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ABBREVIATIONS 

 

A  : absorbance (formerly optical density) 

AcMNPV : Autographa californica multiple nuclear polyhedrosis virus 

APS  : ammonium persulfate 

ATP  : adenosine triphosphate 

BEVS  : baculovirus expression vector system 

Bm5, BmN : Bombyx mori (silkworm) cell lines 

BmNPV : Bombyx mori nuclear polyhedrosis virus 

bp  : base pair(s) 

BSA  : bovine serum albumin 

BV  : budded virus 

°C  : degree celsius 

cDNA  : complementary deoxyribonucleic acid 

CM  : complete medium 

cm2  : square centimetre 

cpm  : counts per minute 

C terminal : carboxy terminal 

Ci  : Curie 

dCTP  : deoxycytosine triphosphate 

DNA  : deoxyribonucleic acid 

DNAse : deoxyribonuclease 

dNTP  : deoxynucleotide triphosphate 

DTT  : dithiothreitol 

EDTA  : ethylenediamine tetraacetic acid disodium salt 



EGTA  : ethylene glycol-bis(βaminoethyl ether) N,N,N',N'- 

   tetraacetic acid 

EMSA  : electrophoretic mobility shift assay 

EtBr  : ethidium bromide 

FBS  : fetal bovine serum 

Fig.  : figure 

fpu  : footprinting units 

g  : gram(s) 

h  : hour(s) 

HEPES : N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)  

h.p.i  :  hours post infection 

hr  : homologous region 

kb  : kilo basepairs 

kDa  : kilo Dalton(s) 

lit  : litre 

LB  : Luria Bertani 

lef  : late expression factor 

LGT  : low gelling temperature 

luc  : firefly luciferase 

MCS  : multiple cloning site 

µCi  : micro Curie 

µl  : micro litre 

ml  : milli litre 

M  : molar 

mA  : milli amperes 



min  : minute(s) 

µM  : micro molar 

mM  : milli molar 

mm  : milli metre 

mRNA : messenger RNA 

mV  : milli volts 

m.o.i  : multiplicity of infection 

N  : normal 

ng  : nano gram 

nM  : nano molar 

nm  : nano metre 

NP-40 : Nonidet P-40 

N-terminal : amino terminal 

OV  : occluded virus 

ORF  : open reading frame 

PAGE  : polyacrylamide gel electrophoresis 

PBS  : phosphate buffered saline 

PCR  : polymerase chain reaction 

pfu  : plaque forming units 

PMSF  : phenylmethylsulfonyl flouride 

polh  : polyhedrin 

Ppolh  : polyhedrin gene promoter 

PVP  : polyvinylpyrollidone 

RNA  : ribonucleic acid 

RNase : ribonuclease 



RT  : room temperature (ambient temperature) 

rpm  : revolutions per minute 

s  : second(s) 

SDS  : sodium dodecyl sulfate 

Sf9/Sf21 : Spodoptera frugiperda (fall armyworm) cell line 

SSC  : saline sodium citrate 

Tris  : tris(hydroxymethyl)aminomethane 

TAE  : tris-acetate-EDTA buffer 

TBE  : tris-borate-EDTA-buffer 

TBP  : TATA-binding protein 

TE  : 10mM Tris-Cl, 1mM EDTA, pH 8.0 

TEMED : N,N,N',N' tetramethylethylenediamine 

TFIID  : RNA polymerase II general transcription factor D 

TNMFH : insect cell culture medium, expanded form not known 

U  : units 

UV  : ultraviolet 

V  : volts 

W  : watts 

x g  : times (the force of) gravity 

 

 



� �������	��
 �

�� ����� � � ������� 



Chapter1       Introduction 
 

 

 

1.1 Apoptotic pathways   ………………………………………………          4      

1.1.1 Intrinsic pathway …………………………………………….… .  6 

1.1.2 Extrinsic pathway …………………………………………….…   7 

1.2 Apoptotic players  

1.2.1 Caspases ………………………………..…………………..….…..7 

1.2.2 Bcl2 family proteins ………………………..……………..……..11 

1.2.3 IAPs ………………………………………..………………….…. 14 

1.2.4 CrmA ………..……………………………..…………………..….15 

1.2.5 P35 ………………………..………………..………………….... .15 

1.3 Viruses and apoptosis    ………………………………………….……. 17 

1.4 Oxidative stress and apoptosis    ……. ………………………..…….... 23 

1.4.1 AP-1 ………………………………...……..………………..….... 26 

1.4.2 NFκB  ………………………………..……………………….......29 

1.4.3 P53 ………………………………..…………………….………... 34 

1.5 Viral evasion of apoptosis …………………………………………..………. 37 

1.5.1 AP-1 and virus infection ………………………..………..... 39 

1.5.2 Modulation of NFκB by viral gene products …………...….40 

1.5.3 P53: A target of viral proteins against host cell apoptosis…43 

1.6 Baculovirus P35 evades host apoptosis ……………………………....  43 

1.6.1 Baculovirus P35 irreversibly inhibits caspases……...…44 

1.6.2 Baculovirus P35 functions as an anti-oxidant…………..45 

1.6.3 Baculovirus P35 is a potent anti-apoptotic protein…...…45 

1.7 Overview of gene expression and regulation in baculovirus …………47     

1.7.1 Gene expression ……………………………………….… ...47 

1.7.1.1 Early phase …………………………………...….…47 

1.7.1.2 Late and very late phase ………………..…………48 

1.7.2    Gene regulation ………………………… 

1.7.2.1 p35 promoter organization …………….…..….….49 

1.7.2.2 Regulation of p35 gene expression …..……….….50 

  2



Chapter1       Introduction 
 

 

1.8 Role of P35 in baculovirus replication and transcription .………….....50 

1.9 Aims and Objectives ………………………………………..…..…....  …… ..51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  3



Chapter1       Introduction 
 

 

INTRODUCTION  

Apoptosis is an orchestrated cellular phenomenon leading to cell death, which is 

characterized by cell shrinkage, membrane blebbing and DNA fragmentation. The 

term apoptosis was coined by Currie (1972), which means falling off (Greek) and 

is also referred to as programmed cell death. Apoptosis in normal physiological 

conditions helps to maintain tissue homeostasis, for example during development. 

Apoptosis also plays a critical role during pathological conditions, cellular insults 

(block in replication, transcription or translation), where cell death confers 

advantage in taking care of the pathogen or the cellular derangement that would be 

caused by certain stimuli (oxidative stress, cycloheximide, actinomycin D, etc). 

Often when apoptosis is talked about it is compared against necrosis which, unlike 

apoptosis, is an uncontrolled cell death phenomenon mostly occurring as a result 

of a cellular injury. 

Animal viruses provoke apoptosis in the host cells, which is the host innate 

defense mechanism against the virus. Baculoviruses infect insect cells of different 

orders (Lepidoptera, Diptera and Hymenoptera). Insects, which lack a definitive 

adaptive immunity, offer a good model for the study of apoptosis and aid in 

understanding the effects of apoptosis on viral infection. Baculoviruses have since 

been the choice model for the study of apoptosis and the host response against the 

viral infection. The apoptotic response can severely limit viral replication, so a 

successful infection can only occur if these viruses can block the apoptosis. This is 

the strategy adopted by these baculoviruses which harbor anti-apoptotic genes like 

the IAPs and the P35. 

 
1.1 Apoptotic pathways 

Apoptosis can be induced by a variety of factors including chemical treatment, 

withdrawal of trophic factors, adverse environmental conditions, etc. However, 

once initiated it proceeds by a common mechanism. Broadly apoptosis occurs by 

either intrinsic or extrinsic pathway. 
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(Hengartner, Nature, 1997) 

 

 

Fig 1: The two main pathways of apoptosis: intrinsic/mitochondrial and 

extrinsic/death receptor pathways. The intrinsic pathway results from 

disturbances in the mitochondrial membrane potential (displacement of anti-

apoptotic Bcl-2 members, Bcl-2, Bcl-XL by those of pro-apoptotic ones, Bid, 

Bax), leading to release of cytochrome C and activation of the apoptosome and 

apoptotic cell death. The extrinsic pathway is triggered by an external signal 

(CD95L) in the form of ligand binding to the death receptor (ex: CD95), 

induction of DISC, activation of caspase-8, which then activates caspase-3 and 

finally apoptosis of the cell.  
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1.1.1 Intrinsic pathway (the mitochondrial pathway)  

This pathway involves the role of mitochondria. Maintenance of mitochondrial 

membrane potential (MMP) is critical in this pathway. The mitochondrial 

membrane potential (MMP) is maintained by Bcl-2 family proteins. A balance 

between the pro-apoptotic and anti-apoptotic Bcl-2 members maintains the cellular 

rheostat (Korsmeyer et al., 1993). The displacement of anti-apoptotic Bcl-2 

proteins from the mitochondrial membrane by pro-apoptotic members (Bax, Bad, 

Bim and Bid) causes disturbances in the MMP and causes release of cytochrome C 

and other mitochondrial proteins into the cytoplasm, which is recognized as death 

signal. Cytochrome C complexes with other factors like Apaf-1 and procaspase-9, 

which is called the Apoptosome.  The apoptosome further in presence of dATP, 

activates caspase-3 and other death effector caspases that are required for the final 

stages of apoptotic cell death (Adrain and Martin 2001). AIF, another 

mitochondrial protein also triggers apoptosis by an as yet unknown mechanism 

(Daugas et al., 2000), which is independent of caspase activation. The activation of 

caspase-3 induces the apoptotic programme that branches into other sub-

programmes, which cumulatively cause apoptosis. 

 

1.1.2 Extrinsic pathway (death receptor pathway) 

This is mediated by receptor signaling (TNF, CD95). Once the apoptosis inducing 

ligand binds to its receptor, it causes conformational changes within the 

cytoplasmic domain, oligomerisation of the cytoplasmic domains of the receptor, 

forming the death inducing signaling complex (DISC) followed by recruitment of 

adapter molecules (FADD- Fas associated death domain protein) leading to the 

apoptotic cascade. 

 

1.2 Apoptotic players  

Apoptosis regulating genes are proven to be exceptionally well conserved 

throughout evolution (Liu and Hengarten, 1999). Apoptosis occurs in both single 

cell and multicellular organisms. Surprisingly, even bacteria show a similar  
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phenomenon (for example, when attacked by a bacteriophage) of altruistic 

behavior (Shub, 1994). The genetic dissection of the apoptotic pathways and 

related genes has been possible through work on Caenorhabditis elegans (Brenner, 

1974; Sulston, 1976; Horvitz, 1985). In C. elegans, 131 of 1090 somatic cells 

generated during development undergo apoptosis. The ced-3, ced-4 and ced-9 have 

been well studied and their homologs in other species including humans have been 

identified and characterized. This implies that the basic mechanism of apoptosis is 

well conserved among the different genera; however, the complexity of the 

pathways may increase in higher genera with the existence of multiple pathways 

and players. 

 

1.2.1 Caspases 

They are cysteinyl aspartate specific proteinases, which are the central 

executioners of apoptosis. The involvement of cysteine protease in apoptosis was 

first discovered in C. elegans (Yuan et al., 1993). To date, 14 caspases have been 

identified (Table 1), amongst which 11 are from mammals and their orthologs 

present in species ranging from nematode to Dipteran and Lepidopteran 

(Budihardjo et al., 1999; Earnshaw et al., 1999; Fesik and Sghi, 2001; Salvesen 

and Dixit, 1997; Thornberry and Lazebnik, 1998). The caspases can be categorized 

into two broad classes, the initiator (-2, -8, -9 and -10) and the effector caspases (-

3, -6 and -7). The initiator caspases are characterized by an extended N-terminal 

prodomain (>90 amino acids), whereas the effector caspases have a shorter 

prodomain of 20-30 residues. 

Activation of caspases  

Caspases exist in inactive form, the zymogens and are activated by specific 

signals. The active enzyme is a heterotetramer containing two P20/P10 

heterodimers with two active sites, which contain a cysteine residue. X-Glu-X-Asp  
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(Hengartner, Nature, 1997) 

 
 

 

Fig 2: Models of caspase activation 

1. An activated caspase cleaves a pro-caspase at its recognition site 

(Asp) and this continues as a cascade 

2. An induced proximity model explains the activation of caspase-8 by 

accumulation of proactive caspases 

3. Caspase-9 require other protein factors for its activation (Apaf-1), 

which subsequently acts on caspase-3 

defines the substrate specificity, i.e. after the aspartic acid group (Alnemri et al., 

1996; Thornberry et al., 1997). The effector caspases are activated by initiator 

caspases, which are auto activated upon specific signals. During the caspase 

activity, the cleavage of substrate protein occurs at specific internal Asp residues 

that separate the small and the large subunits. The initiator caspases trigger a 
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cascade of caspase activation, which is tightly regulated. Several substrates for 

caspases include the structural components like nuclear lamins and actin 

(Kothakota et al., 1997, Rao et al., 1996, Buendia et al., 1999), regulatory proteins 

like DNA dependent protein kinase, inhibitors of deoxyribonuclease (DFF45, 

ICAD) (Liu et al., 1997; Sakahira et al., 1998) and other pro-apoptotic proteins 

and caspases. The three general mechanisms for caspase activation and are shown 

in the figure 2:   

(a) An activated caspase molecule can act on inactive caspase molecule and 

trigger a cascade of caspase activation, which is used extensively by cells to 

activate caspase-3, -6 and –7. This cascade amplifies and integrates pro-

apoptotic signals.  

(b) The induced proximity model. Caspase-8 is the key initiator in the death-

receptor pathway. Adaptor proteins are recruited by death inducing 

signaling complex, resulting in a high local concentration of zymogen. 

These crowded conditions cause mutual cleavage of caspases and hence 

activation. Additional levels of regulation are thought to exist in vivo. 

(c) Caspase-9 requires the association with a regulatory subunit such as Apaf-1. 

This caspase-9/Apaf-1 complex forms a holoenzyme, which is often 

referred to as an apoptosome, and is thought to represent the true active 

form of the caspase-9. Initiator caspases are activated via the mechanisms 

shown (Fig 2 panel’s b and c through regulated protein-protein interactions. 
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Table 1: List of the caspases with their substrate specificity and function 
       
    (Modified from http://www.sgul.ac.uk/depts/immunology/~dash/apoptosis/caspases.html) 

 
 

Caspase Alternate name Substrates Function (and notes) 

Caspase-1 ICE 
pre-Interleukin-1b 

Interleukin-18 
Lamins 

Processing of interleukins 
(inflammation). Can also 

induce apoptosis depending 
on isoform and if 
overexpressed. 

 
Caspase-2 

 
Ich-1 (human), 

Nedd2 (rat, mouse) 

 
Golgin-160 
Lamins (?) 

 
Apoptosis (activity 

suppressed by serum 
deprivation) 

 
Caspase-3 

 
CPP32, Yama, 

apopain 

 
PARP, SREBs , Gelsolin, 
Caspase-6 , Caspase-7 , 
Caspase-9, DNA-PK , 

MDM2 Gas2, Fodrin, b-
Catenin, Lamins, NuMA , 

HnRNP proteins, 
Topoisomerase I, FAK, 

Calpastatin, p21Waf1 
Presenelin2, ICAD 

Apoptosis 

 
Caspase-4 

 
Ich-2, ICErelII 

 
Caspase-1 

 
Inflammation/Apoptosis 
(Note: this could be the 
human form of mouse 

caspase-11). Related to human 
caspase-5 and caspase-1 

 
Caspase-5 

 
ICErelIII, TY 

 
? 

Inflammation/Apoptosis 

(related to human caspase-4 

and caspase-1) 

 
Caspase-6 

 
Mch2 

 
PARP, Lamins, NuMA, 

FAK, Caspase-3, Keratin-18 
Apoptosis 

 
Caspase-7 

 
Mch3, ICE-LAP3, 

CMH-1 

 
PARP, Gas2, SREB1, EMAP 
II, FAK, Calpastatin, p21Waf1 

 
Apoptosis (activity blocked by 

cIAP1 and cIAP2) 
Similar in structure and 
substrate specificity to 

caspase-3 

Caspase-8 FLICE, MACH, 
Mch5 

Caspase-3, Caspase-4, 
Caspase-6, Caspase-7, 

Caspase-9, Caspase-10, 
Caspase-13, PARP, Bid 

Apoptosis (death receptors) 

 
Caspase-9 

 
Apaf-3, ICE-LAP6, 

Mch6 

 
Caspase-3, pro-Caspase-9, 

Caspase-7, PARP 
                Apoptosis 

 
Caspase-10 

 
FLICE-2, Mch4 

 
Caspase-3, Caspase-4, 
Caspase-6, Caspase-7, 
Caspase-8, Caspase-9 

Apoptosis (death receptors) 
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Caspase-11 

 
Ich-3, ICE_B 

 
? 

Murine caspase similar to 
human caspase-4. Belongs to 
the same family as caspase-3 
of enzymes. May be involved 
in inflammation and apoptosis 

 
 
Caspase-12 ICE_C ? 

Involved in mediating 
apoptosis following ER stress. 

Related to mouse caspase-1 
and caspase-11 and human 

caspase-4 and caspase-5 

 
Caspase-13 ERICE ? 

Member of the ICE family of 
caspases that include caspase-
1 and caspases-4, -5 and –11. 

Involved in inflammation. 

Caspase-14 -- ? 
Related to human/murine 

caspase-2 and human caspase-
9, expressed during epidermal 

differentiation 

 
 

 

1.2.2 Bcl-2 family proteins 

The founder protein of this family, Bcl-2 was discovered in B-cell lymphoma where 

a chromosomal translocation of the bcl-2 gene had occurred within the Ig heavy 

chain locus resulting in over expression of Bcl-2. The Bcl-2 family proteins are 

conserved throughout metazoan evolution with homologs in mammalian, avian, fish 

and amphibian species, as well as in invertebrates like C. elegans (ced-9), 

Drosophila and marine sponges. The Bcl-2 family proteins contain both pro-

apoptotic and anti-apoptotic members (Table 2). The Bcl-2 family consists of at 

least 24 members (Adams and Cory 1998, Chao and Korsmeyer 1998, Hsu and 

Hsueh 2000). The Bcl-2 family proteins have a c-terminal transmembrane domain 

(Fig 3), which enables the insertion of the protein into membranes. Bcl-2 has four-

conserved homology regions termed as Bcl-2 homology domains 1, 2, 3 and 4 

(BH1, BH2, BH3 and BH4). Most of the Bcl-2 family members possess the TM 

region but variable BH domains. The members of the Bcl-2 family can form homo 

and hetero dimers with each other and apparently titrate each other’s functions. 
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Fig 3: The domain organization of Bcl-2 family of proteins  

       (Suzanne Cory & Jerry M. Adams, 2002) 

 

 

 

 

 

 

 

 

 

 

 

 

 
           

   Fig 4: Regulation of Apoptosis by Bcl-2 family proteins 

   (Suzanne Cory & Jerry M. Adams, 2002) 
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                  Anti-apoptotic                    Pro-apoptotic 

 

Bcl-2    Bax 

Bcl-XL    Bak 
Bcl-w    Bok 

         Mcl-1                Bcl-XS 

BOO/DIVA   Bid 

A1/Bfl-1   Bad 
      Bcl-2-L-10   Bim/Bod 

Blk 
Hrk 

Nix 

       BNip3 

     Noxa 

      PUMA 

             Bcl-rambo 

 
 

Table 2:  The Bcl-2 protein family 

(Modified from Antonsson 2001 and Zhang et al. 2001) 

 

The Bcl-2 family proteins function to maintain the MMP. Any alteration of MMP 

causes the release of cytochrome C and other mitochondrial proteins, triggering the 

apoptotic pathway as discussed. Different models (Fig 4) suggest the mechanism 

of how the Bcl-2 family proteins stabilize or destabilize the mitochondrial 

membrane. The Bcl-2 proteins have been shown to have pore forming capabilities 

(Muchmore et al., 1996). It is still not clear if these pores are bigger enough for 

proteins to leak through. A second model suggests that these proteins interact with 

the proteins on the mitochondrial membrane to form larger pores (ex VDAC, the 

voltage dependent Anion channel). Another model suggests that the Bcl-2 

members induce rupturing of the mitochondrial membrane (Hengartner, 2000). 
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1.2.3 IAPs 

Inhibitor of apoptosis proteins or IAPs were initially discovered in baculoviruses 

(Cydia pomonella granulosis virus (Cp-iap), Orgyia pseudotsugata nuclear 

polyhedrosis virus (Op-iap), and AcMNPV (Ac-iap) by its ability to functionally 

replace p35 in a genetic complementation assay (Crook et al., 1993) and later also 

in mammals, insects and other viruses. By definition, these proteins contain BIR 

(Baculovirus IAP repeat) domain, a Zn binding fold important for anti-apoptotic 

activity. In addition to 1-3 copies of BIR domain, IAP family proteins also contain 

other domains including RING Zn fingers, CARDs, ubiquitin conjugating enzyme 

domains or putative nucleotide binding domains. The RING domains in IAPs 

interact with cellular components of the ubiquitination machinery, which controls 

the turnover of the associated proteins (Reed, 2000). IAP family proteins have 

been shown to bind and inhibit activated caspases. IAPs are selective caspase 

inhibitors and lack activity against many other members of the caspase family, 

which is in contrast to baculovirus P35 that shows its activity against most of the 

caspase family members. The op-IAP functions upstream of the apoptotic 

suppressor P35 to prevent programmed cell death (Manji et al., 1997). 

Ac-iaps are functional analogs of AcMNPV p35 mutants identified by 

functional complementation assays. Ac-iap cannot prevent apoptosis in 

Lepidopteran Spodoptera frugiperda (Sf-21) cells in the absence of p35. Ac-iap 

shares only 30% identity with the other two iaps, whereas there is 60% identity 

between Cp-iap and Op-iap. Ac-iap may also serve other functions in the cell. 

Since Op does not have a p35 homolog, it may rely solely on Op-iap for anti-

apoptotic function. Genetic analyses of baculovirus iaps along with p35 are likely 

to provide more insights into the molecular mechanism of apoptosis. 

In Drosophila, the death gene products of reaper, grim and hid directly bind 

to insect IAPs and inhibit them from binding to activated caspases. A mammalian 

IAP inhibitor has been recently described, Smac (Diablo), which binds to multiple 

IAP members XIAP, cIAP1, cIAP2 and Survivin allowing the caspases to induce 

apoptosis. 
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1.2.4 CrmA 

The cowpox virus protein CrmA (cytokine response modifier A) is a serpin that 

directly targets the active site of mature caspases. It has an active-site loop that is 

easily accessible to caspases. After being cleaved by a caspase, however, CrmA 

still stays bound to the caspase and blocks the active site. CrmA is a poor inhibitor 

of caspase-2, -3, 7 and -10, but an effective inhibitor of caspase-1, -4, -6, and -8 

(Cohen et al., 1997).  

 

1.2.5 P35 

Baculovirus P35 is yet another anti-apoptotic protein from baculoviruses (Clem et 

al., 1991), which does not have a cellular homolog unlike the IAPs. This anti-

apoptotic gene was discovered through marker rescue studies done by co-

transfection of mutant viral DNA with fragments of wild type viral DNA. The 

mutation was mapped to a gene known as p35, which had been previously 

sequenced but had no assigned function (Friesen and Miller, 1987). The sequence 

of the p35-encoded protein (P35) predicted from the nucleotide sequence provides 

little insight into its mechanism of action; it has no apparent sequence similarity to 

other known proteins in existing sequence databases. 

Subsequently, it was shown to have anti-caspase activity  (Bump et al., 1995) by 

binding irreversibly to caspases and acting as a suicide substrate (Bertin et al., 

1996).  Further P35 has also been demonstrated to function as an anti-oxidant (Sah 

et al., 1999) by its ability to sequester free radicals. P35 was also found to inhibit 

cytochrome C release (Sahdev et al., 2003). By its multi-pronged attack at 

different points in the apoptotic pathway, it is able to take over the apoptotic 

machinery completely and force the host cell to survive for its own advantage. 

Ever since it has been used successfully in several heterologous systems, including 

plants, as an anti-apoptotic agent. 

 

A more detailed description of the function of this protein is dealt in the 

subsequent section. 
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1.3 Viruses and apoptosis 

Apoptosis occurs in animal cells in response to viral infection as a part of host 

defense mechanism against the viruses. In return, viruses have evolved multiple 

distinct mechanisms for modulating the host cell apoptosis. The viruses harbor 

certain gene products which interfere with the conserved regulatory or effector 

mechanisms of apoptosis. Apart from providing survival advantage, the ability to 

inhibit host cell response plays an important role in the transformation of the host 

cell by oncogenic viruses. 

The first evidence of a virus mediated modulation of the apoptosis pathway came 

from studies on Adenoviral protein E1B 19k (Ezoe et al., 1981), where mutants 

lacking this gene had greater cytopathic effects, suggesting that this gene product 

in the wild type virus protects from apoptosis induced by the host cell. The 

adenoviral protein E1B 19k has also been shown to interact with various other host 

proteins in the apoptotic pathway, including, Bax and other BH3 protein family. It 

also favors stabilization of MMP and is also shown to inhibit death by necrosis in 

certain cell types (Subramanian et al., 1995). Tables 3 and 4 give a comprehensive 

list of the different viral gene products involved in the induction and inhibition of 

host apoptosis. 

