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Abstract

Vaccinia vims, the prototypic member o f the orthopoxvirus genus, encodes the 

mitochondrial-localized protein F1L that protects cells from apoptosis and inhibits 

cytochrome c release. F1L is a 26kDa protein that interacts with the pro-apoptotic Bcl-2 

family member Bak and inhibits activation of Bak during cell death. In addition to Bak, 

the pro-apoptotic protein Bax is also capable of initiating cytochrome c release, 

suggesting that vaccinia vims infection might also modulate Bax. Here we show that F1L 

inhibits the activity of Bax by inhibiting oligomerization and N-terminal activation of 

Bax. F1L expression also inhibited the subcellular redistribution of Bax to the 

mitochondria and Bax insertion into the outer mitochondrial membrane. The ability of 

F1L to inhibit Bax activation does not require Bak, as F1L expression inhibited 

cytochrome c release and Bax activation in Bak-deficient cells. No interaction between 

Bax and F1L was detected during infection, suggesting that F1L functions upstream of 

Bax activation. Notably, F1L was capable of interacting with the BH3-only protein BimL 

as shown by co-immunoprecipitation, and F1L expression inhibited BimL-induced 

apoptosis. Vaccinia vims-induced apoptosis was also partially inhibited in Bim-deficient 

cells, suggesting that Bim is an important mediator of vaccinia vims-induced apoptosis. 

We have also investigated the F1L orthologue from the related orthopoxvirus ectromelia 

vims, which is a natural pathogen o f mice. This F1L orthologue, EVM025, is a 55 kDa 

protein that also inhibits apoptosis. EVM025 exhibits a large N-terminal extension 

consisting o f an eight amino acid region repeated 30 times. While the function o f this 

repeat region is unknown, EVM025 was expressed as a 55kDa protein, and deletion of
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the gene encoding EVM025 from the ectromelia virus genome abrogated anti-apoptotic 

activity conferred by ectromelia virus infection. While the amino acid sequence of 

EVM025 exhibits a number o f differences from F1L, a truncated version o f EVM025 

lacking the N-terminal repeat region still inhibited Bax activation and also constitutively 

interacted with Bak. These studies suggest that in addition to interacting with Bak, F1L 

and EVM025 can function to indirectly inhibit the activation of Bax, likely by interfering 

with the pro-apoptotic activity o f BH3-only proteins such as BimL.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Acknowledgements

I would like to thank Michele for all of her support and guidance for the past several 
years. Without her patience and expertise, none of this would have been possible. I would 
also like to thank everyone I’ve had the opportunity to work with in the Barry lab during 
my tenure here . . . especially Shawn, who did so much for me as a friend and fellow 
‘trainee’. Big kudos to the old guard, Tara, Kim, Brianne, 007, and Robyn, and to the new 
guard and team TAP: Logan, Steph, Douggie, and our honorary member Josh “Finnigan” 
. . .  to the new mayor o f rageville, the van Buuren boys, and Craig . . . it’s these types of 
friendships that make the tough days not so tough after all -  I ’ll miss you guys. Thank 
you to my in-laws for making me feel like a part o f their family out here in ‘the promised 
land’ all these years. And o f course, a very special thank you to my parents for their 
never-ending support and encouragement to pursue my dreams and aspirations. Nothing 
but strikes, dad.

And to Tracey, with all my love.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Table of Contents Pas

Chapter 1. Introduction 1
1.1 Poxviruses 2

1.1.1 Smallpox and the origin of vaccination 2
1.1.2 Vaccinia virus 4
1.1.3 Ectromelia virus 4
1.1.4 The Poxviral genome, virus structure and life cycle 6
1.1.5 Modulation of the immune system by poxviruses 8

1.2 Apoptosis 9
1.2.1 Apoptosis 9
1.2.2 Mitochondria and apoptosis 12
1.2.3 Cytochrome c and its involvement in apoptosis 14

1.2.4.1 Mitochondrial control of apoptosis: The Bcl-2 family
and BH domains 15

1.2.4.2 Structure of anti-apoptotic Bcl-2 family members 18
1.2.5 Multi-domain pro-apoptotic Bcl-2 family members: Bak and Bax 20

1.2.5.1 Bak 20
1.2.5.2 Bax 22
1.2.5.3 Bax structure 22
1.2.5.4 Bax localization and insertion into the mitochondrial outer 

membrane 24
1.2.5.5 Bax conformation 25
1.2.5.6 Bax oligomerization and dimerization 26
1.2.5.7 Proteins that regulate Bax activity 28

1.2.6 Mitochondrial membrane permeabilization 29
1.2.7.1 BH3-only proteins 32
1.2.7.2 Bid 33
1.2.7.3 Bim 34

1.3 Viral inhibitors of apoptosis 37
1.3.1 Poxviral inhibitors of apoptosis 39

1.3.1.1 CrmA: A poxviral caspase inhibitor 39
1.3.1.2 Poxvirus-encoded IAPs 40
1.3.1.3 The poxviral RING-protein p28 40
1.3.1.4 Inhibition of death receptors 41
1.3.1.5 Other poxviral inhibitors of apoptosis 41

1.3.2 Viruses and mitochondrial apoptosis 42
1.3.2.1 Viral Bcl-2 homologues 42
1.3.2.2 Adenovirus E1B 19K 43
1.3.2.3 Human cytomegalovirus vMIA 44

1.4 Poxviral mitochondrial-localized inhibitors of apoptosis 45
1.4.1 Myxoma virus M l 1L 45
1.4.2.1 Vaccinia virus F1L 46
1.4.2.2 F1L and Bak 49
1.4.2.3 Infection with W (C op)A FlL  induces apoptosis 50

Thesis Objectives 51

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 2. Materials and Methods 52

2.1 Cell lines and viruses 53
2.1.1 Cell lines 53
2.1.2 Viruses 53

2.2. DNA methodology 56
2.2.1 Plasmids 56
2.2.2 Plasmid isolation 56
2.2.3 Polymerase chain reaction 58
2.2.4 Agarose gel electrophoresis and gel extractions 59
2.2.5 Restriction digests and DNA end-modification 59
2.2.6 DNA ligations 61
2.2.7 DNA sequencing and computer analyses 61
2.2.8 Bacterial transformation and competent cells 61

2.3 Cloning methods 62
2.3.1 Generation o f EVM025 truncation mutants 62

2.3.1.1 EGFP-EVM025(D237) (pJMT17J 62
2.3.1.2 EGFP-EVM025(E255) (pJF2) 62
2.3.1.3 FLAG-EVM025(D231) (pJMT44) 62
2.3.1.4 FLAG-EVM025(E255) (pJMT48) 64

2.3.2 Generation of a Bid expression vector, pCMV5-Bid 65
2.4 Transfections 65

2.4.1 General transfection protocol 65
2.4.2 Infection/transfections for expression of proteins during virus infection 65

2.5 Virus manipulation and generation 66
2.5.1 Virus infection protocol 66
2.5.2 Virus isolation 66
2.5.3 Inhibition of late gene synthesis 67
2.5.4 Virus chromosomal DNA preparations 67
2.5.5 Growth curves 67
2.5.6 Plaque purifications and agarose overlays 68
2.5.7 Generation of a recombinant virus expressing FLAG-EVM025(E255) 68

2.6 Generation of EVMA025 70
2.6.1 Cloning of EGFP for the generation of recombinant knockout viruses 70
2.6.2 Construction o f a vector for inactivation of EVM025 (pJMT29) 70
2.6.3 Generation o f EVMAcrmAA025 71

2.7 Protein methodology 73
2.7.1 Protein quantification using a bichinconinic acid kit 73
2.7.2 SDS polyacrylamide gel electrophoresis 73
2.7.3 Western transfer 73
2.7.4 Antibodies and immunoblotting 74
2.7.5 Immunoprecipitations 76

2.7.5 a) Immunoprecipitation o f activated Bax 76
2.7.5 b) Anti-FLAG immunoprecipitations 76
2.7.5 c) Immunoprecipitation of endogenous Bim 77
2.7.5 d) Anti-EGFP immunoprecipitations 77

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2.7.6 Confocal microscopy 77
2.7.7 Assessment of BimEL phosphorylation 79

2.8. Apoptosis assays 79
2.8.1 Induction of apoptosis 79
2.8.2 Measurement of mitochondrial membrane potential 80
2.8.3 Detection of PARP cleavage 81
2.8.4 Detection o f Bax N-terminal conformational change 81

2.8.4 a) Detection of Bax N-terminal conformational change by
confocal microscopy 81

2.8.4 b) Detection of Bax conformational change by
immunoprecipitation 81

2.8.5 Gel filtration chromatography 82
2.8.6 Mitochondrial isolation 82

2.8.6 a) Assessment of Bax insertion from purified mitochondria 83
2.8.6 b) Cytochrome c release from purified mitochondria 83
2.8.6 c) tBid-induced Bax activation in isolated mitochondria 83

2.8.7 Cytochrome c release assays 84
2.8.7 a) Cytochrome c release by fractionation of Jurkat cells 84
2.8.7 b) Cytochrome c release by confocal microscopy 84
2.8.7 c) Cytochrome c release from tBid-treated mitochondria 85

2.8.8 Detection of DNA fragmentation by TUNEL 85
2.8.9 Detection of apoptosis in baby mouse kidney cells 85

Chapter 3. The vaccinia virus protein F1L inhibits Bax activation 87

3.1 Introduction 88
3.2 Results 89

3.2.1 F1L expression inhibits UV-induced apoptosis 89
3.2.2 Vaccinia virus infection induces Bax activation 92
3.2.3 F1L inhibits Bax activation 93
3.2.4 F1L inhibits Bax oligomerization 97
3.2.5 F1L inhibits Bax recruitment to the mitochondria and insertion

into the outer mitochondrial membrane 99
3.2.6 F1L inhibits cytochrome c release and Bax activation in the

absence of Bak 103
3.2.7 VV(Cop)AFlL replicates normally in various cell lines 110
3.2.8 F 1L fails to interact with Bax during infection 110

3.3 Discussion 115

Chapter 4. Vaccinia virus F1L interacts with and modulates the
BH3-only protein BimL 119

4.1 Introduction 120
4.2 Results 122

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4.2.1 F1L expression inhibits apoptosis induced by the BH3-only proteins
Bid, Bmf and BimL 122

4.2.2 Vaccinia virus infection induces BimEL phosphorylation 126
4.2.3 F1L expression inhibits Bax activation induced by BimL 133
4.2.4 F1L Interacts with BimL 134
4.2.5 Bim is involved in vaccinia virus-induced apoptosis 139

4.3 Discussion 142

Chapter 5. Ectromelia virus EVM025 is a functional anti-apoptotic protein 146

5.1 Introduction 147
5.2 Results 150

5.2.1 Ectromelia virus infection inhibits apoptosis 150
5.2.2 EVM025 is a 55kDa protein expressed throughout infection 153
5.2.3 Generation of an EVMAcrmAA025 virus 155
5.2.4 EVM025 is required for the inhibition of apoptosis 157
5.2.5 The transient expression of N-terminally truncated versions of

EVM025 inhibits apoptosis 159
5.2.6 Localization of EVM025 162
5.2.7 EVM025 inhibits Bax activation 165
5.2.8 EVM025 interacts with Bak, but not Bax 167
5.2.9 EVM025(E255) complements the anti-apoptotic deficiency in

VV(Cop)AFlL 168
5.3 Discussion 170

Chapter 6. Discussion 173

References 196

Appendix A. The poxviral RING protein p28 is a ubiquitin ligase 227
Copyright Release Forms 228
Abstract 230
Results and Discussion 230
References 237

Appendix B. Supplemental Results 239

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



List of Tables Page

Table 1.1. Poxviridae family 3

Table 1.2. Immune modulatory mechanisms encoded by vaccinia virus 5

Table 2.1. Cell lines used in this study 54

Table 2.2. Viruses used in this study 55

Table 2.3. Vectors used in this study 57

Table 2.4. Oligonucleotides used in this study 60

Table 2.5. Antibodies used in this study 75

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



List of Figures Page

Chapter 1. Introduction

Figure 1.1. Vaccinia virus virion, genome, and replication 7

Figure 1.2. Extrinsic and intrinsic apoptotic stimuli 11

Figure 1.3. Mitochondria, cytochrome c release, and the apoptosome 13

Figure 1.4 The Bcl-2 family 16

Figure 1.5. Alignment o f BH domains from Bcl-2 family members 17

Figure 1.6. Structure of B c 1-x l  19

Figure 1.7. Activation o f Bak and Bax 21

Figure 1.8. Structure of Bax 23

Figure 1.9. Mitochondrial membrane permeabilization 30

Figure 1.10. Schematic representation of Bim isoforms 35

Figure 1.11. Poxviral inhibitors of apoptosis target multiple parts of the

apoptotic machinery 38

Figure 1.12. Alignment of Orthopoxviral F1L orthologues 48

Chapter 2. Materials and Methods

Figure 2.1. Generation of EVM025 truncation mutants 63

Figure 2.2. Generation of recombinant vaccinia virus expressing
FLAG-EVM025(E255) 69

Figure 2.3. Generation of EVMAcrmAA025 72

Chapter 3. The vaccinia virus protein F1L inhibits Bax activation 

Figure 3.1. Vaccinia virus F1L inhibits apoptosis induced by UV-light 90

Figure 3.2. Infection with an F1L knockout virus induces Bax activation 94

Figure 3.3. F1L inhibits Bax activation induced by an apoptotic stimulus 96

Figure 3.4. Transient expression of F1L inhibits UV-induced Bax

N-terminal exposure 98

Figure 3.5. F1L inhibits Bax oligomerization 100

Figure 3.6. Bax insertion into the outer mitochondrial membrane is

inhibited by F 1L 102

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Figure 3.7. F1L inhibits the mitochondrial recruitment of Bax 104

Figure 3.8. F1L inhibits UV-induced mitochondrial recruitment of Bax 105

Figure 3.9. F1L inhibits apoptosis in the absence of Bak in vitro 107

Figure 3.10. F1L expression inhibits Bax activation in the absence of Bak 109

Figure 3.11. Growth rates of VV(Cop) and VV(Cop)AFlL in MEFs 111

Figure 3.12. F1L interacts with Bak, but not with Bax, following an

apoptotic stimulus 113

Figure 3.13. F1L interacts with Bax in Triton-X-100 114

Chapter 4. Vaccinia virus F1L interacts with and modulates the 

BH3-only protein BimL

Figure 4.1. F1L inhibits BH3-only protein induced apoptosis 123

Figure 4.2. F1L expression inhibits BH3-only induced cytochrome c

release in Bak-deficient cells 125

Figure 4.3. Vaccinia virus infection induces BimEL phosphorylation 127

Figure 4.4. Inhibition of ERK kinases inhibits BimEL phosphorylation 130

Figure 4.5. Inhibition o f BimEL phosphorylation does not inhibit

VV(Cop)AFlL-induced apoptosis 132

Figure 4.6. F1L inhibits BimL-induced Bax activation 135

Figure 4.7. F1L interacts with the BH3-only protein BimL 136

Figure 4.8. F1L co-localizes with exogenous BimL and interacts

with endogenous BimL 138

Figure 4.9. Bim is required for vaccinia virus-induced apoptosis 140

Chapter 5. Ectromelia virus 025 is a functional anti-apoptotic protein

Figure 5.1. Alignment of EVM025 and VV F1L 149
Figure 5.2. Infection with ectromelia virus strain Moscow inhibits apoptosis 151

