) of ECTV was increased by 6 logs 

compared with wild-type ECTV (158). The titers of the ECTV-p28RING-gpt in livers and 

spleens of footpad infected strain A mice were significantly lower than the wild-type ECTV 

(158). A follow-up study showed that virus replication and factory formation of ECTV-

p28RING-gpt were severely inhibited in resident peritoneal macrophages (PMs) from 

susceptible strain A mice (154). Macrophages are vectors that transport ECTV in mice from 

the skin (footpad infection site) to the organs where the virus primarily replicates, such as 

the liver and spleen (47, 154). The inhibition of ECTV-p28RING-gpt replication in 

macrophages may be the reason for the reduced virus titer in the liver and spleen in the 

infected strain A mice. Furthermore, expressing p28 allowed ECTV to replicate in cells 

pre-treated with UV irradiation (159). Overexpressing N1R reduced apoptosis-associated 

fragmentation of nuclear DNA induced by VACV infection (155). These results indicate 

p28 may inhibit the apoptosis of infected cells. p28 was also demonstrated as a host range 
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factor of CPXV in macrophage cell lines (RAW 264.7 and J774A.1), rat primary PMs, and 

human PBMC-derived macrophages (160). The RING domain of p28 was critical for the 

productive replication of CPXV in the cell types mentioned above (160). In addition, 

overexpression of p28 localized conjugated Ub to virus factories (151, 153). Ubiquitylation 

assays indicated that both the p28 of ECTV and VARV cooperate with the E2s that 

catalyzed K48-linked polyubiquitin chains (Ubc4 and UbcH5c) and with Ubc13/Uev1A, a 

heterodimeric E2 that promoted K63-linked chains formation (149). These results suggest 

that p28 may function as a poxviral E3 Ub-ligase. However, how p28 recognizes its 

substrates and what the substrates of p28 are remain unknown. 

1.6 Thesis objectives 

Poxviruses manipulate the Ub system of infected cells to facilitate viral replication, 

evade innate immune responses, and prevent programmed cell death of infected cells. On 

the other hand, the Ub system is also involved in host immune responses against virus 

infection. I was interested in further elucidating the impact of poxvirus infection on the 

host Ub system, including how poxviruses exploit the host Ub system through viral E3 Ub-

ligases and what changes occur in host protein ubiquitylations during poxvirus infection.  

p28 is a critical virulence factor in specific mouse strains (154, 158). To further address 

the function of p28, in Chapter 3, we completely deleted the gene of p28 from ECTV 

(ECTV-Δp28). As an initial characterization of this virus, I examined how the complete 

deletion of p28 impacted virus production in different cell types, including cell lines and 
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murine PMs from susceptible and resistant mice. In Chapter 4, I used several methods to 

establish the p28 substrates and the function of the KilA-N domain of p28 in vitro. Small-

scale experiments demonstrated the feasibility of using Ub-activated interaction traps 

(UBAITs) to capture proteins in close proximity to p28. Furthermore, I purified p28 via the 

baculovirus expression system, which will be valuable for our future studies to identify the 

substrates and the functions of p28 in vitro. To understand the global impacts of poxvirus 

infection on Ub modification in infected cells, in Chapter 5, we enriched ubiquitylated 

peptides, in this case, peptides with a diglycine (diGly) motif, from VACV-infected and 

uninfected cells. Quantitative changes of these diGly peptides after VACV infection were 

detected by mass spectrometry. This provided further information about the diverse roles 

of the Ub system and ubiquitylated proteins during poxvirus infections. I further studied 

the effect of virus infection on one of these ubiquitylated proteins, tripartite motif-

containing protein 25 (TRIM25), in which several diGly peptides were either exclusively 

found or enriched in VACV-infected cells. I proceeded to reveal TRIM25 as a novel protein 

potentially involved in the host-virus tug-of-war in the Ub system. This research further 

enhances our understanding of the interaction between poxvirus infection and the Ub 

system of the host cell. 
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Chapter 2: Materials and Methods 

Parts of this chapter of the thesis have been published in: 

“Jianing Dong, Patrick Paszkowski, Dana Kocincova, Robert J. Ingham. Complete deletion 

of Ectromelia virus p28 impairs virus genome replication in a mouse strain, cell type, and 

multiplicity of infection-dependent manner. Virus Research. 323 (2023) 198968, doi: 

10.1016/j.virusres.2022.198968.” 

And the manuscript: 

“Jianing Dong, Shu Luo, Summer Smyth, Grace Melvie, Olivier Julien, Robert J. Ingham. 

Characterizing changes in protein ubiquitylation during vaccinia virus infection.” (Under 

review, manuscript # JVI00430-24) 

The schematic representations of the experiment were created with BioRender.com. 
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2.1 Materials 

The materials used in this thesis were listed below.  

Table 2.1 Commercial Kits 

Kit Source 

AurumTM Total RNA Mini Kit Bio-Rad 

QIAprep Spin Miniprep Kit QIAGEN 

QIAquick Gel Extraction Kit  QIAGEN 

QIAquick PCR Purification Kit QIAGEN 

Superscript II Reverse Transcriptase System Invitrogen 

    

Table 2.2 Buffers 

Buffer Composition 

1% NP-40 Lysis Buffer  

50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM 

Ethylenediaminetetraacetic acid (EDTA), 1% NP-40, 

10% glycerol 

5× Protein Loading Buffer  

312.5 mM Tris-HCl pH 6.8, 500 mM dithiothreitol 

(DTT), 10% glycerol, 11.5% sodium dodecyl sulfate 

(SDS), 0.1% Bromphenol Blue  

EMSA Reaction Buffer 

10 mM Tris-HCl pH 7.5, 100 mM KCl, 0.2 mM 

EDTA, 0.5 mM DTT, 10% w/v glycerol, 200 μg/mL 

BSA, 100 μg/mL poly-d(IC) 

FACS Buffer 
phosphate-buffered saline (PBS) containing 1% fetal 

bovine serum (FBS) 

Mowiol Mounting Medium  
0.1 mg/mL Mowiol, 0.1 M PBS pH 7.4, 25% 

glycerol, 2.4% triethylenediamine 

Ubiquitination Reaction Buffer  50 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM DTT 
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Table 2.3 Oligonucleotides 

Name Restriction sites Usage Sequence 

SmaI-p28-rev SmaI PCR 5’-

CTAGCTGACCCGGGTTAGT

TAACTAGCTTATAGAAC-3’ 

SmaI-Ub-rev SmaI PCR 5’-

CCCGGGTTAACCACCTCTT

AGTC-3’ 

5'-FLAG-fwd N/A PCR 5’-

CGATCACTGACTACAAAG

ACGATGACGACAAG-3’ 

BamHI-KilA-N-fwd BamHI PCR 5’-

CGATCACTGGATCCCAATA

CATAGATGAACCAAATGAT

ATAAGACTAC-3’ 

BamHI-p7.5-fwd BamHI PCR 5’-

CGATCACTGGATCCTCGAC

ATATACTATATAG-3’ 

BamHI-RING-fwd BamHI PCR 5’-

CGATCACTGGATCCCTGGA

TAAATACGAGGACGTGTAT

AGAGTAAG-3’ 

BglII-EVM013-fwd BglII PCR 5’-

AGATCTGAACGGATGTCCT

CCAAC-3’ 

EVM049 (VACV 

E9L) standard curve 

template 

N/A qPCR 5’-

GGATTGGCAAACCGTAAC

ATACCGTTAGATAACTCTG

CTCCATTTAGTACCGATTCT

AG 

ATACAAGATCATTCTACGT

CCTATGGATGTGCAACTCT

TAGCCGAAGCGTATGAGTA

TAGA 

GCACTATTTCTAAATCCCAT

CAGACCATAT-3’ 



42 

 

EVM049 (VACV 

E9L)-fwd 

N/A qPCR 5’ - 

CTCTGCTCCATTTAGTACC

GATTC - 3’ 

EVM049 (VACV 

E9L)-rev 

N/A qPCR 5’-

TACTCATACGCTTCGGCTA

AGA–3’ 

EVM011-fwd N/A RT-PCR 5’-

GTCTAATTGGGCACCCTTA

ACT-3’ 

EVM011-rev N/A RT-PCR 5’-

CCGACGTTATATTTCCTGTA

GGG-3’ 

EVM013-fwd N/A RT-PCR 5’-

AACCGTTCGTACCACAGAT

G-3’ 

EVM013-rev N/A RT-PCR 5’-

CGTAGTGAGGACACAAGT

GAA-3’ 

EVM056-fwd N/A RT-PCR 5’-

CAACTGGCCAAGGCAATT

ATC-3’ 

EVM056-rev N/A RT-PCR 5’-

CGTTAGCCACCACTTCTCT

ATC-3’ 

Hairpin DNA N/A  5’-

ACATTTTTTTCTAGACACT

AAATAAAATATTTAAAATAT

AATATTAATGTACTAAAAC

TTATATATTATTAATTTATCT

AACTAAAGTTAGTAAATTA

TATATATAATTTTATAATTAA

TTTAATTTTACTAATTTTAT

TTAGTGTCTAGAAAAAAA-

3’ 

KpnI-Linker-Ub-fwd KpnI PCR 5’-

GGTACCGGTGGTTCTGGTG

GTG-3’ 
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NotI-EVM013-rev NotI PCR 5’-

GCGGCCGCCTTCAGTATTG

GATGAATCTC-3’ 

p28(int)-fwd N/A PCR 5’-

AGAGGGTTGGTAAATTGGT

ACAT-3’ 

p28(int)-rev N/A PCR 5’-

CAACTTCATAGCAAATTCC

ACATTC-3’ 

pGEX 3' Sequencing 

Primer 

N/A PCR 5’-

CCGGGAGCTGCATGTGTC

AGAGG-3’ 

pGEX 5' Sequencing 

Primer 

N/A PCR 5’-

GGGCTGGCAAGCCACGTT

TGGTG-3’ 

qPCR probe N/A qPCR 5’ 

/56FAM/AGATCATTC/ZEN/T

ACGTCCTATGGATGTGCAA

C/3IABKFQ/ 3’ 

SalI-EVM011-fwd SalI PCR 5’-

CGATCACTGTCGACGTCGT

TACATCATACCTTATA-3’ 

SalI-p28-fwd SalI PCR 

RT-PCR 

5’-

GTCGACGAATTCGATCCTG

CCAAAATC-3’ 

SmaI-KilA-N-rev SmaI PCR 5’-

CGATCACTCCCGGGTTAAT

TAGCTATGTACCAATTTACC

AACCCTC-3’ 

SmaI-p28-rev SmaI RT-PCR 5’-

CCCGGGTTAGTTAACTAGC

TTATAGAAC-3’ 

SmaI-RING-rev SmaI PCR 5’-

CGATCACTCCCGGGTTATC

TAAAACGGGTACGGCATAT

AGGAC-3’ 

SpeI-EVM011-rev SpeI PCR 5’-

ACTAGTCTCTACCTCTAGA

TATGATAC-3’ 



44 

 

TK fwd N/A PCR 5’-

TATTCAGTTGATAATCGGC

CCCATGTTT-3’ 

TK rev N/A PCR 5’-

GAGTCGATGTAACACTTTC

TACACACCG-3’ 

XhoI-EVM011-rev XhoI PCR 5’-

CGATCACTCTCGAGCTCTA

CCTCTAGATATGATAC-3’ 

yellow fluorescent 

protein (YFP)/gpt 

qPCR-fwd 

N/A PCR 5’-

GATGCCTTCTGAACAATGG

AAAG-3’ 

YFP/gpt qPCR-rev N/A PCR 5’-

GTCGTGATCGTAGCTGGAA

ATA-3’ 

β-actin-fwd N/A RT-PCR 5’-

CCTGGCACCCAGCACAAT-

3’ 

β-actin-rev N/A RT-PCR 5’-

GCCGATCCACACGGAGTA

CT-3’ 

        

Table 2.4 Plasmids 

Plasmid Characteristics Source 

pDGloxP Vector for exchange a poxviral gene 

with YFP/gpt cassette  

Dr. David Evans 

(University of Alberta) 

pDGloxP- 

EVM013-EVM011 

The target plasmid which was used 

to generate p28 knock-out ECTV 

Constructed by  

Patrick Paszkowski 

pFastBac-1- 

ECTV-p28 

Donor plasmid for baculovirus 

generation. Contain the gene of full 

length ECTV p28 

Purchased from GenScript 

pFastBac-1- 

ECTV-p28-KilA-N 

Donor plasmid for baculovirus 

generation. Contain the gene of the 

KilA-N domain of ECTV p28 

Purchased from GenScript 

pFastBac-1- 

ECTV-p28-RING 

Donor plasmid for baculovirus 

generation. Contain the gene of the 

RING domain of ECTV p28 

Purchased from GenScript 
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pGEX-4T-1 GST gene fusion vector, express 

GST under the control of an 

isopropyl β-D-1-

thiogalactopyranoside (IPTG) 

inducible promoter 

Purchased from Amersham 

Biosciences 

pGEX-4T-1- 

KilA-N 

GST gene fusion vector with the 

gene of the KilA-N domain of 

ECTV p28 

Constructed in this study 

pGEX-4T-1- 

p28 

GST gene fusion vector with the 

gene of full length ECTV p28 

Constructed in this study 

pGEX-4T-1- 

RING 

GST gene fusion vector with the 

gene of the RING domain of ECTV 

p28 

Constructed in this study 

pSC66 Vector with poxviral early/late 

promoter. Express proteins in 

poxvirus-infected cells 

Dr. David H. Evans 

(University of Alberta) 

pSC66- 

FLAG-p28 

poxvirus early/late promoter 

(pE/L), followed by a gene encoded 

full length ECTV p28 with a FLAG 

tag at the N terminus 

Constructed in this study 

pSC66- 

FLAG-p28-Ub 

pE/L, followed by a gene encoded 

full length ECTV p28 with a FLAG 

tag at the N terminus and a linker 

with Ub motif at the C terminus 

Constructed in this study 

    
 

Table 2.5 Antibodies (Abs) 

Ab Application Origin Source Dilution 

6×His, His-

tag 

WB/IP Mouse #66005-1-Ig, 

Proteintech 

1:1,000/2 µg 

A34 WB/IF Rabbit Dr. Bernard Moss 

(National Institute of 

Allergy and Infectious 

Disease) 

1:1,000/1:1,000 

B5 WB Mouse Dr. Stuart Isaacs 

(University of 

Pennsylvania) 

1:1,000 
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CDK2 WB Mouse #MA5-17052, 

Invitrogen 

1:1,000 

FLAG WB/IF Rabbit #F7425, Sigma-Aldrich 1:1,000/1:500 

FLAG (M2) WB/IF/IP Mouse #F3165, Sigma-Aldrich 1:1,000/1:500/1 µg 

HJURP IP Rabbit #703460, Invitrogen 1-5µg 

Heat shock 

protein 70 

(Hsp70) 

WB Mouse #sc-66948, Santa Cruz 1:500 

I3 WB/IF Mouse Dr. David Evans 

(University of Alberta) 

1:5,000/1:1,000 

mouse 

Alexa 488 

IF Goat #A11001, Invitrogen 1:1,000 

mouse 

CD11b 

(M1/70) PE-

Cyanine7  

Flow Rat #25-0112-82, 

Invitrogen 

1:2,000 

mouse 

F4/80 

eFluor 450 

(BM8) 

Flow Rat #48-4801-80, 

eBioscence 

1:1000 

mouse 

IRDye 800 

WB Goat #92632210, LI-COR 

Biosciences  

1:20,000 

p28 WB Rabbit Buller and Brien labs 

(St. Louis University) 

1:1,000 

rabbit Alexa 

Fluor 647 

IF Goat #111-605-144, Jackson 

ImmunoResearch 

1:1,000 

rabbit 

IRDye 680 

WB Goat #92668071, LI-COR 

Biosciences  

1:20,000 

TRIM25 WB/IP Rabbit #ab167154, Abcam 1:1,000/1-5 µg 

Ub (FK2) WB/IF/IP Mouse #BML-PW8810, Enzo 

Life Sciences 

1:1,000/1:500/2 µg 

Ub (P4D1) WB Mouse #39741, Active Motif  1:1,000 

β-actin WB Mouse #A5441, Millipore 

Sigma 

1:5,000 

β-tubulin WB Mouse #TM1541, ECM 

Biosciences 

1:1,000 
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2.2 Methods 

2.2.1 Cells 

2.2.1.1 Cell lines 

Table 2.6 Cell lines 

Cell line Source 

293T American Type Culture Collection (ATCC) 

BSC-40 Dr. David Evans (University of Alberta) 

HeLa Dr. Jim Smiley (University of Alberta) 

Neuro-2a Dr. Roslyn Godbout (University of Alberta) 

Sf9 Dr. Matthias Götte (University of Alberta) 

YAC-1 Dr. Hanne Ostergaard (University of Alberta) 

    

BSC-40 cells were cultured in Minimum Essential Medium Eagle (MEM; Sigma) 

supplemented with 5% FBS (Sigma-Aldrich), 1% non-essential amino acids (Gibco), 2 

mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco), and 1% antibiotic-antimycotic 

solution (Gibco). HeLa and 293T cells were grown in Dulbecco’s Modified Eagle’s 

Medium – high glucose (DMEM; Sigma) supplemented with 10% FBS, 2 mM L-glutamine, 

and 1% antibiotic-antimycotic solution (Gibco). YAC-1 cells were cultured in Roswell Park 

Memorial Institute 1640 (RPMI 1640; Gibco) media containing 10% FBS and 1% 

antibiotic-antimycotic solution. Neuro-2a cells were grown in DMEM containing 10% 

FBS and 1% antibiotic-antimycotic solution. All mammalian cells were incubated at 37℃ 

and 5% CO2. Sf9 insect cells were grown in Sf-900TM Ⅱ SFM (Gibco) and incubated at 

30℃. 
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2.2.1.2 Purification of resident peritoneal macrophages (PMs) 

Strain A (also known as A/J or A/JCr) and BALB/c mice were purchased from Charles 

River (Saint-Constant, QC, Canada) or Jackson Laboratory (Bar Harbor, ME). C57BL/6 

mice were obtained from the breeding colony of Dr. Troy Baldwin (University of Alberta). 

Mice were maintained in accordance with protocols approved by the University of Alberta 

Animal Care and Use Committee (AUP00002579). Resident PMs were isolated as 

previously described (Figure 2.1A) (161). Briefly, cells were flushed from the peritoneal 

cavity with ice cold, sterile PBS, enriched by centrifugation at 400×g for 10 min at 4℃, 

and then plated on 12-well tissue culture treated plates at a density of 1×106 cells/mL. Cells 

were incubated in macrophage media (DMEM with 10% FBS, 100 U/mL penicillin, and 

100 μg/mL streptomycin) at 37℃ and 5% CO2 for 2 h. To remove non-macrophages, the 

isolated cells were washed with warm PBS three times and incubated in fresh macrophage 

media at 37℃ overnight. The isolated macrophages were stained with anti-F4/80 and anti-

CD11b which are two surface antigens of macrophages (162), and the percentage of cells 

with both these macrophage antigens were tested by flow cytometry (BD Biosciences) 

(Figure 2.1B). Data was analyzed using FlowJo software (Ashland, OR) and results 

showed that greater than 80% of the cells were CD11b and F4/80 double positive (Figure 

2.1B). I routinely isolated ~1 million cells per mouse. 
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Figure 2.1 PM isolation from mice 

A, Diagram of PM isolation. PMs were isolated from mice using previously described 

methods (161). Total cells in the peritoneal fluid were collected in ice-cold PBS. These 

cells were centrifuged and resuspended in macrophage media. Then, cells were seeded into 

tissue culture-treated plates and incubated at 37℃ for 2 h. The non-adherent cells were 

washed away with PBS. B, Flow cytometry examining the macrophage surface antigens 

on the isolated cells. Cells were fixed and stained with anti-F4/80 and anti-CD11b Abs and 

then analyzed by flow cytometry. Routinely, more than 80% cells were CD11b and F4/80 

double positive.  
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2.2.1.3 Generation of bone marrow-derived macrophages (BMDMs) 

Bone marrow cells were isolated from strain A mice as previously described (Figure 

2.2A) (163). The femur and tibia were washed with ice cold, sterile PBS and cut at the joint. 

Ice-cold, sterile PBS was used to flush the bone marrow cells into a 50 mL conical tube 

through a 70 μm cell strainer which was used to filter the solid fragments. Bone marrow 

cells were centrifuged down and resuspended in bone marrow differentiation medium 

(RPMI-1640 supplemented with 20% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 

2 mM L-Glutamine and 20 ng/mL macrophage colony-stimulating factor (M-CSF, ≥1 

unit/ng) (PeproTech)). Cells were seeded in non-tissue culture treated plates and incubated 

at 37℃ and 5% CO2 for 4 days. Fresh media was added to cells on day 4, and cells were 

then incubated for another 3 days. Non-macrophages were washed away with sterile PBS. 

Flow cytometry (BD Biosciences) revealed that approximately 90% of the cells were 

CD11b and F4/80 double positive (Figure 2.2B). 
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Figure 2.2 BMDM isolation from mice 

A, Diagram of BMDM isolation. BMDMs were isolated from mice using previously 

described methods (163). Bone marrow cells were collected in PBS. These cells were 

seeded into non-tissue culture-treated plates and incubated in culture media with M-CSF 

at 37℃ for 4 days. Add fresh media with M-CSF and incubate cells for another 3 days. 