In summary, the viral gene products target members of the Bcl-2 family, P53 (and 

other tumor suppressor gene products), caspases (both initiator and effector) and 

also modulate the receptor mediated apoptosis signaling.  
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Virus 

Pro-
apoptosis 
gene(s) or 
protein(s) 

 
 

Mechanism of action 
Apoptosis induction 

seen in 

Recombinant 
virus lacking 

gene or 
active 

protein* 

Reference 

Adenoviridae 
     Adenovirus 

 
E1A 
 
E4orf4 

 
Associates with the pRb/p300 family and 
induces p53 dependent apoptosis 
Protein cooperates with E1A to promote 
apoptosis in the absence of p53 
Interacts with protein phosphatase 2A 
(PP2A) to induce apoptosis 
Utilizes caspase 8/FADD pathway (cell 
specific) 

 
Many cancer cells 
 
Mouse embryo 
Fibroblast derived cells 
H1299 
 
293T 

 
+ 
 

+ (E1 and E4) 
 
- 
 
- 

 
Heise et al. (2000); Lowe & Ruley 
(1993) 
Marcellus et al. (1996b) 
 
Shtrichman & Kleinberger (1998) ; 
Shtrichman et al. (1999) 
Livne et al. (2001) 

African swine fever-like 
virus 
     ASFV 

 
5EL 

 
Functional IκB homologue, 
downregulates NFκB gene expression 

 
- 

 
+ 

 
Neillan et al. (1997) 

Circoviridae 

     Chicken anaemia virus 

 
Apoptin 
(VP3) 

 
Upstream caspase activation not required 
Apoptosis Bcl-2 and p35 inhibitable 

 
Many transformed and 
tumor cell lines 
 

 
- 

 
Jeurissen et al. (1992) 
Danen-van Oorschot et al. (2000) 

Flaviviridae 

           HCV 
       
             Pestivirus 

 
Core protein 
 
 
 
Erns 

 
Core protein binds to cytoplasmic domain 
of TNF 
Receptor 1-sensitization to TNF induced 
apoptosis 
Inhibition of protein synthesis 
(glycoprotein with RNase function) 

 
BC10ME, HepG2 and 
HeLa 
 
 
Lymphocytes in many 
species 

 
- 
 
 
 

+ 

 
Zhu et al. (1998) 
 
 
 
Bruschke et al. (1997); Meyers et 
al. (1999); Schneider et al. (1993) 
 

Hepadnaviridae 
     HBV 
 

 
pX 

 
Sequesters p53 and facilitates apoptosis 
induction 
Upmodulates TNF 

 
Chang and HepG2 

 
+ 

 
Lara-Pezzi et al. (1998) ; Su & 
Schneider (1997); Su et al. (2001); 
Wang et al. (1995) 

Table 3: Viruses that produce apoptosis inducing proteins 
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Virus 

Pro-
apoptosis 
gene(s) or 
protein(s) 

Mechanism of action Apoptosis induction 
seen in 

Recombinant 
virus lacking 

gene or 
active 

protein* 

Reference 

Retroviridae 
Human immunodeficiency 
virus 

 
Tat  
 
 
 
 
 
 
 
 
 
gp120/gp41 
 
 
Vpr 
 
 
Nef 
 

 
Increased activation of cyclin dependent 
kinases 
Decreased expression of manganese 
dependent superoxide dismutase 
Amelioration of Fas-dependent signal 
transduction via a TNFα mechanism 
Modulation of cAMP and CREB levels 
Upregulation of caspase 8 
Increase of Fas (CD95) by a process 
involving NFkB 
Syncytium formation and CD4 crosslinking 
 
 
Caspase-8-mediated pathway and 
modulated by the Bcl-2 family 
 
Increased expression of TNF on cell surface 

 
T cell line and PBMC 

 
Jurkat and HeLa 
 
Human and rat neuron
 
PC12 
 
Jurkat 
Not tested 
MOLT4-T4 and H9 
 
SupT1 and HeLa 
 
 
II-23.D7 

 
- 
 

+ 
 
- 
 
- 
 

 
Li et al. (1995) 
 
Westendorp et al. (1995) 
 
Kolesnitchenko et al. (1997); New 
et al. (1998) 
Zauli et al. (2001) 
 

Togaviridae 
    Semliki Forest virus 
     
 
    Sindbis virus 
    
    Rubella virus 

 
Not known 
 
E1 and E2 
 
Capsid 

 
Induces p53-independent apoptosis from the 
non structural part of the genome 
Virus entry ± initiates sphingomyelin 
degradation and ceramide release 
Endoplasmic reticulum-localized factor 

 
H358a and neurons 
 
AT3 
 
Vero and RK13 

 

* A virus that has had a recombinant constructed that lacks the ability to produce an active form of this protein is indic

ability to produce an active form of this protein is indicated by `+' Stewart Hay and George Kannourakis, Journal o

  
s 
+ 
- 
- 
 
 

+ 
 
 

+ 
 

Bartz & Emerman (1999) 
Li-Weber et al. (2000) 
Laurent-Crawford et al. (1993, 
1995); Maldarelli et al. (1995); 
Sylwester et al. (1997) 
Chang et al. (2000); Conti et al. 
(2000); Patel et al. (2000); 
Stewartet al. (1997) 
Lama & Ware (2000) 

 
+ 
 
- 
 
- 

 
Allsopp et al. (1998); Murphy et 
al. (2000) 
Jan et al. (2000); Joe et al. (1998) 
 
Duncan et al. (2000); Law et al. 
(2001); Pugachev & Frey (1998) 

ated by ̀', whereas a recombinant virus that lacks the 

f General Virology (2002) and references therein. 



 

 

Virus 

Anti-
apoptosis 
(genes) or 
proteins 

Mechanism of action Apoptosis 
stimulus 

Recombinant virus 
lacking gene or active 
protein* 

Reference 

Adenoviridae 
     
Adenovirus 
 
 
 
 

 
E1B-19K 
 
 
 
 
 
 
E1B-55K 
 
 
E3-6.7 
 
E3-10.4 
 
 
 
 
E3-14.5 
 
 
 
 
E3-14.7K 

 
Bcl-2 type--Inhibits E1A, Fas, TNF-induced 
apoptosis specific form of Bax - caspase activation 
stopped before caspase-9 but after caspase-8 
Binds to nuclear lamins 
 
Bcl-2 family 
 
Binds to p53 and functionally inactivates it 
 
 
Complexes with 10.4 and 14.5 resulting in 
downmodulation of TRAIL receptor 1 and 2 
Inhibits E1A or TNF-induced apoptosis 
Inhibits TNF-induced release of arachidonic acid 
Inhibits TNF-induced transfer of PLA2 to cell 
membrane 
 
Decreased presentation of Fas on the cell surface 
Inhibits E1A or TNF-induced apoptosis 
Inhibits TNF-induced release of arachidonic acid 
Inhibits TNF-induced transfer of PLA2 to cell 
membrane 
Decreased presentation of Fas on the cell surface 
Inhibits E1A or TNF-induced apoptosis 
 
Caspase pathway ± caspase-2 and -8 
Inhibits TNF-induced release of arachidonic acid 

 
TNF-a 
 
 
E1A-induced p53- 
dependent 
E1A-induced p53- 
dependent 
E1A-induced p53- 
dependent 
 
TRAIL and FasL 
 
TNF-a 
TNF-a 
TNF-a 
 
 
Anti-Fas 
TNF-a 
TNF-a 
TNF-a 
 
Anti-Fas 
TNF-a 
 
TNF-a 
TNF-a 

 
+ 
 
 
- 
 
- 
 
- 
 

                  
                + 

 
+ 
+ 

                + 

 
 

+ 
+ 
- 
- 
 

+ 
                + 

 
- 

                + 
 

 
Farrow et al. (1995); Marcellus et al. 
(1996a); Perez &White (2000) 
 
Rao et al. (1997)  
 
Debbas & White (1993)  
 
Teodoro & Branton (1997b); White et al. 
1992); Yew et al. (1994) 

 Table 4: Viruses that produce apoptosis inhibiting proteins 
(

 
Benedict et al. (2001) 
 
Gooding et al. (1988, 1991) 
Krajcsi et al. (1996) 
Dimitrov et al. (1997) 
 
 
Shisler et al. (1997) 
Gooding et al.(1991) 
Krajcsi et al. (1996) 
Dimitrov (1997) 
 
Shisler et al. (1997) 
Gooding et al. (1988) 
 
Liet al. (1998) 
Krajcsi et al. (1996) 



Virus 

Anti-
apoptosis 
(genes) or 
proteins 

 
 

Mechanism of action Apoptosis stimulus 

Recombinant 
virus lacking 
gene or active 

 

Reference 

African swine fever-like 
viruses  
 ASFV 
 
 
 
Baculoviridae 
    Baculovirus 
 
 
 
 
 
Herpesviridae 
    Bovineherpesvirus-4 
 
    EBV 
 
    Equine herpesvirus 
 
    
 
 
 
     
 
 
 
     HSV 
 
 
 
 
 
 

 
 
LMW5-
HL/A179L  
 
A224L 
 
P35 
 
 
 
IAP 
 
 
BORFE2 
 
BHRF1 
 
LMP-1 
 
 
 
 
BALF1 
E8 
 
 
 
γ134.5 gene 
 
US3 
 
US5 
 
 

 
 
Bcl-2-related protein  
 
 
IAP-related protein 
 
Caspase inhibitors 1, 3, 6-8 and 10 
 
Inhibits oxidative stress-induced apoptosis 
Caspase inhibition - caspase-3, -6 and -7 
 
 
Inhibits Fas and TNF-induced apoptosis. 
Contains death effector domains and 
interacts with caspase-8 
Bcl-2-related protein 
 
Interacts with TRAFs and TRADD and 
upregulates NFjB 
Induces the expression of Bcl-2 and A20 
 
Interleukin-10 production upregulated 
Bcl-2-related protein 
Signaling pathway -DED-mediated 
interaction 
Contains death effectorbdomains and 
interacts with caspase-8 
IFN-mediated pathway. Decreases elF-2a 
phosphorylation by PKR  
Ser/Thr kinase that prevents virus-induced 
apoptosis 
Cooperates with US3 
 
 

 
 
Protein kinase (p68) 
 
 
TNF−α and cycloheximide 
or staurosporine 
Staurosporine and 
extracellular potassium 
H2O2 
 
Actinomycin D 
 
 
Fas and TNF receptor 1 
 
Low serum, ionomycin, 
cisplatin and etoposide 
Low serum 
 
Low serum 
 
- 
IFN-γ 
TNF-a and anti-Fas 
 
TNF receptor 1 and Fas 
 
- 
 
UV irradiation and anti- 
Fas 
UV irradiation and anti- 
Fas 
 

      
 
     
 

      
      
 

 
 

 
 
Afonso et al. (1996); Brun et al. (1996, 
1998); Neilan et al. (1993); Revilla et al. 
(1997) 

Table 4 contd  
protein*

    - 

 

+ 
 

+ 
 
 
 

+ 
 

     
     - 

- 
 
- 
 
- 
 
 
- 
- 
 
- 
 

+ 
 

+ 
 

+ 

Chacon et al. (1995); Nogal et al. (2001) 
 
Bertin et al. (1996); Clem et al. (1991); 
Viswanath et al. (2000); Zhou et al. (1998) 
Sah et al. (1999)  
 
Crook et al. (1993); Deveraux et al. (1997) 
 
 
Wang e
 
Hender
(1994) 
Deverg
Mosialo
Hender
(1992) 
Vocker
Marsha
Bertin e
 
Hu et a
 
Cassady
(1992);
Jerome
 
Jerome
 
 

t al. (1997) 

son et al.(1993) ; Tarodi et al. 
; Young et al. (1999) 
ne et al. (1996); Kawanishi (1997); 
s et al. (1995) 

son et al. (1991); Laherty et al. 
; Young et al. (1999) 
odt et al. (2001) 
ll et al. (1999) 
t al. (1997) 

l. (1997) 

 et al. (1998); Chou & Roizman 
 Randazzo et al.(1997) 
 et al. (1999) 

 et al. (1999) 
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Virus  
 
 
 
   Human 
cytomegalovirus 
 
 
 
   Kaposi's sarcoma      
herpesvirus 
    Marek's disease virus 
 
Papovaviridae 
     Human 
papillomavirus 
      
      SV40 
 
 
 
 
 
Poxviridae 
     CPV 
      
      MOCV 
      
      
 
 
 
 
       
 MYXV 
 

Anti-
apoptosis 
(genes) or 
proteins 
 
 
IE1 and IE2 
 
vICA 
K13 
 
(ORF17) 
MEQ 
 
 
E6 
 
 
Large T 
 
 
 
 
 
CrmA 
 
GPx 
 
(MC066L) 
MC159 
 
 
 
 
M-T2 
 

Mechanism of action 
 
 
 
 
 
Transcriptional regulation. Controls CMV 
early transcription; blocks TNF apoptosis 
Prevents caspase-8 activation 
Signalling-viral FLICE-inhibitory protein 
(vFLIP) 
 
Transcriptional regulation - bZIP leucine 
zipper transcriptional factor 
 
Cell cycle - Binds and degrades p53 
Inhibits p53-independent and -dependent 
apoptosis 
Mechanism independent of p53 inactivation 
 
Blocks caspase-1-induced apoptosis 
 
Inhibition of p53-independent apoptosis via 
Rb family 
Inhibition of caspases-1, -4, -5 and -11 
 
Oxidative stress ± scavenges reactive 
oxides 
 
Signaling pathway - DED-mediated 
interaction 
Binds to procaspase-8 and FADD 
 
Inhibits NFkB activation and dsRNA-
dependent protein kinase-induced apoptosis 
TNF receptor-related protein ± inhibits 
TNF-a apoptosis (extracellular) and blocks 
T cell apoptosis (intracellular) 

 
Apoptosis stimulus 
 
 
 
 
TNF-a 
 
Anti-Fas, TNF-a and 
TRAIL 
Low serum 
 
TNF-a, C2-ceramide, UV 
irradiation and low serum 
 
E7 
 
 
Low serum 
 
Interleukin-1β−converting 
enzyme 
Epidermal growth factor 
withdrawal 
TNF-a and anti-Fas 
 
UV irradiation and H2O2 
 
 
TNF-a and anti-Fas 
Anti-Fas 
 
 
PKR 
 
 
TNF-a 
 
 

Recombinant 
virus lacking 
gene or active 

protein* 
 
 

+ 
 

           - 
 
- 

 

Reference 
 
 
 
 
 
Zhu et al. (1995) 
 
Skaletskaya et al. (2001) 
 
Low et al. (2001); Sturzl et al. (1999) 
Djerbi et al. (1999) 
Liu et al. (1998) 
 
 
Pan & Griep (1995) 
 
- 
 
 
- 

 

- 
 
- 
 
- 
 
- 
 
- 
 
 
- 
 
 
 
 

+ 

 
Thomas & Banks (1998, 1999) 
 
Conzen et al.(1997); Fromm et al. (1994); 
Tsai et al. (2000) 
Jung & Yuan (1997) 
 
Slinskey et al. (1999) 
 
Dbaibo & Hannun (1998); Tewari & 
Dixit (1995); Zhou et al. (1997) 
Moss et al. (2000); Shisler et al. (1998) 
 
 
Bertin et al. (1997)  
Shisler & Moss (2001); Tsukumo & 
Yonehara (1999) 
 
Gil et al. (2001) Macen et al. (1996); 
Schreiber et al. (1997); Xu et al. (2000) 



Virus 
 
 
 
 
 
 
 
 
 
 
 
 
VV 
Ectromelia virus 
Retroviridae 
Human 
immunodeÆciency virus 
 

Anti-
apoptosis 
gene(s) or 
protein(s) 
 
M-T4 
 
M11L 
 
 
Serp2 
 
 
 
SPI-2 
(B13R) 
SPI-2 
 
GPx 
 
Tat 
 
Vpr 
 
 
p17}p24 
 

 
 
Mechanism of action 
 
 
Retention in the endoplasmic reticulum, 
inhibits T cell apoptosis 
Prevents the mitochondria from undergoing 
a permeability transition. Inhibits apoptotic 
response of macrophages and monocytes 
Weak inhibitor - cannot protect CPV-
infected cells from apoptosis 
Modulates the mitochondrial permeability 
transition pore 
Similar to CrmA 
Inhibits interleukin-1b-converting enzyme 
Inhibited caspases-1 and -8 (but not -3, -6 
or granzyme B) 
Oxidative stress -detoxifies peroxides and 
free radicals 
Phosphatidylinositol 3 and Akt/PKB kinase 
pathway 
Normally pro-apoptotic Vpr interrupts 
TCR-mediated apoptosis. Regulation of 
NFκB 
Production of antagonistic epitopes that 
inhibit the normal 
lysis by cytotoxic T lymphocytes 

 
Apoptotic 
stimulus 
 
 
Seen with infection of 
deletion mutant 
Staurosporine 
 
 
Interleukin-1β-converting 
enzyme and granzyme B 
Anti-Fas or staurosporine 
 
Anti-Fas and TNF-a 
Anti-Fas and TNF-a 
TNF-a 
 
- 
 
Low serum 
 
Sorbitol 
 
 
Cytotoxic T cell activity 
 

Recombinant 
virus lacking 
gene or active 
protein* 
         
 
        + 
 
        + 
 
         
        + 
 
         - 
       
       
       
       
 
         - 
        
         - 
 
         - 
 

 

               + 

 
Reference 

 
 
 
Barry et al. (1997); Hnatiuk et al. (1999) 
Everett et al. (2000); Macen et al. (1996) 
Messud-Petit et al. (1998); Turner et al. 
(1999) 
Wasilenko et al. (2001) 
 
Dobbelstein & Shenk (1996) 
Kettle et al. (1997) 
Turner et al. (2000) 
 
Zhao et al. (2000) 
 
Borgatti et al. (1997); Gibellini et al. 
(1995) 
Ayyavoo et al. (1997); Fukumori et al. 
(1998) 
 
Klenerman et al. 
(1994) 
 

A virus that had a recombinant constructed that lacks the ability to produce an active form of this protein is indicated by’-‘, whereas a recombinant virus that lacks the 

ability to produce an active form of this protein is indicated by ‘+’.  
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Hay and Kannourakis, Journal of

  
  
 + 
 + 
  - 
 General Virology (2002) and references therein. 
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1.4 Oxidative stress 

Oxidative stress is the term used to denote the imbalance in the generation of 

reactive oxygen species, which may lead to deranged cellular metabolism. ROS is 

generated as a part of normal cellular metabolism in the mitochondria. An 

increased ROS can be neutralized by the activity of various antioxidant enzymes 

(superoxide dismutase, catalase, peroxidase, thiol reductase), bio-molecules 

(Vitamin C, E, reduced glutathione) in the cell. If the amount of ROS exceeds 

further, the cell responds to amount of damage that occurs, either by repair, cell 

cycle arrest or apoptosis. ROS can cause damage to cellular macromolecules 

including DNA. Repair pathways could repair the minor lesions in the DNA, but 

once the damage cannot be tolerated it goes towards apoptosis. 

During the investigation of the role of oxidant/anti-oxidant in the regulation of 

gene expression, two well-defined transcription factors were identified that are 

regulated by intracellular redox state which include NFκB and AP-1 (Sen and 

Packer, 1996). The binding sites of these transcription factors are located in the 

promoters of a number of genes which are involved in the pathogenesis of a 

number of diseases like AIDS, cancer, atherosclerosis and diabetes (Griffin et al., 

1989; Parhami et al., 1993; Baeuerle et al., 1994). Reactive oxygen species (ROS) 

are implicated in the pathogenesis of a wide variety of human diseases. Recent 

evidence suggests that at moderately high concentrations, certain forms of ROS 

such as H2O2 may act as signal transduction messengers. Critical steps in the signal 

transduction cascade are sensitive to oxidants and antioxidants. Many basic events 

of cell regulation such as protein phosphorylation and binding of transcription 

factors to cognate sites on DNA are driven by physiological oxidant-antioxidant 

homeostasis, especially by the thiol-disulfide balance. Endogenous glutathione and 

thioredoxin systems, and the exogenous lipoate dihydrolipoate couple may 

therefore be considered to be effective regulators of redox-sensitive gene 

expression. The efficacy of different antioxidants to favorably influence the 

molecular mechanisms implicated in human disease is a critical determinant of its 

selection for clinical studies (Sen and Packer, 1996). 
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The down stream effectors of ROS signaling (Fig 5) are not completely 

understood. Hydrogen peroxide is known to activate mitogen activated protein 

kinase as well as c-jun amino terminal kinase. ROS regulate the activity of 

transcription factors, of which NFκB is the widely studied factor (Stall et al., 

1990). 

ROS also directly activate the redox sensitive transcription factors like NFκΒ 

(Legrand-Poels et al., 1995) and AP-1 (Wu et al., 2005) or P53 (Gansauge et al., 

1997) through DNA damage sensors like the well-studied P53. P53 mediated 

apoptosis also has been shown to involve ROS as downstream mediators (Johnson 

et al., 1996). 

Various oxidizing and reducing agents alter the permeability transition of the 

mitochondria thereby influencing the trigger for apoptosis mediated by release of 

cytochrome C. Over expression of Bcl-2 prevents ROS induced apoptosis (Kane et 

al., 1993; Kowaltowski et al., 2004), either directly acting as anti-oxidant and 

sequestering ROS or inhibiting the mitochondrial permeability transition and 

consequent leakage of small molecules from the mitochondria). 

Cysteine-rich proteins are readily responsive to redox changes that may be induced 

by ROS generation.  ROS causes the formation of intra- or inter-molecular 

disulfide bond between cysteine residues which could alter the protein 

conformation creating dimers and multimers and influencing association with 

other cellular proteins (thioredoxin and GST). In oxidizing conditions, redox 

sensitive proteins form dimers through the cysteine residues and are likely to 

dissociate it from previously associated proteins. The formation of disulfide bonds 

is proportionate to amount of oxidative stress resulting in the induction of stress 

responsive proteins. Thioredoxin not only directly senses the redox changes 

(Schulze-Ostho et al., 1995; Sen and Packer, 1996; Flohe et al., 1997; Piette et al., 

1997) but also functions as an inhibitor of stress kinase ASK1 (Saitoh et al., 1998). 

GSTP1-1 also has been identified as an inhibitor of JNK signaling (Adler et al., 

1999) which also supports the regulation of stress kinases. In both cases, the 
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inhibition of the stress kinases is mediated via the association with the respective 

redox sensitive molecule, which takes place under non-stressed growth conditions. 

 

 

 

Fig 5: ROS signaling pathways 

 

Alterations in redox state have been shown to alter the binding ability of several 

key transcription factors to their cognate DNA sequences. Hence, the cellular 

redox state serves as an additional regulatory control for these transcription factors. 

Among the redox-sensitive transcription factors thus far identified include NF-κB, 

Sp-1, AP-1, c-myc and P53.  
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1.4.1 AP-1 

Activator protein-1 (AP-1) is one of the first mammalian sequence-specific 

transcription factors recognized (Angel et al., 1987; Bohmann et al., 1987). AP-1 

was originally identified by its binding to its cognate sequence in the SV40 

enhancer. AP-1 belongs to the dimeric basic region-leucine zipper (bZIP) protein 

group composed of Jun (identified as major component of AP-1 by Bohmann et 

al., 1987), Fos, (Curran et al., 1982) and activating transcription factor (ATF) 

protein family members. AP-1 transcription factor is a dimer and is composed of 

many different combinations of hetero- or homodimers and the composition of 

AP-1 determines the genes that it regulates. The Jun component is the gene 

product of c-jun, which was identified by its relationship with the oncogene of 

avian sarcoma virus. The mouse genome contains a family of c-jun related genes, 

JunB and JunD, which also comprises the leucine zippers that can form homo or 

heterodimers (Wisdom, 1999). The other component of AP-1 is the product of the 

c-fos gene, which is the cellular homolog of the oncogene v-fos (murine sarcoma 

virus). Expression of c-fos activates genes whose promoters or enhancers possess 

an AP-1 target site. The c-fos product is a nuclear phosphoprotein that is one of a 

group of proteins (Fos-related antigens, FRA), which constitute a family of fos-

like proteins. Fos also has a leucine zipper. Fos cannot form homodimers, but can 

form a heterodimer with Jun. A leucine zipper in each protein is required for the 

interaction. The ability to form dimers is a crucial part of the interaction of these 

factors with DNA. Fos cannot by itself bind DNA, but the Jun-Fos heterodimer 

can bind to DNA with same target specificity as the Jun-Jun dimer but with much 

higher affinity (almost 10 times). These dimers can bind to the AP-1 cognate 

elements (5’-TGAG/CTCA-3’), also known as TREs (phorbol 12-O-

tetradecanoate-13-acetate (TPA) response elements), based on their ability to 

respond to the phorbol ester TPA (tumor promoter) (Angel et al., 1987). The DNA 

binding affinities and transactivation capacities of the Jun proteins vary 

considerably, with c-Jun exhibiting the highest activation potential; 

heterodimerization with c-Fos further increases c-Jun’s transcriptional capacity  
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through the formation of more stable dimers, while heterodimerization with JunB 

attenuates it. AP-1 is activated by various stimuli, which ultimately result in the 

expression of target genes (Fig 6) involved in tumorigenesis or apoptosis. 

 

 

 

 

 
 

 

 

Fig 6: Schematic representation of the AP-1 activation pathway 

 

 

AP-1 is regulated at multiple levels, including gene expression, phosphorylation 

(by MAPKs) and dimeric composition. Phosphorylation can influence the activity 

of a protein by affecting the DNA-binding, stability, ability to interact with other 

proteins, and transactivation potential. c-Jun is phosphorylated at serines 63 and 73 

and threonines 91 and 93 within the transactivation domain. MAPK-dependent 

phosphorylation of these sites stimulates transcriptional activation of c-Jun (Smeal 

et al., 1991; Derijard et al., 1994). The AP-1 is also a target for ubiquitination and 

degradation by proteasome.  
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The AP-1 transcription factor is involved in both basal gene expression, as well as 

TPA-inducible gene expression. Other stimuli include serum, growth factors, 

oncoproteins, tumor necrosis factor (TNF-α), interleukin-1 (IL-1) and a variety of 

environmental stresses, such as UV radiation. AP-1 is important in growth control 

and plays a key role in cell transformation. AP-1 is also likely to be involved in 

inflammation and innate immuneresponse (since two of its target genes are 

collagenase and IL-2). They are also involved in the control of cell death and 

proliferation. AP-1 may promote cell proliferation by activating the cyclinD1 gene. 

Recent studies have shown that the AP-1 complex may often act in combination 

with other transcription factors (Nead et al., 1998 and Chen et al., 2004). NFAT 

sites usually have an AP-1 like site downstream of the NFAT binding site and bind 

together with AP-1 to bind fifteen nucleotides and activate NFAT controlled genes 

in the T cell receptor (TCR) activation pathway. C-jun has also been shown to bind 

with the tumor suppresser gene Rb to control transcription from AP-1 like sites 

(Nead et al., 1998). This links c-Jun to the molecular control mechanism of the cell 

cycle and provides new insight into the possible role of c-Jun and c-Fos in the cell. 

c-Jun is a negative regulator of both p53 expression and its ability to activate target 

gene transcription. The effect of c-Jun on p53 is likely to be direct, and exerted 

through a variant AP-1 site in the p53 promoter, but in this case c-Jun represses 

rather than activates transcription. The major function of c-Jun induction in UV-

irradiated cells seems to be the repression of p53-mediated p21cip1/waf1 induction, 

and thereby allows growth arrested cells to re-enter the cell cycle (thus promoting 

apoptosis). JunD also interacts with the p53 pathway, since expression of p19Arf is 

down regulated by Jun-D. The INK4a locus is a transcription unit shared by the 

p19Arf and p16 genes, and recent results suggests that Jun-B regulates p16 

expression, thus the growth inhibitory activity of Jun-B is likely to be in part 

dependent on p16; indeed, the p16 promoter contains 3 AP-1 binding sites. On the 

other hand, c-Jun down-regulates p16 transcription.  
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The pro-apoptotic capacity of c-Jun can be explained also by its ability to activate 

the FasL gene, which is induced by DNA damaging agents, and indeed contains 

one AP-1 binding site. It should be said that, despite the involvement of c-Jun and 

c-Fos in growth control and oncogenesis, positively regulated AP-1 target genes 

that mediate cell cycle progression were never identified. Pro-mitogenic AP-1 

complexes, especially those containing c-Jun, seem to accomplish their growth 

promoting functions through the repression of tumor-suppressor genes, such as 

p53, p21cip1/waf1 and p16. Fos/Jun can disrupt the structure of a nucleosome. 