Figure 5.3. EVM025 is expressed as a 55kDa protein 154

Figure 5.4. Generation o f  a A025 strain o f  ectromelia virus 156

Figure 5.5. Expression of EVM025 is required to inhibit apoptosis 158

Figure 5.6. Transient expression of EVM025 truncation mutants

inhibits apoptosis 161

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Figure 5.7. Localization of transiently expression EVM025 

truncation mutants

Figure 5.8. EVM025 localizes to the mitochondria during ectromelia 

virus infection

Figure 5.9. EVM025 is required for EVM-mediated inhibition of Bax 

N-terminal activation

Figure 5.10. EVM025(E255) interacts with Bak

Chapter 6. Discussion

Figure 6.1. Mechanisms used by E 1B 19K, M 11L, vMIA and F 1L to 

Inhibit Bax

Figure 6.2. Alignment o f poxviral mitochondrial inhibitors of apoptosis 

with B c 1-x l

Figure 6.3. Structure of myxoma virus M l 1L and vaccinia virus N IL  proteins

Appendix A. The poxviral RING protein p28 is a ubiquitin ligase

Figure A .l . p28 has ubiquitin ligase activity in vitro

Figure A.2. p28-dependent accumulation o f ubiquitin in viral replication 

factories

Figure A.3. Ubiquitination of p28 and M143R

Appendix B. Supplemental Results

Figure B .l . Ubcl3 and MMS2 appear to be enriched at viral factories in the 

presence of p28

Figure B.2. F1L is ubiquitinated

Figure B.3. F1L inhibits apoptosis induced by Bax overexpression, but not 

Bax overexpression

Figure B.4. Vaccinia virus A6L protein is cytoplasmic and is stable in the 

presence of p28

Figure B.5. A6L mRNA is expressed from recombinant VV:WR expressing

p28

163

164

166

169

177

182

183

232

234

236

240

241

242

243

244

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



List of Abbreviations

pi -  microlitre
|iM -  micromolar
AIF -  apoptosis inducing factor
AraC -  cytosine arabinoside
ATP -  adenosine triphosphate
Bak -  Bcl-2 antagonist of killing
Bax -  Bcl-2 associated X gene
BCA -  bichinconinic acid
Bel -  B-cell lymphoma
BGMK -  baby green monkey kidney
BH -  Bcl-2 homology
Bid -  Bcl-2 interacting domain
Bim -  Bcl-2 interacting mediator of cell death
BimEL -  Bim extra long
BimL -  Bim long
BimS -  Bim short
BIR -  baculovirus IAP repeat
BMK -  baby mouse kidney
bp -  base pair
CHAPS -  3-[(3-Cholamidopropyl)dimethylammonio]-l-propanesulfonate 
Cpx - Cowpox
CrmA -  cytokine response modifier A
CTL -  cytotoxic T lymphocyte
DLC -  dynein light chain
DMEM -  Dulbecco’s modified Eagle’s media
DMF -  dimethyl formamide
DMSO -  dimethyl sulphoxide
DNA -  deoxyribonucleic acid
dsRNA -  double stranded ribonucleic acid
DTT -  dithiothretitol
ECL -  enhanced chemiluminescence
EDTA -  ethylenediaminetetraacetic acid
EGFP -  enhanced green fluorescent protein
EGTA -  ethylene glycol tetraacetic acid
ERK -  extracellular signal-regulated kinase
EVM -  Ectromelia virus Moscow
FADD -  Fas-associated death domain
FBS -  fetal bovine serum
FITC -  fluorescein isothiocyanate
HA -  haemagglutinin
HEPES -  4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



HRP -  horseradish peroxidase
IAP -  inhibitor of apoptosis
IFN -  interferon
Kb -  kilobase
kDa -  kilodalton
LB -  Luria-Bertaini broth
LMP -  Low melting point
M -  molar
mA -  milliamps
MCV -  molluscum contagiosum virus
MEF -  mouse embryonic fibroblast
MEK -  mitogen activated protein kinase kinase
mg -  milligram
ml -  millilitre
MnSOD -  manganese superoxide dismutase
MOI -  multiplicity of infection
Mpx -  Monkeypox
NF-kB -  nuclear factor kappa-B
OD -  optical density
ORF -  open reading frame
PAGE -  polyacrylamide gel electrophoresis
PARP -  poly-ADP ribose polymerase
PBR -  peripheral benzodiazepine receptor
PBS -  phosphate buffered saline
PCR -  polymerase chain reaction
Pfu -  plaque forming unit
PKR -  protein kinase R
PT -  permeability transition
PVDF -  polyvinylidene fluoride
RE -  restriction endonuclease
RING -  really interesting new gene
RIPA -  radioimmunoprecipitation assay
RNA -  ribonucleic acid
S.D. -  standard deviation
SDS -  sodium dodecyl sulfate
SMAC -  Second mitochondrial activator of caspases
SPI -  serine protease inhibitor
SSC -  standard saline citrate
STS -  staurosporine
TAE -  tris acetate EDTA
TBST -  tris buffered saline plus Tween 20
TK -  thymidine kinase
TMRE -  tetramethylrhodamine ethyl ester

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



TNF -  tumour necrosis factor
TNFR -  tumour necrosis factor receptor
TRADD -  TNF receptor associated death domain
TUNEL -  terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling 
TX-100 -  triton-X-100 
UTP -  uridine triphosphate 
UV -  ultra-violet
vMIA -  viral mitochondrial inhibitor of apoptosis 
VarV -  variola virus 
VV -  vaccinia virus 
WT -  wild type
X-gal -  5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside 
zVAD.fmk -  Z-Val-Ala-Asp-fluoromethyl ketone

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 1: Introduction
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1.1. Poxviruses

The Poxviridae are a large and diverse family of viruses that contain double­

stranded DNA genomes and replicate within the cytoplasm of the infected cell (237). 

This ancient family of viruses is divided into two subfamilies, the Chordopoxvirinae, 

which infect vertebrates, and the Entomopoxvirinae, which infect invertebrates (237) 

(Table 1.1). The Chordopoxvirinae contain poxviruses that infect vertebrates and 

mammals, and are subdivided into eight different genera (Table 1.1). The most notorious 

member of the poxviridae family was the Orthopoxvirus variola virus, the causative agent 

of smallpox. Various strains of smallpox caused human mortality rates greater than 30%, 

and the virus was endemic for centuries, dating back at least 2000 years (323). Aside 

from smallpox, multiple members of the Chordopoxvirinae can also cause infections in 

humans; the majority of these, however, are rare zoonoses and only cause localized skin 

lesions (109).

1.1.1. Smallpox and the origin of vaccination

In the late 1700’s, the British physician Edward Jenner pioneered an approach 

that changed the world of microbiology. By inoculating patients with a related poxvirus 

from cows, known as cowpox virus, he effectively provided long-term immunity against 

smallpox (167). Dr. Jenner referred to the inoculation material as “vaccinia”, from the 

Latin word “vacca” meaning “cow”, and the concept of vaccination was officially born 

(167). Over the next two centuries, with the help of an intensive worldwide vaccination 

protocol led by the World Health Organization, smallpox was successfully eradicated in 

1980 (323, 383). To date, variola virus remains the only viral pathogen that has been 

eliminated from the planet, and this effort remains the gold standard for vaccination 

protocols (383).
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Table 1.1 Poxviridae Family

Subfamily Genus Species Members
Chordopovxirinae
(vertebrate
poxviruses)

Orthopoxvirus Vaccinia, variola, ectromelia, 
monkeypox, cowpox, camelpox

Avipoxvirus Fowlpox, canarypox, quailpox
Leporipoxvirus Myxoma, rabbit fibroma, Shope 

fibroma
Suipoxvirus Swinepox
Molluscipoxvirus Molluscum contagiosum
Parapoxvirus Orf virus, bovine popular stomatitis
Capripoxvirus Goatpox, lumpy skin diseases
Yatapoxvirus Yaba monkey tumour

Entomopoxvirinae 
(insect poxviruses)

Entomopoxvirus A Melolontha melolontha 
entomopoxvirus

Entomopoxvirus B Amsacta moorei entomopoxvirus
Entomopoxvirus C Chironimus luridus entomopoxvirus
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1.1.2. Vaccinia virus

The virus used by the World Health Organization to vaccinate against smallpox 

was vaccinia virus, a related member of the Orthopoxvirus genus (383). Originally 

believed to have descended from either cowpox or horsepox, vaccinia virus has been 

cultivated primarily by human-to-human passage and in tissue culture for the last 200 

years (47, 109). As such, vaccinia virus is considered genetically distinct from the other 

orthopoxvirus species (109), and has no known natural host. Although vaccinia virus 

does not normally cause disease in humans, it is antigenically similar enough to variola 

virus to provide long-term immunity (47). This, combined with the high stability of the 

vaccine, aided in the immense success o f this vaccination program (323).

Vaccinia virus (VV) is considered the prototypic poxvirus, and is amenable to 

genetic manipulation through a multitude of available DNA recombination tools (50). VV 

has also been used extensively as a gene delivery mechanism, as its large DNA genome 

makes it relatively easy to insert foreign DNA sequences for protein expression in 

mammalian cells (50, 100). Despite the fact that the natural host for VV is unknown, VV 

remains an excellent model system in which to study virus:host interactions due to its 

complex genome and vast array of anti-immune mechanisms (169). In response to the 

selective pressures initiated by the host immune system, poxviruses such as vaccinia virus 

encode a vast array o f proteins which modulate both innate and adaptive immune 

responses (Table 1.2) (21, 105)

1.1.3. Ectromelia virus

Ectromelia virus (EV), more commonly known as mousepox, is another member

of the Orthopoxviridae that was first described in 1930 (220). A natural pathogen of

mice, EV is characterized by the generalized swelling and eventual amputation o f the

infected foot, and is associated high rates of mortality in inbred stocks of mice (110, 220).

The medical definition of ectromelia is a congenital imperfection or loss of limb, and

since this particular disease was quite clearly not a congenital defect but rather the result
4
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Table 1.2. Immune modulatory mechanisms encoded by vaccinia virus

Gene Mode of action Reference
A46R Toll-like receptor inhibition (38)
A52R Toll-like receptor/NF-KB inhibition (38)
B15R Secreted interleukin-13 receptor (327)
B8R Interferon-y receptor homologue (7)
B19R Interferon-a/3 receptor homologue (342)
B29R/C23L Chemokine binding protein (127, 322)
Cl 1L Viral growth factor (31,277)
CrmA/Spi-2 Intracellular serine protease inhibitor (274)
CrmB, CrmC TNF receptors (159,321)
E3L dsRNA binding protein (57, 58)
F1L Mitochondrial inhibitor of apoptosis (382)
K1L NF-kB inhibitor (315)
K2L Serine protease inhibitor (191,406)
K3L/CrmD eIF2a homologue, inhibits protein translation (87)
M2L NF-kB inhibitor (121)
N IL NF-kB inhibitor (96)
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of an infectious agent, the agent was termed infectious ectromelia (220). Mice are 

typically infected with EV through small abrasions in the skin from sources such as 

infected bedding, whereupon a primary lesion forms. Virus rapidly travels to the regional 

lymph nodes, proceeds to cause primary viremia and subsequently migrates to the liver 

and spleen (47, 110). Viral replication occurs in these internal organs, and if the mouse 

has not succumbed due to internal organ failure, secondary viremia occurs that leads to a 

generalized rash 7 days post-infection. The rash seen in EV-infected mice is similar to the 

rash produced by smallpox, hence the adoption of the name ‘mousepox’ (110). 

Interestingly, the pattern of EV replication in internal organs prior to secondary viremia 

appears to hold true for a number of viral infections that produce rashes (47, 110).

Various mouse genotypes demonstrate a wide range of susceptibilities to EV 

(102, 110). Ectromelia virus is also antigenically similar to VV, as vaccination of mice 

with vaccinia virus provides immunity against EV infection (110). The pattern of disease 

in mice can be readily manipulated by altering mouse genotype, virus strain, dose, and 

route of infection, making EV one of the best models for studying poxviral pathogenesis 

(110). EV strain Moscow (EVM) is one o f the most thoroughly studied and virulent 

strains (110). The genome of EVM has been fully sequenced (62), and is roughly 175kb 

in size, shows 67% A+T content, and encodes 175 predicted open reading frames.

1.1.4. The poxviral genome, virus structure and life cycle

Poxvirus virions appear as brick-like particles approximately 250-350nm in size

(Fig. 1.1 A), making them visible by light microscopy. The virion consists of a

phospholipid membrane surrounding a core structure, which contains the poxviral

genome and required proteins for early viral replication (237). Orthopoxviral genomes

are linear double-stranded DNA molecules approximately 200kb in size that have

covalently closed terminal hairpin loops, and encode approximately 200 different open

reading frames (Fig. 1.15) (237). As virus replication occurs in the cytoplasm of infected

cells, poxviruses encode many of the enzymes required for gene transcription and DNA
6
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Figure 1.1. Vaccinia virus virion, genome, and replication
A, Atomic force micrograph o f a vaccinia virus ‘brick-shaped’ virion (adapted from J. Virol. 
2003. 77:6332). B, Structure o f the vaccinia virus linear dsDNA genome. The central fragment 
encodes housekeeping genes for virus replication, while the variable regions encode 
host-specific genes. C, Depiction o f the vaccinia virus life cycle. Following infection, early 
mRNA is synthesized immediately, producing enzymes (ie. DNA polymerase) that are essential 
for virus replication. Other early proteins are involved in host immune evasion. Following DNA 
replication, intermediate and late genes are transcribed, and newly synthesized viral DNA is 
packaged in new intracellular mature virions (IMV). These particles are then enveloped into 
intracellular enveloped virions (IEV), and either remain attached to the plasma membrane as 
ce ll-a ssoc ia ted  en ve lop ed  virus (C E V ), or are released  as extracellu lar en ve lop ed  virus (E E V ) 
(Adapted from B.Moss. Poxviridae. In: Fields Virology, 3rd Edition. 1996. Raven Publishers.)

7

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



replication (Fig. 1.1Q. These open reading frames are typically found within the central 

region o f the genome and are highly conserved across poxviral species (Fig. 1.15). The 

variable termini of the genome typically encode proteins involved in host-specific 

responses (Fig. 1.15) (182, 237, 258).

Infectious enveloped virions attach to cells via an unknown receptor, and fuse 

with the host plasma membrane (Fig. I AC). The virus core is released into the cytoplasm, 

and viral transcription o f early genes begins immediately (Fig. 1.1Q. Early genes encode 

for various immune evasion proteins, DNA replication proteins, growth factors, and 

intermediate gene transcriptional regulators (237). DNA replication begins following 

synthesis of the viral DNA polymerase, and this is required for the subsequent synthesis 

o f intermediate transcription factors and the transcription of late genes. Late gene 

products typically encode enzymes and structural proteins involved in new virion 

synthesis (Fig. 1.1C). Virus assembly occurs in cytoplasmic viral factories and produces 

intracellular mature virus (IMV), which are the most abundant virus particles present. 

These particles are fully infectious and are either retained until cell lysis, or are wrapped 

by membranes to form intracellular enveloped virus (IEV). IEV particles are able to 

travel to the cell surface via microtubules, and following further membrane wrapping, are 

released through plasma membrane fusion as cell-associated enveloped virus (CEV) (Fig. 

1.1C) (237, 325). CEV particles can then either migrate towards neighbouring cells 

through the polymerization of actin tails in the cytoplasm, or are released as extracellular 

enveloped virus (EEV) for long range dissemination (237, 325). CEV and EEV are 

indistinguishable from each other, except for the fact that CEV are still associated with 

the plasma membrane (325).

1.1.5. Modulation of the immune system by poxviruses

In order to counteract a viral infection and protect itself from disease, the body

uses a number o f immune mechanisms to fend off viral infections. The primary response

is the recruitment o f “death-inducing” cells, such as natural killer (NK) cells or cytotoxic
8
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T lymphocytes (CTLs), which recognize virally-infected cells and induce their 

destruction through apoptosis (18). Other immune tactics involve the production of 

cytokines/chemokines, interferons, complement, and antibodies, all of which not only aid 

in eliminating viruses and infected cells, but also help to establish anti-viral states in 

uninfected cells (112, 303, 305, 357). Due to the harsh environment presented by the 

human immune system, it is not surprising that viruses have adapted immune evasion 

strategies to survive in vivo.

