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The beginning of knowledge is the discovery of something we do not 
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ABSTRACT 

The Epstein-Barr virus (EBV) is the causative agent or cofactor in the aetiology 
of several human malignancies such as Burkitt’s lymphoma, Hodgkin’s disease, 
nasopharyngeal carcinoma (NPC) and lymphoproliferative disorder in 
immunocompromised patients. EBV is a lymphotropic γ-herpes virus infecting 
more than 90 percent of the population worldwide. Following acute infection the 
virus establishes a life-long latency in resting memory B cells. The virus is 
remarkable for the efficiency with which it causes proliferation and 
immortalization of the infected B cells through expression of several latent gene 
products. All of the viral EBNA proteins have been proposed to play a role in 
the control of gene expression in the EBV infected lymphoblastoid cell.  
   The present thesis is mainly focused on further elucidating the molecular 
mechanisms of the EBNA1 and EBNA5 proteins using proteomic technologies 
as approach. In paper I we used an improved tandem affinity purification 
procedure for identification and characterization of factors in the EBNA5 
interaction proteome. The majority of the 37 validated interactors could be 
assigned to one of three groups according to function: protein folding and 
degradation, pre-mRNA processing, or ribosomal proteins, implicating 
functional relationships with EBNA5 in these processes. We also showed that 
EBNA5 is part of high molecular protein complexes, supporting the notion that 
functional units in the cell are not single proteins but well-structured complexes 
composed of multiple proteins i.e. modules. 
   The previously reported repressor activity of EBNA5 was further investigated 
in paper II. The study identified the novel interactor BAG2 as a major target for 
the function of EBNA5 via the chaperone-mediated folding and proteasome-
degradation pathways. Taken together, the results are consistent with the 
hypothesis that EBNA5 tune the balance between protein rescue and destruction 
in a way that disfavour the path of degradation.   
   The constituents of the large macromolecular complex that initiates 
transcription from the viral C promoter were investigated in paper III. Using a 
DNA affinity procedure we showed that the transcription factors E2F1, 
ARID3A/Bright and Oct-2 binds the Cp as well as EBNA1 and oriPI, possibly 
facilitating long-distance promoter-enhancer interactions.  
   While the study of genes and proteins continues to be important, looking at 
isolated components is not enough to understand most biological processes. 
Modularity has been proposed as a general principle for the molecular 
architecture of living systems. These assemblies interact with other large protein 
complexes, thus the proteins are part of a protein-protein interaction network 
inside the cell. A common feature of these interaction networks is that it 
contains junctions of proteins that are highly interconnected, also called hubs. 
Hubs have a tendency of being essential and involved in cancer development. 
Two central pathways in cancer biology are the Rb- and p53-pathways, which 
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are targets for both EBNA1 and EBNA5 action. This is consistent with the 
hypothesis that several viral proteins target the same hubs in the host, which 
ensures the takeover of the cellular machineries essential for the viral infection 
and persistence processes, and contribute to the robustness of the viral infectious 
system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Epstein-Barr virus, EBNA1, EBNA5, EBNA-LP, cellular network, 
virus-host protein interactions 
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ABBREVIATIONS 
ARID3A AT-rich interaction domain DNA binding 

protein 3A, a.k.a. Bright 
BAG2 BCL2-associated athanogene 2 
BART   BamHI A rightward transcripts 
BCR   B cell receptor 
BL   Burkitt’s lymphoma 
bp   base pair 
CAT   chloramphenicol acetyl transferase 
CCT   cytoplasmic c-terminal tail 
cDNA    complementary DNA 
ChIP    chromatin immuniprecipitation 
CHIP c terminus of Hsp70-interacting protein 
CTAR c-terminal activation region 
co-IP co-immunoprecipitation 
CR conserved region 
Cp the EBV C promoter 
CpG cytosine and guanine separated by a 

phosphate 
DNA   deoxyribonucleic acid 
DS   dyad symmetry, i.e. oriPII 
E2F   a eukaryotic transcription factor family 
EBER   Epstein-Barr virus encoded RNA 
EBNA   Epstein-Barr virus nuclear antigen 
EBV   Epstein-Barr virus 
EMSA   electromobility shift assay 
FR   family of repeats, i.e. oriPI 
FT-ICR   fourier transform ion cyclotron resonance 
GAPDH   glyceraldehyde 3-phosphate dehydrogenase 
GC   germinal center 
HD   Hodgkin’s disease 
HDAC   histone deacetylase 
HnRNP   heterogeneous ribonucleoprotein 
Hsp   heat shock protein 
Ig   immunoglobulin 
IM   infectious mononucleosis 
IR   internal region 
IP   immunoprecipitation 
JNK    c-Jun N terminal kinase 
kb   kilobase pair 
LCL   lymphoblastoid cell line 
LMP   latent membrane protein 
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LUC   luciferase  
MAPK   mitogen-activated protein kinase 
MAR   matrix association/attachment regions 
MCM   minichromosome maintainance complex 
MHC   major histocompatability complex 
mRNA   messenger RNA 
MS   mass spectrometry 
MS/MS   tandem mass spectrometry 
m/z   mass-to-charge ratio 
NE   nuclear extract 
NFκB   nuclear factor κB 
Nhet denoting heterogenity in the number of 

terminal repeats in different virus isolates 
NK cell   natural killer cell 
NPC   nasopharyngeal carcinoma 
nt   nucleotide 
Oct-2   octamer binding factor 2 
OriP   origin of replication 
OriPI   part of oriP with the family of repeats 
OriPII   part of oriP with the dyad symmetry 
ORC   origin of replication complex 
PAGE   polyacrylamide gel electrophoresis 
PCR   polymerase chain reaction 
PIC   preinitiation complex 
PI3K   phosphatidylinositol 3-kinase pathway 
PML NB   promyelocytic leukaemia nuclear body 
PTLD   post transplant lymphoproliferative disease 
PU.1 Ets family transcription factor 
PVDF polyvinylidene fluoride 
Qp the EBV Q promoter  
Q-PCR   quantitative PCR 
Rb   retinoblastoma protein 
RBP-Jκ recombination signal binding protein for 

immunoglobulin kappa J region 
RNA   ribonucleic acid 
RT-PCR   reverse transcription PCR or real time PCR 
TAP tandem affinity purification 
TNF tumor necrosis factor 
TR terminal repeats 
TRAFs tumor necrosis factor receptor–associated 

factors 
Wp the EBV W promoter 
XLPD X-linked lymphoproliferative disease 
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  EPSTEIN-BARR VIRUS 
 

 

 

1.1 The discovery of EBV 
__________________________________________________________ 
 
The discovery of Epstein-Barr virus was brought about by a young British 
missionary surgeon named Denis Burkitt. In the late 1950s Denis Burkitt 
practiced medicine in the University Hospital in Kampala, the capital of 
Uganda. During the course of his work, he noticed a child suffering from a 
massive swelling in the four angles of the jaw. Shortly afterwards he observed 
several other young patients displaying the same aggressive jaw lesions. 
Intrigued by his observations and the study of the hospitals medical records, 
together with massive correspondence and travel to almost 60 hospitals in east, 
central and south of Africa, Burkitt and his colleagues showed that the 
lymphoma was common in regions of equatorial Africa, also known as the 
lymphoma belt and that the distribution overlapped with severe endemic malaria 
(O'Conor, 1961). The strange tumours caught the attention of Anthony Epstein, 
a young experimental pathologist, at a lecture given by Burkitt at the Middlesex 
Hospital, London. Epstein postulated the idea that a novel virus could be 
involved in the development of these tumours and during a couple of years in 
the early 1960s the Epstein lab regularly received biopsy samples from Burkitt 
in Uganda. From one of these deliveries the first Burkitt’s lymphoma (BL) 
derived continuous cell line was derived; EB1 (Epstein & Barr, 1964). 
Interestingly, this cell line was produced due to outgrowth of B cells from one of 
the biopsies that had been delayed in transport. By examining the cells by 
electron microscopy, Epstein and his co-workers Yvonne Barr and Bert Achong 
found virus particles in the EB1 cells and observed that the virus had the typical 
morphology of a herpes virus. In order to study the virus further, Epstein 
contacted the Henle lab in Philadelphia, one of the foremost virus diagnostic and 
research laboratories at that time. Through a joint effort the immunological 
uniqueness of the virus was demonstrated, as well as its biochemical singularity. 
It was also Henle & Henle who applied the designation “EBV” after the “EB” 
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BL-derived cell lines in which the virus was first found. Henle & Henle 
furthermore discovered that EBV is the causative agent for infectious 
mononucleosis. The Henle lab also showed after seroepidemiogical research, 
that the EBV infection is ubiquitously spread worldwide, infecting more that 
90% of the adult population.  
 