Moreover, multiple DNA binding sites for AP-1 are not required for this disruption 

process. These findings suggest that AP-1 may also play an important role in the 

chromatin remodelling process (Ng et al., 1997). 

Many transcription factors and proteins involved in cell growth are also important 

during apoptosis. The role of AP-1 in cell fate depends on the cellular context, 

resulting in different and sometimes even opposite responses. c-Fos plays the role 

of a positive regulator of apoptosis during development, tissue remodeling and in 

response to stress stimuli. Over expression of c-Fos induces apoptosis in immature 

lymphocytes and in a myeloid leukemia cell line, as well as in hepatocytes (Hu et 

al., 1996; Mikula et al., 2003). However, c-Fos is not essential for apoptosis, since 

apoptosis also occurs in c-fos deficient mice (Roffler-Tarlov et al., 1996). 

 

1.4.2 NFκB 

The NFκB Rel family of transcription factors forms the first line of defense against 

infectious diseases and cellular stress. It is also well characterized as one of the 

major redox sensitive transcription factors. It exists as a homo or hetero dimer of 

two subunits of homo- or hetero dimers of different subunits. The subunits belong 

to a family of structurally related proteins called Rel/NF-κB proteins (Fig 7). Five 

different Rel proteins (also called Rel/NF-κB proteins) have been identified so far: 

p50, p52, p65, RelB, and c-Rel, which contain a conserved N-terminal region, 

called the Rel Homology Domain (RHD). The RHD contains the DNA-binding 

and dimerization domains and the nuclear localization signal of the Rel proteins. 
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p50 (also called NF-κB1) and p65 (RelA) were the first NF-κB proteins to be 

identified. Their N-terminal 300 amino acids revealed high similarity to the 

oncoprotein v-Rel, its cellular homolog c-Rel and the Drosophila protein Dorsal 

that resulted in the terms Rel proteins and RHD.  

The Rel/NF-kB proteins can be divided into two groups. Only RelA (p65), RelB 

and c-Rel (and Dorsal and Dif in Drosophila) contain potent transactivation 

domains (TDs) within sequences C-terminal to the RHD. The TDs consist of 

abundant serine, acidic and hydrophobic amino acids that are essential for 

transactivation activity. In contrast, p50 and p52 do not possess TDs, and therefore 

cannot act as transcriptional activators by themselves. Homo- or hetero- dimers of 

p50 and p52 were even reported to repress κB site-dependent transcription in vivo 

(Lernbecher et al., 1993), possibly by competing with other transcriptionally active 

dimers (e.g. p50/RelA) for DNA binding. Interestingly, κB-site-dependent 

transcriptional activation by p50/p50 has been demonstrated in vitro (Lin et al., 

1995).  
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Fig 7: Domain organization of the rel family of proteins 

 

There are additional differences between these two groups of Rel/NF-kB proteins. 

RelA, RelB and c-Rel mRNA transcripts code for proteins that basically consist of 

the RHD and the TD, but p50 and p52 are synthesized as a p105 or p100 precursor 

protein, respectively. p105 and p100 belong to the IκB family. Their N-terminal 

portion constitutes the RHD while the C-terminal part contains multiple copies of 

ankyrin repeat sequences, which are typical for IκB proteins. Between the RHD 

and ankyrin repeats lies a glycine-rich region (GRR). The GRR might provide a 

signal for endoproteolytic cleavage of p105 (and possibly p100) by an ATP- and 

Mg2+-dependent protease, which results in the release of p50 and the C-terminus, 

which is ubiquitinated and degraded by the proteasome. In the inactive form it 

exists in the cytoplasm bound to its inhibitor (IκB). Upon stimulation, the IkB 

subunit gets phosphorylated and frees the NFκB, which then gets translocated into 
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nucleus to drive the transcription of its target genes. Its target genes studied in 

mammals mostly includes the genes of the immune system and stress response. 

Activation of NFκB occurs in response to a wide range of stimuli like cytokines, 

growth factors, bacterial products, viral infection, physiological, physical and 

oxidative stress, receptor ligands and some pharmaceutical drugs (Pahl, 1999). The 

signaling pathways activate the NFκB by targeting the IκB by phosphorylating the 

serine in its N-terminal domain, which is subsequently targeted for ubiquitination 

and later degraded by the 26S proteasome. The kinases activated in this pathway 

include MAPKK family (NFκB inducing kinase and mitogen activated protein 

kinase/ERK kinase kinase 1(MEKK1), 2 and 3  (Karin, 1999). Other IKK kinases 

include protein kinase C family (Sanz, 1999), Akt/protein kinaseB (Romashkova, 

1999; Ozes, 1999) etc. The exact contribution by each pathway is not clear and 

may vary in different experimental models. 
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(Redrawn from Hiscott and Gennin, The Journal of Clinical Investigation, 2001) 

 

Fig 8: Activation of NFκB pathway 
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1.4.3 P53 

P53, better known as the tumor suppressor protein or the molecular guardian of the 

genome, is a sequence specific transcription factor (Kern et al., 1991) activated by 

various cellular stresses including DNA damaging agents, heat shock, nutrient 

stress, growth factor deprivation, nucleotide depletion, oncogene activation etc. 

DNA damage immediately activates several damage sensors (DNA PK, ATM), 

which in turn activate P53 (Fig 9), which could lead the cell to DNA repair 

pathway, cell cycle arrest or apoptosis (Ko and Prives, 1996; Levine, 1997; 

Giaccia Kastan, 1998; Kamijo et al., 1998) depending on the amount of the 

stimulus. The increase in the amount of protein is often achieved through an 

increase in the half-life (Maltzman and Czyzyk, 1984) or increased rate of 

translational initiation (Mosner et al., 1995). P53 exerts pro-apoptotic function by 

both transcription dependent and independent processes (O'Rourke et al., 1990; 

Leu et al., 2004). As a transcription factor, it targets those genes involved in the 

response pathway including p21 (cdk inhibitor), GADD 45 (DNA repair), bax, 

caspases (apoptosis) etc. P53 has been reported to repress the transcription of 

several genes including bcl-2 (Ginberg et al., 1991; Miyashita et al., 1994). 

  The P53 protein has essentially four domains, an N-terminal transactivation 

domain, a central DNA binding domain, a tetramerization motif and a C-terminal 

regulatory domain, which is the site where several modifications like 

phosphorylation, acetylation occur (Wang et al., 1994; Wilma et al., 1996). The N-

terminal transactivation domain of P53 interacts with the basal transcriptional 

machinery, the TATA associated factors, TAFII 70, TAFII 30, subunits of TFIID, 

positively regulating gene transcription (Levine, 1976). The transcriptional 

activation by P53 is negatively regulated by MDM2 (Haupt et al., 1997) and 

E1B55k of Adenovirus (Martin et al., 1998); the interacting residues of P53 are 

common between the positive and the negative regulators. Apart from the 

transactivation domain, there is the DNA binding domain which recognizes a 

sequence of four repeats of a consensus DNA sequence 5’-PuPuPuC(A/T)-3’, and 

this sequence is repeated in two pairs, each  
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Fig 9: Components of p53 signaling pathways. P53 accumulates and is 

modified and activated in response to signals generated by a variety of 

genotoxic stresses. Several proteins, including ATM, PARP, FAS, BLS, and 

NBS, are involved in activation, but the pathways that lead to modification 

are largely unknown. The RAS-MAP kinase pathway is involved in 

establishing basal levels of p53 and may also affect function. Some of the 

cellular functions affected by p53 can be compromised by deregulated 

expression of Myc, Bcl-2, E1B, or E2F. The control of p53 activity 

includes an autoregulatory loop involving Mdm2. The intact set of p53-

dependent pathways helps to maintain genomic integrity by eliminating 

damaged cells, either by arresting them permanently or through apoptosis. 

P53 also helps to regulate entry into mitosis, spindle formation, and 

centrosome integrity, cell cycle checkpoints that are likely to be involved in 

preventing DNA damage from occurring. 
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arranged as inverted repeats such as →←→← (El-Deiry et al., 1992). Among the 

different domains of P53, the DNA binding domain is the most conserved. Earlier 

reports of P53 homologs from invertebrates like Drosophila (Ollman et al., 2000), 

C. elegans (Derry et al., 2001), clams (Barker et al., 1997; Van Beneden et al., 

1997), squid (Schmale and Bamberger, 1997) etc suggest that P53 homologs 

possess less sequence identity but have conserved DNA binding domains. 

Mutations in P53 account for more than 50% of the human cancers and occur in 

the DNA binding domain. P53 is a tetramer in native form, which is the active 

form required for its transcriptional activity, although it is also known to bind to 

DNA in dimeric form in vitro. The latent P53 in the cytoplasm is activated by 

various stress signals, which modify and increase the half-life of the molecule and 

gets translocated into the nucleus, where it carries out its transcriptional activity. 

Several different types of DNA damage can activate P53, including double-strand 

breaks in DNA produced by γ-irradiation and the presence of DNA repair 

intermediates after ultraviolet irradiation or chemical damage to DNA. Certain 

cellular proteins recognize the DNA damage to communicate with P53 and 

activate it. Microinjection of an antibody to the C-terminal domain also stimulates 

P53-dependent transcription, even in the absence of DNA damage (Hupp et al., 

1995). Chernov and Stark (Chernov et al., 1997) found that sodium salicylate, 

which inhibits protein kinases inhibits the activation of p53, with no significant 

effect on the accumulation of the protein. Several experimental protocols have 

demonstrated that P53 plays a role in triggering apoptosis under several different 

physiological conditions. The thymocytes from p53 (-/-) knockout mice do not 

undergo apoptosis whereas the wild type counterparts readily undergo apoptosis 

upon DNA damage. When either dominant negative allele of Dmp53 is expressed 

in the posterior compartment of the wing disc, apoptosis is blocked in the cells 

expressing DmP53, whereas the anterior compartment displays a normal amount of 

X ray– induced cell death (Ollman et al., 2000). 
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1.5 Viral evasion of apoptosis 

Apoptosis appears to be important as a cellular defense against virus infection, and 

large DNA-containing viruses carry genes involved in blocking cellular apoptosis 

either at the signal transduction level or at the commitment stage.  

Targeting apoptosis pathway has been an efficient mechanism employed by animal 

viruses to overcome host defenses. Most often the targets include conserved 

proteins in the apoptotic pathway and hence evade the apoptosis pathways. The 

Adenovirus E1B and HPV E6 protein bind to P53 and inhibit its DNA binding 

(Lechner et al., 1994) and target it for ubiquitination (Scheffner et al., 1990). The 

SV40 T antigen is capable of binding to both Rb and P53 proteins (Linzer et al., 

1979) and HPV E7 protein binds to Rb (Munger et al., 1989). Mutations in p53 

and Rb are involved in many cancer types (Crawford et al., 1981). The 

Baculovirus P35, IAPs and crmA target the caspases (Bertin et al., 1996; Seshagiri 

et al., 1997; Gagliardini et al., 1994), which are the downstream effectors of 

apoptosis. The HIV protein NEF also has been recently reported to bind to P53 and 

protect host cell from apoptosis (Greenway et al., 2002). 
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Fig 10: Interception of the apoptotic pathway by viral gene products 
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1.5.1 AP-1 and Virus infection 

There are several reported cases of viral infection wherein, the viral infection 

modulates the host signaling pathways to either activate or repress the activity of 

AP-1.  It plays a crucial role during human papillomavirus (HPV) early gene 

expression, in particular for the expression of E6 and E7 oncoproteins. 

Mutagenesis in AP-1 sites belonging to the HPV promoter region (LCR) 

completely abolished the HPV promoter activity in different cell lines. AP-1 factor 

is also involved in tissue-specific transcription of the human papillomavirus 

(Torres and Vidal, 2002). 

 

Activating protein-1 (AP-1) is deregulated by HTLV-1 infection. HTLV-1-

encoded Tax elevates AP-1 activity through the induction of AP-1 family member 

gene expression, including c-Jun, JunD, c-Fos, and Fra-1. HBZ (HTLV-1 basic 

leucine-zipper factor) has been shown to interact with c-Jun and repress c-Jun-

mediated transcription by abrogating its DNA-binding activity. HBZ promotes c-

Jun degradation through a proteosome-dependent pathway. Furthermore, HBZ 

deletion mutants revealed that both the N-terminal and leucine-zipper region of 

HBZ were required for the elimination of c-Jun, suggesting dual effects of HBZ on 

the suppression of AP-1 activity by inhibiting c-Jun function, which may 

contribute to the deregulation of cell proliferation (Matsumoto et al., 2005). 

Recombinant exogenous Nef proteins activate nuclear transcription factors NF-

kappaB and AP-1 in the promonocytic cell line U937 in a dose- and time-

dependent manner and also a dose-dependent increase in JNK activation (Varin et 

al., 2003). Numerous other viruses including HBx (Benn et al., 1996), Vaccinia 

(de Magalhaes et al., 2001), Influenza (Ludwig et al., 2001), KSHV (An et al., 

2003), HBV (Guo et al., 2005) HSV-2 (Gober et al., 2005) have been associated 

with increased expression and DNA binding of AP-1 in a time dependent manner, 

which are either involved in cytokine induction or involved in the tumorigenic 

pathway. The HIV-1 infection also induces AP-1 and other factors like NFκB, 

making the host cells to become hyper responsive to interleukin-2 promoter 
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creating a congenial environment for its survival and maintenance. The middle T 

antigen (MT), a potent oncogene of Polyomavirus (Py), induces cell 

transformation by binding to and activating several cytoplasmic proteins which 

take part in transduction of growth factors-induced mitogenic signal to the nucleus. 

AP-1 transcriptional complex is a target for MT during cell transformation 

expression of a dominant-negative cJun mutant in MT transformed cell lines 

inhibiting its transformation ability, indicating that constitutive AP-1 activity is 

necessary for cell transformation mediated by MT (Winnischofer et al., 2003). 

 

1.5.2 Modulation of the NFκB pathway by viral proteins 

For several reasons, the NF-κB pathway provides an attractive target to viral 

pathogens. Activation of NF-κB is a rapid, immediate early (IE) event that occurs 

within minutes after exposure to a relevant inducer, does not require de novo 

protein synthesis, and results in a strong transcriptional stimulation of several early 

viral as well as cellular genes. In addition, some viruses exploit the anti-apoptotic 

properties of NF-κB to evade the host defense mechanisms that limit replication by 

killing infected cells, or conversely to trigger apoptosis as a mechanism to increase 

virus spread. The persistent activation of the NF-κB pathway (Fig 8) maintained 

by certain viruses contributes to oncogenic transformation by viral oncogene 

products, including human T-cell leukemia virus type 1 (HTLV-1) Tax protein and 

Epstein-Barr virus latent infection membrane protein 1 (EBV LMP1), each act by 

unique mechanisms to disrupt NF-κB regulation and initiate viral transformation 

(Fig 11). 
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(Redrawn from Hiscott et al., The Journal of Clinical Investigation, 2001) 

 

Fig 11: Interception of the NFκB pathway by the viral proteins 
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Table 5: Viral products modulating the NFκB pathway 
 

Virus (viral products) Mechanisms of induction or inhibition of the NF-κB pathway 

Adenoviridae 

Adenovirus 5 (E1A) 

Adenovirus (E3/19K) 

Flaviviridae 

HCV (core protein) 

African Swine Fever virus 

Hepadnaviridae 

HBV (HBx) 

HCV (core protein) 

Herpesviridae 

Herpes simplex virus–1 

CMV (IE1-72, -55, and IE2-86) 

Human herpesvirus 6 (pCD41) 

EBV: LMP1 

Herpes Saimiri (HVS13) 

Human herpesvirus 8 

(KSHV, HHV-8) 

Orthomyxoviridae 

Influenza virus: (HA, NP, MA) 

Paramyxoviridae 

Sendai virus 

Measles virus 

Respiratory syncytial virus 

 

Picornaviridae 

Encephalomyocarditis virus 

Rhinovirus 

Retroviridae 

HIV-1 (gp160/gp120) 

HIV-1 (Rev) 

HIV-1 (Tat) 

HTLV-1 (Tax) 

Double-stranded RNA 

 

Inhibition of IKK activity 

Endoplasmic reticulum overload 

 

Inhibition of IκBα degradation; activation of NF-κB in some cell lines 

Inhibition of NF-κB by a virus encoded IκBα-like protein 

 

Activation of NF-κB via IκBα and p105 degradation 

NF-κB activation via TNF induction 

 

Persistence translocation of NF-κB by IκBα degradation 

Upregulation of Sp1 activity 

NF-κB-dependent HIV-LTR transactivation 

Appropriation of TNF-α signaling 

NF-κB activation by vIL17R signaling 

r v GPCR chemokine  

receptor homolog 

 

ER overload; generation of oxidative radicals 

IKK activation 

Inhibition of IκBα degradation in neuronal cells; activation in endothelial 

cells 

Persistent NF-κB activation independent of IκBα degradation and 

phosphorylation 

 

Unknown 

Activation of NF-κB via PKR 

 

P56lck-dependent activation of NF-κB 

Inhibition of Rev-mediated transactivation by IκBα 

Alteration of cellular redox state 

IKK activation via association with IKK-γ 

PKR activation 
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1.5.3 P53: A target of viral proteins against host cell apoptosis  

P53 can also initiate apoptosis in response to the expression of a viral or cellular 

oncogene (Fig 9) or the absence of a critical tumor suppressor gene product (Rb). 

The baculovirus IE1 protein causes apoptosis in the host, which is augmented by 

Baculoviral PE38 (Prikhod E et al., 1996, 1999). Other Baculoviral protein that 

enhances host apoptotic response is the Baculovirus P33, which binds to P53 itself 

and enhances the apoptosis mediated by P53 by two-fold (Prikhod’ko G et al., 

1999). The expression of the adenovirus E1A protein in rat embryo fibroblasts 

stabilizes and activates P53 resulting in apoptosis (Debbas and White, 1993). 

The adenoviruses normally express the E1B-55kDa protein, which binds to P53 

and blocks its transcriptional activity, and the E1B-19kDa protein, which acts like 

Bcl-2 to block apoptosis downstream of P53 activation. The human papilloma 

virus E7 protein acts like E1A and induces P53-mediated apoptosis. In response, 

the human papilloma virus genome encodes the E6 oncogene product, which binds 

to P53 and degrades it via ubiquitin pathway. Transgenic mice expressing E7 in 

the retina photoreceptor cells show extensive apoptosis. The expression of E7 in 

these same cells but in a p53-/- mouse results in a reduced frequency of apoptosis 

and an increased frequency of development of retinal tumors (Howes et al., 1994). 

The E1A and E7 proteins bind to the Rb protein and inactivate its ability to 

regulate E2F–DP-1 activity. Such an unregulated E2F-1 activity in concert with 

activated P53 results in apoptosis. Cells over expressing E2F-1 and a temperature-

sensitive P53 undergo apoptosis at 320C but not 37–390C, where P53 is inactive 

(Wu and Levine, 1994). Other oncogenes also trigger P53-mediated apoptosis. 

Cells over expressing myc and a temperature-sensitive P53 have a temperature-

sensitive apoptotic response (Wagner et al., 1994). 

 

1.6 Baculovirus P35 evades Host apoptosis 

Baculovirus p35 is an early gene of the baculovirus, which inhibits host-induced 

apoptosis. This anti-apoptotic gene was discovered through an annihilator mutant 

of AcMNPV, which induced apoptosis in Sf21 cells. However this mutant survives 
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in Tni cell line (TN-368). The sequence of the p35-encoded protein (P35) 

predicted from the nucleotide sequence provides little insight into its mechanism 

of action; it has no apparent sequence similarity to other known proteins in 

existing sequence databases. 

Among the baculovirus p35 homologs, AcMNPV P35 is the most potent anti-

apoptotic protein. BmP35 has a poorer anti-apoptotic activity, which shares 89.6% 

nucleotide sequence homology. BmP35 and AcP35 differ by 28 amino acids with 

notable differences at the caspase cleavage site P2 and P3. AcMNPV p35 mutant, 

although causes initial apoptotic response in the Bm cells, they appear to recover 

later on. The BmNPVp35 mutant does not cause much viability defects upon 

infection. The P35 potency and the host responses cross out each other. The 

AcMNPV has a broader host range, while BmNPV has a very narrow range. P35 

also appears to determine the host range factor.  

 

1.6.1 Baculovirus P35 irreversibly inhibits caspases 

The baculovirus anti-apoptotic protein P35 inhibits the proteolytic activity of 

human interleukin-1 beta converting enzyme (ICE) and three of its homologs in 

enzymatic assays (Bump et al., 1995). Co-expression of p35 with ICE precursor 

prevents the auto-proteolytic activation of ICE and ICE-induced apoptosis. 

Inhibition of enzymatic activity correlated with the cleavage of P35 and the 

formation of a stable ICE-P35 complex. By site directed mutagenesis the domains 

necessary for the suppression of apoptosis was investigated. Cleavage site 

substitution of alanine for aspartic acid at position 87 of the P1 residue abolished 

P35 cleavage and the anti-apoptotic property but did not eliminate cleavage; 

suggesting P35 cleavage is not sufficient for anti-apoptotic activity (Bertin et al., 

1996). Baculovirus P35 is a universal suppressor of apoptosis that 

stoichiometrically inhibits cellular caspases in a novel cleavage-dependent 

mechanism. Upon caspase cleavage P35 at Asp-87 residue, the 10- and 25-kDa 

cleavage products of P35 remain tightly associated with the inhibited caspase. 

Mutations in the alpha-helix of the reactive site loop preceding the cleavage site 

abrogate caspase inhibition and anti-apoptotic activity. Substitution of Pro for Val-
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71, which is located in the middle of this alpha-helix, produces a protein that is 

cleaved at the requisite Asp-87 but does not remain bound to the caspase (deLa 

Cruz et al., 2001). The P35 protein is stabilized following cleavage. The inhibited 

caspase is trapped as a covalent adduct, most likely with its catalytic cys esterified 

to the carbonyl carbon of the scissile peptide bond. This mechanism is similar to 

that of serpin family, despite lack of sequence or structural homology (Reidl et al., 

2001). 

 

1.6.2 Baculovirus P35 functions as an anti-oxidant 

Oxidants can induce apoptosis mediated by ROS as discussed in the previous 

section. Sf9 infected with wild type, but not mutant (p35) could be prevented from 

oxidant induced cell death. Transient transfection of p35 could also inhibit 

oxidant-induced apoptosis, demonstrating that P35 mediates this inhibition of 

apoptosis. The protection from apoptosis was evident only when the infection 

preceded the oxidant treatment but not when already initiated. This fact clearly 

proves that the inhibition of apoptosis by P35 occurs at an early step and cannot 

rescue once the apoptosis is already triggered. An anti-oxidant activity of this 

protein was investigated and was demonstrated to sequester free radicals by ESR 

spin trapping studies (Sah et al., 1999).  Additionally, P35 also functions to inhibit 

cytochrome C release (Sahdev et al., 2003). 

Although both the baculovirus P35 protein and the IAPs function as anti-apoptotic 

agents, they act at different points in the apoptotic pathway. The IAPs inhibit the 

initiator caspases whereas P35 acts on down stream caspases. 

 

1.6.3 Baculovirus P35 is a potent anti-apoptotic protein  

Ever since the anti-apoptotic activity of P35 has been discovered, it has been in use 

as a biological anti-apoptotic agent. Expression of p35 in several different 

heterologous systems has been shown to block apoptosis triggered by diverse 

stimuli (Hisahara et al., 2000; Beidler et al., 1995; Hay et al., 1994; Lincoln et al., 

2002). P35 appears to work at three levels: initiator, effector and execution phases 

(Hasnain et al., 2003, Fig 14). 

 45
 



Chapter1       Introduction 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 

P35 
☺

P35 ☺ 

P35 
☺ 

Initiator  
Phase  

Effector  
Phase 

Execution 
Phase  

 

(Hasnain et al., .J Biosci. 2003) 

 

Fig 14: P35 is a potent anti apoptotic protein, which works at three 

levels including the initiator, effector and execution phase 
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1.7 Overview of gene expression and regulation in Baculovirus 

Like other animal viruses, gene expression in baculoviruses occurs in a cascade. 

Based on gene expression, the infection can be divided into three phases, the early 

(subdivided into immediate early an delayed early), late and the very late phases. 

The transition between the phases depends on viral DNA replication and the 

involvement of a novel α-amanitin resistant RNA polymerase (Blissard et al., 

1990).  

 

1.7.1 Gene expression 

 

1.7.1.1 Early phase: 

Early genes are transcribed by the host RNA polymerase and are sensitive to α-

amanitin. They are expressed up to 6h of infection (Grula et al., 1981; Huh and 

Weaver, 1990). The promoters of these genes resemble those of typical eukaryotic 

class II promoters (Krappa et al., 1992; Kogan and Blissard, 1994). These 

promoters carry a TATA box and defined transcriptional start point (Blissard,et al., 

1992; Guarino and Smith, 1992). The early genes include ie-0, ie-1, ie-2 (also 

referred as ie-N), p35 and pe38. Unlike ie0, ie2 and p38, both ie1 and p35 are 

transcribed throughout the infection cycle (Kovacs et al., 1991a). These promoters 

have a typical CAGT motif, which occurs, in most of the insect gene promoters. 

The function of the early genes is absolutely essential for further viral life cycle. 

The gene products of this class serve many functions. 

 

(a) Anti-apoptotic activity 

The P35 protein is essential, which also serves as host range factor. The absence of 

this protein, as already discussed in the previous sections, renders the virus 

incapable of surviving in the host (Sf9) cells. However, an AcMNPV mutant for 

this gene survives in T ni insect cells, which have an IAP (Tn-IAP) which can 

substitute P35 function. 
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(b) Transactivation 

 The early genes also are required for transactivation of the later set of genes. The 

IE1 protein serves this function. It acts as a transactivator for both early genes and 

at least one late viral gene (Carson et al., 1991; Guarino and Summers, 1986a; 

1987; Kovacs et al., 1991a; Nissen and Freisens, 1989; Passarelli and Miller, 

1993a). It is a 67kDa protein, which binds to 28bp palindrome sequence, harbored 

in the hr sequences, as a dimer. IE1 has also been shown to negatively regulate a 

few early genes like ie2 and pe38 (Kovacs et al., 1991b; Leisy et al., 1997). The 

transactivation and inhibitory activities of the IE1 map to different domains (N and 

C-terminals respectively)(Kovacs et al., 1992). 