A vast number of poxviral proteins have been identified that interfere with the 

immune response (169, 303), and these represent an incredibly diverse family of immune 

modulators. VV alone encodes for a number of proteins which interfere with cytokine 

signaling, the interferon response, toll-like receptor signaling, and nuclear-factor kappa-B 

(NF-kB) responses (Table 1.2)(169, 303). These proteins are also believed to be 

important in defining the host-range o f poxviruses, as no single immune-evasion protein 

identified to date is expressed by all members o f the Chordopoxvirinae (169, 303). Not 

surprisingly, poxviruses also express a number o f proteins which interfere with 

programmed cell death, or apoptosis (349).

1.2 Apoptosis

1.2.1. Apoptosis

Apoptosis, or programmed cell death, was first described in 1972 (175), and the

basic mechanisms are conserved from invertebrates to mammals. Indeed, much of our

basic understanding of apoptosis was originally determined through studies in the worm

Caenorhabditis elegans (205), and a number of proteins involved in executing apoptosis

are conserved from C. elegans to mammals. Although the initial idea of a specialized cell

suicide mechanism was viewed with skepticism, it is now clear that apoptosis plays a

critical role in development, tissue homeostasis, and the elimination of unwanted cells by

the immune system (151). Specialized immune effector cells, such as CTLs, play a key

role in removing virus-infected cells through the induction of apoptosis (18, 273, 285). In

9
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response, a large number of viruses have evolved mechanisms to block apoptosis, thereby 

ensuring successful replication and dissemination (24, 283).

Apoptotic cells display characteristic features such as DNA fragmentation, 

chromatin condensation, mitochondrial dysfunction, and plasma membrane blebbing (75, 

151). These blebs, or apoptotic bodies, contain the cytoplasmic contents of the dying cell, 

and are engulfed by phagocytes to prevent an inflammatory response (75). Apoptosis is 

tightly regulated by the cleavage and activation of a family of cysteine proteases, known 

as caspases (311, 356). Caspase activation requires proteolytic processing at internal 

aspartate residues to convert the normally inactive zymogen to a fully active protease. 

Fourteen caspases have been identified in mammals. Certain caspases are necessary for 

cytokine maturation and inflammation, such as caspases 1, 4 and 5, while other caspases 

are directly involved in the initiation and execution of apoptosis (114). During apoptosis, 

initiator caspases, such as caspases 8, 9 and 10, can directly activate executioner 

caspases, such as caspases 3, 6 and 7, which are ultimately responsible for the proteolytic 

cleavage of a large number of cellular proteins leading to death of the cell (114). 

Consequently, tight regulation of caspase activity is vital within a healthy cell and is 

controlled by both cellular- and pathogen-encoded proteins (283, 328).

Apoptosis can be triggered by both extrinsic and intrinsic signals (Fig. 1.2). The

extrinsic receptor-mediated pathway is activated through the binding o f ligands to their

appropriate death receptors. Ligands produced by cytotoxic cells, such as Fas ligand

(FasL) or tumour necrosis factor (TNF), can interact with their receptors, Fas and TNF

receptor 1 (TNFR1), on the cell surface (15, 16). This results in receptor trimerization and

recruitment o f caspase 8 to the intracellular domain of Fas and TNFR1 (15). Caspase 8

activation occurs via an interaction with the adaptor proteins Fas-associated death domain

(FADD) and/or TNFR-associated death domain (TRADD) (Fig. 1.2)(15). In cells which

recruit and cleave a high amount o f caspase-8, caspase-3 can be directly cleaved and

activated by active caspase-8 (292, 293, 400). In many cell types, however, only a small

amount o f caspase 8 is activated, and an amplification o f the signal is required (212). This
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Figure 1.2 Extrinsic and intrinsic apoptotic stimuli.
Extrinsic apoptotic stimuli such as tumor necrosis factor (TNF) stimulate death receptor 
trimeri/.ation. Recruitment of Fas-associated death domain (FADD) or TNFR associated 
death domain (TRADD) leads to caspase 8 cleavage which cleaves and activates Bid. 
Activation of Bid results in its translocation to the mitochondria where it activates the 
pro-apoptotic proteins Bak and Bax. T his results in m itochondrial mem brane perm eabilizalion  
and release of pro-apoptotic factors (cytochrome c), which activate downstream effector 
caspases (caspases 9 and 3) resulting in apoptosis. Intrinsic stimuli, in contrast, directly 
activate BH3-only proteins, which either directly activate Bak and Bax, or repress 
anti-apoptotic Bcl-2 proteins.
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amplification requires the involvement of the intrinsic apoptotic pathway, where signals 

converge at the mitochondria to facilitate the downstream activation of executioner 

caspases (Fig. 1.2)(212, 292, 293). This intrinsic apoptotic pathway is also stimulated by 

a number of intracellular signals such as DNA damage, growth factor withdrawal, 

dsRNA, or virus infection itself, and absolutely requires the involvement o f the 

mitochondria to execute death of the cell (Fig 1.2).

1.2.2. Mitochondria and apoptosis

Mitochondria were first characterized as small, membrane-wrapped organelles 

which generate ATP to provide biochemical energy for the cell. Believed to be bacterial 

in origin, mitochondria contain small circular genomes which encode a small number of 

proteins involved in electron transport, transcription, and translation (48, 217). Most 

mitochondrial proteins, however, are derived from nuclear genes, and are imported or 

localized to the mitochondria through specific localization signals or import mechanisms 

(229, 276).

The mitochondrion is an enveloped organelle consisting of an outer and inner

membrane, an intermembrane space (IMS), and the matrix which is bound by the inner

membrane (Fig. 1.3). The inner membrane is nearly impermeable to all molecules,

including protons, as this membrane maintains the electro-chemical gradient generated by

the electron transport chain (129, 233, 234). This gradient is essential for the

bioenergetics of the cell as it facilitates ATP production, and is referred to as the inner

mitochondrial membrane potential (233, 234). This membrane potential can be detected

experimentally using cationic fluorochromes, such as tetramethylrhodamine ethyl ester

(TMRE), which are specifically pumped across mitochondrial inner membranes with an

intact membrane potential (228). Interestingly, long-lasting loss of the mitochondrial

membrane potential, referred to as permeability transition (PT), is frequently associated

with apoptosis (221). The inner membrane is comprised of a complex series o f folds

(cristae) that essentially form another compartment within the mitochondria, the
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Figure 1.3. Mitochondria, cytochrome c, and the apoptosome.
Mitochondria are comprised of two membranes (inner and outer), an intermembrane space, and 
the internal matrix. The inner membrane folds to form distinct cristae and intracristae spaces, 
which contain >90% of the mitochondrial cytochrome c. Release of pro-apoptotic proteins, such 
as cytochrome c, SMAC, and Omi results in the activation of downstream caspases. Cytochrome c binds 
APAF-1 and pro-caspase-9 to form the apoptosome, cleaving and activating caspase-9, which leads 
to downstream caspase activation and apoptosis. SMAC and Omi inhibit inhibitors of apoptosis 
(IA Ps), w hich are responsible for inhibiting executioner caspases. PT; perm eability transition;
IMS, intermembrane space; VDAC, voltage dependent anion channel; ANT, adenine nucleotide 
transporter; CypD, cyclophilin D; PBR, peripheral benzodiazepine receptor; SMAC, second 
mitochondrial activator of caspases.
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intracristae space (ICS) (Fig. 1.3). This ICS compartment contains the majority of 

cytochrome c, which is critical for the induction of mitochondrial-mediated apoptosis 

(299).

The outer membrane, in contrast, is generally permeable to small molecules less 

than 5 kDa in size (185). This barrier is tightly regulated, nonetheless, by the presence of 

the abundant protein known as the voltage dependent anion channel (VDAC) (185). 

Through specific regulatory mechanisms that are still controversial, apoptosis induces the 

permeabilization of the outer mitochondrial membrane, resulting in the release o f pro- 

apoptotic proteins into the cytosol (Fig. 1.3) (98, 130, 149, 207, 341). Indeed, outer 

mitochondrial membrane permeability is typically detected biochemically by assessing 

the subcellular localization of proteins normally sequestered in the intermembrane space 

o f the mitochondria (98, 207, 287).

1.2.3. Cytochrome c and its involvement in apoptosis

Over a decade ago, mitochondria were shown to be intimately involved in the

apoptotic cascade. A number of pro and anti-apoptotic proteins were shown to localize to

the mitochondria, but why mitochondria were involved in regulating apoptosis remained

a mystery. It was eventually discovered that the mitochondrial protein cytochrome c

could induce caspase-activation and apoptosis (207). Cytochrome c is a 15kDa protein

that is part of the electron transport chain, and is localized within the cristae of healthy

mitochondria (Fig. 1.3)(25). During apoptosis, however, cytochrome c is dramatically

released from the mitochondria into the cytosol and outer mitochondrial membrane

permeabilization is required for this event (Fig. 1.3) (66, 130, 207). Cytosolic cytochrome

c interacts with the adapter molecule apoptosis protease activating factor-1 (Apaf-1) and

pro-caspase-9, forming the ‘apoptosome’ (Fig. 1.3) (201, 400). Procaspase-9 is then

cleaved in an ATP-dependent manner into activated caspase-9, which can then cleave

other ‘effector’ caspases such as caspase-3, leading to the systematic destruction of the

cell. Cytochrome c release is required for apoptosome formation, as cells expressing a
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membrane-tethered form of cytochrome c that is not released from mitochondria are 

protected from several apoptotic stimuli (146). Other mitochondrial factors have also 

been characterized that have pro-apoptotic effects when released. Proteins such as the 

second mitochondrial activator of caspases (SMAC/Diablo), high temperature 

requirement protein A2 (HtrA2)/Omi, apoptosis-inducing factor (AIF), and endonuclease 

G (EndoG) are also released during apoptosis (98, 106, 149, 200, 339, 341). EndoG and 

AIF act in the nucleus to induce DNA cleavage events (200, 339), while SMAC/Diablo 

and Omi/HtrA2 activate executioner caspases by inhibiting a group of anti-apoptotic 

proteins known as the inhibitors of apoptosis, or IAPs (Fig. 1.3)(55, 98, 149, 222, 341, 

368). IAPs function downstream of the mitochondria by directly binding to caspase-9 to 

induce its degradation through ubiquitination, thereby maintaining a non-apoptotic state 

(367).

I.2.4.I. Mitochondrial control of apoptosis: The Bcl-2 family and BH domains

The mitochondrial events during apoptosis are tightly governed by a group of 

proteins known as the Bcl-2 family of proteins (Fig. 1.4)(77, 130, 134). The namesake of 

the family, Bcl-2, was originally identified as a proto-oncogene from a B-cell lymphoma 

(Bel) (33, 73, 117, 154, 249, 358, 366). Bcl-2 localizes predominantly to the 

mitochondria and prolongs cell survival, even in the presence of a variety o f strong pro- 

apoptotic stimuli, thereby accounting for the pro-oncogenic properties of this protein (33, 

117, 154, 249, 366). Since the initial identification o f Bcl-2, a number of other pro- and 

anti-apoptotic proteins have been discovered that show homology to Bcl-2 (Fig. 1.4). 

These proteins have been grouped into the “Bcl-2 family”, and display amino acid 

homology within one of four so-called Bcl-2 homology (BH) domains (Fig. 1.5) (77, 

134), even between pro- and anti-apoptotic members.

The Bcl-2 family is subdivided into anti-apoptotic (i.e. Bcl-2, B c1-xl, M cl-1 ), 

multi-domain pro-apoptotic (i.e. Bak and Bax), and the BH3-only proteins (i.e. Bid, Bad,

Bim, Bmf, Noxa, Puma, Nbk/Bik, Hrk) (Fig 1.4) (32, 183, 209). The anti-apoptotic
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Figure 1.4 The Bcl-2 Family.
The Bcl-2 family of proteins can be separated into three classes: (1) the anti-apoptotic 
multi-domain proteins, which typically possess all four BH domains (BH1-4); (2) the 
pro-apoptotic m ulti-dom ain proteins (Bak and B ax), w hich contain BH 1, 2 , and 3 dom ains; 
(3) the BH3-only proteins, which possess only the BH3 domain, and certain members possess 
transmembrane tail ( I’M) for mitochondrial localization.
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Figure 1.5. Alignment o f BH domains from Bcl-2 family members.
The BH domains from Bak, Bax, Bcl-2, Bcl-xL, Mcl-1, and BimEL were aligned using 
Align-X. Consensus sequences are listed below each alignment, with identical residues shaded 
in yellow, and similar residues in green.
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members of the Bcl-2 family typically possess all 4 BH domains and prolong cell 

survival by inhibiting mitochondrial membrane permeabilization and cytochrome c 

release (179). The N-terminal BH4 domain is restricted to anti-apoptotic members, and 

caspase-mediated cleavage of the BH4 domain from Bcl-2 converts Bcl-2 into a pro- 

apoptotic protein (63), suggesting this region is required for inhibition o f apoptosis. The 

BH1, 2 and 3 domains are found in both pro- and anti-apoptotic Bcl-2 family proteins, 

and the BH3-only proteins, as their name implies, only possess the BH3 domain (Fig. 

1.4). Overall, BH domains have been implicated in mediating protein:protein interactions 

between family members (364). Indeed, mutation or deletion of BH domains greatly 

affects the function of Bcl-2 family members (1, 69, 399), and BH3 domain-containing 

peptides readily interact with anti-apoptotic family members (194, 392).

I.2.4.2. Structure of anti-apoptotic Bcl-2 family members

B c1-xl was the first Bcl-2 family protein to be structurally determined (239). Bcl- 

xL consists of two central hydrophobic alpha helices surrounded by six other amphipathic 

alpha-helices (Fig. 1.6A). Interestingly, the structure of B c1-xl resembles the membrane 

spanning domain of bacterial pore-forming toxins such as diphtheria toxin and colicins, 

which can insert into membranes to facilitate the permeabilization of eukaryotic cell 

membranes (71, 232, 239). This led to the original hypothesis that Bcl-2 family members 

may form pores in the outer mitochondrial membrane, thereby controlling the release of 

pro-apoptotic proteins from mitochondria (294). In support o f this, it has been 

demonstrated that Bcl-2 and B c1-x l can form ion channels in synthetic lipid bilayers (232, 

294).

The structure of B c1-x l also revealed that the BH1, 2, and 3 regions in B c1-x l are 

clustered on the surface of the protein and form an expanded hydrophobic groove (Fig. 

1.65) (239). This groove is believed to be a ‘binding pocket’ which can interact with 

domains from pro-apoptotic proteins such as Bad and Bak (Fig. 1.65). Accordingly, the
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Figure 1.6. Structure of Bcl-xL.
A , Ribbon diagram show ing the anti-parallel alpha helices w hich com prise B cl-x , (adapted  
from Bioch. Bioph. Acta. 2004. 1644:83).
B , Globular representation of Bcl-xL, with the BF11 -4 domains indicated (Adapted from Nat. 
Rev. Cancer. 2002. 2:647).
C, Globular representation of Bcl-xL bound to the BH3 peptide from Bak, which resides in the 
surface exposed hydrophobic pocket (Adapted from Nat. Rev. Cancer. 2002. 2:647).
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BH3 peptide from the pro-apoptotic protein Bak interacts with this hydrophobic groove, 

supporting this hypothesis (Fig. 1,6Q  (290).