 
1.2 Primary infection and persistence 
__________________________________________________________ 
 
Epstein-Barr Virus (EBV) is an exclusively human, lymphotropic γ-herpes virus 
that infects more than 90% of the population worldwide (Kieff & Rickinson, 
2001). Primary infection usually occurs during early childhood and does not 
result in any recognized disease. If the primary infection is delayed through 
adolescence or adulthood, a dramatic immune response occurs which frequently 
results in infectious mononucleosis, a self-limiting lymphoproliferative disorder 
(Niederman et al., 1968). EBV is transmitted via saliva and the virus enters the 
host through the oropharynx. It is believed to initially infect either squamous 
epithelial cells or resting B cells sitting at or close to the surface of tonsillar 
epithelia or other lymphoid organs in Waldeyer's ring where crypt structures dip 
into underlying lymphoid tissue. The viral glycoprotein gp350/220 binds to the 
receptor CD21 and gp42/gH/gL with the major histocompatibility complex 
(MHC) class II on the B cell. Upon binding the Epstein-Barr virions partly 
enters the cell, and partly remains on the B cell surface to enable efficient 
transfer to CD21-negative epithelial cells (Shannon-Lowe et al., 2006). Thereby, 
EBV has developed a way to simultaneously access both B cells and squamous 
epithelial cells of the oropharynx. B cells are currently considered to be the host 
for EBV infection, while epithelial cells may be seen as helpful enhancers for 
viral transfer and for establishing latency in B cells (Borza & Hutt-Fletcher, 
2002; Wolf et al., 1984). 
   EBV infection in epithelial cells generally leads to activation of the lytic viral 
program. However, in B cells the default viral pathway is latency. During latent 
infection only a limited number of latent proteins are expressed, which comprise 
six EBV nuclear antigens (EBNA1-6), three latent membrane proteins (LMP1, 
LMP2A and B) and the two non-polyadenylated RNAs (EBERs). The latent 
proteins have all been directly implicated in the immortalization process (Kieff 
& Rickinson, 2001).Upon virus infection all latency genes are expressed and the 
rapid proliferation of the infected B cells leads to lymphoblast formation and is 
therefore often referred as the growth program or latency III (Fig. 1). The virus 
mimics antigen activation of B cells by binding antigens to the surface of naïve 
B cells which causes the cell to differentiate. At this stage the transformed B 
cells are efficiently eliminated by the host cytotoxic T cell response (Klein, 
1994).  
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Figure 1. A model for Epstein–Barr virus (EBV) infection and persistence.  
In the oropharynx, EBV infects underlying B cells and expresses a full spectrum of latent 
proteins (latency III, EBNAs1-6, LMPs 1 and 2A) also referred to as the growth program. The 
virus can thereby drive the activation and proliferation of the infected B cells. At this stage, 
many of these lymphoblasts are killed by a cytotoxic T cell response. However, some of the 
cells escape the immune response and undergo a germinal centre (GC) reaction where a 
more limited set of viral genes are expressed (latency I/II or the default program). The 
infected GC cells are subsequently rescued and develop into memory B cells, where no EBV 
gene expression is detected (latency 0 or latency program). Intermittent expression of 
EBNA1 during replication of these memory B cells allows the virus genome to be distributed 
to each of the daughter B cells (latency I). As B cells recirculate to the oropharynx, a switch 
into the EBV lytic cycle may occur, possibly triggered by maturation of B cells into plasma 
cells, allowing for virus replication, shedding into saliva and transmission both to new hosts 
and to previously uninfected B cells within the same host. Adapted from (Young & Rickinson, 
2004). 
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Figure 2. The Epstein-Barr virus genome 
The EBV genome shown as a double-stranded DNA episome or its linear form down under. 
The linear viral DNA circularizes at the terminal repeats (TR-pink box) upon cell entry. The 
origin of plasmid replication (oriP) is shown in orange. The six latent antigens (EBNAs1-6) 
are encoded by individual mRNAs generated by differential splicing of the same long primary 
transcript initiated from either the W promoter (Wp) or the C promoter (Cp) in cells with a 
latency III expression pattern. The Q promoter (Qp) drives the expression of EBNA1 in cells 
with a latency I and II expression pattern. The exons of the latent membrane proteins 
(LMP2s) A and B are located on either side of the terminal repeat (TR) regions, therefore 
their expression require circularization of the viral DNA. The LMP1 protein is transcribed in a 
leftward direction downstream of the TR. Adapted from (Murray & Young, 2001).  
 



  15 

The cells that escape the immune response migrate into a follicle to form a 
germinal centre (GC) and it is proposed that EBV-activated B cells also undergo 
a germinal centre reaction where a more restricted set of EBV genes are 
expressed which are designated latency II. The expression pattern of latency II, 
or default program as it is also known as, exhibits EBNA1, LMP1 and LMP2A 
as well as EBERs expression. The infected GC cells are subsequently rescued 
and develop into memory B cells, where no EBV antigens are detected due to 
absence of antigen binding and T cell signals (referred to as the latency program 
or latency 0). EBV infected memory B cells have no latent gene expression but 
express EBNA1 during B cell proliferation to insure that the EBV genome is 
replicated and passed on to the daughter cells (EBNA1 only program or latency 
I) (Kieff & Rickinson, 2001). The lack of immunogenic EBV antigens and 
immune response are the reason that in most immunocompetent individuals the 
virus is harboured for life within these latently infected resting memory B cells, 
without causing any symptoms (Klein, 1994; Thorley-Lawson et al., 1996). As 
recirculation of B cells to the oropharynx occurs, a switch into the EBV lytic 
cycle may be triggered, possibly by maturation of B cells into plasma cells. 
Reactivation of the lytic cycle results in new virus release that may lead to 
shedding of virions into saliva and transmission to both new hosts and to 
previously uninfected B cells in the same host (Kang et al., 2001). The fact that 
EBV can access and persist in memory B cells without causing disease is the 
key to its success in infecting most of the human population and is the evidence 
of its co-evolution with man.  
 
 
1.3 Gene regulation 
 
 
Significant efforts have been made to unravel the regulation of EBV gene 
expression since latent expression programs are central in EBV biology and 
pathogenesis. The virus genome is a linear double-stranded DNA that is 
approximately 172 kilobase pairs (kb) which encodes approximately 85 proteins 
(Figure 2). After infection, a repeated DNA sequence (the terminal repeats, TR) 
located at the ends of the linear form, mediates the formation of a circular 
episome. Usually each latently infected cell contains 10-20 copies of the genome 
(Farrell, 2005).  
   The EBV DNA also contains an unusually large tandem repeat, known as the 
major internal repeat or IR1. The IR1 is functionally significant as it contains the 
W promoter which is the first promoter to be activated during primary infection 
of B lymphocytes. The W promoter (Wp) drives the expression of all EBNA 
proteins. As Wp is located in the IR1 sequence, it is therefore present in multiple 
copies (Figure 2). During primary infection, EBNA2 and EBNA5 are the first 
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viral proteins to be expressed from the strong Wp and the expression of these 
proteins are sufficient to drive the cells into early G1 phase of the cell cycle. Wp 
driven EBNA2 protein functions as an transcriptional activator which is 
recruited to the C promoter (Cp). Within a few days the Cp becomes the 
dominant latent promoter and drives the expression of the EBNAs 
(Woisetschlaeger et al., 1991). Cp is located in the unique region just upstream 
of IR1. The EBNA genes belong to the same transcription unit and the different 
mRNAs are generated by alternative splicing from a large primary transcript 
originating from Wp or Cp. Each EBNA transcript contains multiple copies of 
the W exons, which in most cases splice to two or three small exons. Alternative 
splicing dictates the 3´coding exon present in mature EBNA gene transcripts 
(Speck, 2005).  
   EBNA1 is transcribed relatively early after primary infection and the binding 
of EBNA1 to the origin of replication (oriP) activates both Wp and Cp initiated 
transcription. An enhancer element consisting of three domains (UAS1, 2 and 3) 
located upstream of Wp has been shown to upreglate both Wp and Cp activity 
(Speck, 2005). 
   Cp is tightly regulated by the EBNA gene products. While EBNA1 and 
EBNA2 upregulates Cp, the EBNA3, 4 and 6 proteins are able to interfere with 
EBNA-mediated transactivation. EBNA5 augments EBNA2 activation showing 
the exquisite autoregulation of Cp by all latent gene products. In the absence of 
Cp activity, Wp can fully compensate for activation of the EBNAs (Tao et al., 
2006; Woisetschlaeger et al., 1990). 
   In latency I and II, Wp and Cp are not active and the only EBNA protein 
expressed is EBNA1. In these restricted latency phenotypes, EBNA1 gene 
expression is driven by the TATA-less promoter Q promoter (Qp). Qp-initiated 
EBNA1 gene transcripts differ from those initiated by Wp/Cp in that they 
contain a short 5´exon, designated Q. The Qp is a cell cycle regulated promoter 
and EBNA1 is a potent autoregulator of its activity. This feature may lead to the 
silencing of the Qp in latency 0 B lymphocytes, where no latent gene expression 
is observed (Schaefer et al., 1997). The regions around Qp have been found 
hypomethylated while the Cp and Wp are hypermethylated in tumour cell lines, 
indicating a mechanism where methylation plays an important role in EBV gene 
regulation at different stages of its life cycle (Tao et al., 2006). 
   Contrary to the EBNA gene transcription, the organization of the LMP genes 
is relatively simple. There are three LMP gene products expressed in latency II 
and III – LMP1, LMP2A and LMP2B. The LMP1 protein is encoded by 3 
closely spaced exons located at the right-hand end of the viral genome (see 
Figure 2), in the unique sequence near the terminal repeats (Figure 2). The ED-
L1 promoter drives the expression of LMP1, and is also referred to as the LMP1 
regulatory sequense (LRS) (Fahraeus et al., 1990). LMP2A and LMP2B gene 
expression is driven by independent promoters located in the unique region and 
their 3´exons are located at the left-hand end of the viral genome. Thus, the 
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expression of LMP2 gene products requires circularization of the viral genome 
(Speck, 2005). The promoters regulating the LMP gene expression are highly 
dependent on expression of EBNA2, like Cp (reviewed in(Kieff & Rickinson, 
2001)).  The patterns of gene expression in different latency types are 
summarized in Table 1.   
 
 
Table 1. EBV latent gene expression in different latency types (Cohen, 

2005) 

Latency EBNA1 EBNA2-6 LMP1 LMP2 
 

0 
 

- 
 

-  
 

- 
 

- 

I + - - - 

II + - + + 

III + + + + 

 

 
1.4 Latent protein function 
 
 
All of the EBNA proteins have been proposed to play a role in the control of 
gene expression in the EBV infected lymphoblastoid cell.  
 
 
EBNA1 
 
The EBNA1 protein is a DNA binding nuclear phosphoprotein involved in viral 
replication and is essential for maintenance of the viral episome (Yates et al., 
1984). EBNA1 binds the origin of replication (oriP) as a homodimer and the 
main role of the EBNA1/oriP complex is to ensure stable replication by 
recruiting the cellular origin recognition complex (ORC) and the 
minichromosome maintenance (MCM) complex, which enables viral transfer to 
each daughter cell parallel with mitosis (Mackey & Sugden, 1999a). EBNA1 is a 
transcriptional transactivator, upregulating both the Cp and LMP1 promoter 
(Kieff & Rickinson, 2001). The protein also interacts with two sites downstream 
of Qp to negatively regulate its own transcription (Murray & Young, 2001).   
   The EBNA1 protein contains a repeated peptide sequence (Gly-Gly-Ala) 
which acts as an inhibitor of antigen processing (Levitskaya et al., 1995). By 
inhibiting the ubiquitin-proteasome dependent degradation, EBNA1 prevents 
endogenous antigen presentation through the MHC I class pathway and immune 
detection. This could explain why EBV positive cells in which viral antigen 
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presentation is limited to EBNA1 can escape the host immune surveillance 
system. Some investigations have also suggested that EBNA1 may have a direct 
role in oncogenesis (Wilson et al., 1996) and inhibit p53 induced apoptosis 
(Kennedy et al., 2003).  
 