The IE0 and IE1 are identical except for additional N-terminal 543 amino acids in 

IE0.  This is the result of splicing, where the 5’ exon 0 is included in the ie0 

transcript; the first reported case of splicing in baculovirus (Chisholm and Henner). 

The IE2 also has transactivation property, which has an auto regulatory effect 

(Carson et al., 1988, 1991). The IE2 has RING finger motif, which also exists in 

IAPs, and is important for arresting cell cycle progression. IE2 appears to block 

cell cycle at the S phase. The ie2 mutants are viable and produce more budded 

virus than the occlusion bodies. pe38, another early gene, also transactivates some 

early genes like p143 (Lu and Carsten, 1993). 

 

1.7.1.2 Late and very late phase: 

The late genes are transcribed with the assistance from the early gene products. 

The promoters of this class are α-amanitin resistant. A novel, perhaps virally 

encoded, RNA polymerase is involved in the transcription from the late and very 

late genes (Fuchs et al., 1983; Yang et al., 1991). The switch of the α-amanitin 

resistant virus-encoded RNA polymerase mediates the transition between the early 

and the late and very genes. The transcription of the late and very late genes is 

dependent on early viral gene transcription and replication (Rice and Miller 1986; 

Wilson et al., 1987; Thiem and Miller 1989). These promoters are characterized by 

the presence of a TAAG motif, which is critical for transcription from these 

promoters (Possee and Howard 1987; Rankin et al., 1988; Ooi et al., 1989). Linker 
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scanning mutagenesis affecting this motif decreased the expression from late 

promoter by 2000 fold (Ooi et al., 1989). TAAG element serves as transcription 

initiation element for late and very late promoters. 

Some promoters in the baculovirus are temporally complex in the sense that they 

are transcribed during both early and late phases of infection. They contain both 

the motifs, which characterize their class, i.e., the CAGT and TAAG motifs. 

 

1.7.2 Gene Regulation  

 

1.7.2.1 p35 promoter organization 

The promoter fragment of p35 extends from position -226 to +12 relative to the 

early RNA start site (position +1). Early transcription is mediated by a basal 

(minimum) promoter, consisting of the TATA element (positions -30 to -25) that is 

in turn responsive to an upstream activating region located between -90 and -30. 

The TATA element exerts the single greatest influence on the level of early 

promoter activity and contains all information necessary to direct transcription 

from a site located 30 nucleotides downstream. The upstream activating region 

provides a 10- to 15-fold stimulation of transcription from the early +1 start site 

that is mediated by distinct DNA elements. These regulatory elements include two 

GC motifs (centered at positions -81 and -54, respectively), composed of 

alternating G and C residues, and a CGT motif (position -40) that contains the core 

sequence A (A/T) CGT (G/T). Each motif is required for full promoter activity 

during the early phase of infection. These cis-acting elements regulate early 

promoter activity by recruiting host and virus encoded factors that are involved in 

potentiating transcription (Volkman, 1997). This organization that employs diverse 

cis- stimulatory elements is typical of promoters responsive to RNA polymerase II 

and may increase expression of A. californica nuclear polyhedrosis virus genes 

early in infection when the level of viral DNA for transcription is critically low. 

 

 

 

 49
 



Chapter1       Introduction 
 

 

1.7.2.2 Regulation of p35 gene expression 

The ie-1 gene of AcMNPV encodes a transregulatory protein IE1, which accelerates 

the expression of early and late virus genes. Transcription of ie-1 occurs 

immediately upon infection from a conserved CAGT motif and continues into the 

late phase. Transactivation by IE1 is stimulated when early promoters are linked to 

homologous region (hr) enhancer sequences of AcMNPV. This transcriptional 

enhancement is correlated with the binding of IE1 as a dimer to the 28 bp 

palindromic repeats comprising the hr enhancer. The transcription of p35 has been 

reported to be modulated by IE1, which uses the enhancer element hr5, located 

down stream of the p35 ORF. Transcription of reporter gene downstream the 

promoter of p35 does not occur in normal cells until infection of virus, clearly 

demonstrating the importance of viral factors in p35 transcription.  

 

1.8 Role of P35 in baculovirus transcription and replication 

Although there is no clear demonstration of the exact role of P35, nevertheless, P35 

seems to play a role in the transcription of late and very late gene expression by 

transient transfection assays (Lu and Miller, 1995a). p35 was one of the 18 genes 

included in the lef library, the factors which are required for late gene expression 

(Todd et al., 1995). One recent report demonstrates the ability of P35 to interact 

with a subunit of human RNA polymerase and also transactivate actin and cadherin 

promoters (Takramah et al., 2003). P35 has also been implicated in the AcMNPV 

replication complex (Hefferson et al., 2002). 
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1.9 Aims and objectives 

Viruses have evolved several strategies to overcome host defenses, most 

importantly evading host-induced apoptosis, which is a primary innate defense 

mechanism. The Sf-AcMNPV host pathogen relation offers a good model to study 

the host mediated apoptosis and viral evasion of apoptosis, driven by viral coded 

P35 protein. Baculovirus P35 has been shown to exert anti-apoptotic function 

using several strategies including caspase inhibition (Bump et al., 1995), anti-

oxidant action (Sah et al., 1999) and by blocking cytochrome C release (Sahdev et 

al., 2003). The necessity of the baculovirus p35 (an early anti-apoptotic gene in the 

baculoviral genome) in the survival and replication of the baculovirus in the host 

Spodoptera frugiperda (Sf9) cells is clear from the fact that a deletion mutation in 

the gene renders it incapable of multiplying in the host. Baculovirus p35 belongs to 

the early class of genes, which is expressed from the second hour of infection. The 

viral components required for the expression of p35 have been earlier investigated 

(Dickson and Friesen, 1987). The p35 gene of AcMNPV is shown to be regulated 

by viral factors IE1 (very early protein) and cis-DNA elements. Requirement of 

virus infection suggests the necessity of early viral factors for p35 transcriptional 

activation, even though p35 is under the control of a typical Pol II promoter. The 

role of host factors in influencing the transcription of the p35 gene has not been 

elucidated. Having shown that AcMNPV infection confers protection against 

oxidative stress induced apoptosis and is mediated by P35 (Sah et al., 1999), we 

focused on the molecular events occurring during oxidative stress and the 

interaction, if any, between the baculoviral P35 and the oxidative stress induced 

host factors and vice versa. In the present work, we have investigated in Sf9, the 

existence of established transcription factors reported to be activated as a function 

of oxidative stress. The present work aims at understanding the molecular cross 

talks between the viral (P35) and the host proteins particularly the oxidative stress 

induced transcription factors). The objectives of the present work include: 
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1. Regulation of p35 gene by host factors:  

p35 upstream sequence analysis for the existence and role, if 

any, of the binding elements for redox sensitive 

transcription factors in the regulation of the p35 gene,  

2. Oxidative stress induced Molecular cross talks between the 

baculovirus P35 and host transcription factors; and  

3. Characterization of SfP53 DNA binding activity. 
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2.1 MATERIALS 
 

Tissue culture reagents, enzymes and kits, radioisotopes, membranes, X-ray films, 

chemicals and other assorted reagents were obtained from the following sources: 

 

Amersham-Pharmacia Biotech, UK: X-ray film (Hyperfilm MP), Rediprime DNA 

labelling kit, Rainbow protein molecular weight markers, Hybond N+ nitrocellulose 

membrane Poly dI.dC 

Ontario, Canada: Ethanol 

Boehringer Mannheim GmbH, Germany: DNA binding protein purification kit 

GIBCO BRL Inc, USA: FBS, Grace's insect cell medium, lactalbumin hydrolysate, 

antibiotic-antimycotic solution, Lipofectin, RNasin 

CLONTECH Laboratories, Inc., USA: Talon, Glutathione sepharose 

Corning Inc., USA: Tissue culture plasticware 

Hi-Media, India: Agar agar, tryptone, yeast extract 

Jonaki, India: Radioisotopes- α[32P] dCTP, α[32P] CTP and γ[32P]ATP (3000 

Ci/mmol) 

Millipore, USA: 0.22µ, 0.44µ filters, 3, 10, 100 kDa Centricons 

New England Biolabs, USA: Restriction enzymes, T4 polynucleotide kinase, 

Klenow fragment of E. coli DNA polymerase , T4 polynucleotide kinase, T4 DNA 

ligase 

Perkin Elmer Inc., USA: dNTPs, Taq DNA polymerase  

Pierce, USA: Bicinchonic acid (BCA) kit for protein estimation 

Promega Inc., USA:  Luciferase Assay System 

Qualigens, India: Acetic acid, acetone, ammonium acetate, boric acid, chloroform, 

glucose, glycerol, HCl, isopropyl alcohol, KCl, KH2PO4, K2HPO4, methanol, NaCl, 

Na2HPO4, NaH2PO4, NaOH, Tris, trisodium citrate     

Microsynth: Oligodeoxyribonucleotides 
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Sigma, St. Louis, USA: Acrylamide, APS, β-mercaptoethanol, bisacrylamide, BSA, 

bromophenol blue, CaCl2, DTT, EDTA, EGTA, EtBr, Ficoll, formic acid, low gelling 

temperature agarose, magnesium acetate, MgCl2, neutral red staining solution, NP-40, 

PMSF, Sephadex G-50, sonicated salmon sperm DNA, TEMED, trypan blue, urea, 

xylene cyanol, deoxyribo-oligonucleotides, DEPC, SDS 

United States Biochemicals (USB), USA: Agarose, Tris-saturated phenol, Trizol 

 

2.2 METHODS 

 
2.2 Insect cell culture  

2.2.1 Insect cell lines and virus propagation 

Spodoptera frugiperda (Sf9) is a larval ovary derived cell line (Vaugh et al., 1997) 

maintained in complete medium [TNM-FH medium supplemented with 10% fetal 

bovine serum, 1% antibiotic-antimycotic (GIBCO-BRL, USA)] at 270 C. T ni cells 

derived from Trichoplusia ni were used for amplification of mutant virus having a 

deletion in the p35 gene. These cells were maintained in Ultimate insect serum free 

media (GIBCO-BRL, USA). The AcMNPV strain used was C6.  

 

2.2.2 TNM-FH medium 

The TNMFH media is essentially Graces Insect cell media (Gibco-BRL, USA) 

supplemented with sodium bicarbonate (0.035%), lactalbumin hydrolysate (0.33%) 

and yeast extract (0.33%) and adjusted the pH to 6.0, which was filter sterilized 

(0.22µm filter, Millipore, USA) in laminar flow hood, checked for contamination at 

370C overnight and stored at 40C in dark (incomplete media). Just before use the 

media was supplemented with 10% FBS (Gibco-BRL, USA) and 1X Antibiotic-

Antimycotic (Gibco-BRL, USA) (complete media). 
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2.2.3 Monolayer culture 

The Sf9 cells have a doubling time of 18-24 h at 270C.Sf9 cells were maintained at 

270C in a BOD incubator in T25 flasks in complete media (Hasnain et al., 1996). The 

spent media was removed and the cells were gently dislodged in 5ml of fresh 

complete media and transferred 1ml each to 3 fresh T25 containing 4ml of complete 

media. The cells were sub cultured every 3-4 days when they were around 90% 

confluent.  

 

2.2.4 Virus infection and amplification 

Around 1.2 million (35mm dish) or 3.0 million (T25 flask) Sf9 cells were used for 

infection with AcMNPV C6 strain as essentially described by O’Reilly et al., 1992. 

The media from the flask or 35mm dish was taken out completely and to the cells 

were added 200µl (35mm dish) or 1ml (T25 flask) of virus (108 to109pfu/ml) at an 

MOI of 10. The virus was allowed to spread uniformly spread over the surface of cells 

by rapid tilting the surface avoiding any spillage. The spreading was done 

intermittently avoiding the cells from drying. After 1 hour, the virus was taken out 

and cells were supplied with fresh complete media. Infection was carried out either to 

amplify the virus or to use the cells for experiments. For amplification of virus, the 

supernatant harboring the budded virus was centrifuged at 40C for 5 min at 2000 rpm 

and the supernatant was used for another round of amplification in a higher surface 

area flask (T75 and the next round with T150 flask). The supernatant containing the 

virus was stored at 40C in dark. 

 

2.2.5 Viral titration (plaque assay) 

The titer of the virus was determined by carrying out plaque assay as described by 

Summers and Smith, 1987). Serial dilutions of the virus (by a factor of 10) was done 

in complete medium (10-1 to 10-7) and used for infecting Sf9 cells (1.2X 106) seeded in 

35mm dishes in duplicates. Following infection as described in section 2.2.4, 2ml of 

mixture containing CM and LGT agarose (1.5% final concentration) was added to the 
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cells and allowed to gel. Subsequently 1ml of complete media was added and further 

incubated at 270C for 3-4 days, following which the liquid media was discarded and 

1ml of neutral red staining solution [1.2 ml neutral red + 20 ml plaque assay buffer 

(8.2g NaCl, 2g KCl, 1.14g Na2HPO4, 0.2 g KH2PO4 pH 7.3 in a total volume of 1 liter)] 

was added and left for 1hour. The excess staining solution was drained off and the 

cells were incubated further at 270C for 12-24 h for the plaques to become distinct. 

The plaques were seen as negatively stained circular patches in a red background. The 

viral titer was calculated as 

(1/dilution) x (no of plaques) x (1/ml of inoculum per dish) pfu/ml 

 

2.2.6 Oxidant Exposures 

a) UV exposure  

UV-B (302nm) exposure was given to cells using Transilluminator (UVP, USA) for 

90 sec, which is sufficient enough to cause 70% apoptosis when left overnight, and 

incubated further in dark at 27oC (Sah et al., 1999). 

b)  H2O2 treatment 

H2O2 treatment was given to cells at a final concentration of 750 µM. The entire 

treatments were done in dark and cells were further incubated at 27oC (Sah et al., 

1999). 

 

2.3 Analysis of DNA-Protein Interactions 

 

2.3.1 Electrophoretic mobility Shift Assay 

2.3.1.1 Preparation of nuclear extracts 

Around 106 cells were used for preparation of nuclear extract in each case. All 

operations were carried out at 40C unless otherwise mentioned. Essentially, the 

nuclear extract preparation was carried out as described by Dignam et al., 1986 and 

modified by Hasnain et al., 1996. The cells were washed with ice cold PBS (1X) and 

harvested by centrifugation at 2000 rpm for 5min at 40C and resuspended in 200µl of 
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ice cold lysis buffer (30mMTris-HCl pH 7.5, 10mM magnesium acetate, 1% Nonidet 

P40, 1mM PMSF) and incubated for 5min on ice with 3-4 vortexing of 10sec each. 

The nuclei were then harvested by centrifugation at 1600 rpm. The nuclear pellet was 

resuspended in 50µl of nuclear protein extraction buffer (420mM NaCl, 10mM 

HEPES, 10mM magnesium chloride, 1mM EDTA pH 8.0, 1mM DTT and 25% 

glycerol) and incubated on ice for 30min with intermittent vortexing of 10sec each. 

The sample was then centrifuged at 13000 rpm for 30min at 4oC. The supernatant 

containing the nuclear proteins was collected and stored in aliquots at -70oC till 

further use. 

 

2.3.1.2 Determination of protein concentration 

a) BCA method 

The protein was estimated following the manufacturers instructions (PIERCE, USA). 

3µl of each protein sample was used for the assay alongwith 1-10 µg of BSA standard 

and 100µl of the reagent, incubated at 370C for 15 min and the OD 572 nm was taken. 

The protein concentration was calculated as (1/3) x OD 572 nm test x (1/ OD 572 nm per 

µg of BSA) µg/µl. 

 

b) Bradford method 

The protein concentration was estimated by Bradford method. OD at 595 nm was 

measured after complexation of test sample (5µl) with Bradford reagent (1ml). The 

protein values were estimated against a BSA standard of 2-10µg (Bradford, 1976). 

 

2.3.1.3 Radiolabeling oligodeoxyribonucleotides 

Complementary synthetic oligodeoxyribonucleotides were first annealed to make 

duplex oligodeoxyribonucleotides. 10µg each of the oligodeoxyribonucleotide was 

used in annealing reaction containing 100mM NaCl. The tube was incubated in 

boiling water bath for 5min and then allowed to cool to room temperature slowly over 
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a period of 30-40 min. The annealed duplex oligodeoxyribonucleotide was checked 

on 15% native PAGE.  For radio labeling, 1µl (100ng) of the annealed 

oligodeoxyribonucleotide was incubated for 1hour at 37oC in the presence of T4PNK 

(NEB 10units) and γP32- ATP (30µCi) in the buffer provided.  

The sequences of the oligodeoxyribonucleotides used are 

 

P53Con 5’ TAC AGA ACA TGT CTA AGC ATG CTG GGG ACT 3’  

P53Mut   5’ TAC AGA ATC GCT CTA AGC ATG CTG GGG ACT 3’ 

p35-P53 5’ TGC AAC ATG TCC TCG GCA AAA TGC GCG AAC TGC CG 3’ 

dec-P53 5’ATA CAT ATT TAC ATC CCC GGG AAC CTA CAA TTT 3’ 

AP-1Con 5’ CGC TTG ATG ACT CAG CCG GAA 3’ 

p35-AP-1 5’- CTGAATCAACTGCTTCAA -3’ 

NFκB Con 5’ AGT TGA GGG GAC TTT CCC AGG C 3’ 

 

2.3.1.4 Binding Reaction 

Approximately 1ng of labeled oligonucleotide with specific activity of 104cpm was 

mixed with 3-5µg of Sf9 nuclear extract in a binding buffer (10mM Tris pH 7.5, 

50mM NaCl, 1mM EDTA, 10% glycerol, 1µg BSA, 1µg polydIdC, 1mM DTT, 1mM 

PMSF, 50mM magnesium chloride) to a final volume of 20µl and incubated at room 

temperature for 30min. The binding reaction was terminated by adding 2µl of loading 

dye and was kept on ice till loading. The DNA–Protein complexes were resolved in a 

native 4% polyacrylamide gel (29:1) at 40C in 1X TBE at 350 V/ 50 min. After 

electrophoresis, the gel was transferred onto a piece of 3mm Whatman, covered with 

Saran Wrap and dried at 800C in a vacuum drier. The DNA-Protein complexes were 

visualized by autoradiography at -700C or exposed phosphor imaging cassette (Fuji) 

and scanned using Typhoon image reader (Amersham, USA ). 
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Table 6: list of clones and related primers 

Gene    Vector FP RP Clone

Protein purification 

p35  

 

p35  

 

*Transient expression 

of p35 in Sf9  

p35 

 

Expression in Sf9 

p35 

Dmp53 

Reporter assay 

2.493kup p35 

+p53-1.9kup p35 

 

-p53-1.9kup p35 

 

+AP-1-1.4kup p35 

 

-AP-1-1.4kup p35 

 

∆MfeI2.493kup p35 

∆MluI2.493kup p35 

 

pET23a 

 

pGEX4T1 

 

 

 

pUC18 

 

 

pFastbacHTa 

pFastbacHTc 

 

pUC18 

pUC18 

 

pUC18 

 

pUC18 

 

pUC18 

 

pUC18 

pUC18 

 

CATATGTGTGTAATTTTTCCGGTAG 

 

CGGAATTCATGTGTGTAATTT TTCCGGTAG 

 

 

 

CGGGATCCATGTGTGTAA TTT TTC CGG TAG 

 

 

Fragment obtained from p35Chis (BamHI/XhoI) 

Fragment obtained from Dmp53Nhis (BamHI/EcoRI) 

 

AAGCTTGGCGCGAACAATAAACTCCTCAAC 

CCATGGAAGCTTATTTGCAACATGTCCTCGGC

AAAATGC 

CCATGGAAGCTTAAGCTGCGGCAGTTCGCGCA

TTTT 

CCATGGAAGCTTCGCGTTCCATGCTGAATCAA

CTGCTTCAAA 

CCATGGAAGCTTAACTTTCCAAATTATAACAA

TATTCAATTGAAT 

--- 

--- 

 

CTCGAGTTTAATTGTGTTTAATATTAC 

 

GCGGATTCTACTCGTAAAGCCAGTTCAATTTTA 

 

 

 

CGGAATTCTACTCGTAAAGCCAGTTCA ATTTTA 

 

 

--- 

---- 

 

AGGCTGCAGATGGTAAAGCTCAAATGCTCACTT 

AGGCTGCAGATGGTAAAGCTCAAATGCTCACTT 

 

AGGCTGCAGATGGTAAAGCTCAAATGCTCACTT 

 

AGGCTGCAGATGGTAAAGCTCAAATGCTCACTT 

 

AGGCTGCAGATGGTAAAGCTCAAATGCTCACTT 

 

p35 CHis  

 

p35 GST 

 

 

 

IEp35 

 

 

pHTap35 

pHTcdmp53 

 

pSKluc 

pS+p53 

 

pS-p53 

 

pS+AP-1 

 

pS-AP-1 

 

pSK∆MfI 

pSK∆MluI 

 
*p35 was cloned down stream the ie promoter for expression in Sf9 
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2.3.2 UV cross-linking  

UV cross-linking was carried out as described earlier (Ramchandran et al., 2001) with 

minor modifications. About 5µg of dialyzed Sf9 nuclear extract was used in binding 

reaction as described. After incubation for 30min, the reaction was subjected to UV 

cross-linking with 1200J using UV cross linker (UVP, USA) and analyzed using 10% 

Tris Glycine SDS-PAGE. 

 

2.3.3 SouthWestern 

SouthWestern analysis was carried out essentially as described (Mukherjee et al., 

1995). The blot was probed using γP32 labeled P53 consensus or mutant P53 probes, 

washed thrice in wash buffer (10mM Tris HCl pH 7.5, 100mM NaCl, 1mM MgCl2, 

0.5mM DTT and 1mM PMSF) and exposed in a phosphor imager cassette (Fuji) and 

scanned in Typhoon image reader (Amersham, USA). 

 

2.4 Molecular cloning 

The plasmid pAJpolLuc (Hasnain et al, 1996) was used as a basic reporter construct 

for cloning different upstream regions of baculovirus AcMNPV p35 gene. pAJpolLuc 

is a promoter less construct, where luciferase serves as a reporter. Transient 

transfection with this construct followed by AcMNPV infection imparted basal 

luciferase activity. pSKLuc construct was cloned using PCR amplified 2.493 kb 

upstream region of p35 gene. Further deletions in the pSKLuc utilizing MfeI and MluI 

restriction enzyme sites resulted in pSK∆MfeILuc as well as pSK∆MluILuc, 

respectively. Four more reporter-constructs namely, pSp35P53Luc, pSp35∆P53Luc, 

pSp35AP1Luc and pSp35∆AP1Luc (with p35-P53 element or without it and p35-AP1 

element or without it, respectively) were cloned by PCR amplification. 
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2.5 Prediction of putative transcription factor binding sites 

Utilizing transcription factor database services at Mat Inspector web application, two 

important transcription factor-binding elements namely, P53 and AP-1 were localized 

at -1915bp and -1401bp (Chapter 3, Fig. 3.1). All the positions described with respect 

to p35 upstream region in the text are from p35 gene start site. To elucidate the 

possible role of these elements in regulating p35, reporter constructs (pSp35P53Luc, 

pSp35∆P53Luc, pSp35AP1Luc and pSp35∆AP1Luc) were cloned as described in 

cloning methodology. 

 

2.6 Reporter assay 

2.6.1 Transient transfection 

0.5 million Sf9 cells were seeded in a 12-well Corning Costar tissue culture plate. 

After 3 washes with incomplete medium that lacks FBS, 2.5µg of sterile construct 

along with 5µl of Lipofectin (Invitrogen, USA) were added. After 4h of transfection, 

fresh complete media was added and cells were incubated for further 16 h. Infection 

was carried out with AcMNPV at a MOI of 10 pfu for 1h and cells were further 

incubated to different time points at 270C in fresh complete medium.  

 

2.6.2 Luciferase assay 

Luciferase assay was done at different time points after virus infection or co-

transfections. Cells were dislodged from the culture plates by gentle pippeting and an 

aliquot of 50µl from each group was stored in –20oC for dot blot. The cells were 

pelleted at 2000 rpm and then resuspended in 25µl of 1X PBS. 25µl of luciferin was 

added and the values were read in a Luminometer (Turner Designs, USA) with a 

delay time of 3 secs. 
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2.6.3 Dot blot hybridization 

Transfection efficiency in all the experiments was checked by dot blot hybridisation. 

50µl of undiluted samples were lysed in 200µl of 0.5N NaOH and 40µl of 4M 

ammonium acetate, and were vacuum blotted onto Hybond-N+ nylon membrane 

(Amersham, USA) using dot blot apparatus (BioRad, USA) as described by Habib et 

al, 1996. The membrane was UV cross-linked and hybridized with radiolabeled luc 

DNA probe using Rediprime radiolabeling kit (Amersham Pharmacia, USA). 

 

2.7 Purification of recombinant proteins using E. coli system 

2.7.1 P35 GST  

The p35 gene was cloned in pGEX4T1 vector, which tags an N-terminal GST using  

(BamH1 / EcoRI). The fusion protein was expressed in BL21 strain (Amersham) of E. 

coli in Terrific Broth at 0.1mM IPTG at an OD of 0.6-0.7 at 270 C overnight. A 62kDa 

band was visualized as against an un-induced culture. The protein was purified 

following the manufacturer’s protocol (Amersham). 

 

2.7.2 P35 C-His 

The p35 gene cloned in pET23a was transformed into BL21λDE3 strain and grown in 

terrific broth at 370C, and induced at mid log phase and further incubated at 270C 

overnight. The cells were then harvested and resuspended in 1X PBS containing 

0.1mM PMSF and 1mM DTT, sonicated for 10min using sonicator (Branson, USA) 

and centrifuged at 13k for 30min at 40C. The supernatant was discarded and the pellet 

containing the inclusion bodies was resuspended in 8M urea containing 1X PBS and 

incubated at room temperature for 1 hour. The resuspended inclusion body fraction 

was then centrifuged at 13k for 30 min at 40C. The supernatant containing the 

solubilized inclusion body proteins was applied on a Talon column (Clonetech, USA) 

saturated with 8M urea containing 1X PBS. The column was then washed with  
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denaturing binding buffer containing 10mM imidazole and elution was then carried 

out with the same buffer containing 200mM imidazole. The fractions containing the 

protein, as analyzed by SDS-PAGE, were pooled and subjected to the refolding 

process by sudden dilution method, wherein the denatured protein at concentration of 

1mg/ml was suddenly diluted drop wise into chilled 1X PBS containing 5% sucrose, 

5mM DTT with continuous stirring. It was then concentrated back to 1mg/ml in a 

10kDa Centricon and dialyzed against 1X PBS. The protein was then centrifuged at 

13k at for 10min to precipitate any aggregate. The supernatant containing the refolded 

protein was estimated, aliquoted and stored at  -200C.  

