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A b s t r a c t

The p r o t e i n  s t r u c t u r e  o f  EBNA-LP i s  h i g h l y  r e p e t i t i v e  a s  i t  i s  a lm o s t  

e n t i r e l y  e n c o d e d  w i t h i n  th e  m a jo r  i n t e r n a l  r e p e a t  r e g i o n  (I R - 1 )  o f  

E p s t e in - B a r r  v i r u s .  The s i z e  o f  t h i s  r e g i o n  w as d e te r m in e d  i n  a w id e  

v a r i e t y  o f  EBV s t r a i n s  b y r u n n in g  l a r g e  DNA fr a g m e n ts  c o n t a i n i n g  IR -1  

on  f i e l d  i n v e r s i o n  g e l s .  The m ean s i z e  o f  IR -1 c o r r e s p o n d s  t o  a 

r e p e a t  co p y  number o f  6 . 6 ;  t h e  num ber o f  r e p e a t s  i n  th e  B 95-8  v i r a l  

s t r a i n  i s  8 . 6 .  C om p arison  o f  IR -1  s i z e  r e v e a l s  t h a t  t h e  BamHI W/Y 

d e l e t i o n  in  t h e  P3HR-1 v i r a l  s t r a i n  rem oves 6 8 0 6  bp o f  s e q u e n c e  from  

th e  p a r e n t a l  J i j o y e  v i r u s .  C hange i n  r e p e a t  co p y  number i s  common 

d u r in g  v i r u s  in d u c t i o n  and r e i n f e c t i o n ,  w h e rea s  t h e  s i z e  o f  IR -1 i n  

l a t e n t l y  i n f e c t e d  c e l l s  i s  r e l a t i v e l y  s t a b l e .  T h ere  i s  no c l e a r  

c o r r e l a t i o n  b e tw e e n  t h e  number o f  r e p e a t s  i n  IR -1 and th e  r e p o r t e d  

s i z e  o f  LP i n  t h e  d i f f e r e n t  v i r a l  s t r a i n s .

EBNA-LP ca n  b e  e x p r e s s e d  from  e i t h e r  th e  EBV W o r  C p r o m o te r s .  

A n a l y s i s  o f  LP cDNA m o le c u le s  fro m  th e  B 95-8  v i r a l  s t r a i n  h a s  

r e v e a l e d  t h a t  t h e  f o r m a tio n  o f  a n  i n i t i a t o r  m e th io n in e  co d o n  f o r  LP 

i s  d e p e n d e n t upon c e r t a i n  s p l i c i n g  e v e n t s ,  i r r e s p e c t i v e  o f  w h ic h  

p r o m o te r  i s  a c t i v e .  I n i t i a t i o n  o f  LP t r a n s l a t i o n  c a n n o t  o c c u r  from  

CUG c o d o n s  t h a t  a r e  p r e s e n t  i n  t h e  n o n - c o d in g  C2 e x o n . EBNA-LP a lo n e  

i s  u n a b le  t o  t r a n s a c t i v a t e  t h e  C p r o m o te r , b u t  may c o o p e r a t e  w it h  

EBNA 2 i n  d o in g  s o .

EBNA-LP i s  i m p l i c a t e d  i n  t h e  im m o r t a l is a t io n  p o t e n t i a l  o f  

E p s t e in - B a r r  v i r u s .  LP i s  u n a b le  t o  c o o p e r a t e  w it h  t h e  r a s  o n c o g e n e ,  

b u t  i t  m ig h t b e  a b le  t o  s u b s t i t u t e  f o r  SV40 l a r g e  T a n t ig e n  to  

im m o r t a l is e  f i b r o b l a s t s .  T h ere  i s  no d i r e c t  i n t e r a c t i o n  b e tw e e n  LP 

and t h e  r e t i n o b l a s t o m a  g en e  p r o d u c t .  An a s s a y  f o r  EBNA-LP f u n c t io n
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was set up that is based on the LP defective 633 EB virus. This assay 
compares the growth characteristics between EBV immortalised B cells 
containing either truncated or full-length LP. The results imply that 
EBNA-LP may have a role at the Gl/S boundary of the cell cycle.
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C h a p te r  1

INTRODUCTION

1 . 1  The H e r p e s v i r id a e

The members o f  t h e  f a m il y  H e r p e s v i r id a e  c a n  b e  i d e n t i f i e d  b y  t h e  

p r e s e n c e  o f  a d o u b le - s t r a n d e d  l i n e a r  DNA genom e p a c k a g e d  w i t h i n  t h e  

c o r e  o f  th e  v i r i o n ,  an i c o s a h e d r a l  c a p s i d  c o n t a i n i n g  1 6 2  c a p s o m e r e s  

a s s e m b le d  i n  t h e  c e l l  n u c le u s  an d  an  e n v e lo p e  d e r iv e d  from  t h e  

n u c le a r  membrane (R o izm a n , 1 9 8 2 ) .  H e r p e s v i r u s e s  v a r y  g r e a t l y  i n  t h e i r  

b i o l o g i c a l  p r o p e r t i e s ,  s u c h  a s  h o s t  r a n g e ,  genome s i z e  and s p e e d  o f  

r e p l i c a t i o n ;  b u t  a p r o p e r t y  common t o  a l l  i s  t h e i r  c a p a c i t y  t o  r e m a in  

l a t e n t  i n  t h e  h o s t  i n  w h ic h  t h e y  i n f e c t .  Of a p p r o x im a te ly  8 0  

h e r p e s v i r u s e s  w h ic h  h a v e  b e e n  p a r t i a l l y  c h a r a c t e r i s e d ,  s e v e n  a r e  

known t o  i n f e c t  hum ans; h e r p e s  s im p le x  v i r u s  ty p e  1 (HSV-1) and t y p e  

2 (H S V -2), v a r i c e l l a - z o s t e r  v i r u s  (V Z V ), c y t o m e g a lo v ir u s  (CM V),

E p s te in - B a r r  v i r u s  (EBV) and human h e r p e s v i r u s  ty p e  6 (HHV-6) and

ty p e  7 (H H V -7).

The h e r p e s v i r u s e s  h a v e  b e e n  c l a s s i f i e d  i n t o  t h r e e  s u b f a m i l i e s :  

a lp h a - ,  b e t a - ,  and gamma h e r p e s v i r i d a e .  I n  v i t r o . a l l  members o f  t h e  

l a t t e r  s u b f a m ily  r e p l i c a t e  i n  ly m p h o id  c e l l s ,  and some a l s o  c a u s e  

l y t i c  i n f e c t i o n s  i n  som e t y p e s  o f  e p i t h e l i a l  and f i b r o b l a s t  c e l l s .  

E p s te in - B a r r  v i r u s  i s  t h e  p r o t o t y p e  o f  t h e  gamma h e r p e s v i r u s e s .  The 

o t h e r  w e l l  s t u d i e d  gamma h e r p e s v i r u s e s  a r e  h e r p e s v i r u s  s a i m i r i  (HVS) 

and t h e  M a re k 's  D i s e a s e  V ir u s  (MDV), w h ic h  a r e  b o t h  T - ly m p h o t r o p ic . 

HVS i s  n o t  p a t h o g e n ic  i n  i t s  n a t u r a l  h o s t ,  w h ic h  i s  t h e  S o u th  

A m erica n  s q u i r r e l  m onkey. H ow ever, i t  h a s  b e e n  shown t o  be e x t r e m e ly  

o n c o g e n ic  i n  a num ber o f  o t h e r  p r im a t e  s p e c i e s  t h a t  a r e  p r e s u m a b ly  

n o t  i n f e c t e d  i n  t h e  w i l d  (r e v ie w e d  b y  R oizm an , 1 9 8 2 ) .  MDV i n f e c t s  T 

c e l l s  i n  th e  c h ic k e n  ( r e v ie w e d  b y  Nonoyam a, 1 9 8 2 ) ,  and M a r e k 's
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d i s e a s e  i s  c h a r a c t e r i s e d  p r i n c i p a l l y  b y  T c e l l  lymphoma f o r m a t io n .  

T h is  w as th e  f i r s t  n e o p l a s t i c  d i s e a s e  shown t o  be c a u s e d  by a 

h e r p e s v i r u s ,  and i t  i s  a l s o  th e  o n ly  common n a t u r a l l y  o c c u r r in g  

lymphoma t o  b e  c o n t r o l l e d  b y v a c c i n a t i o n .

1 . 2  The E p s te in - B a r r  V ir u s

E p s t e in - B a r r  v i r u s  (EBV) w as f i r s t  i d e n t i f i e d  i n  a B -ly m p h o cy te  c e l l  

l i n e ,  E B 1, w h ich  h a d  b e e n  e s t a b l i s h e d  from  B u r k i t t ' s  lymphoma (BL) 

tum our b io p s y  m a t e r i a l  ( E p s t e i n  an d  B a r r , 1 9 6 4 ;  E p s t e in  e t  a l . , 

1 9 6 4 ) .  E le c t r o n  m ic r o s c o p y  r e v e a l e d  v i r u s  p a r t i c l e s  w it h  t y p i c a l

h e r p e s v i r u s  m o r p h o lo g y , and f u r t h e r  a n a l y s i s  d e m o n str a te d  t h a t  t h i s  

w as a  p r e v i o u s l y  u n c h a r a c t e r i s e d  human h e r p e s v i r u s .  I t  i s  now known  

t h a t  th e  g r e a t  m a j o r it y  o f  p e o p le  i n  th e  w o r ld  a r e  i n f e c t e d  w it h  EBV 

(r e v ie w e d  b y  H e n le  and H e n le , 1 9 7 9 a ) .

a )  The v i r u s  p a r t i c l e

The v i r u s  p a r t i c l e  i s  120nm  i n  d ia m e te r  and i s  com posed o f  an o u t e r  

membrane e n c l o s i n g  an i c o s a h e d r a l  n u c l e o c a p s i d  (r e v ie w e d  b y E p s t e in  

and A ch on g, 1 9 7 9 ) .  The o u t e r  membrane c o n t a i n s  th r e e  g l y c o p r o t e i n s  

(g p )  o f  3 5 0 ,  2 2 0  and 8 5  kDa i n  s i z e ,  a s  w e l l  as a 1 4 0  kDa

n o n - g l y c o s y l a t e d  p r o t e i n  ( Q u a l t i e r e  and P e a r s o n , 1 9 7 9 ;  T h o rle y -L a w so n  

and E d so n , 1 9 7 9 ;  N o r th  e t  a l . . 1 9 8 0 ) .  T h ese  fo u r  p r o t e i n s  a r e

c o l l e c t i v e l y  r e f e r r e d  t o  a s  Membrane A n t ig e n  (M A). G p350 and g p 2 2 0  

a r e  e n c o d e d  b y  th e  sam e g e n e , (Hummel e t  a l . 1 9 8 4 ;  B e i s e l  e t  a l . .

1 9 8 5 ;  B ig g in  e t  a l . . 1 9 8 5 ;  T o s o n i - P i t t o n i  e t  a l . . 1 9 8 9 ) .  T h e se

g l y c o p r o t e i n s  a r e  e x p r e s s e d  i n  l a t e  l y t i c  i n f e c t i o n  and ad d ed  to  t h e

v i r u s  p a r t i c l e  a s  i t  i s  i n  t r a n s i t  th r o u g h  t h e  c y to p la s m  (G ong and

K i e f f , 1 9 9 0 ) .  A n t i b o d i e s  a g a i n s t  t h e s e  membrane a n t ig e n s  a r e  c a p a b le  

o f  n e u t r a l i s i n g  t h e  i n f e c t i v i t y  o f  t h e  v i r u s  (H offm an e t  a l . , 1 9 8 0 ;  

T h o r le y - L a w so n  and G e i l i n g e r ,  1 9 8 0 ;  T h o r le y - L a w so n  and P o o d ry , 1 9 8 2 ) .
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The nucleocapsid contains at least 33 proteins (Dolynuik et al., 1976 

a,b) most of which remain to be fully characterised. However, the 

major protein in the nucleocapsid is a 160 kDa polypeptide which is a 

component of the viral capsid antigen (VCA) (Vromen et al. . 1985). 

The viral genome is packaged within the core of the virion.

b) The viral genome

The viral genome (reviewed by Farrell, 1989) is a double-stranded DNA 

molecule of about 170 Kbp in length. The genome is linear in the 

virus particle, but circularises inside the infected cell via joining 

of the terminal repeat sequences. The viral episome is then amplified 

by cellular DNA polymerase (Sixbey and Pagano, 1985). In Namalwa 

cells the viral DNA is integrated into the cellular chromosomes 

(Henderson et al. , 1983; Matsuo et al. , 1984) and some degree of 

integration may occur in many EBV infected lines.

The molecule is conventionally subdivided into four regions; the 

short and long unique regions, separated by the major internal repeat 

and the terminal repeat (Fig 1.1). Transcription units span all of 

the unique regions and the major internal repeat, as well as the 

terminal repeat of the episomal genome. There is only one relative 

arrangement of the unique and repetitive regions in EBV as compared 

with the four isomeric forms of HSV.

The EBV genome is too large to be cloned as a single piece in 

bacterial cloning vectors, but several groups have constructed 

libraries in phage A, cosmid or plasmid vectors (Dambaugh et al.. 

1980; Skare and Stromenger, 1980; Arrand et al. . 1981; Buell et al.. 

1981; Polack et al.. 1984). The complete sequence of the B95-8 viral 

genome has been obtained using over 6,600 M13 clones and this has 

provided an excellent resource for further EBV research. The
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sequencing revealed an excess of G and C content (59.9% GC) in the 

genome (Baer et al. , 1984), confirming previous work which had

determined the buoyant density of EBV DNA in CsCl (Schulte-Holthausen 

and zur Hausen, 1970).

Restriction maps are broadly similar throughout all EBV strains and 

when equivalent regions of B95-8 and Raj i EBV were sequenced, they 

were found to be very similar at the nucleotide level (Hatfull et 

al., 1988). Significant variation has been reported in certain genes. 

In particular, two DNA hybridisation types (A and B) of the EBNA 2 

gene (Dambaugh et al. , 1984; Adldinger et al. , 1985) have been

identified and this results in recognition of two distinct serotypes 

(X and J) (Dambaugh et al. . 1984; Rowe, D.T. et al. . 1985; Rowe, M.

et al. . 1985). Since this discovery, EBV isolates can be broadly 

classed as A or B type depending on their EBNA 2 sequences. These 

types have also been called 1 and 2. The common and distinct epitopes 

on the EBNA 2A and 2B have been more closely identified (Rowe and 

Clarke, 1989) and it is now established that the proteins cause 

different degrees of induction of cell surface markers and induce 

different growth patterns in the cells (Dambaugh et al. . 1986;

Rickinson et al.. 1987; Wang et al. . 1987) . Distinction between type 

A and B virus has now been extended to the EBNA 3 family (Rowe et 

al., 1989; Sculley et al.. 1989), the EBER sequences (Arrand et al.. 

1989), and the 3' sequences of EBNA LP (Huen et al.. 1988).

Some common EBV laboratory strains have substantial deletions with 

respect to each other. B95-8 has a 13.6 kbp deletion in the EcoRI C 

region, which has no apparent biological effect (Raab-Traub et al. , 

1980; Skare et al. . 1982; Baer et al. . 1984; Parker et al. . 1990). 

Both Daudi and P3HR-1 harbour a roughly similar deletion in the BamHl 

W/Y region, and it has now been verified that it is this deletion

17



w h ich  r e n d e r s  P3HR-1 v i r u s e s  n o n - i m m o r t a l i s i n g  (Bornkamm e t  a l .

1982; Jones et al.. 1984; Allan and Rowe, 1989; Hammerschmidt and

Sugden, 1989). Raj i virus contains two deletions relative to most 

other strains, and this virus is defective in part of the replicative 

cycle of EBV (Polack et al., 1984).

c) Cell Tropism

EBV is known to infect both B-lymphocytes and certain epithelial 

cells in the oropharynx and cervix, although only the former are 

readily infected in vitro (Jondal and Klein, 1973; Sixbey et al.. 

1986). Until recently, there was no simple epithelial system in which 

to study virus biology, and, therefore, much of our knowledge of EBV 

comes from studying infected lymphocyte lines. The EBV receptor on 

B-cells has been shown to be Cluster Determinant 21, (CD21), which is 

also the receptor for the C3d component of complement (complement 

receptor 2, CR2) (Fingeroth et al. . 1984; Frade et al. . 1985; 

Nermerow et al. . 1985; Weis et al. , 1988). The presence of this 145 

kDa surface glycoprotein on a cell confers EBV infectibility, as it 

binds to gp350/220 in the outer membrane of the EBV particle. CD21 

has been shown to have a common domain for binding both gp350/220 and 

the C3d fragment (Lowell et al. . 1989). Also, there are two regions 

of amino acid homology between C3d and gp350/220, although it appears 

that it is only the N-terminal portion of gp350/220 which binds to 

CD21 and thus mediates virus infection (Nemerow et al. , 1989). 

Following complexing of these glycoproteins, the virus enters the 

cell via receptor-mediated endocytosis (Tanner et al., 1987). Earlier 

it was established that antibodies against either gp350/220 or CD21 

were capable of neutralising the infectivity of the virus and 

inhibiting viral release (Hoffman et al. . 1980; Thorley-Lawson and

Geilinger, 1980; Thorley-Lawson and Poodry, 1982; Sairenji et al. . 

1988). More recently, it was found that both soluble CD21 and soluble
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gp350/220 or only an N-terminal peptide of gp350/220, could block 

nearly 100% of EBV infection in vitro (Tanner et al. . 1988; Nemerow 

e t al. . 1989; Nemerow et al. . 1990). Clearly, this research has 

important implications for the development of an EBV vaccine (Emini 

et al. . 1988; Morgan et al. , 1988; Morgan et al. . 1989). Once the 

virus has infected B-cells it usually remains latent, expresses only 

a limited number of genes, and does not replicate until induced to do 

so by unknown factors in vivo or by various agents in vitro.

Monoclonal antibodies against different determinants on the 145 kDa 

EBV/C3d receptor of B-cells were shown to also react with cervical 

epithelia (Young et al. , 1986). The antigen on the epithelial cells 

is a 200 kDa protein, but polymorphic variations in the CD21 coding 

sequence have been described and these may result in the generation 

of distinct forms of CD21 on different cell types (Toothaker et al., 

1989), including a receptor on T-lymphocytes (Fingeroth et al. . 

1988). Further research has shown unequivocally that EBV can infect 

and replicate in epithelial cells in vivo (Young and Sixbey, 1988). 

But, how the virus enters such cells and the possible involvement of 

the 200 kDa protein as a virus receptor has yet to be elucidated.

Several observations suggest that EBV infection of epithelia may be 

central both to the events of primary infection and to the mechanism 

of virus persistence in the host (Wolf et al. , 1984; Rickinson et 

al.. 1985). In this model, infection of receptor-positive epithelium, 

followed by virus replication in progeny cells as they approach 

terminal differentiation could produce a self-sustaining reservoir of 

infection in the pharynx. Secondary infection of B-cells in transit 

through that reservoir would then serve to maintain the apparent 

virus carrier status of these lymphocytes. More recent evidence, 

however, shows that the level of virus in the blood of EBV positive

19



individuals is stably maintained for at least A weeks despite 

acyclovir mediated inhibition of virus replication in the oropharynx 

(Yao et al., 1989) . The bone marrow is directly implicated as a virus 

reservoir, following a report of a seropositive patient who became 

seronegative following a bone marrow transplant, and then 

seroconverted again for a different subtype of EBV (Gratama et al. , 

1988; Gratama et al. . 1989). The transit of virus between the

epithelium and lymphocytes remains a poorly understood phenomenon.

1.3 Immortalisation by EBV and Associated Diseases

a) EBV immortalisation of B cells

EBV has been implicated in the development of several types of cell 

proliferative disorders in humans. The virus is very efficient at 

immortalising B-lymphocytes in vitro, where infection ultimately 

results in cells having the capacity for indefinite proliferation.

Virus binding and internalisation per se is sufficient for an initial 

activation of the B-cells out of Gq into the G^ phase of the cell 

cycle (Gordon et al. . 1986). After exit from Gq , cellular RNA

synthesis starts and viral episomes are replicated in unison with the 

cellular DNA for 1 to 2 weeks (Hurley and Thor ley-Laws on, 1988). 

Within 24 hours after infection, the first EBV Nuclear Antigens, EBNA 

2 and multiple species of EBNA-LP, can be detected (Kallin et al. , 

1986; Moss et al. . 1986; Dillner et al. . 1986; Finke et al. . 1987;

Rooney et al., 1989a). After about 48 hours the other EBNAs are being 

expressed, and these are followed by the EBV latent membrane protein 

(LMP), which is synthesised at 48-72 hours post infection, when the 

cells undergo blast transformation and division (Robson and Smith, 

1981; Mann et al. . 1985). After 3-4 days, small foci of
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EBV-transformed cells are visible microscopically and these expand to 

form EBV-positive lymphoblastoid cell lines (LCL), which are 

immortalised.

Activation of cellular genes by EBV-infection may also contribute to 

the immortalisation process. CD23 is one of the earliest B-cell 

activation antigens induced upon infection by transforming strains of 

EBV (Kinter and Sugden, 1981; Thorley-Lawson and Mann, 1985; Calender 

et al. . 1987). The appearance of this 45 kDa protein on the cell 

surface is . normally a prerequisite for immortalisation 

(Thorley-Lawson and Mann, 1985), and this can also be induced by the 

addition of B-cell growth factor (Azim et al. , 1990). The membrane

bound form of CD23 can function as a low affinity IgE Fc receptor 

(Yukawa et al., 1987), but it can also be cleaved to give a soluble 

form, S-CD23, which acts as an autocrine growth factor and enables 

the EBV infected cells to continue to proliferate (Swendeman and 

Thorley-Lawson, 1987). It is now established that CD23 is 

cooperatively induced by two viral latent cycle genes, EBNA 2 and LMP 

(Wang et al.. 1987; Wang et al.. 1990). The cellular proto-oncogenes 

c-fgr (Cheah et al.. 1986) and c-mvc (Lacy et al.. 1987; Wennberg et 

al., 1987) have also been reported to be expressed at elevated levels 

in EBV-infected cells (deregulation of c-myc will be discussed later 

in relation to Burkitt's lymphoma). The elevated levels of c-fgr in 

some cell lines from human myelo- or lympho-proliferative diseases 

correlate with the presence or absence of EBV, and in vitro infection 

of EBV-negative cell lines results in a 50-fold increase in the 

steady state level of both the c-fgr transcript (Cheah et al. . 1986) 

and protein (.Katamine et al. . 1988). It now appears that this

elevation requires the expression of the viral EBNA 2 gene (Knutson, 

1990), although the precise mechanism by which this induction takes 

place is not known. The c-fgr gene is the cellular homologue of the
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oncogene of the Gardner-Rasheed feline sarcoma virus (Tronick et al., 

1985; Nishizawa et al.. 1986). It is related in sequence to c-src and 

c-ves and its product has a tyrosine kinase activity (Inoue et al. , 

1987; Katamine et al. . 1988), Although its function is unknown,

proteins with tyrosine kinase activity often play important roles in 

the regulation of cell growth, and their over expression can result 

in cellular transformation and proliferation.

b) Control of EBV-infected cells by immunosurveillance

In a normal EBV-infected host it is estimated that less than 1 in
C C

10 -10 of circulating B-cells contain EBV (Rocchi et al. . 1977).

This means that EBV infection in the majority of cases is 

asymptomatic or is unrecognised. Antibodies against the viral 

antigens EA, MA and VCA are produced during primary infection 

(reviewed by Rickinson et al.. 1985; Rickinson, 1986). With the

exception of anti-EA, antibodies against these antigens and those 

specific for the EBV nuclear antigens (EBNAs) are maintained for life 

(Henle and Henle, 1979a). Cell mediated responses are required to 

prevent the outgrowth of EBV immortalised B cells in vivo. Major 

histocompatibility complex (MHC) restricted cytotoxic T-lymphocytes 

(CTL) develop (Rickinson et al. . 1979; Chen et al. . 1989a) that 

recognise antigens on EBV-infected cells which have been termed 

Lymphocyte Detected Membrane Antigen, or LYDMA (Svedmyr and Jondal, 

1975). LYDMA does not correspond to any single EBV gene product, but 

is a strictly functional term (Rowe et al.. 1986). However, cytotoxic 

T-cells do recognise epitopes derived from certain latent gene 

products such as the latent membrane protein (Sulitzeanu et al., 

1986; Thorley-Lawson and Israelsohn, 1987; Reiss et al. . 1987; Murray 

et al. . 1988a). It was shown that cytotoxic T-cells could

discriminate between A- and B-type EBV transformed lines, and it was 

originally believed that this must be due to different epitopes on
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the two EBNA 2 types (Wallace et al. . 1987; Moss et al. . 1988). This 

conclusion was premature since it is now known that the type 

variation can be extended to other latent cycle products, which may 

also be involved in the A and B type specific T-cell response. 

Cytotoxic T cell clones have been identified which specifically 

recognise EBNA 2 and EBNA 3A from A type virus only (Murray et al. , 

1990; Burrows et al. . 1990). Perturbation of the cellular immune 

system, as seen in transplant recipients on immunosuppressive therapy 

or in AIDS patients, can result in the proliferation of immortalised 

B-cells.

c) Infectious Mononucleosis

EBV has been shown to be the causative agent of infectious 

mononucleosis (IM) (Henle et al. . 1968; reviewed by Sumaya, 1989). 

Most EBV carriers periodically shed virus particles into the buccal 

cavity (Yao et al. , 1985) , so that the observed horizontal 

transmission of the virus is most likely a consequence of close 

salivary contact. Primary infection usually occurs in childhood, but 

where it is delayed until adolescence or later, infectious 

mononucleosis commonly results (reviewed by Henle and Henle, 1979b).

There is a far greater proportion of circulating B-cells infected 

with EBV in an IM patient than in the normal individual (Robinson et 

al. , 1980). This elicits an abnormally vigorous cytotoxic T-cell 

response, which, during the acute phase of the disease, results in an 

approximately 2-fold increase in the number of leukocytes in the 

blood. The disease typically presents with sore throat, fever and 

lymphadenopathy; the latter two being the basis for its more commonly 

known name, Glandular Fever. The symptoms usually last for 1-3 weeks, 

but in older patients the illness may be chronic, lasting for several 

months or longer (Sumaya, 1988). IM is most prevalent in the

23



d e v e lo p e d  c o u n t r i e s ,  p a r t i c u l a r l y  i n  th e  u p p er s o c io - e c o n o m ic  g r o u p s .  

I t  i s  e s s e n t i a l l y  u n h ea rd  o f  i n  c o u n t r i e s  l i k e  A f r i c a ,  w here p r im a r y  

i n f e c t i o n  a lm o s t  a lw a y s  o c c u r s  b e f o r e  th e  a g e  o f  4  y e a r s .

d ) B u r k i t t ' s  Lymphoma

B u r k i t t ' s  lymphoma (BL) was f i r s t  i d e n t i f i e d  in  th e  l a t e  

1 9 5 0 ' s  i n  U ganda ( B u r k i t t ,  1 9 5 8 ;  r e v ie w e d  b y E rn b erg and K a l l i n ,  

1 9 8 4 ;  R ic h t s m e ie r ,  1 9 8 7 ) .  BL i s  an u n d i f f e r e n t i a t e d  B - c e l l  lymphoma, 

w h ic h  o c c u r s  s p o r a d i c a l l y  w o r ld w id e , b u t  h a s  a much h ig h e r  i n c i d e n c e  

i n  c e n t r a l  A f r i c a .  I t  i s  t h e  com m onest c a n c e r  o f  A f r ic a n  c h i l d r e n  

(M a g ra th , 1 9 8 3 )  o c c u r r in g  i n  5 t o  1 5  c h i l d r e n / 1 0 0 , 0 0 0 / y e a r  and t h e  

in c i d e n c e  i s  2 0 -  t o  1 0 0 - f o l d  lo w e r  i n  w e s t e r n  c o u n t r i e s  (d e  T h e, 

1 9 8 5 ) .

E p s t e in - B a r r  v i r u s  i s  im p l i c a t e d  i n  t h e  d e v e lo p m e n t o f  en d em ic BL, a s  

t h e  g r e a t  m a j o r i t y  (> 95% ) o f  p a t i e n t s  h a v e  EBV DNA and n u c le a r  

a n t i g e n s  (EBNA) w i t h i n  th e  tum our c e l l s  (z u r  H ausen e t  a l . .  1 9 7 0 ;  

L in d a h l e t  a l . . 1 9 7 4 ) .  E B V - in fe c te d  c e l l s  from  a n orm al i n d i v i d u a l  

show  s u f f i c i e n t  h e t e r o g e n e i t y  i n  t h e i r  EBV t e r m in i  t o  a l lo w  u s e  o f  

t e r m in a l  fr a g m e n t s i z e  a s  a c l o n a l  m arker (Brown e t  a l . .  1 9 8 8 ) .  

A n a l y s i s  o f  c e l l u l a r  im m u n o g lo b u lin  r e a r r a n g e m e n ts  and t e r m in a l  

r e p e a t  co p y  num ber o f  r e s i d e n t  EB v i r u s  h a s  d e m o n str a te d  t h a t  BL i s  a 

m o n o c lo n a l c a n c e r  w it h  r e s p e c t  t o  t h e  v i r u s  and th e  c e l l  (Preud'hom m e  

e t  a l . .  1 9 8 5 ;  R aab-T raub and F ly n n , 1 9 8 6 ;  Brown e t  a l . .  1 9 8 8 ) .  T h ere  

i s ,  h o w e v e r , t h e  p o s s i b i l i t y  t h a t  t h e  p a s s a g e  o f  BL c e l l s  i n  t i s s u e  

c u l t u r e  may c l o n e  t h e  v i r u s . The c l o n a l i t y  o f  th e  c e l l  and v i r u s  i s  

ta k e n  t o  im p ly  t h a t ,  i n  EBV p o s i t i v e  tu m o u rs, th e  v i r u s  w as p r e s e n t  

i n  t h e  o r i g i n a l  c e l l  t h a t  u n d e rw e n t m a lig n a n t  t r a n s f o r m a t io n .  The 

h y p o t h e s i s  i s  t h a t ,  a s  l e s s  th a n  1% o f  c i r c u l a t i n g  B c e l l s  c o n t a i n  

v i r u s ,  b u t  o v e r  95% o f  en d em ic  BL tu m ours a r e  EBV p o s i t i v e ,  th e n  t h e
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c h a n c e s  o f  m a lig n a n t  t r a n s f o r m a t io n  m ust b e  much g r e a t e r  i n  EBV 

i n f e c t e d  c e l l s .

I t  i s  im p o r ta n t  t o  d i f f e r e n t i a t e  h e r e  b e tw e e n  en d em ic and s p o r a d ic  

BL. S p o r a d ic  BL o c c u r s  i n  lo w  in c i d e n c e  a r e a s  su c h  a s  Europe and th e  

U n it e d  S t a t e s ,  and v i r a l  m a rk ers a r e  n o t  p r e s e n t  i n  up t o  85% o f  

t h e s e  tu m ours ( L e n o ir  e t  a l . . 1 9 8 4 ) .  I n  f a c t ,  t h e  i n c i d e n c e  o f  EBV 

n e g a t i v e  BL i n  e q u a t o r i a l  A f r i c a  i s  v e r y  l i k e  t h e  o v e r a l l  i n c i d e n c e  

i n  E urope and N o r th  A m eric a , s u g g e s t i n g  t h a t  s p o r a d ic  c a s e s  o c c u r  a t  

a s i m i l a r  fr e q u e n c y  th r o u g h o u t  t h e  w o r ld .

A common f e a t u r e  i n  a l l  BL c e l l s  i s  th e  p r e s e n c e  o f  a r e c i p r o c a l  

t r a n s l o c a t i o n  b e tw e e n  chrom osom es 8 and 1 4  o r ,  l e s s  f r e q u e n t l y ,  

b e tw e e n  8 and 2 o r  b e tw e e n  8 and 2 2  ( r e v ie w e d  b y  L e n o ir ,  1 9 8 7 ) .  T h e se  

t r a n s l o c a t i o n s  a lw a y s  i n v o l v e  t h e  c - mvc p r o to - o n c o g e n e  on chrom osom e  

8 ( D a lla - F a v e r a  e t  a l . , 1 9 8 2 )  and t h e  v a r i o u s  im m u n o g lo b u lin  l o c i  on  

t h e  o t h e r  ch ro m o so m es. I n  th e  c a s e  o f  th e  m o st common, 8 : 1 4  

t r a n s l o c a t i o n ,  c - mvc m oves from  chrom osom e 8 t o  chrom osom e 1 4 .  The 

t r a n s l o c a t i o n  f u s e s  t h e  c - myc g e n e  t o  an I g  h e a v y - c h a in  c o n s t a n t  g e n e  

on chrom osom e 1 4 .  I n  t h e  o t h e r  t y p e s ,  c - myc r e m a in s  on chrom osom e 8 

and I g  l i g h t - c h a i n  l o c i  move t o  t h e r e  from  chrom osom es 2 o r  2 2 ,  so  

t h a t  c - myc i s  a g a in  l o c a t e d  5 '  o f  an I g  c o n s t a n t  r e g i o n .  I n  a l l  

c a s e s ,  th e  b r e a k p o in t s  on th e  I g  g e n e s  a r e  u s u a l l y  l o c a t e d  a t  or  

c l o s e  t o  s i t e s  t h a t  a r e  u s e d  f o r  p h y s i o l o g i c a l  I g  r e a r r a n g e m e n t (C o ry  

e t  a l . ,  1 9 8 6 )  .

The c - myc g en e  w as o r i g i n a l l y  d e f i n e d  a s  th e  c e l l u l a r  h o m o lo g u e o f  

th e  g e n e  t r a n s d u c e d  b y  a v ia n  m y e lo c y t o m a t o s is  v i r u s  ( S h e in e s s  and  

B is h o p , 1 9 7 9 ) .  T r a n s c r i p t i o n a l  e x p r e s s i o n  o f  c - myc i s  c o n t r o l l e d  w it h  

r e s p e c t  t o  t h e  c e l l  c y c l e  i n  many c e l l  t y p e s  ( K e l l y  and S i e b e n l i s t ,  

1 9 8 6 ) ,  in c l u d i n g  n o rm a l human B c e l l s  (L a c y  e t  a l . , 1 9 8 6 ) .  c - myc RNA

25



and c-inyc protein are extremely short lived (15-30 min) (Dani et al., 

1984; Ramsay et al. . 1984). The c -mvc protein is a 60 kDa nuclear 

protein which is believed to be involved in regulating cell cycling 

(Kelly et al.. 1983; Campisi et al. . 1984; Kelly and Siebenlist,

1986; Studzinski et al.. 1986; Iguchi-Ariga, 1987). Cells from a wide 

range of species produce two mvc proteins and it has been shown that 

these are derived from alternative translational initiations in the 

same reading frame in exons 1 and 2 (Hann et al. . 1988). The ways in 

which the aforementioned translocations may contribute to the 

deregulation or activation of c-mvc expression are as follows; loss 

of 5' regulatory sequences that removes transcriptional feedback 

control (Battey et al.. 1983; Adams et al.. 1983); suppression of the 

larger mvc protein due to the loss of exon 1 (Hann et al. , 1988) and 

a possible corresponding increase in the expression of the smaller 

protein due to the removal of a block to transcriptional elongation 

(Bentley and Groudine, 1986); enhanced transcription due to close 

proximity to Ig regulatory and enhancer sequences (Hayday et al. . 

1984), increased stability of c-myc RNA due to structural alteration 

of the truncated message (Rabbitts et al. , 1985), alteration of the 

c-myc protein by somatic mutation (Rabbitts et al. , 1983) , or a

combination of all of these. It is also conceivable that EBV may 

contribute to altered c-myc expression in BL cells. There is no 

conclusive evidence whether the chromosomal translocation occurs 

before or after infection with EBV (reviewed by Lenoir and Bornkamm, 

1987; Klein, 1987), but EBV cannot be the direct cause of the 

translocations, because of the existence of EBV negative BLs. The 

virus can cause deregulation of c -mvc in human. B cells even in the 

absence of a chromosomal translocation (Lacy et al. . 1987; Wennberg 

et al. . 1987). This may be a result of a post-transcriptional 

increase in stability of mature c-mvc mRNA in the presence of the 

virus (Lacy et al., 1989). In BL there is an alteration in
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utilisation of the two c -myc promoters, with the first one being, 

favoured in tumour cells (Taub et al., 1984; Yang et al.. 1985). More 

recently, it has been shown that the EBV early gene product, BRLF1, 

can either directly or indirectly transactivate the PI c-myc promoter 

(pers. comm. Shannon Kenney).

