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ABSTRACT 

 

ASHTON T. McKINNON 

MANIPULATION OF THE SUMO ACTIVATING ENZYME (SAE) BY THE VIRAL 

ONCOPROTEIN, LMP1 

Under the direction of: GRETCHEN BENTZ, PhD 

 

As a ubiquitous virus, Epstein-Barr virus (EBV) infects 95% of the global population. 

Although typically asymptomatic, its latency has been shown to cause a variety of different types 

of cancers, such as Burkitt’s lymphoma and Hodgkin’s lymphoma. Latent Membrane Protein-1 

(LMP1) has been shown to be the principle oncoprotein of EBV by facilitating dysregulation of 

many pathways through both direct interactions and downstream modulation. This project 

focuses on the direct interactions of LMP1 with the SUMOylation process. SUMOylation is 

characterized by the addition of a Small Ubiquitin-like Modifier (SUMO) to a target protein. 

This helps to facilitate cellular growth and proliferation, protein stabilization and turnover, 

amongst other cellular processes. We hypothesize that LMP1 directly manipulates the SUMO 

Activating Enzyme/SUMO E1 (SAE) through a variety of mechanisms. This project investigates 

the interactions of SAE and LMP1 utilizing immunoprecipitations. Our results show that SAE 

modulation occurs through interactions in a C-Terminal Activating Region (CTAR) -2 dependent 

manner. Another aspect is understanding the effect LMP1 has on SAE stabilization. This is done 

by treating LMP1-expressing cells and non-expressing cells with cycloheximide over a set time 

course. Western blot data shows a steady decrease in the amount of SAE present in non-LMP1-

expressing cells, while SAE remains relatively stable in LMP1-expressing cells. Lastly, the lab is 
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interested in how LMP1 affects protein trafficking. This utilizes immunofluorescence to tag 

proteins of interest in whole cells and visualize them using confocal microscopy. In addition, we 

use cellular compartmentalization to detect cytosolic and nuclear proteins in comparison to 

whole cell lysates. Immunofluorescence results show more SAE present in the cytosol of LMP1-

expressing cells, while in negative counterparts, we see SAE primarily in the nucleus. This is 

confirmed in western blot data from compartmentalization experiments. Our findings suggest 

that LMP1 is capable of interacting with a variety of different proteins, including direct 

interactions with enzymes involved in the SUMOylation process, specifically SAE. Future work 

aims to elucidate how LMP1 can affect other enzymes in the SUMOylation process.  
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CHAPTER 1  
 

INTRODUCTION 
 

Epstein-Barr virus (EBV) is a ubiquitous gammaherpesviruses that infects approximately 

95% of the global population (Kempkes and Robertson 2015). The virus was first identified as a 

herpesvirus by electron microscopy in specimens taken from African children with Burkitt’s 

lymphoma. Serological studies revealed the virus differed from the three previously discovered 

herpesviruses (HSV-1, HSV-2, and VZV). EBV possesses a linear genome with double-stranded 

DNA composed of approximately 175 kilobases and over 85 different genes (Li, et al. 2013). The 

genome contains small terminal repeats that aid in the circularization of the genome during viral 

latency (Raab-Traud and Flynn 1986). The DNA is surrounded by an icosahedral nucleocapsid, 

protein tegument, and an outer envelope derived from the host which contains various 

glycoproteins involved in viral binding to host cells (Smatti, et al. 2018). 

The virus is transmitted by saliva and other bodily fluids. Once inside the host, viral 

particles spread to Waldeyer’s ring and begin to infect the oral epithelium. From here, the virus 

will further infect underlying lymphoid tissue, specifically naïve B cells (Duca, et al. 2007). This 

occurs through viral glycoprotein binding of gp350 to CD21. After binding occurs, the viral 

envelope will fuse with the host cell membrane using various glycoproteins (Li, et al. 1995). One 

of particular note is gp42, which binds to major histocompatibility complex II, MHC II, on the 

surface of the B cell. In this way, B cells will sequester gp42 viral particles. The released virions 

will be able to infect mucosal epithelial cells due to the lack of MHC II and gp42 (Sathiyamoorthy, 

et al. 2016). More virions are produced by these epithelial cells and can be released to infect more 

naïve B cells, as epithelial cells do not sequester gp42 in the way B cells do. Once the B cells have 

been infected, latency can begin. For this, the viral genome will circularize resulting in an episome 



2 
 

that can be replicated during the normal life cycle, however, infectious virus is not produced due 

to a specific subset of viral proteins (Drouet 2019). 

Primary EBV infection is often asymptomatic, but in some adolescents and young adults, 

it can result in infectious mononucleosis (Cohen 2000), which is characterized by swollen lymph 

nodes with white patches and accompanying symptoms such as fever, fatigue, and pharyngitis 

(Ishii, et al. 2019). The accompanying symptoms are due to the host’s T cell response to viral 

replication of infected B cells. This is often misdiagnosed as a Streptococcus infection, where 

antibiotic treatment results in a diffuse rash on the body (Thompson and Ramos 2016). The normal 

asymptomatic nature of the virus is due to its ability to establish life-long latency in the B cells of 

the host and the ability of the host’s immune system to keep these latently infected cells in check 

(Drouet 2019). During this latency, few viral proteins are expressed, and new infectious virus is 

not made. Instead, the viral DNA episome is only duplicated during mitosis, with one episome 

going into each daughter cell. Periodically, the virus may be reactivated in the latently infected B 

lymphocytes, which results in lytic replication and the production of new infectious virus. 

There are four identified latency programs for EBV, Types 0, I, II, and III. These programs 

are categorized by what genes the virus may be expressing at a given time. This also corresponds 

to distinctive malignancies under each latency program (Kempkes and Robertson 2015). Type 0 

latency represents an antigen-negative form of viral infection. Here, viral gene expression is turned 

off (Shannon-Lowe and Rickinson 2019). Type I latency is primarily seen in Burkitt’s lymphoma, 

and only EBV Nuclear Antigen-1 (EBNA1) is expressed. Type II latency is detected in Hodgkin’s 

lymphoma, gastric carcinoma, and epithelial carcinomas, such as nasopharyngeal carcinoma. In 

this latency program viral proteins, EBNA1, Latent Membrane Protein (LMP)-1 and 2A/B are 

expressed. LMP1 is noted to be the principle oncoprotein associated with cellular transformation, 
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migration, proliferation, and invasion observed in EBV-associated malignancies (Garcia, et al. 

2021). Type III latency is observed in immunoblastic lymphomas and AIDS-associated central 

nervous system lymphomas. Here, EBNA1, 2, 3A/B/C and LMP1/2A/B are expressed (Kempkes 

and Robertson 2015).  

Following EBV infection of B cells, the virus progresses through the different latency 

programs. It begins in latency type III, which will activate B cells, allowing them to migrate to 

follicles and move to type II latency through germinal interactions. The B cells are transformed 

into resting memory B cells and can exit the follicle once the virus enters type 0 latency. Here, 

viral gene expression is turned off, until the division of B cells. At which point, the virus transitions 

to type I latency. These B cells can travel back to the oral epithelium and undergo plasma-cell 

differentiation to trigger viral replication and subsequent viral infection of other cells (Young and 

Rickinson 2004; Thorley-Lawson and Allday 2008). 