 

2.8 Generation of Recombinant virus  

The recombinant virus expressing AcMNPV P35 (AcP35) was generated essentially 

following the protocol outlined by the manufacturer (Invitrogen, USA). The Acp35 

gene was cloned in pFastbacHTa in BamHI and XhoI sites. 

 

2.9 Purification of P35 by Baculovirus Expression System 

Recombinant Acp35 was used to infect 10 x 106 Sf9 cells at MOI of 10. The cells were 

harvested after 48h of infection, lysed in by re-suspension in binding buffer (20mM 

Tris pH 8.0, 500mM KCl and 1mM PMSF) and incubated on ice for 10min, followed 

by two rounds of freeze thaw. The lysate was clarified by centrifugation at 13k for 

10min at 40C. The supernatant was loaded onto Talon pre-equillibrated with the 

binding buffer and washed with 10mM imidazole containing binding buffer and 

finally eluted in 200mM imidazole containing binding buffer. The purified protein 

was dialyzed against 1X PBS. 
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2.10 Purification of SfP53 like protein 

 

2.10.1 Using DNA binding protein purification kit 

The Sf-P53 from the Sf9 cells was carried out using DNA binding protein purification 

kit (Boehringer Mannnheim, Germany) following the manufacturer’s protocol. 

Around 3 million Sf9cells were used for preparation of nuclear extract. The nuclear 

extract was dialyzed against 1X PBS with four changes of buffer. The dialyzed 

protein extract was used for purification 

 

2.10.2 Using conventional protein purification protocol 

Step1:  Ammonium sulfate precipitation 

Around 15 million Sf9 cells were harvested from T150 flask and lysed using 2ml lysis 

buffer followed by two rounds of freeze thaw. The clarified supernatant was subjected 

to 50% ammonium sulfate precipitation. After centrifugation at maximum speed, the 

clear supernatant was then dialysed against 1X PBS and used for next step of 

purification. 

 

Step 2: Anion exchange chromatography 

The clear dialyzed supernatant following ammonium sulfate precipitation was 

concentrated to 500µl on a 100kDa centricon and allowed to bind to anion exchange 

resin, DEAE-sepharose (Amersham) at 40C for 30 min on a cyclorotator. The column 

was packed and washed with 5 volumes of 1X PBS, followed by elution using a 

gradient of KCl (100-2000mM). The different elution fractions were concentrated and 

checked for DNA binding activity and analyzed by SDS-PAGE. 
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2.11 Mass Spectroscopic analyses 

Following purification of the SfP53 like protein using the DNA binding protein 

purification kit, the eluted protein was fractionated on a 10% Tricene gel following 

the instructions given by Australian Proteomics Analysis Facility (APAF). The band, 

which appeared prominently at around 37kDa, was excised and processed for MS/MS 

analysis at APAF, Australia. 

 

2.11 In vitro transcription 

In vitro transcription was carried out as described (Xu et al., 1995) with minor 

modifications. 1µg of the template pSKluc, carrying 2.5kb sequence upstream of the 

p35 gene to drive the transcription of luciferase gene, in a buffer containing 25µg of 

nuclear extract prepared from AcMNPV-infected Sf9 cells 48h post infection, 25mM 

Tris (pH 7.9), 60mM KCl, 0.5mM EDTA, 1mM MgCl2, 3mM DTT, 10% glycerol, 

10mM creatine phosphate, 60U of RNasin (Promega), 0.6mM each of ATP, UTP, 

GTP (Amersham) and 20µCi of [ -32P] CTP (Jonaki, India). The reaction mixture was 

incubated at 30°C for 30min. For competition experiments, excess (100ng) of double 

stranded consensus P53 element was included in the reaction. The reaction was 

stopped on ice and loaded using 25µl of loading buffer (80% formamide, 0.01% 

xylene cyanol, 0.01% bromophenol blue). The transcripts were separated on an 8% 

polyacrylamide-7M urea gel, dried, and exposed in phosphorimager and scanned as 

described earlier. 

 

2.12 RT-PCR 

Approximately 2µg of total RNA was isolated from Sf9 cells subjected to different 

experimental conditions and used in a 20µl Reverse transcription (RT) reaction using 

MMLV (Invitrogen, USA). RT was carried out as per the instructions of the 

manufacturer. 2µl of the RT product was used to carry out 25 cycles of PCR with the 

specific set of primers [Bcl2 F: AAG GAT CCA TGG GGC AGC GCA, Bcl2 R: 
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GCA AAG CTT GAA CAG CAG CGA A; SfcasF: CGG GAT CCC TGG ACG 

GAA AAC AAG ACA AT SfcasR: CCG CTC GAG GTG GGA CTG CTT CTT 

ACC AAA CAC]. 
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Rationale: 

Viral gene expression occurs in a cascade, where the early genes, transcribed using 

host transcription machinery, take part in transcribing the later set of genes. 

Baculovirus p35 belongs to the early class and is expressed from the second hour of 

infection. The viral components required for the expression of p35 have been 

described earlier (Dickson and Friesen, 1991). The p35 gene of AcMNPV is shown to 

be regulated by viral factors IE1 (very early protein) and cis-DNA elements. 

Requirement of virus infection suggests the necessity of early viral factors for p35 

transcriptional activation, even though p35 is under the control of a typical Pol II 

promoter. The role of host factors in influencing the transcription of the p35 gene is 

not clear. The p35 promoter is active early in infection (Huh and Weaver, 1990; 

Nissen and Friesen, 1989). It is composed of a TATA element, which directs 

transcription from a site 30bp downstream and an upstream activating region (UAR), 

which contains multiple regulatory motifs (Dickson and Friesen, 1991). In the context 

of the AcMNPV genome, the UAR (extending from 290 to 230 relative to the RNA 

start site) stimulates the basal p35 promoter and is further influenced by the nearby 

hr5 transcriptional enhancer present downstream of p35 (Dickson and Friesen, 1991; 

Rodems and Friesen, 1993). IE1 binds to palindromic sequences present in the hr 

sequences. It acts as a transcription activator for many of the early (including p35) 

and late genes of the baculovirus. AcMNPV IE1 protein has been shown to exert hr-

dependent as well as independent trans-regulation (Nissen and Friesen, 1989; Pullen 

and Friesen, 1995a). In the case of the AcMNPV p35 gene, the early p35 promoter is 

both dependent on and responsive to IE1 trans-activation in the absence of cis linkage 

to hr5. The TATA-containing p35 basal promoter is regulated by an upstream 

activation region (UAR) that contains distinct motifs one of which (CAGT motif) 

bears sequence similarity to the 28-mer half sites of hr5 (Rodems and Friesen, 1993). 

The failure to detect IE1- binding to the p35 UAR combined with the finding that the 

p35 UAR, but not hr5, stimulated transcription from the ie-1 initiator element (Pullen 

and Friesen, 1995b), suggested that the mechanisms by which hr5 and the p35 UAR 
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regulate transcription are different (Rodems and Friesen, 1995). Since IE1 is capable 

of stimulating basal promoter activity in the presence or absence of UAR motifs, it is 

likely that IE1 trans-activation is also mediated by sequence-independent 

mechanisms, hence it is necessary to identify factors that interact with IE1. 

The p35 promoter is temporally complex, in the sense that the transcription continues 

into the late phase wherein there is a transcriptional switch with the onset of viral 

DNA replication to a late promoter motif located 5bp upstream from the early RNA 

start site (Pullen and Friesen, 1995a). The promoter of p35 is weak and the relative 

levels of P35 are low. To address the question of enhanced p35 transcription during 

oxidative outburst, we looked at the role of oxidative stress induced host transcription 

factors per se in influencing p35 gene transcription. Having shown an antioxidant role 

of P35 during oxidative stress in Sf9 cells (Sah et al., 1999), we investigated if host 

oxidative stress induced factors influence the transcription of p35 gene, which would 

maximize the p35 gene transcription. Transfac database was used to identify the 

transcription factor binding sites and from these those important during oxidative 

stress and apoptosis were short-listed. Further studies were carried out with respect to 

AP-1 and P53. AP-1 is stress sensitive transcription factor, which is activated by 

oxidative stress; virus infection etc. In several viruses, AP-1 is activated as a function 

of infection in several transforming viruses to promote tumor progression (Kyriakis et 

al., 1999; Ludwig et al., 2001; Benn et al., 1996). P53 is activated by a number of 

stimuli including DNA damage, serum starvation, nucleotide depletion etc. P53 has 

been a target of inactivation used by several viruses to take over the host apoptotic 

machinery. Having identified the presence of putative binding sites for AP-1 and P53 

we confirmed their presence by electrophoretic mobility shift assays. Reporter assays 

with 2.5kb upstream of p35 gene were carried out to investigate the role of the AP-1 

and P53 binding elements in influencing the transcription of p35 gene, if any. We also 

show a down regulation of P53 by baculovirus infection. However, the levels of AP-1 

remain more or less constant. 
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This chapter aims at exploring the role of host oxidative stress induced transcription 

factors in the regulation of p35 gene. 2.5kb upstream of the p35 gene was amplified 

from Bacmid prep and cloned in pAJluc reporter plasmid (Hasnain et al., 1996). The 

role of the host factors was evaluated by deleting the binding elements by restriction 

digestion and also by PCR based elimination. The subsequent clones were used for 

transient transfection assays and monitored for luciferase activity, the results of which 

are described and discussed here. 

 

Results 

 

3.1 In silico analyses reveal putative transcription factor-binding elements in the 

p35 upstream sequence  

The 2.493kb upstream sequence of p35 gene was submitted to the Transfac 

Database’s MatInspector Server for putative transcription factor binding site 

prediction. The transcription factor weight matrix library at MatInspector is a library 

of matrix descriptions for transcription factor binding sites and can locate matches in 

sequences of unlimited length. The default scores for core similarity was 1 and matrix 

similarity at 0.85. Binding elements showing equal to or above these scores were 

considered as significant.  Several transcription factor binding sites were found to be 

present, but of these, only those transcription factors that are activated upon oxidative 

stress) were selected for further analyses and these were P53 (A CATG CGT TTA 

AACATG TTG) and AP-1 (CTGA A TCA A C TGC T TCA A) localized at positions 

-1915 and -1401, respectively. The other DNA binding motifs predicted to be present 

within the p35 gene upstream sequence only the AP-1 and P53 elements were present 

as repeat motifs, which is a prerequisite for their DNA binding counterparts for 

interaction (Fig 3.1). The role of both these factors in apoptosis per se, as well as 

during virus infection in divergent organisms in vitro systems, is well established. 
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Fig 3.1 p35 upstream sequence carries specific transcription factor binding motifs 
Matinspector Tranfac-Database analyses of baculovirus p35 upstream region sequence reveals 
probable redox-sensitive transcription factor binding elements. Putative P53 DNA binding repeat 
motif (ACATGCGTTTAAACATGTTG) at position -1912 and AP-1 DNA binding repeat motif 
(CTGAATCAACTGCTTCAA) at position -1401 had maximum similarity with their consensus 
counterparts. Presence of unique restriction enzymes, MfeI at -2214 and –1360; MluI at -1413 and -
286, was utilized for cloning p35 upstream region deletion constructs pSK∆MfeI as well as 
pSK∆MluI respectively. Based on the luciferase reporter data with these aforesaid deletion-constructs, 
four more constructs pSp35P53luc, pSp35APluc (where p35-P53 and p35-AP1 elements were 
present) and pSp35∆P53luc, pSp35∆APluc (where p35-P53 and p35-AP-1 elements were removed) 
were made. 
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3.2 Interaction of P53 and AP-1 like factors with p35 upstream elements in Sf9 

Cells 

The existence of P53 like protein, which is activated by DNA damage in different cell 

lines including Sf9 was earlier reported by virtue of its cross reactivity with 

monoclonal antibodies to human P53 (Bae et al., 1995). To check if the P53 like 

protein indeed binds to the predicted element was confirmed by EMSA using Sf9 

nuclear extract. 5µg of Sf9 nuclear extract was incubated with the labeled p35-P53 

element. Competition assays were carried out with self, consensus P53 and mutant 

cognate motifs. A specific complex of P53 like protein with the predicted element is 

observed (Fig 3.2a, lane 2). The fact that it is indeed P53 like protein was further 

strengthened from competition assays using homologous (lane 3), 

oligodeoxyribonucleotide carrying the consensus P53 sequence element (lane 4) and 

oligodeoxyribonucleotides carrying mutation in the bases critical for P53 DNA 

binding. Both the p35-P53 element and consensus P53 motif compete for 

complexation but not mutated consensus P53 motif. These data clearly suggest the 

existence of an authentic P53 like factor in Sf9, which binds with high specificity to 

the P53 element in the p35 upstream sequence. 

Similarly the existence of an AP-1 like factor in Sf9, which binds to the predicted AP-

1 element, was checked by EMSA. 5µg of Sf9 nuclear extract was incubated with 

labeled p35AP-1 element as described. A specific complex comprising heterodimer 

and homodimer of cfos and cjun can be observed (Fig 3.2b, lane 2). Competition 

assays  carried out with self (lane 3); consensus AP-1 (lane 4) cognate motifs reveal 

its authenticity as an AP-1 like factor. Taken together these results demonstrate the 

presence of both P53 and AP-1 like factors in Sf9 cells, which bind to the predicted 

P53 as well as AP-1 binding elements in the p35 upstream sequence. 

 

3.3 p35 transcription increases as a function of virus infection 

To check the transcriptional profile of p35 as a function of virus infection, and in 

oxidative stress, Sf9 cells were infected with AcMNPV at different time points and  
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total RNA was harvested and used for RTPCR of p35 gene. About 2µg of total RNA 

from each set was used as described in methods. The relative levels of p35 increased 

as a function of virus infection (data not shown). The expression of p35 is 

observedfrom 2h of infection (lane 2). When RTPCR was carried out with AcMNPV 

infected Sf9 cells followed by oxidative stress, the levels of p35 remain steady as 

compared to unexposed AcMNPV infected Sf9 cells (Fig 3.3). RTPCR analysis shows 

that there is a steady increase of p35 transcription throughout the infection cycle and 

maintains a steady state even during oxidative stress. 

 

3.4 Transient transfection assays provide functional importance of the cis-acting 

elements  

To explore the role played by the selected transcription factors AP-1 and P53, 

transient transfection assays for the expression of luciferase reporter gene were 

carried out. pSKluc, pSK∆MfeIluc and pSK∆MluIluc were transiently transfected in 

Sf9 cells and were then infected with AcMNPV and luciferase assay was carried out at 

various time periods (Fig 3.4). Transfection of pSKluc resulted in luciferase levels 

somewhat comparable to that of pAJluc basal construct without AcMNPV infection. 

This result, despite p35 being under the control of a typical Pol II promoter, suggests 

the requirement of viral factors, which are expressed during immediate early and/or 

early phase of AcMNPV infection as observed by Pullen and Friesen, 1995a. Steady 

increase in luciferase activity was observed in Sf9 cells transfected with pSKluc and 

subsequently infected with AcMNPV. Relative luciferase activity increased two to 

three folds from 24h post infection to 72h post infection. (Fig. 3.4, compare bar 2 with 

bar 5). As compared to pSKluc construct, pSK∆MfeIluc showed 2.2-fold reduction in 

luciferase activities 24 hours post infection and the difference was more or less 

maintained even at 72 hours post infection. Luciferase levels of pSK∆MluIluc when 

compared with pSKluc, showed about 1.5 fold reduction at 24-hour post infection and 

also at 72h post infection. The luciferase activity of both pSKMluIluc and 

pSKMfeIluc was lesser than the full-length pSKluc, however the reduction in  
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Fig 3.3: RTPCR analysis of p35 expression profile as a function of virus infection in Sf9 
cells exposed to UV- or unexposed Sf9 cells 2µg of total RNA isolated from Sf9 cells 
infected with AcMNPV at different time points was used to set RT reaction. 2µl of the RT 
product was used to carry out PCR for 35 cycles with p35 specific primers. The expression of 
p35 appears at 2nd hour of infection and increases steadily as a function of virus infection, is 
evident from lanes 2-4. The increased levels of p35 are maintained also during oxidative 
stress (UV-B treatment) as seen in lanes 5-7. 
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Fig 3.4: p35 upstream regions demonstrates presence of important cis-acting elements 
In vitro Sf9 transient expression studies utilizing p35 upstream luc constructs showed 
differential luciferase levels with full length (pSKluc) and deletion constructs (pSK∆MfeI 
and pSK∆MluI) when infected with AcMNPV.  Luciferase activity levels were measured 
after 24 and 72 hours of AcMNPV infection. As compared to pSKluc construct, 
pSK∆MfeIluc showed 2.2 fold reduction in luciferase activities 24 hours post infection and 
the difference increased to 2.5 fold by 72 hours post infection period (compare bar 2 with 3; 
and bar 5 with 6, respectively). Luciferase levels of pSKluc when compared with 
pSK∆MluIluc, projected a decline of 1.5 fold reduction at 24 hour post infection and 1.3 fold 
reduction at 72h post infection (compare bar 2 with 4; and bar 5 with 7, respectively). 
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luciferase activity by pSKMfeIluc construct compared to pSKMluIluc construct was 

significantly higher. These in vitro luciferase reporter data point to the functional 

significance of these important cis-acting elements. 

 

3.5 Deletion of P53 binding element from the p35 upstream sequences indicates its 

importance as a repressor element.  

Having shown that cis-elements are important in the regulation of the p35 gene, the 

role of individual transcription factors in the regulation of the p35 gene was evaluated 

by adapting a different strategy to delete the binding sites. PCR amplification of the 

p35 upstream sequence was carried out either including or excluding the binding site 

and cloned into pAJluc to obtain pSP53luc having the P53 element and pS∆P53luc 

lacking the P53 element along with the CAGT motif present at -2292. These 

constructs including full-length pSKluc were then transfected into Sf9 insect cells, 

followed by AcMNPV infection. The importance of P53 binding element became 

apparent when the luciferase activity of +/- P53 constructs were compared at different 

time points starting from as early as 1h post infection (Fig 3.5). A steady level of 

increased luciferase activity was observed in pS∆P53luc as compared to pSP53luc 

from 1h to 12h time period. A maximum of 1.8 fold increase was observed 12h post-

infection. As compared to full-length pSKluc construct, the +/- P53 constructs show 

decreased luciferase activity. This decrease can be co-related with the lack of –2292 

CAGT motif. This data clearly demonstrate that P53 exerts a repressor function 

during the transcriptional regulation of the p35 gene. 

 

3.6 Down regulation of p35 transcription by deleting AP-1binding element shows its 

function as a transcriptional activator 

To evaluate the specific role of AP-1 in p35 gene transcription, AP-1 was deleted 

using a similar strategy as applied to P53. The resulting constructs pSAP1luc 

(1.383kb) and p35∆AP1, both of which also lack “CAGT” -IE1 binding element at –

2292bp, were transfected in Sf9 cells followed by viral infection. Luciferase activity  
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Fig 3.5: p35-P53 binding element acts as a transcriptional repressor 
p35 upstream region constructs with luciferase as a reporter (pSp35P53luc, represented as 
filled bars) or without (pSp35∆P53luc, represented as open bars) were utilized for 
transfection in Sf9 cells followed by virus infection. Luciferase activity levels were measured 
at 1, 2, 4 and 12 hours of post AcMNPV infection. A steady level of increased luciferase 
activity was observed in pS∆P53luc levels as compared to pSP53luc (bar 1-8) from 1h to 12h 
time period. A maximum of 1.8 fold increase was noted in pS∆P53luc (bar 7) as compared to 
pSP53luc levels at 12h post-infection (bar 8). 
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Fig 3.6: p35- AP1binding element acts as a transcriptional activator 
p35 upstream region constructs with luciferase as a reporter (pSp35AP1luc, represented as 
open bars) or without (pSp35∆AP1luc, represented as filled bars) were prepared. 
Independent transfections of pSAP1 and pS∆AP1luc were done followed by AcMNPV 
infection. Luciferase activity levels were measured from 1 to 24 hours of post AcMNPV 
infection (bars 1-12). A steady level of diminution in luciferase activity was observed in 
pSp35∆AP1luc levels as compared to pSp35AP1uc. The reduction was 1.4, 1.3 and 2-folds at 
6, 12, and 24 hours post infection (compare bars 7, 9, 11 with 8, 10 and 12 respectively).  
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was monitored at different times after transfection (Fig 3.6). A steady reduction in the 

luciferase levels in pS∆AP1luc transfection group was observed at all time point as 

compared to pSAP1Luc group. The reduction was 1.4, 1.3 and 2-folds at 12, 24 and 

72 hours post infection respectively. Between 24h - 72h post infection windows, 

theluciferase activity was much less as compared to full-length pSKluc construct. The 

reduced levels of the luciferase may be attributed to the absence of CAGT motif at –

2292 in pSAP1luc. These data clearly provide for AP-1 as an activator of p35 gene 

transcription. 

 

3.7 Discussion 

On the basis of the requirement for de novo protein synthesis or viral DNA 

replication, viral gene expression can be divided into at least three phases: early 

(subdivided into immediate early and delayed early), late and very late. Early viral 

genes regulate late replication processes as well as the host insect’s response to 

infection. The P35 functions as an anti-apoptotic protein and constitutes a host range 

determinant for AcMNPV infection (Clem and Miller, 1993). Baculovirus early gene 

expression is regulated at transcription level, which may facilitate increase expression 

of AcMNPV genes early in infection, when the level of viral DNA for transcription is 

critically low (Dickson and Friesen, 1991). The p35 expression starts from the early 

phase (around 2hpi) and steadily increases throughout the infection. The p35 

promoter, being temporally complex, is expressed in different phases of infection, 

utilizing both the early promoter and late promoter elements. The CAGT motif, which 

is host RNA polymerase responsive and is present in most of the insect gene 

promoters and the TAAG motif, is a feature of the baculoviral late promoters. The 

transcription from the p35 promoter requires assistance from the viral factors 

including IE1 and cis-elements including hr5, without which there is no transcription 

as evident from the luciferase assays using pSKluc reporter construct, wherein there is 

no luciferase readout without viral infection.  

Binding of host transcription factors to viral DNA elements can serve a critical step in 
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the initiation of infection. In Orgyia pseudotsugata multicapsid nuclear polyhedrosis 

virus, the GATA and CACGTG motifs upstream to the gp64 gene bind to specific 

host nuclear proteins (Kogan and Blissard, 1994), which is important in 

transcriptional regulation of the gp64 early promoter (Kogan et al, 1995) and the 

progression of infection.  

It has been earlier demonstrated that baculovirus anti-apoptotic P35 protein also 

functions directly as an antioxidant by mopping out free radicals and consequently 

prevents cell death by acting at an upstream step in the reactive oxygen species-

mediated cell death pathway (Sah et al, 1999). In doing so, P35 additionally prevents 

oxidant-induced mitochondrial cytochrome C release and down regulates caspase 

activation (Sahdev et al, 2003). Evidence has been provided for oxidative stress 

induction upon infection of Spodoptera frugiperda and Trichoplusia ni (T ni) insect 

cell lines with Autographa californica multiple nucleopolyhedrosisvirus (AcMNPV) 

for prolonged period (up to 100h post infection) contributing to cell death (Wang et 

al., 2001). Considering these important regulatory functions of P35 in modulating 

oxidative stress induced apoptotic pathway, and the role of oxidative stress induced 

host factors in regulating p35 expression per se during infection phase, we speculated 

that host redox-sensitive factors might have an important role to play in p35 gene 

regulation at the transcription level. 

p35 upstream region sequence (2.493kb) was therefore analyzed for the presence of 

probable important transcription factor binding sites at Transfac database using 

MatInspector web based software. Two important transcription factor-binding 

elements namely, P53 and AP1 occur as repeat motifs at positions -1915 and -1401, 

respectively (Fig. 1). As compared to P53 binding motif, AP-1 binding element is 

closer to the -50bp TATA box. The role of both these factors during virus infection as 

well as in apoptosis in different organisms/in vitro systems is quite well established. 

The importance of these elements may lie in functioning as a docking site for their 

respective binding factors thereby facilitating them to interact with the host TBP and 

other associated factors and or viral IEI or RNA polymerase factors.  
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Luciferase reporter assays using full-length pSKluc construct transfections followed 

by virus infection showed activation as early as 1h post infection and increased to a 

maximum at around 72h post-infection. During the late phase of viral infection, viral 

transcription factors in conjunction with host factors drive the p35 at a higher level. 

Two deletion constructs were derived from full-length pSKluc by utilizing MfeI and 

MluI restriction enzyme sites present therein. In transient transfections utilizing 

MfeI/MluI constructs revealed significant reduction in MfeI deleted constructs as 

compared to MluI deleted (Fig 3.4). The deletion of MfeI region had no effect on the 

IE1 binding CAGT motif present in the p35 upstream region (located at -2291, -780, -

674 and -430) except that the -2291 CAGT motif became strategically closer to 

TATA box. Despite the fact that IE1 elements were left intact, significant reduction in 

reporter level of ∆MfeI construct strongly indicated the possibility of important 

binding elements within this region where factors other than the transactivator IE1 

bind and regulate this promoter by either interacting with IEI and/or amongst 

themselves and rest of the transcription unit. The loss of the three proximal CAGT 

motifs in ∆MluI construct did not significantly alter the luciferase activity as 

compared to ∆MfeI construct, where the three proximal CAGT motifs are intact 

considering the importance of the CAGT motifs in the transcription of p35. 

Luciferase assays using PCR based elimination of AP-1/P53 binding elements 

revealed two-fold difference in the luciferase activity between construct with P53-

binding motif and construct without it. Deletion of the P53-binding motif resulted in 

crucial increase in luciferase activities at all time periods during post AcMNPV 

infection. This observation is significant as it points to a negative regulatory role 

played by P53 cis-element in a construct where AP-1 binding element was present as 

well. 