The geographical distribution of endemic BL is closely linked to the 

incidence of infection by Plasmodium falciparum. the malarial 

parasite of humans. Malarial infections have long been recognised as 

having profound effects on general immune function, and it is now 

clear that, during the acute phase of malaria, cytotoxic T cell 

control of EBV-infected B cells is impaired (Whittle et al. . 1984). 

The immune challenge against the disease will result in a 

proliferation of B cells and, because of the impairment to T cell 

control, a proportion of these will be immortalised by EBV. A greater 

number of immortalised B cells may then increase the possibility of 

the translocations taking place (reviewed by Klein, 1987).

BL tumours have now been shown to have a restricted pattern of EBV 

latent gene expression, where LMP and EBNA 2 are frequently not 

expressed (Rowe, D. et al. . 1986; Rowe, M. et al. . 1987). There is 

also an altered surface phenotype compared to in vitro EBV 

immortalised B cells, with expression of BLA and CALLA (Rooney e_t 

al., 1986) and down regulation of cell adhesion molecules LFA-1 and 

ICAM-1 (Gregory et al., 1988). These effects underlie the ability of 

the malignant clone to evade EBV-specific T cell surveillance in 

vivo. Further research is required to understand how Epstein-Barr 

virus may be involved in the development of Burkitt's lymphoma.
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e) Immunosuppression and Lymphoma

I t  i s  a p p a r e n t  t h a t  n o rm a l c y t o t o x i c  T c e l l  s u p p r e s s io n  o f  EBV

i n f e c t e d  B c e l l s  i s  im p a ir e d  i n  p e o p le  who a r e  im m u n o su p p ressed . T h is  

a p p l i e s  n o t  o n ly  t o  c h i l d r e n  s u f f e r i n g  from  a c u t e  m a la r ia ,  b u t  a l s o  

t o  t r a n s p l a n t  p a t i e n t s  o n  im m u n o su p p r e ss iv e  th e r a p y  and AIDS 

p a t i e n t s .  P a t i e n t s  r e c e i v i n g  im m u n o su p p r e ssiv e  d ru g s i n  o r d e r  to

lo w e r  th e  r i s k  o f  o r g a n  r e j e c t i o n  h a v e  a 1 0 0 - f o l d  i n c r e a s e d  r i s k  o f  

d e v e l o p i n g  c a n c e r ,  and p a r t i c u l a r l y  lymphomas (r e v ie w e d  b y  C le a r y  e t  

a l .  , 1 9 8 6 ) .  T h e se  lym phom as a r e  p r e d o m in a n tly  h ig h  g r a d e  B c e l l

n e o p la s m s  c l a s s i f i e d  a s  d i f f u s e  l a r g e - c e l l  lym phom as, and t h e y  

u s u a l l y  c o n t a in  EBV DNA and EBNA (C ra w fo rd  e t  a l . . 1 9 8 0 ;  H anto e t  

a l . , 1 9 8 1 ;  Saem undsen e t  a l . . 1 9 8 2 ) .  V ery  s i m i l a r  p o l y c l o n a l

p r o l i f e r a t i o n s  o c c u r  i n  AIDS p a t i e n t s  ( K a l t e r  e t  a l . ,  1 9 8 5 ) ,  and

t h e s e  p e o p le  a l s o  h a v e  a h ig h  in c i d e n c e  o f  EBV p o s i t i v e  B L - lik e  

lym phom as ( Z i e g l e r  e t  a l . .  1 9 8 2 ;  Ahmed e t  a l . , 1 9 8 7 ;  H a m ilto n - D u to it  

e t  a l . . 1 9 8 9 ;  Thomas and C ra w fo rd , 1 9 8 9 ) .  B u r k i t t ' s  lymphomas u s u a l l y  

o c c u r  i n  t h o s e  p a t i e n t s  who h a v e  p r e v i o u s l y  h ad  p e r s i s t e n t  

g e n e r a l i s e d  ly m p h a d en o p a th y  and i n  whom t h e  immune d y s f u n c t i o n  i s  

l e s s  s e v e r e  ( K a l t e r  e t  a l . , 1 9 8 5 )  . A I D S - a s s o c ia te d  BLs a r e  a l s o  

a e t i o l o g i c a l l y  d i s t i n c t  from  t h e  en d em ic c a s e s  fo u n d  i n  e q u a t o r i a l  

A f r i c a ,  and i t  may b e  t h a t ,  i n  t h e  g e o g r a p h ic a l  z o n e s  w h ere t h e  

t r a d i t i o n a l  "BL b e l t  o f  A f r ic a "  o v e r l a p s  w it h  a r e a s  o f  h ig h  

s e r o i n c i d e n c e  f o r  HIV, t h e r e  w i l l  b e  a move away from  th e  c h ild h o o d  

p red o m in a n ce  o f  en d em ic  BL to w a r d s  A I D S - a s s o c ia t e d  BL i n  a d u l t s .  

H ow ever, t h i s  o b s e r v a t i o n  may b e  c o n fo u n d e d  b y  o t h e r  f a c t o r s ,  su c h  as  

h ig h  m o r t a l i t y  o f  i n f a n t i l e  AIDS and a d v a n c e d  K a p o s i 's  sarcom a  

a f f e c t i n g  th e  o v e r a l l  p r e s e n t a t i o n  and s u r v i v a l  o f  AIDS c a s e s  in  

A f r i c a .
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f) Nasopharyngeal carcinoma

Undifferentiated nasopharyngeal carcinoma (NPC) is an epithelial 

tumour, which is also associated with Epstein-Barr virus infection 

(reviewed by Richtsmeier et al. . 1987; Tarr and Glaser, 1989). Like 

Burkitt's lymphoma, NPC has a distinctive geographical distribution, 

being predominant in South-East Asia where it is the most common 

cancer in young to middle-aged men (17 per 100,000 per year in 

Shanghai; 84 per 100,000 per year in Hong Kong).

EBV has been closely associated with NPC by two main lines of 

evidence. NPC patients have unusual antibody patterns against several 

EBV encoded antigens (Henle et al. . 1973), which characteristically

include those of the IgA class (Henle and Henle, 1976). There are 

high antibody titres (IgA and IgG) against EBV EA, VCA and MA, and 

antibodies against the virus encoded enzymes, DNase and DNA 

polymerase (Liu et al. . 1989). Secondly, undifferentiated NPC tumour 

cells invariably contain EBV DNA (zur Hausen et al. , 1970; Wolf et 

al., 1973; Klein et al.. 1974), whereas cells from NPC with squamous 

cell differentiation, seldom do (Andersson-Anvet et al. . 1977). In

addition, the EBV receptor, CD21, has been reported to be present on 

the surface of EBV positive cells derived from NPC (Takimoto and 

Umeda, 1989), while medium taken from NPC cultures has also been 

shown to contain the B cell activation marker CD23 (Billaud et al. , 

1989).

Analysis of NPC tumour biopsies and a nude mouse-passaged NPC cell 

line has revealed a novel type of EBV-cell interaction in NPC cells 

which is distinct from that seen in in vitro transformed B cell lines 

and in EBV-positive B cell lymphomas. Only one of the Epstein-Barr 

virus nuclear antigens, EBNA 1, appears to be expressed (Fahraeus ejt 

al. . 1988; Young et al. . 1988; Hitt et al. . 1989). There is also
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considerable variation in the degree of Latent Membrane Protein (LMP) 

expression in different tumour biopsies (Fahraeus et al.. 1988; Young 

et al.. 1988). Until recently, the study of the relationship of EBV

to NPC, and the process whereby epithelial cells are infected and 

transformed has been hampered by the lack of an appropriate in vitro 

model. Transfection of immortalised, non-tumorigenic, human, 

keratinocyte cell lines with LMP can result in a change in surface 

phenotype and differentiation responsiveness (Dawson et al. , 1990),

as well as altered morphology and the down regulation of keratin 

expression (Fahraeus et al.. 1990). Taken together, these results

suggest that LMP expression may be an important causal factor in the 

development of NPC. Transfection of certain EBV sequences into 

primate kidney epithelial cells has been reported to result in 

immortalisation, and it was inferred that this may be relevant to NPC 

(Griffin and Karran, 1984). What is surprising about these results is 

that the sequences in question do not encode any of the identified 

latent cycle products of EBV. This would suggest a mechanism for 

immortalisation of epithelial cells by the virus different from that 

thought to act in lymphocytes.

Environmental and genetic factors also seem to play a role in the 

pathogenesis of NPC. Traditional life styles, especially consumption 

of Cantonese-style salted fish and other preserved foods, may be an 

important factor in the development of NPC. These food products 

contain relatively high levels of volatile N-nitosamines (Poirier et 

al. , 1987), and some have a strong EBV activation activity (Shao et 

al. , 1988). Chinese medicinal herbs and plants contain naturally

occurring phorbol esters (Duke and Ayensu, 1985), as well as other 

tumour-promoting agents capable of activating EBV replication (Zeng 

et al.. 1983; reviewed by Ito, 1986).
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It: was known previously that possession of certain HLA phenotypes (A2 

and BVJ46) could predispose people towards the development of NPC 

(Chan et al., 1983). Recent linkage analysis supports the idea of a

disease susceptibility gene (or genes) closely linked to the HLA 

locus, which confers a greatly increased risk of nasopharyngeal 

carcinoma (Sheng-jing et al. , 1990). The identification of this

gene(s) may help to clarify the respective role of EBV and 

environmental co-factors in the development of NPC.

1.4 EBV Gene Expression

The infection of appropriate B lymphocytes by EBV normally results in 

a latent (non-productive) infection (Hurley and Thorley-Lawson, 

1988) . In this case EBV immortalises the host lymphocyte (Sugden, 

1989; Klein, 1989), and the latent genes that are expressed in this 

process will be discussed later. Latently infected lymphocytes can 

often be induced at a rather low efficiency to the productive cycle 

by treatment of the cells with various chemical or biological 

inducers.

1.4.1 The Switch between Latency and Virus Replication

The mechanism(s) whereby viral latency is disrupted and viral 

replication occurs is not known. The most consistently effective 

inducers of replicative infection are a tumour-promo ting phorbol 

ester, 12-o-tetradecanoyl phorbol-13 acetate (TPA) (also known as 

phorbol-13 myristate, PMA) , sodium butyrate, iodo deoxyuridine and 

TGF/I (zur Hausen et al.. 1978; Kallin et al. . 1979; Bauer et al. .
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1980). There is continuous maturation of cells within a 

lymphoblastoid line, where the more differentiated cells, which are 

in the minority, no longer express EBNA. This loss of the 

immortalised status of the cell would allow completion of the lytic 

cycle with the production of virus particles and cell death (Crawford 

and Ando, 1986; Wendel-Hansen et al. . 1987). Therefore, the

aforementioned inducers of replicative infection may operate via 

their ability to promote cell differentiation. Many other chemicals, 

including inhibitors of cellular DNA, RNA and protein synthesis, 

hormones, cyclic nucleotides and antibody against IgM on the cell 

surface, have some inducing activity (Gerber, 1972; Hamper jet al. , 

1972, 1974, 1976; Joncas et al. . 1973; Tovey et al. . 1978; Takada,

1984). As some of these agents are growth inhibitory, it may be that 

they promote an unidentified cell signal(s) when the long-term 

viability of the host cell is threatened, that tells the virus to 

replicate. It is important to note that these agents, when combined, 

exhibit considerable synergy. This may suggest multiple points at 

which viral replication can be induced (Bauer, 1983).

Superinfection of some latently infected cultures, including Raj i , 

with the virus produced by the P3HR-1 cell line results in a ..more 

permissive state of viral infection than can be induced by TPA 

(Yajima and Nonoyama, 1976). P3HR-1 virus harbours a defective form 

of EBV which is a rearranged, partially deleted version of the EBV 

genome that has remained infectious (Heller et al. . 1981; Cho et al . . 

1984; Miller et al.. 1984). Comparison of P3HR-1 clones which did or 

did not produce defective virus (called het virus, for heterogeneous 

DNA) demonstrated that it was the het virus that was critical for 

induction during a superinfection (Rabson et al. . 1983; Miller et

al. , 1984). More detailed analysis of het virus activity revealed

that a single small DNA region of about 3kb was sufficient when
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transfected to induce early antigen expression in an otherwise latent 

recipient cell (Countryman and Miller, 1985). This region contains 

the BZLF1 reading frame and it was finally established that it was 

this gene in the het virus which causes the induction of the 

productive cycle (Countryman et al. , 1987). The protein product of 

BZLF1 is also known as EB1 (Chevallier-Greco et al. , 1986) and ZEBRA 

(Countryman and Miller, 1985). It is now known that the BZLF1 protein 

is a sequence specific DNA binding protein (Farrell et al. , 1989) 

that can act as a transcription factor to upregulate other early EBV 

genes, including BRLF1 and BMLF1 (Chevallier-Greco, et al. . 1986; 

Rooney et al. . 1989b; Packham et al. . 1990). The protein has a 

sequence homologous to the basic DNA binding motif found in many DNA 

binding proteins of the bZip family (Packham et al., 1990). Two other 

early productive cycle genes, BRLF1 and BMLF1, are thought to have 

important roles in the switch from latency to virus replication. The 

BRLF1 protein was shown to be a powerful transactivator of 

transcription (Hardwick et al.. 1988), whereas, in experiments using 

the CAT reporter gene, the BMLF1 protein appears to stabilize CAT 

mRNA or promote translation of CAT, rather than have a direct effect 

on transcription (Kenney et al. . 1989; Buisson et al. . 1989). It is 

thought that BRLF1 and BMLF1 may be involved in the activation of the 

EBV lytic cycle by cooperating with BZLF1 to switch on other early 

genes.

1.4.2 The Replicative Cycle of EBV

When EBV is induced to enter the replicative cycle, the majority of 

the 80 or so viral genes are expressed (reviewed by Farrell, 1989). 

The identity and function of the majority of the replicative cycle 

proteins is not known, but some have been identified through their 

homology with genes encoded by other herpesviruses. Gene expression
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during viral replication has been divided into two temporal classes, 

early and late, and these are separated by viral lytic DNA synthesis.

a) Early Gene Expression

The viral proteins expressed in the early phase of the lytic cycle 

have been mapped (Farrell, 1989). Originally, many of these were 

grouped together as members of the early antigen (EA) complex, which 

can be visualised by immunofluorescence (Henle et al. , 1970). The

appearance of EA in a cell indicates that that cell has entered the 

replicative phase of the viral cycle.

Early EBV gene expression is not dependent on viral DNA synthesis, 

which it precedes. Many of the proteins produced during this phase 

are thought to be involved in replicative EBV DNA synthesis. Some of 

the early genes which have been identified either functionally or 

through homology with other herpesviruses are: DNA polymerase (BALF5) 

(Baer et al. , 1984), major DNA binding protein (BALF2) (Quinn and

McGeoch, 1985), large and small sub-units of ribonucleotide reductase 

(BORF2 and BARF1 respectively) (Gibson et al. , 1984), thymidine 

kinase (BXLF1) (Littler et al. . 1986), DNase (BGLF5) (Zhang et al . . 

1987), dUTPase (BLLF2) (Davison and Taylor, 1987). Several other EBV 

genes have homologues in HSV and VZV, but their function has yet to 

be identified (Davison and Taylor, 1987; McGeoch et al. . 1988).

b) The Replication of DNA in the Lytic Cycle

Since viral DNA in latently infected cells is in a closed circular 

form prior to induction, replication must proceed from this as an 

initial subtrate. For some time it was not known whether the DNA 

could replicate as a circular molecule or go through a linear 

intermediate. The products of replication from the EBV origin of 

plasmid replication, oriP (discussed later), are circular plasmid
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m o le c u l e s  i d e n t i c a l  to  th e  t e m p la t e  DNA. H ow ever, i t  was shown t h a t  

o r iP  d o e s  n o t  m e d ia te  t h e  a m p l i f i c a t i o n  o f  v i r a l  DNA d u r in g  th e  l y t i c  

p h a s e  o f  th e  EBV l i f e  c y c l e  (Y a te s  and C a m io lo , 1 9 8 8 ) ,  b u t  r a t h e r  

m a in t a in s  a s t a b l e  number o f  p la s m id  m o le c u le s  p e r  c e l l  i n  a d i v i d i n g  

c e l l  p o p u l a t io n .  I n  c o n t r a s t ,  H erp es s im p le x  v i r u s e s ,  ty p e  1 and 2 ,  

h a d  b e e n  shown t o  a m p lif y  t h e i r  t e m p la t e  DNA 1 0 0 - 1 0 0 0  t im e s  w i t h i n  

o n e c e l l  c y c l e  v i a  a m ech an ism  o f  r o l l i n g  c i r c l e  r e p l i c a t i o n .  The 

p r o d u c t  o f  t h i s  r e p l i c a t i o n  i s  a h e a d - t o - t a i l  co n c a te m e r  w h ich  i s  

s y n t h e s i s e d  b y  a v i r a l  DNA p o ly m e r a s e  (R oizm an and B a t t e r s o n ,  1 9 8 5 )  .

Two o r i g i n s  o f  l y t i c  r e p l i c a t i o n  ( o r i L y t )  h a v e  b e e n  i d e n t i f i e d .  One 

i s  b e tw e e n  b a s e s  5 2 6 4 2  and 5 3 6 9 7  i n  t h e  B 9 5 - 8  genome a b o u t 4 0  Kbp 

away from  o r iP  (H am m erschm idt and S u g d en , 1 9 8 8 ) .  The o t h e r  i s  d e l e t e d  

from  t h e  r i g h t  h an d  en d  o f  B 9 5 - 8 , b u t  i s  p r e s e n t  i n  o th e r  EBV s t r a i n s  

s u c h  a s  Raj i  and M-ABA (b e tw e e n  b a s e s  3 5 5 4  and 4 6 0 9  o f  th e  12k b p  

d e l e t i o n  i n  B 9 5 - 8 )  (H am m erschm idt and S u gd en , 1 9 8 8 ;  P a rk er  e t  a l . . 

1 9 9 0 ) .  U n lik e  t h e  l y t i c  o r i g i n s  o f  HSV, o r i L y t  i s  co m p lex  and h a s  

s e v e r a l  r e g i o n s  t h a t  a r e  r e q u ir e d  f o r  i t s  c o m p le te  f u n c t i o n .  O r iL y t  

o v e r l a p s  an e f f i c i e n t  p r o m o te r / e n h a n c e r  t h a t  f u n c t io n s  d u r in g  t h e  

l y t i c  p h a se  o f  t h e  EBV l i f e  c y c l e  a n d  w h ic h  h a d  p r e v i o u s l y  b e e n  shown  

t o  b e  t r a n s a c t i v a t e d  b y  t h e  BZLF1 g e n e  p r o d u c t  (C h e v a ll ie r - G r e c o  e t  

a l .  , 1 9 8 6 ) .  A ls o ,  p la s m id  c o n s t u c t s  c o n t a i n i n g  o r iL y t  c o u ld  be 

a m p l i f i e d  1 0 0 -  t o  1 0 0 0 - f o l d  when a s e c o n d  v e c t o r  e x p r e s s in g  t h e  BZLF1 

g e n e  w as in t r o d u c e d .  T h is  s u g g e s t s  t h a t  BZLF1 may n o t  o n ly  

t r a n s a c t i v a t e  v i r a l  g e n e s ,  b u t  a l s o  p l a y  a r o l e  i n  a c t i v a t i o n  o f  

r e p l i c a t i o n  d i r e c t l y .  The a m p l i f i c a t i o n  o f  t h i s  p la s m id  c o n t a i n i n g  

o r i L y t  y i e l d e d  h e a d - t o - t a i l  c o n c a t e m e r s , and t h i s  a p p e a r e d  t o  be  

d e p e n d e n t  on t h e  EBV DNA p o ly m e r a s e  (H am m erschm idt and S u gd en , 1 9 8 8 ) .  

A n a l y s i s  o f  t h e  t e r m in a l  r e p e a t s  h a s  a l s o  r e v e a l e d  t h a t  t h e r e  i s  a 

c o n c a t e n a t e d  r e p l i c a t i v e  i n t e r m e d i a t e  form  o f  th e  v i r a l  DNA i n  t h e  

p r o d u c t iv e  c y c l e  (S a t o  e t  a l . . 1 9 9 0 ) .  T h e se  f i n d i n g s  s u g g e s t  t h a t ,
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a lt h o u g h  th e  s t r u c t u r e  o f  o r i L y t  o f  EBV d i f f e r s  from  t h a t  o f  t h e  

l y t i c  o r i g i n s  o f  HSV-1 and - 2 ,  th e  mode o f  r e p l i c a t i o n  u s e d  by t h e s e  

d i f f e r e n t  v i r u s e s  i n  t h e i r  p r o d u c t iv e  l i f e  c y c l e s  a p p e a r s  to  b e  

s i m i l a r .

c )  L a te  Gene E x p r e s s io n  and V ir u s  M a tu r a tio n

E x p r e s s io n  o f  t h e  l a t e  l y t i c  c y c l e  g e n e s  i s  e n t i r e l y  d e p e n d e n t u p on  

l y t i c  v i r a l  DNA s y n t h e s i s ,  a s  i t  i s  s e n s i t i v e  t o  p h o s p h o n o a c e t ic  a c i d  

and a c y c l o v i r ,  w h ich  s e l e c t i v e l y  i n h i b i t  th e  v i r a l l y  e n co d ed  DNA 

p o ly m e r a s e  (N yorm oi e t  a l . . 1 9 7 6 ;  Summers and K l e in ,  1 9 7 6 ;  C o lb y  e_t 

a l . , 1 9 8 0 )  . Members o f  t h i s  c l a s s  o f  g e n e s  make up com p on en ts o f  VCA 

and MA, d i s c u s s e d  e a r l i e r .  R e c e n t l y ,  e x t e n s i v e  s e q u e n c e  h om ology w as  

r e p o r t e d  b e tw e e n  an EBV l a t e  g e n e , BCRFI, and a m ouse cDNA c lo n e  f o r  

i n t e r l e u k i n  1 0  (M oore e t  a l . , 1 9 9 0 )  . The v i r u s  i s  a s s e m b le d  i n  t h e  

n u c l e u s ,  an d , e v e n t u a l l y ,  im m atu re v i r u s  p a r t i c l e s  w it h  a  d ia m e te r  o f  

80nm ca n  b e  d e t e c t e d  b o t h  i n  th e  n u c le u s  and c y to p la s m  o f  

p r o d u c t i v e l y  i n f e c t e d  c e l l s  ( E p s t e i n  e t  a l . . 1 9 6 5 ) .  F i n a l l y ,  t h e

v i r u s  b u ds th r o u g h  th e  n u c l e a r  o r  p la sm a  m em branes, b e in g  e n g u lf e d  i n  

t h e  p r o c e s s  t o  g i v e  a m a tu re  v i r u s  p a r t i c l e  w it h  a d ia m e te r  o f  a b o u t  

120nm.

1 . 4 . 3  L a te n t  Gene E x p r e s s io n

O f t h e  e i g h t y  o r  s o  g e n e s  e n c o d e d  b y  EBV, t o  d a t e  o n ly  e l e v e n  o f  

t h e s e  h a v e  b e e n  shown t o  b e  e x p r e s s e d  d u r in g  l a t e n c y  in  i n  v i t r o  

im m o r t a l is e d  B c e l l s  (S u g d e n , 1 9 8 9 )  . T h ese  g e n e s  m u st t h e r e f o r e  a l l  

b e  c a n d id a t e s  f o r  b e in g  r e q u ir e d  b o t h  t o  i n i t i a t e  and t o  m a in ta in  t h e  

im m o r t a l is e d  s t a t e  o f  t h e  i n f e c t e d  c e l l .  The p r o d u c ts  o f  t h e s e  g e n e s  

a r e  tw o s m a ll  RNAs ( t h e  E B E R s), t h r e e  membrane p r o t e i n s  (LMP,TP1 an d  

T P 2) and s i x  n u c le a r  a n t i g e n s  (EBNAs 1 ,  2 ,  3A, 3B, 3C and L P ) . The  

a p p r o x im a te  l o c a t i o n  o f  t h e s e  g e n e s  in  th e  EBV genome i s  r e p r e s e n t e d  

i n  F ig u r e  1 . 2 .  L a t e n t  g e n e  e x p r e s s i o n  d i f f e r s  b e tw e e n  th e  t h r e e  m a in
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EBV-carrying cell prototypes: in vitro immortalised lymphoblastoid

cell lines (LCLs), EBV-carrying Burkitt lymphoma (BL) cells and 

nasopharyngeal carcinoma (NPC) cells (Rowe et al.. 1986; reviewed by 

Klein, 1989). During prolonged in vitro culturing, EBV-carrying but 

not negative BLs tend to "drift" towards a more LCL-like phenotype, 

but it is the representative (type 1) BL cell (as described by Rowe 

et al. , 1985) that is referred to here. EBNA 1 is expressed in all 

three phenotypes, while the other EBNAs are only expressed in LCLs. 

LMP is also on in LCLs and off in type 1 BLs, and, as discussed 

earlier, its expression varies markedly in different NPC tumour 

biopsies. The different latent cycle genes will now be discussed 

separately.

a) Epstein-Barr virus encoded RNAs EBER-1 and EBER-2 

The EBER RNAs, which are by far the most abundant viral transcripts 

in lymphocytes infected with EBV, were the first genes to be mapped 

(Rymo, 1979). The EBER genes are adjacent to each other and are 

transcribed constitutively in lymphocytes (Weigel et al. , 1985) by

the cellular RNA polymerase III (Rosa et al. , 1981; Jat and Arrand, 

1982). Although they are pol III transcripts, they have some pol II 

regulatory elements near them and these affect the gene transcription 

(Howe and Shu, 1989) . All other transcription of EBV is thought to 

be by the cellular RNA polymerase II. The EBER RNAs are about 160 

(EBER-1) and 180 (EBER-2) nucleotides in length (Arrand and Rymo, 

1982) and have sequence homology with each other (98 identical 

residues). The RNAs are not polyadenylated and stop codons occur in 

all three reading frames, indicating that they do not code for 

proteins. In situ hybridization with probes specific for EBER-1 or -2 

has suggested that the EBERS are predominantly nuclear (Howe and 

Steitz, 1986). As mentioned before, they display minor type-specific
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sequence variation with the A and B types of EBV (Arrand et al. , 

1989) .

Functional analysis of the EBERs has focused on their striking 

similarity to the virus associated (VA) RNAs of adenoviruses, and 

that they can partly complement VA RNA functions in a VA defective 

adenovirus mutant (Rosa et al., 1981; Bhat and Thimmappaya, 1983,

1985) . Transcription of the adenovirus genome late in infection is 

thought to generate dsRNA from opposing transcription units. This 

activates a latent protein kinase, induced in interferon treated 

cells (Lebleu et al. . 1976; Roberts et al. 1976; Zilberstin et al. . 

1976) , which in turn phosphorylates a protein synthesis initiation 

factor. This results in the inhibition of total protein synthesis 

(Farrell et al. . 1977, 1978). VA RNA binds to and sequesters the 

inactive protein kinase and prevents its activation by dsRNA (Reichel 

et al.. 1985; O'Malley et al.. 1986; Kitajewski et al.. 1986), and

consequently a VA RNA defective adenovirus is restricted in its 

ability to grow. Although the EBERs differ from the VA RNAs in that 

the latter are cytoplasmic and are only found in high accumulation 

late in the infectious cycle, it appears that EBER 1 does in fact 

have an analagous function; high concentrations of EBER 1 regulate 

protein synthesis by blocking the activation of the double-stranded 

RNA-dependent protein kinase DAI (Clarke et al., 1990).

b) The Latent Membrane Protein (LMP)

The most abundant of the latent cycle pol II transcripts is 

transcribed from the BamHI Nhet fragment at the right-hand end of the 

genome near the TR, and encodes a latent membrane protein from the 

BNLF1 open reading frame (Fennewald et al. , 1984; Hennessy et al. , 

1984; Hudson et al. . 1985a; Mann et al. . 1985). The LMP gene has

three closely spaced exons and gives rise to a 2.5kb mRNA. Analysis
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o f  th e  p r e d i c t e d  am ino a c i d  s e q u e n c e  f o r  th e  LMP p r o t e i n  r e v e a le d  

t h a t  i t  w o u ld  h a v e  s i x  h y d r o p h o b ic  s t r e t c h e s  n e a r  th e  N te r m in u s ,  

t h a t  a r e  l i k e l y  t o  b e membrane s p a n n in g  d o m a in s, f o l l o w e d  b y a  

g l o b u l a r  C t e r m in a l  p o r t i o n  c o n t a i n i n g  many a c i d i c  am ino a c i d s .  LMP 

ca n  b e  p h o s p h o r y la t e d ,  m a in ly  on s e r i n e s ,  and h a s a s h o r t  h a l f - l i f e  

o f  b e tw e e n  2 - 5  h o u r s  (B aich w aL  and S u gd en , 1 9 8 7 ;  Mann and  

T h o r le y - L a w so n , 1 9 8 7 ) .  T h is  p r o t e i n  h a s  b e e n  shown t o  b e  l o c a t e d  i n  

t h e  p la sm a  membrane o f  E B V - in fe c te d  c e l l s ,  and an e v e n  number o f  

tra n s-m em b ra n e d om ain s m eans t h a t  b o th  t h e  N and C t e r m in i  a r e  

th o u g h t  t o  b e  l o c a t e d  i n s i d e  t h e  c e l l  (L ie b o w it z  e t  a l . ,  1 9 8 6 ) .  The 

p h o s p h o r y la t e d  form  o f  LMP i s  a s s o c i a t e d  w it h  th e  c e l l u l a r  

c y t o s k e l e t a l  p r o t e i n  v im e n t in  ( L ie b o w it z  e t  a l . . 1 9 8 7 ;  B ir k e n b a c h ,

1 9 8 9 ) ,  th e  n e tw o r k  o f  w h ich  i s  a b n o rm a l i n  E B V - in fe c te d  c e l l s .  More 

r e c e n t l y  i t  h a s  b e e n  shown t h a t  t r a n s f e c t i o n  o f  an E B V -n eg a tiv e  BL 

l i n e ,  L o u c k e s , w it h  a c o n s t r u c t  e x p r e s s i n g  LMP ca n  r e s u l t  in  an  

i n c r e a s e  i n  v im e n t in  e x p r e s s i o n  (B ir k e n b a c h  e t  a l . ,  1 9 8 9 ) .

LMP i s  c o n s id e r e d  t o  h a v e  an  im p o r ta n t  r o l e  i n  th e  im m o r t a l is a t io n  

p o t e n t i a l  o f  EBV. F i r s t ,  LMP i s  a  b r o a d  in d u c e r  o f  B c e l l  a c t i v a t i o n  

m a rk ers (Wang e t  a l . . 1 9 8 8 b ,  1 9 9 0 ) .  T r a n s f e c t i o n  o f  t h e  LMP g e n e ,

f o l l o w e d  b y  i t s  e x p r e s s i o n  a t  l e v e l s  co m p a ra b le  to  t h o s e  fo u n d  in  EBV 

i n f e c t e d  ly m p h o c y t e s , ca n  l e a d  t o  c h a n g e s  i n  c e l l  m o rp h o lo g y  and  

r e d u c e d  serum  r e q u ir e m e n t  f o r  R a t 1 f i b r o b l a s t s  (Wang e t  a l . , 1 9 8 5 )  

and B a lb /3 T 3  c e l l s  (B a ic h w a l and S u g d en , 1 9 8 8 ) .  H ig h e r  l e v e l s  o f  LMP 

e x p r e s s i o n  c a n  b e  t o x i c  t o  f i b r o b l a s t s  (H am m erschm idt e t  a l . ,  1 9 8 9 )  . 

R a t 1 c e l l s  e x p r e s s i n g  LMP w ere  t u m o u r ig e n ic  i n  nude m ic e , i n d i c a t i n g  

t h a t  LMP ca n  a c t  a s  a t r a n s f o r m in g  g e n e , and more r e c e n t l y  i t  h a s  

b e e n  show n t h a t  t h i s  f u n c t i o n  i s  l o c a l i s e d  t o  th e  N t e r m in a l  p a r t  o f  

t h e  p r o t e i n  t h a t  c o n t a i n s  t h e  membrane s p a n n in g  r e g io n s  (Wang e t  a l . ,  

1 9 8 8 a , b ;  B a ic h w a l and S u g d en , 1 9 8 9 ) .  LMP h a s  no h o m ology t o  membrane 

b ou nd  p r o t o -o n c o g e n e s , s u c h  a s  c - s r c ,  c - v e s . c - r a s ,  c - f p s . c - s i s  and
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c-abl but LMP has loose similarity in structure to known ion channel

2-Hproteins, and it has been speculated that it may alter Ca 

regulation in cells. As already discussed, LMP may play a direct role 

in the development of NPC as it can prevent the differentiation of 

human epithelial cells in culture (Dawson et al., 1990) and can

transform a human keratinocyte cell line (Fahraeus et al.. 1990b).

c) The Terminal proteins. TP1 and TP2

The open reading frames for TP1 and TP2 (Laux et al. . 1988,1989),

which are also known as LMP2A and LMP2B respectively (Sample et al. , 

1989) span the terminal repeats of EBV. Therefore, the genes are 

always interrupted in the linear virion DNA and are reconstructed by 

circularisation. Rightward RNAs had been partly mapped to the left 

terminus of the genome map (Hudson et al. , 1985b) and cDNA cloning 

and Northern analysis finally elucidated the structures of the mRNAs 

for TP1 and TP2 (Laux et al. . 1988, 1989; Sample et al. . 1989). The 

first exons of both genes are located close to the right end of the 

linear genome, and the TP1 and TP2 mRNAs are spliced across the 

joined terminal repeats to the same exons near the left end of the 

genome.

TP1 protein has been detected in lymphocytes latently infected with 

EBV (Rowe et al.. 1990). From the protein structure, TP1 and TP2 were 

predicted to be membrane proteins. In fact, TP1 can be detected in 

both the nuclear and plasma membranes of the infected lymphocyte; in 

the latter it appears to be colocalised with LMP (Rowe et al... 1990; 

Sample et al. . 1989; Longnecker and Kieff, 1990). This may imply a 

close association of TP1 and LMP and a functional relationship 

between the two, but further research is required to clarify this.
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d) Expression of EBNAs

The genes which encode the various EBNAs are spread out over 

approximately 100 kb of the EBV genome. However, EBNA mRNAs 

constitute a family of transcripts sharing common 5' exons that are 

joined to 3' coding exons, which are unique to each EBNA (Bodescot et 

al. , 1986; Bodescot and Perricaudet, 1986; Sample et al.. 1986; Speck 

and Strominger, 1985; Speck et al. , 1986). This results from the 

EBNAs sharing the same two promoters at the left-hand-end of the 

genome (Figure 1.3). One is in the U region (BamHI C fragment) andJ

is called the C promoter (Cp) (Bodescot et al., 1987), and the other 

is in each of the major internal repeats (BamHI W fragments), and is 

called the W promoter (Wp) (Sample et al. , 1986). Transcripts 

initiating at Cp contain at their 5' ends two small exons (Cl and C2) 

encoded near the right-hand-end of the short unique region (U ) ,
O

whereas transcripts initiating from Wp contain at their 5' ends a 

short exon (WO) encoded in the major internal repeat (IR-1), located 

about 150 bp upstream of the region encoding the W1 exon (Sample et 

al. , 1986; Speck et al. . 1986). Transcription from either Cp or Wp 

includes a variable number of two small exons (W1 and W2) from the 

IR-1 and these make up the 5' exons present in all the EBNA mRNAs 

that have been analysed (for a summary of known EBNA cDNAs, see 

Figure 4.4 in Chapter 4). These "leader" exons are coding in the 

EBNA-Leader Protein gene, and this will be discussed later.

