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persistence in memory B cells (latency 0). Latently infected memory B cells reactivate 

from time to time, probably as a result of antigen stimulation. The activated cells 

differentiate into antibody producing cells, some of which migrate to the 

oropharyngeal mucosa. These cells probably activate lytic gene expression and new 

virus particles are produced. The virus is shed usually through the saliva of the 

infected host. The enrichment of the EBV-infected memory B-cell pool may also occur 

by re-entry of the latently infected cells into the germinal centres, where clonal 

expansion takes place [(Kieff 200�); (Rikinson A. 200�)].  A schematic view on EBV 

infection is shown in Figure1.

Figure 1 

A schematic view of EBV infection [adapted from (Rikinson A. 2001)]

II

EBV is an enveloped virus with viral particles of �20–220 nm in diameter (Figure
2).
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Figure 2
Electron-microscopic appearance of EBV by negative staining. Virus was concentrated from 

the supernatant fluid of the B95-8 marmoset cell line. 
Figure is adapted from [(Mackett 1995)]. 

The envelope is derived from the inner nuclear membrane of the host cell. Viral 

particles are slightly pleomorphic. The envelope surface appears rough and 

contains spikes, which are dispersed evenly over the surface. The spikes are the 

virus-encoded glycoproteins gp220 and gp350, which are incorporated into the 

virion envelope. The gp220 and gp350 proteins are structurally related and 

derived from a single gene by differential splicing. They play an important role in 

virus entry into the B cell by interaction with the CD2� (the C3d complement) 

receptor.

The nucleocapsids of EBV are isometric. Nucleocapsids are surrounded by a 

tegument layer of globular material that frequently is asymmetrically distributed 

and may be variable in amount. The nucleocapsid is usually �00–��0 nm in 

diameter and has an icosahedral symmetry with a triangulation number of T=�6.

One nucleocapsid is comprised of �62 capsomers: �50 are hexagonal in cross-

section, and �2 are pentavalent and situated with one at the each apex. Every 

capsomer has a deep central indentation. 
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When EBV attaches to the cell surface, the viral envelop breaks and collapses 

away from the capsid. Negatively stained virions have a typical “fried-egg” 

appearance (Figure 3A and 3B).

                Figure 3A                                                              Figure 3B 
    Negatively-stained virion with                                           5-fold axis for the nucleocapsid 
a typical    “fried-egg” appearance 
Figures are adapted from http://www.uct.ac.za/egg/depts/mmi/stannard/herpes.html

The core consists of a fibrillar spool on which the DNA is wrapped. The ends of 

the fibres are anchored to the underside of the capsid shell (Figure 4). Often 

incomplete virus particles are present (i.e., capsids lacking envelope). 

Figure 4 
Nucleocapsid of the virion with a typical “fried-egg” appearance with the packed DNA, 

which is shown schematically as a red double helix. TR (terminal repeats) are indicated. 
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The virion contains one molecule of the linear double-stranded (ds) DNA. The 

total genome length is about �70 kb with terminal repeats at both ends. The 

repeats are needed to maintain the viral genome in episomal form. Usually each 

virion contains a full-length copy, but it is possible to detect shorter copies that 

lack as much as �5 kb at specific sites. EBV is also known to contain internal 

repeats (Figure 5).

Figure 5 

Genomic map of EBV. (1) Organization diagram of the B95-8 genome. TR-terminal repeats; 

U1-5 – unique sequences; IR 1-4 – internal repeats. (2) Positions of the EcoR1 restriction 

fragments. (3) Positions of deletions in the P3HR-1, Daudi and Raji genotypes. (5) Positions 

of the origin of the replication (oriP), EBNA promoters (Cp, Wp and Qp(Fp)) and selected 

ORFs and the proteins, encoded by them (arrows below). The essential for the 

transformation latent proteins are shown in red. (6) Coordinates of EBV genome in kb. 

The Figure is adapted from [(Gratama and Ernberg 1995)].

The EBV genome contains at least 84 genes. Nine of them are expressed in the 

latent phase of the infection, in latency III. Six of them are the EBV nuclear antigens, 

EBNA-�, EBNA-2, EBNA-3 (EBNA-3A), EBNA-4 (EBNA-3B), EBNA-5 (EBNA-LP), 

EBNA-6 (EBNA-3C), and three are the latent membrane proteins, LMP-�, LMP-2A 
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Current view on B-cell transformation by EBV 

The latency III genes hijack the normal B-cell growth pathways by mimicking of the 

constitutive growth promotion and survival external signals. 

EBV encodes EBNAs to activate and regulate the transcription from Notch and PU.�

responsive promoters of the cellular genes, such as c-myc, c-fgr, CD2� and CD23 

promoters (Figure 6).

Figure 6 

Notch and CD40 cellular pathways, controlled by the viral proteins 
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EBNA-2 binding to RBP-Jκ results in the constitutive expression of c-myc in LCLs 

[(Kaiser, Laux et al. �999); for review see (Bornkamm and Hammerschmidt 200�)],

which alters cell phenotype, adhesion and activation molecules expression.  