EBV reactivation in B cells often occurs with antigen stimulation of receptors following 

cellular stresses such as inflammation and oxidative stress, amongst others (Li, et al. 2016). The 

virus produced in the reactivated B cells can then lytically infect and replicate within epithelial 

cells and virus is shed into the saliva (Verma, Church, and Swaminathan 2021). The immediate 

early proteins, Zta and Rta, are the primary transactivators for EBV reactivation of the virus. These 

immediate early proteins are transcribed from the viral genes, BZLF1 and BRLF1, respectively 

(Li, et al. 2016). Zta dysregulates the cell cycle, interfering with the cell cycle machinery, including 

p53, and cyclin dependent kinase (CDK) inhibitors (Guo, et al. 2010). Rta manipulates the 

progression of the cell cycle into S phase (Guo, et al. 2010). In addition to manipulation of the cell 

cycle, both Zta and Rta function to induce the cascade of lytic viral gene expression and promote 

EBV replication. Zta binds to the lytic origin of replication, oriLyt, to function as a replication 
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factor (Li, et al. 2016). It also activates the expression of lytic genes by binding their respective 

promoters. Similarly, Rta functions as a transactivator of multiple early genes that encode for 

proteins necessary to replicate the viral DNA, such as polymerases (Li, et al. 2016). 

A third viral protein documented to facilitate EBV replication and entry into the lytic cycle 

is LMP1, the principle oncoprotein carried by EBV. LMP1 is vitally important for B cell 

transformation and proliferation as well as the maintenance of viral latency. LMP1 mimics CD40, 

from the Tumor Necrosis Factor Receptor (TNFR) family of proteins, which is recognized as being 

an activator of B cells (Dirmeier, et al. 2005). However, unlike CD40, LMP1 is constitutively 

active, and its activation is ligand independent (Dirmeier, et al. 2003). Structurally, the protein 

consists of a short cytoplasmic N-terminal domain, six transmembrane domains, and perhaps more 

notably, three cytoplasmic C-Terminal Activating Regions, CTARs, that make up the C-terminal 

tail (Figure 1) (Bentz, Whitehurst, and Pagano 2011). The N-terminal domain and transmembrane 

domains are primarily utilized in stabilization and orientation of the protein within the cell 

membrane (Dirmeier, et al. 2003). The three CTARs contribute to the oncogenic potential of the 

protein through interactions with various signaling pathways (Bentz, et al. 2019). This signaling 

can be through direct interactions or downstream modulation. CTAR1 and CTAR2, play a role in 

interacting with TNFR-Associated Factors (TRAFs) and TNF-Associated Death Domains 

(TRADDs). The downstream events of these interactions lead to the activation of MAPK, AKT, 

NF-κB, and JNK pathways. Various genes can then be upregulated by these transcription factors 

to cause dysregulation of the cell cycle, cellular apoptosis, and cellular proliferation (Nkosi, et al. 

2018). CTAR3 was first identified to interact with Jak3, resulting in the activation of the 

JAK/STAT pathway that aids in the production of cellular growth factors and cytokines involved 

in immune system modulation; however subsequent studies contradicted these findings. 
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 In 2011, the first function of CTAR3 of LMP1 was reported. LMP1 hijacks Ubc9, the 

conjugating enzyme for Small Ubiquitin-like Modifier (SUMO). This interaction increases the 

SUMOylation of cellular proteins and contributes to LMP1 induced cellular migration (Bentz, et 

al. 2011). Additional studies found that LMP1 regulates the SUMOylation of KRAB Associated 

Protein (KAP1), which normally functions as a repressor of transcription. This interaction aids in 

viral latency due to the ability of SUMOylated KAP1 binding to and repressing the promoters of 

Zta and Rta, which inhibits viral reactivation (Bentz, et al. 2015). CTAR3 also cooperates with 

CTAR2 to aid in the SUMOylation of Interferon Regulator Factor 7 (IRF7) which is involved in 

innate immune system modulation (Bentz, et al. 2012). While LMP1 directly manipulates multiple 

Figure 1: LMP1-mediated protein interactions and signal transduction events. Summarized work from us and others. 

Original image presented in color. 
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biochemical processes, based on these earlier findings, we have focused on the ability of LMP1 to 

manipulate the SUMOylation process.  

 

SUMOylation is a posttranslational modification similar to its counterpart ubiquitination. 

It is the addition of a small ubiquitin-like modifier (SUMO) to a lysine residue within a target 

protein. There are four different isoforms of the SUMO peptide (Han, et al. 2018). SUMO2 and 

SUMO3 are approximately 95% similar both in structure and function and are often referred to as 

a pair. SUMO1 is approximately 45% similar to SUMO2/3 (Hu and Darvin 2014). These three 

isoforms are found ubiquitously throughout the body. SUMO4 is confined to the kidney, dendritic 

cells, and macrophages (Dohem 2004). While a multitude of cellular proteins can be modified by 

SUMO, only 5-10% of the population of a specific protein is SUMOylated at any given time. 

Furthermore, the effects of SUMOylation persists even after a protein is de-SUMOylated 

(Wilkinson and Henley 2010). 

SUMOylation is one of the more recently discovered posttranslational modifications, and 

there is a substantial amount that is still unknown in regards to its cellular role. Currently, it is 

understood that SUMOylation plays a role in protein-protein interactions, protein-DNA 

interactions, cell cycle signaling, cell survival, cellular DNA damage responses, protein 

stabilization, and protein localization (Magin, Doherty, and Buhrlage 2019). Moreover, these 

responses can by dysregulated by viral proteins, including LMP1, through their interactions with 

the different enzymes involved in the SUMOylation process (Selby et al. 2019; Lowrey, Cramblet, 

and Bentz 2017; Bentz, Whitehurst, and Pagano 2011). More specifically, there has been a strong 

correlation between the amount of global SUMOylation levels in EBV lymphomas in comparison 

to non-EBV lymphomas. These studies report that global SUMOylation levels are increased in 

EBV-positive lymphomas, while EBV-negative lymphomas show relatively low levels of 
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SUMOylation (Salahuddin, et al. 2019). Both Zta and Rta are targets for SUMOylation which 

increases their transactivation ability (Chang, et al. 2004). In addition, certain EBV lytic proteins 

can cause the accumulation of SUMOylated proteins (De la Cruz, et al. 2018). 

The SUMOylation process is quite complex and involves many different enzymes (Figure 

2). To start, the sumo genes are transcribed and translated to form a SUMO pro-peptide. A family 

of SUMO proteases, Sentrin-specific proteases/SENPs, will cleave the C-terminal amino acids 

from the pro-peptide. This will reveal a di-glycine motif to act as a binding region. The now mature 

SUMO is then activated by the SUMO Activating Enzyme, SAE, a heterodimer of SAE1 and 

SAE2. This process involves the cleaving of ATP to form a SUMO-AMP intermediate. In addition, 

SAE will undergo a conformational change to form a transient thioester bond between SAE and 

SUMO via a cysteine residue on SAE2.  

Once the mature SUMO has been adenylated, the conjugation enzyme, Ubc9, will receive 

the transfer of SUMO from SAE via a positively charged, hydrophobic binding pocket. This 

transfer forms a second transient thioester bond between Ubc9 and SUMO via a cysteine residue 

on Ubc9. The Ubc9 binding pocket will recognize a SUMO-binding motif, Ψ-KxD/E, where Ψ is 

Figure 2: The SUMOylation Process. The SUMO pro-peptide is processed by the SENPs to reveal 

the C-terminal di-glycine motif. SAE1/SAE2 adenylates the SUMO di-glycine motif and passes SUMO 

to Ubc9, which recognizes a KxD/E SUMO motif within a target protein. Ubc9 catalyzes the 

sumoylation of the target protein, which can be reversed by SENPs. Original image presented in color. 
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any hydrophobic residue, within the target protein. The conjugating enzyme will then catalyze the 

formation of an isopeptide bond between SUMO and its target proteins. Although not required for 

the SUMOylation process, but often present, SUMO E3 ligases, such as RanBP2 and PIAS, can 

assist in modulating target protein SUMOylation. It is thought that these ligases may be involved 

in the SUMO-target specificity. Overall, the result is a SUMOylated protein and altered protein 

function. The entire process can be reversed. The family of SENPs will catalyze the cleavage of 

SUMO from its target. From here, SUMO can be recycled back into the pathway (Lowrey, 

Cramblet, and Bentz 2017). 