SI nuclease analysis has revealed that utilisation of Cp or Wp is 

mutually exclusive in clonal cell lines established from either BL 

tumours or LCLs (Woisetschlaeger et al. , 1989) , and there is no clear 

correlation between promoter usage and cell type. Further analysis of 

two Wp-utilising LCLs revealed that, in both cases, the region 

encompassing Cp was deleted from the endogenous viral genome 

(Woisetschlaeger et al., 1990). In addition, when both promoters were
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present on a reporter construct, Cp was always preferentially 

utilised by cell lines, irrespective of whether the endogenous viral 

genomes use Cp or Wp. Thus, it seems that Cp is the preferred 

promoter for driving transcription in established latently infected 

cell lines. There is now evidence that the C promoter has an upstream 

enhancer element, which is closer to the transcription start than 

that in oriP (Lupton and Levine, 1985; Reisman et al.. 1985; Reisman 

and Sugden, 1986) , and whose activity is increased in the presence of 

EBNA 2 (pers. comm. N. Sung). However, SI analysis of RNA taken at 

different time points following infection of peripheral B cells with 

Akata EB virus, showed that Wp activity could be detected after 18 

hours, whereas Cp activity only appeared after 3 days 

(Woisetschlaeger et al. . 1990). Taken together, this data suggests a 

model where Wp activity precedes that of Cp. It may be that Wp has 

evolved to function in resting or pre-B cells, and that, after the 

viral antigens induce partial differentiation of the infected cells, 

the appropriate transcription factors for driving Cp become available 

and a switch from Wp to Cp occurs. This would represent a programmed 

progression from the initial stages of infection to latency.

SI analysis of total RNA from the 5-Azacytidine treated Burkitt line, 

Rael, could detect Wp and Cp activity (pers. comm S Speck). No 

activity from either of these promoters could be detected in 

untreated cells, but there was still clear EBNA 1 expression. This 

suggests that EBNA 1 may be able to be transcribed from a separate 

EBV promoter.

e) EBNA 1 and oriP

EBNA 1 protein is encoded by the BKRF1 open reading frame in the 

BamHl K fragment of EBV (Summers et al.. 1982; Hearing et al. . 1984; 

Fisher et al.. 1984). To date, four cDNAs corresponding to EBNA 1
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mRNAs have been sequenced (Speck and Strominger, 1985; Bodescot and 

Perricaudet, 1986; Sample et al., 1986). Three of these use different 

combinations of exons in the 5' region of the message (Fig 4.4) and 

two have been shown to initiate from the C promoter. The BKRF1 open 

reading frame includes a 708bp repeat sequence that consists of only 

three in-frame triplets; GGG, GGA and GCA (Heller et al. . 1982). 

These repeats encode only alanine and glycine, which make up about 

40% of the protein (Hennessy and Keiff, 1983). The size of the 

protein varies in different EBV-infected cell lines between about 70 

and 85kDa (Hennessy et al. . 1983; Allday and MacGillivray, 1985; 

Kallin et al. , 1986) , and this is due to heterogeneity in the number 

of repeat elements in the protein coding sequence (Hennessy .et al. , 

1983) . It appears likely that the gly-ala repeats separate two 

functional domains in the EBNA 1 protein (Polvino-Bodnar et al. , 

1988) and, in fact, the repeats can be deleted without losing the 

activity of the protein (Yates et al.. 1985; Milman et al. . 1985).

EBNA 1 is found in the nuclei of all cell lines latently infected 

with EBV, and binds to cellular metaphase chromosomes (Grogan et al. , 

1983) as well as to three sites on the EBV genome (Rawlins et al. 

1985) . The known function of EBNA 1 is to maintain the episomal EBV 

DNA in latently infected cells, and this is mediated by EBNA 1 

binding to the maintenance origin of viral DNA replication, oriP. 

This function for EBNA 1 was first identified when plasmids 

containing both oriP and EBNA 1 could be shown to replicate in a 

variety of cell types as stable replicons (Yates et al.. 1984, 1985; 

Reisman et al., 1985).

OriP (origin of plasmid replication) comprises a 1.8kb region in the 

BamHl C fragment. Using this origin, EBV DNA is replicated in the 

early S phase of latently infected cells, using cellular enzymes
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(Hamper et al. , 1974; Summers and Klein, 1976). The minimal origin

has been shown to be composed of two cis acting elements, both of 

which are required for activity (Reisman et al., 1985). One consists 

of a region of twenty 30 bp tandem repeats and the other is a region 

of dyad symmetry, which could form a stem-loop structure. 

Intermediate replicative forms of the EBV genome were analysed on 2D 

gels and this revealed that the site of initiation of DNA replication 

is at or very near the dyad symmetry element, while the tandem 

repeats contain a replication fork barrier and the termination site 

(Gahn and Schildkraut, 1989). Thus, replication from oriP proceeds in 

a predominantly unidirectional manner. Deletions within this dyad 

element destroy the function of oriP, which is also dependent on a 

minimum number (6-8) of the 30bp repeats in plasmid replication 

(Chittenden et al., 1989). EBNA 1 binds to both of these elements in 

oriP (Jones et al. . 1989; Ambinder et al. . 1990; Gahn and

Schildkraut, 1989), and it is the carboxy terminus of the protein 

which contains the DNA binding specificity (Milman et al., 1985). Gel 

retardation assays have demonstrated that the active DNA binding form 

of EBNA 1 is a dimer (pers comm R.F. Ambinder), and it may be that 

interaction between two EBNA 1 proteins bound to the two elements in 

oriP is required to initiate replication. EBNA 1 also binds to a 

region in the BamHl Q fragment, but the significance of this is 

unknown (Jones et al. , 1989). The essential nature of the binding of 

EBNA 1 to oriP for maintenance of EBV episomes in a dividing cell 

population is reflected in the invariant presence of the EBNA 1 

protein in latently-infected cells; it is the only EBNA expressed in 

type 1 Burkitt's lymphoma cells (Rowe et al.. 1986, 1987, 1988).

The 30bp repeats can also act as a transcriptional enhancer when 

activated by EBNA 1 binding (Lupton and Levine, 1985; Reisman et al. . 

1985; Reisman and Sugden, 1986). This leads to transactivation of the
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Cp promoter, and thus it seems that EBNA 1 can regulate its own 

expression and possibly that of other EBNAs (Sugden and Warren, 1989; 

Wysokenski and Yates, 1990).

f) EBNA 2

The EBNA 2 gene was mapped by cDNA cloning to the rightward BYRF1 

open reading frame, which begins in the BamHl Y fragment (van Santen 

et al. . 1983). EBNA 2 protein could be detected in extracts from 

cells transfected with a plasmid that contained BYRF1 downstream from 

a promoter (Dambaugh et al. . 1984; Rymo et al. . 1985; Hennessy and 

Kieff, 1985) and antibodies raised against EBNA 2 oligopeptides, 

could detect this nuclear antigen in cells infected with EBV (Dillner 

et al. , 1985) . Analysis of a 3kb cDNA encoding EBNA 2 revealed that 

it initiated from the Wp promoter (Sample et al. , 1986) and that it 

was bicistronic, since the 5' exons were coding for EBNA-LP (Wang et 

al. , 1987b) . Recent work has revealed that the C promoter has an 

upstream enhancer element, which has greater activity in the presence 

of EBNA 2 (pers. comm N. Sung).

The EBNA 2 open reading frame contains variations which are 

characteristic of two distinct viral types, A or B (Dambaugh et al.. 

1984; Young et al.. 1987; Zimber et al.. 1986). As a result, the size 

of the EBNA 2 protein varies between A (82-87 kDa) and B (75 kDa) 

type virus and the two forms are antigenically distinct (Rickinson et 

al., 1987), with the type-specific epitopes clustered at the carboxy 

terminus (Rowe and Clarke, 1989). It should be noted that the growth 

characteristics differ in cells infected with A or B-type virus, and 

that A-type viruses are more efficient at establishing a transformed 

phenotype within a cell (Rickinson et al. . 1987; Rowe et al. . 1986, 

1987). This may be attributed to the variation in EBNA 2, but, as
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discussed earlier, differences between A- and B-type viruses extend 

to other latent cycle genes. The EBNA 2 gene in B95-8 virus has 14 

repeats of CCCCCACCA resulting in a long stretch of prolines within 

the protein (Dambaugh et al., 1984).

The importance of EBNA 2 in EBV-mediated immortalisation was deduced 

from the inability of the P3HR-1 viral strain to transform infected 

cells (Miller et al. . 1974; Delius and Bornkamm, 1978). This strain 

contains an approximately 7 Kbp deletion (Allan and Rowe, 1989), 

which removes the entire EBNA 2 gene (Fig 1.3 C.D) (Miller et al. . 

1974; Menezes et al. . 1975, Raab-Traub et al. 1978; Delius and 

Bornkamm, 1978; Rabson et al. . 1982). A second viral strain, Daudi, 

has an almost identical deletion to that found in P3HR-1 virus and 

this strain has also been reported to be non-immortalising (Jones et 

al. , 1984). These deletions also remove the 3' unique sequences of 

EBNA-LP (discussed later) so it was not clear whether it was the loss 

of EBNA 2, the truncation of EBNA-LP, or both that led to the loss of 

immortalising potential. Superinfection of the non-producer Raji 

cells with P3HR-1 virus has resulted in the rescue of immortalising 

viruses, which have arisen from recombination between the two EBV 

genomes to restore the deleted sequences from P3HR-1 (Skare et al. , 

1985). More recently, it was demonstrated that recombination events 

which restored EBNA 2, but not a full length EBNA-LP, also restore 

immortalising ability to P3HR-1 virus, while the converse is not true 

(Hammerschmidt and Sugden, 1989; Cohen et al.. 1989). Therefore, EBNA 

2 is required for EBV-induced B-cell immortalisation, although it is 

not sufficient alone.

Transfection of EBNA 2 into Rat-1 cells resulted in a lower serum 

requirement for growth, and the cells grew in clumps rather than as a 

uniform layer (Dambaugh et al. , 1986). EBNA 2 alone can induce the
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expression of the B-cell activation markers CD23 and CD21 (Wang et 

al. . 1987a; Cordier et al. , 1990). It is now clear that it can also 

induce the expression of LMP (Abbot et al. , 1990) by relieving the 

repression of a negative transcription element at the LMP promoter 

(Fahraeus et al. , 1990a) . EBNA 2 and LMP together can induce higher 

levels of CD23, than either of them separately (Wang et al. . 1990). 

More detailed mutational analysis of the EBNA 2 gene has revealed 

that at least 30% of EBNA 2 is dispensable for immortalisation, but 

that all transformation competent mutants still transactivate LMP 

(pers. comm. J. Cohen). This suggests that transactivation of LMP is 

a prerequisite for immortalisation. Other effects have been 

attributed to EBNA 2 which may be relevant to its role in 

immortalisation. These include its suggested involvement in the 

neutralisation of the antiproliferative activity of a-interferon (von 

Gabain and Aman, 1990) and the possible EBNA 2 stimulation of the 

c-fgr oncogene (Knutson, 1990).

g) EBNAs 3A.3B and 3C

The EBNA 3 series of latent cycle proteins was identified as 

heterogeneous high molecular weight bands on Western blots using EBV 

specific antisera (Hennessy et al. . 1985; Kallin et al. . 1986;

Hennessy et al. . 1986; Rowe, D. et al. . 1986,1987). The three genes 

are homologous in both their organisation and part of their primary 

structure, and it is likely that they have arisen from the 

triplication of a single viral gene. EBNA 3A,3B and 3C are also known 

as EBNA 3 (Hennessy et al. . 1985) , EBNA 4 and EBNA 6 (Ricksten et

al. , 1988; Allday et al. . 1988) respectively. The coding region of 

EBNA 3A is made from splicing together BLRF3 and BERF1, EBNA 3B comes 

from BERF2a and BERF2b, and EBNA 3C from BERF3 and BERF4. To date, 

all the EBNA 3 cDNAs identified have initiated from the C region 

(Bodescot and Perricaudet, 1986; Kerdiles et al.. 1990), but there is
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no reason to believe that the EBNA 3 family cannot be transribed from 

the W promoter as well. These proteins are expressed early following 

infection and shortly after EBNA 2 expression (Allday et al.. 1989; 

Rooney et al., 1989a).

Using specific antisera, the EBNA 3 proteins were identified in 

extracts from cells which had been transfected with the appropriate 

DNA (Hennessy et al.. 1986; Ricksten et al.. 1988; Joab et al.. 1987; 

Shimizu et al.. 1988; Petti and Kieff, 1988, Petti et al.. 1988). To 

date, the only function which has been ascribed to these proteins, is 

that EBNA 3C can induce the expression of the EBV receptor antigen 

CD21 on the surface of B-lymphocytes (Wang et al. . 1990). There is

considerable homology within the N-terminal region of the three 

proteins, but it is not known whether this reflects a common 

function.

h) EBNA-LP

The Epstein-Barr virus nuclear antigen, Leader Protein 

(EBNA-LP)) (Sample et al. . 1986), is also known as EBNA 4 (Rowe et 

al. . 1987), EBNA 5 (Dillner et al. . 1986) and EBNA W/Y (Sauter et 

al. , 1988). It derives the name Leader Protein from the fact that 

most of the coding exons in the gene comprise the 5' "leading 

sequences" in nearly all of the known EBNA mRNA molecules (Figure 4.4 

in Chapter 4). EBNA-LP is the major topic of study in this thesis.

i) Structure of EBNA-LP

The structure of the LP gene (Figure 1.3 D) was deduced from analysis 

of highly spliced cDNAs which spanned the major internal repeat 

(IR-I) region of the virus. The first cDNA identified (T1 cDNA) was 

isolated from Raj i cells and was incomplete at both the 5' and 3' 

ends (Fig 4.4 in Chapter 4) (Bodescot et al.. 1984). Two full-length
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cDNA c l o n e s  w ere e v e n t u a l l y  fo u n d  e x p r e s s e d  from  th e  B 95-8  EBV in  IB 4  

c e l l s ,  IB4-WY1 (S p e c k  e t  a l . .  1 9 8 6 )  and IB 4-T 65 ( F i g  4 . 4 )  (S a m p le e t  

a l . ,  1 9 8 6 ) .  T h e se  w ere  show n t o  h a v e  b o th  b e e n  t r a n s c r ib e d  from  a W 

p r o m o te r  and c o n t a in e d  p a r t  o f  th e  n o n - c o d in g  WO ex o n  a t  th e  5 '  e n d ,  

f o l l o w e d  b y  a r e p e a t e d  s e q u e n c e  o f  W1 (6 6 b p )  and W2 (1 3 2 b p )  e x o n s  

from  t h e  IR -1 r e p e a t s .  A t t h e  3 '  en d  w ere two c o d in g  ex o n s  Y1 (3 3 b p )  

and Y2 ( 1 2 3 b p ,  10 2 b p  c o d in g )  and a  n o n - c o d in g  ex o n  Y3 ( F i g  1 . 3  D) . 

IB4-WY1 en d ed  i n  th e  Y3 e x o n , w h e r e a s  IB 4-T 65 had  th e  EBNA 2 c o d in g  

s e q u e n c e  d o w n strea m . The IB4-WY1 cDNA c o u ld  b e  t r a n s c r ib e d  and  

t r a n s l a t e d  i n  v i t r o  t o  p r o d u c e  LP (S p e c k  e t  a l . , 1 9 8 6 ) ,  w h e r e a s  th e  

b i c i s t r o n i c  IB 4-T 65 c o u ld  p r o d u c e  b o t h  LP and EBNA 2 p r o t e i n  (Wang e t  

a l . ,  1 9 8 7 b ) . LP c a n  b e  e x p r e s s e d  from  th e  G p r o m o ter  ( W o is e t s c h la e g e r  

e t  a l . . 1 9 8 9 ;  R o g e r s  e t  a l . . 1 9 9 0 )  and cDNAs o r i g i n a t i n g  from  h e r e

c o n t a i n  t h e  n o n - c o d in g  e x o n s  C l ( 1 4 4 b p )  and C2 ( 3 1  b p ) a t  t h e i r  5 '  

en d  (B o d e s c o t  e t  a l . ,  1 9 8 6 )  , a s  o p p o se d  t o  WO from  a W p ro m o ter  s t a r t  

( F i g  1 . 3  D ). I t  i s  e n v is a g e d  t h a t  LP mRNA c a n  b e  m o n o c i s t r o n i c , when  

th e  p o l y a d e n y l a t i o n  s i g n a l  i s  c o n t a in e d  i n  t h e  HI ex o n  dow n stream  o f  

th e  EBNA 2 g e n e  ( t h e  T1 cDNA c o n t a i n s  a Y3 t o  HI s p l i c e ,  t h a t  sp a n s  

t h e  EBNA 2 o p e n - r e a d in g  fra m e; F ig  1 . 3  D ) . I t  i s  a l s o  p o s s i b l e  t h a t ,  

l i k e  I B 4 - T 6 5 , LP mRNAs e x i s t  w h ich  a r e  b i c i s t r o n i c  i n  t h e i r  3 '  r e g i o n  

f o r  on e o f  th e  o t h e r  EBNA g e n e s .

As t h e  LP g e n e  i s  p r i m a r i l y  co m p o sed  o f  m u l t i p l e  c o p i e s  o f  r e p e a t e d  

e x o n s  w i t h i n  t h e  m a jo r i n t e r n a l  r e p e a t ,  t h e  p r o t e i n  p r o d u c t  m u st be 

co m p o sed  o f  a num ber o f  6 6  am ino a c i d  r e p e a t s ,  f o l l o w e d  b y  4 5  am ino  

a c i d s  o f  u n iq u e  c a r b o x y  t e r m in a l  s e q u e n c e .  LP w as f i r s t  i d e n t i f i e d  in  

W e ste r n  b l o t  a n a l y s i s  u s i n g  p o l y c l o n a l  a n t i b o d i e s  r a i s e d  a g a i n s t  

o l i g o p e p t i d e s  w it h  BamHI W and Y s e q u e n c e s  ( D i l l n e r  e t  a l . , 1 9 8 6 )  and  

human s e r a  from  EBV p o s i t i v e  i n d i v i d u a l s  ( D i l l n e r  e t  a l . .  1 9 8 6 ;  Rowe 

e t  a l . ,  1 9 8 7 ) .  S u b c e l l u l a r  f r a c t i o n a t i o n  o f  IB 4 c e l l s  l o c a l i s e d  LP to  

th e  n u c l e u s .  I t  w as fo u n d  i n  t h e s e  e x p e r im e n ts  t h a t  LP was e x p r e s s e d
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i n  a l l  LCL l i n e s  s t u d i e d ,  w h e r e a s  Namalwa was th e  o n ly  BL l i n e  w it h  

d e t e c t a b l e  p r o t e i n .  I n  a d d i t i o n ,  a d i s t i n c t i v e  la d d e r  o f  p r o t e i n s  w as 

o b s e r v e d  b e tw e e n  2 2  t o  7 0  kDa w it h  a r e g u la r  s p a c in g  o f  6 t o  8 kDa, 

c o n s i s t e n t  w it h  t h e  r e p e t i t i v e  6 6  am ino a c i d  s t r u c t u r e  o f  t h e  

p r o t e i n .  A m ouse m o n o c lo n a l a n t ib o d y ,  J F 1 8 6 ,  was a l s o  r a i s e d  a g a i n s t  

an  LP o l i g o p e p t i d e  (F in k e  e t  a l . , 1 9 8 7 ) ,  and t h i s  v e r i f i e d  m u l t i p l e  

LP p r o t e i n  e x p r e s s i o n  i n  d i f f e r e n t  c e l l  l i n e s  c a r r y in g  th e  B 9 5 - 8  

v i r u s .  I t  w as s u g g e s t e d  h e r e  and i n  e a r l i e r  w ork (Rowe e t  a l . .  1 9 8 7 )  

t h a t  t h e  6 kDA s i z e  d i f f e r e n c e s  c o u ld  a r i s e  from  d i f f e r e n t - s i z e d  

m e s s a g e s  p r o d u c e d  b y  a l t e r n a t i v e  s p l i c i n g  i n  th e  LP c o d in g  r e g i o n s ,  

o r  u s e  o f  d i f f e r e n t  i n t e r n a l  W p r o m o te r s  (F in k e  e t  a l . .  1 9 8 7 ) .  I t  w as  

a l s o  p o in t e d  o u t  t h a t  B 9 5 - 8  LP p r o t e i n s  e x i s t e d  w h ich  w e r e  

c o n s i d e r a b l y  l a r g e r  th a n  t h e  th e n  p r e d i c t e d  c o d in g  c a p a c i t y  o f  t h e  

g e n e ,  and on e p o s s i b l e  e x p l a n a t i o n  w as t h a t  th e  p r o t e i n  h ad  an  

a n o m a lo u s s i z e  on S D S - g e ls  due t o  i t s  u n u s u a l p r im a ry  s t r u c t u r e ,  w it h  

h ig h  p r o l i n e  and a r g i n i n e  c o n t e n t  (F in k e  e t  a l . ,  1 9 8 7 ) .

ii) Expression of EBNA-LP 

Transcriptional control

T r a n s c r i p t i o n a l  r e g u l a t i o n  o f  EBNA-LP e x p r e s s i o n  i s  n o t  y e t  w e l l  

u n d e r s to o d . E x p e r im e n ts  u s i n g  n u c l e a r  ru n -o n  a s s a y s  ( t h e  n u c l e i  w ere  

i s o l a t e d  from  IB - 4  c e l l s )  s u g g e s t  t h a t  t h e r e  i s  c o n s id e r a b ly  h ig h e r  

l e v e l s  o f  EBNA-LP and EBNA 2 mRNA d u r in g  l a t e n c y  i n  im m o r t a lis e d  

ly m p h o c y te s  (S a m p le and K i e f f ,  1 9 9 0 ) .  H ow ever, t h e s e  e x p e r im e n ts  

i n v o l v e d  h y b r i d i s a t i o n  o f  l a b e l l e d  RNA t o  g en o m ic fr a g m e n ts  w h ich  

r e p r e s e n t e d  th e  i n d i v i d u a l  l a t e n t - i n f e c t i o n  g e n e s ;  t h i s  may be  

a r t e f a c t u a l l y  h ig h  f o r  EBNA-LP b e c a u s e  o f  t h e  m u l t i p l e  r e p e a t s  i n  i t s  

s e q u e n c e .
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Splicing control

EBNA-LP e x p r e s s i o n  a p p e a r s  t o  b e  d e p e n d e n t upon s p e c i f i c  s p l i c i n g  

e v e n t s  t a k in g  p l a c e .  The LP cDNAs w h ic h  c o u ld  b e  i n  v i t r o  t r a n s l a t e d  

c o n t a in e d  n e a r  t h e  5 ' end an a l t e r n a t i v e  s p l i c e  w h ich  u s e d  th e  

a c c e p t o r  s i t e  4b p  f u r t h e r  d o w n strea m  th a n  i n  th e  " c o n v e n t io n a l"  W0-W1 

s p l i c e  ( F i g  1 . 4 )  (S p e c k  e t  a l . . 1 9 8 6 ;  Sam ple e t  a l . . 1 9 8 6 ) .  T h is

a l t e r n a t i v e  s p l i c e  i s  term ed  a W0-W1' s p l i c e ,  and i t  b r in g s  t o g e t h e r  

t h e  AT a t  t h e  en d  o f  th e  WO e x o n  a n d  th e  G a t  t h e  b e g in n in g  o f  th e  

Wl' e x o n , t o  form  an i n i t i a t o r  m e th io n in e  c o d o n , ATG. C l e a r l y ,  

EBNA-LP ca n  a l s o  b e  e x p r e s s e d  from  t h e  C p r o m o ter  ( W o is e t s c h la e g e r  e t  

a l .  , 1 9 8 9 ) .  The n o n - c o d in g  C2 e x o n  a l s o  en d s w it h  AT, b u t ,  to  d a t e ,  

t h e  o n ly  cDNAs a n a ly s e d  w h ic h  o r i g i n a t e  from  t h e  C p r o m o te r , h a v e  a 

C2-W1 s p l i c e  an d  c o n s e q u e n t ly  no i n i t i a t o r  c o d o n . I t  s h o u ld  b e n o t e d  

t h a t  i n  d i f f e r e n t  s y s t e m s ,  t r a n s l a t i o n  i n i t i a t i o n  c a n  so m etim es o c c u r  

from  c e r t a i n  CUG co n d o n s (C le m e n ts  e t  a l . . 1 9 8 8 ;  Hann e t  a l . . 1 9 8 8 ;  

P r a t s  e t  a l . , 1 9 8 9 )  , and t h a t  tw o o f  t h e s e  c o d o n s l i e  w it h in  th e  C2 

e x o n  o f  EBV ( p r e s e n t e d  i n  c h a p t e r  4 ) .  H ow ever, S I  p r o t e c t i o n  a s s a y s ,  

t h a t  u s e d  a n t i s e n s e  s p l i c e  j u n c t i o n  o l i g o n u c l e o t i d e s ,  d e m o n str a te d  

t h a t  a C2-W1' s p l i c e  o l i g o  w as p r o t e c t e d  i n  C p - u t i l i s i n g  c e l l  l i n e s ,  

w h i l e  a W0-W1' o l i g o  w as p r o t e c t e d  i n  a Wp c e l l  l i n e  (R o g e r s  e t  a l . ,  

1 9 9 0 )  . I t  w as a l s o  shown t h a t  t h e  W0-W1 and C2-W1 s p l i c e s  w ere  

f a v o u r e d  o v e r  t h e  a l t e r n a t i v e  W l' s p l i c e s ,  i n  t h e  a p p r o p r ia t e  c e l l  

l i n e s .  T h is ,  an d  d a ta  p r e s e n t e d  i n  c h a p t e r  4 ,  i s  th e  f i r s t  t im e  a 

C2-W1' s p l i c e  h a s  b e e n  r e c o r d e d  ( F i g  1 . 4 ) .  T h e se  s p l i c i n g  e v e n t s  a r e  

im p o r ta n t ,  n o t  o n ly  f o r  th e  e x p r e s s i o n  o f  EBNA-LP, b u t  a l s o  f o r  t h e  

o t h e r  EBNAs. One c a n  im a g in e  t h a t  w h e re  EBNA-LP i s  en c o d e d  a t  th e  5 '  

en d  o f  a m u l t i c i s t r o n i c  m e s s a g e , t h e  t r a n s l a t i o n  o f  LP w i l l  r e d u c e  

t h a t  o f  o t h e r  EBNAs d ow n stream . T h is  i s  i n  f a c t  w h a t was o b s e r v e d ;  

EBNA 2 was t r a n s l a t e d  o n ly  a b o u t 5-10%  a s  e f f i c i e n t l y  from  th e  in  

v i t r o  t r a n s c r i b e d  b i c i s t r o n i c  I B 4 - T 6 5  cDNA, com p ared  w ith  when t h e
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EBNA-LP s e q u e n c e s  w ere rem oved  from  th e  5 '  r e g i o n  (Wang e t  a l . . 

1 9 8 7 ) .

P o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n

W ith in  2 4  h o u r s  a f t e r  i n  v i t r o  i n f e c t i o n  o f  B c e l l s  b y EBV, th e  f i r s t

E p s te in - B a r r  v i r u s  n u c le a r  a n t i g e n s ,  EBNA 2 and m u l t i p l e  s p e c i e s  o f

EBNA-LP, c a n  b e  d e t e c t e d  ( K a l l i n  e t  a l . . 1 9 8 6 ;  Moss e t  a l . . 1 9 8 6 ;

D i l l n e r  e t  a l . .  1 9 8 6 ;  F in k e  e t  a l . .  1 9 8 7 ) .  P o s t - t r a n s l a t i o n a l

m o d i f i c a t i o n  o f  LP w as d e t e c t e d  a f t e r  r u n n in g  E B V - in fe c te d  c e l l

l y s a t e s  on 2-D g e l s ,  and im m u n o b lo ttin g  t h e s e  w it h  L P - s p e c i f i c

a n t ib o d y  ( S a u t e r  e t  a l . . 1 9 8 8 ;  P e t t i  e t  a l . . 1 9 9 0 ) .  S e v e r a l  is o f o r m s

o f  t h e  p r o t e i n  w ere  s e e n  i n  t h i s  w ay, and f u r t h e r  2-D g e l  a n a l y s i s  

3 2
w it h  P m e t a b o l i c a l l y  l a b e l l e d  c e l l  e x t r a c t s  w as a b le  t o  show t h a t  

t h e s e  is o f o r m s  h ad  a r i s e n  from  p h o s p h o r y la t io n .

i i i )  F u n c t io n  o f  EBNA-LP

The p r e c i s e  f u n c t i o n  o f  t h e  EBV L ea d er  P r o t e i n  i s  a s  y e t  unknown. 

S e v e r a l  o b s e r v a t i o n s  a b o u t t h e  p r o t e i n ' s  n u c le a r  l o c a l i s a t i o n  h a v e  

l e d  t o  s p e c u l a t i o n  a b o u t  i t s  p o t e n t i a l  r o l e  i n  EBV i n f e c t e d  c e l l s . 

The 4 4 -am ino a c i d  r e p e a t  e n c o d e d  b y  th e  W2 e x o n  h a s  two ru n s o f  b a s i c  

am ino a c i d s ,  A r g -A rg -H is-A rg  and A rg -A rg -V a l-A rg -A rg -A rg , w h ic h  c o u ld  

b e n u c le a r  l o c a l i s a t i o n  s i g n a l s .  I n d i r e c t  im m u n o flu o r e s c e n c e  w it h  t h e  

LP s p e c i f i c  m o n o c lo n a l a n t ib o d y ,  J F 1 8 6 , and LP s p e c i f i c  a f f i n i t y  

p u r i f i e d  a n t i b o d i e s , g i v e s  a c h a r a c t e r i s t i c  p i c t u r e  o f  c o a r s e  n u c le a r  

g r a n u le s ,  w h ic h  may s u g g e s t  t h e  c o n c e n t r a t i o n  o f  LP i n  a few  

s u b n u c le a r  p a r t i c l e s  (F in k e  e t  a l . . 1 9 8 7 ;  P e t t i  e t  a l . . 1 9 9 0 ) .  In  

a d d i t i o n ,  s u b c e l l u l a r  f r a c t i o n a t i o n  e x p e r im e n ts  h a v e  shown t h a t  LP i s  

l o c a l i s e d  t o  th e  n u c le a r  m a t r ix  f r a c t i o n  ( D i l l n e r  e t  a l . .  1 9 8 6 ;  P e t t i  

e t  a l . , 1 9 9 0 ) .  O th e r s  h a v e  show n t h a t  EBNA-LP c a n  b e  tr a p p e d  o n  a 

D N A - c e llu lo s e  co lu m n , a f t e r  p a s s i n g  c e l l  e x t r a c t s  th r o u g h , and i t  w as 

c o n c lu d e d  from  t h i s  t h a t  LP e x h i b i t s  s p e c i f i c  DNA b in d in g  a c t i v i t y
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( S a u t e r  e t  a l . . 1 9 8 8 ) .  H ow ever, i t  i s  n o t  a t  a l l  c l e a r  from  t h e s e

e x p e r im e n t s  w h e th e r  LP i s  i n v o lv e d  i n  s e q u e n c e  s p e c i f i c  DNA b in d in g .  

A l s o , i t  may n o t  h a v e  b ou nd  t o  t h e  colum n  d i r e c t l y  b u t  v i a  

i n t e r a c t i o n  w it h  o t h e r  v i r a l  o r  c e l l u l a r  p r o t e i n s .

A h o m o lo g y  h a s  b e e n  r e p o r t e d  b e tw e e n  s e q u e n c e s  w i t h i n  th e  u n iq u e  

c a r b o x y  t e r m in a l  r e g i o n  o f  EBNA-LP and c o n s e r v e d  dom ain 1 o f  t h e  

a d e n o v ir u s  E la  p r o t e i n  (H uen e t  a l . , 1 9 8 8 ) .  T h is  c o m p r is e s  s i x  

i d e n t i c a l  am ino a c i d s  and o n e c o n s e r v a t i v e  r e p la c e m e n t . (F ig u r e  5 . 1  

i n  C h a p te r  5 )  T h is  i s  i n t e r e s t i n g  w hen on e c o n s i d e r s  t h a t  t h e s e  s e v e n  

r e s i d u e s  l i e  o v e r  th e  c o r e  s e q u e n c e s  o f  c o n s e r v e d  dom ain 1 ,  w h ich  a r e  

a b s o l u t e l y  r e q u ir e d  f o r  E la  m e d ia te d  t r a n s f o r m a t io n  ( Z e r l e r  e t  a l . , 

1 9 8 7 ;  S u b ram anian  e t  a l . .  1 9 8 8 ;  W hyte e t  a l . .  1 9 8 8 a ) .  I t  i s  to o  e a r l y  

t o  s a y  w h e th e r  t h i s  h o m o lo g y  h a s  any f u n c t i o n a l  s i g n i f i c a n c e .  

H ow ever, a s  a lr e a d y  m e n tio n e d , t h e  n o n - tr a n s fo r m in g  EB v i r a l  s t r a i n s ,  

P3HR-1 and D a u d i, c o n t a in  d e l e t i o n s  w h ic h  n o t  o n ly  rem ove t h e  EBNA 2 

g e n e , b u t  a l s o  t h e  3 '  u n iq u e  s e q u e n c e s  o f  EBNA-LP ( M i l l e r  e t  a l . . 

1 9 7 4 ;  M en ezes e t  a l . . 1 9 7 5 ;  R aab-T raub e t  a l . . 1 9 7 8 ;  D e l i u s  and  

Bornkamm, 1 9 7 8 ;  R abson  e t  a l . .  1 9 8 2 ;  J o n e s  e t  a l . .  1 9 8 4 ) .  T h e r e f o r e ,  

t h e s e  v i r a l  s t r a i n s  h a v e  a l s o  l o s t  t h e  h o m o lo g y  b e tw e e n  EBNA-LP and  

E la . I t  s h o u ld  a l s o  b e  n o t e d  t h a t  th e  h o m o lo g y  t o  E la  i s  l e s s  c l o s e  

w it h  EBNA-LP from  B - ty p e  EB v i r u s  (H uen e t  a l . .  1 9 8 8 ) ,  w h ich  i s  

c o n s id e r e d  t o  b e  l e s s  e f f i c i e n t  a t  e s t a b l i s h i n g  a tr a n s fo r m e d  

p h e n o ty p e  th a n  A - ty p e  v i r u s  ( R ic k in s o n  e t  a l . . 1 9 8 7 ;  Rowe e t  a l . .

1 9 8 6 ,  1 9 8 7 ) .

More r e c e n t l y ,  i t  was d e m o n s tr a te d  t h a t  r e c o m b in a t io n  e v e n t s  w h ic h  

r e s t o r e d  EBNA 2 t o  P3HR-1 v i r u s ,  w it h o u t  r e s t o r i n g  f u l l - l e n g t h  

EBNA-LP, a l s o  r e s t o r e d  im m o r t a l i s a t i o n  p o t e n t i a l  (H am m erschm idt and  

S u g d en , 1 9 8 9 ;  Cohen e t  a l . . 1 9 8 9 ) .  T h is  show s c l e a r l y  t h a t  t h e

c a r b o x y  s e q u e n c e s  o f  LP a r e  n o t  r e q u ir e d  f o r  th e  i n i t i a t i o n  o f
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immortalisation of B-cells by EBV. However, EBNA-LP may still be 
considered as a possible accessory to transformation, because cells 
which have been immortalised with the EBV strain containing a 
truncated LP gene (called 633 EB virus) are slow to proliferate 
initially and then grow poorly (Hammerschmidt and Sugden, 1989).

Various aspects of the molecular biology of EBNA-LP are presented in 
this thesis. The objective was to characterise more fully this 
important Epstein-Barr viral antigen and devise an assay for its 
function.
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Chapter 2

MATERIALS AND METHODS

2 . 1  S o l u t i o n s  and B u f f e r s  

NET

lOOmM Sodium  c h l o r i d e

ImM E th y le n e d ia m in e  t e t r a c e t i c  a c i d  (EDTA)

lOmM T r i s  (h y d r o y m e th y l)  a m in o e th a n e  h y d r o c h lo r id e  (T r is - H C l)  

p H 7.5

TE

lOmM T r is- H C l p H 7.5  

ImM EDTA

1 0  X TBE p e r  l i t r e  

1 0 8 g  T r i s  b a s e  

2 7 . 5 g  B o r ic  a c i d  

20m l 0 . 5M EDTA pH 8 . 0 .

20X  SSC p e r  l i t r e  

1 7 5 . 3 g  Sodium  C h lo r id e

8 8 . 2 g  Sodium  C i t r a t e  a d j u s t e d  t o  pH 7 . 0

10% SDS

10% W/V Sodium  d o d e c y l s u lp h a t e

1 0  x  P h o sp h a te  b u f f e r e d  s a l i n e  

P er  l i t r e  7 . 3 3 g  Sodium  C h lo r id e

2 . 3 6 g  d i- S o d iu m  h y d r o g e n  o r th o p h o s p h a te  

1 . 3 2 g  Sodium  d ih y d r o g e n  o r th o p h o s p h a te
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2xHepes buffered saline pH 6.9 (used for Calcium phosphate

p r e c i p i t a t i o n )

0 . 2 6 5  M Na2 HP04  

1 2  mM D e x tr o s e  

0 . 2 7 4  M NaCl 

1 0  mM KC1 

37  mM H epes

Phenol/Chloroform

U l t r a  p u re  p h e n o l s a t u r a t e d  w it h  w a te r  (R a th b u rn  C h e m ic a ls  L td . , 

W a lk erb u rn , S c o t la n d )  w as m ix ed  w it h  a n  e q u a l volu m e o f  c h lo r o fo r m .