Non-adherent cells were washed away with PBS. B, Isolated cells were fixed and stained 

with anti-F4/80 and anti-CD11b Abs and then analyzed by flow cytometry. Routinely, more 

than 90% cells were CD11b and F4/80 double positive. 
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2.2.2 Viruses 

Table 2.7 Viruses 

Virus strain Characteristics Source 

ECTV-Mos Moscow 
 

Dr. Michele Barry 

(University of Alberta) 

ECTV-Δp28 Moscow Knock-out p28 Generated by 

Patrick Paszkowski 

ECTV-Δp28-Rev Moscow Generated from p28 

knock-out ECTV; 

expresses p28 

Generated in this study 

VACV-Cop Copenhagen 
 

Dr. Michele Barry 

(University of Alberta) 

VACV-IHD-W International 

Health 

Department- 

White 

  Dr. Michele Barry 

(University of Alberta) 

VACV-WR Western 

Reserve 

  Dr. David Evans 

(University of Alberta) 

VACV-TianTan Tian Tan   Dr. David Evans 

(University of Alberta) 

ACAM2000TM     Dr. David Evans  

(University of Alberta) 

CPXV-BR Brighton Red   Dr. David Evans  

(University of Alberta) 

vP811   Deletion viruses 

derived from VACV-

Cop (ΔC23L-F4L; 

ΔB13R-B29R) 

Generated by Dr. Enzo 

Paoletti group (164). 

Obtained from Dr. 

Michele Barry 

(University of Alberta) 

vP759   Deletion viruses 

derived from VACV-

Cop (ΔB13R-B29R) 

Generated by Dr. Enzo 

Paoletti group (164). 

Obtained from Dr. 

Michele Barry 

(University of Alberta) 
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vP798   Deletion viruses 

derived from VACV-

Cop (ΔC23L-F4L) 

Generated by Dr. Enzo 

Paoletti group (164). 

Obtained from Dr. 

Michele Barry 

(University of Alberta) 

        

Deletion viruses derived from VACV-Cop (vP811, vP759, and vP798) were originally 

generated by the Poaletti group (164), and were also provided by Dr. Michelle Barry. 

Lysates of MPXV (Clade IIb)-infected HeLa cells were generously provided by Dr. David 

Evans.  

2.2.2.1 Production of poxviruses 

Virus stocks were generated by infecting five or ten 150 mm plates of BSC-40 cells at 

a multiplicity of infection (MOI) of 0.05 for 48 h. The infected cells were harvested by 

scraping into the media and collecting in 50 mL conical tubes. The cells were pelleted by 

centrifugation at 2,000×g for 10 mins, washed with PBS once, and then resuspended in 6 

mL of 10 mM Tris (pH 8.0). The virus was released from cells by Dounce homogenizations. 

Cell fragments were removed by centrifugation at 2000×g for 10 mins and supernatants 

were transferred to a new centrifuge tube. The pellet was again resuspended in 6 mL of 10 

mM Tris (pH 8.0) followed by Dounce homogenization. The supernatants from the two 

Dounce homogenization were adjusted to 19 mL using 10 mM Tris (pH 8.0). 19 mL of 36% 

sucrose in 10 mM Tris (pH 8.0) was layered under the supernatant. The extracted viruses 

in the supernatant were pelleted by centrifugation at 4℃ for 90 mins at 26,500×g. The 

supernatant was aspirated, and the virus pellet was resuspended in 1 mL of 10 mM Tris 
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(pH 8.0). 200 μL of resuspended viruses was placed into each aliquot tube. Viruses were 

stored at -80℃. 

2.2.2.2 Determination of virus titer 

To determine the titer of poxviruses, samples with virus were 10-fold serially diluted 

with MEM to an appropriate range. Then, BSC-40 cells were infected with diluted samples 

in triplicate in 12-well plates. After 1 h of inoculation, the diluted samples were aspirated. 

VACV-infected cells were incubated in fresh complete media for 24 h. ECTV-infected or 

deletion viruses derived from VACV-Cop (vP811, vP759, and vP798) infected cells were 

incubated in fresh media containing 1% carboxymethyl cellulose (CMC) for 72 h. Then, 

crystal violet solution (1.3% crystal violet, 5% ethanol, and 10% formaldehyde in H2O) 

was directly added to the media for 2 h at room temperature to fix and stain for viral plaques. 

The plates were washed with water and the plaques were counted for virus titer calculation. 

 

𝑉𝑖𝑟𝑢𝑠 𝑡𝑖𝑡𝑒𝑟 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙 
× 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑜𝑙𝑑 

 

2.2.2.3 Generation of recombinant virus 

ECTV-Mos genomic DNA was used to generate a targeting vector where the gene 

encoding for p28, EVM012, was replaced by a YFP/gpt cassette flanked by loxP sites. The 

generation of recombinant viruses has been previously described (165). Briefly, BSC-40 

cells were infected with ECTV-Mos and transfected with the linearized targeting vector. 
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Recombinant YFP-positive viruses were selected for in the presence of media containing 

25 µg/mL mycophenolic acid, 15 µg/mL hypoxanthine, and 250 µg/mL xanthine (Millipore 

Sigma). YFP-positive plaques were plaque purified for three rounds. To remove the 

selection marker, cells were infected with YFP-positive virus and transfected with a 

plasmid expressing the Cre recombinase and YFP-negative plaques were selected under a 

fluorescence microscope. YFP-negative plaques were plaque purified for three rounds. The 

resulting virus was validated by Polymerase Chain Reaction (PCR) screening and whole 

genome sequencing. The revertant virus was generated by replacing the YFP/gpt cassette 

with EVM012. YFP-negative plaques were selected under a fluorescence microscope. 

YFP-negative plaques were plaque purified for three rounds. PCR and whole genome 

sequencing were used to validate the virus. 

2.2.2.4 Virus growth curve experiments 

Growth curves were performed by infecting the indicated cell lines with viruses at a 

MOI of 3 (single-step growth curve) or a MOI of 0.03 (multi-step growth curve). Infected 

cells were harvested by scraping cells into 1 mL of culture medium at the indicated times 

post-infection. Virus was released from cells by three rounds of freeze-thawing and titers 

were determined on BSC-40 cells as previously described in 2.2.2.2. The input virus titer 

was shown as the 0 h time point titer in the curve. 

2.2.2.5 Virus DNA isolation 

Total cellular and viral DNA was isolated by phenol extraction for PCR or quantitative 
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PCR. Virus-infected cells were harvested by centrifuge and the pellets were lysed in lysis 

buffer (1.2% SDS, 50 mM Tris pH 8, 4 mM EDTA, and 4 mM CaCl2, fresh proteinase K 

was added to 0.5 µg/µL before use) for 4 h at 37℃. The cell lysate was mixed with buffer-

saturated phenol and centrifuged in a phase lock gel light 2 mL tube (#2302820, Quantabio). 

The upper layer (aqueous layer) was collected in a new centrifuge tube. 2.5×volume of 95% 

ethanol and 0.1×volume of 3 M sodium acetate was added and mixed with the aqueous 

layer. The mixture was placed at -80℃ overnight. The DNA was pelleted from the sample 

by centrifuging at 20,000×g for 30 min at 4℃, then washed once with 70% ice-cold ethanol. 

The ethanol in the tube was dried and then the DNA pellet was resuspended in ddH2O. 

To prepare viral DNA for sequencing, 200 µL of purified virus was incubated with 100 

µL virion lysis buffer (50 mM TrisHCl pH 9.5, 0.7 M NaCl, 10 mM EDTA, and 1% SDS) 

and incubated with freshly added proteinase K (0.5 µg/µL) at 37℃ overnight. The viral 

DNA was mixed with 350 µL ultrapure phenol-chloroform-isoamyl alcohol solution 

(25:24:1) and centrifuged. The upper layer was collected in a new centrifuge tube and 

mixed with phenol-chloroform-isoamyl alcohol solution again. After centrifugation, the 

aqueous layer was mixed with chloroform: isoamyl alcohol (24:1) and centrifuged. The 

DNA was precipitated in ethanol and pelleted from the sample by centrifuging. The ethanol 

in the tube was dried and then the DNA pellet was resuspended in ddH2O. 

2.2.2.6 Quantification of viral genome replication 

PMs were infected with viruses for the indicated times. The cellular and viral DNA 
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were isolated as described above. For the cytosine arabinoside (Ara-C) experiments, cells 

were pretreated with complete media with or without Ara-C (40 µg/mL) for 2 h, then 

infected at a MOI of 0.03 for 1 h. The infected cells were incubated in fresh media with or 

without Ara-C for the indicated times before total cellular and viral DNA purification by 

phenol extraction. 

Virus genomic copy number was detected by quantitative polymerase chain reaction 

(qPCR) using a 5’ 6-FAM (6-carboxyfluorescein) probe (IDT) as previously described (53, 

166). The region amplified is an 89 bp conserved region from the EVM049 gene.  

▪ The primers used in this experiment were: 

EVM049 (VACV E9L)-fwd: 5’-CTCTGCTCCATTTAGTACCGATTC-3’  

EVM049 (VACV E9L)-rev: 5’-TACTCATACGCTTCGGCTAAGA-3’  

▪ A standard curve was generated by using a gene block with the following sequence: 

5’-GGATTGGCAAACCGTAACATACCGTTAGATAACTCTGCTCCATTTAG 

TACCGATTCTAGATACAAGATCATTCTACGTCCTATGGATGTGCAACTCTTA 

GCCGAAGCGTATGAGTATAGAGCACTATTTCTAAATCCCATCAGACCATAT-3’  

▪ The probe was labeled with 5’ FAM dye, an internal ZEN quencher, and a 3’ quencher 

Iowa Black FQ:  

5’-/56FAM/AGATCATTC/ZEN/TACGTCCTATGGATGTGCAAC/3IABkFQ/-3’ 

The qPCR master mix was prepared at 4× concentration with 2 µM of each primer and 

1 µM probe. To protect the light-sensitive probe, the master mix was aliquoted in black 
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tubes and stored at -20℃. To prepare the standard curve, nine-fold dilutions of the gene 

block were made starting from 1.52×106 copies/reaction to 2.87×101 copies/reaction. In 

each experiment, the 4× qPCR master mix and 2× qPCR master mix (PerfeCTa Fastmix II, 

Quantabio) were mixed in a 1:2 ratio and then 15 µL of this mixture was added to each 

reaction tube. Then, 5 µL of DNA was added, making the final volume 20 µL. The assay 

was programmed to run on a CFX96TM Real-Time PCR (Bio-Rad) at 95℃ for 2 min, and 

then 40 cycles of 15 sec at 95℃, and 30 sec at 60℃ followed by fluorescence reading at 

the end of each cycle. The standard curve was used to calculate the copy numbers of 

samples based on their cycle quantification (Cq) values (53, 166).  

2.2.2.7 Reverse transcription-PCR (RT-PCR) 

Total RNA was isolated from BSC-40 cells left uninfected or infected with indicated 

viruses using the Aurum total RNA mini kit (Bio-Rad), and the RT reaction was performed 

using the Superscript II Reverse Transcriptase System (Invitrogen). cDNA was amplified 

by PCR with the following oligonucleotide pairs: EVM012 forward primer (SalI-p28-fwd) 

and reverse primer (SmaI-p28-rev); EVM056 forward primer (EVM056-fwd) and reverse 

primer (EVM056-rev); EVM011 forward primer (EVM011-fwd) and reverse primer 

(EVM011-rev); EVM013 forward primer (EVM013-fwd) and reverse primer (EVM013-

rev). 

2.2.2.8 Whole genome sequencing of the p28 knock-out and revertant viruses 

Viral genomic DNA was extracted from sucrose-purified virus preparations as 
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previously described with the help from Dr. Ryan Noyce (167). DNA sequencing libraries 

were generated using the Nextera XT sample prep kit (Illumina) and paired end sequencing 

(2×300 bp) was performed using an Illumina MiSeq platform. Raw sequence reads were 

de novo assembled into contigs and mapped to their appropriate recombinant ECTV 

reference sequences using CLC Genomics Workbench 20 software (QIAGEN) to confirm 

their identity. The sequence reads for the viruses used in this study were submitted to the 

National Center for Biotechnology Information BioSample database (BioProject ID: 

PRJNA882034). 

2.2.3 Molecular biology 

2.2.3.1 Polymerase Chain Reaction (PCR) 

A typical 50 μL PCR contained 0.2 mM of each primer, 200 μM of dNTPs (Thermo 

Scientific), 1 U of Phusion high-fidelity DNA Polymerase (Thermo Scientific), and 100 ng 

of DNA template. All primers used in this study are listed in Table 2.3.  

2.2.3.2 Restriction endonuclease digestion 

Restriction endonuclease digestion was performed according to the manufacturer’s 

instructions. In general, plasmids or PCR products were digested in a total volume of 10-

50 μL for 1-4 h at 37℃. The DNA fragments were isolated or purified by agarose gel 

electrophoresis or using the QIAquick PCR purification kit (QIAGEN). 
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2.2.3.3 Agarose gel electrophoresis 

Samples were mixed with DNA loading buffer (Thermo Fisher Scientific), and DNA 

fragments in the samples were separated by gel electrophoresis in gels made of 1% (w/v) 

UltraPure Agarose (Invitrogen) and 0.01% SYBR safe DNA gel stain (Invitrogen) in TAE 

buffer. Gels were run at 100 V in TAE running buffer in an Owl Separation System (Thermo 

Scientific). DNA bands were visualized using a Molecular Imager Gel Doc XR+ Imaging 

System (Bio-Rad).  

2.2.3.4 DNA purification and Gel extraction 

DNA fragments were cleaned up using the QIAquick PCR purification kit 

(QIAGEN) or QIAquick gel extraction kit (QIAGEN) following the manufacturer’s 

instructions. In brief, DNA was mixed with the buffers in the kit and then run through a 

QIAquick DNA column. The DNA on the column was washed with wash buffer 

containing ethanol before being eluted in 30-50 μL of ddH2O.  

2.2.3.5 DNA ligation 

All ligation reactions were performed according to the manufacturer’s protocol using 

T4 DNA ligase (Invitrogen). The molar ratio of vector to insert DNA was 1:3. All ligations 

were incubated at 16℃ for 18 h. 

2.2.3.6 Transformation of E. coli 

Competent E. coli cells were transformed with ligation reactions or plasmids using a 

heat shock method. DNA and competent cells were incubated on ice for 30 min and then 
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heated at 42℃ for 90 sec followed by a 2 min recovery on ice. Transformed bacteria were 

incubated in Luria-Bertani (LB) media in a shaker for 45 min at 37℃ before plating on LB 

agar plates containing appropriate antibiotics for selection.  

2.2.3.7 Plasmid purification 

E. coli cells containing the desired plasmid were incubated in LB media with 

appropriate antibiotics in a shaker overnight at 37℃. Plasmid DNA was prepared using a 

QIAprep Spin Miniprep Kit (QIAGEN) according to the manufacturer’s protocol. The 

concentration of DNA was examined using a Nanodrop spectrophotometer (Thermo 

Scientific). 

2.2.4 Protein Methodology 

2.2.4.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Cells were washed once with PBS and lysed in 1% NP-40 lysis buffer (50 mM Tris-

HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 10% Glycerol) containing protease 

inhibitor cocktail (1 tablet in 10 mL of lysis buffer) (Roche), 1 mM phenylmethylsulphonyl 

fluoride (PMSF, Bioshop), 5 mM N-ethylmaleimide (NEM, MilliporeSigma), and 1 mM 

Na3VO4 for 30 min on ice. Detergent-insoluble material was removed by centrifugation at 

20,000×g for 10 min at 4℃. The Bradford assay (BioRad) was used to determine the 

protein concentration of lysates. Protein samples were boiled with 5× sample buffer for 5 

min and then centrifuged for 2 min at 14,000 rpm in a microfuge at room temperature. 

Samples were separated by SDS-PAGE before being stained with Coomassie blue or 
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transferred to nitrocellulose membranes (Bio-Rad) using a semi-dry transfer apparatus 

(Bio-Rad). 

2.2.4.2 Western blotting experiments 

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes (Bio-

Rad) using a semi-dry transfer apparatus (Bio-Rad). Membranes were then blocked in 5% 

milk in PBS for 1 h before being incubated with the indicated primary Abs. Membranes 

were then incubated with secondary Abs (goat-anti-rabbit 680 and goat-anti-mouse 800; 

LI-COR Biosciences) for 45 min at room temperature and imaged using an Odyssey 

scanner (LI-COR Biosciences). 

2.2.4.3 Immunoprecipitation (IP) experiments 

Protein lysates were incubated with 5 µg anti-TRIM25 or control Ab at 4℃ overnight 

before being incubated with 10 μL packed Protein A-Sepharose beads (Millipore Sigma) 

for 2 h at room temperature. Beads were washed with 1 mL of 1% NP-40 lysis buffer twice 

and boiled in 30 µL of SDS-PAGE sample buffer to elute bound proteins. For the anti-

conjugated Ub IP, 2 µg FK2 Ab was incubated with 10 μL packed Protein G-Agarose beads 

for 2 h at room temperature. Beads were washed once with 1 mL of 1% NP-40 lysis buffer 

and then incubated with protein lysates at 4℃ overnight. Beads were then washed 3 times 

with 1 mL of 1% NP-40 lysis buffer and bound proteins were eluted with 30 µL of SDS-

PAGE sample buffer.  
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2.2.4.4 Quantification of protein levels in western blotting experiments 

The levels of the immunoreactive bands in western blotting experiments were 

determined using Image Studio 5.5.4. The protein levels in each sample were normalized 

to the level of β-actin detected by western blotting.  Protein quantification was made 

relative to either uninfected cells or infected cells without any drug treatment.  

2.2.4.5 Transfection 

Cells were transiently transfected with lipofectamine 2000 (Invitrogen) as described 

by the manufacturer’s specifications. Cells were grown to approximately 80% confluence 

in 6-well plates. The media was changed to Opti-MEM (Gibco) before transfection. 

Plasmid DNA (2 μg) and 5 μL of lipofectamine were mixed in Opti-MEM for 20 min. The 

mixture was added to cells drop by drop and incubated for 4 h at 37℃ and 5% CO2. For 

protein expression, cells were then incubated with fresh complete media for 24 or 48 h. For 

transfection and infection, the Opti-MEM media was aspirated and then cells were 

inoculated with virus for 1 h following incubation in complete media at 37℃ and 5% CO2. 

2.2.4.6 GST fusion protein expression using E. coli 

E. coli (BL21) were transformed with pGEX-4T-1 containing the gene of p28 or p28 

the isolated domain of p28. Cells were grown in LB media with ampicillin until reaching 

an OD600 of 0.6. Then, 1 mM IPTG was added to induce the expression of the GST fusion 

proteins. Cells were incubated at 18℃ for another 18 hours. The lower incubation 

temperature (18℃ instead of the optimal 37℃) was used to reduce the expression rate of 
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GST fusion proteins, thereby enhancing the expression of soluble proteins rather than 

forming inclusion bodies (168). Bacteria were harvested by centrifugation at 1,000 rpm for 

40 min at 4℃ in a JLA-16.250 rotor. Cells were resuspended in 1% NP-40 lysis buffer 

containing protease inhibitors and 1 mM PMSF. Sonication was performed with a tip 

sonicator at 50% power, 5 sec ON/5 sec OFF for 5 min on ice. For subsequent examination 

of proteins by SDS-PAGE gel, 200 µL of lysate was removed in a 1.5 mL centrifuge tube. 

To separate the soluble proteins for purification, lysates were centrifuged at 12,000 rpm for 

30 min at 4℃ in a JLA-16.250 rotor. Proteins in cells before and after IPTG induction, 

soluble proteins (in the supernatant after centrifuge), and insoluble proteins (in the pellet 

after centrifuge) were analyzed by SDS-PAGE gels followed by Coomassie blue staining. 

2.2.4.7 His-tagged protein expression and purification using baculovirus expression 

vector system (BEVS) 

The code-optimized His-tagged ECTV p28 and its isolated domains were synthesized 

(GenScript) and cloned into the pFastBac-1 vector (Invitrogen). Baculovirus production, 

protein expression, and purification were performed according to previously described 

protocols (169). In brief, donor plasmids (pFastBac-1 with the gene of His-tagged p28 or 

His-tagged p28 domains) were transformed into competent DH 10 Bac cells. Bacteria with 

recombinant bacmid DNA were selected by antibiotics (50 µg/mL kanamycin, 10 µg /mL 

tetracycline, 7 µg /mL gentamycin). To generate baculovirus, bacmid DNA was extracted 

from these bacteria and transfected into Sf9 cells (insect cells, derived from the pupal 
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ovarian tissue of the fall army worm, Spodoptera frugiperda. Invitrogen, provided by Dr. 

Matthias Götte (University of Alberta)). Baculovirus in the media were collected and 

amplified in Sf9 cells and then utilized to infect a large number of Sf9 cells for His-tagged 

protein expression. The Sf9 cells were harvested by centrifuge (1000×g, 5 min, 4℃). Cell 

pellets were then resuspended in 10 mL of Tris buffer pH 8.0 (100 mM Tris, 150 mM NaCl, 

10% glycerol, 0.1% Tween-20, 1 tablet protease inhibitor cocktail [Roche] per 10 mL lysis 

buffer) and lysed by sonicating (5 sec ON/5 sec OFF, 5 min). Cell lysates were centrifuged 

for 30 min at 30,000×g at 4℃. 0.5 mL of Ni-NTA agarose was used to purify His-p28 from 

the supernatant. A stepwise gradient of increasing concentrations of imidazole (from 20 

mM to 500 mM) was used to elute proteins bound to the beads. Protein samples were 

fractionated by SDS-PAGE gel. Coomassie stain and anti-His western blotting were used 

to visualize the His-tagged protein in samples from protein purification. Purified protein 

was then concentrated and stored in 50% glycerol Tris buffer at -20℃. 