Similar to Bcl-xL, Bcl-2 is also comprised of a series o f eight a-helices and 

displays a surface-exposed hydrophobic groove (259). The hydrophobic groove from Bcl- 

2 is elongated and much wider than that of B c1-xl, and alters the ability of Bcl-2 to 

interact with BH3 domains (239, 259). Indeed, BH3 peptides from Bak and Bad interact 

with the Bcl-2 groove at a 10-fold lower affinity than B c1-xl (65, 260). Because of this 

altered binding capacity, it remains to be seen what specific roles Bcl-2 and Bcl-xL play 

in the inhibition of apoptosis. Despite these differences, both Bcl-2 and B c1-xl interact 

with BH3 domains as a mechanism to prevent Bak and Bax activation (65).

1.2.5. Multi-domain pro-apoptotic Bcl-2 family members: Bak and Bax

Two critical members of the Bcl-2 family are the pro-apoptotic multi-domain 

family members, known as Bak (Bcl-2 antagonist/killer) and Bax (Bcl-2 associated X 

protein). Cells deficient in both Bax and Bak are completely resistant to cytochrome c 

release, demonstrating the collective importance of these two pro-apoptotic proteins (91, 

204, 385). As such, the activation of Bax and Bak must be tightly regulated to suppress 

death (91, 204, 385).

1.2.5.1. Bak

Bak localizes constitutively to the mitochondria via a C-terminal hydrophobic 

domain which inserts into the outer mitochondrial membrane (132). Following an 

apoptotic stimulus, Bak undergoes a conformational change revealing an N-terminal 

epitope and forms high-molecular weight oligomers (Fig. 1.7)(131, 132, 384, 404). The 

structure o f Bak is similar to other Bcl-2 family members, in that Bak consists o f a series 

of eight anti-parallel alpha-helices (235). Unlike anti-apoptotic Bcl-2 family members, 

Bak has a small, irregular surface hydrophobic groove which is not available for BH3-
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Figure 1.7. Activation of Bak and Bax.
The pro-apoptotic multi-domain Bcl-2 family members Bak and Bax are activated following an 
apoptotic stimulus. Following an apoptotic insult, BFI3-only proteins induce a conformational 
change in the mitochondrial-localized protein Bak, and Bak homooligomerizes 
into a high molecular weight complex (1). Bax, on the other hand, is normally cytosolic. During 
apoptosis, Bax also undergoes a conformational change that allows it to target and insert into 
the mitochondrial outer membrane (2). Bax reveals an N-terminal epitope and homooligomerizes 
into a high molecular weight complex. Activation of Bak or Bax facilitates mitochondrial 
membrane permeabilization and the release of pro-apoptotic proteins (cytochrome c, 
SMAC/Diablo, Omi/HtrA2).
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peptide binding (235). Additional structural modeling of Bak in comparison with Bcl-X|, 

suggests that the BH3 region of Bak is hidden within the interior of the folded protein and 

is therefore inaccessible (235). Following a conformational change, however, the BH3 

domain is revealed and Bak oligomerization at the mitochondria facilitates the release of 

cytochrome c via an unknown mechanism (Fig. 1.7). Bak-mediated cytochrome c release 

can occur in the absence of Bax and vice versa, suggesting that Bak and Bax are 

somewhat redundant in function (91, 385).

Other proteins, such as VDAC2, Mcl-1, and B c I-x l have been shown to interact 

with and regulate Bak activation (64, 391). The anti-apoptotic Bcl-2 family member Mcl- 

1 forms a complex with Bak at the mitochondrial membrane, perhaps to keep Bak in an 

inactive state (81, 195, 391). During DNA-damage-induced apoptosis, Mcl-1 is degraded, 

thereby freeing Bak for activation (81, 248). A short 16 amino acid peptide corresponding 

to the BFI3-region from Bak can interact with B c I-x l (290), and apoptosis induced by 

BH3-peptides from Bak are also inhibited by B c I-x l expression (290).

1.2.5.2. Bax

Bax is a 21 kDa monomeric protein that, contrary to Bak, resides in the cytoplasm 

or is found loosely attached to intracellular membranes (156, 253). Following an 

apoptotic stimulus, Bax inserts into the outer mitochondrial membrane (Fig. 1.7) (126, 

156, 393), and forms high molecular weight oligomers as seen by gel filtration and co- 

immunoprecipitation (12). Bax oligomerization and insertion into the mitochondrial outer 

membrane is required for Bax-mediated cytochrome c release, and is also completely 

inhibited by the overexpression o f Bcl-2 (10, 12).

1.2.5.3. Bax Structure

Bax is comprised of eight amphipathic alpha helices and one hydrophobic alpha 

helix (a5) (Fig. 1.8) (340), and these alpha helices fold to create a hydrophobic pocket on
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Figure 1.8. Structure of Bax.
A ,  Linear representation of the BH domains and alpha helices involved in Bax activation and 
targeting to the mitochondria. The C-terminal residues Prol68 and Serl84 which control Bax 
insertion into the mitochondrial memrbane, the N-terminal domain and the C-terminal hydrophobic 
tail are shown. The a 5 /a 6  helices which comprise the ‘pore-forming domain’ of Bax are also shown.
B, Ribbon diagram of the crystal structure of Bax, with the alpha helices labeled. The C-terminal 
a 9  helix (in red) folds back onto the surface pocket of the protein, and helices 1, 5, an 6 are also 
not exposed (adapted from Bioch. Bioph. Acta. 2004. 1644:83).
C, Crystal structure of Bax, with the BH domains and the C-terminal tail coloured as in panel (A). 
The C-terminal tail (in yellow) is folded into the hydrophobic pocket. Also occluded are the BH3 
domain and the a 5 /a 6  helices, as seen in panel (B) (adapted from Nat. Rev. Cancer. 2002. 2:647).
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the surface of the protein, similar to Bak and B c I-x l (Fig. 1.8). The hydrophobic pocket of 

Bax, however, is occluded by the C-terminal alpha helix (a9) which folds back and 

resides in the groove, rendering both the groove and the C-terminus inaccessible (Fig. 

1.85 and C). This blockage of the hydrophobic pocket of Bax by the C-terminus also 

occludes the BH3 domain and additional alpha-helices, preventing Bax from dimerizing 

with other BH-containing proteins. Interestingly, the way in which the C-terminus folds 

into the hydrophobic pocket is structurally similar to how the BH3 peptide of Bak binds 

to the available hydrophobic pocket of B c 1 -x l(2 9 0 ).

1.2.5.4. Bax localization and insertion into the mitochondrial outer membrane

The C-terminus of Bax comprises a hydrophobic transmembrane domain which, 

in inactive Bax, is folded into the hydrophobic pocket (Fig. 1.8C)(340). Following an 

apoptotic stimulus, a conformational change frees the C-terminus, allowing Bax to insert 

into the mitochondrial outer membrane (12, 126). Although deletion of as few as five 

residues from the C-terminus of Bax eliminated mitochondrial targeting, gene fusions of 

green fluorescent protein (GFP) to the C-terminal 20 amino acids o f Bax also did not 

target GFP to the mitochondria (244). However, when serine 184 (S I84) was deleted 

from this fusion peptide, this construct localized to the mitochondrial outer membrane, 

implicating SI 84 in regulating the availability of the C-terminus (244). Bax mutants with 

a SI84V substitution constitutively localize to the mitochondria, whereas other 

substitution mutants, such as S184K or S184D, do not translocate to the mitochondria, 

even during apoptosis (244). Interestingly, co-expression of B c I -x l  does not inhibit 

mitochondrial insertion of Bax (SI84V), but does inhibit cytochrome c release (245), 

suggesting that pro-survival Bcl-2 family members can inhibit Bax following 

translocation. Mutation o f S I84 o f Bax is predicted to promote the dissociation of the 

hydrophobic tail from the hydrophobic pocket, thereby allowing Bax movement to the 

mitochondria and apoptosis (244, 245).
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Intriguingly, Bax mutants lacking the C-terminal hydrophobic domain still appear 

to insert into the mitochondrial outer membrane and induce cytochrome c release during 

apoptosis (150). It has been suggested that the a5 /a6  helices of Bax constitute a pore- 

forming domain which regulates cytochrome c release. Indeed, membrane topology 

studies revealed that the a5 /a6  helices of Bax also insert into the outer mitochondrial 

membrane during apoptosis (9). As well, deletion of these helices and the C-terminal 

hydrophobic domain completely abolished mitochondrial insertion o f Bax and 

cytochrome c release (150). Another residue, proline 168 (P I68), has been implicated in 

regulating the targeting o f Bax to the mitochondria, although P I68 may regulate the 

availability of the pore forming a5 /a6  helices (295).

Altogether, Bax may target to and insert into mitochondrial membranes via a two- 

step process. Upon release of the C-terminus of Bax, this hydrophobic domain initially 

inserts into the outer mitochondrial membrane, whereupon further conformational 

changes may allow insertion of the pore-forming a5 /a6  helices. It has been proposed that 

Bax undergoes a significant conformational change when in contact with membranes 

(397). In support o f the multiple helix insertion theory of Bax, Bcl-2 also appears to 

change its membrane topology during apoptosis (178). What specifically triggers Bax to 

adopt a membrane-spanning conformation remains unknown.

I.2.5.5. Bax conformation

The C-terminus is not the only domain of Bax which undergoes a conformational 

change during apoptosis. Early studies revealed that antibodies raised towards the N- 

terminus of Bax were only reactive against Bax from apoptotic thymocytes (157). One 

such antibody, anti-Bax(6A7) (158), was shown to recognize this activated form of Bax, 

indicating that the N-terminus of Bax undergoes a conformational change during 

apoptosis. The crystal structure of Bax later revealed that amino acids 13-19 are in fact 

hidden prior to an apoptotic stimulus (340). Various detergents can also alter the
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availability of the N-terminus towards anti-Bax(6A7). Detergents such as Triton-X-100, 

Triton-X-114, or octyl-glucoside actually induce reactivity o f Bax from healthy cells 

towards anti-Bax(6A7) (157). Dissolution of Bax in octyl-glucoside significantly altered 

the spectrum of crystallized Bax, supporting the idea of a detergent-induced 

conformational change in Bax (340). Other detergents such as CHAPS do not induce Bax 

reactivity towards anti-Bax(6A7), and are useful for examining the native conformation 

o f Bax during apoptosis (157, 158). The N-terminal conformation appears to be 

controlled independently of the C-terminus as Bax (SI84V) does not reveal the N- 

terminal epitope prior to apoptosis, but constitutively inserts into the mitochondria (244, 

245).

In addition to the N- and C-termini, the BH3 domain of Bax is also hidden in 

healthy cells by the a9  helix which folds into the hydrophobic groove (340). Altogether, 

apoptotic stimuli induce a significant conformational change in Bax which reveals the 

BH3 domain, the hydrophobic groove, the C-terminus, and the N-terminal domain. These 

changes, in addition to binding to mitochondrial membranes, are believed to help reveal 

the pore-forming a5 /a6  helices (9, 51). Recent observations describe Bax translocation 

to the mitochondrial membrane prior to undergoing a complete N-terminal 

conformational change (363), indicating that the events surrounding Bax activation are 

complex and remain to be elucidated.

1.2.5.6. Bax oligomerization and dimerization

Bax isolated from healthy cells is seen as a monomeric protein, while Bax isolated 

from apoptotic cells appears as a complex of approximately 260kDa in size as assessed 

by chemical cross-linking and gel filtration (12, 347). Stimuli such as tBid can induce 

Bax oligomerization and insertion into the outer mitochondrial membrane in a caspase- 

independent fashion (101, 282). Intriguingly, Bax does not oligomerize in the presence of 

purified tBid and liposomes. In fact, tBid only induced Bax oligomerization and insertion
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when co-incubated with actual mitochondrial outer membrane vesicles (282). As well, 

mitochondria treated with proteinase K did not facilitate Bax oligomerization when 

incubated with tBid, implying that tBid-induced Bax oligomerization requires an 

additional mitochondrial protein, and not just a membrane surface (282). Bax 

oligomerization appears to be required for cytochrome c release, as recombinant 

oligomeric Bax, but not monomeric Bax, induces cytochrome c release in purified 

mitochondria (282). The exact mechanisms and interactions that induce and regulate Bax 

oligomerization are unknown.

It was observed using electron microscopy that Bax coalesces into massive 

clusters at specific sites at the mitochondrial outer membrane (245), and these clusters are 

required for apoptosis. A Bax mutant that constitutively localizes to the mitochondria, 

Bax (SI84V), does not form clusters when co-expressed with the anti-apoptotic protein 

B c I-x l,  suggesting that B c I -x l  is able to inhibit Bax cluster formation and apoptosis 

(245). Bak was also seen to cluster at these sites, suggesting that Bak and Bax may 

function together to facilitate cytochrome c release. The significance of these sites 

remains unknown, although recent evidence suggests a connection between Bak and Bax 

and the ability o f mitochondria to undergo membrane fission and fusion (171).

Whether Bax forms heterodimers with other proteins at the mitochondria is 

somewhat controversial. Several studies suggest that Bak and Bax can dimerize at the 

mitochondrial outer membrane during apoptosis (230, 337). As well, Bax heterodimerizes 

with Bcl-2 and B c I -x l  in the presence o f detergents such as Triton-X-100 and Triton-X- 

114 (158). Bax from apoptotic thymocytes, however, does not heterodimerize with either 

B c I -x l  or Bcl-2, suggesting that Bax does not normally bind to these anti-apoptotic 

proteins either before or after an apoptotic stimulus (157). Bax targeting and activation 

are tightly regulated, so it is possible that Bax does not naturally dimerize with Bcl-2 

during apoptosis, but can be induced to dimerize in the presence of strong detergents.

The temporal events regulating Bax translocation and oligomerization are still

controversial. Bax can insert into mitochondria without oligomerization (9), although in
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vitro studies show that Bax can also oligomerize in the absence of membranes (11, 133, 

158), and Bax dimers and trimers could also be detected prior to Bax insertion into the 

mitochondrial outer membrane (101). Although Bax insertion and oligomerization are 

required for Bax-mediated cytochrome c release, the signals which induce these changes 

in Bax are still not well understood.

I.2.5.7. Proteins that regulate Bax activity

A number of non-Bcl-2-like proteins have been documented to regulate Bax 

activity. Humanin is a small, 3kDa peptide that can block Bax activation during apoptosis 

(403). 14-3-3 proteins also negatively regulate Bax, potentially keeping Bax in an 

inactive state until stimulated (359). Activation of the c-Jun N-terminal kinase pathway 

by cellular stress induces phosphorylation of 14-3-3 proteins, resulting in Bax 

dissociation and subsequent apoptosis (359). Ku70 interacts with and prevents Bax 

activation in the presence of an apoptotic stimulus (291). Previously shown to be required 

for repair o f dsDNA breaks in the nucleus (37, 372), Ku70 also suppresses the 

mitochondrial translocation of Bax during apoptosis (291).

A number o f other cellular proteins appear to induce the activation o f Bax.

Modulator of apoptosis-1 (Map-1) is a Bax-interacting protein that has a BH3-like

domain and is enriched at mitochondria (344, 345). Knockdown of M ap-1 levels using

siRNA results in a decrease in apoptosis mediated by Bax but not Bak (344). Loss of the

protein Bax-interacting factor 1 (Bif-1) also appeared to repress Bak and Bax activation

(83, 343). Bif-1, a member of the endophilin B family that shows no homology to the

Bcl-2 family, translocates to mitochondria during apoptosis and is required for

maintenance of mitochondrial morphology (83, 164, 170). p53 has been shown to activate

Bax at the mitochondrial membrane (67, 68). First identified as a nuclear transcriptional

activator, p53 also localizes to the mitochondrial membrane and induces Bax activation

(67, 68). One o f the more intriguing Bax regulators identified to date is the oncoprotein

Myc. Normally associated with gene transcription, Myc can induce apoptosis by
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stimulating Bax activation (326). Interestingly, Myc is not required for Bax insertion 

during apoptosis, but both Bax oligomerization and cytochrome c release are suppressed 

in Myc-deficient cells (9, 326). Although the steps that regulate Bax activation are not 

well understood, it is apparent that a number o f cellular proteins can regulate Bax 

activation and oligomerization to induce or inhibit apoptosis.