Studies have shown that many viruses, such as Parvoviruses, Papillomaviruses, and 

Adenoviruses, are capable of manipulating the SUMOylation machinery (Lowrey, Cramblet, and 

Bentz 2017), but few studies focused on the SUMO Activating Enzyme. The Chicken Embryo 

Lethal Orphan virus, an adenovirus, uses its viral protein, GAM1, to help facilitate viral replication 

through its manipulation of the SUMOylation machinery. Specifically, it binds to the SUMO E1 

enzyme complex to reduce the half-life of the protein. Furthermore, GAM1 can help to target SAE 

for proteasomal degradation (Wilson 2016). HIV uses the viral infectivity factor, Vif, to promote 

the degradation of Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G 

(APOBEC3G) to encourage viral replication. SAE2 can bind to APOBEC3G, preventing its 

proteasomal degradation, which helps to decrease viral infectivity (Li, et al. 2008).  In addition, 

the Influenza A virus utilizes the SUMOylation machinery for intracellular trafficking and viral 

growth (Han, et al. 2014). Overall, other viruses are capable of manipulating SAE, thus is it 

feasible to investigate the effects LMP1 may have on SAE. 

The Bentz laboratory focuses on the ability of LMP1 to hijack and manipulate the 

SUMOylation machinery in order to understand how LMP1 functions as an oncoprotein. We have 
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documented that the viral oncoprotein targets multiple steps of the SUMOylation process (Figure 

3). LMP1 promotes NF-κB-mediated activation of the sumo promoters, resulting in the production 

of more SUMO pro-peptides, eventually leading to an increase in global SUMOylation levels 

(Salahuddin, et al. 2019). LMP1 also hijacks the conjugating enzyme, Ubc9, increasing the 

SUMOylation of cellular proteins leading to viral modulation of the innate immune responses, 

maintenance of viral latency, and contributing to oncogenesis (Bentz, Whitehurst, and Pagano 

2011). Finally, LMP1 regulates the activity of the SUMO proteases. Specifically, LMP1 inhibits 

the SENPs that function at the end of the SUMOylation process. This prevents the cleavage of 

SUMO from its target, resulting in sustained elevation of global SUMOylation levels, hence 

contributing to the oncogenic potential of the protein (Selby, et al. 2019). These data demonstrate 

that LMP1 has a multi-prong approach to regulate SUMOylation during latent EBV infection. We 

next wanted to determine the effect of LMP1 on the SUMO Activating Enzyme.  
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The SUMO Activating Enzyme, SAE/SUMO E1, is a heterodimer of SAE1 and SAE2 (Lv, 

et al. 2018). SAE1 is a 38kDa protein subunit that primarily aids in stabilization of the complex. 

SAE2 is a much larger subunit, at 72kDa (Desterro, et al. 1999). This subunit serves as the catalytic 

subunit via three separate domains. One is the adenylation domain, which catalyzes the cleavage 

of ATP to form the SUMO-AMP intermediate. The second is the catalytic domain, which forms 

the first transient thioester bond between SAE and SUMO via cysteine-173 on SAE2. Lastly, there 

is the binding domain, which binds the mature SUMO peptide once the di-glycine motif has been 

revealed. The enzyme works by first cleaving ATP to form the SUMO-AMP intermediate. From 

here, the enzyme will attack the terminal glycine residue on the SUMO-AMP intermediate to form 

the transient thioester bond. This also ensures the release of AMP from the intermediate. Lastly, 

the enzyme transfers SUMO to Ubc9 by allowing for the formation of a second thioester bond 

between Ubc9 and SUMO (Lois and Lima 2005). 

It is understood that LMP1 is capable of manipulating vital enzymes and promoters of the 

SUMOylation process. In addition, the SUMOylation machinery, including SAE, can be 

manipulated by other viruses. The lab is actively working to understand what role, if any, does 

LM-1 play on the SUMO Activating Enzyme, SAE.  

This project will focus on the interactions between LMP1 and SAE as well as potential 

manipulation of SAE by LMP1. Four primary experiments were carried out to understand this 

manipulation. Immunoprecipitations were used to understand the interactions that take place 

between SAE and LMP1. A cycloheximide assay was utilized to determine the effect LMP1 has 

on SAE turnover and stabilization. Immunofluorescence and cellular compartmentalization were 

used to determine the effect LMP1 has on SAE localization.  
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CHAPTER 2  
 

METHODOLOGY 
 

2.1 Cell Culture 

 Four different cell lines were used for experimentation. The EBV lymphoblastoid cells 

(LCLs) are a B cell line that are EBV transformed cells. BL41 cells are a B cell line derived from 

Burkitt’s lymphoma. These cells have both EBV infected and non-infected counterparts. The EBV 

infected cells express LMP1. Both, LCLs and BL41 cells were passaged three times per week at a 

starting concentration of 5X105 cells/mL in Cellgro RPMI (Corning) supplemented with 10% heat 

inactivated fetal bovine serum (FBS; Corning), antibiotic/antimycotic solution (Corning) and L-

glutamine (Corning). 

 HK1 cells are an epithelial cell line derived from nasopharyngeal carcinoma. These cells 

have both EBV infected and non-infected counterparts. The EBV infected cells are GFP tagged 

and express LMP1. These cells were passaged twice per week. Cells were trypsinized (0.05% 

Trypsin; Corning) and reseeded at 4X106 cells in the supplemented Cellgro RPMI as described 

above. EBV-positive cells were grown under selection using G418. 

 HEK293 cells were passaged twice per week. Cells were trypsinized and reseeded at 4X106 

cells in DMEM (Corning) supplemented with 10% heat inactivated fetal bovine serum (FBS; 

Corning) and antibiotic/antimycotic solution (Corning).   

2.2 Site-Directed Mutagenesis 

Mutagenesis utilized the QuikChangeII Site-Directed Mutagenesis Kit (Agilent 

Technologies). Reactions were mixed according to manufacturer's instructions. For this, 296ng of 

parent DNA (GFP-LMP1) was used for each reaction. Appropriate primers (125ng forward and 

125ng reverse PQAA or YIID; both from Eurofins Genomics) were added to each mix. Reactions 

underwent thermocycling according to the following temperatures and times. Denaturing at 95°C 
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for 1 minute. Twenty cycles of denaturing at 95°C for 1 minute, annealing at 60°C for 1 minute 

and elongation for 8 minutes. Four reactions were made for each mutant plasmid and were subject 

to different elongation temperatures: 55.6°C, 60.1°C, 64.7°C, and 68°C. There was a final 

elongation at 68°C for 7 minutes. Lastly, the samples were held at 4°C until transformation.  