5 0  X D e r ih a r d t's  s o l u t i o n  

5 g  F i c o l l

5 g  p o l y v i n y l p y r r o l i d o n e  

5 g  b o v in e  a lb u m in  f r a c t i o n  V

p e r  1 0 0 m l w a t e r .  A f t e r  d i s s o l v i n g  t h e  i n g r e d i e n t s  th e  s o l u t i o n  was 

f i l t e r e d  th r o u g h  a 45/xm f i l t e r ,  a l i q u o t e d  and s t o r e d  a t  -20°C  u n t i l  

u s e d .

IOxMSH

60mM 2 - M e r c a p to e th a n o l

lO x L ig a s e  b u f f e r  

500mM T r is- H C l p H 7.5  

lOOmM M agnesium  c h l o r i d e  

lOOmM DTT

lOmM A d e n o s in e  t r ip h o s p h a t e

lOxDTT

lOmM D i t h i o t h r e i t o l  

lOxTMC

lOOmM T r is- H C l p H 7.5  

lOOmM M agnesium  c h l o r i d e  

lOOmM C a lciu m  c h l o r i d e
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Restriction enzyme buffers (lOX)

0 N1 N2 N3 N4 K1 K2

Tris-HCl

pH 7 .5  lOOmM lOOmM lOOmM lOOmM 1M lOOmM lOOmM

Magnesium

Chloride lOOmM lOOmM lOOmM lOOmM 50mM lOOmM lOOmM

Sodium

Chloride - 60mM 600mM 1 . 5mM 500mM

Potassium

Chloride - - - - - -  60mM 200mM

ClOx') In v itro  tra n s c r ip tio n  b u ffer 

400mM Tris-HCl pH7.5 

60mM MgCl2

20mM spermidine - HC1

DNA m ini-prep so lu tio n s

Solution I: -  25mM Tris-HCl pH8.0 

lOmM EDTA 

50mM glucose 

2mg/ml lysozyme

K3

lOOmM

lOOmM

660mM
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S o l u t i o n  I I :- 1% SDS

0.2M  NaOH

S o l u t i o n  I I I : -  3M Sodium  a c e t a t e  pH 4 . 8

Made b y  d i l u t i n g  g l a c i a l  a c e t i c  a c i d  w it h  ^ 0  and  

b r i n g i n g  t o  pH w it h  s o l i d  NaOH and 4N NaOH.

Hanks S t a i n i n g  S o l u t i o n  f o r  I m m u n o flu o r e sc e n c e  i n  F i b r o b l a s t s  

5% D onor c a l f  serum

H anks b a la n c e d  s a l t  w it h o u t  so d iu m  b ic a r b o n a t e  (G ib c o  B io c h e m ic a ls )

20mM H epes pH 6 . 9

5m l o f  10% Sodium  a z i d e

2 . 2  G e ls

A g a r o s e  g e l s

0 . 8 - 1 . 5 %  w /v  h ig h  g e l l i n g  te m p e r a tu r e  a g a r o s e  (B e th e s d a  R e s e a r c h  

L a b o r a t o r i e s ,  G a it h e r s b u r g ,  MD, USA) i n  lxTBE c o n t a in in g  1 0 /ig /m l  

e t h id iu m  b ro m id e

L o a d in g  b u f f e r s

50% w /v  s u c r o s e  

0 . 1 M EDTA pH 8 . 0  

0 . 1 %  B rom op h en ol b lu e  

0 . 1 %  X y le n e  c y a n o l  FF

( w it h  1/ig /m l RNase when a n a l y s i n g  m in ip r e p  DNA)

61



P o l y a c r y l a m i d e  g e l s

Denaturing gels (6%)

24g urea

10ml 30% w/v Acrylamide

10ml 1% w/v NN' Methylenebisacrylamide

5ml 10 x TBE

10ml water

70^1 Tetramethylethylene diamine (TEMED)

70pl 25% w/v Ammonium persulphate

Non-denaturing gels (6%)

10ml 30% w/v acrylamide

10ml 1% w/v NN' Methylenebisacrylamide

5ml lOxTBE

10ml water

70/zl TEMED

70/il 25% w/v Ammonium persulphate 

Gradient sequencing gels 

0.5 x TBE gel mix

150ml 40% solution (38% w/v acrylamide, 2% w/v NN' 

methylenebisacrylamide)

50ml lOxTBE 

460g urea 

water to 1 litre

6 2



5.0 x TBE gel mix

150ml 40% solution (38% w/v acrylamide, 2% w/v NN' 

methylenebisacrylamide)

500ml 10 x TBE 

460g Urea

50mg Bromophenol blue 

water to 1 litre

For each gel, two premixes were prepared:-

7ml 5.0 x TBE gel mix + 14/il TEMED + 14/il 25% w/v Ammonium

persulphate.

45ml 0.5xTBE gel mix + 90/zl TEMED + 9 0 jj, 1  25% w/v Ammonium persulphate 

A gradient gel was poured by taking up 6ml of 0.5 x TBE premix 

followed by 7ml 5.0 x TBE premix into a 25ml pipette. Mixing was 

performed by passing a few air bubbles through the liquid in the 

pipette. The gel mix was then poured down the edge of the gel plates. 

The remaining 0.5X TBE gel mix was then poured in a similar manner.

Bacteriology products 

2xTYE

16g tryptone 

lOg Yeast extract 

5g sodium chloride 

water to 1 litre 

pH 7.4

TYE plates 

lOg tryptone 

5g yeast extract 

8g sodium chloride 

15g agar

water to 1 litre

Amnicillin plates:- as for TYE plates, but including 100^g/ml 

ampicillin, added after autoclaving and cooling to 50°C.
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Top Arear

lO g t r y p t o n e  

8g so d iu m  c h l o r i d e  

8g a g a r

w a te r  t o  1 l i t r e

2 . 3  C e l l  L in e s

2 . 3 . 1  B a c t e r i a l  C e l l  l i n e s

f
The E s c h e r i c h i a  c o l i  s t r a i n s  TGI and HB101 (B o y e r  and  

R o u lla n d - D u s s o ix , 1 9 6 9 )  w ere  u s e d  f o r  p r e p a r in g  DNA p r e p s  o f  M13 and  

p la s m id  c l o n e s  r e s p e c t i v e l y .

Mammalian C e l l  L in e s

2 . 3 . 2  B C e l l  L in e s  and EBV s t r a i n s

IARC/BL18, IA R C /BL29, IAR C /BL74, Wewak 1 ,  Wewack 2 , Raj i  and J i j o y e  

a r e  B u r k i t t ' s  lymphoma c e l l  l i n e s ,  ( g i f t s  o f  G. M. L e n o ir ,  IARC 

F r a n c e , and A. B. R ic k in s o n ,  CRC, B irm in gham , E n g la n d ). IARC/BL41 i s  

an EBV n e g a t i v e  B u r k i t t ' s  lymphoma l i n e  u s e d  h e r e  i n  t r a n s f e c t i o n  

s t u d i e s .  Human LCLs h a d  b e e n  made b y  i n f e c t i n g  p e r i p h e r a l  b lo o d  

ly m p h o c y te s  from  a s e r o n e g a t i v e  d o n o r w it h  EBV from  B L 74, B L 18, B L 29, 

WW1 and WW2 l i n e s  ( R ic k in s o n  e t  a l . , 1 9 8 7 )  . P3HR-1 (a  l i n e  d e r iv e d  

from  J i j o y e ;  Hinuma e t  a l . . 1 9 6 7 ) ,  w h ic h  c o n t a i n s  h i g h l y  r e a r r a n g e d

h e t e r o g e n e o u s  ( h e t )  EBV ( M i l l e r  e t  a l . . 1 9 8 5 ;  Countrym an e t  a l . .

1 9 8 6 )  . C -16 i s  a s u b c lo n e  o f  P3HR-1 w h ic h  h a s  b e e n  shown n o t  to

c o n t a i n  t h i s  p a r t i c u l a r  ''h et"  DNA (R a b so n  e t  a l . , 1 9 8 2 )  . P 3H R -1/633  

i s  a r e c o m b in a n t v i r u s  w h ic h  h a s  th e  P3HR-1 d e l e t i o n  r e s t o r e d  w it h  

t h e  e x c e p t i o n  o f  t h e  3 '  EBNA-LP s e q u e n c e s  (H am m erschm idt and S u gd en ,
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1989). JC-5 is a tightly latent human cord LCL containing the Jijoye 

strain of EBV (Miller et al.. 1974). An EBV negative cell line, BJAB, 

was used as the negative control in all the structural DNA analysis 

experiments.

2.3.3 Fibroblast lines

Primary rat embryo fibroblasts which had been immortalised with a 

temperature sensitive SV40 large T, tsa 14 cells, (Jat and Sharp, 

1989) were used to test immortalising potential of EBNA-LP. Cells 

were grown in Dulbeco's Modified Eagle Medium (Gibco, Paisley, 

Scotland) containing 10% fetal calf serum (Flow Laboratories, Irvine, 

Scotland), 2mM glutamine, 200/xg/ml streptomycin and 60/ig/ml 

penicillin at 37°C, 10% CO^. Also, in collaboration with Lawrence

Banks, ras cooperation assays were carried out in baby rat kidney 

(BRK) cells (Land et al., 1983).

2.4 DNA extraction from B-cells and restriction digestion

All B-cell lines were grown in RPMI 1640 (Gibco, Paisley, Scotland)

containing 10% heat inactivated fetal calf serum (Flow Laboratories,

Irvine, Scotland), 2mM glutamine, 200/ig/ml streptomycin and 60pg/ml

8penicillin at 37°C, 10% CO^. Cells (10 ) were spun down at 1,300 

r.p.m (500g) for 5 mins at 4°C. The cell pellet was washed twice in 

ice cold PBS before resuspending it in 2ml of NET. 200^1 of 10% 

sodium dodecyl sulfate was added, followed by Proteinase K (3/zg/ml). 

This was then left on a roller overnight at room temperature. After 

two phenol extractions (1:1 vol), the samples were incubated at 37°C 

with 10/ig/ml RNase for 30 min, extracted with phenol/chloroform, 

ethanol precipitated and redisolved in approximately 200/il of TE. 

Pipette tips which had been widened at the bottom were used and
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v o rte x in g  was avoid ed, so th a t  h ig h -m o le c u la r  w eight DNA m olecu les  

co u ld  be p re se rve d . V ir io n  DNA. was k in d ly  p ro vid e d  by Dr P. F a r r e l l .

The DNA was d ig e ste d  w ith a two to f iv e  f o ld  excess of the  

a p p ro p ria te  r e s t r ic t io n  enzyme ( a l l  enzymes from New England B io la b s ,  

M a ssa ch u se tts, U . S . A . ) .

2 . 5  F ie ld  In v e r s io n  G el E le c tr o p h o r e s is

F ie ld  in v e r s io n  g e ls  (C a r le  e t  a l . ,  1986) were run u sin g  the DNA s t a r

module, (M adison, W1, USA). Upto 3/xg of DNA, which had been d ig e s te d

w ith  the r e s t r ic t io n  enzymes EcoRI and H i n d l l l , was loaded onto a

0. 7 %  agarose s la b  g e l. The g e ls  were run a t  150V fo r  30 min, and then

p u lse d  fo r  20hr a c ro ss  a ramp of 3 sec in  the forw ard d ir e c t io n , 1 . 5

sec backward a t  the s t a r t  of the ru n , down to 0 . 3 s e c  forw ard, 0 . 1  sec

backward a t  the f in is h .  M o le cu la r w eight DNA s iz e  markers in  the

range of 8 to 48kb were o b ta in e d  form Bethesda R esearch L a b o r a to r ie s .

32The m arkers were e n d -la b e lle d  w ith  [ a -  P] (as d e sc rib e d  in  M a n ia t is  

e t a l . .  19 8 9 , page 5 . 3 6 ) .

Fragm ents were tr a n s fe r r e d  to n it r o c e l l u lo s e  (S c h le ic h e r  and S c h u ll ,

D a s s e l, West Germany) by the method of Southern (Southern, 1 9 7 5 ) .  The

E p s t e in -B a r r  v ir u s  BamHI U fragm ent was e x c is e d  and O .ljig  was

la b e l le d  by n ic k -t r a n s la t io n  (R ig b y  e t a l ,  19 7 7 ) ( k i t  from Amersham

32In t e r n a t io n a l,  A y le sb u ry , U . K . )  w ith  50 /zCi [ a - P] CTP (800 Ci/mM) 

(Amersham). N onincorpo rated tr ip h o s p h a te s  were removed on a sephadex 

G- 50 column in  TE. H y b r id is a t io n  was c a r r ie d  out in  polythene bags  

in  a b u ffe r  c o n ta in in g  6 X SSC,  0 . 5 %  SDS, 5 x D e n h ard t's  s o lu t io n ,  

100/Lig/ml denatured salmon sperm DNA, and up to 5 x 10^ cpm of 

la b e lle d  probe which had been h e at denatured fo r  5 mins in  a b o il in g  

w ater b a th . H y b rid s a t io n  was perform ed a t  65° C fo r  a t  le a s t  1 5 h r .
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F i l t e r s  w ere w a sh ed  a t  room te m p e r a tu r e  f o r  5 m in in  2xSSC , 0 .5 %  

SDS, f o l l o w e d  b y a 1 5 -m in w a sh , i n  2 X SSC, 0 .1 %  SDS. F i n a l l y  t h e r e  

was a 2 - h r  w ash f o l l o w e d  b y a 3 0 - m in  w ash , b o th  i n  O .lx  SSC, 0.5%  SDS 

a t  6 5 ° C .

2 . 6  DNA M a n ip u la t io n

The cDNA c l o n e s  from  M. P e r r i c a u d e t ' s  la b o r a t o r y  w ere s u b c lo n e d  a s  

EcoRI fr a g m e n ts  i n t o  M 13mpl8 (Y a n is c h - P e r r o n  e t  a l . , 1 9 8 5 )  i n  b o th  

o r i e n t a t i o n s  s o  t h a t  t h e y  c o u ld  b e  s e q u e n c e d .

S .S p e c k 's  s e v e n  r e p e a t  LP cDNA c l o n e  (S p e c k  e t  a l . . 1 9 8 6 ) ,  and  

d e l e t i o n  d e r i v a t i v e s  t h e r e o f ,  w ere  a t  th e  EcoRI s i t e  o f  S P 64 (M e lto n  

e t  a l . , 1 9 8 4 ) .  T h e se  w ere  s u b c lo n e d  i n t o  d i f f e r e n t  p la s m id s  d u r in g  

t h e  c o u r s e  o f  t h i s  w ork .

1 )  pUC-MoMlv-LP w as u s e d  f o r  LP e x p r e s s i o n  i n  th e  ts A  1 4  

f i b r o b l a s t s .  I t  c o n t a in e d  t h e  LP g e n e  from  S P 64 a s  a BamHI fr a g m e n t  

i n  t h e  BamHI s i t e  o f  pUC-MoMlv. The LP BamHI fr a g m e n t w as o b t a in e d  b y  

c u t t i n g  th e  S P 64 c l o n e  w it h  E coR I, f i l l i n g  i n  t h e  EcoRI s i t e  w it h  

K lenow  DNA p o ly m e r a s e  and a d d i t i o n  o f  BamHI l i n k e r s  (CGCGGATCCGCG). 

pUC-Molv i s  pUC19 c o n t a i n i n g  t h e  Mouse M olon ey v i r u s  LTR p r o m o ter  

u p str e a m  o f  t h e  p o l y l i n k e r  (Edm onds and V o u sd en , 1 9 8 9 ) .

2 )  p3.1W -LP w as u s e d  f o r  LP e x p r e s s i o n  i n  CAT a s s a y s  and f o r  

a s s e s s i n g  CUG i n i t i a t i o n  o f  t r a n s l a t i o n  i n  BL41 c e l l s .  I t  c o n t a in e d  

t h e  LP g e n e  from  S P 64 a s  an X b a l-E co R I fr a g m e n t b e tw e e n  t h e  X b al and  

EcoRI s i t e s  o f  p 3.1W . p3.1W  i s  pUC19 c o n t a i n i n g  a 3 . 1  kbp p a r t i a l  

P s t I  fr a g m e n t from  BamHI W o f  EBV (EBV map p o s i t i o n s  4 2 0 1 7  t o  4 5 0 8 9  

i n  t h e  W r e p e a t s  1 0  and 1 1  o f  B 9 5 - 8 )  i n  t h e  P s t I  s i t e  o f  t h e
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polylinker region with the promoter 5' to the EcoRI site (kindly 

provided by G. Packham).

3) pSNOC was derived from pCMV19 (Grieves and O'Hare, 1989), which 

is a pBR322 derivative containing the CMV immediate early promoter 

upstream of the pUC19 polylinker region. pSNOC contains the SV40 

early promoter poly A signal, oriP from EBV and the neomycin 

resistance gene. The poly A signal was cut out of pSV2-CAT (Slater et 

al., 1985) as a 135bp BamHI-Hpal fragment. The BamHI site was filled 

in with Klenow DNA polymerase and the fragment was cloned into the 

SspI site of pCMV19, 191bp downstream of the polylinker.

The oriP element was originally cloned between the EcoRI-Smal sites 

in pUC19 as an EcoRI-StuI fragment (EBV map positions 7316 to 9659) 

(pers. comm. D. Rowe). It was cut back out as an EcoRI-BamHI 

fragment, the sites were filled in with Klenow DNA polymerase and the 

blunt fragment was cloned into the Ndel site within a part of the CMV 

sequences of pCMV19 not required for promoter function (Boshart et 

al., 1985).

An Ndel-BamHI fragment containing the bacterial neomycin resistence 

gene downstream of the SV40 early region promoter was cut out of 

pSV2-Neo (Southern and Berg, 1982). The BamHI site was filled in and 

the blunt fragment was subcloned into the StuI site of pCMV19, 

resulting in pSNOC. This plasmid has the SV40 and CMV promoters in 

the same orientation. pSNOC was used as a negative control in the 633 

virus analysis described in Chapter 5.

4) pSNOC-LP was used to express a full length LP in B cells 

immortalised with 633 virus. It contained the LP gene from SP64 as a 

Xbal-EcoRI fragment between the Xbal and EcoRI sites of pSNOC,
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d e s c r ib e d  a b o v e . The s t r u c t u r e  o f  pSNOC-LP i s  r e p r e s e n t e d  i n  F ig u r e  

5 . 7 .

S ta n d a r d  p r o c e d u r e s  f o r  s u b c lo n in g  w ere em p lo y ed  (M a n ia t is  e t  

a l , 1 9 8 9 ) .  A l l  t h e  r e s t r i c t i o n  en zym es and th e  l i g a s e  u s e d  i n  t h e s e  

e x p e r im e n ts  w ere  o b t a in e d  from  New E n g la n d  B io l a b s  and th e  c a l f  

i n t e s t i n e  a l k a l i n e  p h o s p h a ta s e  from  B o e h r in g e r  Mannheim. DNA 

fr a g m e n ts  w ere  e x t r a c t e d  from  a g a r o s e  g e l s  b y  e l e c t r o e l u t i o n  u s in g  a 

b io t r a p  ( S c h l e i c h e r  and S c h u e ll ,D a s s e l ,W .G e r m a n y ) . F i n a l l y ,  p la s m id  

c o n s t r u c t s  w ere p u r i f i e d  on c a e s iu m  c h l o r i d e  g r a d ie n t s  (M a n ia t is  e t  

a l . .  1 9 8 9 ,  p a g e  1 . 4 2 ) .

R e s t r i c t i o n  E n d o n u c le a s e  D i g e s t i o n s  

A t y p i c a l  r e a c t i o n  c o n t a i n i n g  I p g  o f  DNA w o u ld  b e;

I S p i  DNA + H2 0

2 p l  a p p r o p r ia t e  lO x r e s t r i c t i o n  b u f f e r  ( l i s t e d  e a r l i e r )

-10  u n i t s  o f  r e s t r i c t i o n  enzym e

R e a c t io n s  w ere  in c u b a t e d  a t  t h e  recom m ended te m p e r a tu r e  f o r  

a p p r o x im a te ly  1 - 2  h o u r s .  The r e a c t i o n  c o u ld  th e n  b e  s to p p e d  b y  a d d in g  

0 . 5M EDTA (pH 8 . 0 )  t o  a f i n a l  c o n c e n t r a t i o n  o f  lOmM.

I f  t h e  d i g e s t e d  DNA w as t o  b e  lo a d e d  d i r e c t l y  o n to  a g e l ,  6 p l o f  

l o a d in g  b u f f e r  w as a d d ed  t o  t h e  r e s t r i c t i o n  d i g e s t i o n  r e a c t i o n .  I f  

t h e  d i g e s t e d  DNA w as t o  b e  p u r i f i e d ,  i t  w as e x t r a c t e d  o n c e  w it h  

p h e n o l/ c h lo r o f o r m  ( 1 : 1  v o l )  and o n c e  w it h  c h lo r o fo r m  a lo n e .  I t  w as 

th e n  p r e c i p i t a t e d  w it h  e t h a n o l .

D e n h o s p h o r v la t io n

F o l lo w in g  t h e  d i g e s t i o n ,  I p l  o f  c a l f  i n t e s t i n a l  a l k a l i n e  p h o s p h a ta s e  

(CIP; 2 4  u n i t s / / x l )  w as u s u a l l y  a d d ed  t o  a 2 0 p l  r e s t r i c t i o n  r e a c t i o n
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and l e f t  for a fu rth er 30 min a t  37°C to remove the 5' phosphate 

groups. The DNA was then p u rif ie d  by phenol/chloroform ex trac tio n  and 

ethanol p re c ip ita te d .

L igation

A ty p ic a l l ig a tio n  reactio n  would be;

200ng of dephosphorylated plasmid DNA

200ng of in s e r t  DNA carrying compatible phosphorylated term ini 

1/il lOx lig a tio n  b u ffer 

1/il lOmM ATP

H20 to 9 . 5/il

0 .5/il T4 DNA Ligase (400 u n its // i l )

10/il T otal

The re a c tio n  was incubated overnight a t 15°C.

Linkers

I f  lin k e rs  were to be lig a te d , they were kinased p rio r  to use.

2/xl lin k e r  DNA (~2/ig)

1/xl b u ffe r 0

1/il lOx MSH

1/il lOmM ATP

4 . 5/il h2°

0.5/il T4 polynucleotide kinase (10  u n its // il)

10/il T otal

The rea c tio n  was incubated fo r 2 hours a t 37°C and then for 10 min a t 

65°C to h eat in a c tiv a te  the k in ase . The kinased lin k e rs  could then be 

sto red  a t  -20°C.
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A typical linker reaction would be;

6.5/*l digested DNA (=0.5/ig)

1/xl kinased linkers

1/il lOx ligation buffer

1/zl lOmM ATP

0.5/xl T4 DNA ligase (400 units//il)

10/xl Total

The reaction was incubated overnight at 15°C. After ligation the 

excess linkers were cut off by digestion with a 10-fold excess of the 

appropriate restriction enzyme in a large volume (-80/xl).

Klenow Repair

Following digestion of DNA with restriction enzymes it was often 

necessary to fill the recessed 3' termini using the large fragment of 

DNA polymerase I (Klenow fragment) from E. coli. A typical reaction 

containing 1-5/xg of digested DNA would be;

20/il DNA + H2<0 

3 f i l buffer 0 

1/xl lOx MSH 

1/zl Klenow (5 units//il)

4/xl dNTP's (2mM dATP, 2mM dTTP, 2mM dCTP, 2mM dGTP)

30/zl Total

The reaction was incubated at room temperature for 30 min and the 

polymerase was heat inactivated at 65°C for 10 min.

Electroelution of DNA from agarose gels

DNA fragments were extracted from agarose gels by electroelution 

using the Schleicher and Schuell Biotrap (Dassel, West Germany). The
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Biotrap is placed in a horozontal electrophoresis chamber filled with 
buffer (lxTBE). The DNA is cut out of the agarose gel and the block 
placed inside the central elution chamber of the Biotrap. An electric 
field was applied (150 Volts for 2 hours). The DNA molecules migrate 
from the elution chamber into a trap (volume 200-800/xl) formed by two 
different types of membranes, that allow the passage of current 
through the device. The first membrane in the trap (nearer to the 
elution chamber) acts as a prefilter which excludes large particles, 
while the second membrane retains the DNA molecules. Fragments from 
14 bp to 150 kbp can be trapped in this way. The contents of the trap 
can be removed using a yellow tip, and the DNA can be digested or 
ligated without further treatment.

Plasmid Transformation into E. coli
Competent E. coli were prepared as follows; 1 ml of 2x TYE was
inoculated with a bacterial colony and this was left shaking
overnight at 37°C. On the next day the cells were diluted 100-fold in
10 ml of fresh 2x TYE and this was left shaking for approximately 2
hours until the cells had reached an 0D^_rt of 0.3-0.5. The cells were

600

spun out by centrifugation at 3000 rpm for 5 min at 4°C in a Sorvall 
GS3 rotor and resuspended in 5 ml of cold 50mM calcium chloride. This 
was left on ice for 15 min and then the cell were spun out as before. 
Finally the cells were resuspended in 1 ml of cold 50mM calcium 
chloride. They were then ready for transformation. Optimally this

gshould yield 1 x 10 transformed colonies per microgram of 
supercoiled plasmid DNA.
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A typical transformation would consist of;

5/xl DNA (~50ng)

5/xl lOx TMC

40^1 H2°

100/il competent cells

150/zl Total

Controls would include no DNA and vector DNA ligated in the absence 

of insert DNA. The tubes were then left on ice for 30 min, before 

heat shocking them for 2 min at 37°C. The tubes were left for 10 min 

at room temperature before adding 100/j1 of 2x TYE to each of them. 

The cells were incubated for a further 30 min ai 37°C, before being 

plated onto Ampicillin plates. The plates were incubated overnight at 

37°C.

2.7 Sequencing of M13 clone inserts

The dideoxy chain termination method was employed (Sanger et al, 

1977). 2 p l of a M13 clone was placed in four wells (labelled T, C, 

G, A) of a 96 well microtitre plate. This was repeated for each clone 

to be sequenced. To each well 2/il of a primer mix was added. The mix 

compromised of:

1 / i l (0.2pmol) M13 sequencing primer 

1/zl of lOOmM magnesium chloride 

6/zl water

The plate was centrifuged briefly, covered in Saran wrap and 

incubated at 55°C for 60 minutes. The condensation produced by the
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i n c u b a t i o n  was c o l l e c t e d  b y  b r i e f  c e n t r i f u g a t i o n .  Four d i f f e r e n t  

n u c l e o t i d e  m ix e s  (N TPs) w ere  ad d ed  t o  th e  w e l l s .

NTP m ix e s

T C G A

0 . 5mM dTTP (/x l) 25 5 0 0 5 0 0 5 0 0

0 . 5mM dCTP 5 0 0 25 5 0 0 5 0 0

0 . 5mM dGTP 5 0 0 5 0 0 2 5 5 0 0

lOmM ddTTP 5 0

lOmM ddCTP 8
lOmM ddGTP 1 6

lOmM ddATP 1
TE 1000 1000 1000 5 0 0

The T m ix was ad d ed  t o  t h e  w e l l s  l a b e l l e d  T, th e  C m ix added t o  t h e  

w e l l s  l a b e l l e d  C and s o  o n . On c o m p le t io n ,  2/xl o f  NTP m ix es  h a d  b e e n  

a d d ed  t o  e a c h  w e l l .  Each m ix  was a c o m b in a t io n  o f  d e o x y n u c le o t i d e  

t r o p h o s p h a t e s  (dNTP) and d id e o x y n u c l e o t i d e  t r ip h o s p h a t e s  (d d N T P ). To 

e a c h  w e l l ,  2jzl enzym e m ix , c o m p r is in g  o f :

1/zl lOOmM DTT 

0 . 5/xl 3 5 S dATP 5/xCi//xl 

0 .2 / x l  5U //xl K lenow  DNA p o ly m e r a s e  

6 . 3/xl w a te r

w as a d d ed  and th e n  in c u b a t e d  a t  room te m p e r a tu r e  f o r  1 5  m in u te s  

f o l l o w i n g  w h ich  2/zl c h a s e  dNTPs (0.25m M  dCTP, 0.25mM dGTP, 0.25m M  

dATP) w ere  a d d ed  t o  e a c h  w e l l  and in c u b a t e d  a g a in  a t  room te m p e r a tu r e  

f o r  1 5  m in u t e s . The s e q u e n c in g  r e a c t i o n  w as te r m in a te d  b y  t h e  

a d d i t i o n  o f  2 j i l  form am ide d y e t o  e a c h  w e l l  an d  in c u b a t io n  a t  8 0 °C f o r  

1 5  m i n u t e s . The c o n t e n t s  o f  e a c h  w e l l  w ere  lo a d e d  on th e  g e l  in  t h e
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order T, C, G, A. The gel was run for 140 minutes at 37 watts. On 

completion of the electrophoresis the glass plates were separated and 

the glass plate with the gel adherent to it was immersed in 10% 

acetic acid, 10% methanol for 15 minutes to fix the gel. The gel, 

after being removed from the fixer and drained, was transferred to 

3MM Whatman filter paper and covered with Saran wrap. The gel was 

dried using a heated vacuum gel drier (30 minutes at 80°C). The Saran 

wrap was then removed and X-ray film exposed to the gel overnight at 

-70°C.

2.8 Transfections

2.8.1 Transfection of DNA into B cells by Electroporation

On the day prior to electroporation, the B cells were diluted 2-fold

in fresh growth medium and left to incubate overnight. They were

centrifuged at 1,300 r.p.m (500g) for 5 mins at 4°C and resuspended

in cold growth medium at 3.2 x 10^ cells/ml. The supernatant was

saved as conditioned medium to be used later. 250 /x1 of cell

6suspension ( 8 x 10 cells ) was transferred into electroporation 

cuvettes (Bio-Rad) and 20/ig of the appropriate DNA was added and 

mixed using a yellow tip. The cuvettes were then left on ice for 10 

mins. The Bio-Rad "Gene Pulser" was used to electroporate the cells 

(250 volts, 960 capacitance) and the cuvettes were placed back on ice 

for a further 10 mins. 1 ml of conditioned medium was added to each 

cuvette and the cells were agitated carefully to break up clumps 

before they were transferred to tissue culture flasks. The cuvettes 

were then rinsed out with a further 2mls of conditioned medium and 

the cells were resuspended in a final volume of approximately 7 mis. 

The cells were left for at least 24 hours before testing for gene 

expression or applying drug selection.
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2.8.2 Transfection of DNA into tsa-14 fibroblasts by calcium 

phosphate treatment

These experiments involved co- transfection of a second plasmid called

pHYG (pucl9 containing the gene for hygromycin resistance behind the

HSV thymidine kinase promoter; Sugden et al. . 1985), at a 10-fold

lower concentration than pUC-MoMIV-LP. Drug selection was therefore

likely to give clones which had also integrated the LP constuct into

the cellular DNA. On the first day, the fibroblasts were seeded into
5

60mm wide petri dishes (Nunclon, Kamstrup, Denmark) at 5 X 10 

cells/dish, and left to incubate overnight at 33°C, 10% CO2. The next 

day the medium was sucked off and replaced with 4mls of fresh medium 

containing 15/zg/ml of chloroquine. 1ml aliquots of precipitate were 

made up in sterile bijou bottles, in the following order

Sterile H^O to 1ml

10/xg of appropriate plasmid DNA

lpg of pHYG (Sugden et al., 1985)

0.5ml 2 x Hepes buffered saline

60/xl 2M Calcium Chloride (added slowly at end)

The bijou bottles were allowed to stand at 37°C for 30 mins before 

adding the precipitates to the plates. The precipitate was left on 

the cells for approximately 6 hours at 33°C, before sucking off the 

liquid and washing the cells with 4ml of serum free Dulbecco's 

modified Eagle medium. 5ml of complete DMEM containing 10% FCS medium 

was added to each plate and the cells were again left overnight to 

incubate at 33°C. On the third day the cells were trypsinised, 2-fold 

into duplicate plates and then incubated at 33°C. Early on day four, 

the medium was replaced with medium containing 100/jg/ml of hygromycin 

and all the plates were returned to the 33°C incubator. Later in the
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d a y , on e s e t  o f  th e  d u p l i c a t e  p l a t e s  was t r a n s f e r e d  to  th e  39 °C 

in c u b a t o r .  From t h i s  p o i n t  on , t h e  c e l l s  w ere f e d  w it h  medium 

c o n t a i n i n g  100/zg /m l h y g r o m y c in .

2 . 9  SDS - PAGE and W estern  I m m u n o b lo ttin g

W h o le - c e l l  e x t r a c t s  w ere p r e p a r e d  b y  r e s u s p e n d in g  1 0 ^  c e l l s  p e r  g e l

t r a c k  i n  a p p r o x  20/x l H^O and 20/zl 2 x  sa m p le  b u f f e r  (0 .0 6 2 5 M  T r i s ,  pH

6 . 8 ,  2% SDS, 0 .1 %  2 - m e r c a p t o e t h a n o l , 10% g l y c e r o l ,  and 0.02mM

b ro m o p h en o l b l u e ) .  The e x t r a c t s  w e r e  s o n i c a t e d  f o r  a b o u t  3 0  s e c s ,  i f

v i s c o u s ,  and b o i l e d  f o r  5 m in s im m e d ia te ly  b e f o r e  lo a d in g  o n to  th e

g e l .  P r o t e i n s  w e r e  e l e c t r o p h o r e t i c a l l y  s e p a r a t e d  on 1.5mm t h i c k  and

180mm lo n g  g e l s ,  c o n s i s t i n g  o f  10% r e s o l v i n g  g e l  and 5% s t a c k i n g  g e l

(a c r y la m id e :  b i s a c r y l a m i d e , 30:  0 . 8 ) .  G e n e r a lly ,  3 0 / i l  o f  sa m p le

r e p r e s e n t i n g  2 . 3  x  1 0  c e l l s  w as e l e c t r o p h o r e s e d  a t  60V f o r  1 2 h r .

P r o t e in s  w ere  e l e c t r o p h o r e t i c a l l y  b l o t t e d  o n to  n i t r o c e l l u l o s e  (T ow bin

e t  a l . .  1 9 7 9 :  B u r n e t t e ,  1 9 8 1 ;  F i s c h e r  e t  a l . .  1 9 8 4 )  and th e

n o n s p e c i f i c  a n t ib o d y  b in d in g  s i t e s  on  t h e  f i l t e r  w ere  b lo c k e d  w ith  5%

skim m ed m ilk  i n  150mM N aC l, lOmM T r i s - C l  pH 8 . 0  (J o h n s o n  e t  a l . .

1 9 8 4 ) .  The f i l t e r s  w ere  t h e n  in c u b a t e d  a t  4°C  f o r  a t  l e a s t  1 2 h r  w ith

th e  a p p r o p r ia t e  a n t ib o d y  a t  t h e  recom m ended d i l u t i o n ;  f o r  ex a m p le th e

anti-E B N A  p o l y c l o n a l  human seru m , RM, was d i l u t e d  1 / 2 0 0  in

T r i s - s a l i n e ,  w h e r e a s  t h e  m ouse m o n o c lo n a l J F 1 8 6  (F in k e  e t  a l . . 1 9 8 7 )

was d i l u t e d  1 / 1 0 .  A f t e r  w a sh in g  i n  T r i s - s a l i n e  (lOmM T r is- H C l pH 8 . 0 ,

1 5 0  mM N a C l), f i l t e r s  b e in g  a n a ly s e d  w it h  p o l y c l o n a l  serum  w ere

1 2 5
p r o b e d  f o r  4 h r  a t  room te m p e r a tu r e  w it h  5 0 n C i/m l [a -  I ]  p r o t e i n  A

i n  T r i s - s a l i n e ,  w h e r e a s  t h o s e  w it h  m ouse m o n o c lo n a l a n t i b o d i e s  w ere

1 2 5
p r o b e d  w it h  5 0 n C i/m l s h e e p  a n t i- m o u s e  IgG c o n j u g a t e d  w it h  I (b o th  

s u p p l i e d  b y  Amersham, U K ) . P r e s t a i n e d  p r o t e i n  s i z e  m a rk ers w ere  

o b t a in e d  from  B io -R a d .
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2.10 Immunofluorescence

2.10.1 In Suspension Cells

Following electroporation, the B-cells were returned to the incubator

for at least 24 hours before being tested for EBNA expression by

immunofluorescence. The cells were then counted using a

haemocytometer (Weber, England), washed once in PBS and resuspended 

7 5at 6 x 10 cells per ml. 5 / x l (3 x  10 cells) were then spotted onto 

a slide and allowed to air dry, before fixing the cells in Acetone: 

Methanol (2:1) for 5 mins. The spots were then covered with 20/il of 

RM serum diluted 1/10 in PBS and incubated at 37°C for 30 mins. At no 

point following this were the slides allowed to dry out. After the 

excess serum was blotted off, it was replaced by 20/il of human 

complement diluted 1/8 in PBS, and the slides returned to 37°C for a 

further 30 mins. Three 10 min washes in PBS were then carried out 

before spotting on 20/il of fluorescein isothiocyanate (FITC) 

conjugated goat anti-human C3 complement (Atlantic Antibodies, 

Scarborough, ME, USA) diluted 1/30 in PBS. Following a further 30 

mins incubation at 37°C and then washing as before, the slides were 

rinsed in distilled water. The spots were finally mounted in 

PBS-buffered glycerol before placing cover-slips on top. The slides 

could then be stored at -20°C before looking for immunofluorescence.