2.2.5 Analysis of diGly peptides 

2.2.5.1 DiGly peptide enrichment 

HeLa cells (2×107) were pretreated with 10 µM MG132 (#BMLPI1020005, Enzo, Life 

Science) for 1 h. Cells were then inoculated with VACV-Cop viruses at a MOI of 3 for 1 h 

and incubated for a further 4 h with 10 µM MG132 in an incubator at 37℃ and 5% CO2. 

Cells were lysed in freshly made 9 M urea lysis buffer (9 M urea, 20 mM HEPES pH 8.0, 

1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate), 
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gentle probe sonicated, and clarified by spin centrifugation at 13,000 rpm for 10 min at 

4℃. Proteins were reduced with 10 mM DTT for 45 min at 37℃, 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℃, 

and trypsin was precipitated in 2% trifluoroacetic acid (TFA). Peptides were desalted using 

SOLA HRP SPE cartridge (#60109-001, Thermo Fisher). Desalted and dried peptides were 

subjected to automated diGly enrichment using the PTMScan Ub remnant motif kit 

(#59322, Cell Signaling) on a KingFisher Duo Prime. Briefly, 1 mg of peptide was 

resuspended in 1 mL HS bind buffer #1 (Cell Signaling) and incubated with 20 µL of the 

Ab-bead slurry at room temperature for 2 h. The beads were washed four times with 1 mL 

HS IAP (Cell Signaling) wash buffer and twice with 1 mL H2O. Peptides were eluted 2 

times with 50 µL 0.15% TFA at room temperature. 

2.2.5.2 Mass spectrometry analysis 

This work was done by Luo Shu in Dr. Olivier Julien lab. 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 µm ID with 1.7 µm 

media, IonOpticks). Peptides were eluted with a solvent B gradient (80% ACN, 0.1% FA) 
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for 120 min. The gradient was run at 400 nL/min with analytical column temperature set 

at 45℃. Data were analyzed using Proteome Discoverer (v2.4.1.15) against the 

concatenated database of the human proteome (UP000005640) and 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 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 

Repository (MSV000094020). This method is described in Dong, J et al. 2023 (under 

review).  

2.2.5.3 Pathway Enrichment Analysis 

diGly peptides enriched in either uninfected or infected cells were analyzed by 

Metascape (v3.5.20230501) using express analysis and the human species setting (170). 

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

2.2.5.4 Examination of levels of protein associated with enriched diGly peptides in 

VACV-infected cells 

The data of Soday et al. was analyzed to examine whether levels of host proteins with 
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enriched diGly peptides changed over the course of infection (171). In this study, the 

MG132 rescue ratio was included.  

𝑀𝐺132 𝑟𝑒𝑠𝑐𝑢𝑒 𝑟𝑎𝑡𝑖𝑜

=
Protein abundance(VACV infected; +MG132) Protein abundance(VACV infected; -MG132)⁄

Protein abundance (uninfected +MG132) Protein abundance (uninfected; -MG132)⁄
 

2.2.6 Immunofluorescence microscopy (IF) 

Isolated PMs were seeded on coverslips and incubated in 12-well plates at 37℃ and 

5% CO2 overnight before infection. Cells were infected at a MOI of 0.03 or 3 for 1 h and 

then incubated in fresh media for the indicated times. Cells were fixed with 4% 

paraformaldehyde (PFA) for 2 h at room temperature. After permeabilization with PBS 

containing 0.1% Tween-20 (PBS-T), cells were stained with primary Abs for 1 h at room 

temperature followed by staining with goat-anti-mouse Alexa 488 (Invitrogen) and goat-

anti-rabbit Alexa 649 ReadyProbes reagents (Life Technologies) for 1 h. After washing 

with PBS-T three times, coverslips were incubated with PBS-T containing 50 ng/mL 4',6‐

diamidino‐2‐phenylindole (DAPI, Invitrogen) to visualize nuclear and viral DNA. Finally, 

cells were mounted using Mowiol mounting medium and visualized using an Olympus IX-

81 spinning-disc confocal microscope equipped with 60×/1.42 NA oil objective lenses. For 

these experiments, 2.5×105 to 5×105 PMs were used in each well. 

2.2.7 Flow cytometry analysis of cells 

Cells (1 x 106 cells/well) were harvested into a 1.5 mL centrifuge tube and washed 
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with 1 mL PBS once. Then 500 µL of 2% PFA was used to fix cells for 30 min. Fixed cells 

were then washed and resuspended in 100 µL FACS buffer (PBS containing 1% FBS) and 

incubated with the indicated Abs for 2 h on ice, in the dark. Cells were then washed once 

with 1 mL FACS buffer and resuspended in 1 mL FACS buffer. Samples were analyzed via 

flow cytometry using a Fortessa X-20 flow cytometer (BD Biosciences). 

2.2.8 Auto-ubiquitylation assay 

His-p28 protein was incubated with 50 nM E1 (UBE1, human, Boston Biochem), 0.5 

μM E2 (recombinant human GST-UbcH5a/UBE2D1 protein, Boston Biochem), 10 mM 

ATP (Pharmacia Biotech), and 28 μM purified Ub (Sigma). The reaction was performed in 

ubiquitination reaction buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM DTT) at 30℃ 

for 90 min, and stopped by adding 5× protein loading buffer. Samples were run out using 

SDS-PAGE and ubiquitylation was visualized by western blotting with anti-His or anti-

conjugated Ub Abs. 

2.2.9 Electrophoretic mobility shift assay (EMSA) 

EMSA was used in this study to detect the interaction between purified protein and 

VACV hairpin DNA interactions as described previously (53). The VACV hairpin 

oligonucleotides labelled with Alexa Fluor 647 were obtained from Dr. David Evans 

(University of Alberta). Purified protein was incubated with 100 ng of labelled DNA in 

EMSA reaction buffer in a 10 µL reaction. The reactions were incubated at 37℃ for 30 

min and then loaded onto a 6% non-denaturing polyacrylamide gel. The gel was run at 50 
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V, 100 mA for 2.5 h and the tank was kept in ice to maintain low temperature during the 

run. The gel was imaged using a Typhoon imager (General Electric). 

2.2.10 Proteasome inhibition experiments 

HeLa cells were pretreated with 10 µM MG132 in complete medium for 1 h at 37℃ 

and 5% CO2. Cells were then inoculated with VACV-Cop viruses at a MOI of 10 for 1 h 

and incubated at 37℃ and 5% CO2 in the presence of MG132 for 4 or 8 h before lysis. 

2.2.11 Neddylation inhibitor and cycloheximide (CHX) treatments 

HeLa cells were pretreated with the indicated concentrations of MLN4924 

(172.05477.0001, EMD Millipore Corp) in complete media for 20 h at 37℃ and 5% CO2. 

Cells were then inoculated with VACV-Cop at a MOI of 10 for 1 h and incubated a further 

3 h in the presence of the indicated concentrations of MLN4924 before being lysed. Cells 

were treated with 50 µg/mL CHX (#01810-1g, Fluka Analytical) in complete medium for 

1 h at 37℃ and 5% CO2 before being infected and processed as described for the cells 

treated with MLN4924.  

2.2.12 UV inactivation of virus 

VACV-Cop was diluted in 1 mL MEM (~2×107 plaque forming unit (PFU)/mL) and 

placed in a 6-well plate before being irradiated with the indicated UV energies using CL-

1000 Ultraviolet Crosslinker (UVP). HeLa cells were then inoculated with VACV-Cop or 

UV-inactivated virus at a MOI of 10 for 1 h at 37℃, after which the virus was removed 

from the culture and replaced with fresh media. HeLa cells were harvested at 4 hpi and 
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then analyzed by western blotting using the indicated Abs. In parallel, I tested the titer of 

VACV-Cop and the UV-inactivated viruses in BSC-40 cells as previously described (173).  

2.2.13 Statistical Analyses  

When comparing two samples, one-tailed, paired student t-tests were performed. One-

way analysis of variance (ANOVA) was performed when comparing more than two 

samples. Two-way ANOVA followed by Bonferroni’s multiple comparisons test was 

performed to test for statistical significance of virus growth. A p value of ≤ 0.05 was 

considered significant. * p<0.05, ** p<0.01 and *** p<0.001. 
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Chapter 3: Investigating the role of p28 during ECTV replication 

 

The data presented in this chapter has been published in: 

“Jianing Dong, Patrick Paszkowski, Dana Kocincova, Robert J. Ingham. Complete deletion 

of Ectromelia virus p28 impairs virus genome replication in a mouse strain, cell type, and 

multiplicity of infection-dependent manner. Virus Research. 323 (2023) 198968, doi: 

10.1016/j.virusres.2022.198968.” 

 

Contributions to this chapter: 

All experiments presented in this chapter were performed by me, except for the generation 

of recombinant ECTV-Δp28, which was done by Patrick Paszkowski, and determination 

of virus growth curves in Neuro-2a and YAC-1 cells (Figure 3.9), which were performed 

by Dr. Dana Kocincova. The writing of this chapter is adapted from Dong et al. 2023, 

which was written by Dr. Ingham and me. 
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3.1 Introduction 

p28, a poxviral E3 Ub-ligase, acts as an important virulence factor in ECTV-infected 

susceptible strain A mice. Senkevich et al. disrupted the function of p28 in ECTV by 

replacing its RING domain of p28 with a gpt selection cassette (158). The p28 mutant form 

of ECTV has a 6-log increase in the LD50 in susceptible strain A mice compared to wild-

type ECTV (158). Further investigation demonstrated that p28 is required for ECTV 

replication in resident PMs from susceptible strain A mice, but not in those from the 

resistant C57BL/6 mice strain (154). Since macrophages are the carriers of ECTV from the 

infection site (skin) to mouse organs, this might explain the reason for the lower virus titer 

of the p28 mutant virus compared to the wild-type virus in their target organ, the liver, in 

susceptible mice infected by footpad inoculation (47, 154). Instead of examining the effect 

of the p28 RING domain-mutant virus during ECTV infection (158), a complete p28-

deleted ECTV (ECTV-Δp28) was generated to explore how p28 functions as a virulence 

factor. In this chapter, the characteristics of the ECTV-Δp28 virus were analyzed in 

different cell types, including cell lines from susceptible strain A mice, BMDMs, and 

resident PMs from susceptible and resistant mouse strains. The study revealed that the 

effect of p28 on ECTV virus production depends on the MOI, cell type, and mouse strain. 
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3.2 Results 

3.2.1 Generation of ECTV-Δp28 

The gene encoding p28 (EVM012) was deleted from the genome of ECTV-Mos 

(Figure 3.1). We generated a targeting vector containing DNA which include from 

EVM011 to EVM013 of ECTV but replaced the EVM012 gene with a YFP/gpt cassette 

flanked by loxP sites (Figure 3.1). Cre recombinase was used to completely remove the 

YFP/gpt cassette and generate the complete p28 knock-out virus, ECTV-Δp28.  

To determine whether deletion of the p28 gene impairs transcription of genes flanking 

p28, we isolated total RNA from uninfected BSC-40 cells or BSC-40 cells infected with 

ECTV or ECTV-Δp28 at 4 hpi. Reverse transcription-PCR (RT-PCR) analysis of the total 

RNA showed that p28 RNA can be detected in wild-type ECTV-infected cells, which is 

consistent with previous reports demonstrating that p28 is an early gene (Figure 3.2) (150, 

151, 154). p28 RNA was absent in cells infected with ECTV-Δp28, while the transcription 

of EVM011 and EVM013 was not significantly impaired in ECTV-Δp28. The transcription 

and translation of VACV I3 begin early after poxviral infection (174, 175). Therefore, the 

ECTV homologue of I3, EVM056, was used here as an indicator of virus infection. 

3.2.2 Characterization of ECTV-Δp28 

As an initial characterization of ECTV-Δp28, I infected BSC-40 cells with wild-type 

ECTV or ECTV-Δp28 at a MOI of 3 for 1 h, 4 h, or 24 h. to analyze viral protein expression. 
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Figure 3.1 Generation of ECTV-Δp28 

Schematic representation of the strategy used to delete p28 (EVM012) from ECTV-Mos. 

BSC-40 cells were transfected with the targeting plasmid and infected with wild-type 

ECTV-Mos. ECTV-Δp28YFP/gpt recombinant virus was selected for in the presence of 

mycophenolic acid, hypoxanthine, and xanthine. YFP-positive plaques were purified. Cre 

recombinase was used to completely remove the YFP/gpt cassette through cleavage of loxP 

sites and generate the complete p28 knock-out virus, ECTV-Δp28. YFP, yellow fluorescent 

protein; gpt, xanthine-guanine phosphoribosyl transferase. This method was described in 

(165).This figure was adapted and modified from Dong, J et al., 2022 (173).  
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Figure 3.2 Transcription of the genes on both sides of EVM012 are not significantly 

impaired in ECTV-Δp28-infected BSC-40 cells 

RT-PCR examination of the indicated genes in BSC-40 cells infected for 24 h with ECTV 

or ECTV-Δp28 at a MOI of 3. EVM011 and EVM013 flank EVM012 (p28), and EVM056 

is used here to indicate virus infection. The RT-PCR was performed by Patrick Paszkowski 

and I repeated this experiment. The results presented in the figure were replicated in 3 

independent experiments, and the figure displays one of the 3 replicates. This figure was 

adapted from Dong, J et al., 2022 (173). 
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Western blots showed no p28 protein was observed in cells infected with the ECTV-Δp28 

virus at any of the time points (Figure 3.3; top panel). The expression of the viral protein, 

EVM056 (VACV I3), was detected as early as 1 hpi, and the amount of EVM056 increased 

at later time points (Figure 3.3; second panel from top). Viral late protein, EVM136 

(VACV A34), was observed at 4 and 24 hpi (Figure 3.3; third panel from top). No 

significant differences were found in the expression of these viral proteins in ECTV-Δp28-

infected BSC-40 cells compared with wild-type ECTV.  

The virus production of ECTV-Δp28 was examined and compared with the production 

of ECTV in BSC-40 cells. The growth curves of ECTV and ECTV-Δp28 in BSC-40 cells 

did not show a significant difference in either single-step (Figure 3.4A) or multi-step 

(Figure 3.4B) growth curves. Overall, our results show that deletion of p28 does not impair 

virus replication in BSC-40 cells. 

3.2.3 p28 deletion compromised ECTV production in PMs from strain A mice, 

especially at low MOI infection 

Senkevich et al. showed that a functional p28 is essential for the replication of ECTV 

in resident PMs from susceptible strain A mice (154). To determine whether completely 

knocking out p28 from ECTV also impaired virus production in this cell type, I isolated 

PMs from strain A mice (162). These isolated PMs were infected with ECTV or ECTV-

Δp28 at high (MOI 3) or low MOI (0.03). A modest, but not statistically significant 
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Figure 3.3 Viral protein expression is not inhibited in ECTV-Δp28-infected cells 

Western blotting experiments were performed on the whole cell lysates from BSC-40 cells 

infected with ECTV or ECTV-Δp28 at a MOI of 3 for 1, 4, or 24 h. EVM056 (recognized 

by anti-I3 Ab) and EVM136 (recognized by anti-A34 Ab) are poxviral proteins, indicating 

viral infection and late protein expression, respectively. The anti-β-actin blot was included 

to show protein loading. Molecular mass markers are indicated to the left of blots. The 

results presented in the figure were replicated in 3 independent experiments, and the figure 

displays one of the 3 replicates. This figure was adapted from Dong, J et al., 2022 (173). 
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Figure 3.4 The production of ECTV and ECTV-Δp28 is not significantly different in 

BSC-40 cells 

BSC-40 cells were infected with ECTV or ECTV-Δp28 at high MOI (MOI 3) (A) or low 

MOI (0.03) (B). Infected cell samples were harvested at the indicated time points and tested 

for titer to plot single- or multi-step growth curves. Viral titers are presented as PFU/mL. 

Results presented for the growth curves represent the mean and standard deviation of 3 

independent experiments. A two-way ANOVA was used to calculate statistical significance 

between the titer of ECTV and ECTV-Δp28 at the indicated time points post-infection. ns; 

not significant. This figure was adapted from Dong, J et al., 2022 (173). 
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decrease in ECTV-Δp28 production was observed at 12 and 24 hpi when PMs were infected 

at high MOI compared with the wild-type ECTV (Figure 3.5A). However, ECTV-Δp28 

virus production was significantly inhibited compared to ECTV in low MOI-infected PMs 

(Figure 3.5B). To test whether this reduction in ECTV-Δp28 virus production was sex-

dependent, I isolated PMs from male and female strain A mice separately. The inhibition 

of ECTV-Δp28 production was observed in the PMs from both female and male mice, 

suggesting no sex differences existed (Figure 3.6).  

To confirm that this decrease in virus production was due to p28 deletion, I generated 

a revertant virus (ECTV-Δp28-Rev) (Figure 3.7A). Using the wild-type ECTV genome as 

a template, DNA fragments containing the EVM011, EVM012, and EVM013 genes were 

obtained by PCR. The PCR product was transfected into BSC-40 cells, and the cells were 

also infected with ECTV-Δp28YFP/gpt, which is the virus we used to generate ECTV-Δp28. 

The p28 revertant virus was selected for the YFP-negative plaques. The p28 knock-out and 

revertant viruses used in this chapter were sequenced with the help from Dr. Ryan Noyce. 

The sequence reads for these viruses have been submitted to the National Center for 

Biotechnology Information BioSample database (BioProject ID: PRJNA882034). 

Next, I examined the expression of p28 and other viral proteins in cells infected with 

ECTV-Δp28-Rev. Western blots showed p28 protein was expressed in BSC-40 cells 

infected with the p28 revertant virus at levels similar to wild-type ECTV (Figure 3.7B; 

top panel). No significant differences were found in the expression of viral protein in 
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Figure 3.5 Deletion of p28 inhibits virus production in PMs from strain A mice 

infected at low MOI infection 

Single- (A) and multi-step (B) growth curves in PMs were performed. PMs isolated from 

strain A mice were infected with ECTV or ECTV-Δp28 at high (MOI 3) (A) or low MOI 

(0.03) (B) for the indicated times. Viral titers are presented as PFU/mL. Results presented 

represent the mean and standard deviation of 3 independent experiments. A two-way 

ANOVA was used to calculate statistical significance between the titer of ECTV or ECTV-

Δp28 at the indicated time points post-infection. ns; not significant, **; p ≤ 0.01, ***; p ≤ 

0.001. This figure was adapted from Dong, J et al., 2022 (173). 



84 

 

 

Figure 3.6 Virus production in PMs from female and male strain A mice 

ECTV-Δp28 production in PMs isolated from female (A) and male (B) strain A mice. 

Isolated PMs were infected with ECTV or ECTV-Δp28 at low MOI (0.03) for the 48 h. 

Viral titers are presented as PFU/mL. Results presented represent the mean and standard 

deviation of 3 independent experiments. A two-way ANOVA was used to calculate 

statistical significance between the titer of ECTV or ECTV-Δp28 at the indicated time 

points post-infection. ns; not significant, *; p ≤ 0.05, **; p ≤ 0.01. This figure was adapted 

from Dong, J et al., 2022 (173). 
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Figure 3.7 Reduced ECTV-Δp28 production in PMs of strain A mice can be rescued 

by insertion of the p28 gene 

A, Schematic representation of the strategy used to generate ECTV-Δp28-Rev. B, Western 

blotting experiments of BSC-40 cells infected for the indicated times with ECTV, ECTV-

Δp28, or ECTV-Δp28-Rev at a MOI of 3 for 1, 4, or 24 h. EVM056 (VACV I3) and 

EVM136 (VACV A34) are poxviral proteins, indicating viral infection and late protein 

expression, respectively. The anti-β-actin blot was included to show protein loading. 

Molecular mass markers are indicated to the left of blots. The results presented in the figure 

were replicated in 2 independent experiments, and the figure displays one of the 2 replicates.  

C, Resident PMs isolated from strain A mice were infected for 48 h with ECTV, ECTV-

Δp28, or ECTV-Δp28-Rev at a MOI of 0.03. Viral titers are presented as PFU/mL. Results 

presented represent the mean and standard deviation of 4 independent experiments with 

results from individual experiments indicated as points. A two-way ANOVA was used to 

calculate statistical significance between the titer of ECTV, ECTV-Δp28, and ECTV-Δp28-

Rev at 48 hpi. ***; p ≤ 0.001. This figure was adapted and modified from Dong, J et al., 

2022 (173). 
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ECTV, ECTV-Δp28, or ECTV-Δp28-Rev-infected cells (Figure 3.7B; second and third 

top panel). The decreased virus production of ECTV-Δp28 at 48 hpi was largely rescued 

in PMs infected with ECTV-Δp28-Rev (Figure 3.7C). Taken together, these results suggest 

that p28 is required for efficient production of ECTV in resident strain A PMs, especially 

at low MOI.  