LMP� activates TNFα/CD40 downstream signalling pathways to stimulate cell growth 

and survival through activation of NFκB, jun and p38/map kinase [(Kieff 200�);

(Rikinson A. 200�).

In summary, many questions about the mechanism of B-cell transformation into 

lymphoblasts are as yet unanswered. The identification of the cellular partners of 

EBNAs and determination of the intervening cellular pathways will help to ascertain 

the mechanism of B-cell transformation.
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The method of choice to find the EBNA-binding proteins - the yeast 

two-hybrid system 

I

To find the cellular targets for different EBNAs we have used the yeast two-hybrid 

assay.

The basic idea of the yeast two-hybrid system is based on the observation that GAL4 

protein contains two functional domains, one for DNA binding and one for the 

activation of the transcriptional initiation complex, which are separated by a long 

stretch of amino acids. Stefan Field and co-workers created a two-plasmid system  

[(Fields and Song �989); (Bartel and Fields �995)], where one of the genes was 

inserted into a vector that contained the DNA-binding domain of GAL4 protein (BD) 

and the other was fused with the GAL-4 activation domain (AD) in another plasmid. 

When these two constructs were introduced into yeast cells that harboured the 

reporter gene (lacZ) under the control of the Gal� promoter, the reporter gene would 

be activated when the interaction between these proteins takes place. In other words, 

if the proteins bind to each other in the yeast nucleus, an active GAL4-like 

transactivating complex is assembled, and the GAL� promoter (which is activated by 

the GAL4 protein) is turned on (Figure 7).
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Figure 7 
The basic principles of the yeast two-hybrid assay 

The activation of the reporter lacZ gene is detected through the hydrolysis 

reaction of X-GAL by beta-galactosidase (β-Gal), the product of the lacZ gene. In 

practice, however, it is difficult to use X-Gal to calculate the affinity of the binding 

between the two proteins. Based on our experience, to measure the binding 

affinities correctly, the liquid ONPG test should be used [(Kaise, Michaelis et al. 

�994)]. This test is based on the hydrolysis of ortho-nitrophenyl-β-D-

galactopyranoside (ONPG) by β-Gal, free o-nitrophenol is released as the reaction 

product and its amount can be calculated by spectrophotometric analysis at 420 

nm (Figure 8).
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Figure 8 

ONPG liquid assay to detect protein–protein interaction 

To select the yeast clones that contain both constructs (in BD and AD vectors), 

auxotrophic markers (Leu in AD and Trp in BD) are cloned into the plasmids. Plating 

the yeast, after co-transfection, onto agar plates with deficient medium (SD), lacking 

Leu and Trp, it is possible to isolate clones that possess both plasmids.

To find the target protein for the given protein of interest, or “bait”, a cDNA-library is 

inserted (sub-cloned) into the AD vector. To reduce the background, additional 

auxotrophic marker genes are inserted into the yeast genome under different 

promoters, such as His3 and/or Ade. For the selection of yeast clones with interactive 

proteins, SD-medium that does not contain Trp, Leu and His and/or Ade should be 

used. Upon co-transfection of the cDNA library along with the “bait” plasmid into a 

suitable strain of yeast, only those cells that express β-Gal activity and contain a 
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sequence from the library that encodes a protein that interacts with the “bait” protein 

should survive.

The power of the two-hybrid method is illustrated well [(Schwikowski, Uetz et al. 

2000)] by following examples: p�6 tumor suppressor gene was found in the two-

hybrid screen of cDNA library with CDK4 as a “bait” [(Serrano, Hannon et al. �993)] , 

MDM2 protein was “fished out” with p�4ARF [(Zhang, Xiong et al. �998)]. The binding 

between LMP� and TRAF� and 2 was also found using a two-hybrid screen 

[(Mosialos, Birkenbach et al. �995)].

II

Frequently encountered questions concerning the yeast two-hybrid system: 

- Different people pick up different proteins, because it is very difficult 

completely and efficiently screen a representative cDNA library due to 

limitations in the transformation efficiency.

- If one has picked up the same clone many times it does not necessarily mean 

that this particular interaction is very strong, as the gene representation in the 

cDNA library or the quality of cDNA library may vary. 

- If someone claims that one million colonies were screened and hundreds were 

positive, it is more probable that the metabolic selection did not work well. 

- Genes encoding the candidate interacting proteins should be always re-

transformed into another yeast strain to confirm the binding. 

- To properly quantitate the strength of interaction liquid ONPG assay should be 

used.