2. In fibroblasts

Circular cover slips were placed in 24 well plates before 0.5ml of 
4

cells (2x10 cells/ml) was pipetted on top. Plates were incubated 

overnight to allow the fibroblasts to adhere to the cover slips. The 

slips were subsequently handled using forceps and at no time were 

they allowed to dry out. First, the slips were washed by dipping them
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in  Hanks S t a i n i n g  S o l u t i o n  f o l l o w e d  by s t e r i l e  w a t e r .  The c e l l s  w ere  

th e n  f i x e d  b y p l a c i n g  1 0 0 / i l  o f  M eth a n o l on to p  and s t o r i n g  them a t  

-20°C  f o r  2 0  m in s. The s l i p s  w ere  b l o t t e d  b e f o r e  p u t t i n g  on 5 0 / il  o f  

RM serum  d i l u t e d  1 / 1 0  i n  PBS. The same p r o c e d u r e  was th e n  f o l lo w e d  a s

w it h  t h e  B c e l l s , e x c e p t  t h a t  t h e  in t e r v e n i n g  w a sh e s  w ere a l l  done i n

Hanks S t a i n i n g  S o l u t i o n  an d  w a t e r .  F i n a l l y  t h e  c o v e r  s l i p s  w ere

p la c e d  o n to  s l i d e s  w h ich  h a d  DABCO a n t i f a d e  on them , and f i n a l l y  

s e c u r e d  i n  p l a c e  u s in g  n a i l  v a r n i s h .  S l i d e s  w ere  th e n  s t o r e d  a t

-20°C.

C h lo r a m p h e n ic o l A c e t y l  T r a n s f e r a s e  (CAT) A ssa y

F o l lo w in g  t r a n s f e c t i o n  (n o r m a lly  2 4 - 4 8  h o u r s )  t h e  c e l l s  w ere c o u n te d ,  

w a sh ed  o n c e  i n  lx P B S , and t h e n  r e s u s p e n d e d  i n  0 .25M  T ris-H C l pH 7 . 5 ,

g
a t  1 0  c e l l s /  1 0 / i l .  The c e l l s  w ere th e n  fr e e z e - t h a w e d  t h r e e  t i m e s ( 5 

m in s a t  3 7 ° C , th e n  5 m in s i n  d ry  i c e / e t h a n o l  b a t h )  and s u b s e q u e n t ly  

th e n  p l a c e d  a t  65°C  f o r  1 0  m in s . C e l l  d e b r is  w as c e n t r i f u g e d  o u t  a t  

2 , 0 0 0  rpm f o r  1 0  m in s a t  4°C  i n  t h e  m ic r o fu g e ,  and th e  s u p e r n a ta n t  

t r a n s f e r r e d  t o  a new t u b e .  The r e a c t i o n  m ix w as a s  f o l l o w s  :

25/zl c e l l  e x t r a c t  

1 4
2/zl C C h lo r a m p h e n ic o l (2 5 / iC i/m l)

5/xl 5mM A c e t y l  Coenzyme A (S ig m a )

1 8/z l W ater

5 0 / i l

The r e a c t i o n  w as in c u b a t e d  f o r  1 h o u r a t  3 7 °C. The c h lo r a m p h e n ic o l  

was e x t r a c t e d  b y  a d d in g  1 m l o f  e t h y l  a c e t a t e  and t r a n s f e r r i n g  t h e  

u p p e r  p h a s e  t o  a new t u b e .  T h is  w as th e n  l y o p h i l i s e d  and r e d i s s o l v e d  

i n  2 0 / i l  o f  e t h y l  a c e t a t e .  The e t h y l  a c e t a t e  w as f i n a l l y  s p o t t e d  o n to
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c e l l u l o s e  T h in  L a y er C h rom atograp hy p l a t e s  (M erck , 

D arm stad t,W .G erm an y) and th e  p l a t e s  p la c e d  i n  a ch ro m a to g ra p h y  ta n k  

c o n t a i n i n g  2 0 0 m l o f  c h lo r o fo r m : m e th a n o l ( 9 5  v o l:  5 v o l )  . A f t e r  th e

s o l v e n t  f r o n t  h ad  r e a c h e d  t h e  to p  o f  t h e  p l a t e s ,  t h e y  w ere ta k e n  o u t ,  

a i r - d r i e d  and e x p o s e d  t o  X - r a y  f i l m .

I n  v i t r o  t r a n s c r i p t i o n s  and t r a n s l a t i o n s

For t h e  i n  v i t r o  t r a n s c r i p t i o n  e x p e r im e n t s ,  th e  Promega S P 6 4 / 6 5  

p la s m id s  w ere em p lo y ed , i n  w h ic h  t r a n s c r i p t i o n  i s  d i r e c t e d  from  t h e  

SP6 p r o m o te r  (S P 6 RNA p o ly m e r a s e  s u p p l i e d  b y  New E n g la n d  B i o l a b s ) .  

P r io r  t o  t r a n s c r i p t i o n ,  10/xg o f  t h e  p la s m id  DNA was l i n e a r i s e d  a t  a 

r e s t r i c t i o n  s i t e  d o w n strea m  o f  t h e  c lo n e d  s e q u e n c e s ,  and t h e  

d i g e s t i o n  c h e c k e d  on a m i n i - g e l .  F o l lo w in g  p h e n o l/ c h lo r o f o r m

e x t r a c t i o n  and e t h a n o l  p r e c i p i t a t i o n ,  5/xl o f  DNA (a p p r o x  0 .5 / z g / / z l)  

w as a d d ed  t o  45/x l o f  t r a n s c r i p t i o n  m ix and in c u b a t e d  a t  40°C  f o r  o n e  

h o u r . I n  t h i s  r e a c t i o n  th e  RNA y i e l d  w as a p p ro x  5-10/zg  o f  RNA p e r  /ig  

o f  p la s m id .

T r a n s c r i p t i o n  M ix ( 4 5 / i l )

5 / jl1  1 0  x  T r a n s c r i p t i o n  B u f f e r

5 / j . I  5mM r i b o n u c l e o t i d e  t r i p h o s p h a t e s  (ATP, UTP, CTP, GTP)

5/zl 0.1M  DTT

2 .5 / x l  CAP ( 7 - m e th y l- g u a n o  s i n e  t r i p h o s p h a t e )  from  B o e h r in g e r  

Mannhe im

1 . 2 5 / i l  ( 3 5  u n i t s )  R N a sin  R ib o n u c le a s e  i n h i b i t o r  (P rom ega)

2 .5 / z l  (> 1 0 0  u n i t s )  SP6 RNA p o ly m e r a s e  

2 3 .7 5 / x l  H2 0
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After -a further 15 mins incubation at 37°C with 10 units of DNase I

(Pharmacia), the RNA was phenol/chloroform extracted and ethanol 

precipitated prior to in vitro translation.

As EBNA-LP contains no cysteine residues and has only the initator

methionine which may be cleaved off following translation, it was not

35 35possible to label with S-Cys or S-Met, which are the commonly

used radiolabelled amino acids in jin vitro translation experiments.
3

Instead, L-[2,3- H] arginine from Amersham was used, as Leader

protein is rich in this particular amino acid. Rabbit reticulocyte

lysate, depleted in amino acids, was used for the translatons

(Amersham N.150 lysate) and a 20mM stock solution of amino acids,
3

minus Cys, Asn, Lys and Arg, was prepared. 20/zl of H-Arg (ljuCi//zl; 

54Ci/mM) was lyophilised and resuspended in 5/il of 3 0 / lzM  Arg, 2M 

potassium chloride. 5/xl of the amino acid stock solution and 80/zl of 

lysate was added and this mix was sufficient for 10 translation 

reactions, each consisting of 9/xl mix and 1/zl RNA (1.25ng). The 

reactions were incubated at 30°C for 30-60 mins, then terminated by 

adding 5 volumes of SDS-PAGE sample buffer. If the proteins were not 

to be analysed on a polyacrylamide gel straight away, they were 

stored at -70°C. Sample buffer was not added if they were going to be 

used in functional studies, such as Rb binding.

Immunoprecipitation

Rabbit reticulocyte lysate containing in vitro translated
3

Epstein-Barr virus Leader Protein ( H-Arg labelled) and
35Retinoblastoma (Rb) protein ( S-Met labelled) were mixed together 

(35/xl of each) and kept on ice for 1-2 hours. To this was added 8/zl 

of the C36 monoclonal antibody (Whyte et al.,1988), which recognises 

the Rb protein. This was left for a further 1 hour on ice. 65/xl of
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P r o t e i n  A s e p h a r o s e  b e a d s  (fr o m  P h a rm a cia ) w as now added and t h e s e  

w ere m ix ed  b y r o t a t i n g  th e  tu b e  f o r  1 h o u r a t  4°C . The b e a d s  w ere  

th e n  w a sh ed  t h r e e  t im e s  i n  b u f f e r  a t  room te m p e r a tu r e .

B u f f e r  f o r  w a sh in g  P r o t e i n  A s e p h a r o s e  b e a d s

250mM Sodium  c h l o r i d e

50mM H epes pH 7 . 0

ImM P h e n y lm e th y ls u lp h o n y l f l u o r i d e

5mM EDTA

0 . 5mM DTT

F o l lo w in g  t r a n s f e r  t o  a new t u b e ,  t h e  b e a d s  w ere r o t a t e d  f o r  a 

f u r t h e r  1 0  m in s a t  4°C  and th e n  w a sh ed  t w ic e  a s  b e f o r e .  F i n a l l y ,  6 5/z l  

o f  SDS sa m p le  b u f f e r  w as a d d ed , t h e  p r o t e i n s  w ere b o i l e d  f o r  1 0  m in s  

and t h e  sa m p le s  w ere  lo a d e d  o n to  a  10% p o ly a c r y la m id e  g e l .  The g e l  

w as ru n  o v e r n i g h t  a t  4 0  v o l t s  and th e n  f i x e d  i n  10% A c e t ic  a c id - 4 5 %  

E th a n o l ( 3 x 3 0  m in s )  and e n h a n c e d  w it h  " E n lig h tn in g "  f l u i d  

( B io t e c h n o l o g y  S y s te m s , B o s to n , MA.) .  The g e l  was th e n  d r ie d  down and  

e x p o s e d  t o  X -ra y  f i l m .

3
M easu rem en t o f  H -T hvm idine I n c o r p o r a t io n

I n  t h e  d o u b lin g  d i l u t i o n  e x p e r im e n t s ,  B c e l l s  im m o r ta lis e d  w it h  6 3 3

v i r u s  w ere  p l a t e d  o u t  i n  9 6 - w e l l  p l a t e s  a t  a  vo lu m e o f  200/^1 o f  RPMI 

3
1 6 4 0 ,  c o n t a i n i n g  H - th y m id in e , t o  e a c h  w e l l .  The f i n a l  c o n c e n t r a t i o n

o f  l a b e l  ( s u p p l i e d  a t  2 5  CI/mM) w as 5/iC i/m l and t h i s  was l e f t  on t h e

c e l l s  f o r  4  h o u r s . I n  t h e  s e c o n d  s e t  o f  e x p e r im e n t s ,  2m l o f  g ro w th

s a t u r a t e d  c e l l s  w as d i l u t e d  tw o f o l d  and t h e n  200/x l a l i q u o t s  w ere

d is p e n s e d  i n t o  9 6 - w e l l  p l a t e s .  C e l l s  w ere  th e n  p u l s e  l a b e l l e d  w it h  

3
H - th y m id in e  a t  2 h o u r  i n t e r v a l s ,  i e  0 - 2  h r s , 2 - 4  h r s , 4 - 6  h r s , 6 - 8  

h r s , 8 - 1 0  h r s  a f t e r  d i l u t i o n .  The c e l l s  w e r e  h a r v e s t e d  on t o  g l a s s

82



fibre filters using a cell harvester (Skatron Ltd, Suffolk, England). 
The wells were flushed briefly with water, which simultaneously lyses 
the cells and sucks the contents of the well onto the filter. This is 
followed by a five second wash in water, which removes the 
unincoporated label, while the labelled DNA remains on the filter. A 
second five second wash in methanol was tested (pers. comm. S. 
Pickup) to fix the DNA to the filter, but it was found that this made 
no difference to the eventual counts. An alternative method in which 
the DNA was T.C.A. precipitated onto the filters following harvesting 
with either 1 x P.B.S. or water was also tested, but again this did 
not change the counts. The filters were air-dried and added to 
scintillation vials before determining the counts per minute with a 
scintillation counter (Beckman, Irvine, CA).
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Chapter 3

Size and Stability of the Epstein-Barr Virus Internal Repeat (IR-1)

3.1 Structure of the B95-8 major internal repeat (IR-1)

Variable protein sizes for EBNA-LP have been detected by several 

researchers (Dillner et al. 1986; Finlce et al. 1987; Rowe et al.

1987; Wang et al. 1987), and a variety of mechanisms utilising

alternative splicing and promoter usage or different numbers of IR-1 

repeat units have been suggested to account for these observations. 

The relationship between the number of 66 amino acid repeats in 

Leader Protein and the repeat copy number in the viral genome has not 

been defined previously.

As a basis for investigating this phenomenen, experiments were 

undertaken to determine the number of IR-1 repeat units within the 

B95-8 genome. Total cell DNA was digested with the restriction enzyme 

EcoRI or double digested with EcoRI and HindHI. These enzymes cleave 

EB viral DNA at sites flanking IR-1 (shown in Fig 1.3 B) generating a 

high-molecular-weight restriction fragment containing IR-1. Fragments 

that are 20 kb or more cannot be resolved by conventional agarose gel 

electrophoresis, so these digests were analysed by field inversion 

gel electrophoresis (FIGE) (Carle et al. 1986) tuned to separate

molecules in the range of 10 to 60 kbp (Figure 3.1). The gels were 

Southern blotted and probed with the IR-1 repeat sequence (BamHI W 

fragment). A fragment containing IR-1 that was•produced by an EcoRI 

single digest was extrapolated to be 52,600 bp in length, whereas an 

EcoRI - Hindlll double digest produced a fragment of 31,500 bp, 

(Figure 3.2 A). Since there are 4685 bp of unique short region DNA 

between the 5' EcoRI site and the start of the repeats and 2247 bp of
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Migration (cm)

Figure 3.1 The left-hand panel is a field-inversion gel showing 

the resolution of end-labelled high-molecular-weight DNA size markers 

in the range of 48.5 kbp down to 8.6 kbp (Bethesda Research 

Laboratories). The right-hand panel is the plot of fragment size 

against distance migrated on the gel.
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u n iq u e  lo n g  r e g i o n  DNA b e tw e e n  t h e  en d  o f  t h e  l a s t  f u l l  r e p e a t  and  

th e  3 '  H i n d l l l  s i t e  ( i n c l u d i n g  t h e  1 8 5 1  bp p a r t i a l  r e p e a t  fo u n d  a t  

th e  3 '  en d  o f  I R - 1 ) ,  t h i s  l e a v e s  a p p r o x im a t e ly  2 4 , 3 0 0  bp made up 

e n t i r e l y  o f  r e p e a t s  w i t h i n  th e  E coR I-H in d  I I I  IR -1 fr a g m e n t. As e a c h  

r e p e a t  h a s  a s i z e  o f  3 0 7 2  b p , i t  w as p o s s i b l e  t o  e s t i m a t e  t h a t  th e  

B 9 5 - 8  v i r a l  s t r a i n  h a s  8 f u l l  r e p e a t s  i n  I R - 1 . T h u s, i n c l u d i n g  t h e  

p a r t i a l  r e p e a t ,  th e  la r g e  i n t e r n a l  r e p e a t  r e g i o n  o f  t h e  v i r a l  DNA i n  

t h e s e  B 9 5 - 8  c e l l s  c o n t a in s  8 . 6  r e p e a t s .

I n  t h e s e  e x p e r im e n ts  th e  EcoRI s i n g l e  d i g e s t s  p r o v id e d  a u s e f u l  

d o u b le  c h e c k , b u t  w ere p a r t i c u l a r l y  r e l e v a n t  i n  a n a l y s i n g  t h e  s i z e  o f  

th e  IR -1 i n  m u ta n t v i r u s  i s o l a t e s  ( d i s c u s s e d  l a t e r ) ,  w h ere t h e r e  i s  a 

d e l e t i o n  a t  t h e  3 ' end o f  t h e  IR - 1  t h a t  rem o v es t h e  H in d iI I  s i t e .  The 

b r o a d , sm ea red  band o f  h y b r i d i s a t i o n  s e e n  a t  a b o u t 2 0  kb i s  th o u g h t  

to  r e s u l t  from  s h e a r in g  o f  t h e  EBV DNA d u r in g  i s o l a t i o n  and v a r i e d  

from  p r e p a r a t io n  t o  p r e p a r a t io n .

T h ese r e s u l t s  d i f f e r e d  from  p r e v i o u s  e s t i m a t e s  o f  1 2  r e p e a t  u n i t s  i n  

th e  B 9 5 - 8  genom e (Hayward e t  a l , 1 9 8 0 ) .  T h is  e s t i m a t e  w as b a s e d  on  

low  p e r c e n t a g e  a g a r o s e  g e l  m i g r a t i o n s  o f  g en o m ic  fr a g m e n ts  o b t a in e d  

from  v i r i o n  DNA. B e c a u se  o f  t h i s ,  t h e  e x p e r im e n ts  d e s c r ib e d  h e r e  w ere  

r e p e a t e d  on DNA o b t a in e d  from  v i r i o n s  ( F i g  3 . 2  B) and on B 9 5 - 8  c e l l  

l i n e s  o b t a in e d  from  t h r e e  o t h e r  l a b o r a t o r i e s  ( F i g  4 . 2  i n  C h a p ter  4 ) .  

A g a in , a 3 1 .5 k b p  fr a g m e n t c o n t a i n i n g  t h e  r e p e a t s  w as d e t e c t e d ,  w h ic h  

c o r r e s p o n d e d  t o  a r e p e a t  co p y  num ber o f  8 . 6 .  T h u s, i n  t h i s  a n a l y s i s ,  

r e p e a t  co p y  number was n o t  o b s e r v e d  t o  ch a n g e  b e tw e e n  c e l l - a s s o c i a t e d  

and v i r i o n - d e r i v e d  gen om es.

3 . 2  R e p e a t c o p y  number v a r i a t i o n s  a s  a c o n s e q u e n c e  o f  d e l e t i o n  

T h e .n o n - im m o r t a lis in g  m u tan t P3HR-1 s t r a i n  o f  EBV a r o s e  a s  a c l o n a l
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A B

1 2  3

Kbp

4 8 - 5 -

3 8 5 « -

F i g u r e  3 . 2  S o u t h e r n  b l o t s  o f  F i e l d  I n v e r s i o n  G e l s  o f  B9 5 -8  c e l l s .

32
Lane 1 o f  b o t h  p a n e l s  c o n t a i n s  [ a -  P ] - e n d  l a b e l l e d  h i g h  m o l e c u l a r  

w e i g h t  m a r k e r s  r a n g i n g  from 4 8 . 5  t o  8 . 6  kbp.  A) l a n e s  2 and 3 a r e  

E c o R I - H i n d l l l  and EcoRI d i g e s t s  r e s p e c t i v e l y  o f  B 9 5 -8  c e l l u l a r  DNA. 

B) t h e  v i r i o n  DNA ( l a n e  2 )  h a s  b e e n  d i g e s t e d  w i t h  E c o R I - H i n d l l l . Both  

b l o t s  were  p r o b e d  w i t h  n i c k - t r a n s l a t e d  BamHI W.
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v a r i a n t  o f  t h e  J i j o y e  c e l l  l i n e  (H inu m a e t  a l . . 1 9 6 7 ) .  The v i r a l  

genom e i n  P3H R-1 c e l l s  h a s  u n d e r g o n e  a  d e l e t i o n  o f  s e q u e n c e s  i n  t h e  

U r e g i o n  a t  t h e  r i g h t  s i d e  o f  I R - 1  w h ic h  r e m o v e s  t h e  e n t i r e  EBNA 2
La

g e n e  a n d  t h e  3 '  en d  o f  EBNA-LP ( F i g  1 . 3  C ,D )  ( M i l l e r  e t  a l , 1 9 7 4 ;  

M e n e z e s  e t  a l . 1 9 7 3 ;  R a a b - T r a u b  e t  a l . 1 9 7 8 ;  R a b s o n  e t  a l . 1 9 8 2 ) .  

A l t h o u g h  b o t h  e n d s  o f  t h e  d e l e t i o n  h a v e  b e e n  s e q u e n c e d  ( t h e  d e l e t i o n  

r e m o v e s  t h e  ( 1 8 5 1  b p )  p a r t i a l  c o p y  a n d  149  b p  f r o m  a  c o m p l e t e  r e p e a t  

u n i t )  ( J e a n g  a n d  H ay w ard ,  1 9 8 3 )  t h e  t r u e  s i z e  o f  t h e  d e l e t i o n  i s  

unknown b e c a u s e  t h e  num ber o f  r e p e a t s  t h a t  h a v e  b e e n  l o s t  h a s  n o t  

b e e n  e s t a b l i s h e d .

To d e t e r m i n e  t h e  t r u e  e x t e n t  o f  t h i s  d e l e t i o n ,  t h e  r e p e a t  c o p y  num ber 

o f  I R - 1  i n  t h e  p a r e n t a l  J i j o y e  BL c e l l  l i n e  a n d  t h e  P3HR-1 l i n e  w e r e  

e x a m i n e d  b y  t h e  FIGE m e th o d  ( F i g  3 . 3 ) .  The m e a s u r e d  s i z e s  o f  t h e  I R - 1  

c o n t a i n i n g  f r a g m e n t s  f r o m  t h e s e  l i n e s  i m p l y  a  r e p e a t  c o p y  num ber o f

6 .6  i n  J i j o y e ,  b u t  o n l y  5 . 9  i n  P 3H R -1 .  T h e s e  r e s u l t s  show  t h a t  t h e  

d e l e t i o n  o n l y  e x t e n d s  i n  t o  t h e  m o s t  3 '  f u l l  r e p e a t  o f  t h e  p a r e n t a l  

J i j o y e  v i r u s  i n d i c a t i n g  t h a t  n o n e  o f  t h e  W1 o r  W2 e x o n s  h a v e  b e e n  

l o s t  ( s e e  F i g  1 . 3  C , D ) .  The s i z e  o f  t h e  d e l e t i o n  i s  t h e r e f o r e  6 8 0 6  

b p .

E x a m i n a t i o n  o f  a  human u m b i l i c a l  c o r d  LC L , J C - 5  ( M i l l e r  e t  a l . , 

1 9 7 4 ) ,  e s t a b l i s h e d  w i t h  J i j o y e  v i r u s  r e v e a l e d  m u l t i p l e  b a n d s ,  w h ic h  

p r e s u m a b l y  r e p r e s e n t  s u b p o p u l a t i o n s  o f  g en o m e s  w i t h  f i v e ,  s i x ,  o r  

e i g h t  r e p e a t s  i n  I R - 1  ( F i g  3 . 3 ) .  T he  c l o n i n g  o f  P3HR-1 h a s  p r o d u c e d  a  

s t r a i n ,  C - 1 6  , w h ic h  r e t a i n s  t h e  s a m e  n u m ber  o f  r e p e a t s  a s  P 3H R -1 , 

b u t  a l s o  c o n t a i n s  a  s m a l l e r  f r a g m e n t  c o n t a i n i n g  I R - 1  s e q u e n c e s .  The 

C - 1 6  DNA w as  p r o b e d  w i t h  p a r t  o f  t h e  EBNA 2 s e q u e n c e  a n d  t h i s  

d e m o n s t r a t e d  t h a t  t h e  l o w e r  f r a g m e n t  a l s o  l a c k s  t h e  s e q u e n c e s  d e l e t e d  

f r o m  P3HR-1 ( F i g  3 . 4 ) .  A n a l y s i s  o f  BamHI d i g e s t s  o f  C - 1 6  do n o t  

r e v e a l  a n y  g e n o m ic  r e a r r a n g e m e n t  s i m i l a r  t o  " h e t "  DNA ( R a b s o n  e t  a l . ,
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48-5*-

38-5>- 
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29 9^

19-4^

12-2*-

101—
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Figure 3.3 Sizing of the P3HR-1 dele tion.  Southern b lo t  of f i e l d  

inversion gel comparing EcoRI digests  of J i joye  BL and cord c e l l  l ine  

JC-5, made with J i joye v irus,  and the dele tion clone P3HR-1 along 

with i t s  subclone C-16. The b lo t  was probed with BamHI W. The size of 

the IR-1 containing EcoRI fragment in J i joye is 48,500 bp. There is 

4658 bp of unique short region DNA between the 5' EcoRI s i t e  and the 

s t a r t  of the repeats and 23,327 bp of unique long region DNA between 

the end of the l a s t  f u l l  repeat and the 3' EcoRI s i t e .  Therefore,  

20,488 bp is made up en t i re ly  of repeats .  This estimates 6-7 f u l l  

repeats in J i jo y e .  An EcoRI-Hindlll d igest  produced a 25,500 bp IR-1 

fragment in J i joye  which gives a more accurate estimate of 6 f u l l  

repeats (data  not shown). The EcoRI fragment in P3HR-1 is  41,000 bp. 

This is a drop in size of 7,500 bp compared to the parental  J i joye 

virus fragment (close  to the predicted 6,806 bp dele tion s i z e ) .  This 

means that  the P3HR-1 deletion only extends 149 bp into the most 3' 

f u l l  repeat of J i joye.  Therefore, P3HR-1 contains 5.9 repeats .
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Figure 3.4 Southern blot of a field inversion gel comparing EcoRI

32digests of Jijoye, JC-5 and C-16. On the right are [a- P]-end 

labelled high molecular weight markers. The blot was probed with a 

nick-translated M13 clone, 142.JOY, which contains EBNA 2 sequences 

from Jijoye EBV.
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1 9 8 2 )  . I f  t h e  s h o r t e r  fr a g m e n t h a s  o n ly  l o s t  IR -1  DNA, t h e  C -16 EBV 

m o le c u le s  from  w h ic h  t h i s  w as d e r iv e d  w o u ld  a p p e a r  t o  c o n t a in  b e tw e e n  

1 and 2 i n t e r n a l  r e p e a t  u n i t s . T h is  m ig h t y e t  r e p r e s e n t  a form  o f  

r e a r r a n g e d  v i r a l  DNA i n  th e  C -16 c e l l s .

3 . 3  S t a b i l i t y  o f  r e p e a t  co p y  number i n  d i f f e r e n t  v i r a l  i s o l a t e s

To e s t a b l i s h  w h e th e r  t h e r e  i s  much i n t e r s t r a i n  v a r i a t i o n  and p e r h a p s  

d e r i v e  an a v e r a g e  r e p e a t  co p y  num ber f o r  EBV, s e v e r a l  o t h e r  c e l l  

l i n e s  c o n t a i n i n g  EBV genom es w ere a n a ly s e d  a s  b e f o r e .  T h e se  l i n e s  

c o n t a in e d  v i r a l  genom es w h ich  h a d  a r a n g e  o f  r e p e a t  co p y  num bers from  

3 t o  1 2 .  I n  a d d i t i o n ,  m u l t i p l e  b a n d s a p p e a r e d  i n  some l i n e s  (WW-1, 

J C - 5 , B L 18, B L 74, and B L 2 9 ) . The r e p e a t  co p y  number o f  s e v e r a l  v i r a l  

i s o l a t e s  and t h e  p r e d i c t e d  maximum s i z e  o f  EBNA-LP p r o t e i n s  p o s s i b l e  

from  t h i s  c o d in g  c a p a c i t y  a r e  su m m a rised  i n  T a b le  3 . 1 .  The d a ta

s u p p o r t in g  t h i s  i s  shown i n  th e  v a r i o u s  f i e l d  i n v e r s i o n  g e l s

p r e s e n t e d  i n  t h i s  C h a p ter  ( t h e  d a ta  i s  n o t  shown f o r  EB3) . The

o b s e r v e d  p r o t e i n  s i z e s  a p p ea r  t o  b e  w i t h i n  t h e  r a n g e  o f  th e  IR -1

c o d in g  c a p a c i t y .  Some c e l l  l i n e s  c a r r y  o n ly  on e d e t e c t a b l e  s i z e  o f  

IR -1 ( f o r  e x a m p le , B 9 5 - 8  and R a j i )  and y e t  e x p r e s s  m u l t i p l e  s p e c i e s  

o f  EBNA-LP p r o t e i n .  T h is  s u g g e s t s  t h a t  d i f f e r e n t i a l  W p r o m o te r  u s a g e  

a n d /o r  a l t e r n a t i v e  s p l i c i n g ,  r a t h e r  th a n  m u l t i p l e  g e n o m e s, i s  l a r g e l y  

r e s p o n s i b l e  f o r  t h e  s i z e  v a r i a t i o n s  i n  EBNA-LP. The d i s t r i b u t i o n  o f  

r e p e a t  co p y  num ber i n  a l l  t h e  c e l l  l i n e s  t h a t  w ere i n v e s t i g a t e d  i s  

show n i n  F ig  3 . 5 .  T h is  r e p r e s e n t s  3 1  d i f f e r e n t  genom es from  1 7  

d i f f e r e n t  c e l l  l i n e s .  T h ere a p p e a r s  t o  b e  a w id e  v a r i a t i o n  i n  r e p e a t  

num ber i n  n a t u r a l l y  o c c u r r in g  i s o l a t e s  w it h  a n orm al d i s t r i b u t i o n  

a ro u n d  a mean o f  6 r e p e a t s .

Some i n d i c a t i o n  t h a t  c h a n g e s  i n  t h e  a v e r a g e  IR r e p e a t  c o p y  number 

m ig h t  o c c u r  when EB v i r u s  was in d u c e d  from  l a t e n t l y  i n f e c t e d  c e l l s
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Table 3.1

CELL LINE REPEAT

NUMBER

MAXIMUM PREDICTED 

PROTEIN SIZE

OBSERVED PROTEIN 

SIZE

B 95-8 8 .6 60kD a 6 6 ,6 0 ,5 4 ,4 8 ,4 2  kDa 

(Finke et al., 19 87 ) 

4 1 ,3 6  kDa 

(Rowe et al., 1 9 8 7 )

Raji 7 .6 54kD a 5 1 ,4 7 ,4 4 ,4 2 ,3 7  kDa 

(Fig 3.7, C; Allan and 

Rowe, 1 9 8 9 )

Jijoye 6.6 47kD a 3 5  kDa (Finke et al., 

1 9 8 7 )

JC -5 12 .6 88kD a 6 2 ,5 3  (major), 3 8  kDa

JC -5 7 .6 54kD a (Rowe et al., 1 9 8 7 )

JC -5 6.6 47kD a

JC -5 5.6 40kD a

P3HR-1 5.9 35kD a 2 7  kDa (W ang et al.. 1 9 8 7 ) 

2 0  kDa (Finke et al., 1 9 8 7 )

C -16 5.6 35kD a 4 8 ,2 8  kDa (major) (Row e

C -16 1.6-2 .6 12-18kD a et al., 1 9 87 )

EB-3 3.6* 26kD a N.D.

N.D., not d etected  with the JF 1 8 6  m onoclonal antibody (Finke et al., 1 9 8 7 ) 

* Unique region deleted unknown.
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Figure 3.5 Cumulative distribution of repeat copy number in all EBV genomes characterised.



a n d  t h e n  u s e d  t o  i n f e c t  a n d  i m m o r t a l i s e  f r e s h  l y m p h o c y t e s  h a d  a l r e a d y  

c o m e  f r o m  a  c o m p a r i s o n  o f  t h e  l y m p h o b l a s t o i d  c e l l  l i n e  ( L C L )  J C - 5  a n d  

t h e  p a r e n t a l  B L  l i n e  J i j o y e  ( F i g  3 . 3 ) .  E s t a b l i s h i n g  n e w  L C L s  w i t h  

v i r u s  f r o m  t h e  B L  l i n e s  r e q u i r e s  t h e  g e n o m e  t o  u n d e r g o  l y t i c  

r e p l i c a t i o n ,  a n d  a n a l y s i s  o f  t h e  e s t a b l i s h e d  l i n e s  i n d i c a t e s  t h e  

e f f e c t  o f  t h i s  o n  I R - 1  r e p e a t  n u m b e r .  I t  w a s  n e c e s s a r y  t h e r e f o r e ,  t o  

c o m p a r e  r e p e a t  c o p y  n u m b e r s  i n  o t h e r  e s t a b l i s h e d  B L / L C L  c e l l  l i n e  

p a i r s  u s i n g  t h e  s a m e  s t r a t e g y  a s  b e f o r e  ( F i g  3 . 6 ) .  W i t h  W e w a k - 2  

v i r u s , t h e r e  w a s  n o  c h a n g e  i n  r e p e a t  n u m b e r  b e t w e e n  t h e  B L  a n d  t h e  

c o r r e s p o n d i n g  L C L .  S i m i l a r l y  f o r  W e w a k - 1  a n d  B L 7 4 ,  w h e r e  t h e r e  w e r e  

tw o and t h r e e  s e p a r a t e  genom es r e s p e c t i v e l y  i n  th e  BL l i n e s ,  t h e r e  

w a s  n o  a l t e r a t i o n  i n  t h e  s i z e s  o f  t h e  b a n d s  i n  t h e  L C L s ;  a  m a r k e d  

c h a n g e  i n  t h e  r e l a t i v e  a b u n d a n c e  o f  e a c h  g e n o m e  t y p e  h a s  o c c u r r e d  

w i t h  B L 7 4 .  I n  t h e  L C L s  d e r i v e d  f r o m  b o t h  B L 1 8  a n d  B L 2 9 ,  m u l t i p l e  

g e n o m e  c o p i e s  h a v e  a r i s e n  w i t h  d i f f e r e n t  r e p e a t  n u m b e r s  c o m p a r e d  t o  

t h e  s i n g l e  g e n o m e  i n  t h e  p a r e n t a l  B L  l i n e .

A l t h o u g h  I  d i d  n o t  p u r s u e  t h i s  p o i n t  f u r t h e r ,  t h e  c l o n a l i t y  o f  c e l l  

l i n e s  c o n t a i n i n g  m u l t i p l e  EBV e p i s o m e s  w i t h  r e s p e c t  t o  t h e  I R - 1  

r e g i o n  c o u l d  a l s o  b e  a d d r e s s e d  b y  a n a l y s i s  o f  t h e  f u s e d  E B V  t e r m i n i  

( R a a b - T r a u b  a n d  F l y n n ,  1 9 8 6 ;  B r o w n  e t  a l . . 1 9 8 8 ) .  A  s i n g l e  t e r m i n u s  

t y p e  w o u l d  c o n f i r m  t h a t  t h e  v a r i a t i o n  i n  I R - 1  i n  t h e s e  l i n e s  

d e v e l o p e d  a f t e r  c i r c u l a r i s a t i o n  a n d  a m p l i f i c a t i o n  o f  t h e  E B V  g e n o m e s .