3.2.4 p28 deletion did not significantly impair ECTV production in cell lines and 

BMDMs derived from strain A mice 

The previous study on the replication of p28 RING domain-disrupted ECTV showed that 

defects in replication were not observed in other cell types and cell lines derived from strain 

A mice (154). We investigated whether this was true of the p28 deletion virus. This included 

cell lines derived from strain A mice, YAC-1 (lymphoma cell line) and Neuro-2a 

(neuroblastoma cell line) cells. We also used macrophage colony-stimulating factor (M-

CSF) to induce macrophages from the bone marrow of strain A mice and determined the 

effect of p28 deletion on ECTV production in these BMDMs. These cells were infected 

with ECTV or ECTV-Δp28 at low MOI for 48 h and then virus titers were tested. No 

difference in virus production was observed in YAC-1 cells 48 hpi (Figure 3.8A), but a 

modest decrease in titer was observed in Neuro-2a cells (Figure 3.8B). In BMDMs, a trend 

towards a reduction in virus production was observed in ECTV-Δp28-infected cells, but 

this was not statistically significant (Figure 3.8C). Thus, our data supports that the 

impairment of ECTV replication caused by complete p28 deletion is cell-type specific. 
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Figure 3.8 ECTV production in cells or cell lines derived from strain A mice was not 

significantly inhibited by deleting p28 

Virus production of ECTV or ECTV- Δp28 was examined in infected YAC-1 (A), Neuro-

2a (B), and BMDMs (C) at a MOI of 0.03 for 48 hpi. Viral titers are presented as PFU/mL. 

Results presented represent the mean and standard deviation of 3 (A and C) or 4 (B) 

independent experiments with results from individual experiments indicated as points. A 

two-way ANOVA was used to calculate statistical significance. ns; not significant, *; p ≤ 

0.05. Virus growth data in YAC-1 and Neuro-2a was acquired by Dana Kocincova. This 

figure was adapted from Dong, J et al., 2022 (173). 
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3.2.5 Deletion of p28 decreased ECTV production in PMs isolated from the 

BALB/c susceptible mouse strain, but not the C57BL/6 resistant mice 

Besides strain A mice, there are several other strains of mice that are also susceptible 

to ECTV infection, such as BALB/c and DBA/2 mice (45). I next investigate whether p28 

was essential for ECTV production in the PMs from other susceptible mice. PMs from 

BALB/c mice were purified as described previously and infected with ECTV, ECTV-Δp28, 

or ECTV-Δp28-Rev at a MOI of 0.03 for 48 h. ECTV-Δp28 replication was compromised 

in BALB/c PMs and restored with the revertant virus (Figure 3.9A). Therefore, p28 is 

required for the ECTV production in PMs from more than one susceptible mouse strain. In 

addition to PMs from susceptible mice, I examined whether deletion of p28 inhibited 

ECTV production in the PMs isolated from resistant mice, C57BL/6 (45). PMs were 

infected with ECTV, ECTV-Δp28, or ECTV-Δp28-Rev at a MOI of 0.03 for 48 h before 

testing the virus titers. I found that ECTV, with or without p28, can replicate in the PMs 

from C57BL/6 mice (Figure 3.9B). This result is consistent with previous work 

demonstrating that the replication of ECTV in PMs from resistant mice was not 

compromised by disruption of the RING domain of p28 (154). Taken together, these results 

indicate that p28 is critical for efficient ECTV production in PMs of two susceptible mice, 

strain A and BALB/c mice, but that p28 is not required in the PMs of resistant mice, 

C57BL/6. 
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Figure 3.9 p28 deletion compromises virus production in PMs isolated from the 

susceptible mouse strain, BALB/c 

Virus production in PMs isolated from BALB/c (A) and C57BL/6 (B) cells infected with 

ECTV, ECTV-Δp28, or ECTV-Δp28-Rev was examined at 48 hpi. Viral titers are presented 

as PFU/mL. Results presented represent the mean and standard deviation of 5 (A) or 3 (B) 

independent experiments with results from individual experiments indicated as points. A 

two-way ANOVA was used to calculate statistical significance. ns; not significant, *; p ≤ 

0.05, **; p ≤ 0.01, ***; p ≤ 0.001. This figure was adapted from Dong, J et al., 2022 (173). 
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3.2.6 Complete deletion of p28 impairs virus factory formation and late gene 

expression in strain A PMs infected at low MOI 

Disruption of the ECTV p28 RING domain inhibited virus factory formation during 

ECTV replication in PMs at high MOI infection (154). To investigate whether this was true 

during ECTV-Δp28 infection, we infected strain A PMs with ECTV or ECTV-Δp28 at a 

MOI of 3 and examined virus factory formation and viral gene expression by IF. Cells were 

fixed and stained with anti-I3 Ab, which also recognizes its homolog in ECTV, EVM056, 

and was used to indicate viral infection. The anti-D13 Ab also recognizes its homolog in 

ECTV, EVM102, which served as an indicator of late protein expression. We used DAPI 

to stain the nuclei and virus factories (indicated by arrows in Figure 3.10). Regardless of 

whether infected with ECTV or ECTV-Δp28, all cells expressed the viral protein EVM056 

under high MOI (MOI 3) infection, indicating that all cells were infected and the deletion 

of p28 did not affect virus entry. Intriguingly, virus factory formation was observed in both 

ECTV and ECTV-Δp28-infected PMs (Figure 3.10A). In addition, the deletion of p28 did 

not block the expression of viral late protein (Figure 3.10A). These data are consistent with 

our previous finding that the replication of ECTV in PMs from strain A mice was not 

dramatically impaired by p28 deletion at high MOI (Figure 3.6A). I next examined factory 

formation and gene expression in PMs infected at low MOI (MOI 0.03). Virus factories 

were observed in cells infected with ECTV and the ECTV-Δp28-Rev virus at 12 hpi, but 

few factories were observed in cells infected with ECTV-Δp28 even at 48 hpi  
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Figure 3.10 Complete deletion of p28 does not affect virus factory formation and late 

gene expression in strain A PMs infected at high MOI 

A, Isolated PMs were seeded on glass slides and either left uninfected or infected with 

ECTV, ECTV-Δp28 at a MOI of 3. Cells were fixed and permeabilized 12, or 24 hpi and 

stained with anti-I3 and anti-D13 Abs, as well as DAPI. Virus factories are indicated by 

arrows. Scale bar, 10 μm. The results presented in the figure were replicated in 2 

independent experiments, and the figure displays one of the 2 replicates. B, The percentage 

of infected cells (EVM056 positive) with an obvious virus factory was determined from 

images. In each experiment, 10 random fields were measured, and the experiment was 

repeated twice. C, The percentage of infected cells (EVM056 positive) with visible late 

gene expression (EVM102 positive) was determined from the images. In each experiment, 

10 random fields were measured. This figure was adapted from Dong, J et al., 2022 (173). 
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(Figure 3.11A). I calculated the percentage of infected cells (EVM056 positive) with an 

obvious virus factory from 10 random fields (Figure 3.11B) and found that virus factories 

were found in more than 80% of the PMs infected with ECTV or ECTV-Δp28-Rev at 12 

hpi. The percentage of the infected cells with a virus factory increased to nearly 100% at 

48 h post ECTV or ECTV-Δp28-Rev infection (Figure 3.11B). However, deletion of p28 

inhibited the formation of detectable virus factories. Few infected cells formed visible virus 

factories at 12 hpi or 24 hpi (Figure 3.11B). At 48 hpi, less than 10% of the infected cells 

had virus factories, which is significantly lower than the percentage of infected cells with 

virus factories in the PMs infected with the ECTV expressing p28 (Figure 3.11B). 

Likewise, expression of the viral late protein, EVM102, was impaired in cells infected with 

the ECTV-Δp28 virus at low MOI (Figure 3.11A and C). Furthermore, at low MOI 

infection (MOI 0.03), a small portion of cells were infected and are EVM056-positive 

(Figure 3.11D). A comparable portion of PMs (<5%) expressed EVM056 at 12 hpi with 

ECTV, ECTV-Δp28 or ECTV-Δp28-Rev (Figure 3.11D). This suggested that the PMs were 

infected with similar amounts of these viruses. A significant increase of the proportion of 

EVM056-positive cells in PMs infected with ECTV or ECTV-Δp28-Rev was observed at 

24 and 48 hpi (Figure 3.11D). In contrast, no increase in the percentage of EVM056-

positive cells was observed in PMs infected with ECTV-Δp28 virus (Figure 3.11D). 

Overall, our results show that p28 was important for virus factory formation and late gene 

expression when PMs were infected at low MOI. In addition, ECTV lacking p28 impaired 
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virus replication in PMs infected at low MOI. 

3.2.7 p28 deletion inhibited virus DNA replication in strain A PMs  

The observation that virus factory formation was impaired led us to investigate 

whether viral genome replication was compromised in strain A PMs infected with the 

ECTV-Δp28 virus at low MOI. To answer this question, I purified total DNA from infected 

PMs and examined viral genome copy number by qPCR using previously described 

method (53). The genome copy number of ECTV and revertant virus in strain A PMs 

increased with infection time (Figure 3.12A). However, the viral genome copy number in 

ECTV-Δp28-infected cells did not increase over time (Figure 3.12A). I also examined the 

changes in viral genome copy number of the three viruses in the PMs from resistant mice, 

C57BL/6. At low MOI infection, genome copy numbers of the three viruses increased to 

comparable levels (Figure 3.12B). No significant difference in viral genome copy number 

was observed in the C57BL/6 mice PMs infected with ECTV with or without p28 gene 

(Figure 3.12B). Next, to determine whether the ECTV-Δp28 genome replication was 

completely or partially impaired, I used cytosine analog, Ara-C, to block DNA synthesis 

(135), and examined the viral genome copy number of ECTV-Δp28 in infected PMs treated 

or untreated with Ara-C. Genome copy numbers of both ECTV and ECTV-Δp28-Rev 

dropped significantly in the Ara-C-treated PMs from strain A mice (Figure 3.13). A trend 

towards reduced ECTV-Δp28 genome replication was also observed, however, this 

reduction was not statistically significant when compared with untreated cells 
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Figure 3.11. Complete deletion of p28 impairs virus factory formation and late gene 

expression in strain A PMs infected at low MOI 

A, Isolated PMs were seeded on glass slides and either left uninfected or infected with 

ECTV, ECTV-Δp28, or the revertant virus at a MOI of 0.03. Cells were fixed and 

permeabilized 12, 24, or 48 hpi and stained with anti-I3 and anti-D13 Abs, as well as DAPI. 

Virus factories are indicated by arrows. Scale bar, 10 μm. The results presented in the figure 

were replicated in 3 independent experiments, and the figure displays one of the 3 replicates. 

B, The percentage of infected cells (EVM056 positive) with an obvious virus factory was 

determined from images. In each experiment, 10 random fields were measured, and the 

experiment was repeated 3 times. C, The percentage of infected cells (EVM056 positive) 

with visible late gene expression (EVM102 positive) was determined from the images. In 

each experiment, 10 random fields were measured. D, The number of infected cells 

(EVM056 positive) was determined at the indicated times post-infection. In each 

experiment, 10 random fields were measured. Results presented represent the mean and 

standard deviation of 3 independent experiments with results from individual experiments 

indicated as points. A two-way ANOVA was used to calculate statistical significance. ns; 

not significant, *; p ≤ 0.05, ***; p ≤ 0.001. This figure was adapted from Dong, J et al., 

2022 (173). 
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Figure 3.12 Viral genomic DNA replication in PMs from strain A and C57BL/6 mice 

PMs isolated from strain A (A) or C57BL/6 (B) mice were infected with ECTV, ECTV-

Δp28, or the revertant virus at a MOI of 0.03. Viral and cellular DNA was purified by 

phenol extraction 12 and 24 hpi, and virus genome copy number was determined by qPCR. 

Results presented represent the mean and standard deviation of 5 (A) or 3 (B) independent 

experiments with results from individual experiments indicated as points. A two-way 

ANOVA was used to calculate statistical significance. ns; not significant, *; p ≤ 0.05, ***; 

p ≤ 0.001. This figure was adapted from Dong, J et al., 2022 (173).  
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(Figure 3.13). Thus, complete deletion of p28 results in a defect in ECTV genome 

replication in susceptible strain A PMs at low MOI infection. The genome replication 

defect induced by p28 deletion is comparable to the inhibition of DNA synthesis by Ara-C 

treatment. 

3.3 Summary and brief discussion 

In this study, we show that the requirement for p28 for efficient virus replication is not 

only dependent on the infected cell type and mouse strain, but the MOI as well. Of note, 

unlike previous studies, the production of wild-type ECTV did not significantly increase 

in strain A PMs infected at a high MOI. This may be due to a low proliferation rate of PMs, 

which might limit the resources available for virus replication. Consequently, the low 

replication level of wild-type ECTV may obscure the effect of p28 deletion on virus 

production at high MOI.  

Using a Poisson distribution [𝑃(𝑛) =
𝑚𝑛×𝑒−𝑚

𝑛!
, m is MOI, n is the number of virions 

per cell] (176), the probability that a cell will be infected with at least one virion at a MOI 

of 3 is greater than 95%. Cells infected with only one virion at a MOI of 3 is ~15% of the 

total. It is interesting to note that the inhibition of virus factory formation and late protein 

expression was rarely observed in the infected strain A PMs at a MOI of 3 (which is much 

less than 15% of the total cells). This contrasted with the observation in the infected cells 

at a MOI of 0.03, which were mostly infected with one virion. These results suggested that 

the overall proportion of infected cells affects the requirement of p28 during ECTV 
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replication in PMs from strain A mice.  

We show that ECTV completely lacking p28 is viable (Figure 3.4); however, there is 

a severe impairment in virus factory formation, genome replication, and late gene 

expression in strain A PMs infected at low MOI (Figure 3.11). Consistent with previous 

findings for the RING domain-deleted ECTV p28, the requirement for p28 is cell type-

specific (154), we found a minimal role for p28 for virus production in two cell lines 

derived from strain A mice as well as strain A BMDMs (Figure 3.8). However, p28 deletion 

compromised virus production in PMs isolated from the susceptible BALB/c strain (Figure 

3.9A); albeit the defect was less pronounced than observed in strain A PMs (Figure 3.7C). 

Our results indicated that p28 is an essential factor in virus replication in certain contexts. 

Moreover, p28 is important for virus genome replication in certain cells. It is unclear at 

what step of virus replication p28 is required. This will be the future direction we will focus 

on and discuss in the overall discussion section. In addition, Identification of p28 substrates 

will be critical to further elucidating the function of p28. 
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Figure 3.13 Viral genomic DNA replication in PMs with and without Ara-C 

PMs isolated from strain A mice were treated with or without 40µg/mL Ara-C and infected 

with ECTV, ECTV-Δp28, or the revertant virus at a MOI of 0.03. Viral and cellular DNA 

was purified by phenol extraction 12 and 24 hpi, and virus genome copy number was 

determined by qPCR. Results presented represent the mean and standard deviation of 3 

independent experiments with results from individual experiments indicated as points. A 

two-way ANOVA was used to calculate statistical significance. ns; not significant, ***; p 

≤ 0.001. This figure was adapted from Dong, J et al., 2022 (173). 
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Chapter 4: Developing tools to investigate substrates and binding properties of p28 

 

 

Contributions to this chapter: 

All experiments presented in this chapter were performed by me. The donor plasmids used 

to generate baculovirus expressing His-tagged p28 and its isolated domains were designed 

and ordered by Dr. Egor Tchesnokov.  
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4.1 Introduction 

p28 is an E3 ligase which is expressed at both early and late stage of poxvirus infection 

(151). Previous studies have shown that p28 consists of two domains: an N-terminal KilA-

N domain and a RING domain at the C-terminus (156, 158). The KilA-N domain of p28 

shares a common structure with the DNA-binding APSES domain (156), and p28 encoded 

by SFV-N1R has been shown to bind DNA cellulose columns (155). A truncated p28 

encoded by VACV-WR was detected in the complex of DNA cross-link to proteins by mass 

spectrometry analyzation (157). The KilA-N domain but not RING domain of p28 is 

required for p28 virus factory localization (151-155). Deletion of seven highly conserved 

amino acid residues (44-50; YINITKI) in the KilA-N domain results in the failure of p28 

virus factory localization (153). The RING domain of p28 is crucial for virulence of ECTV 

in vivo (158). In addition, disruption of the RING domain impairs CPXV replication in 

human and mouse macrophages cell lines (160). As with other RING-finger domains, the 

RING domain of p28 has conserved cysteine and histidine residues (155). The first two 

conserved cysteines of the RING domain of p28, C173 and C176, are essential for the auto-

ubiquitylation activity of p28 (151, 152). These results indicate that p28 has E3 Ub-ligase 

activity, however, the substrates of p28 have not yet been identified. 

In this chapter, I used Ub-activated interaction traps (UBAITs) on a small scale to 

determine whether it could be a tool for capturing p28 substrates. UBAITs is a method to 

capture and identify E3 ligase substrates through E3 fusions with Ub (E3-Ub), whose Ub 
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moiety can trap proteins in close proximity to the E3 by forming a covalent bond (177). To 

capture substrates of p28, a FLAG-tagged p28 fusion with Ub (FLAG-p28-Ub) was 

expressed in the VACV-Cop-infected HeLa cells. In addition, to study the DNA binding 

properties of p28, I purified His-tagged p28 from baculovirus system. The E3 Ub-ligase 

activity and the DNA binding ability of the purified p28 were examined. Our purified p28 

will be a valuable tool for us to study the functions of p28 at a molecular level. 

4.2 Results 

4.2.1 Characterization of FLAG-p28-Ub in infected cells 

The UBAITs approach was validated with several RING Ub-ligases and trapped not 

only the substrates, but also proteins in close proximity to the E3 Ub-ligase (177). 

Therefore, I adopted the UBAITs approach to determine whether it can be used as a tool to 

capture proteins associated with p28. I designed a FLAG-tagged p28-Ub fusion protein 

(Figure 4.1 ①) and inserted its gene into a vector, pSC66, which was used to express the 

transgene from a poxvirus early/late promoter (178). The plasmid, pSC66-FLAG-p28-Ub, 

was transfected into cells infected with VACV-Cop which is a poxvirus strain without 

endogenous p28. Our rationale was that the FLAG-p28-Ub would covalently trap 

substrates of p28. (Figure 4.1 ②③). The covalent bond between the Ub moiety and the 

associated proteins would allow us to purify these potential substrates of p28 by anti-FLAG 

Abs. 
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Figure 4.1 Diagram of FLAG-p28-Ub trapping potential substrates of p28 

1) The schematic of FLAG-p28-Ub. The FLAG tag was added at the N terminus of p28. 

Ub was linked to the C terminus of p28 via a flexible linker, a 12-amino acid linker 

consisting of 3 GGSG peptide repeats. 2) The Ub moiety is activated by E1 and transferred 

to E2. 3) A covalent bond is formed between the Ub moiety, and the protein associated with 

the p28 moiety of the fusion protein.  
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To test the protein expression level of FLAG-p28-Ub in different cell lines, I 

transfected pSC66-FLAG-p28-Ub into BSC-40 and HeLa cells. Cells were then infected 

with VACV-Cop at a MOI of 3 for 18 h. I used pSC66-FLAG-p28 as a positive control for 

FLAG-tagged protein expression. Uninfected cells and VACV-Cop-infected cells 

transfected with pSC66 vector were included as negative controls. The expression level of 

FLAG-tagged proteins was examined by anti-FLAG western blotting (Figure 4.2, top 

panel). Both FLAG-p28 and FLAG-p28-Ub were observed in VACV-Cop-infected BSC-

40 and HeLa cells, and the size of FLAG-p28-Ub (~38 kDa) increased by ~10 kDa 

compared to FLAG-p28 (~29 kDa) as predicted (Figure 4.2, top panel). However, these 

FLAG-tagged proteins were expressed at higher levels in HeLa cells than in BSC-40 cells 

(Figure 4.2, top panel). The anti-p28 Ab was also used to examine the expression of 

FLAG-p28 and FLAG-p28-Ub. FLAG-p28 in BSC-40 cells and HeLa cells was observed 

in western blotting with anti-p28 Ab (Figure 4.2, second panel from top). It is difficult to 

discern whether FLAG-p28-Ub was recognized by the anti-p28 Ab because the band of 

FLAG-p28-Ub merged with the non-specific band at ~34 kDa (Figure 4.2, second panel 

from top). Nonetheless, a thicker band was observed in the pSC66-FLAG-p28-Ub-

transfected HeLa cells, suggesting that FLAG-p28-Ub may be recognized by the anti-p28 

Ab (Figure 4.2, second panel from top). These results show that the expression of FLAG-

p28 and FLAG-p28-Ub can be detected by the anti-FLAG Abs at the predicted sizes and 

the expression level of FLAG-p28-Ub in HeLa cells was higher than that in BSC-40 cells. 
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Figure 4.2 Expression of FLAG-p28-Ub in infected BSC-40 and HeLa cells 

BSC-40 cells and HeLa cells were transfected with pSC66, or pSC66-FLAG-p28, or 

pSC66-FLAG-p28-Ub, and then infected with VACV-Cop at a MOI of 3 for 18 h. VACV 

I3 is used as an indicator of VACV-Cop infection. The anti-β-tublin blot was included to 

show protein loading. Molecular mass markers are indicated to the left of blots. The 

western blotting was performed by Patrick Paszkowski and me. The results presented in 

the figure were replicated in 3 independent experiments, and the figure displays one of the 

3 replicates. 
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It is known that p28 localizes to virus factories during poxvirus infection (150-155). 

In addition, conjugated Ub co-localized to virus factories upon overexpression of FLAG-

p28 in infected HeLa cells (152, 153). Confirming that the FLAG-p28-Ub maintains the 

same localization and effect on Ub as p28 is crucial for us to capture the appropriate 

proteins that associate with p28. To investigate the localization of FLAG-p28-Ub and 

conjugated Ub, HeLa cells were left untransfected or transfected with pSC66, pSC66-

FLAG-p28, or pSC66-FLAG-p28-Ub and then infected with VACV-Cop at a MOI of 3. 