 Before transformation, each reaction underwent a Dpn-1 digest for 1 hour at 37°C. For the 

transformation process, 45μL of XL-10-Gold Ultracompetent cells (Agilent Technologies) were 

thawed on ice and transferred to 1.5mL microcentrifuge tubes. The cells were then incubated with 

2-mercaptoethanol (Agilent Technologies) on ice for 10 minutes. Next, 2μL of the Dpn-1 treated 

DNA was added to the cells and incubated on ice for 30 minutes. Cells were heat-shocked at 42°C 

for 30 seconds, then incubated on ice for 2 minutes. Next, 500μL of pre-warmed 42°C LB broth 

(VWR Life Science) was added to each cell tube and incubated at 37°C for 1 hour with shaking at 

2500rpm. After incubation, 250μL of cells were plated on LB agar plates supplemented with 

1μL/mL carbenicillin. Plates were incubated at 37°C for 24-48 hours. Individual colonies were 

picked from the plates and added to 14mL round-bottom tubes (Falcon) containing 5mL of LB 

broth supplemented with 1μL/mL carbenicillin. Tubes were incubated at 37°C overnight with 

shaking at 2500rpm. Plasmids were harvested following the QiaPrep Spin Miniprep Kit (Qiagen). 

After harvesting, plasmid concentration was determined via nanodrop. Plasmids with appropriate 

concentrations were then sent to Eurofins Genomics for sequencing. Returned sequences were then 

analyzed to verify the correct mutation was present for each plasmid. Plasmids were then used to 

transfect HEK293 cells. 

2.3 Transfection 

 HEK293 cells were plated on 100mm cell culture dishes at 3.5X106 cells in DMEM 

supplemented with 10% FBS and antibiotic/antimycotic solution. After 24 hours, the cells were 

transfected according to the following procedure. All materials were brought to room temperature 
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prior to transfection. Transfection mixes were made with 1mL Optimem (Gibco), 12μL of 2mg/mL 

polyethylenimine (PEI) and 1μg of plasmid DNA, then mixed by gently inverting the tubes several 

times. The mixes were then incubated at room temperature for 15 minutes. The media on the cells 

was changed to DMEM containing no antibiotic/antimycotic solution. Cells were incubated with 

fresh media at 37°C for 10 minutes. Following incubation, transfection mixes were added dropwise to 

respectively labeled plates. Plates were then incubated at 37°C for 48 hours prior to harvesting.  

2.4 Native Immunoprecipitations 

 Cells were collected and centrifuged at 500 x g for 10 minutes. Cells were then washed 

with 1mL ice-cold PBS twice. A 200µL sample of the cell suspension was collected for whole-

cell lysates, and the remaining cells were pelleted. The cell pellets were then resuspended in 1mL 

1X NP40 Lysis Buffer (Alfa Aesar) containing 0.125g N-ethylmaleimide (NEM; Thermo 

Scientific), benzoase (Qiagen), and one protease inhibitor cocktail tablet (Thermo Scientific). The 

cells were then lysed by undergoing four freeze-thaw cycles with 30 seconds in liquid nitrogen 

and 5 minutes in a 55℃ bead bath. After lysis, the mixtures were then centrifuged at 7400 x g for 

5 minutes. The supernatant fluid was collected. To this, 2µg of the appropriate antibody was added 

and then incubated at 4℃ on an end-over-end shaker for 1 hour. After incubation, 40µL of pre-

washed Protein A/G Magnetic Beads (Pierce) were added to each sample. Samples were then 

incubated at 4℃ on an end-over-end shaker overnight. After the second incubation, the beads were 

removed from the mixtures using a magnetic rack (Bio-Rad) and washed three times with ice-cold 

1X NP-40 lysis buffer. After the third wash, 40µL of 4X Laemmli sample buffer (Bio-Rad) was 

added to the beads. Samples were then boiled at 100℃ for 10 minutes and ran for western blots.  

2.5 Denaturing Immunoprecipitations 

 HK1 cells were plated at 5X106 cells and allowed to grow for 24 hours. BL41 cells were 

grown up to 60X106 cells. The cells were then harvested for denaturing immunoprecipitations. 
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Denaturing immunoprecipitations were performed using the Cytoskeleton Signal-SeekerTM 

Immunoprecipitation kit (Cytoskeleton) according to the following procedure. Cells were 

harvested and centrifuged at 500 x g for 5 minutes. Cell pellets were washed twice with 1mL ice-

cold PBS. After washing, 200µL of the suspension was collected for whole cell lysates. The 

remaining 800µL was centrifuged at 500 x g for 5 minutes. Cell pellets were then resuspended in 

300µL BlastR lysis buffer containing a protease inhibitor cocktail and a de-SUMOylase 

inhibitor. Lysates were transferred to a BlastR filter. Lysates were filtered and collected in 

1.5mL centrifuge tubes. To this, 900µL of BlastR dilution buffer containing a protease inhibitor 

cocktail and a de-SUMOylase inhibitor was added. Next, 40µL of IgG antibody conjugated 

control affinity beads or SUMO antibody-conjugated affinity beads was added to appropriately 

labeled lysates. Lysates were then incubated on an end-over-end shaker at 4℃ for 2-3 hours. 

After incubation, lysates were centrifuged at 5000 x g for 1 minute. Supernatants were removed, 

and bead pellets were washed three times by adding 1mL wash buffer and centrifuging at 5000 x 

g for 1 minute. After washing, 40µL of elution buffer was added to each bead pellet and flicked 

to mix. Samples were incubated at room temperature for 5 minutes. Samples were then 

transferred to spin columns in 1.5mL centrifuge tubes and centrifuged at 10,000 x g for 1 minute.  

After centrifuging, 2µL of beta-mercaptoethanol (Sigma) was added to each sample. Samples 

were then boiled at 100℃ for 10 minutes and ran for western blots. 

2.6 Cycloheximide Assay 

 HEK293 cells were plated at 3.5X106 cells and transfected according to the above 

protocol. BL41 cells were plated at 5X106 cells. The cells were then treated with 75μg/mL 

cycloheximide (Sigma Aldrich) over a period of 24 hours at times 0 hours, 2 hours, 8 hours, and 

24 hours. Cells were then harvested for whole-cell lysates after 24 hours and ran for western 

blots.  
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 HK1 cells were plated on 60mm cell culture dishes at 1X106 cells and incubated at 37°C 

for 24 hours. The media was replaced with serum-free RPMI containing 300μg/mL cycloheximide 

(Sigma Aldrich) over a period of 24 hours at times 0 hours, 2 hours, 8 hours, and 24 hours. Cells 

were harvested for whole-cell lysates after 24 hours and ran for western blots.  

2.7 Immunofluorescence 

 HEK293 cells were plated at 1X106 cells on coverslips and allowed to grow for 24 hours. 

Cells were then transfected according to the above protocol and allowed to grow for 48 hours 

before immunofluorescence. HK1 cells were plated at 1X106 cells on coverslips placed in 6 well 

dishes in 2mL RPMI. Cells were allowed to grow for 24-48 hours. After incubation, the media 

was then removed, and 1mL of 4% paraformaldehyde in PBS (Biotium) was added and incubated 

at room temperature for 15 minutes. The fixative was then removed, and cells were washed three 

times with 1X PBS. After washing, 1mL of 0.5% Triton X-100 (Bio-Rad) in PBS was added and 

incubated at room temperature for 10 minutes. The cells were then washed as described above. 