 
EBNA2 
 
EBNA2 has a crucial role in the immortalization process, functioning as a 
master transcription factor of all the nine viral proteins needed for 
transformation, and a limited number of cellular target genes (Cohen et al., 
1989). In primary infection of B lymphocytes, EBNA2 together with EBNA5 
are the only proteins needed to advance the cells to early G1 phase of the cell 
cycle (Sinclair & Farrell, 1995). EBNA2 is a nuclear phosphoprotein and acts as 
a transactivator of Cp, which promotes the switch from Wp to Cp observed in 
early B cell infection. EBNA2 is also a specific transcriptional activator of both 
cellular and viral genes, upregulating the B cell antigens CD21 and CD23, as 
well as LMP1 and LMP2, and the c-myc and c-fgr proto-oncogenes (Kieff & 
Rickinson, 2001). EBNA2 is recruited to promoters via its interaction with the 
ubiquitous DNA-binding protein RBP-Jκ as well as other DNA binding proteins 
such as PU.1, AUF1, DP103, the POU domain protein and members of the 
ATF/CREB protein family (Zetterberg, 2005). The c-myc oncogene is also a 
target of EBNA2 and this effect is likely to be important for EBV-induced B cell 
proliferation (Kaiser et al., 1999). 
 
 
EBNA3, 4 and 6  
 
The EBNA3, 4 and 6 (also referred to as EBNA3A, 3B and 3C - the EBNA3 
family) proteins are encoded by three genes adjacent to each other. EBNA3 and 
EBNA6 are essential for B cell transformation whilst EBNA4 appears to be 
dispensable (Robertson et al., 1996). EBNA6 can induce upregulation of both 
cellular and viral genes but also acts as a repressor of Cp activity. It has also 
been proposed that EBNA6 interacts with the retinoblastoma protein pRb, to 
promote transformation (Allday & Farrell, 1994; Radkov et al., 1997). Recently, 
the EBNA6 oncoprotein was shown to stabilize the cellular oncoprotein c-Myc 
and to repress the transcriptional activity of p53 which suggests that EBNA6 
may change the pattern of cellular gene expression in EBV associated human 
cancers (Bajaj et al., 2008; Yi et al., 2009). 
   Binding of each one of these three EBNAs to the transcription factor RBP-Jκ 
disrupts its binding to EBNA2 thus repressing EBNA2 mediated transactivation 
(Robertson et al., 1996). Thus, the EBNA2 and EBNA3 family work together to 
fine-tune the activity of RBP-Jκ, thereby regulating the expression of cellular 
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and viral promoters. EBNA6 has also been shown to interact with a histone 
deacetylase, HDAC1, which contributes to the transcriptional repression of Cp 
via RBP-Jκ (Radkov et al., 1999).   
   In addition, these three proteins also have a major role in the induction of the 
immune rejection response that makes mononucleosis a self-limiting disease 
(Rickinson & Kieff, 2001). 
 
 
EBNA5 
 
EBNA5 is encoded by the 5’ proximal part of the EBNA mRNAs and is also 
referred to as EBNA-LP (EBNA leader protein). The EBNA5 polypeptide 
consists of a multiple-repeat domain encoded by repeating W1 and W2 exons in 
the major internal repeat (IR1), and a unique carboxy-terminal encoded by the 
Y1 and Y2 exons, which are located downstream of the IR1 (Sample et al., 1986; 
Speck et al., 1986). Several isoforms of EBNA5 with different numbers of 
W1W2 repeats generated by alternative splicing can be detected during primary 
infection (Nitsche et al., 1997). Still, most established lymphoblastoid cell lines 
(LCLs) express one major and a few minor species.   
   EBNA5 is not essential for EBV mediated B cell transformation but greatly 
enhances the efficiency of the process (Mannick et al., 1991). The protein is 
phosphorylated at multiple sites, one of which has been shown to be essential for 
EBV-induced immortalization of B-lymphocytes and to be involved in the tight 
association between EBNA5 and the nuclear matrix (Yokoyama et al., 2001). 
The so far best characterized function of EBNA5 is its cooperation with EBNA2 
in upregulating transcriptional targets of EBNA2, including the LMP1 promoter 
(Harada & Kieff, 1997; Masciarelli et al., 2002; McCann et al., 2001). EBNA5 
together with EBNA2 can also activate the expression of cyclin D2, thereby 
inducing the G0 to G1 transition (Sinclair et al., 1994).  
   Furthermore, in addition of being a positive transcription factor, at high but 
biologically relevant concentrations EBNA5 has also been shown to act as a 
repressor of gene expression in a dose dependent manner (Dufva et al., 2002). 
The repressive effect is partly explained as a consequence of RNA processing by 
inhibition of 3′-end cleavage and polyadenylation of certain cellular and viral 
pre-mRNAs. It was also excluded that repression occurred as a consequence of 
apoptosis induced by EBNA5. This is consistent with the notion that a 
regulatory mechanism exists in the cell that confers specificity to the selection 
by EBNA5 of target genes for repression. 
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LMP1 
 
LMP1 is the major EBV oncogene. LMP1 is essential for transformation of B 
lymphocytes and LMP1-mediated signalling is critical for EBV-associated 
pathogenesis. LMP1 is an integral membrane protein that contains a short 
cytoplasmic N-terminal region, six transmembrane segments, and a cytoplasmic 
C-terminal tail (CCT). The transmembrane segments oligomerize within the 
membrane and mediate constitutive activation. The CCT contains two 
subdomains that have been implicated in LMP1 signalling, C-terminal activation 
region (CTAR) 1 and 2, and these two regions play distinct, yet overlapping 
roles in EBV-associated lymphoproliferation (Huen et al., 1995; Xie et al., 
2004). 
   At least four signalling pathways have been implicated in the function of 
LMP1, namely the Nuclear Factor κB (NF-κB), c-Jun N-terminal kinase (JNK), 
p38 kinase and phosphatidylinositol 3-kinase (PI3K) pathways (Dawson et al., 
2003).   
   LMP1 mimics signalling events and effector functions of CD40 in B 
lymphocytes in many ways, but not all. This includes activation of NF-κB 
through tumour necrosis receptor associated factors (TRAFs). Thus, LMP1 can 
activate the same signalling pathways as the TNF receptor (Mosialos et al., 
1995) and this association leads to signalling through NF-κB and JNK pathways 
to activate expression of anti-apoptotic genes. 
 
 
LMP2A and 2B 
 
The LMP2 gene encodes two distinct proteins, LMP2A and LMP2B. The 
structure of both proteins are similar, 12 transmembrane domains and a 
cytoplasmic C-terminus. In addition, LMP2A also has a cytoplasmic N-terminal 
domain. Neither LMP2A nor LMP2B are required for B cell transformation. 
LMP2B lacks the kinase interaction domain but is thought to modulate the 
aggregating effect of LMP2A and thereby regulate LMP2A function 
(Longnecker, 2000; Rovedo & Longnecker, 2007).  
   The LMP2A protein is a substrate for the src family of tyrosine kinases, and 
associates with a cellular phosphotyrosine protein (Longnecker et al., 1991). 
LMP2A mediates blocking of the signal transduction through the B cell receptor 
(BCR), thus inhibiting B cell development by blocking calcium mobilization 
and tyrosine phosphorylation (Fruehling & Longnecker, 1997; Miller et al., 
1993). In absence of normal BCR signalling, LMP2A can drive the proliferation 
and survival of B cells, supporting the role of LMP2A as a modifier of normal 
growth program of B cell development in order to favour maintenance of EBV 
latency and to prevent inappropriate activation of the lytic cycle (Caldwell et al., 
1998).  
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 1.5 Associated diseases 
__________________________________________________________ 
 
Usually EBV is harboured for life without any symptoms. EBV pathogenesis 
however does arise when the immune system is compromised. The list of benign 
and malignant diseases that are associated with EBV is still growing. The most 
common ones are listed below. For a detailed review of EBV-associated 
diseases, see reference (Kieff & Rickinson, 2001). 
 
 
Infectious Mononucleosis 
 
Infectious mononucleosis (IM) is a self-limiting lymphoproliferative disorder 
that might arise if primary EBV infection is delayed through adolescence or 
adulthood. The usual clinical symptoms are high fever, headache, chills and 
sweats, fatigue and a severe soar throat. The convalescence can be very long, 
ranging from several days to several weeks. Patients with acute IM shed high 
titres of infectious virus in the throat from lytic infection in the oropharynx 
(Vetsika & Callan, 2004). 
 
 
Burkitt’s lymphoma 
 
Burkitt's lymphoma (BL) can be divided into three main clinical variants: the 
endemic, the sporadic and the immunodeficiency-associated variants. The high-
incidence endemic form of BL is the most common childhood cancer in 
equatorial Africa. Annually ~5-10 cases per 100’000 children suffer from the 
disease. Also children in Papua New Guinea are affected and the common 
denominator in both areas is that malaria is holoendemic. EBV is present in all 
endemic BLs and in up to 85% of cases in areas of intermediate incidence, such 
as Brazil and North Africa. In the sporadic variant (also called non-African BL) 
only 15% of the low-incidence tumours of children in the developed world carry 
the EBV genome. BL is also quite common among immunodeficient adults such 
as HIV carriers in the developed world. Some 30-40% of these tumours are 
EBV-associated (Kieff & Rickinson, 2001) and it has been proposed that BL can 
be an initial manifestation of AIDS. All BL lymphomas carry one of three 
characteristic chromosomal translocations that place the MYC gene under the 
control of the Ig heavy chain promoter or of one of the light chain loci. This is 
the key factor in the pathogenesis of BL (Kovalchuk et al., 2000; Li et al., 2003; 
Polack et al., 1996). 
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Nasopharyngeal carcinoma 
 
Nasopharyngeal carcinoma (NPC) is an epithelial tumour that is characterized 
by marked geographic and population differences in incidence. This is by far the 
most common malignant tumour of the nasopharynx. NPC is uncommon in 
western populations, occurring at a rate of 0.1 cases per 100’000 people per year 
(Buell, 1974). However, in southern China and Southeast Asia it accounts for 
nearly 20% of all cancers, with an incidence of 100 cases per 100’000 people 
per year in some regions. The tumour is also quite frequent in the Inuit 
population as well as the population of Mediterranean Africa (Nielsen et al., 
1977). Interestingly, while NPC is seen primarily in middle-aged persons in 
Asia, a high proportion of African cases appear in children. The EBV genome is 
consistently detected in all undifferentiated NPC, regardless of geographic 
distribution or racial background (Raab-Traub et al., 1987). In spite of the strong 
association with EBV, the aetiology of the disease is poorly understood. The 
distinct geographical distribution of this malignancy suggests that environmental 
factors as well as disease susceptibility genes are involved in the oncogenic 
process. Several traditional foods such as Cantonese Chinese salted fish, and 
Harissa, a common ingredient in North African cooking, contain compounds 
that have been shown to reactivate latent EBV infected B cells in vitro (Shao et 
al., 1988). 
 