DNA-binding protein P53 has been shown to function as a transcriptional regulator in 

a variety of circumstances (Vogelstein et al, 1992; Kern et al, 1992; Unger et al, 

1992). In addition to activating genes with P53-binding sites (Seto et al, 1992, Liu et 

al, 1993; Martin et al, 1993; Truant et al, 1993; Horikoshi et al, 1995; Lu and Levine, 
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1995; Thut et al, 1995; and Farmer et al, 1996), P53 has been shown to specifically 

inhibit the synthesis of c-fos (Kley et al, 1992), PCNA (Mercer et al, 1991; Jackson et 

al, 1994); tRNA and 5S rRNA (Crighton et al, 2003) and cyclin A (Yamamoto et al, 

1994). In at least some cases, this down-regulation may occur via interaction of P53 

with the TATA-binding factor involved in transcriptional initiation of genes that 

contain a TATAA box (Miyashita et al, 1994). Recent evidences suggest that P53 

tumor suppressor gene product can down regulate bcl-2 gene expression both in vitro 

and in vivo (Miyashita et al, 1994). It has been suggested that the transcriptional 

repression function of P53 may contribute to its ability to suppress proliferation 

and/or tumor formation (Cox et al, 1995; Ko and Prives, 1996; Cairns and White, 

1998). 

Virus-induced activation of JNK as well as MAP kinase cascade, which leads to the 

de novo synthesis of c-Fos protein and prolonged synthesis of c-Jun, thereby 

activating transcription factor AP-1, has been shown to be a part of the innate antiviral 

response of the cell (Ludwig et al, 2001; Benn et al, 1996). Role of AP-1 binding 

element in p35 upstream region was from results utilizing luciferase constructs with 

or without AP-1 binding elements. There was a noteworthy reduction in the 

transcription levels in the AP-1 DNA-binding element compromised transfection 

group. The reduction in luciferase levels was visibly more prominent during late 

phase of virus infection (Fig. 5). The functional significance of this lies in the fact that 

the AP-1 binding element present in the p35 upstream region is functioning as an 

enhancer element thereby resulting in 2 to 3 fold up regulation of p35 transcription as 

a whole. As AP-1 motif in p35 upstream region is present closer to -50bp TATA 

element the AP-1 constructs lacked both --2292 CAGT motif as well as -1912 P53 

binding element.  The effect of AP-1 element, in the present study, is independent of 

any possible effect of these other regulatory elements. Therefore it appears that AP-1 

binding element in the absence of P53-binding element plays a substantial role of 

transcriptional activator. What role it could be playing in conjunction with its P53 

counter part will be of considerable interest as such. There are a lot of reports where 
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AP-1 and P53 cross talk has been observed. The transcription factor c-Jun mediates 

several cellular processes, including proliferation and survival, and is up regulated in 

many carcinomas, indicating that c-Jun prevents apoptosis by antagonizing P53 

activity (Eferl et al, 2003). Similarly there are findings which suggest that JunD 

protects cells from senescence, or apoptotic responses to stress stimuli, by acting as a 

modulator of the signaling pathways that link Ras to P53 (Weitzman et al, 2000; 

Scherer et al, 2000). Interestingly, this up-regulation critically depends on functional 

interaction with c-Jun. Hence, the synergistic/antagonistic interaction of a proto-

oncogene with a tumor suppressor gene may be required for the regulation of stress 

responses which could occur due to virus infection or otherwise. The presence of P53 

as well as AP-1 DNA binding motifs in p35 upstream region does play a significant 

regulatory role. Cognate sequence elements corresponding to these factors showed 

strong and specific binding with Sf9 nuclear extracts. Members of the AP-1 

transcription factor family, especially c-Jun and c-Fos, have long been known to 

mediate critical steps in the cellular response to ultraviolet (UV) irradiation (Piu et al, 

2001). Our observations point to the role played by SfAP1-like factor through 

interaction with its DNA-binding element in p35 upstream region and thereby 

functioning as an enhancer. We further observed that an SfP53-like factor, which is 

able to bind to its putative DNA-binding site in p35 upstream region, functions as a 

negative regulator of p35 transcription. The evidence presented here indicates that 

SfP53 like factor mediated down-regulation of p35 gene expression in cultured cells in 

vitro may have important implications for the mechanisms by which this factor 

regulates apoptosis and sensitivity to viral infection. The present study points to the 

regulation of p35 gene by cross talk between host as well as viral transcription factors 

involving different regulatory pathways which either up or down regulate p35 

transcription during viral infection. 
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Rationale: 

Targeting apoptosis pathway is an efficient mechanism employed by animal viruses to 

overcome host defenses. Most often the targets include conserved proteins in the 

apoptotic pathway. The transcription machinery during oxidative stress has not been 

studied in Sf9. The early events in the signaling of apoptosis during oxidative stress 

are redox-sensitive transcription factors. Having established Sf9 as a model for 

oxidative stress induced apoptosis (Hasnain et al., 1999); we monitored the levels of 

possible transcription factors that are activated during oxidative stress. In the present 

work, we report the identification of at least three factors that are activated during 

oxidative stress in Sf cells in a time dependent manner including AP-1, NFκB and 

P53-like factors. We also compared the levels of these factors in the presence 

(AcMNPV infected Sf-9) and absence (uninfected Sf-9) of P35. Baculovirus P35 is a 

very potent anti-apoptotic protein with several modes of action including caspase 

inhibition (Bump et al., 1995), antioxidant nature of action (Sah et al., 1998) and by 

blocking cytochrome C release (Sahdev et al., 2003). Infection with baculovirus 

confers protection against oxidative stress and oxidative stress induces transcription 

factors like P53, NFκB and AP-1. In this context it was interesting to look into any 

probable cross talk between the oxidative stress induced transcription factors and the 

baculovirus anti-apoptotic P35 protein. Of the different transcription factors activated 

in Sf9cells, we focused on the role of P53 given its established role as a transcription 

factor and its interaction with several viral gene products.  

P53, better known as the tumor suppressor protein or the molecular guardian of the 

genome, is a sequence specific transcription factor (Kern et al., 1991) activated by 

various cellular stresses including DNA damaging agents, heat shock, nutrient stress, 

growth factor deprivation, nucleotide depletion, oncogene activation etc. DNA 

damage immediately activates several damage sensors, which in turn activate P53 

resulting in the activation of the DNA repair pathway, cell cycle arrest or apoptosis  

 91



Chapter 4 
 
       Molecular cross talks between baculovirus P35 and oxidative stress induced host factors 
 

(Ko and Prives, 1996; Levine, 1997; Giaccia Kastan, 1998; Kamijo et al., 1998). P53 

exerts a pro-apoptotic function by both transcription dependent and independent 

processes (O'Rourke, et al 1990; Leu et al., 2004). As a transcription factor, it targets 

those genes involved in the response pathway including p21 (cdk inhibitor), GADD 

45 (DNA repair), bax, caspases (apoptosis) etc. P53 has been reported to repress the 

transcription of several genes including bcl2 (Ginberg et al., 1991; Miyashita et al., 

1994). We further show that P35 also interferes with the P53 transcriptional activity 

by a direct cross talk involving these two proteins and that the presence of P35 alters 

the expression profile of known P53 target genes. A little insight into the nature of the 

interaction, in terms of the redox environment and oligomeric status of P53 for this 

interaction has also been investigated. 

  

RESULTS 

 

4.1 Oxidative stress activates several transcription factors in Sf9 

Oxidative stress, mediated by either UV-B or H2O2, is known to induce apoptosis 

through activation of a plethora of transcription factors in several systems. The well-

established transcription factors activated in oxidative stress include AP-1, NFκB and 

P53. These factors were previously not reported from insect cells. However, some 

evidence was available for the existence of P53 like molecule in insect cell lines (Bae 

et al., 1995), wherein the P53 pathway components were shown to be existent in 

insect cell lines by using human specific antibodies which cross react with the insect 

proteins. In the present work, we have used EMSA to define factors like P53, AP-1 

and NFκB in insect cell line Sf9, which are responsive to oxidative stress. However 

since the sequence information of these factors is not available, we present these 

factors as ‘P53-like’, ‘NFκB-like’ and ‘AP-1-like’ factors. 
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4.1.1 Oxidative stress activates AP-1 like factor in Sf9 cells 

AP-1 is a transcription factor responsive to several kinds of stress including redox 

changes, viral infection and is active during cellular transformation. It is a well-

established redox sensitive transcription factor. AP-1 complex comprises of different 

combination of homo and hetero dimers of cFos and cJun, like cJun-cJun, cFos-cFos 

and cFos-cJun in mammalian systems. The AP-1 consensus cognate motif was labeled 

and used to probe for AP-1 like factor in Sf9 cells. EMSA using Sf9 nuclear extract 

and AP-1 consensus probe reveals a complex comprising of at least two bands (Fig 

4.1.1 a) marked by arrows. Specific and mutant competitions determine the 

authenticity of the complex. The specific competition is evident from Fig 4.1.1a lane 

3, where a 100 fold molar excess of unlabeled consensus motif competes out the 

complex completely. Similarly, a molar excess of mutated oligodeoxyribonucleotide 

was unable to compete for complex formation (Fig 4.1.1 a lane 4). To investigate the 

activity of this factor during oxidative stress, EMSA with 5µg of nuclear extract each 

from Sf9 cells at different times (2-8h) post oxidative stress treatment (UV-B 

exposure) as described in methods was carried out (Fig 4.1.1 b). The AP-1 like factor 

increases throughout the stress in a time dependent manner (Fig 4.1.1b lanes 3-6) 

demonstrating its responsiveness to oxidative stress. 

 

4.1.2 Oxidative stress activates NFκB like factor in Sf9 cells 

            NFκB is an oxidative stress-induced transcription factor responsive to several 

stress like oxidative   stress, pathogen intrusion, inflammation, cellular injury etc. 

Much of its activity has been attributed to immunological responses such as 

inflammation and is responsible for regulation of genes encoding cytokines and other 

host factors. Its relation to the progression of cancer and several other diseases has 

been well studied.  

 

 93



Chapter 4 
 
       Molecular cross talks between baculovirus P35 and oxidative stress induced host factors 
 

Sf9 NE (5µg)           –     +     +     +

*Consensus AP-1     +      +    +     + 

Consensus AP-1     –       –    +     –

1 2 3 4 1   2    3    4     5    6  

UV (2-8h) 

Hours after UV exposure      –     –      2     4     6      8  

*Consensus AP-1           +     +      +     +     +      + 

Sf9 NE (5µg)         –     +      +     +     +     +
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 (b) (a) 

 
Fig 4.1.1 Activation of AP-1 like transcription factor in Sf9 during oxidative stress (UV-B
irradiation). 
(a) AP-1 like factor is present in Sf9 nuclear extract which binds specifically to the AP-1
consensus motif (lane 2 of a) which is evident from the cold (lane 3 of a) and mutant
competition assays (lane 4 of a) (b) EMSA was carried out with 5µg of nuclear extract
from untreated (lane 2) and UV-B treated (lane 3-6) Sf9 cells using consensus AP-1
probe. Two specific DNA-protein complexes can be seen as indicated by the arrows of
which the upper band comprising cfos-cjun heteromer (as judged by higher molecular
weight) is responsive to the UV-B induced oxidative stress (lanes 3-6), the lower fainter
band may correspond to other homodimer of cjun which remains unaltered during the
activation process. The AP-1 like factor in Sf9 cells accumulates in the nucleus as a
function of time (lane 3-6 of b) demonstrating its responsiveness to UV induced oxidative
stress. 
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Fig 4.1.2 Activation of NFκB like transcription 
(UV-B irradiation). 
(a) NFκB-like factor is present in Sf9 nuclear 
NFκB cognate motif (lane 2 of a) as evident th
a) where a 100 fold molar excess of unlabeled
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Several pharmacological agents target NFκB to modulate cellular responses towards 

the cure of cancer and other diseases. NFκB binds to its cognate DNA in different 

forms including the hetero-dimer p50-p65; dimeric forms p50-p50 and p65-p65. The 

p65 component is the induced form and is responsible for transactivation of NFκB 

target genes. A typical NFκB EMSA shows three bands corresponding to p50-p65; 

p65-p65 and p50-p50. The differential induction of NFκB is seen in the p65-p50 

heterodimer, which binds with stronger affinity. An attempt to look for NFκB-like 

factor in Sf9 insect cells was done by EMSA using Sf9 nuclear extract and consensus 

NFκB motif, which revealed three bands (Fig 4.1.2a). The authenticity of the complex 

was checked by cold competition (Fig 4.1.2a lane 3). The activity of this factor during 

oxidative stress was investigated which is also activated as a function of time (Fig 

4.1.2b lanes 3-7). As expected, the NFκB-like factor in Sf9 increases in response to 

oxidative stress as observed in other systems. 

 

4.1.3 SfP53-like factor is activated by oxidative stress in Sf9 cells 

P53 is better known as the molecular guardian of the genome. Any kind of DNA 

damage activates several sensors, which finally activate P53. The P53 network has 

been well worked out. P53 is known to function as pro-apoptotic factor by 

transcribing the genes of the apoptotic pathway. However, recently, it is also shown to 

possess transcription independent pro-apoptotic activity. As transcriptional activator, 

it responds to DNA damage stimulus and leads the cell to a death pathway In order to 

ascertain whether the P53-like factor present in insect cells, EMSA was carried out 

using 3µg of nuclear extract from Sf9 cells (Fig 4.1.3a) and labeled P53 consensus 

sequence motif, where a specific DNA-protein complex (Fig 4.1.3a, lane 2) is formed 

and is competed out by consensus oligodeoxyribonucleotide (Fig 4.1.3a, lane 3) but 

not by consensus oligodeoxyribonucleotide carrying mutations critical for P53 DNA  
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Fig 4.1.3 Activation of a P53 like factor during oxidative stress (a) EMSA with Sf9 nuclear 
extract using consensus P53 probe shows a specific DNA-protein complex (lane 2), which is 
competed out by homologous cold competition (lane 3) and not by oligodeoxyribonucleotide 
carrying a mutation in the P53 binding motif (lane 4). (b) EMSA using P53 consensus probe 
was carried out using 5mg of nuclear extract from Sf9 cells under oxidative stress caused by 
UV-B irradiation (b), or exposure to H2O2 (c), for different times (0-8h). The P53 like factor 
accumulates as a function of time of oxidative stress caused by either UV-B irradiation (b) or 
H2O2 (750mM) treatment (c). 
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binding (Fig 4.1.3a, lane 4). That the Sf9 P53-like factor is modulated by oxidative 

stress was investigated by exposing Sf9 cells to UV-B or H2O2 (750µM) as described 

in Materials and Methods. Nuclear extracts were prepared from Sf9 cells at different 

time intervals of oxidative stress (2-8 hours). EMSA analysis using the consensus P53 

probe and equal amount of nuclear extracts (5µg) from the cells at different times 

after oxidative stress clearly shows (Fig 4.1.3b and c) increasing amount of P53 as a 

function of time of oxidative stress. This was irrespective of whether the extract was 

prepared after UV-B irradiation (Fig 4.1.3b) or H2O2 treatment (Fig 4.1.3c). A 

maximum accumulation of P53 occurs about 6-8 hours post-oxidative stress after 

which the cells show morphological symptoms of apoptosis. These results 

demonstrate that the Sf9 P53-like factor is activated by oxidative stress. 

 
4.2 Baculovirus infection modulates activation of stress factors in Sf9 

The fact that infected Sf9 cells do not undergo apoptosis even upon oxidative stress 

lead us to look into the nature of interference of the anti-apoptotic P35 in the 

activation of the transcription factors, namely, AP-1, NFκB and P53, which are very 

well responsive to oxidative stress 

 

4.2.1 Baculovirus infection modulates activation of AP-1-like factor during 

oxidative stress 

EMSA analysis using 5µg nuclear extract (Fig 4.2.1) from infected (including both 

UV-B treated, lanes 12-15 and untreated lanes 8-11) and uninfected Sf9 (lanes 2-7) 

with AP-1 consensus probe reveals that the AP-1-like factor that is activated in 

oxidative stress (lanes 4-7), maintains steady state levels at least during early infection 

(lanes 8-11) and is inactivated upon oxidative stress in virus infected Sf9 cells (lanes 

12-15) demonstrating that baculovirus mediates the inactivation of the SfAP-1-like 

factor which is much more prominent upon oxidative stress. 

 98



Chapter 4 
 
       Molecular cross talks between baculovirus P35 and oxidative stress induced host factors 
 

 

 

 Hours post UV treatment    –     –     –     3     5     8      9      –     –    –     –      3      5     8     9  

1    2    3    4    5    6    7    8     9   10  11  12  13  14  15 

AP-1 consensus     –     –     +     –     –     –     –      –     –    –      –      –     –     –     –  

Hours Post Ac infection    –     –     –     –     –      –     –      3     5    8      9      3     5     8     9  

* AP-1 consensus   +      +     +     +     +     +     +     +     +    +      +     +     +     +    + 

Sf9 NE (5µg)      –     +     +     +    +     +     +      +    +     +      +     +     +    +    + 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.2.1 Baculovirus infection modulates activation of AP-1-like factor in Sf9 upon 
oxidative stress 
EMSA analysis using 5mg nuclear extract from infected (including both untreated and 
untreated) and uninfected Sf9 with AP-1 consensus probe reveals that the AP-1-like factor 
that is activated in oxidative stress, maintains steady state levels at least during early 
infection and is inactivated upon oxidative stress in infected Sf9 cells demonstrating that 
baculovirus mediates the inactivation of the AP-1-like factor which is much more prominent 
upon oxidative stress. 
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4.2.2 Baculovirus infection causes down regulation of AP-1 like factor in Sf9 as a 

function of virus infection 

AP-1 is known to play a role in the progression of apoptosis. Apoptosis inducing 

agents do activate AP-1, which is a stress factor. Several viruses are known to activate 

AP-1 as reviewed in the introduction section and help in the progression of viral life 

cycle. AP-1 allows the progression of the transformation initiated by several viruses. 

EMSA was carried out with 5µg of NE extracted from Sf9 cells at different stages of 

AcMNPV infection. The relative levels of active SfAP-1 like factor decrease as a 

function of the progression of virus infection (Fig 4.2.2, lanes 3-6) as compared to 

control levels (lane 2) demonstrating that the baculovirus down regulates the AP-1 

like factor in Sf9 cells, unlike other viruses, which cause an increase of this factor. 

 

4.2.3 Baculovirus infection modulates activation of NFκB-like factor during 

oxidative stress 

NFκB is known to both promote and antagonize apoptosis in several cell types. To 

investigate the role of NFκB like factor of Sf9 cells, which is activated during 

oxidative stress, an EMSA was carried out with 5µg of NE from infected as well as 

uninfected Sf9 cells which are either UV-B treated or untreated (Fig 4.2.3). The levels 

of NFκB are higher in oxidative stress in uninfected Sf9 cells (lanes 4-7) as shown 

earlier and maintain a steady state at least during the early infection (8-11) but are 

distinctly lower upon oxidative stress treatment (lanes 12-15). This result probably 

points to additional pathway activated during oxidative stress in infected cells, which 

completely inactivates the NFκB like factor (same is true with the other factors, 

namely, AP-1 and P53). It is quite plausible that targeting them to proteosomic 

degradation might regulate these transcription factors. 
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 Fig 4.2.2 AP-1 is down regulated during AcMNPV infection 
EMSA was carried out with 5µg NE extracted from Sf9 cells at different stages
of AcMNPV infection. The relative levels of active SfAP-1 like factor decrease
as a function of the progression of virus infection (lanes3-6) as compared to
control levels (lane 2) demonstrating that the baculovirus down regulates the AP-
1 like factor in Sf9 cells.  

 

 

 

 

 

 

 

 101



Chapter 4 
 
       Molecular cross talks between baculovirus P35 and oxidative stress induced host factors 
 

 

 

 

NFκB consensus     –     –      +    –     –      –     –     –     –     –     –      –      –     –     –

Hours post UV treatment     –     –     –     3     5     8     9      –     –     –     –      3      5    8      9  

Hours Post Ac infection    –      –     –     –     –      –    –      3     5     8     9      3      5    8      9 

*NFκB consensus   +      +     +     +    +     +      +    +      +    +     +     +      +    +     +

Sf9 NE (5µg)    –     +     +     +     +     +    +      +    +     +     +      +      +    +     + 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                               1     2    3     4    5    6    7    8    9   10  11  12  13  14  15 

 

Fig 4.2.3 Baculovirus infection modulates activation of NFκB in Sf9 
EMSA analysis using 5µg nuclear extract from infected (including both untreated and 
untreated) and uninfected Sf9 NFκB consensus probe reveals that the NFκB-like factor 
that is activated in oxidative stress, maintains steady state levels at least during early 
infection and is inactivated upon oxidative stress in infected Sf9 cells demonstrating that 
baculovirus mediates the inactivation of the NFκB-like factor which is much more 
prominent upon oxidative stress. 
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4.2.4 Baculovirus infection modulates activation of NFκB -like factor as a function 

of virus infection 

Similar to AP-1, the activity of NFκB was investigated as a function of virus 

infection. EMSA was carried out with 5µg of NE from infected Sf9 cells at various 

stages of infection up to 48h (Fig 4.2.4). In case of NFκB too, the levels steadily fall 

as a function of virus infection cycle (lanes 3-6). In contrary to the expectation that 

NFκB may function to promote anti-apoptotic state in the host and synergistically 

function with viral anti-apoptotic factor P35, the activity of NFκB during viral 

infection is low. 

 

4.2.5 Baculovirus infection modulates activation of P53-like factor during oxidative 

stress 

P53 is a main target of inactivation by several viruses as it is a key player in the 

progression of apoptosis. Having earlier shown that P35 inhibits oxidative stress 

induced apoptosis (Sah et al., 1999) and that oxidative stress activates a P53-like 

factor in Sf9, we further investigated whether the P53 activation per se is modulated 

by baculovirus infection. In order to monitor the P53 levels in uninfected and as a 

function of virus (carrying p35 gene) infection, EMSA was carried out using nuclear 

extract from uninfected as well as AcMNPV infected Sf9 cells. Upon oxidative stress 

treatment, uninfected Sf9 cells show a steady state accumulation of P53 like factor. In 

contrast, infected cells during the same period of oxidative stress did not show any 

accumulation of this factor (Fig 4.2.5 lanes 7-9). However, when a mutant AcMNPV 

carrying a mutation in the p35 gene (δp35AcMNPV) is used to infect Sf9 cells, 

nuclear extract prepared from such cells continued to accumulate P53 in the nucleus 

(data not shown). To confirm that the presence of P35 alone is sufficient to cause the 

inhibition of P53 accumulation, we carried out transient transfection with p35  
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Fig 4.2.4 NFκB is down regulated during AcMNPV infection 

EMSA was carried out with 5µg NE extracted from Sf9 cells at different stages 
of AcMNPV infection. The relative levels of active SfNFκB like factor decrease 
as a function of the progression of virus infection (lanes3-6) as compared to 
control levels (lane 2) demonstrating that the baculovirus down regulates the
NFκB like factor in Sf9 cells.  
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SfNE (5µg)    –        +      +      +       +      +      +      +      +        +      +     +      + 

 
Fig. 4.2.5 Baculovirus infection or transient expression of P35 can inhibit P53
activation 
EMSA using P53 consensus probe was carried out using nuclear extracts from virus
infected Sf9 cells followed by oxidative stress treatment for different time intervals
(lanes 7-9). The levels of P53 declined throughout the window period as compared with
oxidatively stressed uninfected Sf9 cells (lanes 4-6) and are even lower than the control
cells (lanes 2). Sf9 cells were transiently transfected with p35 expression plasmid
carrying the p35 gene under the IE1 promoter followed by oxidative stress after an
overnight incubation for different time intervals (2-8h)(lanes 10-13). Note the increased
levels of the P53 like factor in uninfected exposed (lanes 4-6), but not in oxidatively
stressed Sf9 cells with prior AcMNPV infection (lanes 7-9) or pIEp35 transfection
(lanes10-13).  
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expression plasmid pIEp35. In this plasmid p35 gene is under the transcriptional 

control of immediate early (IE) promoter, which is activated by host factors. It could 

be seen that the P53 levels in transiently transfected Sf9 cells undergoing oxidative 

stress for the same period of time was similar to control (lanes 10-13 compare with 

control lane 2). The P53 levels correlate well with the apoptotic/anti-apoptotic state of 

the cell. These results demonstrate that oxidative stress induced apoptosis in Sf9 cells 

is mediated by the activation of P53-like factor and is inactivated (as evident by low 

levels of P53) upon baculovirus infection and that P35 is alone sufficient to perform 

this function. 

 

4.2.6 Baculovirus infection causes down regulation of P53 as a function of virus 

infection 

Similar to AP-1 and NFκB, P53 was also monitored for its activity through the 

infection cycle. Again the levels of P53 are clearly lowered as a function of virus 

infection as revealed by EMSA (Fig 4.2.6 lanes 3-6). P53 is a main target of 

inactivation by several viruses, as discussed in the introduction section, as it is a key 

player in the progression of apoptosis. 

 

4.2.7 Nuclear-Cytoplasmic distribution of P53 in uninfected vs. infected Sf9 cells 

upon activation by oxidative stress 

Having shown that P53 levels are low in virus infection either untreated or treated 

with UV-B, it was monitored for its nuclear-cytoplasmic distribution in infected vs. 

uninfected Sf9 cells (Fig 4.2.7). EMSA with 10µg of Sf9 (infected as well as 

uninfected) nuclear extract was carried out with both nuclear (lanes 2-4; 8-10) and 

cytoplasmic fractions (lanes 5-7; 11-13) and consensus P53 motif as probe. The 

P53-like factor is activated upon oxidative stress in uninfected Sf9 cells and 

accumulates in the nucleus (lanes 2-4), faintly detected in the cytoplasm (5-7);  
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    Fig 4.2.6 SfP53 like factor is down regulated during AcMNPV infection 
EMSA was carried out with 5µg NE extracted from Sf9 cells at different
stages of AcMNPV infection. The relative levels of active SfP53 like factor
decrease as a function of the progression of virus infection (lanes3-6) as
compared to control levels (lane 2) demonstrating that the baculovirus down
regulates the NFκB like factor.  
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 Fig 4.2.7 Nuclear-Cytoplasmic distribution of P53 in uninfected vs infected Sf9 cells 
upon activation by oxidative stress 
EMSA with 10µg of Sf9 (infected as well as uninfected) nuclear extract was carried out
with both nuclear (lanes 2-4; 8-10) and cytoplasmic fractions (lanes 5-7; 11-13) and
consensus P53 motif as probe. The P53-like factor is activated upon oxidative stress in
uninfected Sf9 cells and accumulates in the nucleus (lanes 2-4), faintly detected in the
cytoplasm (5-7); however in infected Sf9 cells, there is no accumulation either in the
nucleus (8-10) or in the cytoplasm (11-13) demonstrating that the baculoviral mediated
inhibition of accumulation of SfP53-like factor in the nucleus is not at the level of
nuclear entry, but at upstream pathway in the activation of P53. 
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however in infected Sf9 cells, there is no accumulation either in the nucleus (8-10) 

or in the cytoplasm (11-13) demonstrating that the baculoviral mediated inhibition 

of accumulation of SfP53-like factor in the nucleus is not at the level of nuclear 

entry, but at an upstream pathway in the activation of P53. 