The localization of conjugated Ub and FLAG-tagged proteins were examined by IF 

microscopy using an anti-conjugated Ub Ab (FK2) or anti-FLAG Ab. DAPI was used to 

stain the nuclei and virus factories (indicated by arrows in Figure 4.3). Both FLAG-p28 

and FLAG-p28-Ub were localized to virus factories, indicated by DAPI, at 4 and 8 hpi 

(Figure 4.3, c2, d2, g2, and h2). Conjugated Ub was difficult to detect or diffuse in the 

cytoplasm in infected cells without p28 expression (Figure 4.3, a3, b3, e3, and f3). In 

contract, conjugated Ub was enriched in the virus factory in cells expressing FLAG-p28 or 

FLAG-p28-Ub (Figure 4.3, c3, d3, g3, and h3). These results demonstrate that adding Ub 

to the C terminus of p28 did not affect p28 localization or its ability to enrich conjugated 

Ub into virus factories. 
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Figure 4.3 Localization of FLAG-p28 and FLAG-p28-Ub in infected and HeLa cells 

HeLa cells were seeded on glass slides and either left untransfected or transfected with 

pSC66, pSC66-FLAG-p28, or pSC66-FLAG-p28-Ub for 4 h. Cells were then infected with 

VACV-Cop at a MOI of 3. Cells were fixed and permeabilized at 4 or 8 hpi and stained 

with anti-FLAG and anti-conjugated Ub Abs, as well as DAPI. Virus factories are indicated 

by arrows. Scale bar, 10 μm. The results presented in the figure were replicated in 2 

independent experiments, and the figure displays one of the 2 replicates. 
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4.2.2 Capturing p28-associated proteins in infected cells using UBAITs 

Based on the previous results, I used UBAITs on a small scale to determine whether 

p28 substrates can be captured by FLAG-p28-Ub. I hypothesized that proteins in proximity 

to p28 would be covalently conjugated to FLAG-p28-Ub and formed high molecular 

weight (HMW) species in anti-FLAG IPs. I used FLAG-p28-Ub to trap the p28-associated 

proteins in HeLa cells infected with VACV-Cop. HeLa cells were left untransfected or 

transfected with pSC66, pSC66-FLAG-p28, or pSC66-FLAG-p28-Ub and then infected 

with VACV-Cop at a MOI of 3. HeLa cells infected with VACV-Cop with and without 

pSC66 transfection were negative controls in this experiment. I also have HeLa cells 

transfected with pSC66-FLAG-p28 to compare with the fusion p28 with Ub (FLAG-p28-

Ub). The expression of the FLAG-tagged proteins was checked by western blotting with 

anti-FLAG Ab (Figure 4.4A). Then, I used anti-FLAG (M2) to immunoprecipitate FLAG-

tagged p28 and their associated proteins from the lysates of transfected and infected HeLa 

cells. To detect the FLAG-tagged p28 with Ub chains, I used 4-15% gradient gel to separate 

the proteins and then detected them by western blotting with an anti-FLAG rabbit Ab 

(Figure 4.4B). Both FLAG-p28 and FLAG-p28-Ub could be immunoprecipitated from cell 

lysates using anti-FLAG Ab (Figure 4.4B). Western blotting analysis of the FLAG-p28-

Ub IP sample showed the appearance of HMW anti-FLAG immunoreactive smear, which 

was not observed in either our negative controls or FLAG-p28 IP sample (Figure 4.4B, 

indicated by an asterisk). These results indicate that the FLAG-p28-Ub trapped proteins 



114 

 

associated with p28 during poxvirus infection.  

4.2.3 Examining the interaction between FLAG-p28-Ub and Hsp70 

A previous study by our group suggested Hsp70, a member of heat shock protein, is 

one of the potential proteins associated with p28 and co-localized with p28 in virus 

factories during poxvirus infection (179). However, no evidence was found that Hsp70 is 

ubiquitylated by p28. To determine whether Hsp70 is trapped by FLAG-p28-Ub, I 

immunoprecipitated FLAG-tagged proteins and their associated proteins with anti-FLAG 

(M2) Ab and then detected the proteins by western blotting with anti-FLAG Ab (Figure 

4.5A) or anti-Hsp70 Ab (Figure 4.5B). No FLAG-tagged protein was detected in the 

negative control (HeLa cells transfected with pSC66 and infected with VACV-Cop) 

(Figure 4.5A, first lane). The high molecular weight (HMW) smear was still observed in 

the anti-FLAG-p28-Ub IP sample, but not in FLAG-p28 IP sample (Figure 4.5A, 

indicated by an asterisk). A weak Hsp70 band was observed in both FLAG-p28 and 

FLAG-p28-Ub IPs (Figure 4.5B). These results suggested that the FLAG-p28-Ub 

associated with Hsp70 which was previously identified as a potential p28-associated 

protein during poxvirus infection. The size of the Hsp70 recognized by its Ab was not 

changed which suggested that the Hsp70 interacted with FLAG-p28-Ub, but no covalent 

bond was formed between them. 
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Figure 4.4 IP to trap p28-associated proteins by FLAG tag 

A, HeLa cells were left untransfected or transfected with pSC66, or pSC66-FLAG-p28, or 

pSC66-FLAG-p28-Ub, and then infected with VACV-Cop at a MOI of 3 for 18 h. A small 

amount of the whole cell lysates was examined by western blotting with anti-FLAG rabbit 

Ab to check the expression of the FLAG-tagged proteins. B, Lysates of infected HeLa cells 

transfected with indicated plasmids were used to perform anti-FLAG (M2) IPs to capture 

the FLAG-tagged proteins and their associated proteins. IPs were then separated by SDS-

PAGE gradient gel (4-15%) and western blotted with an anti-FLAG rabbit Ab. Molecular 

mass markers are indicated to the left of blots. The results presented in the figure were 

replicated in 3 independent experiments, and the figure displays one of the 3 replicates. 
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Figure 4.5 Interaction between p28 and Hsp70 

Lysates of infected HeLa cells transfected with indicated plasmids were used to perform 

anti-FLAG (M2) IPs to capture the FLAG-tagged proteins and its associated proteins. IPs 

were then analyzed by western blotting with an anti-Hsp70 Ab (A) or anti-FLAG rabbit Ab 

(B). The HMW bands in the anti-FLAG IPs were indicated by asterisk. Molecular mass 

markers are indicated to the left of blots. The results presented in the figure were replicated 

in 2 independent experiments, and the figure displays one of the 2 replicates. 



117 

 

4.2.4 Purification of p28 and its isolated domains from E. coli 

To characterize the substrates of p28, how p28 binds DNA, and whether the KilA-N 

domain is important for the function of p28 in vitro, I tried to purify p28 and its isolated 

domains. I generated glutathione S-transferase (GST) constructs expressing p28 and the 

isolated, KilA-N and RING domains in E. coli (Figure 4.6). The p28 gene or its isolated 

domains were inserted into pGEX-4T-1, which was used in previously studies to express 

GST fusion proteins under the regulation of the lactose operon (152, 180). The expressions 

of the GST fusion proteins in E. coli BL21 cells were induced by IPTG. Lysates were run 

on SDS-PAGE gels followed by Coomassie blue stain (Figure 4.7). Total cellular protein 

levels were increased after IPTG induction (Figure 4.7, lane I) compared with the total 

cellular protein before IPTG induction in the GST, GST-RING, and GST-p28 samples 

which is consistent with growth of the bacteria over the induction period (Figure 4.7, lane 

C). However, cells transformed with pGEX-4T-1-KilA-N consistently showed a very slight 

increase in the total protein after IPTG induction (Figure 4.7B, lane I and C), suggesting 

these cells have a lower growth rate compared with the cells transformed with other 

plasmids under IPTG treatment. After cell disruption by sonication, most of the 

intracellular proteins remain in the pellet rather than in the soluble supernatant (Figure 4.7, 

lane P and S). Proteins of the predicted size of the GST fusion proteins were indicated by 

arrows (Figure 4.7). Thus, the E. coli expression system cannot express the GST fusion 

proteins as a soluble form in the supernatant. Then, I investigated another system to 
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Figure 4.6 Schematic of GST-tagged p28 and its isolated domains 

GST tag (shown in blue) was added at the N terminus of p28 or the isolated domains of 

p28 (shown in purple).  
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Figure 4.7 Expression of GST fusion proteins in E. coli 

GST (A), GST-KilA-N (B), GST-RING (C), and GST-p28 (D) expression were induced by 

IPTG. Cells in equal volume of media were harvest before (C) and after (I) IPTG treatment. 

The loading volume of the soluble (S) and insoluble pellet (P) was adjusted to ensure that 

it was obtained from the same number of cells. C; total cellular protein before IPTG 

induction (control), I; total cellular protein after IPTG induction, P; insoluble cell pellet, S; 

soluble supernatant after sonication. Molecular mass markers are indicated to the left of 

gels. The arrows show the predicted size of the indicated proteins. The results presented in 

the figure were replicated in 2 independent experiments, and the figure displays one of the 

2 replicates. 
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express p28 and its isolated domains. 

4.2.5 Purification of p28 and its isolated domains from Baculovirus-infected 

insect cells 

Poxvirus p28 was purified by Huang et al. using a baculovirus expression vector 

system (BEVS) (149). BEVSs are widely used as a manufacturing platform for 

recombinant protein expression due to many advantages such as fast manufacturing speed 

and inherent safety (181). Compared with E. coli expression system, BEVS express 

proteins in insect cells and provides a eukaryotic environment for post-translational 

modifications of the recombinant proteins (182, 183). Thus, I used BEVS to express His-

tagged p28 for purification (Figure 4.8). The baculovirus expressing His-p28 was 

generated with the help of Dr. Egor Tchesnokov. Donor plasmids with the His-p28 gene 

were transformed into competent DH 10 Bac cells and recombination of the His-p28 gene 

into the Bacmid in DH 10 Bac cells was selected for. To construct baculovirus expressing 

His-p28, bacmid DNA was transfected into Sf9 insect cell line. The infected Sf9 cells were 

disrupted by sonication and soluble His-p28 protein in the supernatant was purified using 

a Ni-NTA column. Different concentrations of imidazole were used to elute the His-tagged 

p28 from the Ni-NTA column and the samples were then analyzed by SDS-PAGE and 

western blotting with an anti-His Ab (Figure 4.9). Coomassie-stained SDS-PAGE gels 

showed that highly purified His-p28 was eluted from the column with 200 mM imidazole 

(Figure 4.9A). The purified His-p28 eluted with 200 mM imidazole was recognized by 
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anti-His Ab by western blotting (Figure 4.9B). These results show that soluble His-p28 

was expressed using a BEVS and could be purified to high purity via the His tag.  

To purify His-tagged p28 domains from insect cells, I generated baculovirus and 

expressed His-KilA-N or His-RING in Sf9 cells as described above. The infection of Sf9 

cells with these baculoviruses inhibited the growth of cells (Figure 4.10A, a1, b1 and c1 

and B). Interestingly, a significantly weaker green fluorescent protein (GFP) signal was 

observed in Sf9 cells infected with baculovirus containing the His-KilA-N gene than cells 

infected with baculovirus with the His-RING gene (Figure 4.10A, b2 and c2). Of note, 

the promoter of the GFP gene in the baculovirus is different from the promoter of the His-

tagged protein gene. Therefore, the expression level of GFP is not necessarily correlated 

with the expression level of the His-tagged proteins. To examine the expression of His-

tagged proteins, the proteins in the infected cells (whole cell lysate) and the soluble proteins 

in the supernatant after sonication were tested by western blotting with an anti-His Ab 

(Figure 4.11A). The His-RING and His-KilA-N expression were tested on the same 

membrane in Figure 4.11 with non-relevant lanes removed from the middle. The result 

showed that the His-RING was observed in both whole cell lysate and soluble supernatant, 

while the His-KilA-N was not observed on the membrane strained with anti-His Ab 

(Figure 4.11A, the proteins predicted sizes were indicated by arrows). Although the soluble 

His-RING was expressed in the supernatant (Figure 4.11A), it did not bind with the Ni-

NTA beads and could not be purified via its His tag (Figure 4.11B).  



122 

 

 

 



123 

 

Figure 4.8 Schematic of His-p28 purification from Baculovirus-infected insect cells 

Donor plasmids containing the His-p28 were transformed into competent DH 10 Bac cells. 

The gene of His-p28 was inserted into the Bacmid DNA via recombination. Bacteria with 

the inserted His-p28 gene were selected for and extracted from these cells. The bacmid 

DNA with His-p28 gene was transfected into Sf9 cells to generate baculoviruses. The 

baculoviruses expressed green fluorescent protein (GFP) and were secreted from the cells. 

The media containing baculoviruses were incubated with more Sf9 cells for His-p28 

expression. The infected Sf9 cells with expressed His-p28 were harvested by centrifuge. 

These cells were then disrupted by sonication. Soluble proteins in the supernatant were 

flowed through a Ni-NTA column for purification.  
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Figure 4.9 His-p28 purified from baculovirus system was recognized by an anti-His 

Ab 

Proteins were eluted from the Ni-NTA column with 100 mM or 200 mM of imidazole were 

analyzed by Coomassie-stained SDS-PAGE gel (A) and western blotting with an anti-His 

Ab (B). Molecular mass markers are indicated to the left of blots. The results presented in 

the figure were replicated in 2 independent experiments, and the figure displays one of the 

2 replicates. 
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Figure 4.10 Sf9 insect cells infected with BEVS expressing His-tagged proteins 

Sf9 cells were seeded in 6-well plate. Cells were then left uninfected (A; a1 and B; a1) or 

infected with baculovirus with His-KilA-N gene (A; b), His-RING gene (A; c), or His-p28 

(B; b) for 48 h. The cell density was observed under bright field (A; a1, b1, c1, and B). The 

GFP level in cells infected with indicated baculoviruses were shown in A; a2, b2, c2. Scale 

bar, 100 μm. The results presented in the figure were replicated in 2 independent 

experiments, and the figure displays one of the 2 replicates. 
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Figure 4.11 Purification of His-tagged p28 domains using BEVS 

A, Proteins in whole cell lysate (W) and soluble proteins in the supernatant after sonication 

(S) were separated by SDS-PAGE gel followed by western blotting with an anti-His Ab. 

The four lanes were on the same membrane, with non-relevant lanes removed from the 

middle. The loading volume of each lane was adjusted to ensure that it was obtained from 

the same number of cells. B, Purification of His-RING. Proteins in whole cell lysate (W), 

soluble proteins in the supernatant after sonication (S), and soluble proteins after binding 

(AB) to the Ni-NTA beads were separated by SDS-PAGE gel. The loading volume of the 

first three lanes was adjusted to ensure that it was obtained from the same number of cells. 

Proteins were eluted from the Ni-NTA column with elution buffer with increasing 

concentration of imidazole (from 20 mM to 500 mM) were loaded and analyzed by SDS-

PAGE and Coomassie staining. Molecular mass markers are indicated to the left of gels. 

The results presented in the figure were replicated in 2 independent experiments, and the 

figure displays one of the 2 replicates. 
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Taken together, I purified His-p28 via insect cells infected with recombinant 

baculovirus. However, purification of domains of p28 alone was not successful, either 

because of difficulties with expression (His-KilA-N domain) or a failure of interaction 

between protein and the beads (His-RING domain). 

4.2.6 Purified His-p28 possesses auto-ubiquitylation activity 

Previous studies have demonstrated that purified p28 can be auto-ubiquitylated when 

incubated with E1, E2, Ub, and ATP, confirming that p28 has E3 ligase activity (149, 151-

153). To determine whether the purified His-p28 folds is active, I tested the auto-

ubiquitylation of p28 in vitro. His-p28 protein was incubated with purified E1, E2, ATP, 

and Ub. In this experiment, five negative controls were used by removing each component 

individually. Anti-His western blotting showed that a small portion of His-p28 formed 

HMW bands, whereas most His-p28 was not ubiquitylated (Figure 4.12A, lane 1). HMW 

bands formed in the reaction were also observed by western blotting with anti-conjugated 

Ub, but not observed in the negative controls, except lane 4 whose bands are possibly 

formed because of the Ub on E2 (Figure 4.12B, lane 1, indicated by an asterisk). A large 

portion of His-p28 was not ubiquitylated (Figure 4.12A), suggesting that 3 µM His-p28 

might be too much in the reactions. To optimize the amount of His-p28 in the reactions, I 

decreased the amount of His-p28 by serial dilution (Figure 4.12C). A reaction without ATP 

served as a negative control in this experiment. Although no HMW bands were observed 

in the western blots with the anti-His Ab (Figure 4.12C), ubiquitylated bands were 
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recognized by an anti-conjugated Ub Ab and the concentration of these bands decreased as 

the amount of His-p28 protein was reduced (Figure 4.12D, indicated by an asterisk). This 

data demonstrates that the purified His-p28 is functional and can auto-ubiquitylate itself, 

but the auto-ubiquitylated His-p28 cannot be recognized efficiently by the anti-His Ab. In 

addition, 0.3 µM of His-p28 was selected for our future ubiquitylation experiments.  

4.2.7 Examining the binding of His-p28 with poxviral DNA 

The N-terminal KilA-N domain of p28 is homologous to the DNA binding APSES 

domain, indicating that the KilA-N domain of p28 may have the ability to binds to DNA 

(156). In addition, the p28 have been shown to bind ssDNA and dsDNA columns (155), 

and identified in the DNA-protein complex during poxvirus infection (157). Furthermore, 

p28 localizes to virus factories during poxvirus infection (150-155). Thus, I tested whether 

the purified His-p28 could bind viral DNA in vitro. I obtained VACV hairpin DNA, the 

dsDNA with mismatched nucleotides at the ends of poxvirus genome, from Dr. Evans’s 

lab. These mismatched nucleotides result in the hairpin DNA with both ssDNA and dsDNA 

structures. VACV labeled hairpin DNA was incubated with His-p28. Purified His-I1 

protein (VACV encoded DNA binding protein, from Dr. Evans’s lab) was used as a positive 

control (53). Electrophoretic mobility shift assay (EMSA), also known as band shift assay, 

showed that the hairpin DNA binds to His-I1 and His-p28, causing DNA band shifts 

(Figure 4.13A, indicated by arrows). To rule out the non-specific binding between His-

p28 and viral hairpin DNA, I incubated hairpin DNA with other purified His-tagged 
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proteins that, to our knowledge, do not bind DNA. These control proteins are tobacco etch 

virus protease (TEVp, ~27 kDa, Ctrl 1) (184), galectin 8 (~36 kDa, Ctrl 2) (185), and 

rhomboid protease from haemophilus influenzae (hiGlpG, ~22 kDa, Ctrl 3) (186) obtained 

from Dr. M. Joanne Lemieux’s lab (Figure 4.13B). No band shift was observed between 

hairpin DNA and TEVp (Ctrl 1) (Figure 4.13B, lane 2). However, when the hairpin DNA 

was incubated with the other two negative controls, galectin 8 or hiGlpG, the EMSA 

showed a similar DNA band shift as the shift observed in p28-DNA reaction (Figure 4.13B, 

lane 3 and 4). These results suggested that purified His-p28 bound DNA in vitro. However, 

we could not rule out the possibility that the interaction between His-p28 and DNA we 

examined was non-specific. 

4.3 Summary and brief discussion 

In this chapter, I tested whether UBAITs is an accessible approach to capture the 

potential substrates of p28 during poxvirus infection. pSC66-FLAG-p28-Ub was 

transfected into HeLa cells to express FLAG-p28-Ub during VACV-Cop infection. FLAG-

p28-Ub localized to virus factories (Figure 4.3) and enriched conjugated Ub into poxvirus 

factories as FLAG-p28 (151, 153) (Figure 4.3). I purified FLAG-p28-Ub and its associated 

proteins by anti-FLAG IP. The HMW species were observed in the western blotting with 

anti-FLAG Ab (Figure 4.4B). However, this was not observed in the FLAG-p28 IP (Figure 

4.4B). These HMW species likely present substrates covalently linked to FLAG-p28-Ub.  

UBAITs can be used to trap proteins associated with p28 and identify the potential 
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Figure 4.12 Auto-ubiquitylation activity of His-p28 

Auto-ubiquitylation reactions with purified His-p28 and the indicated ubiquitylation 

components. The products of each reaction were analyzed by western blotting with anti-

His (A and C) or anti-conjugated Ub (B and D). Molecular mass markers are indicated to 

the left of gels. The results presented in the figure were replicated in 2 independent 

experiments, and the figure displays one of the 2 replicates. 
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Figure 4.13 His-p28 binds to poxviral hairpin DNA 

His-tagged proteins was incubated with labeled viral hairpin DNA at 37℃ for 30 min and 

then analyzed by EMSA. DNA and DNA with proteins were separated by non- denaturing 

polyacrylamide gel. His-I1 (A) was the positive control. B, Several His-tagged purified 

proteins were used as negative controls to compare with His-p28. Ctrl 1; tobacco etch virus 

nuclear-inclusion-a endopeptidase (or TEV protease, TEVp), Ctrl 2; galectin 8, Ctrl 3; 

hiGlpG. The results presented in the figure were replicated in 2 independent experiments, 

and the figure displays one of the 2 replicates. 
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substrates of p28. For example, I observed Hsp70 associated with FLAG-p28-Ub. However, 

the size was at the predicted protein size of Hsp70, suggesting Hsp70 was not covalently 

attached with FLAG-p28-Ub (Figure 4.5). Hsp70 is a highly conserved heat shock protein 

and present in all major cellular compartments in eukaryotic cells (187). The substrate-

binding domain of Hsp70 non-specifically binds to hydrophobic peptides, allowing Hsp70 

to correct protein folding and prevent aggregation (188). Hsp70 is involved in various 

cellular processes, including proliferation, apoptosis, and immune response pathways (189). 