1.2.6. Mitochondrial membrane permeabilization

Mitochondrial membrane permeabilization is characterized by the release of 

mitochondrial proteins into the cytosol, a number of which are pro-apoptotic, such as 

cytochrome c, SMAC/Diablo, Omi/HtrA2, AIF, and EndoG (98, 149, 200, 339, 341). The 

activity o f Bak or Bax is ultimately required for outer membrane permeabilization during 

apoptosis, as cells devoid of both Bak and Bax do not release cytochrome c (91, 385). 

Due to differences between in vivo and in vitro observations, mitochondrial membrane 

permeabilization is still controversial, so a number of theories have been proposed (Fig. 

1.9) (130, 185,300,310).

It has been suggested that Bak and Bax can form pores in the outer mitochondrial 

membrane to directly permeabilize mitochondria (Fig. 1.9). Bax can directly permeabilize 

membranes following the integration and oligomerization of Bax into the outer 

mitochondrial membrane via helices 5, 6, and 9 (9). Indeed, Bax can insert into and form 

pores in synthetic liposomes which are large enough to allow the passage of proteins such 

as cytochrome c (11, 353).

Other studies suggest that Bax may cooperate with VDAC to facilitate 

mitochondrial membrane permeabilization (Fig. 1.9)(266, 313). VDAC is the most 

abundant outer mitochondrial membrane protein, and functions to permit the passage of 

small molecules across the outer membrane into the intermembrane space (76). VDAC 

activity also appears to be directly influenced by a number of Bcl-2 family members 

(312, 314, 335), although the overall role o f VDAC in directly regulating cytochrome c

release is controversial. VDAC2 has been shown to keep at least one pro-apoptotic
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Figure 1.9. Mitochondrial membrane permeabilization.
The release of pro-apoptotic factors is believed to occur through one of four mechanisms, all of 
which require Bak and/or Bax: (1), oligomerized Bak and Bax forms pores in the outer 
mitochondrial membrane (OM); (2) Bak and Bax modulate existing pores such as the PT pore, 
which normally regulates the flow of small molecules in and out of mitochondria; (3) uncontrolled 
opening of pores results in matrix swelling, outer membrane rupture, and membrane 
permeabilization; (4) oligomerized Bax complexes with unknown proteins to form the 
mitochondrial apoptosis channel (MAC), which directly releases intermembrane space proteins 
(i.e . cytochrome c, SMAC, and Omi). PT; permeability transition; IMS, intermembrane space; 
VDAC, voltage dependent anion channel; ANT, adenine nucleotide transporter; CypD, cyclophilin 
D; PBR, peripheral benzodiazepine receptor; SMAC, second mitochondrial activator of caspases.
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protein, Bak, inactive to prevent apoptosis (64), and VDAC2-deficient cells display 

enhanced apoptosis and Bak activation (64). It has also been reported that Bax does not 

modulate VDAC activity, arguing against the involvement of Bax with VDAC (281).

A third possible mechanism for cytochrome c release is that Bak and Bax may 

induce generalized mitochondrial dysfunction and matrix swelling, leading to rupture of 

the outer mitochondrial membrane (Fig. 1.9). VDAC, together with the adenine 

nucleotide transporter (ANT), peripheral benzodiazepine receptor (PBR) and cyclophilin 

D (CypD), comprise the permeability transition pore (PT pore) (139). The PT pore is a 

high conductance channel in the mitochondrial membrane that maintains the 

electrochemical gradient across the inner membrane by allowing small (<1.5kDa) solutes 

to pass into the matrix o f mitochondria (78). Uncontrolled opening of the PT pore allows 

for the passage o f ions into the matrix resulting in permeability transition, matrix 

swelling, and rupture and permeabilization of the outer mitochondrial membrane (130, 

185). Mitochondrial permeability transition is seen in most, but not all, apoptotic cells 

(212). There is evidence against the involvement of the PT pore, however, as 

mitochondria deficient in the PT pore protein CypD are still able to undergo apoptotic 

cytochrome c release (17, 138, 242). Purified mitochondria from CypD'/_ cells treated 

with recombinant Bax or Bak are also able to release cytochrome c, indicating that CypD 

and the PT pore is not solely responsible for mitochondrial membrane permeabilization 

during apoptosis (17, 242). The collapse of the mitochondrial membrane potential can 

also occur rapidly after permabilization of the outer membrane (125, 365, 400), and other 

approaches suggest that outer membrane permeabilization can occur in the absence of PT 

pore opening (34).

Another recent model has proposed that Bax cooperates as part of a mitochondrial 

apoptosis-induced channel (MAC) which facilitates cytochrome c release (Fig. 1.9) (256). 

MAC has been described as a high-conductance channel with a pore size of 4nm, which 

is large enough to allow for the passage of proteins such as cytochrome c (256). The

exact components o f MAC are not known, although oligomeric Bax is a likely constituent
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as immunodepletion of Bax decreases MAC activity, and MAC activity is induced by 

Bax expression (92, 256). Bax is not believed to be the only component of MAC, as 

oligomeric recombinant Bax exhibits a pore conductance distinct from that of MAC in 

vitro (256). Indeed, MAC activity is still observed in cells lacking Bax, but not in cells 

doubly deficient in Bak and Bax, suggesting that Bak can also regulate MAC activity (92, 

385). The core components of MAC are believed to be highly conserved across species, 

as the expression of human Bax in yeast mitochondria induced MAC activity (256). 

Aside from Bax, the proteins that comprise the MAC remain unknown.

I.2.7.I. BH3-only proteins

The third group of Bcl-2 family members contains the BH3-only proteins (Bid, 

Bim, Bad, Bik/Nbk, Noxa, Puma, Bmf and Hrk) (Fig. 1.4). These proteins are essential 

death sensors that respond to pro-apoptotic signals to activate Bak and Bax (Fig. 1.7) 

(330, 390). In the absence o f Bak and Bax, BH3-only proteins are incapable of inducing 

apoptosis or cytochrome c release, highlighting the importance of Bak and Bax (91, 385).

Following an apoptotic stimulus, BH3-only proteins are specifically activated 

through various transcriptional or post-translational mechanisms. In response to death 

receptor induction, Bid is cleaved by caspase-8 into activated tBid (212, 376). 

Cytoskeletal changes induce the phosphorylation and activation of Bmf, resulting in Bmf 

release from myosin motor complexes (193, 271). In response to stimuli such as DNA 

damage, Noxa and Puma are transcriptionally up-regulated (243, 251). Bad activation is 

controlled by phosphorylation in response to changing cytokine levels (396, 402). 

Bik/Nbk and Hrk are transcriptionally regulated in response to cytokine withdrawl and 

antigen receptor cross-linking (41, 145, 165, 166).

Following activation, BH3-only proteins exert their pro-apoptotic effects by either 

directly activating Bak and Bax, or by binding and inhibiting the anti-apoptotic Bcl-2 

family members (330, 390). BH3-only proteins have therefore been referred to as either

‘direct activators’ of Bax and Bak, or as ‘death sensitizers’(61, 65, 187, 194, 236). tBid
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and Bim can directly activate Bak and Bax, while the remaining BH3-only proteins may 

bind and repress the anti-apoptotic Bcl-2 family members, thereby “freeing” Bak and Bax 

for activation (61, 65, 187, 194, 236, 392). These hypotheses, however, are still 

controversial.

Binding between Bcl-2 and BH3-only proteins is believed to be mediated by the 

binding o f the BH3-helix of the BH3-only protein with the Bcl-2 hydrophobic groove 

(206, 260, 394). This is supported by the crystal structure o f the Bak BH3 domain in 

complex with B c I -x l  which shows that the BH3 peptide binds to the hydrophobic pocket 

(290). Not all BH3-only proteins promiscuously interact with all of the pro-survival Bcl-2 

family members. The BH3-only proteins Bim and Puma appear to interact with and 

suppress all of the anti-apoptotic family members, while other BH3-only proteins such as 

Bmf, Bid, and Noxa, selectively interact with and inhibit only certain pro-survival 

members (61, 187). Noxa, for instance, appears to bind only Mcl-1 (61), and Noxa can 

induce apoptosis by repressing Mcl-1, but not B c I - x l  (187). By binding to anti-apoptotic 

Bcl-2 proteins, BH3-only proteins are believed to repress the survival advantage of these 

anti-apoptotic proteins, thereby sensitizing the cell to Bak and Bax activation and 

cytochrome c release.

1.2.7.2. Bid

Considered the classical BH3-only protein, Bid was first identified as a death- 

inducing protein that could interact with Bax and Bcl-2 (376). Similar to other Bcl-2 

family proteins, Bid is composed of two central hydrophobic a-helices surrounded by six 

amphipathic helices, but lacks an obvious hydrophobic surface groove (72, 225). Bid also 

lacks an obvious hydrophobic tail, but instead contains two hydrophobic helices that can 

insert into the mitochondrial outer membrane (120). Bid is activated following death 

receptor activation and is proteolytically cleaved by caspase-8 into tBid (199, 212). tBid 

induces the activation and oligomerization of both Bak and Bax (93, 384), but cannot
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induce cytochrome c release in the absence of both Bak and Bax (385). The BH3 domain 

of Bid is responsible for interacting with other Bcl-2 family proteins (376). Intriguingly, 

site-directed mutants of Bid within the BH3 domain that fail to interact with Bcl-2 but 

still interact with Bax are still capable of inducing apoptosis (376), supporting the 

hypothesis that tBid directly activates Bax.

I.2.7.3. Bim

Bim was originally identified as a novel BH3-only protein that promoted 

apoptosis (250). Bim is expressed as three different isoforms: EL, L, and S (extra-long, 

long and short, respectively), and all three of these isoforms have the capacity to induce 

apoptosis, with the shorter isoforms being more potent (250) (Fig. 1.10). Bim associates 

with Bcl-2 and B c I - x l  in vivo, both of which inhibit the pro-apoptotic activity of Bim, 

while Bcl-2 mutants that lack survival function are correspondingly unable to bind to Bim 

(250). Cells deficient in Bim are resistant to apoptosis induced by stimuli such as 

cytokine withdrawl and microtubule alterations, and T-cells deficient in Bim no longer 

die when autoreactive (35, 36). In contrast, Bim7' cells show no defect in apoptosis 

induced by FasL or the DNA damaging agent etoposide (35).

BH3-only proteins are under tight regulation, and are in an inactive state until 

needed. Apoptotic stimuli can upregulate mRNA transcription of all three Bim isoforms, 

leading to Bim-mediated apoptosis (94, 95, 268). As well, BimEL is believed to be 

sequestered by binding to microtubule complexes or Mcl-1 (140, 141, 269). Lastly, Bim 

has been shown to be phosphorylated at multiple sites, which can either activate or 

inactivate Bim (210, 267).

BimL and BimEL have been shown to interact with the cytoplasmic dynein light

chain, LC8, of the microtubule complex and the binding region was localized to amino

acids 51-57 of BimL, or amino acids 111-117 of BimEL (Fig. 1.10) (269). The exon

which encodes these amino acids is alternatively spliced from BimS (Fig. 1.10), and

BimS correspondingly does not bind to the dynein light chain. Sequestration of Bim to
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Figure 1.10 Schematic representation of Bim isoforms.
The BH3-only protein is synthesized as three alternatively spliced isoforms. Bim extra-long (HI,) 
is comprised of exons 2, 3 ,4 , 5 and 6; Bim long (L) is encoded by exons 2, 4, 5 and 6; Bim 
short (S) is encoded by exons 2, 5, and 6. In addition to a BH3-domain that is responsible for 
pro-apoptotic activity, Bim possesses a transmembrane tail (TM) for mitochondrial localization, 
as well as two characterized docking domains. ERK1/2 kinases can dock at amino acids 97-99 
in BimEL to faciliate Bim phosphorylation, is encoded on exon 3, and is spliced out of BimL and 
BimS. The dynein light chain (DLC) docking domain exists in both BimEL (amino acids 111-117) 
and BimL (amino acids 51-57), but it is alternatively spliced from the more potent BimS isoform. 
Two of the demonstrated phosphorylation sites are shown: ERK1/2 can phosphorylate serine 69 on 
B im EL, and JNK can phosphorlyate B im L  on threonine 56.
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the microtubule complex may regulate the proapoptotic activity of Bim. In support of 

this, mutants o f BimL which lacked LC8-binding activity induce apoptosis as efficiently 

as BimS, which does not bind to LC8 (269). As well, proteins from healthy cells 

separated by sucrose gradients showed that both BimL and LC8 elute at a high molecular 

weight. In apoptotic cells, however, both BimL and LC8 exhibit a shift in size to a much 

lower molecular weight (269), suggesting that BimL is released from a complex during 

apoptosis.

Bim is also tightly regulated by phosphorylation. BimEL was shown to be a 

phosphoprotein and that the extracellular-signal related kinase (ERK1/2) pathway was 

involved (30). ERK1/2 phosphorylates BimEL at serine 69 in vitro (Fig. 1.10)(197, 210, 

218), and mutation of this residue decreases ERK1/2 dependent phosphorylation of 

BimEL (197, 210, 218), but does not abolish BimEL phosphorylation. Other BimEL 

residues are phosphorylated, and these events may occur in a sequential fashion, with 

phosphorylation at one residue being required for modification at a second (197). The 

other residues phosphorylated by ERK1/2 are unknown, but serines 59 and 104 are 

candidates. ERK1/2 phosphorylation of BimEL requires the presence o f a docking 

domain which resides within amino acids 97-99 in BimEL (Fig. 1.10) (197, 198). 

Interestingly, mutation o f this docking domain eliminates BimEL phosphorylation at 

Ser69 by ERK1/2 in vitro and in vivo, but does not completely abolish BimEL 

phosphorylation. Phosphorylated BimEL appears to lose the ability to interact with Bax, 

thereby preventing BimEL-induced Bax activation (147). Significantly, phosphorylation 

o f BimEL at serine 69 also induces the rapid polyubiquitination and degradation of 

BimEL by the 26S proteasome (197, 210), prolonging cell survival.

Other kinases have also been shown to phosphorylate Bim, although these

observations are somewhat controversial (196). C-Jun N-terminal kinases (JNKs)

phosphorylate BimL at threonine 56 following UV-treatment (Fig. 1.10)(193), and this

results in the release o f BimL from the dynein light chain. BimEL was also seen to be

phosphorylated by JNK kinases on Serine 65 in apoptotic neurons (267), leading to Bax
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activation and apoptosis (267). It is possible that different phosphorylation mechanisms 

may exist in different tissue types, depending on the specific stimulus.

The specific mechanisms used by Bim and other BH3-only proteins to induce 

cytochrome c release remain to be elucidated. For instance, the direct addition of tBid to 

purified mitochondria induces Bax-mediated pore-formation, leading to cytochrome c 

release (353). BimEL, on the other hand, does not induce Bax-mediated pore formation in 

vitro (353). Treatment of purified mitochondria with activated tBid also induces rapid 

cytochrome c release (199, 384), but whether Bim can also induce cytochrome c release 

in this manner is also controversial (187, 352).

Intriguingly, the structure of a fragment o f a large helical region o f BimL in 

complex with B c1-x l (206) indicates that Bim appears to fold somewhat differently than 

other Bcl-2 family members. The BH3 domains from the Bcl-2 family members Bak and 

Bax are hidden within the core of the protein. The BH3 region of Bim, in contrast, is 

extremely close to the C-terminal membrane anchor and is relatively exposed (206). This 

suggests that the BH3 domain o f Bim is easily accessible thus necessitating the tight 

regulation of Bim.