 
Hodgkin’s disease 
 
Hodgkin’s disease (HD) is an unusual lymphoma of the human lymphatic 
system. Originally, epidemiological studies suggested a possible role for EBV in 
the aetiology of HD, as IM is a predisposing factor. However, EBV is only 
present in 30-50% of the HD cases. HD is characterized by the presence of a 
special type of lymphatic cells called Reed-Sternberg (RS) cells, which are of B-
cell origin. The malignant Reed-Sternberg cells account for only 1-2% of the 
total tumour mass, which the virus is localized to and is clonal. The EBV 
association seems to be age-related as it is more frequent in childhood, in older 
adults (>45 years) and in mixed cellularity cases. The survival rate is generally 
90% or higher when the disease is detected during early stages, making it one of 
the more curable forms of cancer.  
 
 
Lymphoproliferative disorders in immunodeficiencies 
 
The ability of EBV to cause malignant diseases is most clearly indicated by the 
development of lymphoproliferative disorders and immunoblastic B-cell 
lymphomas in immunocompromised patients. The immunodeficiency can either 
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be congenital or acquired including patients with the rare genetic disease X-
linked lymphoproliferative disease (XLPD), Wiskott-Aldrich syndrome, 
recipients of organ or bone marrow transplants and AIDS-patients. All these 
individuals have an impaired cytotoxic T-cell response and are unable to to 
control the proliferation of EBV-infected cells. Most post-transplant 
lymphoproliferative disorders (PTLDs) arise in the first year after 
transplantation, when the immunosuppression is the most severe. The lesions are 
mostly of B cell origin and range from atypical polyclonal B cell proliferations, 
which often regress following withdrawal or reduction of immunosuppression, 
to aggressive non-Hodgkin lymphomas, which generally do not resolve 
following immune reconstitution (Murray & Young, 2001). 
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PROTEIN INTERACTIONS 
 

 

 

2.1 Molecular networks 
__________________________________________________________ 
 
While the study of genes and proteins continues to be important, looking at 
isolated components is not enough to understand most biological processes. For 
instance, the analysis of the signalling pathway involving the p53 tumour-
suppressor gene is more important than looking at the gene only (Vogelstein et 
al., 2000). This is further supported by the notion that a combined attack on 
genes connected to p53 caused more severe effects than the removal of the gene 
itself (Franklin et al., 2000). 
   A protein complex is defined as a group consisting of two or more proteins. 
Protein complexes are a form of quaternary structures and the proteins in a 
protein complex are linked by both covalent and non-covalent protein-protein 
interactions. Identifying the components of protein complexes is a vital aspect of 
cell biology because cellular processes are often carried out by highly dynamic 
and stable protein complexes and their characterization often provides insight 
into their function. The formation of a protein complex often serves to activate 
or inhibit one or more of the members of the complex and in this way protein 
complex formation can be similar to phosphorylation. Furthermore, individual 
proteins can participate in the formation of a variety of different protein 
complexes. Different complexes perform different functions, and the same 
complex can perform very different functions depending on a variety of factors, 
for example in which cellular compartment the complex resides and at which 
stage of the cell cycle.  
   We know that nearly all major processes in the cell are carried out by multi-
protein complexes consisting of five or more proteins. These assemblies interact 
with other large protein complexes, thus the proteins are part of a protein-protein 
interaction network inside the cell (Alberts, 1998; Spirin & Mirny, 2003). The 
protein-protein network is composed of proteins represented as nodes and the 
links or edges representing their interactions (see Figure 3). Similarly, metabolic 
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pathways can be represented as networks formed by metabolites, reactions and 
enzymes connected by two types of relationships, mass flow and catalytic 
regulation. Furthermore, transcriptional regulation can be represented by 
complex networks, where nodes represent genes and directed links denote 
regulatory effects on the target genes. These interactions are essential to keep 
the molecular systems of living cells working properly. A common feature of 
these interaction networks is that they contain junctions of proteins that are 
highly interconnected, also called hubs. Investigation of 43 organisms has 
revealed that only a minor fraction of all proteins in the cell are hubs, meaning 
that few hubs concentrate a high number of protein-protein connections (Jeong 
et al., 2000). The topology of these networks is extremely heterogeneous and 
described as scale-free, which is in contradiction to the classical random 
network theory, introduced previously by Erdös & Rényi in the 1960s (see 
Figure 3). The hubs tie together most of the other less connected proteins 
(nodes) with only one or two interaction partners. In addition, new nodes are 
preferentially attached to already existing nodes, a property that is also thought 
to characterize the evolution of biological systems (Hartwell et al., 1999). The 
resulting network is very dense, and the distance between any two proteins is 
generally short. Due to the small distances between any two proteins in these 
networks, they are referred to as small-world networks. This general topology 
can also be observed in the structure of the World Wide Web, citation networks 
and metabolic networks for example (Jeong et al., 2000). The protein-protein 
interaction networks are highly dynamic, allowing for rapid changes in the 
proteome to accommodate environmental changes (Hartwell et al., 1999).  
 
 

 
 
Figure 3. Network topology. 
A. The random network is homogeneous: most nodes (visualized as green dots) have 
approximately the same number of links. B. The scale-free network is heterogeneous: the 
majority of the nodes have one or two links (also commonly referred as edges) but a few 
nodes have a large number of links i.e. hubs (visualized as red dots), guaranteeing that the 
system is fully connected. 
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   The multi-protein complexes in these networks are cornerstones of most 
biological processes and together they form various types of molecular 
machineries or modules. For instance, protein-protein interactions, related to 
cellular communication by signal transduction, activate or repress the 
transcription of genes, changing the molecular composition of the cell. These 
separate modules are the 'building blocks' of the biological systems, working 
together to shape the phenotypic pattern of the cells and organisms. Spirin and 
co-workers have discovered that modules are densely connected within 
themselves but sparsely connected with other modules of the network meaning 
that cellular entities with similar functions interact mainly with each other 
(Spirin & Mirny, 2003). They also divided these modules into two subgroups 
using experimental data and functional annotations of the genes; (a) protein 
complexes or (b) functional modules. Protein complexes are groups of proteins 
that interact with each other at the same time and place, forming a single 
multimolecular machinery such as the spliceosome, transcription factor 
complexes, RNA splicing and polyadenylation machinery etc. In contrast, 
functional modules consist of proteins participating in a particular process while 
binding to each other at different times and places, like the MAP signalling 
cascade or the CDK/cyclin module responsible for cell-cycle progression.  
   Recently, two comprehensive studies of the Saccharomyces Cerevisiae 
protein-protein interactions were performed (Gavin et al., 2006; Krogan et al., 
2006). The results showed that half of the proteome was to be in complex and 
that there was a substantial protein sharing between the complexes. These 
experimental results constitute a strong support for the modular organization 
principle which has been further strengthened in several other studies with the 
same approach (Calderwood et al., 2007; Uetz et al., 2006; Zhang et al., 2009). 
The modules arise through evolution as it is easier to build a complex system 
from stable functioning subsystems and modularity also contributes to the 
robustness of the system against random component failure (Albert et al., 2000; 
Jeong et al., 2001). In contrast, human cellular protein networks have a high 
sensitivity to targeted attacks on the highly interconnected hubs. Removal of the 
hubs one by one, quickly results in a total collapse of the overall network 
(Albert et al., 2000). Notably, hubs have a tendency of being essential and have 
also been suggested to have a higher probability of being involved in cancer 
development (Jonsson & Bates, 2006). With hubs seemingly having such a 
central role in interaction networks and the biology of the organisms, there is 
now an increased effort to identify the hub proteins and to discover in what 
sense these proteins differ from other proteins. Analysis of network structure 
can be useful to determine the importance of these proteins and to predict their 
functions. 
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2.2 Virus-host protein interactions  
__________________________________________________________ 
 
Infectious diseases caused by viral agents are still one of the major health threats 
all over the world. Viruses are among the simplest pathogens, and thus require 
the host cell machinery for replication and survival. Viruses have evolved to 
regulate and exploit these machineries in numerous ways. The host has likewise 
evolved complex defensive mechanisms to protect itself against pathogenic 
threats, but the host immune system includes several trade-offs that can be 
exploited by pathogens and induces undesirable inflammatory reactions. 
Molecular understanding of the interactions between the host and the virus is a 
key challenge in modern virology research, and can provide valuable insights 
into the basic mechanism that regulate normal and pathological cellular 
behaviour.  
   Cellular protein networks are not static and the robustness of the systems may 
change dynamically according to various factors like tissue, cell type or changes 
in the cellular environment such as viral infections (Kitano, 2007). The 
pathogenesis and survival of the viruses depend on a complex interplay between 
viral and host proteins, both acting in a complex virus-host protein-protein 
interaction network. A comprehensive analysis of the virus protein interaction 
networks of the Kaposi’s sarcoma-associated herpes virus and the Varicella-
zoster virus, shows a network topology of single, highly coupled modules, 
whereas cellular networks are organized into separate functional submodules 
(Uetz et al., 2006). Due to this unusual topology, viral networks are thought to 
be more resistant to deliberate attacks as the network remains more stable even 
though the most highly connected proteins are removed. The analysis of the 
combined virus-host protein interaction network revealed that the viral network 
adopts cellular network properties to a large extent. This interplay may lead to 
new system properties that represent specific features of the viral pathogenesis 
as the host protein-protein network is altered by the invading virus proteins. The 
creation of novel interactions and modifications or the destruction of others 
results in a network topology that favours the excessive amount of virus 
production in a stressed host cell network.  
   Recently, a comprehensive mapping of the EBV virus-host protein interaction 
network was performed (Calderwood et al., 2007). The result revealed that the 
human proteins targeted by EBV usually are highly interconnected proteins, 
hubs, and that this might be an efficient mechanism for EBV in order to 
reorganize the cellular processes. Last year, the first release of VirHostNet 
(Virus-Host network) (Navratil et al., 2009) was launched, and when examining 
the virus-host network of EBV one can distinguish two highly interconnected 
viral proteins – EBNA1 and EBNA5 – both of which will be the focus of the 
remaining of this thesis.  
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Figure 4. EBV-host interactome network. 
Map of the EBV-host protein interactions derived from the VirHostNet visualizator. Cellular 
proteins are shown as blue nodes and virus proteins have different nodes colours according 
to viral taxonomy.  
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THE PRESENT INVESTIGATION 
 