 

4.3 In vitro interactions between baculovirus P35 and host P53 like factor 

 

4.3.1 Recombinant P35 inhibits binding of SfP53 like factor to P53 cognate 

elements 

Having shown that P35 anti-apoptotic protein directly inhibits the activation of 

P53-like protein as a consequence of oxidative stress we investigated the 

possibility of a direct P35:P53 interaction. To check for this possible protein-

protein interaction between P53 and P35, EMSA was carried out using control Sf9 

nuclear extract (Fig 4.3.1). A specific complex corresponding to SfP53 is evident 

when 3µg of Sf9 nuclear extract is incubated with labeled P53 cognate motif (lanes 

2-4). In the binding reaction, purified GST tagged P35 was added in order to assess 

P35:P53 interaction if any, followed by EMSA. As opposed to a super shift, which 

could have been apparent should there have been a protein-protein interaction, a 

decline in the DNA-protein complex, as a function of increasing presence of P35, 

is observed (Fig 4.3.1 lanes 5-7). This decline in the intensity of the P53 protein-

DNA complex in the presence of rP35 suggests that P35 inhibits SfP53 like factor 

from binding to DNA by probably blocking its DNA binding domain. This 

inhibition is not observed using similar amount of its fusion partner protein GST 

prepared using similar protocol (lane 8). These results demonstrate that the rP35 

specifically inhibits the DNA binding activity of the SfP53 like factor. 
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Fig 4.3.1 Recombinant P35 abrogates Sf-P53 DNA binding  
EMSA was carried out using 5µg of Sf9 nuclear extract and consensus P53 motif
(control). When increasing amount of rP35GST (0.2-1.0µg) was added to the
reactions (lanes 5-7), resulted in inhibition of DNA binding of P53 in a dose
dependent manner. As negative control, similar amount (1.0µg) of GST was used
in the reaction (lane 8), which did not show any inhibition.   
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4.3.2 P35 mediated inhibition is specific to P53  

To test whether P35 mediated inhibition is specific to P53 or P35 acts as a general 

repressor of DNA binding proteins, we assayed for the inhibitory action of P35 on 

two other transcription factors AP-1 and NFκB which are also activated during 

oxidative stress in Sf9 cells. Similar titration experiments based on EMSA were 

carried out and the specific complex of AP-1 and NFκB was titrated with 

increasing concentration of rP35 (Fig 4.3.2). EMSA was carried out with 5µg of 

Sf9 nuclear extract using labeled oligodeoxyribonucleotide corresponding to AP-1 

(lanes 2-6) and NFκB (lanes 8-12) consensus sequence motifs. A specific complex 

of AP-1 (lane 2) is generated when Sf9 nuclear extract is used, which is competed 

out with homologous cold competition (lane 5). This AP-1 complex is unaffected 

when rP35 is added to the binding reaction (lanes 3, 4) contrary to what was 

observed with P53-DNA complex. Similarly Sf9 nuclear extract forms a specific 

complex with NFκB oligonucleotide (lane 8) which is specific as evident from cold 

competition (lane 10) and the NFκB complex is likewise unaffected by the addition 

of rP35 (lanes 8, 9). These results clearly demonstrate that P35 is not a general 

repressor of DNA binding and that its inhibition is specific to P53. 

 

4.3.3 P35 mediated inhibition of P53 DNA binding involves the tetrameric form of 

P53 and not the dimeric form 

The P53-DNA complex appears as 2 bands when resolved on a 7% native PAGE, 

the lower band becoming more prominent with the age of the nuclear extract. P53 

is reported to bind to DNA in both tetrameric and dimeric forms. However, the 

active form in the nucleus is the tetrameric form for its transcriptional activity 

(Shaulsky et al., 1991). The two bands correspond to the different oligomeric 

forms of P53, which bind to the DNA. When recombinant P35 is added, it is the 

tetrameric form, which is inhibited from binding to DNA, and not the dimeric  
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ecombinant P35 does not influence DNA binding activity of AP-1 or NFκB
 carried out with 5µg of Sf9 nuclear extract using either AP-1 (lanes 1-6) or
es 7-12) consensus probes. The DNA-protein complexes, both AP-1 and
e titrated with increasing amount of rP35GST (0.5-1.0µg); there was no
of DNA binding of either AP-1 (lanes 5, 6) or NFκB (lanes 11, 12)
 The authenticity of the DNA-protein complexes is evident from the
s competition reactions for both AP-1 (lane 3) and NFκB (lane 9).  
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diated inhibition of P53 DNA binding involves the tetrameric form of 
imeric form  

5µg of aged Sf9 nuclear extract using P53 consensus probe generated two
ing to different oligomeric forms, the dimeric and tetrameric forms. Upon
easing amount of rP35 (lanes 3, 0.5µg; 4, 1.0µg), the inhibitory effect of
 the tetrameric and not the dimeric form. Note the intensity of the upper

ignificantly decreases, but not the lower dimeric form (lane 4).  
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form, which is unaffected (Fig 4.3.3). This observation suggests that P35 either blocks 

the tetramerisation of P53 or binds to tetrameric form of P53, which blocks its 

accessibility to DNA and hence DNA binding inhibition. 

 

4.3.4 Redox status of P35 influences its interaction with P53 

To evaluate the role of disulfide linkages in P35:P53 interactions, EMSA was carried 

out with consensus P53 probe using both reduced and unreduced nuclear extract and 

titrated with rP35 either reduced separately or unreduced prior to complex formation 

(Fig 3.2.3). When the nuclear extract was reduced prior to the forming of the complex 

with rP35, there is no change in inhibition (compare lanes 6, 7 with 3, 4), whereas the 

reduced rP35 did affect the inhibition (compare lanes 9, 10 with 3, 4; note there is 

lesser inhibition of P53 DNA binding with similar amount of rP35). The redox status 

of P35 therefore influences its property to inhibit DNA binding. This suggests a 

possible role of disulfide linkage in P35-P53 interaction. Similar mechanism has been 

suggested in the interaction of P35 with caspases, where, through disulfide linkages, 

causes suicide inhibition of caspases. 

 

4.3.5 Expression of P53 target genes, caspase and bcl2 is reversed upon baculovirus 

infection 

P53 is known to exert its transcriptional activity both as a positive and a negative 

regulator. There are several cases of gene expression influenced by P53 activation. To 

address if the presence of P35 actually alters the expression of the genes regulated by 

P53, we chose two examples, one of positive regulation (caspase) and other of 

negative regulation (bcl2) by P53. Total RNA was isolated from Sf9 cells that were 

either oxidatively stressed by exposure to UV or infected with AcMNPV or infected 

with AcMNPV infection followed by oxidative stress. Gene expression was monitored 

by quantitative RT-PCR. 2µg of total RNA was used for RT as described in  
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  Fig 4.3.5: AcMNPV alters the expression profile of P53 
 To check the expression profile of P53 target genes in Sf9 in the presence of P35 (AcMNPV 
infection) or in its absence (uninfected), RTPCR was carried out as described using bcl2 
(panel a) caspase (panel b) or βactin (panel c) specific primers. (a) The expression of bcl2 
decreased during the course of oxidative stress in uninfected cells (lanes 2-4) as compared to 
control unexposed cells (lane 1), but increased upon virus infection (lanes 5-7) and 
maintained a steady state in oxidatively challenged AcMNPV infected Sf9 (lanes 8-9). (b) 
The expression of caspase, the expression increased during oxidative stress in uninfected Sf9 
(lanes 2-4) as compared to unexposed cells (lane 1), but decreased upon virus infection (Fig 
8b lanes 5-7) and was undetectable in oxidatively challenged AcMNPV infected Sf9 (lanes 8-
9) up to 6h. The βactin control remained unaffected (panel c) 
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Methods. β-actin gene was used as a house keeping control (Fig 4.3.5). The 

.3.6 In vitro transcription supports the role of P35 in P53 mediated 

 lation of p35 by host oxidative stress induced factors pointed 

the read through from infected nuclear extract is considerable as expected from this  

expression of caspase is higher in UV induced oxidative stress (Panel b, lanes 2-4) as 

compared to unexposed/uninfected control cells (lane 1). A gradual decrease is 

evident upon AcMNPV infection (lanes 5-7) with no detectable signal when AcMNPV 

infection precedes oxidative stress (lanes 8-9). These data suggest that caspase, whose 

expression is positively regulated by P53 is expectedly higher in cells undergoing 

oxidative stress; however it is much reduced upon AcMNPV infection of Sf9 cells, 

either alone or followed by oxidative stress. Similarly, in the case of bcl2 (Panel a), 

which is known to be negatively regulated by P53, its expression is higher in 

AcMNPV infection (Panel a, lanes 5-7) as compared to unexposed/uninfected control 

cells (lane 1) and remains more or less unchanged even upon oxidative stress (Panel a 

lanes 8-9) as compared to oxidative stress alone (Panel a, lanes 2-4), where no 

expression is seen. In both cases of transcriptional activity, whether enhancement or 

repression, the presence of P35, as a consequence of AcMNPV infection, either alone 

or followed by oxidative stress, reverses the normal expression profile of these P53 

target genes. 

 

4

transcriptional activity 

Our studies on gene regu

to a negative regulation of p35 by host P53 like factor (Sahdev et al, unpublished 

data). Using the p35 upstream sequence, which harbors P53 binding site, we 

performed in vitro transcription to check the role of these interactions in influencing 

transcription using purified recombinant P35 protein. In vitro transcription was 

essentially performed as described elsewhere (Xu et al.1995). Results indicate that 

whereas the uninfected nuclear extract is only feebly able to drive the transcription, 
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ion supports the role of P35 in the inhibition of P53
mediated transcriptional activity  
The 2.5kb upstream of p35 gene driving the transcription of luciferase gene in
pSKluc, digested with KpnI, was used as template for in vitro transcription. The
transcription product can be visua
nuclear extract (lane 1) feebly drives the transcription as compared to infected
nuclear extract (lane 2). The transcription product increases by mopping out P53
using excess P53 consensus oligonucleotide (lane 3). Similarly inclusion of rP35 in
the transcription also favors increased transcription (lane 4).  

lized as indicated by arrow (2.5kb). Uninfected
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promoter. By mopping out the P53 using consensus P53 oligonucleotide, transcription 

 enhanced (Fig 4.3.6, lane 3). These results fit well with the model of negative gene 

USSION 

iruses have evolved several strategies to overcome host defenses, most importantly 

duced apoptosis, which is a primary innate defense mechanism. 

is

regulation of p35 by P53 suggested from our earlier work (Sahdev et al, unpublished 

data). Likewise addition of purified recombinant P35 protein enhanced the 

transcription read through as compared to infected nuclear extract alone (Fig 4.3.6, 

lane 4, 5). These results additionally point to the direct cross talk between P35 and 

P53. 

 

DISC

V

evading host-in

Insects primarily rely on innate defense mechanisms to evade infection by their 

pathogens. The Sf9-AcMNPV host pathogen relation offers a good model to study the  

host mediated apoptosis (Hasnain et al., 1999) and viral evasion of apoptosis, driven 

by P35. Baculovirus P35 has been shown to exert anti-apoptotic function using 

several strategies including caspase inhibition (Bertin et al., 1996), as antioxidant 

(Sah et al., 1998) and blocking cytochrome C release (Sahdev et al., 2003). Having 

shown that AcMNPV infection confers protection against oxidative stress induced 

apoptosis, and this involves P35, we focused on the molecular events occurring during 

oxidative stress and the interaction of baculoviral P35 with the host oxidative stress 

induced factors. In the present work, we report the activation of at least three factors 

in Sf9, which are activated during oxidative stress, namely AP-1 like, NFκB like and 

P53 like factors. All these three factors are down regulated during the course of virus 

infection cycle and is more prominent during oxidative stress treatment. The 

decreased levels of these transcription factors as compared to infected cells probably 

suggest that the virus targets these proteins to proteosome-mediated degradation. 

Most focus was laid on P53 like factor as it is the key molecule in the apoptosis  
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pathway and is the target of inactivation employed by several viruses. Identification 

f a P53 dependent pathway in Sf9 would aid in better understanding of the molecular 

 

o

relations between the host and the pathogen. The SfP53 like protein binds to various 

P53 elements present in Drosophila, AcMNPV (reported through this work) and also 

human consensus sequence, although with different affinities. As seen from UV-

cross-linking and Southwestern analyses the SfP53 appears to be similar to that of 

other species at least in terms of DNA binding and molecular size (approximately 

53kDa). This SfP53 like protein is activated in oxidative stress as a function of time. 

During both AcMNPV infection and as well as transient transfection of p35, the 

nuclear levels of the P53-like protein are low compared against oxidatively stressed 

uninfected or untransfected Sf9 cells demonstrating that baculovirus causes 

inactivation of P53-like factor mediated by P35. It can be simply argued that P35 

being an antioxidant can sequester the free radicals generated by oxidative stress and 

thus blocking the signal for activation of P53 (Sah et al., 1999). P53 is a known 

transcription factor, which responds to various stimuli; even the stress mediated by 

virus infection could stimulate the P53 activity, its nuclear localization and thus 

transcription of target genes. It is quite possible that the viral protein P35 intercepts 

the P53 pathway at various levels ensuring complete inactivation of P53. To check out 

this possibility, we looked into the interference of P35 in P53 mediated apoptosis. 

This was monitored by EMSA, where the use of increasing concentration of 

recombinant P35 tagged to GST, resulted in a dose dependent inhibition of the P53-

DNA complex formation. P35 does not act as a general repressor of DNA binding 

proteins but was specific to P53 alone and this was evident from the inability of P35 

to inhibit the binding of two well known transcription factors AP-1 and NFκB 

reported in Sf9 cells in the present study. The baculovirus P35 protein can also inhibit 

P53 of higher order vertebrates supporting its universal anti-apoptotic activity. Upon  
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the resolution of P53-DNA complex, two forms of P53 appear, representing the 

trameric and dimeric forms, which are known to bind to DNA. The form of P53, 

hich is inhibited from binding to DNA, by P35, is the higher molecular size 

e biochemistry of the P35:Caspase interaction shows that the 

the proteins 

te

w

tetrameric form. The P53 in cytoplasm is the dimeric form, whereas the active nuclear  

form is the tetrameric form (Shaulsky et al., 1991). P35 has also been reported to 

interact with RNA polymerase and activate transcription from actin and cadherin 

promoters by transient transfections in HeLa cells, where it is shown to be localized in 

the nucleus (Takamarah et al., 2003) although P35 does not possess any nuclear 

localization signal. 

Baculovirus P35 is known to be an irreversible suicide inhibitor of caspases by acting 

as a substrate (Bertin et al., 1996) and gets cleaved in the process to a 10kDa and 

25kDa protein. Th

interaction is covalent through means of a disulfide bond. Reduction of the complex 

separates the P35 (p25 which is bound) from the caspase (Stefan et al., 2001). That 

recombinant P35 inhibits P53 DNA binding, which can be reversed by prior reduction 

with DTT points to a possible similar biochemical mechanism for P35:P53 

interaction. DTT maintains the protein in reduced form and can no longer support the 

interaction between P35 and P53. P35 has 6 cysteines, which are free and are not 

involved in intra-molecular disulfide linkages. These 6 SH groups which are free 

probably impart a sticky nature to the protein under oxidizing conditions. 

Other studies on gene regulation of p35 gene in the context of the host oxidative stress 

induced factors have revealed the negative regulation of the p35 gene by Sf9 P53 like 

factor (Sahdev et al., unpublished data). This is understandable as both 

are functionally antagonistic and these proteins inhibit each other’s activity. In vitro 

transcription from the p35 promoter using recombinant proteins, also confirms this 

hypothesis. By either adding recombinant P35 or mopping of P53 by consensus 

dsP53oligo, the transcription could be enhanced approximately two fold. We  
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addressed the physiological relevance of this interaction by looking into the in vivo 

transcription of P53 target genes by taking two different examples, a case of positive 

nd a case of negative regulation through semi-quantitative RTPCR. We chose bcl2 as a

a case of negative regulation by P53 (Miyashita et al., 1994) and caspase for positive 

gene regulation (Gupta et al., 2001, microarray data in other systems). We compared 

the mRNA levels by RTPCR of the target genes in oxidative stress treated uninfected 

as against virus infected Sf9 cells. Bcl2, whose expression in uninfected Sf9 cells 

decreases upon oxidative stress, increases its expression upon virus infection as well 

as oxidative stress challenged virus infection (Fig 9a). Similarly, caspase expression 

increases in oxidative stress, but not in AcMNPV infected (alone as well as oxidative 

stress challenged) cells (Fig 9b). The transcription of the P53 target genes is 

essentially the same in AcMNPV infected alone and the oxidative stress challenged 

AcMNPV infected cells, suggesting once again the inactivation of P53 upon AcMNPV 

infection. In summary, this study provides evidence of molecular cross talks between 

the baculoviral anti-apoptotic P35 and host oxidative stress induced P53-like factor, a 

pro-apoptotic protein, displaying fine functional antagonism. 
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Rationale: 

Spodoptera frugiperda (Sf9) insect cell line have been established as a model for studying 

oxidative stress induced apoptosis (Hasnain et al., 1999). However, the transcription 

machinery during oxidative stress has not been studied. In the event of dissecting out the 

mediative transcription factors involved, the existence and role, if any, of the known 

transcription factors, which are activated during oxidative stress in other systems, were 

investigated. The first such transcription factor included P53. Of late, P53 homologues 

have been identified from different invertebrates including Drosophila, C. elegans, Squid 

and Clams. P53, better known as the tumor suppressor protein or the molecular guardian 

of the genome, is a sequence specific transcription factor (Kern et al., 1991) activated by 

various cellular stresses including DNA damaging agents, heat shock, nutrient stress, 

growth factor deprivation, nucleotide depletion, oncogene activation etc. DNA damage 

immediately activates several damage sensors, which in turn activate P53 resulting in the 

activation of the DNA repair pathway, cell cycle arrest or apoptosis (Ko and Prives., 

1996; Levine, 1997; Stewart and Pietenpol, 2001; Polyak et al., 1997; Giaccia and 

Kastan, 1998). P53 exerts a pro-apoptotic function by both transcription dependent and 

independent processes (Fields and Jang, 1990; O’ Rourke, 1990; Leu et al., 2004). As a 

transcription factor, it activates those genes involved in the response pathway including 

p21 (cdk inhibitor – cell cycle arrest), GADD 45 (DNA repair), bax, caspase (apoptosis) 

etc. P53 has been reported to repress the transcription (Seto et al, 1992; Ginberg et al., 

1991) of several genes including bcl2 (Miyashita et al., 1994). Most mutations in P53, 

which account for more than 50% of the human cancers, occur in the DNA binding 

domain. 

P53 protein, the central molecule of the apoptosis pathway, is often targeted and 

inactivated by several animal viruses as a prelude to productive infection. In the present 

work, we report the identification and characterization of a P53 like protein in 

Spodoptera frugiperda (Sf9) cells, which is activated during oxidative stress, caused by 

exposure to UV-B or H2O2, and binds to P53 consensus DNA binding motifs as well as 
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other P53 sequence motifs. SfP53-like factor is apparently similar to murine and 

Drosophila P53 in terms of molecular size, which is around 50-60kDa as evident from 

UV cross-linking and SouthWestern analyses. Comparison of Sf9 P53-like factor with 

that of vertebrates through EMSA shows the likelihood of the conservation of DNA 

binding domain and molecular size.  

 

RESULTS 

 

5.1 Sf9 P53- like factor binds to P53 cognate elements 

In order to check whether a P53 like factor is present in Sf9 cells and interacts with 

various P53 binding motifs, EMSA was carried out using different P53 cognate sequence 

elements as probes (Fig 5.1). The SfP53 forms a complex (shown by arrow head) with 

oligodeoxyribonucleotides corresponding to Drosophila decay element (Fig 5.1, lanes 

14-18), which is comparable with that obtained using consensus P53 motif (Fig 5.1b lane 

2-6). Also, when the P53 element identified in the viral genome (AcMNPV), upstream of 

p35 gene at -1915 (GACATGCGTTTAAACATGTT) with respect to p35 translation start 

site is used, a similar complex is obtained (Fig 5.1 compare lanes 2-6 with lanes 8-12). 

Inter element competition shows different affinities of the SfP53 to these elements, based 

on the band intensities. The SfP53 shows maximum affinity to Drosophila decay (it 

almost completely competes out P53 consensus, lane 5 and p35-P53, lane 11 in addition 

to itself, lane 15). p35-P53 element and consensus element show comparable affinities. 

p35-P53 almost competes P53 consensus, lane 4 and itself, lane 9 but competes with 

decayP53 element to a much less extent, lane 17. Consensus P53 also almost competes 

with p35-P53, lane 10 and itself, lane 3 but competes with decay-P53 element to a much 

less extent, lane 16. However, mutant P53 element does not compete with any of these 

elements (lanes 6, 12, 18), showing that this complex represents an authentic P53 like 

factor. Taken together, these results demonstrate that Sf9 nuclear extract contains a P53 

like factor, which binds to the cognate motifs represented by the consensus sequence or 

those derived from Drosophila or the Baculoviral p35 upstream element. 
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 Fig 5.1 The Sf-P53 like factor forms a complex with different intensities to native and
heterologous P53 elements.  
EMSA with homologous and heterologous competitors was carried out using 5µg of Sf9 nuclear
extract. Different labeled oligodeoxyribonucleotides used for complex formation include
consensus P53 (lanes 1-6), Drosophila decay-P53 (lanes 7-12) and p35-P53 (lanes 13-18). Both
homologous (lane 3, 9, 15) and heterologous (lanes 4-6, 10-12, 16-18) competitions were carried
out using the corresponding oligonucleotide to demonstrate the specificity of the complex. The
SfP53 complex is differentially competed using different elements as competitors. For example,
P53 consensus competes out p35-P53 DNA-protein complex (lane 10) to a similar extent but
decay-P53 DNA protein complex to a less extent (lane 16). Unlabeled p35-P53 oligonucleotide
competes P53 consensus DNA–protein complex (lane 4). The Drosophila decay-P53 competes
very effectively for complex formation with P53 consensus (lane 5) and p35-P53 (lane 11) when
oligonucleotide carrying a mutation at the conserved position critical for binding, where used no
competition was observed (lane 6,12,18) pointing to the specificity of the different P53-DNA
complexes.  
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5.2 Comparison of SfP53-DNA complex with, Bombyx, Drosophila and Human P53 

To compare the approximate molecular size of SfP53-like factor with that of other 

homologs including Drosophila, Bombyx and human, EMSA was carried out using 

consensus P53 probe and 5µg nuclear extract each from Sf9, Drosophila, Bombyx and 

Human (U937) cell lines (Fig 5.2). Irrespective of the source of the nuclear extract the 

complex obtained using nuclear extract from Sf9 (Fig 5.2a), Drosophila (Fig 5.2b), 

Bombyx (Fig 5.2c) and human (Fig 5.2d), a specific complex is formed as evident from 

competition experiments using homologous P53 Consensus (5.2a, lane 3; c, lane 2; d, 

lane 2) as well as mutant oligodeoxyribonucleotide carrying mutation in consensus P53 

sequence motif critical for P53 DNA binding (Fig 5.2a, lane 4 c; lane 3; d, lane 3). These 

results categorically demonstrate that the consensus P53 recognition motif specifically 

binds to P53-like factor from Sf9 which in comparison with other species including 

Bombyx, Drosophila and Human appears identical. 

 

5.3 Determination of dissociation factor (Kd) of SfP53-DNA binding 

To determine the dissociation constant of SfP53 DNA binding to consensus P53, 

EMSA was carried out with 5µg of Sf9 nuclear extract and decreasing concentration of 

probe (1-0.625ng) (Fig 5.3a). The dissociation constant of a ligand is defined as half 

the concentration at which it reaches saturation. The complex intensity decreases as a 

function of probe concentration (Fig 5.3a, lanes 2-6). From the graph of probe vs P53-

DNA complex intensity (Fig 5.3b), it is clear that complex saturates at 0.5ng 

equivalent to 7.5 nmoles. Hence the Kd for SfP53-DNA binding is 7.5 nmoles. 

 

5.4 SfP53-like factor is similar to other P53 proteins in terms of molecular size  

In order to determine the molecular size of the P53 like factor present in Sf9 nuclear 

extract, radio labeled P53 consensus oligodeoxyribonucleotide was mixed with the 

nuclear extract followed by UV cross linking of the DNA-protein complex. The complex 

was then fractionated by electrophoresis on a 10% polyacrylamide gel. As could be seen 
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from Fig 5.4a, the complex of SfP53 appears at around 50-60kDa. SouthWestern 

hybridization analysis was additionally carried out to reconfirm the size of SfP53-like  
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Fig 5.2 Comparison of P53 like factor present in Sf9 with other systems (Drosophila,
Bombyx and human) 
(a) EMSA with 5µg of Sf9 nuclear extract using consensus P53 probe shows a specific 
DNA-protein complex (lane 2), which is competed out by unlabeled consensus P53
element (lane 3) but not by an oligodeoxyribonucleotide carrying a mutation in the P53
binding motif (lane 4). 
(b) Comparison of Sf9 and Drosophila P53 complexes reveals somewhat similar 
molecular size of Sf9 and Drosophila P53. The lower complex in lane 2 correspond to 
the dimeric forms which becomes prominent with the age of the nuclear extract.  
(c) EMSA using 3µg of Bm nuclear extract and P53 consensus probe also shows a
specific DNA-protein complex (lane 1), which is competed out by homologous
competition (lane 2) and not by oligodeoxyribonucleotide carrying a mutation in the
P53 binding motif (lane 3). The lower dimeric species appears more prominently than 
the tetrameric one. 
(d) EMSA using 3µg of U937 (human pro-monocytic cell line) nuclear extract and P53 
consensus probe also shows a specific DNA-protein complex (lane 1), which is 
competed out by homologous competition (lane 2) and not by oligodeoxyribonucleotide
carrying a mutation in the P53 binding motif (lane 3). The tetrameric species is only
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Fig 5.3 Determination of Kd of P53-DNA complex 
(a) EMSA was carried out with 5µg of Sf9 nuclear extract and decreasing 
amount of P53 consensus probe. With decreasing probe concentration, there 
is an initial increase followed by gradual decline in P53-DNA complex. The 
maximum complex appears at 0.5ng of the probe. (b) Bound P53 intensities 
were measured by Image Quant software (Biorad). Plot of graph with Free vs 
Bound/Free shows a sigmoid curve with peak saturation at 0.5ng of probe. 
[Free]
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factor. Fig 5.4b shows two prominent bands in the size range 112-86kDa, which are 

probable dimeric and tetrameric forms. P53 is known to bind to DNA both in tetrameric 

and dimeric forms. The Sf9 P53 is similar in molecular size to the mouse P53 as seen 

from Southwestern analysis. In complementary experiment when 

oligodeoxyribonucleotide carrying a mutation in the P53 cognate sequence was used in 

South Western analysis no complex could be seen. Together, these results point to the 

apparent similarity of SfP53-like factor to that of mammalian systems. 