Next, 1mL of 3% Bovine Serum Albumin (BSA, Amresco) in PBS was added and incubated at 

room temperature for 1 hour. Following incubation, the blocking solution was removed and 500µL 

of the appropriate primary antibody diluted in 0.1% BSA was added and incubated at 4℃ 

overnight. The antibody was then removed, and the cells were washed as described above. Next, 

500µL of AlexaFluor 546 secondary antibody (Invitrogen) was added and incubated at room 

temperature in a dark space for 2-3 hours. The secondary antibody was then removed, and the cells 

were washed as described above. The cells were then counterstained with 500µL of Hoechst (Life 

Technologies) at 12µg/mL for 20 minutes. The stain was then removed, and the cells were washed 

as described above. A drop of Prolong Diamond Antifade Mountant (Invitrogen) was added to a 

microscope slide. The coverslips were placed cell-side down on top of the mountant. The edges of 
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the coverslip were sealed with nail polish. Lastly, the cells were viewed using Nikon A1 laser 

confocal microscopy.  

2.8 Compartmentalization 

 HK1 cells were plated at 5X106 cells and allowed to grow for 24-48 hours. BL41 cells were 

grown up to 50X106 cells. HEK293 cells were plated at 3.5X106 cells, transfected according to the 

above protocol, and allowed to grow for 48 hours. From here, the cells were collected and 

centrifuged at 500 x g for 5 minutes. Pellets were then washed in ice-cold PBS buffer twice. A 

200µL sample of the cell suspension was collected for whole-cell lysates. After washing, the 

pellets were resuspended in 500µL ice-cold CE1 buffer (Qiagen) containing a protease inhibitor 

cocktail (Qiagen). The suspensions were incubated at 4℃ on an end-over-end shaker for 10 

minutes. The suspensions were then centrifuged at 1000 x g for 10 minutes. The supernatant fluid 

was collected. To this, 100µL of 4X Laemmli sample buffer (Bio-Rad) was added and then boiled 

at 100℃ for 10 minutes. The remaining pellet was resuspended in 13µL of sterile water (Corning) 

and 7µL benzoase (Qiagen). The suspension was then incubated at room temperature for 15 

minutes. Next, 250µL of ice-cold CE3 buffer (Qiagen) containing a protease inhibitor cocktail 

(Qiagen) was added to the suspension and vortexed for 15 seconds. The suspension then underwent 

a 40-minute incubation on ice, vortexing for 15 seconds every 10 minutes. Afterward, 100µL of 

4X Laemmli sample buffer (Bio-Rad) was added to the suspension and then boiled at 100℃ for 

10 minutes. Samples were then ran for western blots.  

2.9 Western Blot Analysis 

 Whole-cell lysate samples were prepared by pelleting the cells at 500 x g for 5 minutes and 

resuspending pellets in 1X PBS and 4X Laemmli sample buffer (Bio-Rad) containing 2-

mercaptoethanol (Sigma). Samples were then boiled at 100°C for 10 minutes and separated via 

SDS-PAGE. The Trans-Blot Turbo Transfer System (Bio-Rad) was utilized to transfer proteins 
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from the gels to PVDF membranes (Bio-Rad). After transfer, the membranes were blocked in 

EveryBlot Blocking Buffer (Bio-Rad) for 10 minutes at room temperature. Membranes were then 

incubated with the appropriate primary antibody diluted in Tris-buffered saline with Tween-20 

(TBST; Bio-Rad; final concentration 0.1%) overnight at 4°C. Primary antibodies were then 

removed by washing the membranes three times with TBST for 10 minutes. Membranes were 

incubated with the appropriate horseradish peroxidase-conjugated secondary antibody diluted in 

5% milk for 1 hour at room temperature. Following incubation, the membranes were washed three 

times with TBST for 10 minutes. The membranes were developed using Clarity Western ECL 

Substrate solution (Bio-Rad) for 10 minutes. Images were acquired using chemiluminescence 

settings on the ChemiDoc Touch Imaging System (Bio-Rad).  

2.10 Antibodies 

 The following antibodies were purchased from Santa Cruz Biotechnology: GAPDH 

(SC47724), SAE1 (SC376146, anti-mouse), SAE2 (SC376305, anti-mouse), GFP (SC9996, anti-

mouse), GFP (SC8334, anti-rabbit), HRP-PARP-1 (SC8007), PARP-1 (SC7150, anti-rabbit), and 

p53 (SC126). β-Actin (NB600501) was purchased from Novus Biotechnology. SAE1 (AB185552, 

anti-rabbit), SAE2 (AB185955, anti-rabbit), and LMP1 (D24-G, anti-rabbit; CS1-4, anti-mouse) 

were all purchased from Abcam.  
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CHAPTER 3  
 

RESULTS 
 

3.1 LMP1 Interacts with SAE 

 We previously documented that EBV LMP1 hijacks Ubc9 (Bentz, Whitehurst, and 

Pagano 2011), and our unpublished data suggested that LMP1 also interacted with SENP2. 

Therefore, we first examined if LMP1 interacted with the SUMO E1. Native 

immunoprecipitations were performed in EBV-transformed lymphoblastoid cells lines (LCLs) to 

pull-down all proteins that interacted with LMP1 or SAE1. An IgG-isotype control was used as 

the control for the immunoprecipitations. Western blot analyses were performed to detect SAE1, 

SAE2, and LMP1 (Figure 4a). Results showed that when LMP1-interacting proteins were 

pulled-down, SAE1 and SAE2 were detected. When SAE1-interacting proteins were pulled-

down, LMP1 was detected. While LMP1, SAE1, and SAE2 were detected in the 

immunoprecipitation inputs, none of these proteins were detected when immunoprecipitations 

were performed using pull-down control IgG-interacting proteins.  

 

Figure 4: LMP1 Interacts with SAE. A) Native immunoprecipitations performed on EBV-transformed lymphoblastoid cells 

to pull down LMP1 or SAE1. B) Native immunoprecipitations were performed on a BL41 paired cell line to pull down LMP1 

or SAE2. C) Native immunoprecipitations were performed on transfected HEK293 cells to pull down with FLAG (LMP1). For 
all, western blots were utilized to detect SAE1/HA, SAE2/HIS, or LMP1/FLAG. Original image.  
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 Similar experiments were performed with a paired cell line, BL41, that were either EBV-

negative or EBV-positive (Figure 4b). Immunoprecipitations following the pull-down of LMP1-

interacting proteins revealed the presence of SAE1 and SAE2 in EBV-positive cells. Pull-down 

of SAE2-interacting proteins revealed the presence of LMP1 in EBV-positive cells. Similar 

interactions were not detected in EBV-negative B lymphocytes. These findings suggest that 

LMP1 does interact with the SUMO activating enzyme endogenously.  

 Exogenous studies were performed on HEK293 cells transfected with HA-SAE1- and 

HIS-SAE2-expression constructs along with FLAG-LMP1- or control-expression constructs in 

order to confirm the endogenous studies (Figure 4c). Immunoprecipitations were performed 

using FLAG-specific antibodies and results confirmed that the SUMO E1 was only detectible in 

the immunoprecipitants when FLAG-LMP1 was expressed and not in the control-expressing 

cells. These data demonstrate that LMP1 interacts with SAE1 and SAE2, endogenously and 

exogenously. 

  

 3.2 LMP1 Interacts with SAE in a CTAR2 Dependent Manner 

 Previous reports document varying roles for each CTAR in the manipulation of the 

SUMO machinery (Bentz, Whitehurst, and Pagano 2011; Salahuddin, et al. 2019; Selby, et al. 