Additionally, it plays a role in virus entry, replication, or assembly for multiple viruses 

(190-193). During poxvirus infection, the mRNA level of Hsp70 increases (194). This 

suggests host cell Hsp70 may contribute to poxvirus replication. It is possible that p28 

recruits Hsp70 to the virus factory to assist in p28 or other viral protein folding. 

Alternatively, p28 may not directly bind Hsp70. For example, both p28 and Hsp70 binds 

to DNA or other proteins during poxvirus infection. Further studies are needed to determine 

whether p28 recruits Hsp70 for the benefit of poxviruses. 

Previous studies showed that p28 can bind DNA in vitro and during VACV infection 

(155-157). To further investigate the binding properties of p28, I tried to purify p28 and its 

isolated domains. Two protein expression systems, E. coli and BEVS, were utilized to 

express p28 and its isolated domains. Unfortunately, little soluble GST-tagged p28 protein 

or isolated domains were expressed by E. coli (Figure 4.7). While, His-tagged p28 was 

expressed by and successfully purified from BEVS (Figure 4.9 and 4.11). The auto-
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ubiquitylation assay showed that the purified His-p28 has E3 Ub-ligase activity (Figure 

4.12). However, the HMW species of His-p28 auto-ubiquitylation were not observed in 

western blotting with anti-His Ab (Figure 4.12C), but only observed in the western blotting 

with anti-conjugated Ub Ab (Figure 4.12D). It is possible that the ubiquitylation of His-

p28 blocks the recognization of the His tag on p28 by anti-His Ab. Another possibility was 

that the anti-His Ab was not sensitive enough to detect the small amounts of ubiquitylated 

His-p28 in the auto-ubiquitylation system.  

To determine whether purified His-p28 interacts with viral DNA, I examined the 

interaction of p28 and viral hairpin DNA by EMSA assay (Figure 4.13). In addition, three 

purified His-tagged proteins were incubated with the hairpin DNA to determine whether 

the interaction between p28 and viral hairpin DNA was specific. These control proteins 

included soluble proteins (TEVp and galectin 8) and a membrane protein (hiGlpG) that, to 

our knowledge, have not been shown to bind to DNA (Figure 4.13B). As predicated, 

incubating viral hairpin DNA with TEVp, a protease that cleaves the peptide consensus 

sequence, ENLYFQG (195, 196), did not induced band shift, suggesting it did not bind 

viral DNA. However, both galectin 8 and hiGlpG induced a band-shift with viral hairpin 

DNA. Galectin 8 is a carbohydrate binding protein which senses viral spike glycoprotein 

during SARS-CoV-2 infection (197). It can be cleaved by viral protease, 3-chymotrypsin-

like protease, which is critical for virus to escape from host defenses (197). The hiGlpG is 

a member of the rhomboid peptidases that localizes to cell membrane and cleaves 
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transmembrane proteins (186, 198). Neither galectin 8 nor hiGlpG has been shown to bind 

to DNA to our knowledge. Taken together, these results suggest that the purified His-p28 

binds DNA in vitro. However, it is worth noting that this interaction appears weak, and 

there is a possibility of non-specific binding. The method requires improvement to reduce 

the effect of non-specific binding. The future directions will focus on improving this 

method and further examine how p28 binds DNA (see the overall discussion 6.2.4). 
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Chapter 5: Characterizing changes in protein ubiquitylation during poxvirus 

infection 

 

Data present in this chapter is under review: 

“Jianing Dong, Shu Luo, Summer Smyth, Grace Melvie, Olivier Julien, Robert J. Ingham. 

Characterizing changes in protein ubiquitylation during vaccinia virus infection.” 

(manuscript # JVI00430-24) 

 

 

Contributions to this chapter: 

All the experiments presented in this chapter were performed by me, except for the LC-

MS/MS (Figure 5.2), which was performed by Shu Luo in Dr. Olivier Julien’s Lab. Grace 

Melvie and Summer Smyth (undergraduate students I supervised) contributed some of the 

western blotting experiments. Lysates of MPXV (Clade IIb)-infected HeLa cells were 

provided by Drs. James Lin and David Evans (University of Alberta). 

The writing of this chapter is adapted from Dong et al. 2023, which was written by Dr. 

Ingham and me with input from the other authors. 
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5.1 Introduction 

Poxviruses co-opt the UPS to facilitate virus replication (81-84), evade the immune 

response (135, 144, 145, 199, 200), and block programmed cell death of infected cells 

(140). Moreover, the UPS is an integral component of innate immune signalling pathways 

used by the host to respond to infection. For example, innate anti-viral signalling pathways, 

such as those involved in the activation of retinoic acid-inducible gene I (RIG-I) (201, 202), 

and NF-κB (203, 204), utilize degradative and non-degradative ubiquitylation. 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 (205).  

To further elucidate how the UPS is engaged early during poxvirus infection, we 

identified and quantified peptides with a Ub remnant motif (diGly peptides) purified from 

lysates of uninfected and VACV-Cop-infected HeLa cells. diGly peptides that significantly 

changed in infected cells were associated with proteins involved in anti-viral signalling, 

Ub and Ub-like protein signalling, and DNA replication/repair. Of note, several 

ubiquitylated peptides from TRIM25 were enriched for or exclusively found in VACV-

Cop-infected cells. TRIM25 is an E3 ligase for Ub and the Ub-like protein, interferon 

stimulated gene 15 (ISG15), and performs several functions including activation of the type 

I interferon response. We found that TRIM25 HMW, likely ubiquitylated, species were 

evident as early as 1-hour post-infection and largely dependent on de novo protein synthesis 

and E1 Ub-activating enzyme activity at the time of infection. Moreover, total TRIM25 
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levels decreased over the course of infection. HMW TRIM25 species were also evident, to 

varying degrees, in HeLa cells infected with other VACV strains and OPVs. Finally, we 

determined that a gene(s) in either arm of the VACV-Cop genome was sufficient to induce 

TRIM25 HMW species. Taken together, this study has revealed novel information about 

how the UPS is altered during poxvirus infection. 

5.2 Results 

5.2.1 Identification of diGly peptides from uninfected and VACV-Cop-infected 

HeLa cells 

To investigate changes in protein ubiquitylation during poxvirus infection, HeLa cells 

were pre-treated with the proteasome inhibitor, MG132, for 1 h and 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 (Figure 5.1A). Lysates were then subjected to trypsin digestion 

and diGly peptides were enriched for before being analyzed by mass spectrometry. diGly 

enrichment utilizes an Ab that recognizes the diGly remnant present on ubiquitylated lysine 

residues after digestion with trypsin (206, 207). Three independent experiments identified 

1753 (1494 cellular and 259 viral) distinct diGly peptides (Figure 5.1B). The majority of 

peptides (≥78%) were identified in both uninfected and infected cells (Figure 5.1C), albeit 

their abundance was not necessarily the same. Moreover, there was considerable overlap 

in diGly peptides identified between the independent experiments (Table 5.1). 
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Figure 5.1 Identification of diGly peptides by LC-MS/MS 

A, Outline of the experimental workflow used for the purification and identification of 

diGly peptides. B, Venn diagrams illustrating the number of the peptides identified in 

uninfected cells, VACV-Cop-infected cells, or both in each independent experiment. C, 

Venn diagrams illustrating the number of the peptides identified in uninfected or infected 

cells in common between the 3 independent experiments. The generation of cell lysates 

was performed by me, and the enrichment of diGly peptides and LC-MS/MS were 

performed by Shu Luo. 
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Experiment Uninfected VACV-Cop-infected 

1 1420 1589 

2 1304 1421 

3 1365 1705 

Total 1753 (1494 cellular and 259 viral)  

      

Table 5.1 Summary of diGly peptides identified in the three independent experiments 

List of the number of diGly peptides identified in HeLa cells uninfected or infected with 

VACV-Cop in each independent experiment and the total number of diGly peptides 

identified in the 3 experiments.  
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We focused our analysis on the 1720 diGly 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 diGly peptides (247; 81%) were from viral 

proteins, and 57 peptides were associated with cellular proteins (Figure 5.2). Furthermore, 

we identified 37 cellular diGly peptides enriched for (≥ 2-fold change and p ≤ 0.05) in 

uninfected cells (Figure 5.2).  

5.2.2 Differentially enriched diGly peptides include those from proteins 

associated with anti-viral signalling 

Pathway enrichment analysis by Metascape was performed to determine whether any 

cellular pathways or processes were overrepresented from proteins associated with diGly 

peptides preferentially found in uninfected or infected cells. Translation and the cell cycle 

were categories associated with proteins with peptides enriched in infected cells (Figure 

5.3A), whereas processes linked to proteins with peptides enriched in uninfected cells 

included deubiquitylation, viral infection pathways, DNA replication, and necroptosis 

(Figure 5.3B). 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 anti-viral signalling, Ub/Ub-like signalling, and DNA replication/repair 
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Figure 5.2 Volcano plot of cellular diGly 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. This figure was generated by Shu Luo. 
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Figure 5.3 Analysis of cell signalling pathways and processes associated with proteins 

with diGly peptides enriched in infected or uninfected cells 

Metascape analysis of proteins associated with diGly peptides enriched VACV-Cop-

infected (A) or uninfected (B) HeLa cells. Categories with significant adjusted p value 

(q≤0.05) are shown.  
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(Figure 5.4). Moreover, several peptides were from proteins previously implicated in 

poxvirus infection including IFITs (135), WDR6 (208), RACK1 (209), DDX5 (210), and 

EGFR (211).  

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

ubiquitylated. However, it does not provide any information about the consequence of this 

ubiquitylation. Therefore, I compared our data to published work that analyzed changes in 

protein levels in telomerase reverse transcriptase (TERT)-immortalized primary human 

fetal foreskin fibroblast (HFFF-TERT) cells infected with VACV-WR (171). Despite this 

study using a different cell line and VACV strain, several of the proteins with diGly 

peptides enriched in VACV-Cop-infected HeLa cells were decreased over the course of 

infection (Figure 5.5). Furthermore, this study showed that protein levels for most of the 

down-regulated proteins could be partially rescued by treatment with MG132 (Figure 5.5). 

This indicates these proteins are likely degraded in a proteasome-dependent manner in 

VACV-infected cells which has been shown for the IFIT proteins (135). Intriguingly, the 

levels of many proteins with diGly peptides enriched in infected cells did not decrease over 

the course of infection (Figure 5.5). This suggests that ubiquitylation of these proteins may 

serve a non-degradative function.  
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Figure 5.4 Heat map of identified diGly peptides from proteins associated with anti-

viral signalling, Ub or Ub-like signalling, or DNA replication/repair 

Heat map of identified diGly peptides from proteins associated with anti-viral signalling, 

Ub or Ub-like signalling, 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. 
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Figure 5.5 Examination of the levels of proteins with enriched diGly peptides in cells 

infected with VACV-WR 

The abundance of proteins with diGly peptides enriched in VACV-Cop-infected HeLa cells 

were examined using the dataset generated by Soday et al. (171) which examined changes 

in protein levels over the course of VACV-WR infection of HFFF-TERT cells. The heat 

map shows the changes in protein levels during infection relative to the uninfected sample 

which was arbitrarily set at 1. MG132 rescue ratio, as determined by (171), is indicated. 

Those with a rescue ratio greater ≥1.25 are indicated in black. 
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The most striking observation from the diGly enrichment data was the identification 

of 9 diGly peptides, that could be definitively assigned to 6 lysine residues, from TRIM25 

(Figure 5.2) that were enriched for or exclusively found in VACV-Cop-infected HeLa cells. 

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 (Figure 5.5) 

(171). TRIM25 is a RING domain-containing E3 Ub-ligase (212) that also functions as an 

E3 ligase for the Ub-related molecule, ISG15 (213) (Figure 5.6). TRIM25 performs many 

different functions (214), but is perhaps best known for introducing K63-linked Ub chains 

onto RIG-I (215, 216). RIG-I is a pattern recognition receptor that recognizes viral RNA 

and initiates signals that lead to the production of type I interferons (reviewed in (217)). 

Rather than promoting RIG-I degradation, ubiquitylation of RIG-I by TRIM25 promotes 

RIG-I activation (215). It is therefore not surprising that many viruses have acquired 

mechanisms to interfere with the ability of TRIM25 to ubiquitylate RIG-I ((218-220) as 

examples). However, no studies have examined whether poxviruses interfere with TRIM25 

signalling. Therefore, we decided to further investigate the putative ubiquitylation of 

TRIM25 in VACV-infected cells. 
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Figure 5.6 TRIM25 and the location of identified diGly peptides 

Cartoon showing the location of identified TRIM25 diGly peptides. The relative position 

of domains was obtained from (221).  
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5.2.3 VACV-Cop infection results in the formation of HMW TRIM25 species and 

a decrease in TRIM25 levels 

Our diGly enrichment experiments suggested that TRIM25 was ubiquitylated early 

after VACV infection. In support of this notion, western blotting experiments revealed the 

appearance of HMW, potentially ubiquitylated, TRIM25 species and a decrease in the 

lower molecular weight (LMW) TRIM25 band over the course infection (Figure 5.7A). 

HMW TRIM25 proteins were evident as early as 1 hpi, persisted throughout infection, but 

were reduced at 24 hpi (Figure 5.7A). Quantification of total anti-TRIM25 

immunoreactive bands in uninfected and infected cells showed a decrease in anti-TRIM25 

levels over the course of infection (Figure 5.7B).  

Proteomics data from Soday et al. (171) suggests that not all proteins we identified as 

being preferentially ubiquitylated in VACV-Cop-infected cells are degraded (Figure 5.5). 

For example, CDK2 levels were relatively unchanged over the course of VACV-WR 

infection of HFFF-TERT cells, but we identified a putative CDK2 ubiquitylated peptide 

exclusively in VACV-Cop-infected cells (Figure 5.2). Therefore, we examined CDK2 

levels in VACV-Cop-infected HeLa cells by western blotting and found that CDK2 levels 

did not decrease over the course of infection (Figures 5.7C and D). Taken together, these 

observations are consistent with TRIM25 being ubiquitylated and targeted for degradation 

in VACV-infected cells. Moreover, these findings show that not all ubiquitylated proteins 

are significantly degraded. 
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Figure 5.7 VACV-Cop infection results in the formation of TRIM25 HMW species and 

a decreased TRIM25 levels 

Protein level of TRIM25 (A and B) and CDK2 (C and D) in HeLa cells infected with 

VACV-Cop. Lysates of uninfected HeLa cells or HeLa cells infected (MOI of 10) for the 

indicated times with VACV-Cop were immunoblotted with Abs against the indicated 

proteins. I3 and A34 are viral proteins that are indicators of virus infection and late protein 

expression, respectively. Western blots of these proteins were included to show the course 

of infection. The anti-β-actin blots were included to show protein loading. Molecular mass 

markers are indicated to the left of blots. Quantitative analysis of TRIM25 (B) and CDK2 

(D) 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. The western blot anti-CDK2 

was obtained from Grace Melvie. 
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5.2.4 MG132 treatment modestly rescues TRIM25 levels in VACV-Cop-infected 

cells 

Proteomics studies suggest that TRIM25 is degraded in a proteasome-dependent 

manner (Figure 5.5) (171). To directly test this, HeLa cells were treated before and after 

inoculation with the proteasome inhibitor, MG132, and TRIM25 levels were examined 4 

and 8 hpi (Figure 5.8A). Total TRIM25 levels were modestly increased in cells treated 

with MG132 (Figure 5.8B), more so 8 hpi, but this difference was not statistically 

significant (Figures 5.8C and D). Similar observations were made for the LMW TRIM25 

species (Figures 5.8B, E, and F). MG132 treatment blocked expression of the B5 viral late 

protein (Figure 5.8B) which is consistent with studies showing late gene expression 

requires proteasome activity (81, 82, 84). Thus, the reduction in TRIM25 protein levels is, 

at least in part, due to proteasomal degradation. 
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Figure 5.8 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. I3 and B5 were used to indicate viral 

infection and late protein expression, respectively. Western blots for these proteins were 

included to show the course of virus infection. The anti-β-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. 
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5.2.5 TRIM25 is ubiquitylated in VACV-Cop-infected HeLa cells and the 

formation of HMW species is dependent on E1 Ub-activating enzyme activity 

To directly examine whether TRIM25 is ubiquitylated in VACV-Cop-infected cells, I 

immunoprecipitated TRIM25 from lysates of VACV-Cop-infected or uninfected HeLa cells 

and immunoblotted with an anti-Ub Ab (Figure 5.9A). Anti-Ub immunoreactive bands 

(>100 kDa), were observed in larger abundance anti-TRIM25 IPs from infected cell lysates 

(Figure 5.9A; upper panel (indicated by an asterisk)) than anti-TRIM25 IPs from 

uninfected lysates or isotype control IPs from infected lysates. These bands were much 

larger than the HMW TRIM25 bands observed in anti-TRIM25 blots (see Figure 5.7A). 

When I reprobed the same blot for TRIM25, I also saw a weak smear of proteins (Figure 

5.9A; lower panel, indicated by an asterisk) of the same size as the anti-Ub 

immunoreactive bands in the anti-Ub blot (Figure 5.9A; upper panel). Moreover, this 

reprobe showed I could weakly immunoprecipitate at least one of the HMW TRIM25 bands 

(Figure 5.9A; lower panel) observed in anti-TRIM25 blots of cell lysates (Figure 5.7A).  

I next used an Ab that recognizes conjugated Ub to immunoprecipitate ubiquitylated 

proteins from cells and asked whether this enriched for HMW TRIM25 species. While 

some TRIM25 was observed in isotype control IPs from lysates of VACV-Cop-infected 

cells, more TRIM25, in particular HMW species were observed in the anti-conjugated Ub 

IPs (Figure 5.9B; upper panel). This enrichment of HMW TRIM25 species is suggestive 

of these being ubiquitylated forms of the protein.  
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Figure 5.9 TRIM25 is ubiquitylated in VACV-Cop-infected cells 

A, Cell lysates from uninfected or HeLa cells infected for 4 h with VACV-Cop (MOI of 10) 

used to perform anti-TRIM25 IPs with an isotype control IPs (ctrl Ab, anti-HJURP IP) from 

infected lysates was included to rule out non-specifically bound ubiquitylated proteins. 

anti-TRIM25 IPs with the lysate omitted (Ab alone) were performed to indicate bands 

derived from the anti-TRIM25 Ab. Non-specific bands were indicated by Δ. IPs were then 

western blotted with an anti-Ub Ab (upper panel) before being reprobed with the anti-

TRIM25 Ab (lower panel). HC; heavy chain of the Ab used for IP. B, Lysates described in 

A were immunoprecipitated with an anti-conjugated Ub Ab or isotype control (anti-6xHis 

tag Ab) and immunoblotted from TRIM25 (upper panel) before being reprobed with the 

anti-conjugated Ub Ab. HC; heavy chain of the Ab used for IP. Molecular mass markers 

are indicated to the left of blots. The results presented in the figure were replicated in 2 

independent experiments, and the figure displays one of the 2 replicates. 
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To further investigate whether the HMW TRIM25 species are ubiquitylated forms of 

the protein, we pre-treated HeLa cells with the E1 Ub-activating enzyme inhibitor, TAK-

243 (222), and infected cells with VACV-Cop in the presence of the inhibitor (Figure 

5.10A). A dose-dependent decrease in TRIM25 HMW species was observed in infected 

cells treated with TAK-243 (Figure 5.10B; upper panel) and this was associated with a 

decrease in I3 protein expression (Figure 5.10B; middle panel). An examination of 

ubiquitylated proteins in lysates from TAK-243-treated cells revealed the inhibitor was 

effective at reducing total cellular ubiquitylation (Figure 5.10C). We further examined the 

effect of TAK-243 treatment on TRIM25 HMW species when added post-infection (Figure 

5.11A). In contrast to what was observed when cells were pre-treated prior to infection, 

TAK-243 treatment post-infection did not reduce the level of TRIM25 HMW species 

(Figure 5.11B; upper panel). However, the levels of total ubiquitylated proteins did 

decrease in a dose-dependent manner (Figure 5.11C). Taken together, these results show 

that E1 activity is required for the formation of HMW TRIM25 species at the time of 

infection but is dispensable post-infection. 

     Proteins modified on lysine residues with the Ub-like proteins, NEDD8 and ISG15, 

also generate diGly peptides after trypsin digestion (206, 223). However, the vast majority 

of diGly sites are derived from ubiquitylation (223). Nonetheless, we examined whether 

the formation of HMW TRIM25 species was affected by treatment with the neddylation 

E1 protein inhibitor, MLN4924 (Figure 5.12A). No decrease in HMW TRIM25 species 
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Figure 5.10 TRIM25 ubiquitylation in VACV-Cop-infected cells pre-treated with E1 

inhibitor 

A, Schematic of the experimental workflow used to examine the effect of the E1 inhibitor, 

TAK-243, pre-treatment on TRIM25 HMW species. B and C, Lysates from uninfected cells 

or cells with VACV-Cop for 4 h (MOI of 10) treated with TAK-243 were immunoblotted 

with Abs against the indicated proteins. The anti-I3 blot shows infection of the cells, and 

the anti-β-actin blots show protein loading. The conjugated Ub Ab recognizes mono- and 

poly-ubiquitylated proteins. The anti-β-actin blots were included to show protein loading. 