3 . 4  S t a b i l i t y  o f  r e p e a t  c o p y  n u m b e r  d u r i n g  l a t e n c y

A n o t h e r  s o u r c e  o f  v a r i a t i o n  i n  I R - 1  m i g h t  i n v o l v e  t h e  m a i n t e n a n c e  

r e p l i c a t i o n  o f  t h e  g e n o m e  t h a t  o c c u r s  d u r i n g  l a t e n c y .  T o  t e s t  w h e t h e r  

t h e  s i z e  o f  I R - 1  w a s  s t a b l e  d u r i n g  l a t e n c y ,  s a m p l e s  o f  t h e  l a t e n t l y  

i n f e c t e d  c e l l  l i n e ,  R a j i ,  w e r e  c o l l e c t e d  f r o m  d i f f e r e n t  l a b o r a t o r i e s ,  

w h e r e  t h e  c e l l s  h a v e  b e e n  c u l t u r e d  i n  i s o l a t i o n  f o r  l o n g  p e r i o d  ( > 1 5
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years in  some c a se s ). R aji is  a s t r a in  of EBV which has a defect in  

ly t ic  rep lica tio n ;  induced R aji c e l ls  produce early  an tigens, but no 

viral capsid antigens and have no productive viral DNA replication 

(Polack e t  a l . 1984 ). Thus, the h o rizo n ta l spread of R aji v iru s

w ithin  th is  c e l l  l in e  is  extremely u n lik e ly , and maintenance of the 

genome must depend e n tire ly  upon la te n t  re p lic a tio n  of EBV.

In order to v e rify  th a t a l l  these c e l l  lin e s  were indeed R aji, th e ir  

la te n t  p ro te in s were analysed on Western b lo ts  probed w ith a human 

anti-EBNA serum (RM) (Fig 3 .7  B) . The sizes of EBNA 1 and EBNA 2 

p ro te in s vary among EBV s tra in s  and may be considered as 

c h a ra c te r is tic  of a v iru s s tra in . Since the size  of these p ro te in s  

was the same in  a l l  the co llec ted  samples, there was a strong 

in d ic a tio n  th a t a l l  the lin e s  were R aji. In ad dition , the EBV genomes 

in  a l l  the lin e s  contained the d e le tio n  in  the BamHI E fragment 

(Polack e t  a l ,  1984; H atfu ll e t  a l ,  1 9 88 ), which is  c h a ra c te r is t ic  of 

R aji (Fig 3 . 8 ) .

The FIGE an aly sis of the DNA of e ig h t is o la te s  (seven of which are 

shown in  Fig 3 .7  A) demonstrated th a t  (w ith one exception; kindly 

provided by G. M ille r) the IR-1 rep eat copy number had remained 

constant a t  seven. The one is o la te  which appeared to have more 

rep eats (9-10  re p e a ts ) was checked fo r v a ria tio n  in  size  of the 

unique sequences flanking IR-1 and fo r the lo ss of the EcoRI of 

H in d lll r e s t r ic t io n  s i te s  used in  the a n aly sis . Both r e s t r ic t io n  

s i te s  were p resen t and there  was no in d ic a tio n  of in se rtio n s  in to  the 

flanking regions th a t  would account fo r the increased size  of the 

band (d a ta  not shown). I t  seems from these re s u lts  th a t during la te n t  

episomal re p lic a tio n  there is  l i t t l e  opportunity fo r change in  the 

rep eat number w ith in  IR-1. The one R aji is o la te  containing more
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1 2  3  4  5  6  7
Kbp

A 3 3 -5 * -  
2 9 - 9 -

19 4 ^

^EBNA 2

— EBNA 1

Figure 3.7 Stability of repeat number in latently infected Raj i 

cells. A) southern blot of field inversion gel. Lanes 1-7 contain 

EcoRI-Hindlll digested total cellular DNA from Raji's obtained from 

different laboratories. B) and C) show Western blots of whole cell 

extracts from the same Raj i strains as above, probed with human 

anti-EBNA serum, RM, and the murine monoclonal, JF186, respectively. 

Positions of molecular weight standards are indicated.
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repeats may have arisen from a recombination event in the latently 

infected cells.

Western blots of the Raji lines were also probed with a monoclonal 

antibody JF186 (Finke et al. 1987), which recognises an epitope

encoded by the W1 exon in EBNA-LP (Fig 3.7 C) . Curiously, this 

antibody detected two distinctive banding patterns of EBNA-LP among 

the Raji strains (compare lanes 1, 6 and 7 with lanes 2, 3, 4 and 5). 

One pattern consisted of specific protein bands of molecular weight 

51, 47, 44 and 42 kDa. The other group appeared to express proteins 

of 44, 42 and 37kDa. It should be noted that the one isolate which 

contains more repeats, number 2, shared this second pattern of 

EBNA-LP banding.

3.5 EBNA-LP clones with different numbers of repeats

Following the IR-.l repeat copy number analysis, it was interesting to 

speculate whether the highly repetative structure of Leader Protein 

is important for its function. Therefore, the IB4-WY1 cDNA clone 

(Speck et al. , 1986) within SP64 was digested partially with the

restriction endonuclease Styl, which cuts once within each repeat. 

These digests were religated to generate a set of SP64 constructs 

containing LP cDNAs with 2 to 7 repeats. These could be in vitro 

transcribed and translated to produce a series of Leader Proteins 

which increase in size in a stepwise manner (Fig 3.9). The Styl site 

is lost in the first repeat due to the W0W1' splice, but a 1 repeat 

clone was also obtained by removing a Smal fragment from the 2 repeat 

construct. It is hoped that these clones can eventually be used to 

determine the relevance of the repetitive structure of LP when its 

function/s are finally known. In addition, this demonstrated that in
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of B95-8 EBV; below is one possible splicing pattern for producing a 7 repeat LP mRNA.



vitro translated Leader Proteins migrate on denaturing protein gels 
at their predicted sizes.
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3.6 Discussion

T h is  work has c h a r a c te r is e d  the re p e a t copy number in  the m ajor 

in t e r n a l  rep eat re g io n  ( I R - 1 )  of E p s t e in -B a r r  v ir u s  in  c e l l  l in e s  

re p re s e n tin g  a v a r ie t y  o f v i r a l  i s o l a t e s . There was a range o f re p e a t  

copy numbers between the d if f e r e n t  s t r a in s  th a t v a r ie d  between le s s  

than 1  f u l l  rep eat up to 12  r e p e a ts , w ith  a mean copy number of 6. In  

B 95-8  genomes th ere were 8.6  re p e a ts , w hich i s  le s s  than a p r e v io u s ly  

rep o rte d  estim ate  o f 1 2 .6  (Hayward e t a l . .  19 8 0 ). Although t h is  stu d y  

a ls o  an a ly ze d  the s iz e  o f E c o R I -H in d ll l  fragm ents from v ir io n  DNA 

w h ic h  c o n t a i n  t h e  IR -1 r e g i o n ,  0 . 3 %  a g a r o s e  c y l i n d r i c a l  g e l  

e le c tr o p h o r e s is  was u sed , which i s  not as a c cu ra te  as f i e l d  in v e r s io n  

g e l e le c tr o p h o r e s is  fo r  r e s o lv in g  h ig h -m o le c u la r -w e ig h t fragm ents. 

A n a ly s is  o f p u r if ie d  v ir io n s  from B 95-8  c e l l s  re v e a le d  on ly  the  

presence o f an 8 .6  rep e at I R - 1 .

Leader P ro te in  i s  alm ost e n t ir e ly  encoded w ith in  the rep e at re g io n . 

Although th ere was a g en eral tren d  fo r  s m a lle r  p ro te in s  to be made 

from genomes w ith  fewer re p e a ts , th ere  was not a strong c o r r e la t io n  

between rep eat copy number and the s iz e  o f Leader P ro te in  observed  

(T a b le  3 . 1 ) .  I t  i s  easy to sp e c u la te  how s m a lle r  p ro te in s  co u ld  a r is e  

from a p o t e n t ia l ly  la r g e r  coding c a p a c it y  in  the re p e a ts. E x p re ssio n  

of a sh o rte r  mRNA co u ld  be ach e iv e d  e it h e r  from t r a n s c r ip t io n  

i n i t i a t i o n  a t  any o f the in t e r n a l re p e a t W promoters or by s p l ic in g  

out o f excess rep e ats (see F ig  1 . 3 ) .  A lt e r n a t iv e  s p l ic in g  or promoter 

usage has been o ffe re d  as an e x p la n a tio n  fo r  the lad d e r p a tte rn  o f  

Leader P ro te in s  seen in  some c e l l  l in e s  run on.W estern b lo t s  (F in k e  

e t a l . . 1 9 8 7 ) .

I t  i s  more d i f f i c u l t  to e x p la in  the p resence  o f Leader P ro te in s  w hich  

are much la r g e r  than the t h e o r e t ic a l  s iz e  range determ ined from the
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repeat copy number (Finke et al. . 1987, reported 130kDa Leader 

Proteins from B95-8 virus, although the FIGE analysis presented here 

would predict a maximum size of 60kDa). To account for this, it has 

been hypothesised that the unusual primary structure of Leader 

Protein may result in anomalous gel migration (Finke et al. . 1987). 

In the work here it is clear that in vitro translated LPs migrate on 

denaturing gels at their predicted sizes (Fig 3.9). In addition, one 

of these clones was expressed in vivo by transfection (Fig 5.5; Fig

5.8 in Chapter 5) and the migration of the protein was the same as 

before. Therefore, post-translational modification of LP in vivo does 

not appear to alter the mobility of the protein in SDS-gels. This 

would imply that the observed size of LP in different EBV strains is 

directly related to the number of repeats in the protein. However, 

there may be a mechanism for producing these larger proteins which 

involves as yet undetected splicing events between sequences 

originating in the repeat region and large open reading frames 

downstream (Walls and Gannon, 1988). The heterogeneity observed in 

repeat number raises important questions about the nature of LP. For 

example, if the highly repetitive structure of the protein is 

important for its function, then do viruses with more or less repeats 

have different interactions with host cells?

Experiments presented later in Chapter 5 show that the naturally 

occurring deletion in the P3HR-1 virus affects LP function. The FIGE 

analysis has determined that this deletion only extends into the most 

3' IR repeat. Therefore, this 6806bp deletion removes the partial 

repeat and all the 3' unique sequences for EBNA-LP (as well as the 

entire EBNA 2 gene), but does not remove any of the W1 or W2 exons of 

the parental immortalising virus, Jijoye (Fig 1.3 C,D). The 

assumption that the inability of P3HR-1 to immortalize lymphocytes in 

tissue culture is due to the loss of EBNA 2 only (Dillner et al. ,
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1985; Hennessy e t  a l . . 1985; Hammerschmidt and Sugden, 1989) does not 

take in to  account there  being a tru n cated  LP which may or may not 

re ta in  i t s  function  (d iscussed  in  more d e ta il  l a t e r ) . In th is  

a n a ly sis , C-16 v iru s  generates a second lower EcoRI-Hindlll fragment, 

which contained IR-1 sequences (1 -2  r e p e a ts ) , but none from w ithin  

the P3HR-1 d e le tio n  (F ig  3 . 4 ) .  EBV DNA from the p a re n ta l J ijo y e  c e l l  

lin e  may be p a r t ic u la r ly  su scep tib le  to  rearrangem ents. Polymerase 

chain re a c tio n  an aly sis  has shown th a t  in  vivo rearrangem ents of EBV 

genomes in  the region of the P3HR-1 d e le tio n  may be a more common 

event than previously  re a lis e d  (P atto n  e t  a l . ,  1990 ).

In c e r ta in  circum stances the number of IR rep eats can increase or 

decrease. This is  most evident in  the comparison between the genomes 

in  B u rk itt 's  lymphoma c e l l  lin e s  and lymphoblastoid c e l l  lin e s  

transform ed w ith the BL v iru ses (F ig 3 . 6 ) .  While th ere  was no change 

in  some c e l l  l in e s ,  fo r example Wewak-2, o ther LCLs derived from 

BL18, BL29 and J ijo y e  had generated m ultip le  genome copies w ith 

d if fe re n t  rep eat numbers compared to  the sin g le  genome in the 

p a re n ta l BL l in e .  A m ultip le  in fe c tio n  may have occurred in the 

generation  of the LCL from BL74, because the same three genomes are 

p resen t in  both the BL and LCL lin e s  (although th ere  is  a change in  

the r e la t iv e  abundance of each type) . A lte rn a tiv e ly , i f  the LCL is  

c lo n a l, then the same th ree  genomic forms detected  in the BL lin e  

were apparently  spontaneously generated again in  the LCLs. From these 

r e s u l t s , i t  appears q u ite  common fo r the dominant number of rep eats 

to change through the process of induction  and re in fe c tio n . This may 

imply a f lu id i ty  in  rep eat copy number in  the ly t ic  cycle of the 

v i r u s .

In c o n tra s t, i t  was found th a t  the rep eat copy number is  r e la t iv e ly  

s ta b le  in  d if fe re n t  c u ltu re s  of the R aji c e l l  l in e , where th ere  is  no 

v iru s  production and genomes must be tran sm itted  v e r t ic a l ly  as the
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cells grow in culture. Use of the JF186 monoclonal antibody (Finke et 

al. , 1987) demonstrated that there were two distinct LP banding 

patterns in the Raji strains. Therefore, it appears that 

heterogeneity in EBNA-LP expression is possible even when the IR-1 

repeat copy number is constant.
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Chapter 4

E x p r e s s io n  o f  EBNA-LP

4 . 1  S t r u c t u r e  o f  L a rg e  EBNA-LP cDNAs

The w ork d e s c r ib e d  s o  f a r  h ad  shown t h a t  th e  r e p e a t  co p y  number o f  

IR -1 i n  a g i v e n  EB v i r a l  s t r a i n  d o e s  n o t  a lw a y s  c o r r e l a t e  w it h  th e  

r e p o r t e d  s i z e  o f  L ea d er  P r o t e in  e x p r e s s e d  from  t h i s  r e g i o n .  M ost o f  

th e  p u b l is h e d  EBV cDNA s e q u e n c e s  w h ich  c o n t a in  W1 and W2 e x o n s  from  

IR -1 a r e  e i t h e r  p a r t i a l  ( i n  t h e  s e n s e  t h a t  t h e  5 '  en d  i s  m is s in g )  o r  

c o n t a i n  v e r y  fe w  W1 W2 e x o n s , a c c o u n t in g  f o r  l e s s  th a n  h a l f  th e  

p o t e n t i a l  num ber o f  e x o n s  i d e n t i f i e d  i n  IR - 1 . T h is  h a s  l e d  t o  th e  

i n t r i g u i n g  s u g g e s t i o n  t h a t  n o t  a l l  o f  t h e  p o t e n t i a l  e x o n s  w i t h i n  any  

on e t r a n s c r i p t  ca n  b e  u s e d  (S am p le e t  a l . . 1 9 8 6 ) .  As a m eans o f

a n a l y s i n g  t h e  s p l i c i n g  m echanism  o f  IR -1 and t h e  p o t e n t i a l  f o r  

EBNA-LP p r o t e i n  e x p r e s s i o n ,  l a r g e  cDNA c l o n e s  ( 1 3 . 1 3  and 1 3 . 1 9 ;  

k i n d l y  p r o v id e d  b y  M. P e r r ic a u d e t )  , t h a t  c o n t a in e d  many W1, W2 

r e p e a t s  w ere  c h a r a c t e r i s e d  .

1 3 . 1 3  and 1 3 . 1 9  h ad  b e e n  i s o l a t e d  from  a B 9 5 - 8  cDNA l i b r a r y  u s in g  a 

p r o b e  p r e p a r e d  b y  ra n d om ly p rim ed  l a b e l i n g  o f  th e  pDKIO p la s m id  w h ich  

c o n t a in s  p a r t  o f  th e  BamHI C fr a g m e n t o f  EBV DNA aro u n d  th e  C l ex o n  

( B o d e s c o t  e t  a l . ,  1 9 8 6 ) .  In  o r d e r  t o  d e te r m in e  how many W1 W2 r e p e a t s  

w ere p r e s e n t  i n  e a c h  cDNA, t h e  c l o n e s  w ere l i n e a r i s e d  b y  c o m p le te  

H i n d l l l  d i g e s t i o n ,  and th e n  p a r t i a l l y  d i g e s t e d  w it h  lo w  

c o n c e n t r a t i o n s  o f  t h e  r e s t r i c t i o n  enzym e Sm al, w h ic h  c l e a v e s  o n c e  i n  

e v e r y  W1 e x o n . The d i g e s t s  w ere ru n  on a g a r o s e  g e l s  c o n t a i n i n g  

e th id iu m  b ro m id e  (0 .5 / z g / m l)  and w e r e  th e n  p h o to g r a p h e d  on an  

u l t r a - v i o l e t  l i g h t  b o x . The r e s t r i c t i o n  d i g e s t  p a t t e r n  w as i d e n t i c a l  

f o r  b o th  1 3 . 1 3  and 1 3 . 1 9 ,  and th e  r e s u l t s  o f  t h e  1 3 . 1 3  p a r t i a l
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digestions are shown in Fig 4.1. In the right hand lane there has 

been l i t t le  cutting with Smal, so the upper band of 4,800 bp 

corresponds to the pUC9-EBNA-LP recombinant. When increasing 

concentrations of Smal were used, this band was progressively broken 

down and a ladder of bands appeared, representing different numbers 

of repeats s t i l l  attached to the pUC vector. The liberated Smal 

repeat fragments were detected on the original as a very faint ladder 

further down the gel, but are not illustrated in Fig 4.1. With the 

highest concentration of restriction enzyme, a complete digest 

produced a single lower band representing pUC and the 5' unique 

sequences of the 13.13 cDNA. By counting the number of bands in the 

ladder, i t  was deduced that both 13.13 and 13.19 contain 9 repeats.

This contradicts the previous FIGE analysis, which demonstrated that 

there were 8 repeats in the B95-8 IR-1. The B95-8 cells which were 

used to generate the cDNAs had been cultured in isolation from those 

used in the FIGE analysis for approximately 4 years. It was therefore 

decided to repeat these experiments with the B95-8 cells from which 

the cDNAs were derived. The results of this are shown in Fig 4.2. The 

second lane contains the B95-8 strain from our laboratory, which 

again shows a single fragment corresponding to an 8 repeat IR-1 

region. This is also the case for B95-8 ce lls  obtained from two other 

laboratories; lanes 4 and 5. However, a faint higher molecular weight 

restriction fragment was detected in the DNA from B95-8 ce lls  from M. 

Perricaudet's laboratory, as well as the major one representing 8 

repeats; lane 3. The upper fragment (indicated with an arrow in lane 

3 of Fig 4.2) was not a result of partial digestion and its  size did 

not correlate with the loss of either of the restriction enzyme sites  

used in the analysis; i t  would therefore appear to represent a genome 

containing 12 fu ll repeats in IR-1.
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Figure 4.1 Partial Smal digests of the 13.13 cDNA. The right-hand 

lane contains A-Hindlll DNA size markers and the sizes are indicated. 

From left to right in the other lanes are Smal digests of the 13.13 

cDNA using decreasing concentrations of restriction endonuclease. The 

gel contained 0.5 jug/ml of ethidium bromide so that the DNA could be 

photographed on an ultra-violet light box.
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Figure 4.2 Southern blot of a field inversion gel of DNA from

32B95-8 cells. Lane 1 contains [a- P]-end labelled high molecular 

weight markers ranging from 48.5 to 8.6 kbp. Lanes 2-5 contain 

EcoRI-Hindlll digested total cellular DNA from B95-8 cells obtained 

from different laboratories. Lane 2 contains the B95-8 strain from 

our laboratory, while lane 3 contains B95-8 cells from M. 

Perricaudet's laboratory.
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A f t e r  s u b c lo n in g  t h e  cDNAs i n t o  M13mpl8 i n  b o th  o r i e n t a t i o n s  a s  EcoRI 

f r a g m e n t s , t h e i r  5 '  and 3 '  r e g i o n s  w ere s e q u e n c e d  b y th e  

d i d e o x y n u c l e o t i d e  c h a in  t e r m in a t io n  m eth od  (S a n g e r  e t  a l . .  1 9 7 7 ) .  The 

n u c l e o t i d e  s e q u e n c e  o f  th e  le a d e r  e x o n s  u s e d  t o  make t h e  1 3 . 1 3  and  

1 3 . 1 9  cDNAs w as i d e n t i c a l  t o  o t h e r  C s t a r t  cDNAs t h a t  h a v e  b e e n  

r e p o r t e d  p r e v i o u s l y  (B o d e s c o t  e t  a l . .  1 9 8 7 ) .  The s t r u c t u r e s  o f  1 3 . 1 3  

and 1 3 . 1 9  a r e  r e p r e s e n t e d  i n  F ig u r e  4 . 3 .

1 3 . 1 3  h a s  a 5 '  end c o r r e s p o n d in g  t o  n u c l e o t i d e  1 1 , 3 9 2  o f  t h e  B 9 5 - 8  

s e q u e n c e  (B a e r  e t  a l . ,  1 9 8 4 ) ,  t h a t  i s  8 7  b a s e  p a i r s  d ow n stream  o f  t h e  

TACAAA p u t a t i v e  T A T A -like s e q u e n c e  o f  t h e  C p r o m o te r  ( F i g  4 . 3 ) .  The 

C l d o n o r ( 1 1 , 4 7 9 )  and C2 a c c e p t o r  ( 1 1 , 6 2 6 )  j o i n  t h e  two e x o n s  d e r iv e d  

from  t h e  l e f t  s i d e  o f  IR -1 i n  a s p l i c e  w h ic h  i s  t y p i c a l  o f  C p ro m o ter  

i n i t i a t e d  mRNAs ( F i g  4 . 4 ) .  The s e q u e n c e  w as r e a d  f o r  1 9 6  bp th r o u g h  

C2 and t h e  f i r s t  W1 ( 6 6  b p ) i n t o  t h e  f i r s t  W2 ( 1 3 2  b p ) .  The C2W1 

s p l i c e  ( n u c l e o t i d e  1 1 , 6 5 7  t o  1 4 , 5 5 4 )  u s e d  t h e  a c c e p t o r  w h ich  i s  

n o r m a lly  u s e d  w i t h i n  t h e  r e i t e r a t i n g  W1W2 e x o n s  and n o t  t h e  a l t e r n a t e  

a c c e p t o r  a t  1 4 5 5 9  w h ic h  g e n e r a t e s  an AUG co d o n  a c r o s s  t h e  j u n c t i o n .  

The 3 '  end o f  t h e  cDNA c o n t a in s  th e  Y1 ( 4 7 , 7 6 1  t o  4 7 , 7 9 3 ) ,  Y2 ( 4 7 , 8 7 8  

t o  4 7 , 9 9 9 ) ,  Y3 ( 4 8 , 3 8 6  t o  4 8 , 4 4 4 )  and HI ( 4 9 , 8 5 3  t o  5 0 , 0 2 7 )  e x o n s  and  

1 6  A r e s i d u e s  p r e su m a b ly  d e r i v e d  from  t h e  p o ly A  t a i l  21b p  d ow n stream  

o f  an AAUAAA p o ly A  c o n s e n s u s  s i g n a l .  1 3 . 1 3  t h e r e f o r e  h a s  a 3 '  

s t r u c t u r e  t h a t  i s  t y p i c a l  o f  a n  EBNA-LP m o n o c is t r o n ic  mRNA. S in c e  t h e  

C2W1 s p l i c e  d o e s  n o t  g e n e r a t e  t h e  i n i t i a t o r  AUG c o d o n , t h i s  mRNA 

w o u ld  a p p e a r  t o  b e  n o n - c o d in g .
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point change relative to the standard B95-8 sequence is shown.



Figure 4.4 A map of published cDNA structures for EBNA-LP 

messages. The scale is in kilobases and the BamHI fragment map of the 

left 110 kbp of the EBV genome are shown at the top. The bar 

represents the physical genome and exons incorporated into the mRNAs 

are shown as horizontal arrows and vertical stripes. The structures 

of 15 published cDNAs and 13.13 and 13.19 are shown below the map. 

Complete cDNAs start within W (IB4-T65 and IB4-WYI) or C (13.13, 

13.19 and T2-T6). Only 13.19, IB4-T65 and IB4-WYI contain the splice 

which creates an EBNA-LP start codon. 13.19 is the only C start cDNA 

with an EBNA-LP initiator codon. 13.13 and 13.19 have the longest 

leader structures. Below the cDNA structures the named leader exons 

are shown and the exons which encode the EBNA proteins are 

identified. Two non-coding exons Y3 and HI are present in some cDNAs 

(like 13.13), overlap the EBNA 2 open reading frame, and are not 

shown at the bottom.
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The s t r u c t u r e  o f  1 3 . 1 9  was d e te r m in e d  i n  a s i m i l a r  m anner. B oth  th e

5' and 3' ends of the sequence showed differences compared to 13.13 

(Fig 4.3). The 5' end contained a G2W1' splice which, at that time, 

had not been previously reported for C promoter initiated cDNAs. 

Recently, another laboratory has demonstrated the existence of this 

splice using C2W1' splice oligos in SI protection assays (Rogers et 

al.. 1990). The 3' end of the cDNA did not end in polyA. The sequence 

ended at nucleotide 67,641 (163 nucleotides into the U exon), eight 

bases upstream of the U donor site present in other cDNAs which 

extend further in the 3' direction. In the 5' direction the U exon 

acceptor is spliced to the Y2 donor forming a unique leader exon 

combination since all other cDNAs reported containing the U exon 

splice to the Y3 exon (Fig 4.4). Presumably, the 13.19 cDNA came from 

a message for one of the EBNA 3 family or EBNA 1. This would imply 

that the message would have been polycistronic since the C2W1' splice 

would have permitted the EBNA-LP sequences to be expressed.

4.2 A mutation in the first W1 exon of 13.13 and 13.19

Sequence polymorphisms within the W1 or W2 exons have not been 

observed (Baer et al.. 1984). In the sequencing analysis of the 13.13 

cDNA, a G to T transversion was detected in the first W1 exon 

c o n v e r t in g  th e  codon (GAG) f o r  r e s id u e  2 1  o f  th e  p r o t e in  i n t o  a s to p  

codon (TAG) (Fig 4.3). The same mutation was detected in the first W1 

exon of the 13.19 cDNA which renders unlikely the possibility that 

the mutation occurred during cloning and indicates that one of the 

IR-1 repeat units (possibly the first) of B95-8 contains a mutation 

which may have significant effects on the phenotype of the virus.
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4 . 3  E x p r e s s i o n  o f  1 3 . 1 3  i n i t i a t o r  s e q u e n c e s  i n  v i t r o  and i n  v i v o

Despite the presence of a mutation in one B95-8 W1 exon, there is  

another feature of the 13.13 cDNA structure which is relevant to EBV 

biology. Absence of an EBNA-LP initiator codon and lack of a 

downstream EBNA exon means no coding capacity employing a classical 

AUG start codon is envisaged for this message. In different systems, 

translation initiation  can sometimes occur from CUG codons (Clements 

et a l . . 1988; Hann et a l. . 1988). Recent studies on human basic

fibroblast growth factor (bFGF) have shown that this polypeptide can 

be synthesised by exploiting an alternative CUG initiation  codon 

(Prats et a l . , 1989) . The surrounding consensus for the bFGF CUG

initiation  sequences is  similar to the sequence surrounding an in 

phase CUG codon in the C2 exon of 13.13. The ability of these C2 

sequences to in itiate EBNA-LP expression was examined by f ir st  

digesting the IB4-'WYI cDNA (within SP64; Speck et a l. . 1986) with

Hindlll/Styl and replacing the 5' W0-W1' region with a Hindlll-Styl 

fragment containing the 13.13 C1C2 sequences. This effectively  

removes the stop codon mutation from the EBNA-LP open reading frame 

and positions the 13.13 C1C2 leaders in an in vitro transcription 

vector in one step.

In vitro transcribed RNA was purified and used to program translation 

in rabbit reticulocyte extracts. Since monovalent and divalent 

cations have significant effects on the fid elity  of in itiation  of 

translation in v itro . these parameters were varied around optimal 

conditions; HOmM KC1, 1.5mM MgCl̂  (Fig 4.5).  The positive control 

was a cDNA containing 3 repeats (3r) derived from IB4WY-1 by partial 

digestion, as described before. 13h is  the hybrid 1 repeat clone 

described before, which has the 5' sequences of 13.13 joined to the 

3' region of IB4WY-1, and 13c is the complete 9 repeat 13.13 clone

1 1 5
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Figure 4 ,5  In v itro  tra n s la tio n  of the 13.13 cDNA. The C2W1

fragment of 13.13 was cloned in to  an SP64 vector containing the 3'

sequences of the IB4-WYI cDNA. RNA synthesised from the plasmid

(1 3 h ) , from a plasmid containing 3 repeats with a tra n s la ta b le  open

reading frame (3 r )  and from the complete 13.13 cDNA (13c) was

tra n s la te d  in a rab b it re ticu lo c y te  ly sa te  under varying monovalent

and d iv alen t cation  concentrations. The products were lab e lle d  with 

3
H-arginine and v isu a lise d  by autoradiography. On the l e f t  are 

standard molecular weight markers, sizes are shown in k ilo d alto n s.
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w h ic h  h a s  t h e  p r em a tu re  s t o p  cod on  m u t a t io n  (s u b c lo n e d  i n t o  SP64  

d i r e c t l y  a s  an EcoRI f r a g m e n t ) . The s i z e  o f  t h e  p r e d i c t e d  p r o t e i n  

p r o d u c t s  w o u ld  b e  1 2  kDa and 65  kDa r e s p e c t i v e l y .  The y i e l d  from  th e  

3 r  c l o n e  w as m axim al a t  HOmM KC1 and 0 . 8  mM MgCl, and w as s e v e r e l y  

a f f e c t e d  b y  lo w  KC1 c o n c e n t r a t i o n s .  H ow ever, n e i t h e r  t h e  1 3 h  o r 1 3 c  

c l o n e s  p r o d u c e d  a  d e t e c t a b l e  t r a n s l a t i o n  p r o d u c t  u n d e r  an y o f  t h e s e  

c o n d i t i o n s .

T h e se  cDNAs w ere  a l s o  s u b c lo n e d  i n t o  t h e  e u k a r y o t ic  e x p r e s s i o n  v e c t o r  

, p 3 . 1 W,  d e s c r ib e d  b e f o r e  in  C h ap ter 2 ( 3 r  and 1 3 h  w ere c lo n e d  a s  

X b a l-E co R I fr a g m e n ts ;  1 3 c  was c lo n e d  a s  an EcoRI f r a g m e n t ) .  They w ere  

th e n  a s s a y e d  f o r  t r a n s i e n t  i n  v i v o  e x p r e s s i o n  i n  t h e  BL41 c e l l  l i n e .  

T h is  w as d e te r m in e d  b y  i n d i r e c t  im m u n o flu o r e s c e n c e  u s in g  a human 

anti-E B N A  a n t i- s e r u m  ( F i g  4 . 6 ) ,  and g a v e  s i m i l a r  r e s u l t s  t o  th e  i n  

v i t r o  t r a n s l a t i o n s , i n  t h a t  th e  3 r  p o s i t i v e  c o n t r o l  was t h e  o n ly  on e  

s e e n  t o  b e  e x p r e s s e d .  I n  c o n c l u s io n ,  t h e r e  w as no e v id e n c e  from  t h e s e  

e x p e r im e n t s  f o r  u s e  o f  th e  a l t e r n a t i v e  CUG i n i t i a t o r  co d o n  i n  t h e

1 3 . 1 3  m e s s a g e .

4 . 4  T r a n s a c t i v a t i o n  o f  t h e  C p ro m o ter

P r e v io u s  e x p e r im e n ts  i n  t h i s  l a b o r a t o r y  (C . R o o n ey ) h a d  shown t h a t  

t h e  CAT e x p r e s s i o n  from  a Cp prom oter-C A T  p la s m id  (p l.4C -C A T )  

t r a n s f e c t e d  i n t o  BL41 c e l l s  c o u ld  b e  c o n s i d e r a b l y  i n c r e a s e d  i f  i t  w as  

c o t r a n s f e c t e d  w it h  t h e  p la s m id  pWOL, w h ic h  c o n t a i n s  t h e  BamHI WWYH 

r e g i o n  o f  EBV and c o u ld  th u s  p o t e n t i a l l y  e x p r e s s  b o t h  EBNA 2 and a 

s h o r t  EBNA-LP. I t  h a d  b e e n  shown b y im m u n o flu o r e s c e n c e  t h a t  pWOL was 

e x p r e s s i n g  EBNA 2 a n d /o r  LP a f t e r  t r a n s f e c t i o n  i n t o  BL41 c e l l s ,  and  

t h i s  w as p resu m ed  t o  b e  d r iv e n  o f f  t h e  W p r o m o te r  w h ic h  l i e s  w i t h i n  

t h e  r e p e a t s  ( p e r s . comm. C. R o o n e y ). The a n t ib o d y  t h a t  w as u s e d  i n  

t h e  im m u n o flu o r e s c e n c e  was th e  p o l y c l o n a l  human seru m , RM, w h ic h
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Figure 4.6 Immunofluorescence of transfected BL41 cells, using the 

human polyclonal antiserum, RM, to identify LP expression. The cells 

were transfected with: A) positive control p3.1W-3r B) p3.1W-13h C) 

p3.1W-13c D) negative control p3.1W with no insert.
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r e c o g n i s e s  b o t h  EBNA 2 and EBNA-LP. I s o u g h t  t o  d e te r m in e  w h e th e r  

t h i s  t r a n s a c t i v a t i o n  was a r e s u l t  o f  EBNA 2 a n d /o r  EBNA-LP 

e x p r e s s i o n .  The s t r a t e g y  was t o  r e p e a t  th e  e x p e r i m e n t  w it h  c o n s t r u c t s  

t h a t  w o u ld  e x p r e s s  o n l y  EBNA 2  (pCMV19-EBNA 2 )  o r  EBNA-LP (p 3 .1 W - L P ).  

One C prom oter-C A T c o n s t r u c t  (p l.4C -C A T ) and o n e W prom oter-CAT  

c o n s t r u c t  (p0.9W -CAT) w e r e  u s e d .

The d e t a i l s  o f  t h e  c o n s t r u c t s  u s e d  i n  t h e  GAT a s s a y  a r e  a s  f o l l o w s :

pWOL: d e r i v e d  from  pKAN2 ( Y a t e s  e t  a l . , 1 9 8 4 )  by rem o v in g  t h e  

s e q u e n c e s  b e t w e e n  t h e  EBV Kpnl s i t e  and t h e  S a i l  s i t e  i n  th e  v e c t o r ;  

t h i s  a p p e a r s  t o  im p ro v e  t h e  e x p r e s s i o n  o f  EBNA 2 from t h e  EBV 

s e q u e n c e s  ( p e r s . comm. C. R o o n e y ) .  T h e r e f o r e ,  pWOL c o n t a i n s  a 1 2 , 0 8 1  

bp BamHI p a r t i a l - K p n l  EBV f r a g m e n t  (EBV map p o s i t i o n s  4 0 8 6 4  t o  

5 2 9 4 5 ) ,  w h ic h  i n c l u d e s  two c o m p l e t e  BamHI W f r a g m e n t s ,  a BamHI Y 

f r a g m e n t ,  and 4 , 0 9 6  bp o f  BamHI H b e f o r e  t h e  Kpnl s i t e .

r>l.4C-CAT: d e r i v e d  from  pSVO-CAT, w h i c h  i s  pSV2-CAT ( S l a t e r  e t  a l . , 

1 9 8 5 )  w i t h  t h e  A c c l - H i n d l l l  f r a g m e n t  rem oved and c o n v e r t e d  i n t o  B g l l l  

( p e r s .  comm. C. R o o n e y ) .  The MboII fr a g m e n t  o f  EBV BamHI C (EBV map 

p o s i t i o n s  9 9 1 1  t o  1 1 3 0 5 )  was c l o n e d  i n t o  t h e  B g l l l  s i t e  o f  pSVO-CAT.

•pQ. 9W-CAT: The 0 . 9  kbp P s t I  f r a g m e n t  from  BamHI W o f  EBV (EBV map 

p o s i t i o n s  4 4 1 8 8  t o  4 5 0 8 9  i n  t h e  number 1 1  W r e p e a t  o f  B 9 5 - 8 )  was  

c l o n e d  i n t o  t h e  P s t I  s i t e  o f  pUC-CAT, u p s tr e a m  o f  t h e  CAT g e n e .  

pUC-CAT i s  pUC18 c o n t a i n i n g  t h e  CAT g e n e  b e t w e e n  th e  H i n d l l l  and  

A a t l l  s i t e s ;  t h e  CAT g e n e  was s u b c l o n e d  a s  a H i n d l l l - A a t l l  f r a g m e n t  

from  pAlO-CAT, w h ic h  i s  pSV2-CAT ( S l a t e r  e t  a l . . 1 9 8 5 )  w i t h  t h e  

s e q u e n c e s  b e t w e e n  t h e  BamHI and EcoRI s i t e s  rem oved  ( p e r s .  comm. C. 