 

 

3.1 Aim of the study 
__________________________________________________________ 
 
Overall aim 
 
Throughout the life cycle of EBV a multitude of protein-protein interactions 
take place, ensuring the maintenance of the viral genome and the production of 
new infectious viral particles. Gaining a better understanding of how the viral 
proteins interact with each other and with the host will help elucidate the details 
of the cellular targets in regulation of lytic and latent virus infection.  
   The EBV nuclear antigens 1 and 5 are two viral proteins of high interest in 
EBV biology. The EBNA1 protein is essential for viral episome maintenance in 
the infected host due to its function as the DNA binding protein that recruits the 
cellular complexes needed for viral replication. In addition, EBNA1 bound to 
the EBV oriP family of repeats functions as a transcriptional enhancer of 
neighbouring promoters, including the C promoter. The mechanism for this 
interaction is however not completely understood at the molecular level. The so 
far best characterized function of EBNA5 is its cooperation with EBNA2 in the 
transactivation of the LMP1 promoter. A considerable amount of evidence has 
accumulated indicating that EBNA5 is a multifunctional protein but its precise 
role in EBV biology has yet to be defined.  
 
Paper I 

 To identify and characterize factors in the EBNA5 interaction proteome 
using an improved tandem affinity purification procedure coupled to high 
resolution mass spectrometry analysis. 

Paper II 
 To further elucidate the cellular and molecular mechanisms underlying 

the repressor function of EBNA5. 
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Paper III 
 To identify factors that bind to the Cp core and to EBNA1 and oriPI, 

possibly facilitating long-distance promoter-enhancer interactions.  
 
 
3.2 Methods and Materials 
__________________________________________________________ 
 
The purpose of this section is to provide an overview of the methods used in the 
work of the thesis. Detailed descriptions are available in the papers and 
manuscripts at the end of the thesis. 
 
 
Cell lines 
 
The cell lines used in this study were chosen based on their phenotype, 
transfectability and their endogenous expression of latent EBV genes (see table 
2).  
 
Table 2. Cell lines used in this thesis 
 
Cell line EBV Latency Comment 
DG75 No - Burkitt’s lymphoma cell line 
BJAB No - Burkitt’s lymphoma cell line 
Rael Yes I Burkitt’s lymphoma cell line 
P3HR1 Yes II/III EBNA2 deficient Burkitt’s lymphoma cell line 
Raji Yes II/III Expresses EBNA2 but lacks EBNA6 and is 

defective in lytic replication  
B95.8 Yes III Marmoset derived, infected with the B95.8 strain 
IB4 Yes III Placenta lymphocytes infected with the B95.8 

strain  
Cbc-Rael Yes III Cord blood cells infected with the Rael strain 
B95.8-LCL Yes III B lymphocytes infected with the B95.8 strain 
WW1-LCL Yes III B lymphocytes infected with the QIMR-Wil virus 

isolate 
HEK293A No - Human embryonic kidney monolayer epithelial 

cell line of neuroendothelial origin 
Molt4 No - T cell line from acute lymphoblastic leukaemia 
MCF7 No - Human breast adenocarcinoma epithelial cell 

line 
 
 
Molecular cloning and sequencing 
 
All manipulations involved in constructing expression plasmids were carried out 
by standard procedures (Sambrook & Russel, 2001). All plasmids made were 
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verified by dideoxy sequencing, utilizing the ABI Prism®Big Dye™Terminator 
Cycle Sequencing Ready Reaction Kits (Applied Biosystems). Sequences were 
compared to the published EBV-genome strain B95-8 (GenBank V01555).  
 
 
Transfection and reporter gene assays 
 
Transfection is the process of introducing DNA into a cell by non-viral methods. 
This technique is a routine tool for studying gene structure and function in 
mammalian cells. In this thesis two different transfection techniques have been 
used: electroporation (suspension cells) and lipid-mediated transfection 
(adherent cells).  
 
Reporter genes have become an invaluable tool in studies of gene expression. 
The purpose of the reporter gene assay is to measure the regulatory potential of 
a promoter of interest. This can be done by linking the promoter sequence to an 
easily detectable reporter gene such as that encoding for the firefly luciferase or 
chloramphenicol acetyl transferace. The promoter region and the transcription 
factors will regulate the expression of the reporter gene. We have used the 
chloramphenicol acetyltransferase (CAT) and luciferase (LUC) reporter gene 
assays in our studies as an indirect measurement of the promoter activity. CAT 
is a bacterial enzyme that catalyzes the transfer of acetyl groups from acetyl 
coenzyme A to radioactively labelled chloramphenicol.  
   In the luciferase assay, light is emitted when the reporter luciferase acts on 
the appropriate luciferin substrate and the amount of emitted light is correlated 
to the presence of reporter protein. The substrate luciferin is not toxic to 
mammalian cells and as luciferase is not naturally present in target cells the 
assay is virtually background-free. Therefore, the reporter system is highly 
sensitive and ideal for detecting low-level gene expression.  
 
 
Immunoblot analysis  
 
Immunoblot (or western blot) is an analytical technique for detecting specific 
proteins in a given cell extract or tissue homogenate. Gel electrophoresis is 
used to separate native or denatured proteins by the size of the polypeptide 
(denaturing conditions) or by the 3D structure of the protein (native/non-
denaturing conditions). The proteins are then transferred to a membrane 
(typically nitrocellulose or PVDF), where they are detected using antibodies 
specific to the target protein. In this thesis we have used whole cell extracts 
from continually growing cells or the lysates from the reporter assays of the 
transfected cells to study the levels of endogenously expressed proteins and to 
verify the expression of transiently expressed proteins, respectively. 
Immunoblotting is only a non-linear semi-quantitative method; it is therefore 
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necessary to ensure equal loading of all samples on the gel and to use standard 
curves. Equal loading can be confirmed by measuring total protein expression 
using Bradford reagent, Ponceau S staining of the blotted membrane and/or 
probing for protein levels of β-actin or housekeeping genes.  
 
 
PCR, RT-PCR and Q-PCR 
 
Polymerase chain reaction (PCR) is a technique used to amplify a specific 
region of a DNA strand several orders of magnitude. The method relies on 
thermal cycling, consisting of cycles of repeated heating and cooling to facilitate 
DNA melting and enzymatic replication of the DNA. In order to robustly detect 
and quantify gene expression from small amounts of RNA, amplification of the 
gene transcript is necessary. Reverse transcription PCR (RT-PCR) is a variant of 
PCR where RNA first is transcribed into cDNA and then amplified in the same 
manner as in the PCR procedure. These techniques allow both detection and 
amplification of a specific target sequence in real time by fluorescent dyes or 
probes (real time or quantitative PCR, Q-PCR). The key feature of Q-PCR is 
that the amplified DNA is quantified as it accumulates in the reaction in real 
time after each amplification cycle. The data generated can be analysed by a 
computer software to calculate the relative gene expression in several samples at 
the same time. Real-time PCR can also be applied to the detection and 
quantification of DNA in samples to determine the presence and abundance of a 
particular DNA sequence in these samples. 
 
 
Immunostaining 
 
Immunostaining is an antibody-based method to detect a specific protein in a 
cell or tissue. The interaction can be visualized by adding a secondary antibody 
with a fluorescent probe attached. Fixation is performed in order to preserve the 
cell morphology and tissue architecture. To gain accessibility for the antibodies, 
permeabilization of the cell membrane is performed usually by using detergents 
at low concentrations. One of the main difficulties with immunostaining is 
overcoming specific or non-specific backgrounds. Optimisation of all the 
experimental steps is usually necessary to circumvent these problems. In 
addition, the presence of positive and negative controls for staining is essential 
for determining the specificity. 
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Immunoprecipitation 
 
Immunoprecipitation (IP) is a technique for precipitating a protein antigen out of 
solution using an antibody that specifically binds to that particular protein. 
Immunoprecipitation of intact protein complexes is known as co-
immunoprecipitation (Co-IP). This process can be used to isolate and 
concentrate a specific protein or protein complex from a sample containing 
many thousands of different proteins and complexes. Both techniques require 
that the antibody is coupled to a solid matrix for isolation of the protein/complex 
of interest and removal of non-specific interactors. In order to exclude false-
positive interactions, control experiments where the immunoprecipitations are 
performed with the IgG fraction of the relevant species need to be performed. 
 
 
DNA affinity purification  
 
DNA affinity purification is a powerful technique used for isolation and 
identification of protein binding a specific DNA sequence of interest. The DNA 
affinity purification procedure performed in Paper III was conducted as 
described by Atanasiu et al with some modifications (Atanasiu et al., 2005). The 
biotinylated double stranded DNA (the bait) was coupled to streptavidine-coated 
magnetic beads and subsequently incubated with nuclear extracts or purified 
proteins. The resulting DNA-protein complexes were subjected to magnetic 
separation, wash and elution, and the highly enriched protein preparations were 
analyzed using mass spectrometry for identification of unknown interactors, or 
immunoblot to verify binding of known factors. DNA-binding proteins such as 
histones can give rise to background problems. The use of DNA baits no longer 
than 500 bases and preclearing of the nuclear extract with competitor DNA, 
such as sonicated salmon sperm, can reduce these problems.  
 