 

5.5 SfP53 binding is resistant to sodium chloride and potassium chloride induced 

dissociation 

To check the resistance of the SfP53-DNA complex to salt (NaCl) induced dissociation, 

EMSA with Sf9 nuclear extract was carried out in the presence of increasing 

concentration of NaCl (0.5M-2M) (Fig 5.5 a, lanes 7-9). The SfP53 complex remains 

unaffected and is steady even up to a concentration of 2M NaCl demonstrating that ionic 

interactions do not have a major role in the complex formation. Similarly when EMSA 

was carried out in the presence of increasing concentration of KCl up to 2M (Fig 5.5b, 

lanes 1-6), the binding was stable and in fact increased at lower concentration (up to 

0.5M). 

 

5.6 SfP53 requires divalent ion for DNA binding 

To look into the requirement of a divalent metal ion in the DNA binding activity of 

SfP53, EMSA for SfP53 was carried out using 5µg of Sf9 nuclear extract in the presence 

of increasing concentration of divalent metal ion chelator, EDTA up to 250mM (Fig 5.5a, 

lanes 4-6). With the minimal concentration of EDTA (25mM) used, the binding of SfP53 

to cognate motif was completely abolished, demonstrating that the divalent ions are 

essential for DNA binding activity of SfP53. 
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(b) About 25µg of nuclear extract prepared
from Sf9 cells (lane 2, 2’) or RAW264.7,
murine cell line (lane 1, 1’) was fractionated
on a 10% denaturing polyacrylamide and
transferred onto nitrocellulose membrane and
refolded as described in materials and
methods. The membrane was probed with
γP32 labeled P53 consensus element as
described. The autoradiograph reveals two
high molecular size bands (above 82kDa) in
both lanes 1, 2, which probably correspond to
dimeric and tetrameric forms of P53. Note
the bands in lane 1 (murine) and lanes 2 (Sf9)
are similar in molecular size. Under identical
conditions mutant P53 consensus element
failed to bind to Sf P53 (lane 1’, 2’). 
 

(a) The SfP53-DNA complex was
allowed to form as described in
methods, UV cross linked,
fractionated on a 10% denaturing
polyacrylamide gel and the dried gel
was exposed in phosphorimager
cassette.A complex in the size range
of 50-60 kDa was visible in the
autoradiograph.  
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 Fig 5.4. The SfP53 like factor has an apparent molecular size of 50-60kDa as evident by
UV cross-linking and Southwestern Analysis
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5.7 SfP53 binds to major groove of it cognate DNA 

To check if SfP53 binds to its cognate motif though either major or minor groove, the 

P53 consensus motif was modified by blocking with major groove (methyl green) or 

minor groove (distamycin) binding molecules (Habib and Hasnain, 1996) and used in 

EMSA (Fig 5.6) When labeled P53 consensus oligo de-oxyribonucleotide was incubated 

with increasing concentration of distamycin (0.2-2 mM), there was apparently no change 

in DNA protein complex formation (Fig 5.6, lanes 2-5), demonstrating that SfP53-DNA 

interaction does not involve the minor groove. However, when the major groove binding 

dye, methyl green, was pre-incubated with labeled P53 consensus 

oligodeoxyribonucleotide in increasing concentration in EMSA, DNA protein complex 

formation was abolished (lanes 6-9) even with the minimal concentration used (0.25mM), 

demonstrating that SfP53 binds to its cognate motif through the major groove.  

 

5.8 Cysteine and Histidine residues are involved in SfP53 DNA binding 

To demonstrate the role of cysteine and histidine residues in the DNA binding activity of 

SfP53, EMSA was carried out with 5µg of Sf9 nuclear extract by modifying either 

cysteine (Iodoacetamide, Fig 5.7a) or histidine (DEPC, Fig 5.7b). Iodoacetamide causes 

acetylation of sulfhydryl groups of cysteine residues thus blocking the availibilty of 

sulfhydryl group for DNA protein interaction. The binding of Sf P53 like factor to its 

cognate motif decreases (lanes 2 to 6) as a function of concentration of iodoacetamide 

(0.2mM – 2mM). A decrease in the DNA protein complex is evident in the presence of 

1mM (Fig 5.7a, lane 6), 2mM (Fig 5.7a, lane 7) Iodoacetamide, demonstrating the role of 

cysteine residues in the DNA protein interaction. Similarly by treatment of Sf9 nuclear 

extract with DEPC (0.25-2mM), which modifies the histidine residues by alkylation, the 

SfP53 interaction with DNA is abolished (Fig 5.7 b) even at minimal concentration of 

DEPC used (0.25mM, lane 1), also pointing the involvement of histidine residues in 

SfP53-DNA interaction. Taken together, both cysteine and histidine residues of SfP53 are 

involved in interaction with DNA. 
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 Fig 5.7 Cysteine and Histidine residues are involved in DNA binding activity of 
SfP53 
To investigate the role of Cysteine and Histidine residues in the DNA binding 
activity of SfP53, EMSA was carried out by modifying the histidine and cysteine 
residues by incubating the nuclear extracts in the presence of iodoacetamide (a) or 
DEPC (b) and respectively for 15 min. up to a concentration of 2mM. 
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5.9 Purified P53 like protein shows DNA binding activity and specificity 

 

5.9.1 Using DNA binding protein purification kit 

SfP53 like protein was purified using DNA binding protein purification kit (BM) using 

consensus P53 oligodeoxyribonucleotide and 50µg of Sf9 nuclear extract as per the 

manufacturers instructions (Fig 5.8a). The purified protein was then used in EMSA to 

check for the DNA binding activity tested for its complex formation with consensus P53 

probe and specificity (Fig 5.8b). It is clear from EMSA that although the signal intensity 

of purified SfP53 is less (lane 3) as compared to whole nuclear extract (lane 2), it displays 

specificity as evident from cold competition (lane 4) and mutant competition (lane 5). 

 

5.9.2 Conventional method 

Partial purification of P53 like factor was attempted by combination of conventional 

biochemical methods. An outline of the purification protocol is shown in Fig 5.9.1. 

Around 20 million Sf9 cells were harvested and resuspended in 2 ml of whole cell 

extraction buffer and subjected to two rounds of freeze thaw. The lysate was subjected to 

centrifugation at highest speed for 15 min at 40C. The supernatant was salted out using 

50% ammonium sulphate. After ammonium sulphate precipitation, the solution was again 

centrifuged at highest speed for 15 min. The supernatant was dialyzed against 1XPBS. 

The sample was concentrated (100 kDa Centricon, Millipore) to 500µl and applied onto 

DEAE sepharose (Amersham). Elution with increasing concentration of KCl was carried 

out to collect different fractions and checked for both DNA binding activity (Fig 5.9.2a) 

and also fractionated on 10% Polyacrylamide gel (Fig 5.9.2 b and c). EMSA using 

consensus p53 was carried out to identify the fraction carried the P53 like factor. The 

elution of P53 like protein started from minimal salt concentration used, 100mM KCl 

fraction. Extensive washing with 100mM KCl completely eluted the P53 like protein as 

evident from EMSA (data not shown). 
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*Consensus P5      +      +      +    +       + 
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SfNE             –     +    –    –     – 

Mut P53             –      –     –      –      + 

 

 

 

 

 

 

 SfP53-DNA 
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     1   2    3     4     5      1         2   
(b)(a)

Fig 5.8 Purified P53 like protein shows DNA binding activity and 
specificity 
(a) SfP53 was purified using DNA binding protein purification kit (Roche). 
The purified eluate showed a prominent band at 37kDa. (b) The eluate was 
also checked for DNA binding activity by EMSA (lanes 3-5). The complex 
is competed out by homologous cold competition (lane 4) and not by 
mutant oligodeoxyribonucleotide carrying mutation in the bases critical for 
DNA binding (lane 5). 
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 Fig 5.9.1 Outline of the purification protocol for SfP53 
 

 

 

  
139



Chapter 5                                                              Characterization of SfP53 DNA binding activity 

 

 

 

 KCl (M)      M     0    0.1   0.2   0.5  1.0      

 97kDa
 66kDaKCl (M)         M      0    0.1   0.2   0.5   0.8  1.0 

1    2    3   4    5    6    7 

 43kDa
 29kDa
 

 (b)

 

 KCl (M)      M   FT    0.1  0.13  0.15  0.2   0.25   0. 3  0. 4   0.5  

 
97kD 
66kD

 
43kD

 
29kD 

 
(c) (a) 

 

 

 

 

 

 

 

 

 

 

  
Fig 5.9.2  SDS-PAGE profile and DNA binding activity of different  anion exchange 
fractions 
EMSA was carried out using consensus P53 probe and different fractions eluted from 
anion exchange chromatography using a KCl gradient (0-1M) and also the different 
fractions of the P53 purification protocol were concentrated and fractionated on 10% 
Polyacrylamide gel (b and c) 
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5.10 Mass spectroscopic analyses 

The SfP53 like protein purified from 50µg of Sf9 nuclear extract using the DNA binding 

protein purification kit (Roche, Germany) was fractionated on SDS-PAGE and the 

prominently appearing band was excised and processed at the Australian Proteomics and 

Analysis Facility for the Peptide Mass Fingerprinting (PMF) and subsequent MS/MS 

analysis to determine the identity and sequence information. The PMF results did not 

give any clue on the identity of the protein owing to the insufficient number of entries in 

the invertebrate database. However de novo sequencing of one of the three peptides 

sequenced shows homology with tripartite motif of human transcription intermediary 

factor.  

 

The results for one of the unambiguous peptide sequence have been shown here. 

Sequence: AAAAAASASAASGSPAK 

Calculated MW: 1358.6790 

BLAST search results (All organisms): 

gi|5032179|ref|NP_005753.1| tripartite motif-containing 28 protein; 

KRAB-associated protein 1; transcriptional intermediary factor 1-beta; 

nuclear corepressor KAP-1 [Homo sapiens] 

gi|13436401|gb|AAH04978.1| Tripartite motif-containing 28 protein [Homo 

sapiens] 

gi|1524109|emb|CAA66150.1| TIF1beta zinc finger protein [Homo sapiens] 

gi|3183179|sp|Q13263|TF1B_HUMAN Transcription intermediary factor 1- 

beta (TIF1-beta) (Tripartite motif protein 28) (Nuclear co-repressor KAP-1) 

(KRAB-associated protein 1) (KAP-1) (KRAB-interacting protein 1) (KRIP-1) 

gi|1930059|gb|AAB51517.1| hKAP1/TIF1B [Homo sapiens] 

Length = 835 

Score = 37.1 bits (80), Expect = 0.045 

Identities = 13/15 (86%), Positives = 15/15 (100%) 
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5.11 RTPCR 

Additionally, an attempt was made to clone the gene encoding SfP53 by RTPCR using 

Drosophila p53 primers. Nevertheless a 1.2kb band was observed (Fig 5.10) and this 

product cloned in pCR2.1 vector and sequenced.  The partial DNA sequence showed 

significant homology to SAM domain of Drosophila and other organisms. Although P53 

does not have a SAM domain, the other family member, P73 has an additional SAM 

domain. Some other invertebrate, Squid is known to have this p73 like gene. This clone 

could not be sequenced fully and hence the sequence of the complete ORF could not be 

obtained which did not enable the expression and characterization of the recombinant 

protein. 

 

DISCUSSION 

Having shown Spodoptera frugiperda insect cells as a model for oxidative stress, we 

investigated the presence of P53 dependent apoptotic pathway in Sf9cells. In the present 

work, we report the activation of a P53 like factor upon oxidative stress in Sf9 through 

EMSA. The SfP53 like protein binds to various P53 elements present in Drosophila, 

AcMNPV and also human consensus sequence specifically, although with different 

affinities. The complex appeared to be similar to either that of Drosophila, Bombyx and 

human P53 as evident from EMSA. As also observed from UV cross-linking and 

Southwestern analyses, the SfP53 like protein appears to be similar in terms of molecular 

size to that of murine P53. As evident from the Southwestern analysis, the SfP53 appears 

as both tetrameric and dimeric forms, which was also demonstrated by EMSA in chapter 

4. To investigate salt tolerance, metal ion requirement, role of cysteine and histidine 

residues in DNA binding activity of SfP53 and to compare with the nature of vertebrate 

P53 (mouse, human), EMSAs were carried out with Sf9 nuclear extract in suitable buffer 

conditions. The SfP53 approaches the DNA from the major groove as evident from 

Methyl green treatment of DNA. However, distamycin treatment of DNA does not alter  
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Fig 5.10 RT PCR of p53 using Drosophila primers in Sf-9 and Bombyx 
mori 
RTPCR was carried out with 1µg of RNA extracted from Sf9 (lane 3) and 
Bombyx mori (lane 1) using Drosophila specific primers using RTPCR kit 
(Promega). A specific band appeared at 1.2kb, as expected from Drosophila.
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the DNA binding ability of SfP53, demonstrating that the SfP53 binds through the major 

groove rather than the minor groove. Cysteine and histidine residues co-ordinate with 

Zn2+ in vertebrate-P53 to bind to DNA. Therefore, by modifying the free cysteine or 

histidine residues in P53, or by chelation of Zn2+, the DNA binding activity would be 

abolished. By chemical blockage of cysteine or histidine residues by iodoacetamide or 

DEPC respectively, the DNA binding activity of SfP53 decreased as a function of its 

concentration, demonstrating the role of both cysteine and histidine residues in the SfP53-

DNA complex formation. The SfP53-DNA complex showed a high tolerance to salt 

induced dissociation of DNA-protein complex even up to 2M NaCl and also KCl (3M). 

Vertebrate-P53 is known to be associated with Zn2+. The association or requirement of 

metal ion cofactor was checked by inclusion of metal ion chelator, EDTA. The presence 

of EDTA abolished the DNA binding activity of SfP53, demonstrating the requirement of 

metal ions. The presence of excess MgCl2 does not alter the DNA binding efficiency of 

SfP53. However during AcMNPV infection (either alone or followed by oxidative stress 

treatment) and as well as transient transfection of p35, the nuclear levels of the SfP53-like 

protein are low demonstrating that baculovirus causes down regulation of SfP53-like 

factor mediated by P35. 

                                                                                                                                                            



Summary 

Viruses have evolved several strategies to overcome host defenses, most importantly 

evading host-induced apoptosis, which is a primary innate defense mechanism. The 

Sf-AcMNPV host pathogen relations offers a good model to study the host mediated 

apoptosis and viral evasion of apoptosis, driven by viral coded P35 protein. 

Baculovirus P35 has been shown to exert anti-apoptotic function using several 

strategies including caspase inhibition (Bump et al., 1995), anti-oxidant action (Sah et 

al., 1999) and by blocking cytochrome C release (Sahdev et al., 2003). The necessity 

of the baculovirus p35 (an early anti-apoptotic gene in the baculoviral genome) for the 

survival and replication of the baculovirus in the host Spodoptera frugiperda (Sf9) 

cells is clear from the fact that a deletion mutation in the gene renders it incapable of 

multiplying in the host.  

On the basis of the requirement for de novo protein synthesis or viral DNA 

replication, expression can be divided into at least three phases: early (subdivided into 

immediate early and delayed early), late and very late. Baculovirus p35 belongs to the 

early class of genes, which is expressed from the second hour of infection. Viral gene 

expression occurs in a cascade, where the early genes are transcribed using host 

factors and take part in transcribing the later set of genes. The viral components 

required for the expression of p35 have been earlier investigated (Friesen et al., 1987). 

The p35 gene of AcMNPV is shown to be regulated by viral factors IE1 (very early 

protein) and cis-DNA elements. Requirement of virus infection suggests the necessity 

of early viral factors for p35 transcriptional activation, even though p35 is under the 

control of a typical Pol II promoter. The role of host factors in influencing the 

transcription of the p35 gene has not been elucidated. Having shown that AcMNPV 

infection confers protection against oxidative stress induced apoptosis and is mediated 

by P35 (Sah et al., 1999), we focused on the molecular events occurring during 

oxidative stress and the interaction, if any, between the baculoviral P35 and the 

oxidative stress induced host factors and vice versa. In the present work, we have 

investigated in Sf9 insect cells derived from Spodoptera frugiperda ovarian tissue, the 

existence of established transcription factors reported to be activated as a function of 
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oxidative stress. The present work aims at understanding the molecular cross talks 

between the viral (P35) and the host proteins (Oxidative stress induced transcription 

factors).  

Recent literature provides evidence of oxidative stress following viral infection in 

insect cells cultured in vitro. The infection of Spodoptera frugiperda and Trichoplusia 

ni (T ni) insect cell lines with Autographa californica multiple nucleopolyhedrovirus 

(AcMNPV) resulted in stress for prolonged period (up to 100h post infection) as a 

result of the viral infection, thus contributing to cell death (Wang et al., 2001). 

Considering these important regulatory functions of P35 in modulating oxidative 

stress induced apoptotic pathway, as well as virus-induced oxidative stress conditions 

in Sf9 milieu during infection phase, we speculated that host redox-sensitive factors 

might have an important role to play in p35 gene regulation at transcription level. We 

investigated the existence and the role, if any of oxidative stress induced host factors 

in influencing the p35 gene expression. Oxidative stress induced several transcription 

factors in Sf9 including AP-1, NFκB and P53 like factors as a function of time. We 

evaluated the role of these transcription factors in influencing gene expression during 

oxidative stress.  

p35 upstream region sequence (2.493kb) was analyzed for the presence of probable 

important transcription factor binding sites at Transfac database using MatInspector 

web based software. By selecting the default score for core similarity at 1 and for 

Matrix similarity at 0.85, two important transcription factor binding elements namely, 

P53 and AP1, as repeat motifs with significant scores, were localized at positions -

1915 and -1401, respectively. The position tells that as compared to P53 binding 

motif, AP-1 binding element is closer to the -50bp TATA box. The role of both these 

factors during virus infection as well as in apoptosis in different organisms/in vitro 

systems is quite well understood. The importance of these elements may lie in 

functioning as a docking site for their respective binding factors thereby providing 

them with an opportunity to influence transcription by interacting with other host like 

TBP and associated factors and or viral factors. Luciferase reporter assays with 
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deletions in 2.493kb upstream region of p35 gene indicated the presence of important 

cis-elements. p35 upstream region (2.493kb) was cloned upstream to luciferase 

reporter gene in a promoter-less pAJluc plasmid construct. Transfection of this 

pSKluc construct in Sf9 cells without concomitant AcMNPV infection did not show 

any significant reporter expression. This thereby suggested the necessity of viral 

factors for p35 gene transcription. All further experiments involving p35 upstream 

luciferase reporter transfections were carried out in conjunction with AcMNPV 

infection. The reporter expression data from full-length pSKluc construct 

transfections followed by virus infection showed activation as early as 1h post 

infection. The luciferase levels were found to increase with respect to post viral 

infection time period and maximum at around 72h post-infection. It is suggested that 

during the late phase of viral infection, viral transcription factors in conjunction with 

host factors drive the p35 at a higher level. Two deletion constructs were prepared 

from full-length pSKluc by utilizing MfeI and MluI restriction enzyme sites present 

therein. Deletion of MfeI region resulted in loss of P53 as well as AP-1 binding 

elements whereas deletion of MluI region resulted in loss of AP-1 element alone. 

Transient transfections utilizing these constructs revealed significant reduction in 

MfeI deleted constructs as compared to MluI deleted. The deletion of MfeI region had 

no effect on the IE1 binding CAGT motif present in the p35 upstream region except 

that the -2291 CAGT motif became strategically closer to TATA box. Despite this 

fact, where one could have expected least effect on the promoter strength because IE1 

elements were left intact, significant reduction in reporter level strongly indicated 

towards two points. Firstly, there are important binding elements where factors other 

than transactivator IE1 bind and regulate this promoter by either interacting with IEI 

and/or amongst themselves and rest of the transcription unit. Secondly, the distance 

effect of CAGT motif at -2292bp is nullified in MfeI deletion construct as here it 

comes much closer to the  -50bp TATA box.  The data here establish the importance 

of -2292bp IE1 binding motif as compared to other CAGT motifs.       
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Further analysis of the p35 upstream region required deletions in the specific DNA-

binding motifs, which were present in the MfeI region. Both P53 as well as AP-1 

binding elements, which were present as repeat motifs were deleted independently as 

described in material and methods section. There was significant difference between 

constructs with P53-binding motif and constructs without it. Deletion of the P53-

binding motif resulted in crucial increase in luciferase levels at all time periods during 

post AcMNPV infection. This observation points to a negative regulatory role played 

by P53 element.  

Role of AP-1 binding element in p35 upstream region was clear by utilizing luciferase 

constructs with or without AP-1 binding elements. There was a two-fold reduction in 

the transcription levels in the AP-1 DNA-binding element deleted transfection group. 

The reduction in luciferase levels was more prominent during late phase of virus 

infection. The functional significance of this lies in the fact that here AP-1 binding 

element present in the p35 upstream region is functioning as an activator element 

thereby resulting in 2 to 3 fold up regulation of p35 transcription as a whole. As AP-1 

motif in p35 upstream region is present closer to -50bp TATA element the AP-1 

constructs lacked both -2292 CAGT motif as well as -1912 P53 binding element.  The 

effect of AP-1 element is independent of any possible effect of these other regulatory 

elements. Additional efforts were made to characterize the SfP53 like factor which 

would aid us in better understanding of apoptotic pathways in Sf9 and investigate the 

role, if any, of the baculovirus P35 in intercepting this pathway.  

By Southwestern and EMSA analyses the SfP53 like factor appears to be 

similar to that of other systems including murine, human, Drosophila and Bombyx 

mori at least in terms of DNA binding and molecular size. Metal ion requirement, 

tolerance to salt induced dissociation and competitive binding to different P53 

cognate elements supports the likelihood of this factor to be indeed P53, which has 

not been identified in Sf9 or its closely related species. This SfP53 like protein is 

activated in oxidative stress as a function of time. During both AcMNPV infection and 

as well as transient transfection of p35 construct, the nuclear levels of the P53-like 
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protein is either comparable to that of control Sf9 cells or even lesser demonstrating 

that baculovirus infection causes inhibition of nuclear accumulation of P53-like 

factor. The simplest explanation for P35 mediated downregulation of SfP53 could be 

that P35, being an anti-oxidant sequesters the free radicals generated by oxidative 

stress and thus blocks the signal for activation of P53 (Sah et al., 1999). P53 is a 

known transcription factor, which responds to various stimuli; even the stress caused 

by virus infection could stimulate the P53 activity, its nuclear localization and thus 

transcription of target genes. It is quite plausible that the viral protein P35 intercepts 

the P53 pathway at various levels ensuring complete inactivation of P53. To check out 

this possibility, we looked into the interference by P35 of P53 mediated apoptosis. 

This was monitored by EMSA, where the use of increasing concentration of 

recombinant P35 tagged to GST, resulted in a dose dependent inhibition of the P53-

DNA complex formation. P35 does not act as a general repressor of DNA binding 

proteins but was specific to P53 alone and this was evident from the inability of P35 

to inhibit the binding of two well known transcription factors AP-1 and NFκB The 

baculovirus P35 protein can also inhibit P53 of higher order vertebrates supporting its 

universal anti-apoptotic activity. Upon resolution of P53-DNA complex, two forms 

appear, representing the tetrameric and dimeric forms, which are known to bind to 

DNA. The form of P53, which is inhibited from binding to DNA, by P35, is the 

higher molecular size tetrameric form. The P53 in cytoplasm is the dimeric form, 

whereas the active nuclear form is the tetrameric form (Shaulsky et al., 1991). P35 

has also been reported to interact with RNA polymerase and activate transcription 

from actin and cadherin promoters by transient transfections in HeLa cells, where it is 

shown to be localized in the nucleus (Takamarah et al., 2003) although P35 does not 

possess any nuclear localization signal. 

Baculovirus P35 is known to be an irreversible suicide inhibitor of caspases by acting 

as a substrate (Bertin et al., 1996) and gets cleaved in the process to a 10kDa and 

25kDa protein. The biochemistry of the P35:Caspase interaction shows that the 

interaction is covalent through means of a disulfide bond. Reduction of the complex 
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separates the P35 (p25 which is bound) from the caspase (Reidl et al., 2001). That 

recombinant P35 inhibits P53 DNA binding, which can be reversed by prior reduction 

with DTT points to a possible similar biochemical mechanism for P35:P53 

interaction. DTT maintains the protein in reduced form and can no longer support the 

interaction between P35 and P53. P35 has 6 cysteines, which are free and are not 

involved in intra-molecular disulfide linkages. These 6 SH groups which are free 

probably impart a sticky nature to the protein under oxidizing conditions. 

In vitro transcription from the p35 upstream sequence using recombinant proteins was 

also carried out to look into the effects of the interaction between the baculovirus P35 

and host P53 like factor on the transcription of the p35 gene. By either adding 

recombinant P35 or mopping of P53 by double stranded consensus P53 

oligodeoxyribonucleotide, transcription could be enhanced approximately two fold. 

We addressed the physiological relevance of this interaction by looking into the in 

vivo transcription of P53 target genes by taking two different examples, a case of 

positive and a case of negative regulation through semi-quantitative RTPCR. We 

chose bcl2 as a case of negative regulation by P53 (Miyashita et al., 1994) and 

caspase for positive gene regulation (Gupta et al., 2001, microarray data in other 

systems). We compared the mRNA levels by RTPCR of the target genes in oxidative 

stress treated uninfected as against virus infected Sf9 cells. bcl2, whose expression in 

uninfected Sf9 cells decreases upon oxidative stress, shows increased expression upon 

virus infection as well as oxidative stress challenged virus infection. Similarly, 

caspase expression increases in oxidative stress, but not in AcMNPV infected (alone 

as well as oxidative stress challenged) cells. The transcription of the P53 target genes 

is essentially the same in AcMNPV infected alone and the oxidative stress challenged 

AcMNPV infected cells, suggesting once again the inactivation of P53 upon AcMNPV 

infection. In summary, this study provides evidence of molecular cross talks between 

the baculoviral anti-apoptotic P35 and host oxidative stress induced pro-apoptotic 

P53-like factor, displaying fine functional antagonism.  
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