1.3. Viral inhibitors of apoptosis

The induction of apoptosis is used extensively by the immune system to remove 

virus-infected cells (24, 283). In order to prolong survival within the host, viruses use 

multiple mechanisms to interfere with both intrinsic and extrinsic apoptotic cascades (24, 

82, 283). Certain viruses encode IAPs to inhibit caspases, death receptor decoys, death 

receptor inhibitors, p53 inhibitors, and transcriptional regulators of Bcl-2 family genes 

(24, 283). As well, a large number of viral proteins localize to mitochondria to inhibit 

cytochrome c release (39, 82, 148). Poxviruses are quite remarkable in that numerous 

family members express several examples of the aforementioned anti-apoptotic proteins 

(Fig. 1.11) (349).
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Figure 1.11. Poxviral inhibitors of apoptosis target multiple components of the apoptotic 
machinery. Poxviruses encode death recptor homologues which bind and inhibit TNF-mediated 
signaling (M-T2, S-T2), serine protease inhibtiors (CrmA/SPI-2) that inhibit caspase-8 activation, 
inhibitors of apoptosis (IAPs) which induce the degradation of executioner caspases, RINCi-finger 
containing proteins (p28) w hich inhibit IJV-induced apoptosis, and m itochondrial-localized  
proteins which inhibit Bak and/or Bax and cytochrome c release (M 11L, FI L, FPV039). M C 159 
and MC160 from molluscum contagiosum virus inhibit death domain-containing proteins. vGAAP 
is a golgi-localized protein which inhibits apoptosis by an unknown mechanism. N IL  is structural)' 
related to Bcl-2 but has no known anti-apoptotic function.
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1.3.1. Poxviral inhibitors of apoptosis

1.3.1.1. CrmA: A poxviral caspase inhibitor

The first identified poxviral inhibitor of apoptosis was a caspase inhibitor from 

cowpox virus, a member of the Orthopoxviridae. This protein, cytokine response 

modifier A (CrmA), inhibits caspase activity and is homologous to cellular members of 

the serine proteinase inhibitor (serpin/SPI) family (261, 318). Serpins function to inhibit 

proteases by forming stable inhibitory complexes as a suicide substrate (318), and the 

cowpox protein CrmA is unique in that it can inhibit both serine and cysteine proteases 

(180, 272, 407). CrmA is a potent inhibitor of caspase-1 which converts pro-interleukin- 

ip  to its active form during inflammation (274). CrmA can also inhibit apoptosis induced 

by the death receptor ligands TNFa and FasL (354), and inhibits caspase-8 which is 

required to execute pro-apoptotic signals from death receptors (241, 407). 

Correspondingly, CrmA is unable to inhibit the intrinsic apoptotic cascade which does 

not require caspase-8 (85).

CrmA is not the only serpin encoded by poxviruses. Members of the 

Orthopoxviridae encode three distinct serpins, SPI-1, SPI-2 (CrmA), and SPI-3. Infection 

with a rabbitpox virus deficient in SPI-1 induced apoptosis in tissue culture, suggesting 

that SPI-1 expression inhibits apoptosis induced by virus infection through an unknown 

mechansism (45). Myxoma virus, a member of the Leporipoxviridae, encodes Serp-1 and 

Serp-2 (49), and a Serp-2-deficient myxoma virus is highly attenuated in Eurpoean 

rabbits, likely due in part to the observed increase in apoptosis in the draining lymph 

node (227). Serp-2 weakly inhibits human granzyme B and caspase-1 in vitro (361), and 

it has been recently suggested that Serp-2 is required for controlling inflammation and not 

apoptosis (216)
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1.3.1.2. Poxvirus-encoded IAPs

The genomic sequencing of two insect poxviruses, Amsacta moorei 

entomopoxvirus (AmEPV) and Melanoplus sanguinipes entomopoxvirus (MsEPV), 

revealed that both of these poxviruses contained genes homologous to IAPs (4, 23). IAPs 

were first identified in baculoviruses, and cellular IAPs were later identified to control 

caspases (29, 74, 79, 99). IAPs function by inducing the polyubiquitination and 

degradation of effector caspases, thereby prolonging cell survival (Fig. 1.3)(288, 367). 

AmEPV-LAP was shown to function as a bona fide  anti-apoptotic protein (202, 203), 

inhibits caspase-3 and caspase-9 activity in vitro, and protects cells from apoptosis 

induced by Drosophila pro-apoptotic proteins (202, 203). IAPs are also negatively 

regulated by the release of proteases such as SMAC/Diablo and Omi/HtrA2 from 

mitochondria (Fig. 1.3) (98, 341), and the suppression of IAPs allows the activation of 

effector caspases to facilitate execution of apoptosis.

1.3.1.3. The poxviral RING-protein p28

The RING-finger protein p28 is encoded by most members of the

Orthopoxviridae, and homologues are found within several members of the

Chordopoxvirinae (362). p28 contains a C-terminal RING-finger domain, localizes to

virus factories, and has been shown to inhibit apoptosis induced by UV-light and virus

infection, but not by death receptor ligation (43, 362). Although the precise mechanism of

p28 apoptosis inhibition is unknown, RING-finger containing proteins have been shown

to possess ubiquitin-ligase activity. Indeed, we and others have shown that p28 has

ubiquitin ligase activity (161, 246), and that p28 expression recruits ubiquitin to viral

factories (246). The synthesis of polyubiquitin chains via lysine 48 on ubiquitin targets

proteins for degradation; proteins containing lysine 63 polyubiquitin side-chains,

meanwhile, display altered function (152, 155, 386). p28 was shown to facilitate lysine

63 polyubiquitin chain synthesis in vitro, suggesting p28 may modify the function of

cellular or viral proteins (161). Intriguingly, deletion of p28 from the genome of
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ectromelia virus results in a highly attenuated disease in mice, indicating that p28 is a 

critical virulence factor of ectromelia virus (306, 307).

1.3.1.4, Inhibition of death receptors

Apoptosis of infected cells or tumour cells can be efficiently induced through the 

stimulation o f death receptors belonging to the TNF receptor superfamily, such as Fas 

and TNF receptor-1 (TNFR1)(15). Most poxviruses, however, can inhibit the anti-viral 

activity of TNF through the expression of secreted viral proteins that display significant 

homology to the cellular TNF receptor (84). This mimicry is abundant in poxviral 

biology, as poxviruses also encode homologues of cellular receptors that bind interferon 

a, interferon a/p, interleukin lp, interleukin 18 and assorted other chemokines (Table 

1.2)(304, 324). The first identified viral TNF receptor decoys, M-T2 and S-T2, were 

discovered in the genomes o f myxoma virus and Shope fibroma virus respectively, and 

sequester extracellular TNF to inhibit TNF-mediated signaling (296, 297, 319, 320, 362). 

Other TNF receptor homologues have since been discovered in other poxviruses, 

including vaccinia virus, ectromelia virus and variola virus (84). In addition to binding 

extracellular TNF, these viral TNF inhibitors also inhibit and associate with the 

intracellular domain of TNFR (301). The poxvirus Molluscum contagiosum virus also 

expresses two unique proteins, M C I59 and M C I60, which possess homology to death 

effector domains found in adaptor molecules such as FADD and TRADD, as well as pro- 

caspases. M C I59 and M CI60 can interact with effector domains from FADD and 

caspase-8, and can inhibit Fas-mediated apoptosis (26, 160, 316, 355).

1.3.1.5 Other poxviral inhibitors of apoptosis

Four other poxviral proteins have been identified to possess potential anti-

apoptotic functions. One protein, known as vGAAP (Golgi anti-apoptotic protein),

localizes to the golgi-apparatus and is homologous to a family o f cellular GAAP proteins

(135). Both cellular and viral GAAP exhibit anti-apoptotic activity, and the deletion of
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vGAAP from the vaccinia virus genome results in an attenuated virus in vivo in a murine 

infection model (135). A second protein, NIL, has been crystallized and has a structure 

reminiscent of Bcl-2 family proteins (13). Previously characterized to play a role in the 

inhibition o f NF-kB (96), N IL  interacts with the BH3 domains of Bid, Bim and Bak (13). 

The role of N IL  in the regulation o f apoptosis, if any, remains to be determined. As well, 

deletion o f the copper-zinc superoxide dismutase from myxoma virus renders infected 

cells susceptible to apoptosis induced by anti-Fas (351), and a selenoprotein from 

molluscum contagiosum that shows homology to cellular glutathione peroxidase protects 

cells from UV and peroxidase-induced cell death (317).

1.3.2. Viruses and mitochondrial apoptosis

Considering the importance of the mitochondria in regulating apoptosis, it is not 

surprising that viruses possess a variety of mechanisms to regulate apoptosis at the 

mitochondria (39, 82). Indeed two classes of viral mitochondrial-localized anti-apoptotic 

proteins have been identified: those that show obvious sequence homology to cellular 

Bcl-2, and those that lack obvious sequence homology to known cellular proteins (82, 

148, 262).

1.3.2.1. Viral Bcl-2 homologues

Viral-encoded Bcl-2 homologues have been found in African swine fever virus 

and all members of the gammaherpesvirus family, including Kaposi’s Sarcoma- 

associated herpes virus (KSHV), Epstein-Barr Virus (EBV), murine y-herpesvirus-68 

(yHV68), herpesvirus saimiri, and bovine herpesvirus 4 (82, 148). The Bcl-2 homologue 

from KSHV contains 7 alpha helices which fold similar to cellular Bcl-2, and also 

encodes four predicted BH domains (162). The EBV Bcl-2 homologue, BamHI-H right 

reading frame-1 (BHRF1), is also structurally similar to Bcl-2 (163), and both BHRE1 

and KSHV-Bcl-2 inhibit a wide range o f pro-apoptotic stimuli (174, 348). BHRF1 has a 

reduced capacity to interact with BH3 peptides compared to Bcl-2, suggesting that while
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BHRF1 has sequence and structural homology to Bcl-2, it may function in a different 

manner (163). These viral Bcl-2 homologues also appear to be non-essential in tissue 

culture, as strains o f EBV and KSHV lacking their respective Bcl-2 homologues replicate 

normally in vitro. Deletion of vBcl-2 from murine yHV68, however, results in a dramatic 

decrease in viral pathogenicity (208). Specific mutation of the hydrophobic residues 

lining the hydrophobic surface groove also severely attenuates murine y-HV68 in vivo but 

has no effect on virus growth in vitro (116, 208, 369), suggesting that the hydrophobic 

groove of this vBcl-2 is required for pathogenicity.

African swine fever virus, a DNA virus distantly related to the poxviruses, 

encodes an obvious Bcl-2 homologue that inhibits apoptosis at the mitochondria (3, 46, 

395). This homologue also shows amino acid similarity in all four predicted BH domains, 

and mutations in the BH1 domain abolish anti-apoptotic activity, similar to cellular Bcl-2 

(278).

I.3.2.2. Adenovirus E1B 19K

The first viral mitochondrial inhibitor of apoptosis identified was a protein from 

adenovirus, E1B 19K, which functions to inhibit the cytopathic effects of adenovirus 

infection (388). Indeed, expression of the adenovirus protein E1A induces apoptosis, and 

this is inhibited by E1B 19K (90). E1B 19K is predicted to encode the four BH domains, 

and localizes to the mitochondrial membrane following an apoptotic stimulus (257, 388). 

Expression of E1B 19K inhibits apoptosis and cytochrome c release induced by a number 

o f stimuli, and E1B 19K interacts with both Bak and Bax as a mechanism of action (60, 

70, 143, 144, 177, 388). Interestingly, E1B 19K binds to activated Bax at the 

mitochondria, but does not interact with Bax in the absence of an apoptotic stimulus (143, 

257, 338).

Unlike Bcl-2, E1B 19K does not inhibit the initial tBid-induced conformational 

change in Bax, which is detectable using N-terminal conformation specific antibodies
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(257). Only following this conformational change does E1B 19K then interact with Bax, 

inhibit Bax oligomerization and prevent cytochrome c release (257, 338). As such, it is 

believed that E1B 19K interacts with the BH3 domain of Bax which is exposed following 

a conformational change in Bax (82). Indeed, replacement o f the BH3 domain of Bax 

with the BH3 domain from Bcl-2 eliminates the E1B 19K-Bax interaction while 

simultaneously inducing apoptosis (144). In addition to Bak and Bax, E1B 19K interacts 

with the BH3-only protein Bik/Nbk, but not with the BH3-only proteins BimL or Bad 

(60, 145, 250).

I.3.2.3. Human cytomegalovirus vMIA

Human cytomegalovirus encodes a small inhibitor of apoptosis, vMIA (viral 

mitochondrial inhibitor of apoptosis), that shows no homology to Bcl-2 (124). vMIA 

consists of an N-terminal sequence required for mitochondrial localization, and a C- 

terminal region which is required for the inhibition of apoptosis. The C-terminal 

functional domain binds to and recruits Bax to the mitochondrial membrane (14, 263), 

and vMIA-associated Bax inserts into the outer mitochondrial membrane as a high 

molecular weight complex (14, 263). Whether these Bax oligomers are identical to those 

seen in apoptotic cells is unknown. The Bax-binding domain o f vMIA somewhat 

resembles a BH3-like domain, which may allow it to interact with Bax (40). Interestingly, 

a small fusion that contains only the small N-terminal targeting domain and the small C- 

terminal Bax-binding domain of vMIA still binds Bax and inhibits cell death, suggesting 

that the ability to interact with Bax at the mitochondria is the primary mechanism used by 

vMIA (14, 263). This Bax-inhibitory mechanism used by vMIA is quite unique, as all 

other cellular and viral Bcl-2 homologues characterized to date inhibit Bax 

oligomerization during apoptosis (77, 82).
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1.4 Poxviral mitochondrial-Iocalized inhibitors of apoptosis

Only two members of the Poxviridae family sequenced to date, fowlpox and 

canarypox, encode obvious Bcl-2 homologues (5, 360). These proteins are predicted to 

possess multiple BH domains, as well as a putative C-terminal mitochondrial targeting 

sequence (5, 360). Research in our lab has shown that the fowlpox Bcl-2 homologue, 

FPV039, is a functional inhibitor of apoptosis that localizes to the mitochondria, and 

interacts with the Bcl-2 family protein Bak (L. Banadyga and M. Barry. Unpublished 

results).

Aside from canarypox and fowlpox, no other poxviruses encode obvious Bcl-2 

homologues. Research has shown, however, that mammalian poxviruses such as myxoma 

virus and vaccinia virus express unique proteins which function to inhibit apoptosis at the 

mitochondria (103, 382). These proteins, while lacking sequence similarity to Bcl-2, 

appear to possess functional similarity to cellular anti-apoptotic Bcl-2 family members.

1.4.1 Myxoma virus M11L

Myxoma virus, a member of the Leporipoxviridae, causes a highly lethal disease 

in European rabbits and encodes a unique anti-apoptotic protein, M11L (103, 104, 373). 

M l 1L localizes to the mitochondria where it inhibits cytochrome c release and the loss of 

the mitochondrial membrane potential (103, 104). M11L is 166 amino acids in size and 

inserts into the outer mitochondrial membrane via a short C-terminal hydrophobic tail 

flanked by positively charged residues (103). Myxoma virus deficient in M l 1L is highly 

attenuated in vivo and infected European rabbits completely recover (128, 254). M11L 

interacts with the mitochondrial peripheral benzodiazepine receptor (PBR), a component 

of the PT pore complex present in the mitochondrial outer membrane (104). M11L, but 

not Bcl-2, inhibits apoptosis induced by the addition of PBR-specific ligands, suggesting 

that M11L can function in a manner different than cellular Bcl-2 (104). An additional 

mechanism o f action is likely involved, however, as M l 1L also protects against apoptosis 

in cells lacking PBR (104).
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M11L has also been shown to interact with and inhibits activation of the pro- 

apoptotic multi-domain Bcl-2 family member Bak, and this interaction can be seen 

independent of other Bcl-2 family members in vitro (373). M11L displays no obvious 

amino acid similarity to Bcl-2 family members, but may contain a putative BH3 domain 

near the N-terminus o f M11L (373). More recently, M11L has been shown to interact 

with and inhibit the activation of Bax (332). M l 1L expression inhibits Bax activation, but 

appears to recruit Bax to the mitochondria where M l 1L can interact with Bax (332). It is 

currently unknown whether the interactions between M l 1L and either PBR, Bak, or Bax 

are absolutely required for the inhibition o f apoptosis by M l 1L.