 
Electrophoretic Mobility Shift Assay (EMSA) 
 
The electrophoretic mobility shift assay is a common affinity method used to 
study protein-DNA or protein-RNA interactions. The binding reaction takes 
place in vitro by mixing nuclear extracts or in vitro translated proteins with a 
labelled double-stranded DNA probe. The protein-DNA or RNA complexes are 
separated by non-denaturing polyacrylamide gel electrophoresis (PAGE), based 
on the differences in size, charge and to a lesser extent the conformation. 
Binding of a nuclear protein to the labelled probe causes it to move more slowly 
during gel electrophoresis and results in the appearance of a shifted band. An 
antibody that recognizes the protein can be added to this mixture to create an 
even larger complex with a greater shift. This is called a supershift assay, and is 
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used to identify a protein present in the protein-nucleic acid complex. 
Supershifting is not always possible, as this requires specific antibodies to the 
target proteins that are able to bind the protein when it is bound to the DNA. 
Another way to try to deduce the identity of the protein is by competition 
experiments with unlabelled competitor sequences of the target-protein binding 
site. An excess of the unlabelled consensus sequence is added to the binding 
reaction, if any of the shifted bands are reduced or disappear, the band is most 
likely caused by binding of the target protein. Variants of the competition assay 
are useful for measuring the specificity of the binding and for measurement of 
the association and dissociation kinetics. 
 
 
Chromatin immunoprecipitation assay 
 
Chromatin immunoprecipitation (ChIP) is a powerful tool used to determine the 
location of DNA binding sites on transcription regulatory sequences in the 
chromatin structure. This technique gives a picture of the protein-DNA 
interactions that occur inside the nucleus of living cells or tissues in vivo. The 
DNA-binding proteins, such as histones and transcription factors, are chemically 
cross-linked to the DNA in order to maintain the low affinity interactors as well. 
The cross-linked cells are lysed and the chromatin is sheared by sonication to an 
average size of 200-600 bp. The protein-DNA complex can thereafter be 
immunoprecipitated out of the lysate by using an antibody specific to the 
putative DNA-binding protein. To verify if your sequence of interest is pulled 
down with the antibody, the chromatin is de-crosslinked, the proteins are 
degraded by proteinase K and the resulting “naked DNA” is analyzed by 
quantitative PCR (Q-PCR). The amount of DNA specifically pulled down is 
compared to the amount pulled down by a non-related antibody or pre-immune 
serum (normal IgG). It is also important to monitor the amount of DNA that is 
pulled down unspecifically by the antibody of interest. This is achieved by 
running a Q-PCR of an unrelated region of the genome.  
 
 
Tandem affinity purification 
 
Tandem affinity purification is a method used to isolate and identify multi-
protein complexes associated with your protein of interest under native 
conditions. A fusion protein is made with the bait protein attached to a double 
affinity tag at the C- or N-terminus. A protease cleavage site separates the 
affinity tag and the protein sequence. In Paper I we used an affinity tag 
composed of the StrepTagII sequence and the Protein A domain from 
Saccharomyces Cerevisiae, divided by two Tobacco Etch Virus cleavage sites. 
The construct is transfected into mammalian cells and the resulting cell extracts 
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are subjected to purification by two consecutive affinity chromatography steps. 
There is a possibility that a tag added to a protein might obscure binding of the 
new protein to its interacting partners. In addition, the tag may also affect 
protein expression levels. On the other hand, the tag may also not be sufficiently 
exposed to the affinity beads, hence skewing the results. All these factors are 
taken into consideration when designing your purification procedure. To identify 
individual proteins in the resulting eluate, the enzyme trypsin is often used to 
generate smaller peptides that are more suitable for mass spectrometric analysis. 
Trypsin has a very well defined specificity, as it hydrolyzes only the peptide 
bonds in which the carbonyl group is contributed either by an arginine or lysine 
residue. The purified protein eluates were separated by gel electrophoresis and 
the protein-containing lanes of the gel were excised and subjected to in-gel 
tryptic digestion for further mass spectrometric analysis. 
 
 
Mass spectrometry analysis and protein identification 
 
Mass spectrometry (MS) is the core method of choice when trying to identify 
unknown compounds, to quantify known compounds, and to elucidate the 
structure and chemical properties of molecules. A mass spectrometer is an 
instrument that measures the masses of individual molecules or fragments that 
have been electrically charged, i.e. converted into ions. Thus, the mass 
spectrometer does not actually measure the molecular mass directly, but rather 
the mass-to-charge (m/z) ratio of the ions formed from the molecules. By 
coupling two mass analysis stages (MS/MS) one can create fragmented ion 
spectra of the precursor ions detected in the first MS mode. The precursor mass 
and fragment ion spectrum for each peptide analysed are used for identification 
of proteins in a complex mixture by comparing the patterns of the spectra 
against a theoretical fragment ion spectrum derived from a database of known 
protein sequences. In this thesis we have analysed tryptic digests of proteins by a 
liquid chromatography-tandem mass spectrometry using a linear ion trap -
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer. FT-ICR 
mass spectrometry is a high-resolution technique where mass to charge ratios 
can be determined with very high accuracy. Accordingly, this technique also 
allows the signals of two ions of similar masses to be detected as distinct ions. 
This contributes to improved detection range and reduction of false positive 
protein identification.   
 
 
In situ proximity ligation assay 
 
We have used the highly sensitive in situ Proximity ligation method to examine 
the subcellular localization of protein-protein interactions at single-molecule 
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resolution. Antibodies specific for immunoglobulins from different species, 
modified by attachment of oligonucleotides, were used as secondary proximity 
probes together with a pair of primary antibodies from the corresponding 
species, specific for the proteins of interest. The proximity probes guide the 
formation of circular DNA strands when bound in close proximity. The DNA 
circles in turn serve as templates for a localized rolling-circle amplification 
(RCA) procedure, allowing individual interacting pairs of protein molecules to 
be visualized and counted in human cell lines and clinical specimens. 
Combining the dual recognition of the protein-protein interaction by proximity 
probes offers an improved selectivity and sensitivity, as well as visualization of 
low abundant protein interactors. 
 
 
3.3 Results and Discussion 
__________________________________________________________ 
 
Paper I – Isolation and identification of EBNA5 multi-protein complexes 
 
The biological events occurring in the body are highly complex. The expression, 
production, secretion and interaction of proteins, peptides and small molecules 
often occur rapidly and at low concentrations. Methods for isolation and 
identification of such events must be rapid, selective, sensitive and robust. In 
recent years, new variations of affinity methodologies have been developed for 
that purpose. 
   EBNA5 is an unusual protein consisting of a 22 and 44-amino acid multiple-
repeat domain encoded by the W1 and W2 exons in the major internal repeat 
(IR1), and a unique 45-amino acid carboxy-terminal end encoded by the Y1 and 
Y2 exons, located downstream of the IR1 (Sample et al., 1986; Speck et al., 
1986). Several isoforms of EBNA5 due to alternative splicing can be detected 
during primary infection, but still most established lymphoblastoid cell lines 
expresse only one major and a few minor species (Nitsche et al., 1997). EBNA5 
is a multifunctional protein with several previously identified interaction 
partners including pRb, p53, Hsp70/Hsc70, Hsp27, DNA-PKcs, α- and β-
tubulin, Prolyl-4-hydroxylase, HA95, HAX-1, hERR-1, p14ARF, S3a and 
Sp100. The biological implications of these interactions have however not been 
fully understood.  
   In our attempt to further elucidate the biological activity of EBNA5, we 
focused on the isolation and identification of EBNA5 interaction partners in 
processes that do not necessarily depend on the presence of EBNA2. We were 
also particularly interested in the mechanism underlying the previously 
described repressor effect of EBNA5 (Dufva et al., 2002). Purification of protein 
complexes and identification of their protein components are important 
strategies to unveil the function of proteins with a known sequence but an 
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unknown biological activity. Several approaches have been employed for this 
purpose such as yeast two-hybrid methods, enzyme assays and tandem affinity 
purification (TAP) procedures followed by mass spectrometry analysis. We have 
used an improved tandem affinity purification method for purification of 
proteins interacting with EBNA5 in mammalian cells. Initial experiment using 
the original TAP method described by Rigault et al (Rigaut et al., 1999) resulted 
in high background levels. In order to circumvent this problem, we modified the 
affinity tag by replacing the calmodulin binding peptide with one copy of the 
StrepTagII sequence followed by two Tobacco etch virus (TEV) protease 
cleavage sites and the IgG-binding Protein A domains.  
   Identification of proteins co-purified with EBNA5-StrepTAP or StrepTAP 
alone, which served as a control, was performed by LC-MS/MS analysis of 
tryptic digests on a Hybrid Linear Ion Trap (LTQ)-FT-ICR mass spectrometer. 
All acquired MS/MS spectra were searched against the complete Swiss-Prot 
protein sequence database. To address the issue of false positive protein 
identifications, a randomized version of the Swiss-Prot database was constructed 
for parallel data searches. With this approach together with stringent criteria 
during selection of positive protein identifications and subtraction of proteins 
identified in the control samples, we identified 147 proteins as novel EBNA5 
interactors.  
   Validation of EBNA5 interacting factors was performed by 
coimmunoprecipitaions experiments and/or by split-tag experiments using two 
novel protein interactors as baits, Bcl2-associated Athanogene 2 (BAG2) and 
heterogeneous ribonucleoprotein M (hnRNP M). With these two approaches, 37 
proteins were validated as EBNA5 interacting partners. The size and 
composition of the isolated EBNA5-StrepTAP complexes where further 
investigated by gel filtration experiments under native conditions. The results 
revealed that most of the EBNA5 protein is part of high molecular weight 
protein complexes of 2000 kDa or more. This supports the notion that the 
functional units of the cell forms interconnected structures and that the TAP 
procedure allows purification of delicate subcellular structures of a complex 
nature. 
 
Among the novel interaction partners identified, several proteins are interesting 
with regard to the function of EBNA5. Our finding that the co-chaperone BAG2 
and the 26S proteasome subunit 2 are members of the EBNA5 interactor family, 
as is the well-characterized Hsp/Hsc70, is very interesting since they are all 
components constituting the cytoplasmic protein quality control system. 
Furthermore, the identification of Hsp40 as an associated partner to EBNA5 
reveals the fact that EBNA5 interacts with all the factors necessary for an active 
Hsp70 chaperone complex. In addition, the majority of the 37 novel interactors 
could be assigned to one of three groups according to function: protein folding 
and degradation, pre-mRNA processing, or ribosomal proteins. This is 
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consistent with the notion that functional units of the cell are not single proteins 
but well-structured macrocomplexes i.e machineries, suggesting that EBNA5 
have functional relationship to these distinct groups. In addition, the cellular 
protein-protein networks contain highly connected proteins i.e. hubs. These hubs 
have a tendency of being essential and are usually targeted by viral proteins. Our 
results support the notion that EBNA5 targets protein factories of central 
positions which may have functional contributions in EBV biology.  
 