R o o n e y ) .
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p3.1W-LP: The 5- and 3-repeat derivatives of the IB4WY-I cDNA (Speck 

et al.. 1986) were cloned as Xbal-EcoRI fragments into p3.1W (a pUC19 

plasmid which has a 3.1 kbp EBV partial PstI restriction fragment 

containing W promoter sequences upstream of the polylinker; described 

in detail in Chapter 2). Following transfection into BL41 cells, 

these constructs were shown to be expressing EBNA-LP by 

immunofluorescence (Fig 4.6 A; 4.7).

PCMV19-EBNA 2: pCMV19 is a pBR322 derivative containing the CMV 

immediate early promoter upstream of the pUC19 polylinker (Greives 

and O'Hare, 1989). EBNA 2 was cut out of pWOL above as a BstUI-Nael 

blunt fragment (EBV map positions 48339 to 50382) and subcloned into 

the Smal site of pCMV19.

The results of these experiments are shown in Figure 4.8, where each 

pair of lanes represents duplicate CAT assays. The positive control, 

p0.9W-CAT (lane 6), has W promoter sequences upstream of CAT and this 

promoter element appears to work well in transfected BL41 cells. The 

equivalent C promoter construct, pl.4C-CAT (lane 5), produces a much 

lower level of CAT activity in these cells. Cotransfection of pWOL 

with pl.4C-CAT results in a significantly increased level of CAT 

activity (lane 1). Cotransfection of the constructs expressing either 

a 5- or 3-repeat EBNA-LP has no significant effect on the level of 

CAT activity produced from pl.4C-CAT (lanes 3 and 4). In my hands, 

only a very modest activation was seen with the EBNA 2 plasmid (lane 

2), although other workers (N. Sung; C. Rooney) have reported 

activation by EBNA 2 alone. From this data it seems that the 

transactivation of these C promoter sequences by pWOL is not simply a 

consequence of EBNA-LP expression.
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F ig u re  4 .7  Imm unofluorescence of BL41 c e l l s .  In  the top panel the  

c e l l s  have been tra n s fe c te d  w ith p 3 .1W -5 rL P  (the p3.1W p la sm id  

c o n ta in in g  the 5 rep eat d e r iv a t iv e  of the IB4-W YI cDNA). The bottom  

panel shows c e l ls  tra n s fe c te d  w ith p 3 . 1W w ith  no in s e r t .  The human 

p o ly c lo n a l antiserum , RM, was used to id e n t if y  LP expression.
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4.5 Discussion

I n i t i a l l y ,  i t  w as s u r p r i s i n g  t o  f i n d  t h a t  t h e r e  w ere  9 r e p e a t s  i n  t h e  

EBNA-LP cDNAs, when i t  had  a lr e a d y  b e e n  d e te r m in e d  t h a t  th e  EBV 

s t r a i n  from  w h ic h  t h e  o r i g i n a l  mRNAs h a d  b e e n  p r o d u c e d , B 9 5 - 8 ,  

c o n t a in e d  8 r e p e a t s  i n  th e  g en o m ic s e q u e n c e s . S e v e r a l  e x p la n a t io n s  

may a c c o u n t  f o r  t h i s .  F i r s t ,  i t  i s  c o n c e i v a b l e ,  g i v e n  t h a t  t h e r e  a r e  

s p l i c i n g  e v e n t s  s p a n n in g  o v e r  lOOkbp i n  t h e  170k b p  EBV genom e, t h a t  a  

t y p e  o f  " c ir c u m - g e n o m ic ” t r a n s c r i p t i o n  may e x i s t ,  w h ereb y  th e  RNA 

p o ly m e r a s e  t r a v e l s  a ro u n d  th e  c i r c u l a r  v i r a l  e p is o m e  a t  l e a s t  t w i c e .  

I n  t h i s  m o d el t h e  same W1 and VJ2 e x o n s w o u ld  a p p ea r  more th a n  o n ce  i n  

th e  p r im a r y  t r a n s c r i p t ,  e x t e n d in g  th e  s i z e  r a n g e  o f  r e p e t i t i v e  mRNA. 

S e c o n d , t r a n s - s p l i c i n g  o f  l e a d e r s  from  o n e pre-mRNA t o  a n o th e r  w o u ld  

a l l o w  th e  b u i l d i n g  o f  e x t r a  lo n g  le a d e r  s t r u c t u r e s .  B o th  o f  t h e s e  

m o d e ls  a r e  a t t r a c t i v e  b e c a u s e  t h e y  a l s o  e x p l a i n  t h e  o b s e r v a t io n  o f  

L e a d e r  P r o t e in s  w h ic h  e x c e e d  i n  s i z e  t h e  c o d in g  c a p a c i t y  o f  t h e  IR -1  

e x o n s  (F in k e  e t  a l . , 1 9 8 7 ) .  A t h i r d  p o s s i b i l i t y  i s  t h a t  t h e r e  a r e  lo w  

num bers o f  EBV genom es in  t h e  B 95-8  c e l l s  from  M. P e r r i c a u d e t ' s  

l a b o r a t o r y ,  w h ic h  c o n t a i n  more th a n  8 r e p e a t s  i n  I R - 1 . The u p p er b an d  

i n  t h e  FIGE a n a l y s i s  o f  t h e s e  c e l l s  ( F i g  4 . 2 ,  la n e  3 ) ,  w o u ld  

c e r t a i n l y  seem  t o  s u p p o r t  th e  h y p o t h e s i s  t h a t  t h e r e  i s  a l e s s  

a b u n d a n t genome i n  t h e s e  c e l l s , w h ich  c o n t a i n s  1 2  r e p e a t s  w i t h i n  

I R - 1 . T h is  may n o t  b e  p a r t i c u l a r l y  s u r p r i s i n g  a s  B 9 5 - 8  i s  a 

s p o n ta n e o u s  p r o d u c e r  o f  v i r u s ,  and i t  h a s  b e e n  show n h e r e  t h a t  th e  

r e p e a t s  i n  IR -1  a r e  s u b j e c t  t o  ch a n g e d u r in g  t h e  l y t i c  p h a s e  o f  t h e  

v i r a l  l i f e  c y c l e .  I t  may b e  c o i n c i d e n t a l  t h a t  b o t h  t h e  cDNAs a n a ly s e d  

h e r e  o r i g i n a t e d  from  t h e  m in o r s p e c i e s  o f  EBV genom e and c o n t a i n  t h e  

sam e number o f  r e p e a t s  (we s p e c i f i c a l l y  s o u g h t  t o  ex a m in e lo n g  

cD N A s). A l t e r n a t i v e l y ,  t h i s  may u n d e r ly  a t y p e  o f  r e g u l a t i o n ,  p e r h a p s  

a t  t h e  l e v e l  o f  s p l i c i n g ,  w h ic h  p r o m o te s  a c e r t a i n  number o f  r e p e a t  

u n i t s  i n  EBNA-LP mRNAs.
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The sequencing has revealed that 13.13 has a C2W1 splice, which has 

been seen in all other C start cDNAs, but is unique in that it has 

the Y3H1 3' end of an EBNA-LP monocistronic message. 13.19, on the 

other hand, has the C2W1' splice not found previously in cDNA 

analysis, which creates an AUG codon for the EBNA-LP open reading 

frame. This supports the previous SI protection analysis which 

identified this splice in cell lines utilising the C promoter (Rogers 

et al.. 1990). In addition, the 13.19 cDNA splice downstream into the 

U leader exon, which has thus far only been found in EBNA 3 and EBNA 

1 messages (Bodescot et al. . 1986; Bodescot and Perricaudet, 1986; 

Shimizu et al. , 1988). It is reasonable to suppose that the 13.19 

cDNA clone was derived from a mRNA which contained a downstream EBNA 

open reading frame and was therefore very probably polycistronic. The 

structures of 13.13 and 13.19 are presented diagramatically in Fig 

4.4, along with all the other EBNA cDNAs characterised to date.

The presence of a C2W1' splice conclusively shows that the formation 

of an initiator methionine codon, AUG, for the EBNA-LP ORF is 

dependent upon specific splicing events, irrespective of whether the 

C or W promoter is active. The possibility of the in phase leucine 

codon, CUG, in the C2 exon being used to initiate translation of 

EBNA-LP following transcription from the C promoter was studied using 

the 5' sequences of 13.13 in both in vitro and in vivo analysis. The 

failure to initiate from this alternative codon, shows clearly that 

the expression of EBNA-LP from both the W and C promoter is dependent 

on the AUG forming splice taking place.

This is important not only for the expression of EBNA-LP, but also 

for that of the downstream EBNAs. Where the EBNA-LP AUG is formed by 

splicing, translational polarity would lead to reduced expression of 

any other EBNA encoded in the 3' region of a bicistronic mRNA. This
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i s  i n  f a c t  w h a t h a s  b e e n  o b s e r v e d  f o r  t h e  IB 4 - T 6 5  cDNA w h ich  i s

bicistronic for EBNA-LP and EBNA 2 (Wang et a l . , 1987). Where the AUG 

is not formed, the 5' leader sequences of EBNA messages would be 

untranslatable. It may be that this splicing event is  completely 

random, so that even messages which are monocistronic for EBNA-LP at 

their 3' end (such as 13.13), can s t i l l  be untranslatable due to the 

absence of an initiator methionine codon. It is  not possible to say 

whether the W1 acceptor site  is closer to a common consensus, as 

there appears to be poor conservation between EBV splice acceptor 

sequences. However, the SI protection analysis from a different 

laboratory has shown that the W0W1 and C2W1 splices are favoured over 

the alternative W' splices (Rogers et a l ., 1990), suggesting that 

there is some regulation over whether the W1 or Wl' acceptor 

sequences are used in the splice. Such regulation may serve to 

maintain a balance of EBNA expression which is  important for the 

immortalisation status of the cell.

Both cDNAs contained a G to T transversion which generated a stop 

codon in place of residue 21 in the f ir st  Wl exon. Although it  is  

impossible to identify the repeat in which this mutation appears in 

the genomic sequence, i t  is not present in C start cDNAs with shorter 

leaders and therefore must sometimes be skipped during processing 

(Bodescot et a l . . 1986; Bodescot and Perricaudet, 1986; Shimizu et 

a l . , 1988). This makes i t  d ifficu lt to evaluate the impact of such a 

mutation on the phenotype of B95-8, since both truncated and fu ll  

length EBNA-LP products would be present in the infected c e l ls .

The cotransfection experiments with the pl.4C-CAT construct 

demonstrate that the transactivation of the EBV C promoter sequences 

by pWOL is not simply the result of EBNA-LP. Cp is  now believed to be 

the preferred promoter for driving EBNA expression in established
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la te n tly  in fec ted  c e ll  l in e s , while Wp may function in  re s tin g  or 

pre-B c e lls  (W oisetschlaeger e t  a l . , 1990 ). Although other workers 

have obtained a c tiv a tio n  of Cp by EBNA 2 (p e r s . comm. N. Sung; C. 

Rooney) i t  is  not c le a r th a t the le v e l of a c tiv a tio n  of Cp with EBNA 

2 plasmids is  as good as th a t achieved w ith pWOL. Also, the EBNA 2 

responsive element mapped by N. Sung and co-workers is  upstream of 

the EBV content of pl.4C-CAT (p o sitio n s  6878-6976), which is  

n evertheless enhanced considerably by pWOL. So i t  remains possib le  

th a t there  may be some cooperation between EBNA 2 and LP. Very 

rec en tly , i t  has been shown th a t there  are also  important regulatory  

sequences downstream of the C promoter (between approximately 11,760 

to 11,860 on the EBV map) (p e rs . comm. D. W alls), and a l l  the 

previous work on Cp reg u la tio n  w ill  have to be reconsidered in  the 

l ig h t  of th is .  The work here has shown th a t,  w ithin  c e rta in  sequence 

boundaries (map p o sitio n  9911-11305), EBNA-LP expression alone has no 

e ffe c t  on Cp a c t iv i ty ,  but may s t i l l  co n trib u te  cooperatively.
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Chapter 5

Functional Analysis of EBNA-LP

The function of the Epstein-Barr virus Leader Protein is unknown, and 

at the beginning of of this project it was not obvious how to address 

this problem. As described earlier, a role for EBNA-LP in the 

immortalisation process was implied by the loss of its unique 3' 

sequences in the non-transforming viral strain P3HR-1 (Miller et al.. 

1974; Menezes et al. . 1975; Raab-Traub et al. . 1978; Delius and 

Bornkamm, 1978; Rabson et al. . 1982). This was supported by the 

report of a limited homology between the unique carboxy terminal 

sequences of LP and conserved domain 1 of the Adenovirus transforming 

protein, Ela (Huen et al.. 1988) (Fig 5.1). For these reasons most of 

the experiments described in this chapter were directed at the 

possible involvement of EBNA-LP in immortalisation by EBV. Various 

different ideas were tested.

5.1 Antisense EBNA-LP oligonucleotides

If it were possible to deplete the amount of LP in cells immortalised 

by EBV and consequently see changes in cell growth, that would 

provide a route to analyse LP function. An attempt was made to reduce 

the expression of EBNA-LP using antisense sulphur derivatised 

oligonucleotides (S-oligos). S-oligos have a sulphur atom substituted 

for the oxygen atom of the conventional phosphodiester bond of all 

naturally-occurring DNA internucleotide linkages. This substitution 

reduces the charge, thereby maintaining solubility in aqueous 

solutions and presumably enhancing compatibility with membranes. In 

addition, S-oligonucleotides have enhanced nuclease resistance and
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b io lo g ic a l s t a b i l i t y .  S- o lig o n u c le o tid e s , obta ined from S yn th ec e ll 

(R o c k v ille , MD, USA), were antisense to  sequences in  EBNA-LP, EBNA 1, 

EBNA 2, BZLF1 and human pap illom a v iru s  E7. A l l  were 25 n u c leo tid es  

in  len g th  and the l a t t e r  two were used as n e g ative  c o n tro ls  in  

experim ents aimed a t  reducing EBNA expression . The sequences o f the  

an tisen se  o lig o n u c le o tid e s  are g iven  below.

5 ' GGACTGGGCGACCGGTGCCTTCTTA 3' EBNA-LP

5 ' GAGCCTTCTGGTCCAGATGTGTCTC 3' EBNA 1

5 ' GGTTTCCAAGACTATCCGTGTCAAC 3' EBNA 2

5 ' GGCACCTGGTATGGGTCAGGTGTAA 3 ' BZLFI

5 ' CATCCTCCTCCTCTGAGCTGTCATT 3' E7

The o lig o n u c le o tid e s  were added to  the  growth medium o f B95-8 c e l ls  

4
(5x10 c e l ls /m l)  a t  a f in a l  c o n ce n tra tio n  o f 12, 25 or 50/iM. The

c e l ls  were incubated  a t  37°C, 10% 00^, fo r  another 4 days b e fo re  

h a rv e s tin g  the c e l ls  and lo ad in g  the e x tra c ts  on to  p ro te in  g e ls . The 

EBNA s ta tu s  o f these c e lls  was then checked in  Western b lo ts  using  

the  human p o ly c lo n a l antiserum , RM (F ig  5 . 2 ) .  U n fo rtu n a te ly , the  

a d d it io n  o f the EBNA-LP S -o lig o  had no d e te c ta b le  e f fe c t  on the le v e l  

o f LP expression . The f a in te r  bands in  the f i r s t  lane in  F ig  5 .2  

(12/iM LP) a re  p robab ly  due to  a lo a d in g  e rro r  as a l l  the EBNAs are  

e ffe c te d  e q u a lly  and the re d u c tio n  was n o t reproduced in  a second 

experim ent (n o t shown). However, th e re  does appear to  be s l ig h t ly  

le s s  EBNA 2 and EBNA 1 expression  when e ith e r  25/^M or 50//M o f  

antisen se  EBNA-LP o lig o  is  added to  the c e l ls ,  and th is  w i l l  be
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d i s c u s s e d  l a t e r .  O th er d i f f e r e n c e s  d id  n o t  seem  t o  b e  r e p r o d u c ib le  

b e tw e e n  t h e  tw o e x p e r im e n ts  p e r fo r m e d .

5 . 2  No e v id e n c e  f o r  LP b in d in E  t o  t h e  R e t in o b la s to m a  gen e p r o d u c t

The p o s s i b i l i t y  o f  b in d in g  o f  EBNA-LP t o  Rb w as i n v e s t i g a t e d  i n

c o l l a b o r a t i o n  w it h  Dr K. V o u sd en . An a s s a y  h a d  b e e n  d e v e lo p e d  e a r l i e r

w h ic h  d e m o n s tr a te s  th e  b in d in g  o f  a human p a p il lo m a  v i r u s  p r o t e i n ,

E 7 , t o  th e  r e t i n o b l a s t o m a  s u s c e p t i b i l i t y  g e n e  p r o d u c t ,  Rb. T h is

e n t a i l s  m ix in g  r a b b i t  r e t i c u l o c y t e  l y s a t e s  w h ic h  c o n t a in  i n  v i t r o

t r a n s l a t e d  Rb and E 7 . The Rb-E7 p r o t e i n  co m p lex  ca n  th e n  b e

im m u n o p r e c ip ita te d  u s in g  a n t i b o d i e s  t h a t  a r e  s p e c i f i c  t o  e i t h e r  o f

t h e  tw o p r o t e i n s ,  s o  t h a t  Rb com es down w it h  an  E7 a n t ib o d y ,  and v i c e

v e r s a .  EBNA-LP w as in t r o d u c e d  i n t o  t h i s  a s s a y  b y  m ix in g  i n  v i t r o

3
t r a n s l a t e d  LP ( l a b e l l e d  w it h  H - a r g in in e )  and Rb ( l a b e l l e d  w it h  

35
S - c y s t e i n e )  t o g e t h e r  and im m u n o p r e c ip it a t in g  w it h  an a n ti- R b  

m o n o c lo n a l a n t ib o d y ,  C36 (W hyte e t  a l . .  1 9 8 8 ) .  The s u c c e s s f u l

t r a n s l a t i o n  o f  LP was p r e d i c t e d  on  a  s e p a r a t e  g e l  ( n o t  show n) b u t  i n  

n e i t h e r  o f  t h e  tw o a t te m p ts  a t  t h i s  e x p e r im e n t  w as LP o b s e r v e d  t o  

c o - p r e c i p i t a t e  w it h  Rb ( F i g  5 . 3 ) .  So no d i r e c t  b in d in g  b e tw e e n  LP o f  

EBV and Rb c o u ld  b e  d e t e c t e d  u n d er t h e s e  c o n d i t i o n s .

5 . 3  T r a n s fo r m a tio n  R e sc u e  i n  P rim a ry  R a t Embryo F i b r o b l a s t s

The tsA  1 4  c e l l  l i n e  i s  a r a t  em bryo f i b r o b l a s t  l i n e  w h ich  e x p r e s s e s  

a te m p e r a tu r e  s e n s i t i v e  m u ta n t o f  SV40 l a r g e  T a n t ig e n  ( J a t  and  

S h a rp , 1 9 8 9 ) .  A t th e  p e r m is s iv e  te m p e r a tu r e  ( 3 3 ° C )  th e  p r o t e i n  i s  

s t a b l e  and t h e  c e l l s  b e h a v e  a s  an  e s t a b l i s h e d  l i n e ,  w h e rea s  a t  t h e  

n o n - p e r m is s iv e  te m p e r a tu r e  ( 3 9 ° C )  th e  p r o t e i n  i s  d e g r a d e d  and t h e  

c e l l s  s e n e s c e  r a p i d l y  w i t h i n  2 - 3  d a y s . I n  a d d i t i o n ,  i t  was show n t h a t
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Figure 5.3 Rb Immunoprecipitations. Lane 5 contains standard

molecular weight markers, sizes are shown in k ilodaltons. Lanes 1, 3

and 4 are immunoprecipitates from rab b it  re ticu lo c y te  lysates

35
containing in v i t r o  tran s la te d  Rb alone ( la b e lle d  with S-cysteine);

the immunoprecipitate in lane 2 is  from a 1:1 mix of lysates

containing in v i t r o  tran s la te d  Rb and 7-repeat LP ( la b e lle d  with 

3
H-arginine; molecular weight 51.4 kDa). The anti-Rb monoclonal 

antiboby, C36 (Whyte et a l ., 1988b) , was used in the

immunoprecipitations in lanes 1 and 2, while a commercially available  

anti-Rb antibody (Pharmingen, San Diego, CA, USA) was used in lane 4; 

no antibody was added to the immunoprecipitation in lane 3. The 

la rg e s t  in v i tro  tran s la te d  Rb p ro tein  migrates on the pro tein  gel a t 

approximately 90 kDa, although i t s  predicted molecular weight is  105 

kDA. The m ultiple bands underneath are thought to a r ise  from in te rn a l  

in i t ia t io n s  a t  d if fe re n t  methionine codons and are usually  seen in 

these in v i tro  tra n s la tio n s  of Rb.

13 2



the introduction of certain nuclear oncogenes, such as the Adenovirus 

Ela gene, prior to the temperature shift to 39°C could "rescue the 

transformation" phenotype of the tsA 14 cells, so that they continued 

to proliferate at the higher temperature (Jat and Sharp, 1989). Other 

nuclear oncogenes (for example v-mvc) could not compensate for the 

loss of SV40 large T in this assay. I tested whether EBNA-LP had any 

immortalisation potential using this system.

The IB4-WY1 cDNA was subcloned into pUC-MoMlv (described in Chapter 

2; Edmonds and Vousden, 1989). This construct (which expresses a 7 

repeat leader protein) was cotransfected with pHYG (expressing the 

hygromycin resistence gene; Sugden et al.. 1985) into tsA 14 cells by 

the calcium phosphate method. The pUC-MoMlv-LP plasmid was added at a 

10-fold greater concentration (/xg/ml) than pHYG in order to ensure 

that any hygromycin resistant colonies were likely to have the 

MoMlv-LP sequences integrated into the cellular DNA. The cells were 

shifted to 39°C the day after the transfection and the hygromycin 

selection was applied the following day.

Only in one early transfection experiment did colonies grow out at 

the non-permissive temperature. Two of these colonies were picked and 

Dr K. Vousden showed by immunofluorescence that these were not 

revertants containing thermostable large T antigen. The cells were 

then checked for the expression of EBNA-LP. Initially, this was 

attempted by immunofluorescence using either the human polyclonal 

antiserum, RM, or the JF186 monoclonal antibody (Finke et al., 1987) 

(Fig 5.4 A,B). LP expression could not be detected in this way as the 

pattern was the same for the drug resistant colonies and the 

untransfected control. However, Western blot analysis of the cell 

extracts using the RM antiserum showed that there was a protein of 

the correct size for a 7 repeat Leader Protein present in the two
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Figure 5.4 

A. Immunofluorescence of tsA 14 fibroblasts transfected with the 

LP expressing plasmid pUC-MoMlv-LP. The human polyclonal antiserum , 

RM (top panel) or the JF186 monoclonal antibody (bottom panel) were 

used. 
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B. Immunofluorescence of untransfected tsA 14 fibroblasts using 

the human polyclonal antiserum, RM (top panel) or the JF186 

monoclonal antibody (bottom panel). 
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transfected lines, but not in the untransfected control (Fig 5.5). 
From this it was concluded that these tsA 14 transfectants, which 
continued to proliferate after the loss of SV40 large T, were 
expressing EBNA-LP.

This experiment was repeated on several occasions by different 
people. Unfortunately, it was not possible to obtain any more tsA 14 
colonies growing at the non-permissive temperature following 
transfection of EBNA-LP into the cells, so the significance of the 
colonies obtained in the earlier experiment is open to question.

In collaboration with Dr L. Banks, ras cooperation assays were also 
carried out. Rat embryo fibroblasts transfected with the ras oncogene 
have only limited proliferative ability and they are not tumourigenic 
when seeded into host animals (Land et al. , 1983a). Cotransfections 
have shown that ras can cooperate with other cellular oncogenes, such 
as myc. or viral oncogenes, such as polyoma virus large T and 
adenovirus Ela, to achieve complete conversion of the fibroblasts to 
tumourigenicity; none of these oncogenes can accomplish this alone 
(reviewed by Land et al., 1983b). This supports a multistep process 
of carcinogenesis at the molecular level. Constructs expressing LP 
and ras were cotransfected into primary baby rat kidney cells. 
Although the LP transfected cells survived longer than the control 
cells initially (pers. comm. L. Banks), no transformed colonies arose 
from this experiment. This shows that EBNA-LP does not cooperate with 
ras in this transformation assay.

5.4 633 virus analysis

Several attempts had been made to restore the P3HR-1 virus deletion, 
in order to see whether this would produce transforming virus. This
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39 ►

RM serum

F ig u re  5 .5  Western b lo t  of tsA 14 f ib r o b la s t s .  The b lo t was probed 

w ith the human p o ly c lo n a l an tiserum , RM. U n tra n sfe cte d  tsA 14 c e l l s  

are in  the r ig h t -h a n d  la n e . LP1 and LP2 are the two EBNA-LP 

tra n s fe c te d  l in e s  which grow a t the n o n -p e rm issive  temperature. The 

p o s it io n s  of m o le cu lar weight markers are in d ic a te d  on the l e f t  s id e .  

A band of the c o r r e c t  s iz e  fo r a 7 -re p e a t LP ( 5 1 .4  kDa) is  seen in  

the tra n s fe c te d  c e l l s  but not in  the u n tra n sfe cte d  c o n tro l.

137



was a c c o m p lis h e d  u s in g  an o r i L y t  c o n s t r u c t  w h ich  c o n t a in e d  th e  

d e l e t e d  s e q u e n c e s  from  P3H R-1, p lu s  some f l a n k i n g  s e q u e n c e

(H am m erschm idt and S u g d en , 1 9 8 9 ) .  T h e se  w o r k e r s  u s e d  th e  BZLF1 gen e  

p r o d u c t  t o  in d u c e  a b u r s t  o f  p la s m id  r e p l i c a t i o n  v i a  th e  o r iL y t  

s e q u e n c e s  and t h i s  o p t im iz e d  th e  r e c o m b in a t io n  o f  t h e  EBV s e q u e n c e s  

i n t o  th e  P3HR-1 v i r a l  genom e. T r a n s fo r m in g  v i r u s  was p ro d u ced  b y  

r e c o m b in a t io n ,  d e m o n s tr a t in g  t h a t  s o m e th in g  i n  th e  d e l e t e d  s e q u e n c e s  

w as e s s e n t i a l  f o r  im m o r t a l is a t io n  b y  EBV. The tw o g e n e s  t h a t  a r e  

d e l e t e d  i n  P3HR-1 w ere  m u ta te d  t o  i d e n t i f y  w h e th e r  on e o r b o th  o f  

them  a r e  r e q u ir e d  f o r  im m o r t a l is a t io n .  Two d e r i v a t i v e s  o f  th e  

a fo r e m e n t io n e d  o r i L y t  p la s m id  w e r e  c o n s t r u c t e d  (H am m erschm idt and  

S u g d en , 1 9 8 9 ) .  One c o n t a in e d  t e r m i n a t i o n  co d o n s p o s i t i o n e d  a t  

o n e - t h i r d  o f  t h e  le n g t h  o f  t h e  EBNA 2 op en  r e a d in g  fram e; t h e  o t h e r  

h a d  th e  l a s t  two e x o n s  o f  EBNA-LP d e l e t e d  a s  th e y  a r e  i n  th e  P3HR-1 

s t r a i n .  R e c o m b in a tio n  o f  t h e s e  s e q u e n c e s  i n t o  P3HR-1 show ed t h a t  

r e s t o r a t i o n  o f  EBNA 2 a lo n e  w as s u f f i c i e n t  t o  r e g a i n  im m o r t a l is in g  

v i r u s ,  w h e r e a s  r e s t o r a t i o n  o f  a f u l l - l e n g t h  EBNA-LP w as n o t  

(H am m erschm idt and S u g d en , 1 9 8 9 ) .  H ow ever, i t  w as n o te d  t h a t  t h e  

e f f i c i e n c y  o f  im m o r t a l is a t io n  o f  t h e  v i r a l  s t r a i n  w h ic h  e x p r e s s e s  a 

t r u n c a t e d  LP ( 6 3 3  v i r u s ) , w as a p p r o x im a te ly  1 0 - f o l d  lo w e r  th a n  t h e  

P3HR-1 r e c o m b in a n t w h ic h  h a s  a l l  t h e  EBNAs i n t a c t  (H am m erschm idt and  

S u g d en , 1 9 8 9 ) .  T h e r e f o r e ,  i t  w as c o n c lu d e d  t h a t ,  a lt h o u g h  th e  c a r b o x y  

t e r m in a l  s e q u e n c e s  o f  EBNA-LP ( i n c l u d i n g  t h e  s e q u e n c e  h o m o lo g y  to  

c o n s e r v e d  dom ain  1 o f  a d e n o v ir u s  E la )  w ere n o t  r e q u ir e d  f o r  t h e  

im m o r t a l is a t io n  b y  EBV, an i n t a c t  EBNA-LP g e n e  c o u ld  s t i l l  c o n t r i b u t e  

t o  th e  g ro w th  c h a r a c t e r i s t i c s  o f  E B V -im m o rta lised  c e l l s  

(H am m erschm idt and S u g d en , 1 9 8 9 ) .

To a s s e s s  th e  e f f e c t  o f  f u l l  l e n g t h  LP on th e  g ro w th  o f  6 3 3  c e l l s ,  a 

f u l l - l e n g t h  EBNA-LP g e n e  was r e i n t r o d u c e d  i n t o  t h e  c e l l s .  B c e l l s  

im m o r t a l is e d  w it h  6 3 3  v i r u s  w ere  k in d ly  p r o v id e d  b y  Dr B. S u gd en .
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S o u th e r n  b l o t  a n a l y s i s  o f  DNA fro m  t h e  6 3 3  c e l l s  v e r i f i e d  t h a t  t h e  

v i r u s  c o n t a i n e d  t h e  c h a r a c t e r i s t i c  5 0 0 b p  d e l e t i o n  i n  t h e  Bamlll Y 

f r a g m e n t ,  w h ic h  rem o v e s  th e  l a s t  tw o e x o n s  o f  EBNA-LP ( F i g  5 . 6 ) .  The  

Y f r a g m e n t  i s  c o m p l e t e l y  d e l e t e d  i n  t h e  P3HR-1 genome and i s  s m a l l e r  

i n  t h e  6 3 3  v i r u s ,  w h ic h  c o n t a i n s  a 5 0 0  bp d e l e t i o n  i n  BamHI Y t h a t  

rem o v es  t h e  Y1 and Y2 ex o n s  o f  EBNA-LP. The 6 3 3  c e l l s  a l s o  p r o d u c e  a 

f a i n t  Y/H f u s i o n  b a n d , s u g g e s t i n g  t h a t  t h e r e  m ust b e  some r e s i d u a l  

P3HR-1 v i r u s  i n  t h i s  l i n e .  An EBNA-LP e x p r e s s i o n  v e c t o r  (pSNOC) w a s  

c o n s t r u c t e d ,  ( F i g  5 . 7 ) ,  w h ic h  h a s  t h e  CMV im m ed ia te  e a r l y  p r o m o te r  

and t h e  SV40 p o ly - A  s e q u e n c e s  a t  o p p o s i t e  s i d e s  o f  t h e  pUC19  

p o l y l i n k e r .  T h i s  p l a s m i d  a l s o  c o n t a i n s  t h e  n e o m y c in  r e s i s t a n c e  g e n e  

and o r i P  s o  t h a t  i t  w i l l  r e p l i c a t e  a l o n g  w i t h  t h e  r e s i d e n t  v i r u s  i n  

EBV i n f e c t e d  c e l l s  ( t h e  c o n s t r u c t i o n  o f  pSNOC i s  d e s c r i b e d  i n  d e t a i l  

i n  C h a p te r  2 ) .  F o l l o w i n g  t r a n s f e c t i o n  o f  pSNOC o r  pSNOC-LP i n t o  6 3 3  

c e l l s ,  d ru g  r e s i s t a n t  c e l l s  w e r e  s e l e c t e d  ( 1 5 0 - 2 0 0 / i g / m l  o f  G 418)  and  

e v e n t u a l l y  c h e c k e d  f o r  t h e i r  LP s t a t u s  i n  W e s te r n  b l o t  a n a l y s i s  ( F i g  

5 . 8 ) .  Two l i n e s  w ere  o b t a i n e d  i n  t h i s  way, one o f  w h ic h  e x p r e s s e d  

o n l y  t h e  t r u n c a t e d  LP from t h e  r e s i d e n t  6 3 3  v i r u s ,  633-pSNOC ( r i g h t  

hand l a n e ,  F i g  5 . 8 ) ,  w h i l e  t h e  o t h e r  e x p r e s s e d  b o t h  t h e  t r u n c a t e d  LP 

and t h e  f u l l - l e n g t h  v e r s i o n  fro m  t h e  p l a s m i d ,  633-pSNOC-LP ( m i d d l e  

l a n e ,  F i g  5 . 8 ) .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  633-pSNOC-LP l i n e  came  

t h r o u g h  t h e  d r u g  s e l e c t i o n  c o n s i d e r a b l y  f a s t e r  t h a n  t h e  633-pSNOC  

l i n e ,  and c o u l d  b e  t r a n s f e r r e d  fr o m  w e l l s  i n t o  f l a s k s  s e v e r a l  d a y s  

e a r l i e r .  The n e x t  s t e p  was t o  make a c o m p a r is o n  o f  g r o w th  

c h a r a c t e r i s t i c s  b e t w e e n  t h e s e  two l i n e s .

The g r o w th  c u r v e s  o f  t h e  t r a n s f e c t e d  l i n e s  w ere e s t a b l i s h e d  b y  

p l a t i n g  them o u t  a t  t h e  same c e l l  d e n s i t y  and t h e n  c o u n t i n g  t h e  c e l l s  

a t  a p p r o p r i a t e  d a y s  t h e r e a f t e r  ( F i g  5 . 9 ) .  I t  a p p e a r s  t h a t  t h e  two  

l i n e s  h a v e  e s s e n t i a l l y  t h e  same g r o w t h  c u r v e ,  w i t h  t h e  633-pSNOC-LP 

l i n e  r e a c h i n g  a  s l i g h t l y  h i g h e r  c e l l  d e n s i t y .  I n  a d d i t i o n ,  d o u b l i n g
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Figure 5.6 The 633 virus deletion. Southern blot of genomic DNA 

from B95-8, P3HR-1 and 633 cells. The blot was probed with 

nick-translated BamHI Y DNA from B95-8 virus.
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F ig u r e  5 . 7  The o r iP  e x p r e s s i o n  p la s m id  pSNOC-LP. pSNOC i s  a pBR322 

d e r i v a t i v e  c o n t a in in g  t h e  CMV im m ed ia te  e a r l y  p r o m o ter  and th e  SV40 

p o ly - A  s e q u e n c e s ,  u p str e a m  and dow n stream  r e s p e c t i v e l y  o f  th e  pUC19 

p o l y l i n k e r .  I t  a l s o  h a s  t h e  EBV o r i g i n  o f  l a t e n t  r e p l i c a t i o n ,  o r iP ,  

and t h e  n eo m y cin  r e s i s t a n c e  g e n e . The d e t a i l s  o f  t h e  c o n s t r u c t i o n  o f  

t h i s  v e c t o r  a r e  g iv e n  i n  C h a p ter  2 .  The u n boxed  p a r t  o f  th e  c i r c l e  i s  

th e  pBR322 v e c t o r  s e q u e n c e s .  EBNA-LP cDNAs w ith  v a r y in g  r e p e a t  cop y  

num bers w ere c lo n e d  i n t o  t h i s  p la s m id , o r i e n t a t e d  t o  b e  t r a n s c r ib e d  

b y  t h e  CMV IE p r o m o te r .
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Figure 5.8 EBNA expression in 633 transfectants. Western blot of 

protein from untransfected 633 cells and two drug-resistant 633 cell 

lines transfected with either pSNOC-LP or pSNOC. The blot was probed 

with a human polyclonal serum (RM) which recognises all of the EBNAs. 