2019) and IRF7 (Bentz, et al. 2012) (Figure 5a).  Next, we wanted to identify the mechanism by 

which LMP1 influenced the SUMO E1, and we focused on the three CTARs of LMP1. HEK293 

cells were transfected with plasmids that correspond to different versions of LMP1. LMP1 

represents the wild-type oncoprotein. PQAA corresponds to a mutation resulting in a non-

functional CTAR1. YIID corresponds to a mutation resulting in a non-functional CTAR2, and 

dCTAR3 corresponds to a deletion mutant lacking CTAR3. Native immunoprecipitations were 

performed to pull-down FLAG-LMP1-interacting proteins (Figure 5b). Western blot analyses of 



20 
 

the immunoprecipitants confirmed the presence of SAE1 and SAE2 in LMP1-expressing cells 

but not their control-expressing counterparts. Loss of a functional CTAR1 or deletion of CTAR3 

had no effect on the interaction between the oncoprotein and SAE1 or SAE2.  Instead, loss of a 

functional CTAR2 almost completely abrogated the LMP1-SUMO E1 interaction, demonstrating 

that CTAR2 was required for LMP1 to hijack SAE1 and SAE2.  

 

 

Figure 5: LMP1 Interacts with SAE in a CTAR2 Dependent Manner. A) Roles of CTAR manipulation. B) Native 
immunoprecipitations were performed on control and transfected HEK293 cells to pull down for FLAG (LMP1). 

Western blots were used to detect HIS (SAE2), HA (SAE1), or FLAG (LMP1). Original Image. 
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3.3 LMP1 Increases the Association of SAE with SUMO1 

 Global levels of SUMOylated proteins increase in the presence of LMP1, so next we 

investigated if LMP1 expression altered the ability of the SUMO E1 to interact with and activate 

SUMO1. Native immunoprecipitations to pull down all exogenous FLAG-SUMO1-interacting 

proteins revealed that an interaction between the SUMO E1 and SUMO was detected in control-

expressing cells (Figure 6). However, LMP1 expression coincided with higher levels of SAE1 

and SAE2 being pulled down with FLAG-SUMO1, suggesting an increased interaction between 

the SUMO E1 and SUMO. Longer exposure of the immunoblot detecting HIS-SAE2 levels 

revealed a higher molecular weight form of SAE2, suggesting the possible detection of the 

SUMO-SAE2 intermediate. These data led us to propose that LMP1 hijacks the SUMO E1, 

increases the interaction between the SUMO E1 and SUMO, and increases the SUMO E1 

activity.  

 

Figure 6: LMP1 Increases the Association of SAE with SUMO1. HEK293 cells were transfected as follows. Lane 1: 

HA-tagged SAE1 and HIS-tagged SAE2. Lane 2: HA-tagged SAE1, HIS-tagged SAE2, and GFP-tagged LMP1. Lane 3: 

HA-tagged SAE1, HIS-tagged SAE2, and FLAG-tagged SUMO1. Lane 4: HA-tagged SAE1, HIS-tagged SAE2, GFP-
tagged LMP1, and FLAG-tagged SUMO1. Native immunoprecipitations were used to pull down FLAG (SUMO1). 

Western blots were used to detect HA (SAE1), HIS (SAE2), and FLAG (SUMO1). Original image.  
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3.4 Detection of the SUMO-SAE2 Intermediate in Paired Cell Lines 

 To determine if the higher molecular weight form of SAE2 was the SUMO-SAE2 

intermediate, we used the Signal-SeekerTM kit, which allows for the enrichment of SUMOylated 

proteins from a denatured lysis. EBV-negative and EBV-positive nasopharyngeal epithelial cells 

(HK1) and B lymphocytes (BL41) were cultured. Denaturing immunoprecipitations were 

performed to pull-down all proteins covalently modified by SUMO. Beads with an affinity of the 

IgG-isotype control were used as the control for the experiments. Western blot analyses of the 

immunoprecipitants were performed to detect SUMO-modified SAE2 (Figure 7). Pull-down 

using the SUMO beads resulted in detection of a slower migrating band that was recognized by 

SAE2-specific antibodies and not a band corresponding to the normal molecular weight of 

SAE2. The slower migrating band corresponded to an approximate 12 kDa shift in size of SAE2, 

which is the molecular weight of SUMO. Because only the slower migrating form of SAE2 was 

detected when analyzing SUMO-conjugated proteins, we proposed that were detecting the 

SUMO-SAE2 intermediate.  

 The intermediate was detected in EBV-negative and EBV-positive cells only when 

SUMO beads were used and not when control beads were used. The SUMO-SAE2 intermediate 

was more prominent in the EBV-positive cells when compared with their EBV-negative 

counterparts. These data suggest that in the presence of EBV, there is increased progression 

through the SUMOylation cycle, resulting in increased formation of the SUMO-SAE2 

intermediate and contributing to EBV-mediated increased global levels of SUMOylated proteins.  
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Figure 7: Detection of the SUMO-SAE2 in Paired Cell Lines. Denaturing immunoprecipitations were performed on 

A) HK1 cells. and B) BL41 cells. These immunoprecipitations are specific for SUMOylated proteins.  Original image.  

 

3.5 LMP1 Promotes Stabilization of SAE  

 We recently documented that LMP1 inhibits the turnover of the SUMO protease, SENP2 

(Selby, et al. 2019), which raised the question if LMP1 also promoted the stability of the SUMO 

E1. Cells were treated with cycloheximide (CHX; to inhibit protein translation) or the vehicle 

control (DMSO) over a period of 24 hours. First, experiments were performed in control- or 

LMP1-expressing HEK293 cells (Figure 8a). In control-expressing cells, western blot analyses 

revealed that treatment with CHX resulted in a decrease in endogenous SAE1 and SAE2 levels 

over time (Figure 8a). Expression of LMP1 resulted in less of a decrease in endogenous SAE1 

and SAE2 levels following CHX treatment, suggesting that turnover of the SUMO E1 was 

decreased when LMP1 was present. Densitometric analysis of repeated experiments allowed the 

rate of decline (RD) in SAE1 and SAE2 levels to be determined (Figure 8d). Data showed that 

SAE1 and SAE2 levels has a significantly (P < 0.05) lower rate of decline in LMP1-expressing 

cells when compared with control-expressing cells. 

 Similar experiments were performed in paired EBV-negative and EBV-positive HK1 

cells (Figure 8b) and BL41 cells (Figure 8c). Results showed that turnover of SAE1 and SAE2 

was observed over the 24-hour time course in EBV-negative cells. The presence of EBV resulted 
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in the less pronounced loss of the SUMO E1. Densitometric analysis to determine the average 

rate of degradation of SAE1 and SAE2 levels (Figure 8d) shows that the rate of degradation is 

significantly (P < 0.05) decreased for both SAE1 and SAE2 in the EBV-positive cells when 

compared with their EBV-negative counterparts. These findings demonstrate that expression of 

LMP1 promotes the stability of SAE1 and SAE2.  

 

 

Figure 8: LMP1 Promotes Stabilization of SAE. Cells A) Transfected HEK293 cells, B) HK1 cells, and C) BL41 cells were 

treated with cycloheximide over a 24 hour period. Western blots were used to determine the amount of degradation over this time 
period.  D) Densitometric analysis to determine average rate of protein degradation on experiments performed in triplicate.  Original 

image.  
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3.6 LMP1 Promotes Stabilization of SAE in a CTAR2 Dependent Manner 

The requirements for the LMP1-induced stability of the SUMO E1 was determined using 

a time course of cycloheximide treatment in control-, and LMP1 (wild-type and mutants)- 

expressing cells (Figure 9a). The rate of decline in endogenous SAE1 and SAE2 levels was 

calculated for repeat experiments (Figure 9b). Findings confirmed that expression of LMP1 

significantly (P < 0.05) decreased the rate of decline for endogenous SAE1 and SAE2 levels. 