- The yeast with ONPG should not be incubated for longer than 2–4 hours at 

30°C.
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Xap – 2

Aryl hydrocarbon receptor (AhR), or dioxin receptor (DR) is a phylogenetically 

ancient protein that is present in all living vertebrate groups, with a possible 

invertebrate homologue  [(Hahn, Karchner et al. �997)]. AhR is a ligand-activated 

transcription factor, a member of helix-loop-helix / basic region transcription factor 

family. No physiological AhR ligands have been identified yet.   Halogenated 

polycyclic aromatic hydrocarbons, originating from the environment, were shown 

to act as ligands [(Yamaguchi, Near et al. �997)]. AhR is 95 kD protein localized 

mainly to the cytoplasm. When bound to one of its exogenous ligands, TCDD  

(2,3,7,8-tetrachlorodibenzo-p-dioxine), most of the AhR translocates to the 

nucleus where it forms a heterodimer with the Arnt (AhR nuclear translocator)

protein that binds to DNA. Arnt probably associates with transcriptional co-

activator CBP/p300 [(Vaziri and Faller �997); (Kobayashi, Numayama-Tsuruta et 

al. �997)]. AhR – Arnt heterodimer recognizes the consensus TNGCGTG 

sequence. It activates among others the CYP�A� (cytochrome P450 1 A1)

[(Swanson, Chan et al. �995); (Schmidt and Bradfield �996)]; the human polkappa 

(a newly identified low-fidelity DNA polymerase) [(Ogi, Mimura et al. 200�)] and 

nicotinamide adenine dinucleotide phosphate-quinone oxidoreductase (Nqo�)

[(Maier, Dalton et al. 2000)] gene promoters. 

 In cells that are not exposed to aryl hydrocarbon ligands, AhR forms a complex 

with heat shock protein hsp90 [(Denis, Cuthill et al. �988); (Perdew �988)] and a 

minor subunit, p38 or ARA9 [(Carver and Bradfield �997)].

The three tetratricopeptide repeats found in the C-terminus of p38 are necessary 

and sufficient for interaction with the AhR complex [(Carver, LaPres et al. �998)].

It was shown that Xap-2 is involved in the regulation of the AhR pathway through 
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the binding to Hsp90 (Figure 9) [(Meyer and Perdew �999; Meyer, Petrulis et al. 

2000); (Kazlauskas, Poellinger et al. 2000; Kazlauskas, Sundstrom et al. 200�;

Kazlauskas, Poellinger et al. 2002)]. 

Figure 9 

Model of the regulation of AhR function by Hsp90-mediated chaperoning mechanism 

Adapted from [(Kazlauskas, Sundstrom et al. 2001)]. 

The p38 subunit is also identical with Xap-2, a cellular protein that also binds the 

N- terminus of Hepatitis B virus X antigen [(Meyer, Pray-Grant et al. �998)]. Co-

transfection of Xap-2 with X antigen inhibits the X mediated transcriptional 

transactivation in CAT assays  [(Kuzhandaivelu, Cong et al. �996)].
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EBNAs. But we found that EBNA-5 binds to p�4ARF in the yeast two-hybrid 

system.

p�4ARF is a �32 amino acid long tumor suppressor protein  encoded by the 

INK4a gene, located on the chromosome 9p2� (Stone, Jiang et al. �995;

Robertson and Jones �999) (Figure 11).

Figure 11 

The genomic structure of INK4 locus 

p�4ARF can bind to HDM2 protein that leads to the inhibition of  E3 ubiquitin 

ligase activity of HDM2 that targets p53 for degradation (Honda and Yasuda �999;

Prives and Hall �999).

P�4ARF preferentially accumulates in the nucleolus [(Stott, Bates et al. �998);

(Lohrum, Ashcroft et al. 2000; Lohrum, Ashcroft et al. 2000); (Lindstrom, Klangby 

et al. 2000)] although its nucleolar localization is not essential for its effect on p53 

stabilization [(Llanos, Clark et al. 200�)].
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We found that p�4ARF can induce growth arrest and cell death in cells with 

normal or mutant p53 or even in the absence of p53. The cell death inducing 

effect was significantly reduced in the presence of EBNA-5.  

A minor fraction of the introduced p�4ARF was localized into the nucleoli that 

were uniformly spared from p53, HDM2 or EBNA-5, but the majority of p�4ARF

accumulated in extranucleolar foci. These inclusions were also the accumulation 

sites for p53, HDM2, and EBNA-5, with often complete relocation of these proteins 

into the inclusions. We also observed that the p�4ARF nuclear inclusions, but not 

the p�4ARF containing nucleoli, showed accumulation of Hsp70 protein (Paper 

VI). The inclusions but not the p�4ARF positive nucleoli also attracted most of the 

PML bodies and 20S proteasomes.  PML bodies are interferon inducible, 

multifunctional nuclear organelles that are involved in a number of cellular 

processes such as antiviral defence, MHC class I dependent antigen presentation 

and regulation of gene expression. PML bodies also likely play a role in the 

regulation of the degradation of nuclear proteins [(Dundr and Misteli 200�);

(Anton, Schubert et al. �999)].

We suggest that EBNA-5, among its other functions, may participate in the 

elimination of p�4ARF-HDM2-p53 complexes and through this contribute to the 

downregulation of p�4ARF and p53 protein levels in newly infected B-cells. 




