 
Paper II – Regulation of the cytoplasmic quality-control protein-
degradation pathway by EBNA5. 
 
We have previously reported that EBNA5 can inhibit pre-mRNA cleavage and 
polyadenylation in transient transfection systems (Dufva et al., 2002). Since the 
total level of reporter gene repression could not solely be explained by this 
mechanism, we continued the search for other biological functions that could be 
responsible for this phenomenon. 
   The EBNA5 and EBNA2 proteins are the first viral proteins expressed in 
primary EBV infection. The two proteins cooperate and upregulates the 
expression of cyclin D2 and thereby increase the progression of resting B cells 
into the G1 phase of the cell cycle (Sinclair et al., 1994). It has also been shown 
that EBNA5 is important for efficient immortalization of naïve B cells in vitro 
(Hammerschmidt & Sugden, 1989). Furthermore, EBNA5 functions as a 
coactivator of EBNA2 in the transactivation of the LMP1 promoter. This 
upregulation is partly mediated by the inducible form of the chaperone Hsp70 
and the interferon-inducible gene Sp100 (Ling et al., 2005; Peng et al., 2007). 
EBNA5 is highly expressed during the first two days of EBV infection, then 
decreases to levels found in established lymphoblastiod cell lines (Finke et al., 
1987; Szekely et al., 1995). EBNA5 is diffusely distributed in the whole 
nucleoplasm during the early hours after infection but by the end of the first day 
condenses into discrete foci, which coincide with nuclear bodies known as 
ND10 domains or PML-oncogenic domains (PODs). EBNA5 is translocated to 
the nucleolus under conditions of cellular stress, including heat shock, high cell 
density and proteasome inhibition (Mattsson et al., 2001; Sample et al., 1986; 
Szekely et al., 1996). In addition to its role in regulating promoter activity, 
EBNA5 have been implicated in the regulation of degradation of specific 
nuclear proteins due to the similar behaviour of EBNA5 and components of the 
proteasome dependent degradation machinery (Kashuba et al., 2003; Mattsson 
et al., 2001).  
   In the present study, we have used a model system to monitor effects of 
EBNA5 on activity, solubility and localization of proteins that are transiently 
overexpressed in B lymphocytes. The intention was to mimic conditions found 
during acute primary EBV infection when the level of EBNA5 expression has 
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reached its maximum. We have used the well-characterized reporter protein 
luciferase, which has been widely used in studies of gene expression. The results 
showed that co-transfected EBNA5 decreased the amount of active and soluble 
luciferase protein in the cytoplasm but increased the total amount of luciferase 
due to accumulation of insoluble reporter protein in the nucleus. We further 
observed that luciferase localized at nucleoli in the presence of EBNA5 and that 
the majority of EBNA5 was accumulated in these nucleoli. Mutation analysis of 
EBNA5 identified a conserved region in the EBNA5 W1W2 repeat domain 
(CR3) as essential for EBNA5-mediated accumulation of insoluble luciferase 
and nucleolar localization of luciferase. Our previous study indicated functional 
relationships between EBNA5 and proteins in the chaperone dependent protein-
folding and ubiquitin-proteasome degradation systems (Paper I). To examine the 
interactions between EBNA5 and the associated factors Hsp70 and BAG2, we 
employed the in situ proximity ligation assay where the interaction of interest 
can be monitored at the single molecule resolution. The results showed a 
significant interaction between wild-type EBNA5 and BAG2 in the cells the 
corresponding interaction could not be detected between the CR3-EBNA5 
mutant and BAG2. The results strongly supported the hypothesis that BAG2 is a 
major target of EBNA5, which was further strengthened by the observation that 
the mutant CR3-EBNA5 interacted with Hsp70 but not with BAG2.  
 
EBNA5 has long been implicated in regulation of the protein quality control 
system constituting two pathways: chaperone-mediated folding and ubiquitin-
proteasome degradation. The choice between folding and degradation has come 
to be known as the “molecular triage”. Molecular chaperones as Hsp70 are 
considered as folding and assembly factories with a role in degradation of 
misfolded proteins as well. The activity of Hsp70 depends on its interaction with 
specific co-chaperones. Labelling of chaperone substrates for degradation is 
mainly regulated by the protein CHIP (C terminus of Hsp70-interacting protein). 
CHIP is an E3 ligase, and with the ubiquitin-conjugating enzyme Ubc mediates 
ubiquitinylation of substrates presented by Hsp70, thereby initiating sorting of 
proteins to the proteasome. Co-chaperones do not only facilitate chaperone-
assisted degradation, but also control and restrict degradation functions of 
molecular chaperones. Binding of BAG2 to the Hsp70/CHIP complex inhibits 
the CHIP-mediated ubiquitinylation, thus competes with the degradation-
stimulating co-chaperone BAG1 in the regulation of the Hsp70/CHIP complex 
(Arndt et al., 2005; Dai et al., 2005). Inhibition of CHIP occurs only in the 
context of a ternary complex consisting of Hsp70, BAG2, and CHIP. The 
observed specificity of wild-type EBNA5 binding abilities to BAG2 support the 
notion that inhibition of CHIP might occur in the present ternary complex and 
that BAG2 is a major target of EBNA5. This is further supported by the 
observed additive effect of aggregation on luciferase conducted by 
overexpression of BAG2 and EBNA5, implicating synergism between the two 
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proteins. The stimulatory ability of BAG2 on client binding to Hsp70, together 
with inhibition of the ubiquitin ligase activity of CHIP, argues for the hypothesis 
that EBNA5 act on several levels in the chaperon-dependent protein-folding and 
ubiquitin-proteasome degradation systems. This might be of high importance, 
particularly during the early phase of EBV infection where EBNA5 is known to 
play a major role. During viral infections the creation of novel interactions and 
modifications or the destruction of others, results in a stressed host cell where 
the production of viral protein is favourable. One plausible outcome may 
involve the ability of EBNA5 to elicit a stress response that in the end increases 
expression of EBV proteins and subsequent cellular transformation. Taken 
together a model can be put forward that the EBNA5/Hsp70/BAG2 complex 
identified in the present study represent a chaperone complex that has been 
turned into a machine with abrogated protein folding activity and inhibited 
protein degradation ability by the presence of EBNA5. 
 
 
Paper III – Identification of factors binding to the Cp core that may 
facilitate long-distant promoter-enhancer interactions 
 
To further characterize the molecular and mechanistic details of the presumably 
large macromolecular complex that initiates transcription from the C promoter 
(Cp), we set out to find additional Cp interacting proteins by using DNA affinity 
purification and mass spectrometric analysis.  
   The Cp transcript produces all six latent EBNA-proteins from the same 
primary transcript modulated by alternative splicing. The activity of Cp is 
directed by several regulatory sequences of which the oriPI family of repeats  
(FR) region is the major regulatory site. The oriPI element is the EBNA1-
dependent enhancer of the Cp. EBNA1 binds as a dimer to the regulatory core 
consensus sequence, which consists of multiple EBNA1 and octamer binding 
sites. The enhancement by the EBNA1/oriPI complex follows a complicated 
pattern, where at least 8 of the available 20 sites need to be occupied by EBNA1 
to approach full transcriptional activation (Zetterberg et al., 2004).  The 
mechanism for the interaction between the oriPI-EBNA1 complex and Cp is, 
however, still not understood at the molecular level.  
   The observation that EBNA1-dependent oriPI-enhancement of Cp activity 
was far greater in cells of the B cell origin, indicated that there must be 
additional interacting proteins, presumably B cell specific factors needed for 
efficient activation. In order to isolate the transcriptional initiation complex, we 
employed the DNA affinity purification procedure. In DNA affinity purification 
it is vital not to use long baits, since this causes massive background problems 
due to the large pool of DNA binding proteins in the cell. We therefore decided 
to use baits covering the -170Cp region in the initial purification. Baits 
amplified from the ampicillin coding region were used as negative control. The 
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affinity purified eluted proteins were separated by 1D gel electrophoresis and 
subjected to in-gel tryptic digestion. The resulting peptide mixture was analyzed 
by a Hybrid Linear Ion Trap (LTQ)-FT-ICR mass spectrometer, and the required 
data was subjected to bioinformatic analysis. The list of proteins binding to the 
Amp negative control bait was subtracted from the list of proteins binding to the 
Cp fragment. Further data reduction was performed by filtering the data to 
contain only proteins annotated as transcription factors. Among the transcription 
factors identified as putative Cp interactors, we selected E2F1, ARID3A and 
Oct-2 for further characterization. Interestingly, E2F1 as well as Oct-2 have 
previously been shown to bind the oriP-region (Almqvist et al., 2005; Maser et 
al., 2001) as well as to the Cp (Chau et al., 2008). We repeated the affinity 
purification using the oriPI fragment with either three or eight EBNA1 repeats 
(ΔoriPI). Immunoblot experiments on the oriPI eluates showed that all three 
factors also bound the ΔoriPI sequence. ARID3A-binding was highly enriched 
in the activation-competent ΔoriPI with eight EBNA1 binding repeats, in 
comparison to the activation-incompetent ΔoriPI-construct with three EBNA1 
repeats, whereas the degree of binding of the other factors were unaffected by 
the number of repeats. Using a series of competition EMSAs and additional 
DNA affinity purifications with mutated Cp baits, we were able to map the 
binding sites of all three proteins to a short segment of the Cp core in close 
proximity of each other. This region (-149/-109) has previously been shown to 
be required for both oriPI-dependent and -independent transcriptional 
activation, indicating that these interactions are important for the activity of Cp 
(Nilsson et al., 2001).  In vivo binding of the proteins to both the -170Cp and the 
oriPI regions was verified using Chromatin Immunoprecipitation (ChIP).  
   In addition, the role of EBNA1 in the novel isolated complex was investigated 
by co-immunoprecipitation experiments using specific antibodies and western 
blot analysis. The results showed that all three factors, E2F1, ARID3A and Oct-
2, bound the EBNA1 protein as well. These results were further confirmed for 
all three factors by in situ proximity ligation assays in which the interactions 
were investigated at the single molecule level. The interactions were located to 
the nuclear compartment, strengthening the notion that these factors are part of a 
functional complex in the nucleus. 
 