Loss of a functional CTAR1 or CTAR3 did not affect the influence of LMP1 on the stability of 

the SUMO E1, but loss of a functional CTAR2 abrogated the ability of LMP1 to inhibit the 

turnover of SAE1 and SAE2.  

 

Figure 9: LMP1 Promotes Stabilization of SAE in a CTAR2 Dependent Manner. A) HEK293 cells were transfected with 

whole LMP1 and mutants of LMP1. Cells were treated with 75µg/mL cycloheximide over a 16-hour period and harvested for 
whole cell lysates. B) Densitometric analysis demonstrating the average rate of degradation of SAE. Original image.  

 

3.7 LMP1 Increases Cytosolic Localization of SAE 

 Because data revealed that EBV, specifically LMP1, positively affected the ability of the 

SUMO E1 to interact with an activated SUMO, we next assessed additional manners by which 



26 
 

LMP1 altered the biology of SAE1 and SAE2. SAE1 has a nuclear localization sequence that is 

blocked when SAE1 interacts with SAE2. SAE2 has a C-terminal bipartite nuclear localization 

sequence that regulates the nuclear localization of the SUMO E1. Endogenous SAE1 and SAE2 

localization in control- and LMP1-expressing HEK293 cell was examined by 

immunofluorescence microscopy (Figure 10a/b). In control-expressing cells, SAE1 and SAE2 

are primarily seen in the nucleus of the cell, and it overlaps with the DAPI stain. In LMP1-

expressing cells, SAE1 and SAE2 were still detected in the cell nucleus, but low levels of SAE1 

and SAE2 were also detected in the cytoplasm. In many cases, LMP1 expression overlapped 

with SAE1 and SAE2 in the cytosol.  

 

Figure 10: LMP1 Increases Cytosolic Localization of SAE. Immunofluorescence performed on control and LMP1 

transfected cells. Cells were stained for A) SAE1 or B) SAE2. C) The nuclear to cytoplasmic fluorescence ratio of 

SAE1/SAE2 levels. D) Cellular compartmentalization performed to isolate cytosolic and nuclear extracts. Western 

blots were used detect SAE1, SAE2, PARP, and GAPDH. Original image presented in color. 

 

The relative fluorescence levels in the cytoplasm and nucleus were determined, which 

allowed the ratio of nuclear-to-cytoplasmic (N:C) fluorescence levels to be calculated (Figure 
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10c). Results indicated that a major percentage of SAE1 and SAE2 localized to the nucleus in 

control expressing cells. Expression of LMP1 coincided with a significant (P < 0.05) decrease of 

the N:C fluorescence ratio demonstrating the retention of SAE1 and SAE2 in the cytoplasm. 

These changes in localization were confirmed by cellular compartmentalization (Figure 10d), 

which indicated increased SAE1 and SAE2 levels in the cytoplasmic extracts of LMP1-

expressing cells when compared to control-expressing cells. Together, these results suggest that 

the EBV oncoprotein manipulates the SUMO E1 by inducing its retention in the cytoplasm.  

 

3.8 LMP1 Increases Cytosolic Localization of SAE in a CTAR2 Dependent Manner 

 Investigations into the LMP1 requirements for the cytoplasmic retention of SAE1 and 

SAE2 revealed that LMP1 increased cytoplasmic levels of the SUMO E1 in a CTAR2 dependent 

manner (Figure 11).  

 

Figure 11: LMP1 Increases Cytosolic Localization of SAE in a CTAR2 Dependent Manner. Immunofluorescence performed 

on control and transfected HEK293 cells as indicated. Cells were stained for A) SAE1 or B) SAE2. C) The nuclear to cytosolic 

fluorescence ratio of SAE1/SAE2 levels. D) Cellular compartmentalization performed to isolate cytosolic fractions. Western blots 
were used to detect SAE1, SAE2, PARP, and GAPDH. Original image presented in color. 
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First immunofluorescence microscopy of endogenous SAE1 and SAE2 in the presence of 

control, LMP1, or the select LMP1 mutants was performed. In control-expressing cells, 

endogenous SAE1 and SAE2 was mostly localized to the nucleus (Figures 11a and 11b)., with a 

relatively high N:C fluorescence ratio (Figure 11c). Expression of LMP1 resulted in increased 

detection of SAE1 and SAE2 outside of the nucleus and a significant (P < 0.05) decrease in the 

N:C fluorescence ratio. Expression of LMP1, PQAA, which lacks functional CTAR1, and LMP1 

dCTAR3, which lacks CTAR3, did not affect of the ability of LMP1 to increase cytoplasmic 

levels of SAE1 and SAE2. Only with a loss of a functional CTAR2 (YIID) did the N:C 

fluorescence ratio for SAE1 and SAE2 return to control levels and cytoplasmic levels were not 

readily detected (Figure 11a-c). These findings were confirmed by compartmentalization and 

western blot analyses (Figure 11d), demonstrating that CTAR2 is necessary for LMP1-mediated 

increased cytoplasmic levels of SAE1 and SAE2.  

 

3.9 SAE Localization Changes in EBV-Positive Cells in Comparison to EBV-Negative Cells 

 We wanted to further examine the SAE cytosolic localization endogenously in EBV-

negative and EBV-positive HK1 and BL41 cells. Immunofluorescence revealed that the presence 

of EBV corresponded with increased cytoplasmic localization of the SUMO E1 when compared 

with their EBV-negative counterparts (Figures 12a-b). Analysis of cell compartments revealed 

slightly different results (Figures 12c-d). Only minor increased cytoplasmic SAE1 and SAE2 

levels were observed in EBV-positive cells when compared with EBV-negative cells. Instead, 

increased nuclear SAE1 and SAE2 levels were detected in EBV-positive cells when compared 

with their EBV-negative counterparts. Interestingly, only a higher molecular weight form of 

SAE2 was detected in nuclear extracts, which leads us to propose that we are detecting the 
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SUMO-SAE2 intermediate. Regardless to the differing results, these data do demonstrate that the 

presence of EBV does alter localization of the SUMO E1.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 12: SAE Localization Changes in EBV-Positive Cells in Comparison to EBV-Negative Cells. A/B) 

Immunofluorescence was performed on HK1 positive cells and HK1 negative cells. Cells were stained for A) SAE1 or B) SAE2. 

Cellular compartmentalization was performed on C) HK1 cells and D) BL41 cells to isolate cytosolic and nuclear extracts. Western 

blots were used to detect SAE1, SAE2, PARP, and GAPDH. Original image presented in color.  
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CHAPTER 4  
 

DISCUSSION 
 

SUMOylation is a posttranslational modification that helps to regulate cellular 

proliferation, cell cycle signaling, protein stabilization and turnover, amongst other vital cellular 

processes. This modification is prone to dysregulation by various factors, in particular viral 

proteins. Latent Membrane Protein-1 (LMP1), the principle oncoprotein of Epstein-Barr virus 

(EBV), affects many cellular signaling pathways, including SUMOylation. Specifically, we have 

elucidated three mechanisms in which LMP1 is capable of manipulating SUMOylation: activation 

of the sumo promoters (Salahuddin, et al. 2019), interaction with Ubc9 (Bentz, Whitehurst, and 

Pagano 2011), and inhibition of SENPs (Selby, et al. 2019). Together, this results in global 

increases in SUMOylation levels, which is detected in EBV-associated malignancies. Here, we 

investigated the effect LMP1 has on other members of the SUMO machinery, specifically the lone 

SUMO Activating Enzyme (SAE). Few studies have focused on the manipulation of SAE by 

viruses. Published reports are limited to the chicken adenovirus (Wilson 2016), HIV (Li, et al. 