Molecular mass markers are indicated to the left of blots. The western blot shown was 

performed by Grace Melvie, while I prepared the cell lysates for the initial repeat 

experiment. The results presented in the figure were replicated in 3 independent 

experiments, and the figure displays one of the 3 replicates. 
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Figure 5.11 TRIM25 ubiquitylation in VACV-Cop-infected cells treated with E1 

inhibitor 

A, Schematic of the experimental workflow used to examine the effect of the E1 inhibitor, 

TAK-243, on TRIM25 HMW species. B and C, Lysates from uninfected cells or cells with 

VACV-Cop for 4 h (MOI of 10) treated with TAK-243 were immunoblotted with Abs 

against the indicated proteins. The anti-I3 blot shows infection of the cells, and the anti-β-

actin blots show protein loading. The conjugated Ub Ab recognizes mono- and poly-

ubiquitylated proteins. The anti-β-actin blots were included to show protein loading. 

Molecular mass markers are indicated to the left of blots. This western blot was performed 

by Grace Melvie. The results presented in the figure were replicated in 3 independent 

experiments, and the figure displays one of the 3 replicates. 
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Figure 5.12 TRIM25 ubiquitylation in VACV-Cop-infected cells pretreated and 

treated with neddylation E1 inhibitor 

A, Schematic of the experimental workflow used to examine the effect of neddylation E1 

inhibitor, MLN4924 on TRIM25 HMW species. B and C, Lysates from uninfected cells or 

cells with VACV-Cop for 4 h (MOI of 10) treated with MLN4924 were immunoblotted 

with Abs against the indicated proteins. The anti-I3 blot shows infection of the cells, and 

the anti-β-actin blots show protein loading. The anti-Cul1 Ab recognizes both unmodified 

Cul1 and NEDD8-modified Cul1 (NEDD8-Cul1). The anti-β-actin blots were included to 

show protein loading. Molecular mass markers are indicated to the left of blots. The 

western blot was performed by Grace Melvie. The results presented in the figure were 

replicated in 3 independent experiments, and the figure displays one of the 3 replicates. 
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was observed in cells treated with MLN4924 (Figure 5.12B; upper panel). However, 

neddylation of a known NEDD8 modified protein, Cul1 (224), was affected by MLN4924 

treatment (Figure 5.12C; upper panel). Taken together, these experiments support the 

notion that TRIM25 is ubiquitylated, but not neddylated, in VACV-Cop-infected cells.  

5.2.6 TRIM25 ubiquitylation in VACV-Cop-infected HeLa cells is largely 

dependent on new protein synthesis and can be induced by UV-inactivated virus 

The fact that ubiquitylation of TRIM25 occurred early after VACV-Cop infection led 

us to examine how infection induced this modification. I treated HeLa cells with the protein 

synthesis inhibitor, cycloheximide (CHX), prior to and after inoculation and examined 

TRIM25 protein levels (Figure 5.13A). CHX treatment completely blocked I3 expression 

and impaired the appearance of HMW TRIM25 species in VACV-Cop-infected cells 

(Figures 5.13B). Total TRIM25 levels and levels of the LMW TRIM25 band were not 

significantly different in cells treated with or without CHX (Figure 5.13C and D). Thus, 

de novo protein synthesis is contributory, but not essential for the induction of TRIM25 

HMW species in VACV-infected cells.  

I also examined whether UV-inactivated VACV particles could induce TRIM25 

ubiquitylation (Figure 5.14A). VACV-Cop exposed to a dose of UV light (0.1 J/cm2) that 

resulted in no detectable plaques on BSC-40 cells (Figure 5.14B) was still able to induce 

TRIM25 HMW species (Figure 5.14C), despite no detectable VACV I3 protein expression 
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Figure 5.13 TRIM25 ubiquitylation in VACV-Cop-infected HeLa cells does not 

absolutely require new protein synthesis 

A, Experimental approach used to evaluate the effect of inhibiting protein synthesis 

(cycloheximide; CHX) on HMW and LMW TRIM25 species. B, Lysates from samples 

described in A were immunoblotted with Abs against the indicated proteins. The anti-I3 

blot was included to show the effect of CHX on poxviral-protein expression. The anti-β-

actin blot was included to show protein loading. Molecular mass markers are indicated to 
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the left of blots. Total TRIM25 levels (C) and levels of the LMW TRIM25 band (D) were 

quantified in the indicated samples and expressed relative the uninfected cells not treated 

with CHX (uninfected). Molecular mass markers are indicated to the left of blots. Results 

presented represent the mean and standard deviation from 3 independent experiments. One-

way ANOVA was used to calculate statistical significance between samples. ns; not 

significant, *; p ≤ 0.05, **; p ≤ 0.01. 
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Figure 5.14 TRIM25 ubiquitylation in VACV-Cop-infected HeLa cells can be induced 

by UV-inactivated virus 

A, VACV-Cop in media was exposed to the indicated doses of UV light before for being 

used to infect HeLa or BSC-40 cells (MOI of 10 equivalent) for western blot analysis or 

virus titer determinations, respectively. B, Titers of VACV-Cop in BSC-40 cells exposed to 

the indicated UV light energies. The dashed line presented the limit of detection. C, 

Western blot analyzing TRIM25 levels in HeLa cells inoculated with VACV-Cop treated 

with the indicated doses of UV light. The anti-I3 blot shows the effect of UV light on viral-

protein expression and the anti-β-actin blot indicates protein loading. Molecular mass 

markers are indicated to the left of blots. Results presented represent the mean and standard 

deviation from 3 independent experiments. One-way ANOVA was used to calculate 

statistical significance between samples. ns; not significant, *; p ≤ 0.05, **; p ≤ 0.01. The 

results presented in B and C were replicated in 2 independent experiments, and the figure 

displays one of the 2 replicates. 
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being observed in cells infected at this UV dose (Figure 5.14C). However, TRIM25 HMW 

species were not observed when cells were inoculated with virus exposed to 0.3 J/cm2 

(Figure 5.14C). Thus, UV-inactivated VACV-Cop that is unable to replicate and express 

the viral protein can still induce TRIM25 HMW species. 

5.2.7 TRIM25 is degraded in HeLa cells infected with other VACV strains and 

OPVs 

We next investigated whether the modification of TRIM25 was observed in cells 

infected with other VACV strains. Western blotting analysis revealed HMW forms of 

TRIM25 were evident in HeLa cells infected with each of the VACV strains tested (Figure 

5.15). However, the formation of HMW TRIM25 species varied amongst the strains. For 

instance, cells infected with VACV-WR consistently resulted in fainter TRIM25 HMW 

bands and less decrease in the TRIM25 LMW band (Figure 5.15).  

We also examined whether infection of HeLa cells with other OPVs could modify 

TRIM25. HMW TRIM25 species and a decrease in anti-TRIM25 immunoreactive bands 

were observed in cells infected with CPXV-BR (Figure 5.16A and B) or MPXV-Clade IIb 

strain (Figure 5.16C and D). Interestingly, we observed a significant decrease in TRIM25 

levels (Figure 5.16A and B), but no HMW TRIM25 species, in HeLa cells infected with 

ECTV-Mos (Figure 5.16A). Thus, decreased TRIM25 levels appears to be a common 

feature of OPV infection, but the formation of HMW species is not. 
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Figure 5.15 TRIM25 is degraded in HeLa cells infected with other VACV strains 

HeLa cells were either left uninfected or infected with the indicated VACV strains for 4 h 

(MOI of 10). Lysates were immunoblotted with Abs against the indicated proteins. The 

anti-I3 blot was used to show viral infection. The anti-β-actin blot was included to show 

protein loading. Molecular mass markers are indicated to the left of blots. The western blot 

shown was performed by Grace Melvie, while I prepared these cell lysates and performed 

the initial repeat experiment. The results presented in the figure were replicated in 3 

independent experiments, and the figure displays one of the 3 replicates. 

 

 

 

 

 



166 

 

 

 

 



167 

 

Figure 5.16 TRIM25 is degraded in HeLa cells infected with different OPVs 

A, VACV-Cop, ECTV-Mos, and CPXV-BR were used to infect HeLa cells for 4 h (MOI of 

10) or cells were left uninfected. Lysates were then immunoblotted with Abs against the 

indicated proteins. Total TRIM25 levels in HeLa cells infected with ECTV-Mos and 

CPXV-BR (B) were quantified and expressed relative to uninfected cells. Results presented 

represent the mean and standard deviation from 4 independent experiments. C, HeLa cells 

were either left uninfected or infected with MPXV (Clade Ⅱb (CⅡb) strain) for 4 h (MOI 

of 10). Lysates were immunoblotted with Abs against the indicated proteins. D, Total 

TRIM25 levels in HeLa cells infected with MPXV-CⅡb was quantified and expressed 

relative the uninfected cells. Results presented are the mean from 2 independent 

experiments. A paired, one-tailed student t test was used to calculate statistical significance 

between samples. **; p ≤ 0.01, ***; p ≤ 0.001. The anti-I3 blot was included to show 

evidence of viral infection. The anti-β-actin blot was included to show protein loading. 

Molecular mass markers are indicated to the left of blots. One-way ANOVA. ns; not 

significant. The generation of cell lysates in A was performed by me, and cell lysates in C 

were provided by Drs. James Lin and David Evans (University of Alberta). The western 

blots were performed by Grace Melvie. 
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To determine whether modification of TRIM25 is observable in other cell types, 293T 

cells were infected with VACV-Cop or ECTV-Mos. Similar to what was observed in HeLa 

cells, HMW TRIM25 species and a reduction in the LMW species was observed in VACV-

Cop-infected 293T cells (Figure 5.17). Also consistent with our findings in HeLa cells, 

HMW TRIM25 species were not observed in 293T cells infected with ECTV-Mos, but a 

decrease in the LMW species was apparent (Figure 5.17). Thus, TRIM25 ubiquitylation in 

response to VACV-Cop infection is not specific to HeLa cells. 

5.2.8 A gene(s) located in either arm of the VACV genome is sufficient to induce 

TRIM25 ubiquitylation 

To investigate whether a VACV gene(s) was required for the formation of TRIM25 

HMW species, we infected HeLa cells with VACV-Cop strains with large deletions in either 

the left (vP796), right (vP759), or both (vP811) arms of the virus genome (Figure 5.18A) 

(164). Cells infected with either of the single arm deletion viruses resulted in the formation 

of HMW TRIM25 species band, but this was not observed in cells infected with the vP811 

virus (Figure 5.18B). Therefore, a gene(s) in either arm of the VACV-Cop genome is 

sufficient to induce TRIM25 ubiquitylation. 
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Figure 5.17 TRIM25 ubiquitylation in 293T cells infected with VACV-Cop or ECTV-

Mos 

293T cells were either left uninfected or infected with the VACV-Cop or ECTV-Mos for 4 

h (MOI of 10). Lysates were immunoblotted with Abs against the indicated proteins. Anti-

I3 blots were included to show evidence of viral infection. anti-β-actin blots were included 

to show protein loading. Molecular mass markers are indicated to the left of blots. The 

generation of cell lysates was performed by me, and the western blot was performed by 

Summer Smyth. The results presented in the figure were replicated in 3 independent 

experiments, and the figure displays one of the 3 replicates. 
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Figure 5.18 TRIM25 is degraded in cells infected with VACV with large deletions 

A, Cartoons showing the genomes of VACV-Cop and the viruses (vP811, vP796 and vP759) 

with the indicated deletions in VACV-Cop genome. B, A gene(s) located in either arm of 

the VACV genome is sufficient to induce TRIM25 ubiquitylation. Lysates of HeLa cells 

uninfected or infected (MOI of 10) for 4 h with indicated viruses were immunoblotted with 

Abs against the indicated proteins. Molecular mass markers are indicated to the left of blots. 

The western blot shown was performed by Grace Melvie, while I prepared these cell lysates 

and performed the initial repeat experiment. The results presented in the figure were 

replicated in 3 independent experiments, and the figure displays one of the 3 replicates. 



171 

 

5.2.9 Loss of TRIM25 does not significantly alter the growth rate of VACV-Cop 

or vP811 

Many members of the TRIM superfamily are associated with innate immune signaling 

and restricting virus infection (225). For example, TRIM5α was recently demonstrated to 

restrict OPV infection and VACV overcomes this restriction factor, in part, by promoting 

TRIM5α ubiquitylation and degradation (122). Therefore, degradation of TRIM family 

proteins is one strategy used by poxviruses to evade the host immune response in order to 

efficiently replicate in cells. We postulated that reduced TRIM25 levels, and/or the 

formation of HMW ubiquitylated species may be important for VACV-Cop to overcome 

the anti-viral activity of TRIM25. Because vP811 cannot induce TRIM25 HMW, likely 

ubiquitylated forms of TRIM25 (Figure 5.18A), we hypothesized that TRIM25 may limit 

the replication of this virus. To test this hypothesis, we generated TRIM25 knock-out HeLa 

cell lines using clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-

mediated gene editing (Figure 5.19A). We then performed multi-step growth curves with 

VACV-Cop and vP811 in two control and two TRIM25 knock-out cell lines. Overall, there 

was no consistent difference in the growth rate of either of these viruses in control or 

TRIM25 knock-out HeLa cells (Figure 5.19B, C and 5.17). Thus, TRIM25 deletion in 

HeLa cells is not sufficient to confer a growth advantage for VACV-Cop or vP811. 



172 

 

 

Figure 5.19 The absence of TRIM25 in HeLa cells does not affect viral replication of 

VACV-Cop or vP811 

A, Immunoblot analysis showing the absence of TRIM25 in two knock-out HeLa cell 

clones, and the presence in clones from cells electroporated with a non-targeting (control) 

guide RNA. The anti-β-actin blot was included to show protein loading. Molecular mass 

markers are indicated to the left of blots. The results presented in the figure were replicated 

in 3 independent experiments, and the figure displays one of the 3 replicates. Viral titers 

from HeLa cells with or without TRIM25 were infected with VACV-Cop (B) or vP811 (C) 

at a MOI of 0.03 for the indicated times. The data represents the average and standard error 

of the mean of 4 independent experiments. A two-way ANOVA was used to calculate 

statistical significance between the titer of virus in ΔTRIM25 and control cells at the 

indicated time points post-infection. ns; not significant. The generation of TRIM25 knock-

out HeLa cells was performed by me, and the growth curves were determined by Summer 

Smyth. 
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Figure 5.20 The titers of VACV-Cop and vP811 in ΔTRIM25 and control cells 

The raw data for the virus growth curves combined in Figure 5.19 B and C. Viral titers 

from HeLa cells with or without TRIM25 were infected with VACV-Cop (A to D) or vP811 

(E to H) at a MOI of 0.03 for the indicated times in each repeat experiment. The generation 

of TRIM25 knock-out HeLa cells was performed by me, and the growth curves were 

performed by Summer Smyth. 
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5.3 Summary and discussion 

In this chapter, we identified and quantified diGly peptides to study how the Ub system 

is involved in VACV infection at early time points (206, 207) (Figure 5.1). There were 

1753 distinct diGly peptides identified from the three independent experiments (Table 5.1), 

of which 57 cellular diGly peptides were found enriched in VACV-infected HeLa cells 

(Figure 5.2), 9 diGly peptides were identified from TRIM25 (Figure 5.4). We further 

observed TRIM25 HMW species after VACV-Cop infection, and a decrease in anti-

TRIM25 immunoreactive bands by western blotting (Figure 5.7A and B). Additionally, an 

increase in the HMW species of TRIM25 was also observed in anti-conjugated Ub IPs from 

VACV-Cop infected cells (Figure 5.9B). The decrease of TRIM25 was modestly rescued 

by proteasome inhibitor (MG132) treatment (Figure 5.8). This suggests that some of the 

ubiquitylated TRIM25 was degraded through UPS, but it cannot be ruled out that 

ubiquitylated TRIM25 may have some non-degradative function. For example, many 

potential ubiquitylation sites localized in the B-box domain and the coiled-coil domain 

(Figure 5.6). Since these domains are critical for the oligomerization and activation of 

TRIM25 (214, 220, 225-227), these modifications may inhibit TRIM25 function by 

impairing its oligomerization. 

The majority of diGly peptides are generated from trypsin digested ubiquitylated 

proteins, whereas a small fraction (< 6%) can be produced by proteins modified with other 

small Ub-like proteins, such as NEDD8 and ISG15 (206, 223). Thus, we used neddylation 
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E1 protein inhibitor (MLN4924) to treat cells and then found the VACV infection still 

induced HMW TRIM25 in HeLa cells (Figure 5.12). In contrast, the E1 Ub-activating 

enzyme inhibitor (TAK-243) treatment significantly inhibited the HMW TRIM25 

formation in VACV-infected cells (Figure 5.10). These results indicated that TRIM25 

HMW were not neddylated. However, we cannot rule out the possibility that it was 

ISGylation, and this would require further investigation in future studies. 

To investigate what induced the TRIM25 ubiquitylation during VACV infection, we 

inhibited de novo protein synthesis by CHX treatment. A modest decrease in the 

immunoreactive bands of TRIM25 was observed in VACV-infected cells treated with CHX 

(Figure 5.13). UV-inactivated virus also induced the formation of HMW TRIM25 (Figure 

5.14). The infection with VACV with large deletions (vP811, vP759, and vP798) showed 

that a gene(s) located in either arm of VACV genome is sufficient to induce TRIM25 HMW 

(Figure 5.18).  

Other strains of VACV and members of OPV also induced the HMW TRIM25 during 

infection (Figure 5.16). The ubiquitylation of TRIM25 was not only observed in HeLa 

cells but also in 293T cells (Figure 5.17). Therefore, ubiquitylation of TRIM25 could be a 

general response to multiple poxvirus infections. However, knocking-out TRIM25 did not 

affect virus replication (Figure 5.19). This is not surprising, given that many poxviral 

proteins inhibit anti-viral signalling pathways downstream of TRIM25. Such possibilities 

will be further discussed in the general discussion section. 
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Chapter 6: Overall discussion and future directions 

Parts of this chapter of this thesis have been published in: 

“Jianing Dong, Patrick Paszkowski, Dana Kocincova, Robert J. Ingham. Complete deletion 

of Ectromelia virus p28 impairs virus genome replication in a mouse strain, cell type, and 

multiplicity of infection-dependent manner. Virus Research. 323 (2023) 198968, doi: 

10.1016/j.virusres.2022.198968.” 

And the manuscript: 

“Jianing Dong, Shu Luo, Summer Smyth, Grace Melvie, Olivier Julien, Robert J. Ingham. 

Characterizing changes in protein ubiquitylation during vaccinia virus infection.” (Under 

review, manuscript # JVI00430-24) 
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6.1 General conclusions and thesis overview 

In this thesis, I have studied how poxvirus encoded E3 Ub-ligases function during 

poxvirus infection and examined protein ubiquitylation early after poxvirus infection. In 

Chapter 3, I determined the role of p28, a poxvirus encoded E3 Ub-ligase, during ECTV 

replication. Our p28 knock-out ECTV (ECTV-Δp28) exhibited severely impaired virus 

production in a mouse strain, cell type, and MOI-dependent manner. Genome replication 

of ECTV-Δp28 was drastically inhibited in PMs from susceptible strain A mice infected at 

low MOI infection. I will further discuss the impact of the differences in MOI and cell type 

on virus replication, as well as the steps p28 is involved in poxvirus replication in the 

following sections. In Chapter 4, I expressed a FLAG-tagged p28 protein with a fusion Ub 

moiety (UBAITs) in VACV-infected cells to develop a tool to trap p28 substrate proteins. 

In addition, I purified recombinant His-p28 and examined the interaction between p28 and 

VACV hairpin DNA. I will further discuss the ways to utilize these tools in the future.  

To further elucidate how poxviruses affect protein ubiquitylation early after VACV-

Cop infection, in Chapter 5, we identified and quantified diGly peptides in cells with or 

without VACV-Cop infection at 4 hpi. These included 9 peptides associated with TRIM25, 

a cellular E3 Ub/ISG15-ligase. The HMW species of TRIM25, most likely ubiquitylated 

TRIM25, were observed in HeLa cells infected with VACV-Cop and their formation 

required a gene(s) in either arm of the VACV-Cop genome. In this chapter, I will discuss 

some other diGly peptides whose abundance was significantly changed after VACV-Cop 
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infection. Furthermore, I will discuss potential viral gene(s) that could induce TRIM25 

ubiquitylation and the consequences of TRIM25 ubiquitylation on virus infection. 

6.2 Investigating the role of p28 during ECTV replication 

p28 is a poxviral E3 Ub-ligase and functions as a context-specific virulence factor. To 

further investigate the function of this enigmatic protein, in Chapter 3, we completely 

deleted p28 gene from ECTV and generated ECTV-Δp28 (Figure 3.1). The replication of 

ECTV-Δp28 was not significantly inhibited in many cell lines, including African green 

monkey kidney cell line, BSC-40 cells (Figure 3.4), and cell lines from susceptible strain 

A mice, YAC-1 cells (Figure 3.8A) and Neuro-2a cells (Figure 3.8B). In addition, the 

replication of ECTV-Δp28 was not severely impaired in BMDM from susceptible strain A 

mice (Figure 3.8C). However, in PMs from susceptible strain A mice, deletion of p28 

resulted in a severe impairment in virus production at low MOI (MOI 0.03) infection 

(Figure 3.5B), but not at high MOI (MOI 3) infection (Figure 3.5A). A similar phenotype 

was also observed in PMs from another susceptible mouse strain, BALB/c mice, at low 

MOI infection (Figure 3.9A). Interestingly, virus production was not impaired by p28 

deletion in PMs from C57BL/6 mice (Figure 3.9B), a resistant mouse strain. Further 

experiments indicated that deletion of p28 impaired virus genome replication and late gene 

expression in strain A PMs infected at low MOI (Figure 3.11 and 6.1).  
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Figure 6.1 Model for the role of p28 during ECTV infection in PMs from strain A mice 

at low MOI infection 

Following entry into PMs from strain A mice, the ECTV virus core is released into the 

cytoplasm. Cells infected with both ECTV and ECTV-Δp28 showed expression of viral 

protein, EVM056 (VACV I3), suggesting that p28 deletion does not inhibit virus entry. 