1.4.2.1 Vaccinia virus F1L

Although M11L orthologues are present in members of the Leporipoxviridae,

Suipoxviridae, Capripoxviridae and Yatapoxviridae, no members of the Orthopoxviridae

encode M11L homologues. The genome of the Orthopoxvirus vaccinia virus, for

instance, contains no obvious homologues to either Bcl-2 or M11L (123). Work in our

lab a number of years ago showed that cells infected with VV strain Copenhagen

(VV(Cop)), which is naturally devoid of the caspase-8-inhibitor CrmA, were still

protected from mitochondrial cytochrome c release following intrinsic or extrinsic

apoptotic triggers (381). In contrast, infection with a deletion virus which lacks 55 open

reading frames, VV811 (258), did not inhibit apoptosis, suggesting that VV encoded a

novel anti-apoptotic protein (382). The sequencing of the genome o f VV(Cop) allowed us

to identify putative mitochondrial-localized proteins by examining genes which encoded

predicted hydrophobic domains (123). Our lab identified one open reading frame, F1L,

that restores anti-apoptotic activity during infection with VV811 (382). F1L

predominantly localizes to the mitochondria and inhibited the loss of the inner

mitochondrial membrane potential and the mitochondrial release of cytochrome c

induced by a wide variety of stimuli, including staurosporine, TNF and anti-Fas (329,

379, 382). We recently generated a strain of vaccinia virus specifically devoid of F1L,
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VV(Cop)AFlL, which does not inhibit apoptosis (379). Instead, infection with 

VV(Cop)AFlL actually triggers apoptosis indicating that the expression o f F1L is crucial 

for inhibiting vaccinia virus-induced apoptosis (379, 382).

Obvious orthologues of F1L are only found within members of the 

Orthopoxviridae (Fig. 1.12), and all of these orthologues contain a predicted C-terminal 

transmembrane domain flanked by positively charged amino acids, similar to the 

transmembrane domain found in M11L and Bcl-2 (247, 329). Indeed, work in our lab 

demonstrated that the transmembrane domain of F1L is necessary and sufficient for 

localization to the mitochondria, and permits F1L to insert into the outer mitochondrial 

membrane post-translationally with the N-terminus exposed to the cytoplasm (329). 

Mutation o f the positively charged residues C-terminal to the hydrophobic domain results 

in altered localization o f F1L from the mitochondria to the endoplasmic reticulum (329). 

Neither F1L targeted to the endoplasmic reticulum nor cytoplasmic F1L lacking the 

hydrophobic tail are able to inhibit apoptosis induced by TNFa or aFas, indicating that 

localization o f F1L to the mitochondria is necessary for anti-apoptotic activity (329).

Sequence alignment of F1L with orthologues from the Orthopoxviridae indicates 

that the C-terminal 210 amino acids amongst orthologues share greater than 90% amino 

acid identity (Fig. 1.12). Multiple orthologues, however, exhibit predicted extensions at 

the N-terminus of the protein (Fig. 1.12). The orthologue from ectromelia virus strain 

Moscow (EVM), EVM025, is perhaps the most dramatic. EVM025 is predicted to 

express a long N-terminal extension consisting of an eight amino acid motif repeated 30 

times (62). This motif, ‘DNGIVQDI’ (Asp-Asn-Gly-Ile-Val-Gln-Asp-Ile) shares no 

homology with any known motifs or domains, and has no significant predicted secondary 

structure. The orthologue from variola virus strain South Africa 102 is also predicted to 

encode an N-terminal repeat comprised o f 31 copies of ‘DDE (Asp-Asp-Ile) (Fig. 1.12), 

and a similar ‘DDE N-terminal repeat is found in the campelpox orthologue (6). The 

orthologue from cowpox strain Brighton red also encodes an N-terminal extension of
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Figure 1.12 Alignment of Orthopoxviral FIL Orthologues.
Amino acid alignment of F1L orthologues from monkeypox strain Congo (Mpx036), cowpox 
strain Brighton red (Cpx048), variola virus strain South Africa 1965 (102) (VarV028), vaccinia 
virus strain Copenhagen (VV F1L), and Ectromelia virus strain Moscow (EVM025). Consensus 
sequence is listed at bottom. The putative C-terminal transmembrane domain is underlined . Note 
the long  variable N -term inal extensions present in E V M 025, V arV102 and C px048. W ithin the 
C-terminal 209 amino acids, these orthologues share >90% amino acid identity.
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approximately 30 amino acids with no particular repeat region (Fig. 1.12). Whether these 

N-terminal extensions have any effect on the predicted anti-apoptotic function of these 

orthologues is currently unknown.

1.4.2.2 F1L and Bak

F1L localizes to the mitochondrial outer membrane and inhibits cytochrome c 

release. Using co-immunoprecipitations and affinity purifications, we and others 

demonstrated that in the absence of an apoptotic trigger, F1L associates with the pro- 

apoptotic Bcl-2 family member Bak (265, 379). During apoptosis, Bak undergoes a 

conformational change revealing an N-terminal epitope and oligomerizes into a high 

molecular weight complex (131, 245, 404). Interestingly, VV-infected cells were resistant 

to Bak oligomerization and the N-terminal conformational change of Bak during 

apoptosis, whereas cells infected with VV(Cop)AFlL readily underwent Bak activation 

and apoptosis (265, 379). Since Bax and Bak are essential for the release of cytochrome c 

(91, 385), the most straight-forward explanation for this observation is that F1L directly 

interacts with Bak to inhibit Bak activation. A somewhat similar mechanism has been 

suggested for EIB  19K, which can interact with both Bak and Bax (80, 337), and vMIA, 

which interacts with Bax (14, 263). These viral proteins, however, interact with 

conformationally activated forms of Bak or Bax (14, 257, 263), whereas F1L appears to 

interact with conformationally inactive Bak (379). F1L expression also inhibited 

apoptosis regulated by Bak, as Bax-deficient cells infected with VV(Cop) were protected 

from cytochrome c release induced by the BH3-only protein tBid (379). Whether the 

interaction with Bak is necessary for the anti-apoptotic activity of F1L remains to be 

determined. Bak or Bax are absolutely required for induction of the mitochondrial 

apoptotic pathway, although there is no evidence to date as to whether F1L, in addition to 

inhibiting Bak activation, can also inhibit the activation of Bax.
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1.4.2.3 Infection with VV(Cop)AFlL induces apoptosis

Previous work in our lab using a deletion virus, VV811, demonstrated that this 

virus was unable to inhibit apoptosis (382). Interestingly, not only did this virus lack anti- 

apoptotic activity, but infection with VV811 actually induced cell death in tissue culture 

(380). F1L expression, however, protected VV811-infected cells from apoptosis 

suggesting that vaccinia virus triggers an innate cellular apoptotic pathway which is 

inhibited by F1L (380). Infection with a virus specifically devoid o f F1L, VV(Cop)AFlL, 

also induces apoptosis in tissue culture (379). What is becoming increasingly apparent is 

that infected cells have an innate ability to detect virus infection and induce apoptosis in 

the absence o f an immune response. Indeed, a number of poxviruses lacking various anti- 

apoptotic proteins induce apoptosis by infection alone (20, 213, 214, 238, 275). Virus- 

induced apoptosis either triggers the direct activation of caspases or stimulates the 

activation of BH3-only proteins and subsequent mitochondrial mediated apoptosis, both 

of which can be effectively blocked by virus-encoded anti-apoptotic proteins (39, 349). 

These virus-encoded anti-apoptotic proteins may thus provide a dual apoptotic inhibitory 

function against both the immune response, and the innate cellular response to virus 

infection (105, 283). How poxviruses such as vaccinia virus trigger apoptosis during 

infection, however, is currently unknown.
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Thesis Objectives

The vaccinia virus protein F1L is a mitochondrial-localized inhibitor of apoptosis 

which interacts with the pro-apoptotic protein Bak. Bak and Bax are the so-called 

‘gatekeepers’ o f apoptosis at the mitochondria, as cells deficient in both of these proteins 

do not release cytochrome c during apoptosis (91, 385). Since infection with vaccinia 

virus protects cells from apoptosis induced by a variety o f stimuli, we hypothesized that 

vaccinia virus would also inhibit the activation o f the pro-apoptotic protein Bax. This 

hypothesis led us to investigate the role of F1L in the inhibition of Bax, and the 

involvement of BH3-only proteins in the induction of Bax activation and apoptosis. 

Lastly, we investigated the role of the F1L orthologue in the natural murine pathogen 

ectromelia virus, as ectromelia is an excellent model system for studying host:pathogen 

interactions.

Objectives

1) To examine the ability of vaccinia virus and/or F1L to interfere with Bax activation

2) To investigate the ability o f vaccinia virus to interfere with the BH3-only protein Bim

3) To characterize the potential anti-apoptotic activity of the F1L orthologue from 

ectromelia virus, EVM025
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CHAPTER 2: Materials and Methods
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2.1 Cell lines and viruses

2.1.1 Cell lines

All cell lines used in this study are listed in Table 2.1. HeLa, HEK293T, CV-1 

and Bak7', Bim7', and Bak7TBax7' baby mouse kidney (BMK) cells (kindly provided by 

E. White, Rutgers University, Pistcataway NJ) were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) 

(Invitrogen), 2 mM L-glutamine (Invitrogen), 50 units/ml penicillin (Invitrogen), and 50 

pg/ml streptomycin (Invitrogen). HeLa cells stably expressing Bcl-2 were generated as 

described and cultured as above (19). Bak7' and Bak7'/Bax7' mouse embryonic fibroblasts 

(MEF) were a generous gift from S. Korsmeyer (Harvard Medical School, Boston, 

Massachusetts), and were cultured in DMEM, 10% FBS, 2 mM L-glutamine, 50 units/ml 

penicillin, 50 pg/ml streptomycin, plus 100 pM MEM non-essential amino acids 

(Invitrogen)(385). BGMK cells were maintained in DMEM, 10% newborn calf serum 

(NCS) (Invitrogen), 50 units/ml penicillin, and 50 pg/ml streptomycin. TK-H143 cells 

were cultured in DMEM, 20% FBS, 2 mM L-glutamine, 50 units/ml penicillin, 50 pg/ml 

streptomycin, and 25 pg/ml 5-bromodeoxyuridine (Sigma-Aldrich). Jurkat cells were 

maintained in Roswell Park Memorial Institute 1640 medium (RPMI) supplemented with 

10% FBS (Invitrogen), 50units/ml penicillin, 50pg/ml streptomycin, and lOOpM P- 

mercaptoethanol (Sigma-Aldrich). Jurkat cells stably expressing Bcl-2 were generated as 

previously described (19). Jurkat cells deficient in Bak and Bax were kindly provided by 

H. Rabinowich (University o f Pittsburgh) (374). All cell lines were maintained at 37°C in 

the presence of 5% CO2.

2 .1 .2  V iru ses

All viruses used and generated in this study are listed in Table 2.2. Vaccinia virus 

(VV) strain Copenhagen, VV(Cop), and recombinant vaccinia virus strain Copenhagen 

expressing enhanced green fluorescent protein (EGFP), VV(Cop)EGFP, were kindly
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Table 2.1. Cell lines used in this study

Cell Line Tissue Type Characteristics/Uses Source
HeLa Fibroblast ATCC

HeLa Bcl-2 Fibroblast Stably expressing Bcl-2 (19)

Jurkat-HP21 T-cell R.C. Bleackley

Jurkat Bcl-2 T-cell Stably expressing Bcl-2 (19)

Jurkat Bak'7'/Bax' 
/-

T-cell Devoid o f Bak and Bax (374)

HEK293T Kidney Used for transient 
transfections

ATCC

CV-1 African green monkey 
kidney fibroblast

Used for virus 
propagation/titrations

ATCC

TK-H143 Fibroblast Recombinant virus 
selection
Thymidine kinase'7'

ATCC

BGMK Baby green monkey 
kidney

Used for virus 
propagation

S. Dales

WTMEF Mouse embryonic 
fibroblast

Wild type (385)

Bak'7' MEF Mouse embryonic 
fibroblast

Bak-deficient (385)

Bax'7' MEF Mouse embryonic 
fibroblast

Bax-deficient (385)

Bak'7'/Bax'7' MEF Mouse embryonic 
fibroblast

Bak and Bax-deficient, 
resistant to apoptosis

(385)

Bak'7’ BMK Baby mouse kidney Bak-deficient (91)

Bim'7' BMK Baby mouse kidney Bim-deficient (346)

Bak'7'/Bax'7'
BMK

Baby mouse kidney Bak and Bax-deficient, 
expresses BimL

(91)
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Table 2.2. Viruses used in this study

Virus Background Characteristics Source
VV(Cop) VV(Cop) ACrmA G. McFadden(153)
VV(Cop)EGFP VV(Cop) Expresses EGFP from 

synthetic promoter; ATK
G. McFadden

VV(Cop)AFlL VV(Cop) ACrmA; AF1L (379)
EVM EV Moscow Wild type M. Buller
EVMAcrmA EV Moscow ACrmA M. Buller

EVMAcrmAA025 EV Moscow 
AcrmA

ACrmA, AEVM025 This Study

VV:FLAG-F1L VV Western 
Reserve

Expresses FLAG-F1L from 
synthetic promoter; ATK

(329)

VV(Cop) AF1 L:FLAG- 
EVM025(E255)

VV(Cop)AFlL Expresses FLAG- 
EVM025(E255) from 
synthetic promoter; AF1L, 
ATK

This Study
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provided by G. McFadden (Robarts Research Institute, London, Ontario). VV(Cop)AFlL 

was generated by insertion of EGFP into the F1L open reading frame as previously 

described (379). A recombinant vaccinia virus strain Western Reserve expressing FLAG- 

F1L, VV:FLAG-F1L, was generated as described (329). Ectromelia virus strain Moscow 

(EVM) and EVMAcrmA were generously provided by M. Buller (St. Louis University). 

EVMAcrmAA025 was generated as described in section 2.6. Recombinant 

VV(Cop)AFlL expressing FLAG-EVM025(E255) was generated as described in section 

2.5.7. All viruses were stored at -80°C and were thawed and sonicated for 20 seconds 

(0.5 second pulsing on/off cycles) (Misonix Inc.) prior to usage.

2.2. DNA methodology

2.2.1 Plasmids

All plasmids used in this study are listed in Table 2.3. pGEM-T (Promega) was used for 

all TA cloning reactions, and pEGFPC3 (Clontech) was used to generate all EGFP 

fusions. pEGFP-FIL and pEGFP-FlL(206-226) were generated as described previously 

(329, 382). pEGFP-Bcl-2 was a generous gift from G. McFadden (Robarts Research 

Institute, London, Ontario) (103). pcDNA3-FLAG-BimL and pcDNA3-T7-Bmf were 

generous gifts from R. Davis (University of Massachussets) (193). pSC66, which 

contains a poxviral promoter for expression during poxviral infection, was kindly 

provided by D. Burshtyn (University of Alberta) (56). pSC66-FLAG-FlL was generated 

as described previously (382). pET15-Bid was kindly provided by Dr. X. Wang 

(University o f Texas) (212). All other vectors were constructed as described in section

2.3.