2008), and Influenza A (Han, et al. 2014), abilities to manipulate SAE, all of which target SAE to 

decrease cellular SUMOylation processes. 

 We first determined that LMP1 interacts with SAE1 and SAE2 endogenously and when 

over-expressed exogenously (Section 3.1). This interaction occurred in a CTAR2 dependent 

manner (Section 3.2). We previously documented that LMP1 hijacks Ubc9 in a CTAR3 dependent 

manner (Bentz, Whitehurst, and Pagano 2011), and our unpublished data suggest that LMP1 

interacts with SENP2 in a CTAR2 dependent manner. While we previously demonstrated a role 

for CTAR1 and CTAR2 in the NF-κB dependent activation of the sumo promoters, we also 

reported that CTAR2 and CTAR3 are necessary for the LMP1-mediated SUMOylation of IRF7 
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(Bentz, et al. 2012). Therefore, we proposed that all three CTARs cooperate in LMP1-mediated 

manipulation of the SUMO machinery. This superfluous targeting of the SUMOylation processes 

would allow the upregulation of cellular SUMOylation processes in vivo. With the diversity of 

circulating strains of EBV and known polymorphisms with LMP1, the disruption of one, or a few, 

of the LMP1-SUMO machinery interactions would not totally abrogate LMP1-mediated global 

increases in levels of SUMOylated proteins.  

 The LMP1-SAE interaction corresponded with increased association between SAE and 

SUMO (Section 3.3). In addition, the hijacking of SAE1 and SAE2 by LMP1 coincided with 

increased detection of the SUMO-SAE2 intermediate. These data led us to proposed that LMP1 

was manipulating the SUMO E1 and increasing its ability to activate SUMO, which can then be 

used to post-translationally modify cellular proteins (Section 3.4). This is significant in that this 

band suggests that more SUMOylation is occurring in LMP-expressing cells. At this point in the 

SUMOylation process, the cell has cleaved ATP and SAE2 has formed a thioester bond with 

SUMO, both of which are energy expensive. We can assume that because these two things have 

occurred, and that SAE only functions in the SUMOylation process, more proteins are being 

SUMOylated in LMP1-expressing cells, resulting in the observed increase in global SUMOylation 

levels in LMP1-positive lymphomas (Salahuddin, et al. 2019). 

 We also determined if LMP1 regulated other aspects of the SUMO E1 biology. Expression 

of LMP1, or the presence of LMP1, corresponded with increased stability of SAE1 and SAE2 

(Section 3.5). SAE1/2 is an enzyme complex that functions as dimer, and when separated, these 

two proteins are rapidly degraded. LMP1 was capable of stabilizing both subunits. While levels of 

the SUMO E1 have yet to be examined in lymphomas, including EBV-positive lymphomas, 

elevated SAE1 levels correlated with poor patient survival in glioma patients. Interestingly, 
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increased SAE1 levels resulted in increased SUMOylation and phosphorylation of Akt and 

increased tumor. Akt-mediated signaling is also involved in LMP1-induced tumor growth, so it is 

likely that LMP-1 mediated stabilization of the SUMO E1 is one mechanism by which LMP1 acts 

as an oncoprotein. However, additional insight into exactly how LMP1 stabilizes SAE1 and SAE2 

remains to be determined.  

 In addition to post-translational modifications regulating protein stability, these 

modifications also modulate SAE1 and SAE2 localization within the cell. Our data demonstrate 

that expression of LMP1 results in increased cytoplasmic levels of the SUMO E1 (Section 3.7) in 

a CTAR2 dependent manner (Section 3.8). SAE1 and SAE2 each contain nuclear localization 

sequences. For SAE1 the nuclear localization sequence resides in the middle of the 346 amino acid 

protein. This sequence is blocked when SAE1 forms a heterodimer with SAE2. Instead, the SUMO 

E1 uses the bipartite nuclear localization sequence of SAE2, which resides at the C-terminal end 

of SAE2, to signal the nuclear localization of the heterodimer (Truong, et al. 2012). Similar 

experiments were performed in HK1 cells (Section 3.9), which showed that EBV-negative cells 

have more SAE present in the nucleus, while EBV-positive cells have more SAE present in the 

cytosol. Interestingly, this is not what we see in the cellular compartmentalization, which was 

performed on both the HK1 and BL41 cell lines. Here, we see relatively equal amounts of SAE 

present in the cytosol in both the EBV-positive and EBV-negative cells. However, in the nucleus, 

we see more SAE2 present in EBV-positive cells. Moreover, we can also detect the SUMO-SAE2 

intermediate in the nucleus of the EBV-positive cells. A possible explanation is that these are cell 

lines are derived from malignancies. Even if the original cells (EBV-negative HK1 and BL41) 

were determined to be EBV-negative, they could have at one point been positive for EBV and 

“kicked out” the virus, resulting in lingering epigenetic changes that still targets SAE1 and SAE2. 
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In addition, LMP1 is not solely dependent on the plasma membrane of the cell. Specifically lytic 

LMP1 (lyLMP1) can be anchored in other membranes as well (Vazirabadi, et al. 2003). Perhaps 

this data coincides with some other signaling that may be occurring due to a different location of 

LMP-1. Regardless, our data do demonstrate that EBV LMP1 does manipulate the SUMO 

activating enzyme. 
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CHAPTER 5  
 

CONCLUSIONS 

 
Epstein-Barr virus (EBV) is a ubiquitous herpesvirus that is notorious for causing a variety 

of different malignancies. Its principle oncoprotein, Latent Membrane Protein-1 (LMP1), has been 

shown to be involved in the dysregulation of many different cellular pathways, SUMOylation 

being one of these pathways. SUMOylation is a posttranslational modification that helps to 

contribute to cellular growth and proliferation, cellular migration, protein stabilization and 

turnover, amongst other vital cellular processes. Moreover, there has been a strong correlation with 

an increase in global SUMOylation levels with EBV lymphomas in comparison to non-EBV 

lymphomas. Due to this, the Bentz laboratory has begun to focus on the interactions that take place 

between LMP1 and the different enzymes of the SUMOylation processes. Our current work 

identifies a fourth mechanism by which LMP1 manipulates the SUMO machinery. Thus, LMP1 

targets multiple steps of the SUMOylation process during latent EBV infection resulting in a global 

increase in SUMOylated proteins and contributing to EBV-mediated pathophysiology. In addition, 

these data strengthen our earlier proposal that LMP1 uses a multi-pronged approach to dysregulate 

SUMOylation processes which helps to ensure that global levels of SUMOylated proteins increase 

during latency. Additional work is needed to truly understand how EBV LMP1 manipulates each 

member of the SUMO machinery, as deciphering how the virus targets each step in the process 

may help identify novel mechanisms to target this dysregulation in vivo.  
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CHAPTER 6  
 

FUTURE DIRECTIONS 

 
In the future, we will continue to decipher how LMP1 manipulated the SUMOylation 

machinery. Specifically, we will investigate how LMP1 affects the SUMO E3 ligases such as 

RanBP2 and PIAS. These two proteins help to confer specificity of SUMO to its target protein 

outside of the SUMO binding motif. Neither of these enzymes are required for the SUMOylation 

process to occur, however, they are often present. It would be interesting to see if LMP1 can 

manipulate these enzymes, or if LMP1 only has an effect on enzymes that are essential for the 

SUMOylation process.  
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