However, the absence of p28 significantly impaired viral genome replication and late 

protein expression. Therefore, p28 is essential either during viral genome replication or 

virus genome uncoating.  
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6.2.1 MOI dependence 

An intriguing difference between our findings and those of the Buller group was a 

difference in the requirement for p28 in virus production at high MOI. The RING domain-

deleted p28 virus was compromised in virus production, factory formation, and genome 

replication in strain A PMs infected at high MOI (MOI 5) (154). In contrast, we found very 

little defect at high MOI (MOI 3), but a severe impairment when cells were infected at low 

MOI (MOI 0.03) (Figure 3.6 and 3.7C). We postulate that two reasons could account for 

this difference. Whereas we generated a complete p28 knock-out, the Buller group 

disrupted the p28 RING domain by exchanging it with a gpt cassette. Whether this 

disrupted gene resulted in a truncated protein consisting of the N-terminal KilA-N domain 

was not investigated (154). This putative truncated protein may retain some activity which 

could explain the observed differences. However, in CPXV, a complete deletion of p28 and 

a truncated mutant lacking the p28 RING domain exhibited a comparable growth defect 

(160). This suggests that, at least in J774A.1 macrophages infected with CPXV, a RING 

deletion mutant is comparable to a complete knock-out. Alternatively, the differences could 

be related to differences in calculated titers. We were unable to obtain the Buller lab’s virus 

or determine how to accurately generate their virus to test which of these possibilities is 

correct. Nonetheless, it is important to note that both studies demonstrate p28 is important 

for virus factory formation and genome replication in strain A PMs. 

It is unclear why the requirement for p28 is MOI-dependent, but a similar phenomenon 
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has been observed in human cytomegalovirus (HCMV). Deletion of HCMV genes that 

encode for the regulatory viral tegument proteins, ppUL35 (228) or ppUL69 (229), resulted 

in a defect in virus production that was dependent on MOI. These proteins are involved in 

immediate early gene transcription, and it was argued that redundancy amongst tegument 

proteins may compensate for the loss of a single protein (230). While p28 is not present in 

the virion (154), we hypothesize that at high MOI, a protein(s) present in virus particles 

and/or a product of an early gene(s) may be able to compensate for loss of p28. In support 

of this notion, functional redundancy has been described for the 68 kDa ANKR/F-box 

protein (68-ank) (OPG203) VACV E3 Ub-ligase substrate adapter. Liu et al. showed that 

deletion of 68-ank in modified VACV Ankara resulted in a virus uncoating and DNA 

replication defect (80). Intriguingly, the deletion could be rescued by either the BTB/Kelch 

substrate adapter, C5 (OPG30), or the poxviral immune evasion (PIE) superfamily member, 

M2 (OPG38), both of which are structurally unrelated to 68-ank. Thus, there may be a 

similar redundancy with respect to the function of p28 where another ECTV protein(s) 

compensates for loss of p28 during high MOI infection. 

6.2.2 Cell-type specificity 

We also further investigated the apparent cell-type specificity requirement for p28. 

Similar to previous reports (154), we found that loss of p28 minimally affected ECTV 

replication in cell lines derived from strain A mice (Figure 3.8 A and B). Moreover, we 

found that deletion of p28 did not significantly compromise virus production in BMDMs 
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derived from this mouse strain (Figure 3.8C). This suggests that there is a particular 

requirement for p28 to infect PMs at low MOI, which is supported by our findings that the 

loss of p28 also impaired virus production in PMs isolated from the BALB/c susceptible 

mouse strain (Figure 3.9A). We did not see this effect in PMs isolated from the resistant 

C57BL/6 mouse strain (Figure 3.9B), further demonstrating that p28 is required in strain 

A-specific manner. More recently, deletion of p28 from CPXV also resulted in a strong 

genome replication defect in rat PMs infected at a MOI of 0.1 (160). However, contrasting 

with the data of the Buller group (154), deletion of p28 from CPXV impaired virus genome 

replication in the RAW 264.7 macrophage cell line (160). Thus, the function of p28 may 

also differ between poxviruses. An alignment of p28 protein sequences from several OPVs 

demonstrated a high degree of sequence similarity between homologues (Figure 1.10). 

Nonetheless, several amino acids differ between the ECTV and CPXV p28 sequences, 

particularly within the KilA-N domains, which could impart functional differences on these 

proteins. 

Although we observed the greatest effect of loss of p28 in PMs, it is not clear how 

relevant PMs are to the natural infection of mice with ECTV. ECTV infection is thought to 

occur primarily through microabrasions in the skin, particularly on the footpad (45). It was 

suggested that infection of macrophages at the site of infection are required to disseminate 

the virus to the spleen and liver, where ECTV further replicates and ultimately results in 

the death of susceptible mouse strains (154). Consistent with this idea, ECTV p28 was not 
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required for virus replication at the site of infection in strain A mice, but it was important 

for dissemination to the spleen and liver (158). CPXV p28 was also argued to facilitate 

CPXV spread via infection of macrophages (160). 

6.2.3 Future directions: Is p28 involved in virus uncoating? 

The most important unaddressed question with respect to p28 is its function during 

infection. Our data is consistent with previous suggestions that p28 functions before or at 

the time of genome replication (154). Since EVM056 (VACV I3) was expressed in strain 

A PMs infected with the p28 knock-out virus at low MOI (Figure 3.11A), the processes of 

virion binding and entry do not appear to be inhibited by p28 deletion. At about 2 hpi, virus 

uncoating occurs which releases viral genomic DNA for replication and allows 

transcription of intermediate/late genes (231). Moreover, virus intermediate/late gene 

expression is dependent on genome replication (232). Given that we observe a defect in 

both genome replication and late gene expression, it is likely that p28 plays a role in 

enabling virus uncoating or DNA replication. Therefore, our future work will be focused 

on determining whether ECTV-Δp28 virus is deficient in virus uncoating in PMs from 

susceptible mice (Figure 6.1). Of note, the VACV ANKR/F-box substrate adapter, C9, 

regulates virus uncoating and DNA replication by targeting IFIT proteins for proteasomal 

degradation (134, 135). In addition, cellular Cul3 is required for virus uncoating, arguing 

that viral and/or cellular BTB/Kelch proteins are involved in this process (84). Thus, other 

than p28, there are multiple examples of poxviral E3 Ub-ligases involved in the early steps 
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of virus infection.  

6.3 Developing tools to investigate substrates and DNA binding properties of p28 

p28 is a critical virulence factor during poxvirus infection in susceptible mice (158). 

The RING domain of p28 is essential for virus replication in macrophages from susceptible 

mice (160) suggesting the E3 Ub-ligase activity may be crucial for poxvirus infection. Thus, 

identify the substrates of p28 is essential to understand the role of p28 during poxvirus 

infection. I showed that expressing FLAG-p28-Ub in poxvirus infected cells allowed me 

to capture potential substrates of p28 (Figure 4.4). In addition, previous studies suggest 

p28, including full length p28 and a truncated p28 with a KilA-N domain, binds DNA (155-

157). To further investigate the interactions between p28 and viral DNA, I purified His-

p28 from BEVS (Figure 4.9). The E3 Ub-ligase activity of the purified protein was 

examined by auto-ubiquitylation assay (Figure 4.12). EMSA assays showed that purified 

His-p28 was associated with viral hairpin DNA (Figure 4.13). However, we did observe 

binding between hairpin DNA and proteins that we would not be predicted to bind DNA 

(Figure 4.13). These results indicate that the binding of His-p28 to DNA requires further 

investigation to determine whether the interaction between His-p28 and viral hairpin DNA 

is specific in this assay.   

6.3.1 UBAITs 

To trap potential substrate proteins of p28, I constructed a plasmid, pSC66-FLAG-

p28-Ub, to express FLAG-p28-Ub during poxvirus infection. Fusion expression with Ub 
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did not affect the properties and functions of p28. Like p28, FLAG-p28-Ub was expressed 

in VACV-Cop-infected HeLa cells and localized to virus factories (Figure 4.2 and 4.3). 

Furthermore, FLAG-p28-Ub enriched conjugated Ub into poxvirus factories similar to 

FLAG-p28 (151, 153) (Figure 4.3). To capture the potential substrate proteins of p28, I 

purified them by anti-FLAG IP. The HMW species, likely formed by the proteins 

covalently bonded with FLAG-p28-Ub, were observed in the western blotting with anti-

FLAG Ab (Figure 4.4B). It is worth noting that UBAITs can also trap proteins that do not 

form a covalent bond but are only associate with them (177). In this study, I also observed 

Hsp70 associated with FLAG-p28-Ub without an increase in Hsp70 molecular weight, 

suggesting Hsp70 interacted with FLAG-p28-Ub without forming a covalent bond (Figure 

4.5). It should also be noted that proteins captured by UBAITs are not necessarily substrates. 

For instance, Psh1 is an E3 Ub-ligase which has a RING domain at the N terminus (233). 

The Psh1 UBAITs trapped the substrate of Psh1, Cse4 (233), as well as other proteins 

including Spt16, which are not substrates but associated with Psh1 (177). Thus, proteins 

trapped by p28 UBAITs can be substrates also proteins that associated with p28. In the 

future, a larger scale UBAITs experiment will be performed to identify these FLAG-p28-

Ub captured proteins by mass spectrometry. 

6.3.2 E. coli and BEVS 

I tried to purify recombinant p28 and its isolated domains, which would help us to 

investigate how p28 binds DNA and characterize substrates of p28. Two protein expression 
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systems, E. coli and BEVS, were utilized to express p28 and its isolated domains. 

Unfortunately, little soluble GST-tagged p28 protein or isolated domains were expressed 

by E. coli (Figure 4.7). While, His-tagged p28 was expressed by and successfully purified 

from BEVS (Figure 4.9 and 4.11). This difference may be due to advantages of the 

eukaryotic cell expression system. For example, expressing His-p28 in baculovirus 

infected insect cells, Sf9 cells, allows eukaryotic post-translational modifications of the 

His-tagged proteins (182, 183). Furthermore, given the DNA-binding properties of p28 

(155-157), the protective nuclear membrane in eukaryotic cells may reduce the possibility 

of target proteins binding to cellular DNA compared with prokaryotic bacteria. This may 

also be the reason why the growth of insect cells was inhibited when they were infected 

with baculoviruses expressing the smaller protein, His-KilA-N, whose smaller molecular 

weight may translocate in the nucleus passively through the nucleus membrane (234) and 

bind to the cellular DNA (Figure 4.10A). A similar result was also observed when GST-

KilA-N expression was induced in E. coli (Figure 4.7B). Since the isolated domains of 

p28 were not successfully purified from both E. coli and BEVS, purification of full length 

His-p28 with mutations in the KilA-N domain will be an alternative strategy to study p28 

KilA-N domain functions.  

6.3.3 Future directions: how does p28 bind DNA? 

It was reported that p28 has the ability to bind DNA (155-157). I examined the 

interaction of purified His-p28 and viral hairpin DNA by EMSA assay. The results showed 
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His-p28 binds to poxviral hairpin DNA, which has both ssDNA and dsDNA structure (53) 

(Figure 4.13). However, the experiment requires improvement to avoid non-specific 

binding between protein and DNA. It is still unclear whether p28 binds a specific DNA 

structure, such as ssDNA and dsDNA. Given that OPV genomes are AT-rich (46, 54), it is 

also worth investigating whether p28 specifically binds to viral DNA. In addition, the KilA-

N homologues, APSES in S. cerevisiae and C. albicans binds 5’-ATGCAT-3’, whereas 

other fungal APSES prefer 5’-ACGCGT-3’ (235), suggesting the KilA-N domain of p28 

may specifically recognize a DNA sequence. Future work will also focus on examining 

whether p28 binds these DNA sequences specifically. 

It is most likely that p28 binds to DNA through the KilA-N domain. However, more 

experiments are needed to determine the DNA binding motif of p28. Since I cannot purify 

the isolated domains of p28 from both E. coli and BEVS (Figure 4.7 and 4.11), purified 

His-p28 with mutations in p28 KilA-N domain will be useful to answer this question and 

identify the residues on the KilA-N domain, which are responsible for DNA binding. 

Additionally, determining whether mutant p28 can rescue the replication defects of ECTV-

Δp28 in PMs from strain A mice can help us understand if DNA-binding properties are 

critical for p28 function. Furthermore, these purified p28 proteins can be used to test the 

interactions with potential substrates identified by UBAITs.  
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Figure 6.2 Model for the interactions between p28 and DNA 

To further investigate how His-p28 binds to the hairpin DNA of VACV, whether p28 

preferentially binds to a specific DNA structure will be examined. Due to nucleic acid 

mismatches, the hairpin DNA exhibits both ssDNA and dsDNA structures. Future 

experiments will investigate whether p28 preferentially binds to either of these DNA 

structures. As well, the DNA binding interface of p28 will be determined. The KilA-N 

domain and its homologue, APSES, bind DNA, but the DNA binding interface remains 

unclear. Therefore, variants of p28 with mutations in the KilA-N domain will be purified 

using BEVS, and their DNA binding ability will be examined using EMSA. The structure 

shown in this figure represents APSES domain, adapted from Iyer, L et al. (2002) (156).  
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6.4 TRIM25 and poxvirus infection 

Ubiquitylation is a versatile post-translational modification that is required for 

poxviruses to replicate viral genomes and evade the host immune response (82, 106, 236). 

At the same time, both degradative and non-degradative protein ubiquitylation are critical 

components of the innate immune responses to infection (236). In this chapter, we took a 

proteomics approach to examine changes in protein ubiquitylation early after VACV 

infection (Figure 5.1). Our results showed that, in addition to viral proteins, the 

ubiquitylation of many host proteins was altered during infection (Figure 5.2). We found 

that ubiquitylation (Figure 5.9), and probable degradation (Figure 5.7A and 5.7B), of the 

cellular E3 Ub/ISG15-ligase, TRIM25, was induced by infection with VACV and other 

OPVs early after infection (Figure 5.16). We observed that TRIM25 is ubiquitylated in an 

E1 Ub-activating enzyme-dependent manner early after infection (Figure 5.10 and 6.3) 

The ubiquitylation of TRIM25 was highly dependent on de novo protein synthesis (Figure 

5.13 and 6.3). Moreover, a gene(s) in either arm of the VACV-Cop genome is sufficient to 

promote the formation of these species (Figure 5.18 and 6.3). Taken together, this study 

has revealed novel information about how the UPS is altered during poxvirus infection. 
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Figure 6.3 Model for TRIM25 ubiquitylation in poxviral infected cells 

VACV-Cop infection induces TRIM25 ubiquitylation and degradation in infected HeLa 

cells. This is largely dependent on de novo protein synthesis and E1 activity at the time of 

infection. Moreover, a gene(s) located on either arm of the VACV-Cop genome is required 

for the formation of HMW TRIM25 species.  
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6.4.1 Proteins associated with the identified diGly peptides 

To further investigate how the UPS is engaged early during poxvirus infection, we 

purified and identified diGly peptides using the diGly enrichment approach (206, 207). We 

were most interested in cellular diGly peptides that change in abundance during infection 

and were particularly struck by the number of diGly peptides from proteins previously 

implicated in poxvirus infection. For example, an IFIT1 and/or 5 diGly peptide was found 

exclusively in VACV-Cop-infected cells (Figure 5.2). The IFITs are a family of anti-viral 

factors that are induced by interferon and can inhibit the transcription of viral RNAs via a 

number of mechanisms (237). IFITs are recognized by the VACV C9 E3 Ub-ligase 

ANKR/F-box substrate adapter, and Ub-mediated degradation of these proteins is 

important for poxvirus infection (135). Intriguingly, several of the enriched diGly peptides 

were from proteins shown to play a role in poxvirus infection. For example, we identified 

5 diGly peptides for the RACK1 scaffolding protein, of which one (K175), was exclusively 

found in VACV-Cop-infected cells (Figure 5.2). RACK1 performs many functions one of 

which is to regulate translation as a component of ribosomes (209, 238). RACK1 is 

phosphorylated by the VACV-encoded B1 kinase to selectively increase translation of viral 

RNAs (239). Of note, RACK1 protein levels did not decrease in VACV-WR-infected 

HFFF-TERT cells (Figure 5.5) (171) suggesting that modification of RACK1 on K175 

may perform a regulatory rather than a degradatory function. Likewise, our results suggest 

that ubiquitylation of CDK2 in VACV-Cop-infected cells could also serve a non-
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degradative function (Figure 5.7C and D).  

6.4.2 OPVs induce TRIM25 ubiquitylation 

The most intriguing observation from our diGly enrichment experiments was the 

number of TRIM25 diGly peptides either enriched for or exclusively found in VACV-Cop-

infected HeLa cells (Figure 5.2). Of note, a study using diGly enrichment to identify 

ubiquitylated proteins in mature CPXV virions with a limited examination of cellular 

protein ubiquitylation during CPXV infection of HeLa cells identified diGly peptides from 

TRIM25 and several other proteins identified in our study (83). We observed HMW 

TRIM25 species as early as 1 h after VACV-Cop infection (Figure 5.6), and HMW species 

were observed in cells infected with other VACV strains (Figure 5.15) and all other OPVs 

examined, except for ECTV (Figure 5.16). These HMW TRIM25 species persisted 

throughout infection and likely represent mono- and di-ubiquitylated forms of TRIM25 

that are likely not degraded. Moreover, we observed a decrease in total TRIM25 levels in 

HeLa cells infected with all poxviruses examined, even as early as 4 hpi. In addition, we 

found that MG132 treatment modestly enhanced TRIM25 levels (Figure 5.8) consistent 

with data suggesting that some TRIM25 is degraded via the proteasome during VACV 

infection (Figure 5.5) (171). However, we cannot rule out that the decrease in anti-TRIM25 

immunoreactive bands in infected cells may be due to the anti-TRIM25 Ab having reduced 

affinity for the modified protein. Moreover, since poxvirus infection leads to a shut-down 

of host translation (240), reduced TRIM25 levels is also likely due to decreased TRIM25 
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translation, especially at the later stages of infection.  

The trypsin digestion of proteins modified by the Ub-like proteins, ISG15 and NEDD8, 

also generates diGly motifs (223). Since the formation of HMW TRIM25 species was not 

inhibited in cells treated with neddylation E1 inhibitor (Figure 5.12B), this argues these 

HMW species are not neddylated forms of the protein. In addition, specific ISGylation 

inhibitors are not available to our knowledge. Thus, we cannot rule out that HMW TRIM25 

species may also represent ISGylated forms of TRIM25.  

Using large deletion strains of VACV-Cop we were able to determine that a gene(s) in 

either end of the genome is sufficient to induce TRIM25 HMW species (Figure 5.16A). 

This observation is perhaps not surprising given that poxviruses have many duplicated 

genes at the ends of their genomes (241). Examining the genome of VACV-Cop we found 

9 duplicated genes in common between the two arms that are deleted in vP811. However, 

it may not be a duplicated gene that is responsible as completely unrelated proteins have 

been shown to have redundant functions in VACV (134). Intriguingly, there are two 

ANKR/F-box substrate adapters missing in the deletions in the left (C9L) and right (B18R) 

arms of vP811 which could be mediating TRIM25 ubiquitylation.  

6.4.3 Future directions: Does TRIM25 ubiquitylation affect virus infection? 

An unaddressed question in this study is the consequence of TRIM25 ubiquitylation 

in poxvirus infected cells. The most likely scenario is that TRIM25 ubiquitylation targets 

the protein for degradation which inhibits activation of RIG-I and other innate immune 
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signalling events mediated by TRIM25. Many viruses interfere with TRIM25 activation of 

RIG-I. For example, the influenza A virus NS1 protein binds to the TRIM25 coiled coil 

domain (218). This blocks TRIM25 from multimerizing and ubiquitylating RIG-I thereby 

blocking RIG-I signalling (218). Similarly, the SARS-CoV nucleocapsid protein binds the 

TRIM25 PRY/SPRY domain and inhibits TRIM25 from interacting with and ubiquitylating 

RIG-I (219). Other viruses use alternative strategies to interfere with TRIM25-mediated 

activation of RIG-I. For example, the Epstein-Barr virus protein, BPLF1, forms a complex 

with TRIM25 and 14-3-3 proteins (220). This induces the auto-ubiquitylation of TRIM25 

and sequesters TRIM25 away from RIG-I (220). Regardless of whether and how 

ubiquitylation impacts TRIM25 function, our findings show that knocking out TRIM25 in 

HeLa was not sufficient to enhance the growth rate of VACV-Cop or vP811 (Figure 5.19). 

We think this result is not surprising given that poxviruses have several strategies to 

suppress anti-viral signaling pathways downstream of TRIM25. For example, VACV C6 

inhibits IFN expression by blocking IRF3 activation and nuclear translocation during 

poxvirus infection (242). IRF3 activation is also inhibited by the VACV N1 protein 

interacting with the IKK complex and suppressing NF-κB signalling (243). NF-κB 

signalling is also inhibited by VACV A49 mimicking cellular IκBα and preventing IκBα 

degradation, thereby blocking the nuclear translocation of p65 NF-κB (34, 244). Thus, 

additional mechanisms possessed by poxviruses to inhibit signalling events downstream of 

TRIM25 are very likely compensating for the loss of TRIM25. 
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Future work will focus on identifying the gene(s) responsible for inducing TRIM25 

ubiquitylation and determining the consequence of this ubiquitylation on TRIM25 function. 

Finally, we plan to investigate other proteins with enriched diGly peptides to examine 

whether and how ubiquitylation of these proteins benefit poxviruses. 
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