In all three tracks, EBNA 2 is the uppermost band, EBNA 1 is just 

below, and the lowest common band is thought to be the truncated 

Leader Protein expressed from the 633 virus. The pSNOC-LP transfected 

line expresses a full-length (7-repeat) Leader Protein. The positions 

of molecular weight size markers are indicated on the left hand side.
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pSNOC

pSNOC-LP

Figure 5.9 Growth Curve. Comparison of the growth rate between

stable 633 cell lines expressing only truncated (pSNOC transfectants)

or truncated and full-length (pSNOC-LP transfectants) Leader Protein.
4

Cells were seeded at 5 x 10 cells/ml on the first day and aliquots 

taken 2, 4, 6 and 8 days later for cell counts. Cell counts were

averaged from triplicate Coulter counter measurements (standard 

deviations are indicated).
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5 4
d i l u t i o n s  (fr o m  2 x 1 0  down t o  1 x 1 0  c e l l s / m l )  w ere s e t  up in  9 6 - w e l l

p l a t e s .  T h e se  p l a t e s  w ere t h e n  in c u b a t e d  f o r  one w eek b e f o r e  c o u n t in g

3
th e  c e l l s  and m e a s u r in g  th e  i n c o r p o r a t i o n  o f  H -th y m id in e  ( F i g  5 . 1 0 ) .

The c e l l  c o u n t s  w ere a g a in  e s s e n t i a l l y  th e  same f o r  t h e  two l i n e s .

H ow ever, i t  w as n o t i c e d  t h a t  a t  t h e  h i g h e s t  s t a r t i n g  c e l l  d e n s i t y ,

3
t h e r e  w as s e v e r a l  f o l d  m ore in c o r p o r a t i o n  o f  H - th y m id in e  i n  th e  

633-pSNOC l i n e  ( r i g h t  h an d  s i d e  o f  F ig  5 . 1 0  A) .  Even when t h i s  d a ta  

i s  n o r m a lis e d  b y  d i v i d i n g  t h e  c o u n t s  b y  t h e  c e l l  n u m bers, t o  g e t  

c o u n ts  p e r  m in u te  p e r  c e l l ,  t h e r e  was s t i l l  a p p r o x im a te ly  3 - 4  f o l d  

more in c o r p o r a t i o n  o f  l a b e l  i n  t h e s e  c e l l s  ( r i g h t  h and s i d e  o f  F ig

5 . 1 0  C) . T h is  e x p e r im e n t  w as r e p e a t e d  s e v e r a l  t im e s ,  and th e  sam e 

r e s u l t  w as o b s e r v e d  e a c h  t im e .  A f u r t h e r  ex a m p le i s  shown i n  F ig u r e

5 . 1 1  ( n o t e  t h e  d i f f e r e n c e  b e tw e e n  th e  two l i n e s  i n  t h e  r i g h t  h an d  

s i d e  o f  5 . 1 1  D) . In  t h e s e  e x p e r im e n t s  th e  t r i t i a t e d  l a b e l  w as a d d ed  

t o  t h e  w e l l s  fo u r  h o u r s  p r i o r  t o  h a r v e s t i n g  i n  an e q u i v a l e n t  v o lu m e  

o f  f r e s h  g ro w th  medium, th u s  d i l u t i n g  t h e  c e l l s  2 - f o l d .  I t  seem ed  

p o s s i b l e  t h a t  t h i s  e f f e c t  m ig h t  b e  due t o  a d i f f e r e n t  r e s p o n s e  t o  

serum  in d u c t i o n  i n  t h e  m o st s a t u r a t e d  633-pSNOC-LP c e l l s .

T h is  h y p o t h e s i s  w as t e s t e d  f u r t h e r  b y  c h a n g in g  th e  c o n d i t i o n s  o f  t h e  

3
H - th y m id in e  i n c o r p o r a t i o n  e x p e r im e n t s .  T h is  t im e  t h e  tw o l i n e s  w e r e

p l a t e d  o u t  a t  th e  same c e l l  d e n s i t y ,  and l e f t  f o r  a p p r o x im a te ly  o n e

w eek  u n t i l  t h e y  w ere  b o t h  s a t u r a t e d .  A t t h i s  s t a g e ,  t h e  c e l l s  w e r e

c o u n te d  and w ere  a g a in  fo u n d  t o  b e  a t  v e r y  s i m i l a r  c e l l  d e n s i t i e s

(a p p r o x im a t e ly  2 x 1 0  c e l l s / m l ) .  T h ey w ere th e n  d i l u t e d  2 - f o l d  i n

f r e s h  g ro w th  medium and l a b e l  a d d ed  t o  a l i q u o t s  ta k e n  a t  two h o u r

tim e  i n t e r v a l s  f o l l o w i n g  t h i s .  I t  w as fo u n d  c o n s i s t e n t l y  t h a t ,  on

serum  in d u c t i o n ,  th e  l i n e  w h ic h  c o n t a in e d  f u l l - l e n g t h  EBNA-LP,

3
633-pSNOC-LP, h ad  a 3 - 4  f o l d  g r e a t e r  i n c r e a s e  i n  H - th y m id in e  

in c o r p o r a t i o n  th a n  th e  l i n e  w h ic h  o n ly  e x p r e s s e d  th e  t r u n c a t e d  LP, 

633-pSNOC ( F i g  5 . 1 2 ) .
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5 4Figure 5.10 Doubling d ilu tion s from 2 x 10 down to 1 x 10 

ce lls/m l were made in  duplicated 96 well plates, for both the 

633-pSNOC and 633-pSNOC-LP c e ll lin e s. In  each plate the d ilu tion s  

were set up in  tr ip lic a te . The plates were incubated for a week.

PSNOC
PSNOC-LP

3A. Uptake of H-Thvmidine. After 7 days the wells in  one set of

3plates were d iluted 2 -fo ld  in  fresh RPMI-1640 containing the H-Thy. 

These p lates were incubated for a further 4 hours before harvesting  

the c e lls  and measuring the incorporation of label.
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B. Ce ll Counts. The c e lls  in  the other set of plates were 

resuspended in  isoton ic buffer and counted using a coulter counter.
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C. N o r m a lis e d  D a ta . The c o u n t s  p e r  m in u te  o f  H -th y m id in e  

d i v i d e d  b y  t h e  c e l l  num bers t o  g i v e  th e  c . p . m .  p e r  c e l l .

a r e
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5 4Figure 5.11 Doubling d ilu tio n s  from 2 x 10 down to 1 x 10

cell/m l were made in  duplicated  96 well p la te s , fo r both the

633-pSNOC and 633-pSNOC-LP c e l l  l in e s . In each p la te  the d ilu tio n s

were se t up in  t r ip l ic a te .  The p la te s  were incubated for 2, 4, 6 or 8

days. As described before, the c e lls  were counted in one se t of

3
p la te s  and the incorporation of H-Thy was measured in  the other s e t .  

The data was normalised by dividing the counts per minute by the c e ll  

numbers to give the c.p.m. per c e l l .
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F ig u r e  5 . 1 2  Growth o f  c e l l s  a f t e r  s a t u r a t i o n  a r r e s t .  6 3 3 -pSNOC and 

6 3 3 -pSNOC-LP c e l l s  w ere l e f t  t o  grow  f o r  7 d a y s u n t i l  th e  c e l l s  w ere

g
s a t u r a t e d  ( a t  co m p a ra b le  c e l l  n u m bers, — 2 x  1 0  c e l l s / m l ) . The c e l l s  

w ere th e n  d i l u t e d  2 - f o l d  i n  f r e s h  R PM I-1640 medium w it h  10% FCS.

3
C e l l s  w ere th e n  p u l s e  l a b e l l e d  w it h  H -T hym idine from  0 - 2  h r s , 2 - 4  

h r s , 2 - 6  h r s ,  6 - 8  h r s  and 8 - 1 0  h r s  a f t e r  d i l u t i o n .
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5.5 Discussion

The attempt to reduce EBNA-LP expression using antisense 

oligonucleotides containing repeat sequences may have failed because 

of the unusual nature of EBNA expression in EBV. There is evidence 

that antisense oligonucleotides exert their effect by hybridising to 

a specific mRNA, which then gets cleaved by RNase H (Shuttleworth and 

Colman, 1988). An antisense oligonucleotide containing W1W2 repeat 

sequences would therefore affect not only monocistronic EBNA-LP 

transcripts, but also those for the other EBNAs which have LP coding 

sequences in their 5' region (in certain circumstances EBNA 1 may 

utilise a separate promoter; pers. comm. S. Speck). This could 

explain the slightly lower levels of EBNA 1 and EBNA 2 expression 

that were observed when the cells were grown with higher 

concentrations of S-oligonucleotides that had antisense W2 sequences 

(Fig 5.2, 25/zM LP and 50/jM LP) . Oligonucleotides that are antisense 

to the region 5' of the start site and overlapping the initial 

methionine or those beginning at the initial methionine and extending 

over the first few additional codons appear to be the most successful 

(reviewed by Marcus-Sekura, 1988). In addition, sequences that are 

antisense to splice sites have also proved effective (Smith et al. . 

1986). Therefore, in these experiments it might have been better to 

employ antisense oligonucleotides which bridged the C2W1' or W0W1' 

splices in the EBNA-LP open reading frame.

The limited homology (Fig 5.1) between the unique carboxy terminal 

sequences of LP and conserved domain 1 of the Adenovirus transforming 

protein, Ela (Huen et al.. 1988) has already been discussed. Although 

it is not clear whether this homology reflects a common function, 

these sequences are important for the transformation by Ela. 

Mutational analysis of the Adenovirus Ela gene product has shown that
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t h e r e  a r e  two c o n s e r v e d  d om ain s w h ic h  a r e  r e q u ir e d  f o r  t r a n s f o r m a t io n

(W hyte e t  a l . , 1 9 8 8 a )  . T h e se  same tw o r e g i o n s  a r e  a l s o  im p o r ta n t  i n

th e  b in d in g  o f  E la  t o  th e  r e t i n o b l a s t o m a  g en e p r o d u c t ,  R b , and

m u ta t io n s  w h ic h  r e d u c e  Rb b in d in g  a l s o  a b r o g a te  th e  t r a n s fo r m in g

a c t i v i t y  o f  t h i s  v i r a l  o n c o g e n e  (W hyte e t  a l . ,  1 9 8 8 b ;  W hyte e t  a l . ,

1 9 8 9 )  . Rb i s  now b e l i e v e d  t o  b e  a  tum our s u p r e s s o r  w h ic h  b lo c k s  th e

i n i t i a t i o n  o f  DNA s y n t h e s i s  (B u c h o v ic h  e t  a l . . 1 9 8 9 ;  Chen e t  a l . .

1 9 8 9 b ;  D eC ap rio  e t  a l . .  1 9 8 9 ) ,  s o  t h a t  i t s  b in d in g  b y  E la  w o u ld  th e n

p e r m it  th e  e n t r y  i n t o  S p h a s e . The SV40 la r g e  T a n t ig e n  and t h e  HPV

E7 p r o t e i n  a l s o  b in d  t o  Rb (D eC a p rio  e t  a l . . 1 9 8 8 ;  D yson e t  a l . .

1 9 8 9 )  and t h i s  i s  l i k e l y  t o  b e  an  im p o r ta n t  p a r t  o f  t h e  way i n  w h ich

t h e s e  v i r u s e s  a r e  a b le  t o  c ir c u m v e n t  t h e  c e l l  c y c l e  c o n t r o l  o f  t h e

i n f e c t e d  c e l l s .  The im m u n o p r e c ip it a t io n  e x p e r im e n t  w it h  i n  v i t r o

t r a n s l a t e d  LP and Rb f a i l e d  t o  sh ow  t h a t  EBNA-LP o f  EBV d o e s  n o t

d i r e c t l y  i n t e r a c t  w it h  Rb ( F i g  5 . 3 ) .  T h is  i s  s u p p o r te d  b y  w ork from

o t h e r  l a b o r a t o r i e s  ( p e r s .  comm. L. Y o u n g ). H ow ever, i n  r e t r o s p e c t  t h e

e x p e r im e n t  I  p e r fo r m e d  on LP/Rb i n t e r a c t i o n  i s  n o t  c o n c l u s i v e ,

3
b e c a u s e  a f a i n t  LP H s i g n a l  m ig h t h a v e  b e e n  d i f f i c u l t  t o  s e e  a g a i n s t  

th e  m u l t i p l e  s p e c i e s  o f  Rb. An o b v io u s  p o s i t i v e  c o n t r o l  w o u ld  b e to  

im m u n o p r e c ip ita te  w it h  an a n t ib o d y  t o  LP (we d id  n o t  h a v e  J F 1 8 6  a t  

t h i s  p o i n t ) .  T h ere  i s  now some d e b a t e  a s  t o  w h e th e r  b o th  c o n s e r v e d  

d om ain s o f  E la  a r e  a c t u a l l y  i n v o l v e d  i n  b in d in g  R b, o r  w h e th e r  

c o n s e r v e d  d om ain  2 a lo n e  i s  r e q u ir e d  f o r  t h i s  ( p e r s .  comm. K. 

V o u s d e n ) . A lth o u g h  t h e r e  i s  no a p p a r e n t  s e q u e n c e  h o m o lo g y  b e tw e e n  

c o n s e r v e d  d om ain  2 o f  E la  and an y o t h e r  EBV l a t e n t  c y c l e  p r o t e i n ,  i t  

i s  s t i l l  c o n c e i v a b l e  t h a t  i n t e r a c t i o n  b e tw e e n  an EBNA and Rb i s  an  

im p o r ta n t  s t e p  i n  t h e  i m m o r t a l i s a t i o n  p o t e n t i a l  o f  EBV.

I t  h a s  b e e n  show n t h a t  E la  i s  s t i l l  a b le  t o  r e s c u e  t r a n s f o r m a t io n  in  

ts A  1 4  c e l l s  t h a t  a r e  a t  3 9 ° C,  w hen c o n s e r v e d  dom ain 2 i s  m u ta te d .  

H ow ever, m u ta t io n  o f  c o n s e r v e d  d om ain  1 r e s u l t s  i n  E la  b e in g  u n a b le
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t o  co m p lem en t th e  l o s s  o f  SV40 l a r g e  T i n  t h i s  a s s a y  ( R i l e y  e t  a l . , 

1 9 9 0 )  . T h is  h a s  l e d  to  th e  s p e c u l a t i o n  t h a t  c o n s e r v e d  dom ain 2 may b e  

i n v o l v e d  i n  th e  i n i t i a t i o n  o f  im m o r t a l i s a t i o n  by E la , w h i le  c o n s e r v e d  

d om ain  1 p la y s  a p a r t  i n  i t s  m a in te n a n c e . In  a d d it io n ,  c o n s e r v e d  

dom ain  1 i s  r e q u ir e d  f o r  th e  b in d in g  b e tw e e n  E la  and a 300k D a  

c e l l u l a r  p r o t e i n  (v a n  Dam e t  a l . , 1 9 8 9 )  . I t  h a s  s i n c e  b e e n  c o n fir m e d  

t h a t  i t  i s  t h i s  b in d in g  w h ic h  e n a b le s  E la  t o  o p e r a te  i n  th e  ts A  1 4  

s y s te m  ( p e r s .  comm. K. V o u sd en ) . I n  a r e c e n t  a n a l y s i s  o f  E la  i t  was 

show n t h a t  t o  p e r m it  u n c o n t r o l l e d  g ro w th  a s s o c i a t e d  w it h  

t r a n s f o r m a t io n ,  th e  E la  p r o t e i n  h a s  t o  b e  a b le  t o  b in d  t o  b o th  Rb and  

t h e  300k D a  p r o t e i n  (Howe e t  a l . , 1 9 9 0 ) .  T h is  w ork a l s o  in c lu d e d  d a ta  

sh o w in g  t h a t  f o r  E la  t o  in d u c e  DNA s y n t h e s i s ,  i t  o n ly  h a s  t o  b in d  t o  

e i t h e r  Rb o r  t h e  300k D a p r o t e i n .  H ow ever, t h i s  i s  c o n t r a d i c t e d  b y  

o t h e r  w ork w h ic h  d e m o n s tr a te s  t h a t  b i n d in g  o f  th e  300kD a p r o t e i n  i s  

a b s o l u t e l y  r e q u ir e d  f o r  i n d u c t i o n  o f  DNA s y n t h e s i s  b y  E la  ( S t e i n  e t  

a l .  , 1 9 9 0 ) .  I t  may b e  t h a t  t h e  300k D a  p r o t e i n  a l s o  h a s  a tum our  

s u p p r e s s o r  l i k e  f u n c t i o n ,  w h ic h  p r o v i d e s  an  a l t e r n a t i v e  c o n t r o l  to  

t h a t  o f  Rb a t  t h e  G l/S  b o u n d a ry  i n  t h e  c e l l  c y c l e .

The e x p e r im e n ts  lo o k in g  a t  t r a n s f o r m a t io n  r e s c u e  b y EBNA-LP i n  t h e  

ts A  1 4  f i b r o b l a s t s  a r e  i n c o n c l u s i v e .  On t h e  one o c c a s io n  w h ere  

c o l o n i e s  grew  o u t  a t  3 9 °C, t h e  c e l l s  w ere  s u b s e q u e n t ly  shown n o t  to  

b e  l a r g e  T r e v e r t a n t s , and t o  b e  e x p r e s s i n g  a p r o t e i n  o f  t h e  c o r r e c t  

s i z e  f o r  a 7 - r e p e a t  LP. A t f i r s t  s i g h t  t h i s  i n d i c a t e s  a f u n c t i o n  f o r  

LP i n  t h e  g ro w th  o f  t h e s e  c e l l s .  H ow ever, t h e  f a i l u r e  t o  r e p r o d u c e  

t h i s  e x p e r im e n t  c a s t s  d o u b t on w h e th e r  t h e s e  c e l l s  h a v e  r e t a i n e d  

t h e i r  tr a n s fo r m e d  p h e n o ty p e  a s  a r e s u l t  o f  t h e i r  LP e x p r e s s i o n .  An 

a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e  p la s m id  DNA may h a v e  d is r u p t e d  

im p o r ta n t  c e l l u l a r  s e q u e n c e s  when i t  i n t e g r a t e d ,  a l l o w i n g  t h e  c e l l s  

t o  grow  i n  th e  a b s e n c e  o f  t h e  t . s .  l a r g e  T. N e v e r t h e l e s s ,  t h e  am ino  

a c i d  s e q u e n c e s  w h ic h  a r e  h o m o lo g o u s b e tw e e n  EBNA-LP and E la  a r e  th e
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same o n e s  w h ich  e n a b le  E la  t o  f u n c t i o n  in  t h i s  a s s a y  ( R i l e y  e t  a l . , 

1 9 9 0 ) .  I t  may b e  w o r t h w h ile  to  r e p e a t  t h e s e  e x p e r im e n t s ,  p erh a p s  

u s in g  a d i f f e r e n t  p la s m id  e x p r e s s i n g  EBNA-LP. S in c e  t h i s  a s s a y  i s  

b a s e d  on b in d in g  t o  t h e  300k D a  p r o t e i n  e x p e r im e n ts  h a v e  b e e n  s t a r t e d  

i n  t h i s  l a b o r a t o r y  t o  d e te r m in e  w h e th e r  t h e r e  i s  a s i m i l a r  

i n t e r a c t i o n  b e tw e e n  t h i s  im p o r ta n t  c e l l  c y c l e  r e g u l a t o r y  e le m e n t  and 

LP.

The 6 3 3  EB v i r u s  p r o v id e s  an g o o d  s y s te m  f o r  a n a ly s in g  th e  

c o n t r i b u t i o n  o f  a f u l l - l e n g t h  EBNA-LP t o  t h e  g ro w th  c h a r a c t e r i s t i c s  

o f  E B V - im m o r ta lise d  c e l l s .  The c o n c l u s i o n  t h a t  EBNA-LP d o es  n o t  

c o n t r i b u t e  t o  t h e  i n i t i a t i o n  o f  im m o r t a l is a t io n  b y  EBV (H am m erschm idt 

and S u g d en , 1 9 8 9 )  may b e  p r e m a tu r e , s i n c e  t h i s  ig n o r e s  t h e  f a c t  t h a t  

t h e  e f f i c i e n c y  o f  i m m o r t a l i s a t i o n  i s  p o o r  f o r  6 3 3  v i r u s .  I n  a d d i t i o n ,  

th e  r e p e t i t i v e  N - te r m in a l r e g i o n  o f  LP a p p e a r s  t o  b e  s t a b l e  w i t h i n  

6 3 3  c e l l s ,  a s  t h e  t r u n c a t e d  p r o t e i n  ca n  s t i l l  b e  d e t e c t e d  w ith  th e  

m o n o c lo n a l a n t ib o d y ,  J F 1 8 6 ,  w h ich  r e c o g n i s e s  an e p it o p e  i n  t h e  W1 

s e g m e n t. The a n t ib o d y  f a i l s  t o  r e c o g n i s e  t h e  W1 e p it o p e  i n  th e  P3HR-1 

LP (F in k e  e t  a l . , 1 9 8 7 )  , b u t  i t  w i l l  r e c o g n i s e  th e  B 9 5 - 8  r e p e a t  

s e q u e n c e s  t h a t  w ere  r e c o m b in e d  i n t o  th e  P3HR-1 genome (H am m erschm idt 

and S u g d en , 1 9 8 9 ) .  I n  a d d i t i o n ,  t h e  s u b n u c le a r  l o c a l i s a t i o n  o f  t h e  

t r u n c a t e d  LP i s  t h e  same a s  t h a t  o f  f u l l - l e n g t h  p r o t e i n  ( p e r s .  comm. 

B. P a r k e r ) .  T h is  s u g g e s t s  t h a t  any f u n c t i o n  t h a t  th e  LP r e p e a t s  c o u ld  

h a v e  w h ic h  i s  s e p a r a t e  from  t h a t  o f  th e  c a r b o x y  t e r m in a l  r e g i o n ,  may 

s t i l l  o p e r a t e  i n  t h e  im m o r t a l is a t io n  o f  B c e l l s  b y  6 3 3  v i r u s .  The 

c o n s t r u c t i o n  o f  a t r u l y  EBNA-LP n e g a t i v e  v i r a l  genome w o u ld  r e q u ir e  

t h e  r e m o v a l o f  t h e  m a jo r i n t e r n a l  r e p e a t  r e g i o n .  T h is  may n o t  o n ly  b e  

t e c h n i c a l l y  d i f f i c u l t  ( o r  i m p o s s i b l e ) , b u t  t h e  many p o s s i b l e  e f f e c t s  

on  an y  r e s u l t i n g  v i r u s  w o u ld  b e  h a r d  t o  i n t e r p r e t .
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Once the lines were established which expressed either the truncated 

LP alone or the truncated and full-length protein, it was hoped that 

the effect of the intact gene on the growth properties of EBV 

immortalised B cells could be assessed. There are some fundamental 

problems with this experiment which will be discussed now. The 

original B cells immortalised with 633 virus grew slowly and were 

feeder cell dependent. After a few months of passage in this 

laboratory, the growth of the cells improved markedly and they could 

be grown without feeder cells. The viral DNA in these rapidly growing 

cells was analysed and was found to still contain the 500 bp deletion 

in the BamHI Y fragment, which is characteristic of 633 virus (Fig 

5.6). This also revealed that there was a faint Y/H fusion band, 

suggesting that there must be some residual P3HR-1 virus in the 633 

cells. This is not surprising, as the only selection in the original 

recombination experiment was for immortalising virus (Hammerschmidt 

and Sugden, 1989), and there would be nothing to prevent unaltered 

P3HR-1 virus from co-infecting the primary B cells. However, the 

presence of P3HR-1 virus in these cells should have no bearing on a 

comparison between truncated and full-length EBNA-LP. The change in 

growth of the 633 cells prior to transfection of the pSNOC constructs 

is more problematic. When 633 virus was extracted from these cells 

and used to reinfect primary B cells, the efficiency of 

immortalisation was again low and the colonies could only be grown 

out on feeder cells. This suggests that any alteration that may have 

occurred in the original line must be cellular. To see the full 

effect of restoring EBNA-LP, it may have been better to transfect 

into the original cells that were still growing poorly. 

Unfortunately, it was only after the improvement in growth that it 

was possible to grow up enough cells for the transfections.
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At f i r s t  i t  seemed d isappoin ting  th a t  the growth curves should be the

same between the 633-pSNOC and 633-pSNOC-LP lin e s . The l a t t e r

c o n sis te n tly  reached a s l ig h tly  higher c e ll  density, but th is  was not

a larg e  d ifferen ce . I t  was only when density  sa tu ra ted  c e lls  were

3
d ilu te d  2 - fo ld  in  fresh  medium and the incorporation of H-thymidine 

was measured th e re a f te r , th a t  any s ig n if ic a n t e ffe c t was observed 

(Fig 5 .10  A,C, r ig h t  hand side; Fig 5 .11 D, r ig h t hand side; Fig 

5 .1 2 ).  I only had time to rep eat these experiments with the two 

o rig in a l c e l l  lin e s  633-pSNOC and 633-pSNOC-LP. In order to e s ta b lis h  

whether the e ffe c t  in  these lin e s  is  a rte fa c tu a l or a r e s u lt  of the 

d if fe re n t  LP s ta tu s  in  the c e l ls  i t  w ill  be necessary to repeat the 

experiments in  sev eral o ther 633 v iru s  derived lin e s . The pSNOC and 

pSNOC-LP plasmids have not only been tran sfec ted  in to  the 633 c e lls  

provided by Dr B. Sugden, bu t also  in to  c e lls  which were immortalised 

with 633 v iru s in  our lab o rato ry  and several tran sfe c te d  lin e s  have 

recen tly  been produced (in c lu d in g  some which express LPs with 

d if fe re n t  numbers of r e p e a ts ) . My r e s u l ts  suggest th a t the increased 

DNA synthesis in  sa tu ra ted  633-pSNOCLP c e lls  on serum induction is  a 

r e s u l t  of fu ll- le n g th  EBNA-LP being p resen t in  these c e l ls .

The EBNA-LP phenotype described here in  633 immortalised c e lls  should 

provide a b asis  fo r fu rth e r study on LP function. This increased DNA 

sy nthesis may r e f le c t  th ere  being e a s ie r  entry in to  S-phase in the 

633-pSNOCLP c e l ls .  This is  rem iniscent of an in te ra c tio n  with a 

tumour supressor, such as Rb, which ex erts  i t s  e ffe c t a t  the Gl/S 

boundary. Adenovirus Ela mutants which can no longer bind Rb, but 

bind the 300kDa p ro te in , s t i l l  overcome a block a t  Gl/S and promote 

sev eral rounds of DNA sy nthesis before the c e lls  a r re s t  in  G2 (p ers . 

comm. E. Moran). This supports o ther work which shows th a t binding of 

the 300kDa p ro te in  is  s u f f ic ie n t  to  promote entry  in to  S-phase (Howe 

e t  a l ..  1990; S tein  e t  a l . .  1990). I t  is  conceivable th a t EBNA-LP may
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i n t e r a c t  w it h  t h e  300k D a p r o t e i n  o r  a n o th e r  c o n t r o l  e le m e n t  a t  th e  

G l/S  b o u n d a r y , t h e r e b y  rem o v in g  a c e l l u l a r  b lo c k  to  DNA s y n t h e s i s .  

The im p o r ta n c e  o f  th e  r e p e t i t i v e  s t r u c t u r e  o f  EBNA-LP i n  th e  6 3 3  

s y s te m  may a l s o  b e  a s s e s s e d ,  u s in g  t h e  new l i n e s  w h ich  e x p r e s s  LPs 

w it h  d i f f e r e n t  num bers o f  r e p e a t s .
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Chapter 6

General Conclusions

The structure of the EBNA-LP gene of Epstein-Barr virus is unusual in 

that it is primarily composed of multiple copies of repeated exons 

within the major internal repeat region (IR-1) of the virus. 

Consequently the protein product is made up of a number of 66 amino 

acid repeats, followed by 45 amino acids of unique carboxy terminal 

sequence. A distinctive ladder of Leader Proteins (LP) with a regular 

spacing of 6 to 8 kDa is frequently observed in EBV immortalised 

cells (Finke et al.. 1987; Rowe et al.. 1987). This could result from 

alternative splicing in the LP coding regions, or use of different 

internal W promoters. If the repetitive structure of LP is central to 

its function/s, it is interesting to speculate whether more or less 

repeats are an advantage to the virus.

The repeat copy number of IR-1 was determined in a variety of EB 

viral isolates by sizing large DNA fragments containing the repeats 

on Field Inversion gels. This demonstrated that the B95-8 genome 

contains 8.6 repeats, while the mean copy number of all the strains 

studied was 6. The analysis also determined that the naturally 

occurring deletion in the P3HR-1 viral strain, which renders this 

virus non-immortalising, only extends into the most 3' IR repeat and 

is therefore 6806bp in size. Overall a strong correlation between 

repeat copy number and the size of LP was not observed, although 

there was a general trend for smaller proteins to be made from 

genomes with fewer repeats. More problematic is the presence of LPs 

which are much larger than the theoretical size range determined from 

the repeat copy number. Throughout this study there was no evidence
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for anomalous gel migration of in vitro translated LPs of those 

expressed in vivo by transfection. Other explanations are required to 

account for these large LPs, such as splicing between IR-1 sequences 

and other open reading frames downstream.

The FIGE analysis also revealed that in certain circumstances the 

number of repeats can alter. During virus induction and reinfection 

it appears quite common for the dominant number of repeats to change, 

whereas in latency the repeat copy number is relatively stable.

EBNA-LP can be expressed from both the C and W promoters of EBV 

(Woisetschlaeger et al., 1989). A Wp start requires a specific splice 

(WO to Wl') in order to create an initiator methionine codon for the 

LP open reading frame. SI protection analysis from a different 

laboratory (Rogers et al., 1990) and the cDNA analysis presented here 

both demonstrate that an LP start codon is created by a very similar 

splice (C2 and Wl') when the C promoter is active. In different 

systems it has been shown that translation initiation can sometimes 

occur from CUG codons (Clements et al. . 1988; Hann et al. . 1988; 

Prats et al. , 1989). Although there are two such codons in the 

non-coding C2 exon, it appears that they cannot operate in the 

initiation of LP translation. Therefore, the expression of EBNA-LP is 

dependent on the detailed mRNA splicing, and this may be regulated in 

some way. Where the LP AUG is formed by splicing, translational 

polarity can lead to reduced expression of any other EBNA encoded in 

the 3' region of a bicistronic mRNA.

LP expression alone has no effect on the activity of the C promoter, 

as seen in CAT assays. In my hands, EBNA 2 by itself had only a 

modest effect on Cp compared to experiments where both EBNA 2 and LP 

may potentially be expressed. These two EBNAs may cooperatively
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transactivate the C promoter, but further work is required to clarify 

this.

EBNA-LP has no known homologues in other viruses and little can be 

inferred about its function from its primary amino acid sequence. 

Repetitive peptide sequences have been observed in a diverse array of 

proteins, including structural proteins, secretory proteins, and 

proteins associated with the cell surface (Bressan et al.. 1987; 

Klickstein et al. . 1987; Moore et al. . 1987; Sharp and Li, 1987). 

Within each of the LP repeats there are two possible amphipathic 

helices, which may be able to pack together. However, the rest of 

each repeat, being proline rich and otherwise hydrophilic, should 

have no structural stability, and because of this, it was suggested 

that the repeats could only function in an inert sense, such as the 

recognition and binding of some other protein (pers. comm. T. 

Gibson). There are none of the recognised DNA binding motifs 

(Mitchell and Tijan, 1989) within the repeat sequences.

EBNA-LP is implicated in the immortalisation potential of EBV, 

because of the loss of its unique 3' sequences in the 

non-transforming viral strain P3HR-1 (Miller et al. . 1974; Menezes et 

al., 1975; Raab-Traub et al.. 1978: Delius and Bornkamm, 1978; Rabson 

et al., 1982). It is not clear whether the limited homology between 

conserved domain 1 of the Adenovirus transforming protein, Ela and 

the unique carboxy terminal sequences of LP (Huen et al., 1988) 

reflect a common function, but it is interesting that these sequences 

in Ela are absolutely required for Ela mediated transformation 

(Zerler et al.. 1987; Subramanian et al.. 1988; Whyte et al.. 1988a). 

For these reasons, my analysis of LP function was primarily directed 

at the possible role of EBNA-LP in immortalisation by EBV.
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T r a n s f e c t i o n  o f  an LP e x p r e s s i n g  p la s m id  i n t o  th e  tsA  14  f i b r o b l a s t s  

d id ,  on one o c c a s i o n ,  r e s u l t  i n  c o l o n i e s  g ro w in g  a t  th e  

n o n - p e r m is s iv e  te m p e r a tu r e  f o r  th e  t . s .  SV40 l a r g e  T a n t ig e n .  

H ow ever, t h e  f a i l u r e  t o  r e p r o d u c e  t h i s  e f f e c t  c a s t s  d o u b t on  w h e th e r  

LP ca n  t r u l y  f u n c t i o n  i n  t h i s  a s s a y .  I t  i s  now known t h a t  t h e  a s s a y  

i s  b a s e d  on an i n t e r a c t i o n  b e tw e e n  t h e  t r a n s f e c t e d  p r o t e i n  and th e  

3 0 0  kDa c e l l u l a r  p r o t e i n  ( p e r s .  comm. K. V o u sd en ) and e x p e r im e n ts  a r e  

b e in g  u n d e r ta k e n  t o  s e e  i f  EBNA-LP b in d s  t o  t h i s  im p o r ta n t c e l l - c y c l e  

r e g u l a t o r y  p r o t e i n .  I n  o r d e r  t o  b e  s u r e  t h a t  LP d o e s  n o t  b in d  t o  t h e  

r e t i n o b l a s t o m a  g e n e  p r o d u c t ,  R b , m ore c o n t r o l s  w i l l  h a v e  t o  b e  

in t r o d u c e d  i n t o  t h e  LP/Rb c o - im m u n o p r e c ip it a t io n  e x p e r im e n ts ;  su c h  a s  

u s in g  t h e  LP s p e c i f i c  m o n o c lo n a l a n t ib o d y ,  J F 1 8 6  (F in k e  e t  a l . , 

1 9 8 7 ) .

The 6 3 3  EB v i r u s  c a n  o n ly  e x p r e s s  a t r u n c a t e d  EBNA-LP, w h ic h  la c k s  

i t s  c a r b o x y  t e r m in a l  s e q u e n c e s .  T h is  v i r u s  h a s  a lo w  e f f i c i e n c y  o f  

im m o r t a l is a t io n  and 6 3 3  v i r u s  im m o r t a l is e d  c e l l s  grow  p o o r ly  

(H am m erschm idt and S u g d en , 1 9 8 9 ) .  As t h i s  p h e n o ty p e  may r e f l e c t  th e  

LP s t a t u s  i n  t h e  c e l l s ,  I  d e c id e d  t o  i n v e s t i g a t e  t h i s  b y  

r e i n t r o d u c i n g  a f u l l - l e n g t h  EBNA-LP i n t o  6 3 3  c e l l s .  Drug r e s i s t a n t  

l i n e s  w ere  e s t a b l i s h e d  w h ic h  e x p r e s s e d  e i t h e r  th e  t r u n c a t e d  LP a lo n e  

o r  b o t h  th e  t r u n c a t e d  and f u l l - l e n g t h  v e r s i o n  o f  th e  p r o t e i n ,  named 

633-pSNOC and 633-pSNOCLP r e s p e c t i v e l y .  C om parison  o f  t h e s e  l i n e s  

r e v e a l e d  t h a t  t h e y  h a d  th e  sam e g ro w th  c u r v e .  H ow ever, my r e s u l t s  

s u g g e s t  t h a t  t h e  p r e s e n c e  o f  a  f u l l - l e n g t h  EBNA-LP i n  g ro w th  

s a t u r a t e d  c e l l s  l e a d s  t o  i n c r e a s e d  DNA s y n t h e s i s  on serum  in d u c t i o n .  

I t  may b e  t h a t  e n t r y  i n t o  S - p h a s e  i s  f a c i l i t a t e d  i n  c e l l s  e x p r e s s i n g  

an i n t a c t  LP. One h y p o t h e s i s  w o u ld  b e  t h a t  LP i n t e r a c t s  w it h  a tum our 

s u p r e s s o r ,  su c h  a s  Rb o r  t h e  3 0 0  kDa p r o t e i n ,  th e r e b y  r e m o v in g  a 

b lo c k  a t  t h e  G l/S  b o u n d a ry  o f  t h e  c e l l  c y c l e .
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The work presented here on the structure and expression of EBNA-LP 
has characterised more fully this important Epstein-Barr viral 
antigen. The assay for LP function based on 633 EB virus describes 
for the first time a phenotype for this protein. This should provide 
a basis for further study on the role of EBNA-LP in EBV infected 
cells.
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