The identification of these three factors as part of the large Cp-oriPI-EBNA1 
complex leaves several interesting contributions in the context of EBV 
pathogenesis. We have in a collaboration shown that the Oct-1 and Oct-2 factors 
bind the oriPI motif in vitro and upregulates the transcriptional activation of Cp 
(Almqvist et al., 2005). It has been suggested that EBNA1 and Oct-2 are 
responsible for the switch from Qp to Cp (Werner et al., 2007). Recently Oct-2 
has also been shown to play an important role in the regulation of viral 
reactivation in Karposi’s Sarcoma-associated Herpesvirus (KSHV) infected cells 
(Di Bartolo et al., 2009).  



  42 

   E2F1 is a ubiquitously expressed protein that belongs to a family of 
transcription factors that is essential for the regulation of cell growth and plays 
an important role in almost every phase of the cell cycle. Ectopic expression of 
E2F1 is sufficient to drive quiescent cells to S phase, suggesting its pivotal role 
in G1/S transition and oncogenic potential. The transcriptional activity of E2F1 
is regulated through its interaction with the retinoblastoma protein (Rb). At the 
early G1 hypophosphorylated Rb binds to E2F1 and inhibits -phase, its activity. 
During mid-G1, Rb is subsequently phosphorylated by cyclin-dependent kinases 
which leads to transcriptional activation of several G1/S transition genes.  
   It is well known that the pRB/E2F1 pathway is deregulated in almost all 
human cancers due to frequent Rb inactivation. Chau and co-workers recently 
reported binding of E2F1 and Rb to a site in the distal Cp upstream of the 
EBNA2 responsive element (Chau et al., 2008). Using synchronised EBV-
positive cells they could show that the E2F1-Rb-Cp interaction vary in a cell 
cycle dependent way, indicating that the Cp is cell cycle regulated. It has also 
been shown that E2F1 is involved in regulation of genes affecting p53-
dependent apoptosis (DeGregori & Johnson, 2006). The tumour suppressor 
protein p53 plays a pivotal role in preventing tumourigenesis by inducing cell 
cycle arrest or apoptosis. MDM2 is an oncogene that negatively regulates p53 
activity by blocking its transcriptional activity as well as targeting it for 
degradation. E2F1 can induce apoptosis via the p14ARF/MDM2/p53-dependent 
pathway. Interestingly, both the EBNA5 and EBNA6 proteins, which are 
essential for transformation of B cells in vitro, have been shown to target the Rb 
and p53 proteins as well (Parker et al., 1996; Szekely et al., 1993). In addition, 
association with p14ARF is also a common feature of E2F1 and EBNA5, via the 
deregulatory function of EBNA5 on the p14ARF-MDM2-p53 complex 
(Kashuba et al., 2003).  
   The E2F1 protein has been shown to be essential for c-Myc-induced 
carcinogenesis both in vitro and in vivo (Baudino et al., 2003). In an EBV 
context the interaction with c-Myc is particularly interesting since this protein is 
upregulated by EBNA2 in early EBV infection and is the most prominent target 
essential for the ability of EBNA2 to transform B-cells (Kaiser et al., 1999). In 
addition, it has recently been shown that E2F1 expression is deregulated and 
plays an oncogenic role in sporadic Burkitt’s lymphoma due to its collaboration 
with c-Myc (Molina-Privado et al., 2009).  
   ARID3A (aka DrilI/E2FBP1) is a novel player in the EBV field. The protein 
was originally isolated as an E2F1 heterodimeric partner that stimulates E2F-
dependent transcription (Suzuki, 1998). ARID3A is a member of the AT-rich 
interaction domain (ARID) family of transcription factors that are known to 
exert pleiotropic roles in embryonic patterning, cell lineage gene regulation, cell 
cycle control, chromatin remodelling and transcriptional regulation (Wilsker et 
al., 2005). ARID3A appears to be ubiquitously expressed in human cells, raising 
the possibility that the function of the protein depends on the species and 
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cellular context. It was recently demonstrated that ARID3A deregulated the 
E2F1/Rb pathway as well as being a direct target gene of p53 (Ma et al., 2003; 
Peeper et al., 2002). The functional connection of ARID3A to both the E2F1/Rb 
and p53 tumour suppressor pathways in addition to its pivotal role in promoting 
either cellular proliferation or growth arrest implies a tight and finely tuned 
regulation of the protein’s activity and binding affinities. In addition, the 
EBNA1 protein interactor HAUSP/USP7 has been shown to stabilize both p53 
and its regulator MDM2, indicating that EBNA1 is involved in p53 
regulation/destabilisation as well (Li et al., 2004).   
   The ARID3A mouse orthologue Bright is a B cell specific, matrix-associating 
region-binding protein that transactivates gene expression from the IgH intronic 
enhancer (Eµ). The Eµ are flanked on both sides by nuclear matrix associating 
regions (MARs), that serve to anchor higher order chromatin to the nuclear 
matrix. Transfection studies have implicated that Bright facilitates spatially 
separated promoter-enhancer interactions and the model is further supported by 
the ability of Bright to induce DNA bending upon binding within the Eµ MAR 
(Kaplan et al., 2001). These properties are also common features of the EBNA1 
protein as shown by the demonstration that the oriPI and oriPII elements 
interacts trough EBNA1 by a DNA-looping mechanism (Frappier & O'Donnell, 
1991). Bright binds the promoter as well as the enhancer as a tetrameric 
complex in a manner analogous to the mechanism proposed for oriPI-EBNA1-
induced activation of the Cp (Herrscher et al., 1995; Mackey & Sugden, 1999b; 
Zetterberg et al., 2004).  
   Furthermore, Bright interacts with the ubiquitous autoantigen Sp100, a 
component of the promyelocytic leukaemia nuclear bodies (PML NBs) (Zong et 
al., 2000). The PML NBs are a cellular structure that appears to be involved in 
the pathogenesis of a variety of human diseases including acute promyelocytic 
leukaemia and viral infections, and are suggested to affect or regulate a wide 
range of cellular processes. Sp100 is also an interactor of the EBNA5 protein, 
functioning as an important mediator in the coactivation process with EBNA2 
(Ling et al., 2005). Identification and characterization of Bright’s interaction 
with Sp100 may provide a link between nuclear subdomains, matrix attatchment 
and transcription.  
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3.4 Conclusions and Future Perspectives 
__________________________________________________________ 
 
Viruses are among the simplest of pathogens, thus requiring the host cell 
machinery for replication and survival. Since the genomes of many important 
viruses have been cloned and sequenced, structure and functional studies have 
been performed on viral genes and gene products. While the study of genes and 
proteins continues to be important, looking at isolated components is not enough 
to understand most biological processes. Recent advances in cell biology have 
allowed in a shift from this reductionist approach of just studying the virus itself 
to an approach, which explores the molecular interactions between the virus and 
its host. Protein-protein interactions define literally all important aspects of the 
viral biology, ranging from the initial attachment to the host cell, to assembly 
and release of newly formed virus particles.  
   One of the greatest challenges in the post-genomic era is the prediction of 
protein functions. Proteins that share connections in a protein-protein interaction 
network tend to have similar functions. In this way, by analyzing the 
neighbourhood of known proteins, it is possible to infer some of the functional 
roles of their direct neighbours. In the present thesis we have primarily focused 
on further elucidating the molecular mechanisms of the EBNA1 and EBNA5 
proteins with proteomic technologies as approach by isolation and identification 
of multi protein complexes. We have used an improved tandem affinity 
purification strategy for identification of novel putative interaction partners to 
EBNA5. The majority of validated protein interactors could be assigned to one 
of three groups according to function: protein folding and degradation, pre- 
mRNA processing, and ribosomal proteins, implicating functional relationships 
with EBNA5 in these processes. We also showed that EBNA5 is part of high 
molecular protein complexes, supporting the notion that functional units in the 
cell are not single proteins but well-structured complexes composed of multiple 
proteins i.e. factories or modules. 
   The previously reported repressor activity of EBNA5 was further investigated 
in paper II. In this study we identified the novel interactor BAG2 as a major 
target for the function of EBNA5 via the chaperone-mediated folding and 
proteasome-degradation pathways. Taken together, the results are consistent 
with the hypothesis suggesting that EBNA5 tune the balance between protein 
rescue and destruction in a way that disfavour the path of degradation by 
inhibition of ubiquitinylation.   
   The constituent of the large macromolecular complex that initiates 
transcription from the viral C promoter (Cp) was further investigated in paper 
III. Using the DNA affinity procedure we revealed that the transcription factors 
E2F1, ARID3A/Bright and Oct-2 binds the Cp core, as well as the EBNA1 
protein and oriPI. We have identified interactions between individual factors, 
involved in either of the Rb- or p53-pathways, and the EBNA1 protein as well 
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as the oriPI/Cp regulatory regions of the EBV genome, possibly facilitating 
long-distance promoter-enhancer interactions. The tight association of these 
factors with the p53 and Rb pathways contributes to several interesting 
implications according to EBV pathogenesis, as they both are central pathways 
in cancer biology (Klein, 2009). The p53 tumour suppressor protein is 
associated with approximately 50% of all human cancers and inactivation of this 
protein is a key mechanism for viral proteins for altering host cells and initiating 
tumour growth. One major interesting finding presented herein is that both the 
EBNA1 and EBNA5 proteins target the same highly interconnected cellular 
protein i.e. hubs. This is consistent with the hypothesis that several viral protein 
target the same hubs in the host, which ensures the takeover of the cellular 
machineries essential for the viral infection and persistence processes, and 
contribute to the robustness of the viral infectious system. These hubs are 
mainly part of the central mechanisms or pathways of the cell such as cell cycle 
regulation, proliferation and cell survival. The general isolation and 
identification procedures of protein complexes presented herein are powerful 
tools to extract important clues about virus-host interaction dynamics. 
Elucidation of the pathogenic mechanisms of viruses and specific host-pathogen 
interactions are a key question in EBV biology.   
   In addition of helping our understanding of the basic biology of herpesviruses, 
these large-scale protein-protein interaction studies can be beneficial from a 
clinical point of view. Cancer is a complex set of diseases in which genetic and 
epigenetic alterations of cells have an important part in its progression. To 
combat cancer it is important to understand in molecular detail the effector 
mechanisms that lead to activation and inhibition of tumour progression because 
it is these interactions that can be potentially exploited for therapy. The virus 
proteins alter the host interaction networks by competing with host proteins for 
binding in the host protein-protein interaction network. By identification of 
these functionally important interactions may prove valuable in the search for 
new forms of anti viral therapy.  
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