2.2.2 Plasmid isolation

High-purity DNA for transfections was isolated using a Maxi-Prep kit (Qiagen). 

Approximately 200 ml of bacterial culture was pelleted, and DNA was isolated as per
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Table 2.3. Vectors used in this study

Plasmid Gene/Description Backbone Reference
pJMT16 EVM025(D237) in pGEM-T pGEM-T This Study

pJMT17 EGFP-EVM025(D237) fusion in pEGFP-C3 pEGFP-C3 This Study

pJMT28 EVM025 knockout vector containing 5’ and 3’ 
EVM025 fragments separated by a Bglll site

pGEM-T This Study

pJMT29 EVM025 knockout vector; 5’ and 3’ EVM025 
fragments flanking EGFP behind a poxviral 
promoter

pGEM-T This Study

pJMT30 EGFP behind a strong poxviral promoter from 
pSC66

pGEM-T This Study

pJMT39 lacZ under poxviral promoter pCMV5 This Study
pJMT40 FLAG-tagged N-terminal 153bp o f EVM025 pGEM-T This Study
pJMT43 FLAG-EVM025(D231) in pGEM-T pGEM-T This Study
pJMT44 FLAG-EVM025(D231) behind a poxviral 

promoter in pSC66
pSC66 This Study

pJMT45 FLAG-EVM025(E255) in pGEM-T pGEM-T This Study
pJMT46 EVM026 in pGEM-T pGEM-T This Study

pJMT48 FLAG-EVM025 (E255) behind a poxviral 
promoter in pSC66

pSC66 This Study

pJFl EVM025(E255) in pGEM-T pGEM-T This Study

pJF2 EGFP-EVM025(E255) fusion pEGFP-C3 This Study

pGEM-T TA-Cloning vector n/a Promega
pCMV5 Eukaryotic expression vector; CMV promoter n/a Qbiogene
PEGFP-C3 EGFP expression vector; CMV promoter n/a Clontech
pEGFP-FIL EGFP-F1L fusion pEGFP-C3 (382)

pEGFP-FIL
(206-226)

EGFP-F1 L(206-226) fusion pEGFP-C3 (329)

pEGFP-Bcl-2 EGFP-Bcl-2 fusion pEGFP (103)
pcDNA3-T7-
Bmf

T7-tagged Bmf eukaryotic expression vector pcDNA3 (193)

pcDNA3-
FLAG-BimL

FLAG-BimL eukaryotic expression vector pcDNA3 (193)

pCMV5-Bid His-Bid eukaryotic expression vector pCMV5 This Study
pETl 5-Bid His-Bid in bacterial expression vector pET15b (212)
pSC66-EGFP EGFP behind the poxviral early/late promoter pSC66 (382)
pSC66-FLAG-
F1L

FLAG-tagged F1L behind poxviral promoter pSC66 (382)

pSC66 Poxviral expression vector also used for 
recombinant virus generation; thymidine 
kinase gene fragments flank lacZ

n/a (56)
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manufacturer’s instructions. For low copy plasmids, such as those derived from pSC66 

(56), 170pg/ml chloramphenicol (Sigma-Aldrich) was added approximately 16 hours 

prior to harvesting to increase the plasmid copy number per cell. Sequencing grade DNA 

was prepared using a DNA mini-prep kit (Qiagen) as per manufacturer’s instructions. 

Five ml of an overnight bacterial culture was used and DNA was eluted with 50pl of 

dH20 .

For cloning purposes, all other plasmids were prepared by the alkaline lysis 

method (289). Briefly, 1.5ml of an overnight culture of E. coli DH5a was resuspended in 

100 pi of resuspension buffer, containing 50mM glucose, 25mM Tris (pH 8.0), and 

lOmM EDTA. Bacteria were lysed in 200pl of lysis buffer containing 1% SDS and 0.1M 

NaOH. Proteins and membranes were precipitated with the addition of 150 pi of 

neutralization buffer containing 3M potassium acetate and 11.5% glacial acetic acid, 

followed by incubation on ice for 5 minutes. Suspensions were then centrifuged at 18000 

xg for 10 minutes, and the supernatant fractions were extracted with one volume of 

phenokchloroform (1:1). Aqueous layers were subsequently extracted with one volume of 

chloroform, and DNA was precipitated with 2.5 volumes of ice cold 95% ethanol. DNA 

was then centrifuged, and pellets were resuspended in dH20 .

DNA yields were determined by determining the optical density at 280nm using a 

spectrophotometer (Eppendorf), and DNA quality was assessed by agarose gel 

electrophoresis (section 2.2.4)

2.2.3 Polymerase chain reaction

Polymerase chain reactions (PCR) were performed in 50pl volumes that, in 

general, contained lOmM Tris-HCl (pH 8.85), 25mM KC1, 5mM (NH4)2S04 , 2mM 

MgSCU, lOOpM dNTPs (Roche Diagnostics), 200pmol o f each primer, and 2.5 units of 

Pwo (Roche) or Taq (Invitrogen) DNA polymerase. Reactions were carried out in a 

thermocycler (Techne) for 30 cycles consisting of a 95°C melting step for 30 seconds, a
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52° annealing step for 30 seconds, followed by a 72°C extension step for 1 

minute/kilobase. All primers used in this study are listed in Table 2.4, and were obtained 

from the indicated company. To remove contaminating DNA and primers, all PCR 

products were gel extracted as described in section 2.2.4 prior to cloning, and modified 

using an A-Addition Kit (Qiagen) as described in 2.2.5.

2.2.4 Agarose gel electrophoresis and gel extractions

Agarose gel electrophoresis was used to separate all DNA fragments. Agarose 

gels, 0.8%(w/v), were prepared in IX TAE buffer containing 40mM Tris-acetate and 

ImM EDTA. Samples were loaded in the presence of sample loading dye containing 5% 

glycerol, 0.04%(w/v) bromophenol blue, 0.04%(w/v) xylene cyanol, lOmM EDTA ( pH 

7.5), and gels were electrophoresed at 100V. Gels were stained with lOpg/mL ethidium 

bromide and bands were visualized using Scion imaging software (Scion Corporation).

DNA fragments were excised from agarose gels using a gel extraction kit 

(Qiagen) as per the manufacturers instructions. Briefly, bands were excised and 

resuspended in 3 volumes (g/mL) of gel solubilization buffer and incubated at 50°C for 

10 minutes. Solubilized gel slabs were then passed over a DNA column and eluted with 

40(xl lOmM Tris (pH 8.0). Gel extraction yields were assessed by agarose gel 

electrophoresis.

2.2.5 Restriction digests and DNA end-modification

All restriction enzymes and buffers were purchased from Invitrogen or New 

England Biolabs. Restriction digests were typically performed in 10pl reaction volumes 

for 1 hour at the appropriate incubation temperature. PCR products amplified with Pwo 

polymerase possess blunt ends and were modified using an A-Addition Kit (Qiagen) to 

facilitate TA-cloning into pGEM-T (Promega).
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Table 2.4. Oligonucleotides used in this study

Oligonucleotide Sequence® RE Siteb Company
EVFlLGFPSense TGAATTCTTATGGACAATAGTATTTT

GTCG
EcoRI Qiagen

EVFlLGFPAnti TGGATCCTTATCATATCATGTATTTG
AG

BamHI Qiagen

EVFlLSenseTrunc TGAATTCATGGATATAGATAATGGT
ATAGTA

EcoRI Qiagen

EVM025koFl AGAATAGCTCAGCTAATCTAT None Qiagen

EVM025koRl AATGCAGATCTGGATCT ACGAT ATT 
ATACATAAACATCGA

Bglll Qiagen

EVM025koF2 GATCCAGATCTGCATTTCGCATACTA
TATGCGATGAT

Bglll Qiagen

EVM025koR2 TGGATCCTTATCATATCATGTATTTG
AG

BamHI Qiagen

EVM025Tr(E255)
Sense

TGAATTCTTATGGAGGATAAGGCTA
GCGAT

EcoRI IDT

EVM025 Nhel 
Antisense

TTGGT ACCTT AGCT AGCCTT ATCCTC 
TATATC

Kpnl IDT

Flag EVM025 
Sense

TTTGTCGACATGGACTACAAAGACG 
ATGACGAC AAGGAC A AT AGT ATTTT 
GTCGATG

Sail IDT

FlagEVM025
(E255)

TTGTCGACATGGACTACAAAGACGA 
TGACGACAAGGAGGATAAGGCTAGC 
GATAAT

Sail IDT

E/LSynFor AGATCTAAAAATTGAAATTTTATTTT
TTTT

Bglll Qiagen

EGFPR(BglII) AGATCTTTACTTGTACAGCTCGTCCA
TGCC

Bglll Qiagen

Restriction endonuclease sites are underlined
bIdentity o f restriction endonuclease (RE) site underlined in sequence column
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2.2.6 DNA ligations

All TA cloning ligations into pGEM-T (Promega) were performed as per 

manufacturer’s instructions. Briefly, 50ng o f pGEM-T, 150ng of PCR product, 5 units of 

T4 DNA ligase and 5pl of 2x ligation buffer containing 60mM Tris-HCl (pH 7.8), 20mM 

MgCE, 20mM DTT, 2mM ATP, 10% (v/v) polyethylene glycol, were mixed and 

incubated at room temperature for 1 hour. Ligations were then transformed into E. coli 

DH5a, and plated onto Luria-Bertani (LB) agar plates containing lOOpg/ml ampicillin 

(Sigma-Aldrich) or 30pg/ml kanamycin (Sigma-Aldrich) where required. All other 

ligations were performed using T4 DNA ligase (New England Biolabs) as per 

manufacturer’s instructions. Briefly, vector to insert ratios of 1:3 were ligated using 5 

units o f T4 DNA ligase in a reaction volume o f 20jul at room temperature for 15 minutes 

prior to transformation into E. coli DH5a (section 2.2.8).

2.2.7 DNA sequencing and computer analyses

DNA sequencing was performed at the Molecular Biology Unit in the Department 

of Biosciences at the University o f Alberta. DNA sequence analyses were performed 

using Vector NTI Suite 7 (Invitrogen). BLAST searches were performed using programs 

available through the National Centre for Biotechnology Information. Sequence 

alignments were performed using AlignX (Invitrogen).

2.2.8 Bacterial transformation and competent cells

Chemically competent E. coli DH 5a were prepared as described (289). Cells were 

transformed by incubating DNA with competent cells on ice for one hour. Cells were 

then incubated at 42°C for 45 seconds, on ice for 2 minutes, and 700(j.l of LB broth was 

added. Cells were allowed to recover at 37°C for one hour prior to plating on LB agar 

plates containing the appropriate antibiotic. Kanamycin (30pg/ml), and ampicillin 

(lOOpg/ml) were included where required.
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2.3 Cloning methods 

2.3.1 Generation of EVM025 truncation mutants

2.3.1.1 EGFP-EVM025(D237) (pJMT17)

We generated a version o f the ectromelia virus orthologue of F1L, EVM025, 

which contained two copies of the N-terminal “DNGIVQDI” repeat beginning at aspartic 

acid 237 (D237). This truncation, EVM025(D237), was PCR amplified from EVM 

chromosomal DNA using primers EVFlLSenseTrunc and EVFlLGFPAnti (Fig. 2.1). 

The primer EVFlLSenseTrunc corresponds to the nucleotide sequence of the N-terminal 

repeat region o f EVM025. A PCR product of 669bp was isolated, modified using an A- 

Addition Kit (Qiagen) (section 2.2.5), and ligated into pGEM-T to generate pJMT16. 

DNA sequencing revealed that two copies o f the “DNGIVQDI” repeat had been 

incorporated into the PCR product. The resulting EVM025(D237) fragment was 

subcloned into pEGFPC3 as an EcoRI/BamHI fragment to generate pJMT17, which 

consisted of an N-terminal EGFP-fusion of EVM025(D237) (Fig. 2.15).

2.3.1.2 EGFP-EVM025(E255) (pJF2)

In order to generate a version of EVM025 lacking the entire N-terminal 

“DNGIVQDI” repeat region beginning at glutamate 255 (E255), EVM025(E255) was 

PCR amplified from ectromelia virus chromosomal DNA using primers 

EVM025Tr(E255)Sense and EVFlLGFPAnti (Fig. 2.1). The resulting 609 base pair PCR 

product was treated with an A-Addition reaction (Qiagen) and TA-cloned into pGEM-T 

(Promega), generating pJFl. EVM025(E255) was subcloned into pEGFPC3 as an 

EcoRI/BamHI fragment, generating an EGFP-EVM025(E255) fusion (Fig. 2.1 C).

2.3.1.3 FLAG-EVM025(D231) (pJMT44)

We generated a FLAG-tagged truncated version of EVM025 containing three

copies of the N-terminal repeat sequence, ‘DNGIVQDI’, for expression during virus
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D231 D237 E255

Repeat I ^  I ^  I ^
(d /vg/i/qd/;D ngivqD idngivqdidngivqdiEdkasd

t
FLAG EVM025 Sense

1 * 14
EVFlLSenseTrunc EVM025Tr(E255)Sense

237  255

A)
TM 456

A/W S /

|  WilWild type EVM025

EVM025 Nhei Antisense

B)

2X  R e p e a t  

237  ^ e 9 i ° n  255 456

J  EG IEGFP-EVM025(D237)

C)
255 456

J  EGIEGFP-EVM025(E255)

D)
1 1 4  231 255

/  \
N - te r m in u s  3X R e p e a t

R e g io n

456

J  F L /FLAG-EVM025(D231)

E)
255 456 

j  FLAFLAG-EVM025(E255)

Figure 2.1 Generation of EVM025 truncation mutants.
To generate two truncation mutants of EVM025, two fragments were amplified from wild type 
EVM025 (A) with two primers, EVFlLSenseTrunc, which is complementary for the repeat region, 
an EVM025Tr(E255)Sense, which anneals immediately downstream of the repeat. The resulting 
gene fragments begin at D237 and E255, and are designated EVM025(D237) (B) and 
EVM025(E255) (C). These were used to generate two constructs which possessed N-terminal 
EGFP tags (in green). D , To generate FLAG-EVM025(E255), a primer beginning at E255 and 
containing an N-terminal FLAG-tag was used to amplify FLAG-EVM025(E255). E, To generate 
FLAG-EVM025(D231), the small N-terminal 5 ’ fragment upstream of the repeat region (14 
amino acids long, in yellow) linked to three copies of the repeat region (231-235) was generated  
with a FLAG tag, and was ligated to EVM025(E255) in frame. The only difference between 
FLAG-EVM 025(D231) and wild type EVM025 is the absence of 27 copies of the repeat. Numbers 
indicate amino acids of EVM025. TM, Transmembrane domain.
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infection. First, a small N-terminal fragment of EVM025 containing three copies of the 

N-terminal ‘DNGIVQDI’ repeat was cloned. Using primers Flag EVM025 Sense and 

EVM025 Nhel Antisense, the N-terminal 780 base pairs of EVM025 was PCR amplified 

from ectromelia virus chromosomal DNA. This fragment was treated with an A-Addition 

Kit (Qiagen), and cloned into pGEM-T, resulting in pJMT40. Sequencing of positive 

clones revealed that the 5’ and 3’ ends of the fragment were correct and in frame, but 

precisely 648 nucleotides encoding 27 copies of the ‘DNGIVQDI’ repeat had been 

spontaneously deleted. The resulting DNA insert was 153 bp in size and the vector was 

designated pJMT40. This N-terminal fragment of EVM025 from pJMT40 was subcloned 

using an internal Nhel restriction site which lies immediately downstream of the repeat, 

and Ncol which lies upstream of the FLAG-tagged N-terminus in pJMT40. This small 

130bp fragment was cloned as an Ncol/Nhel fragment into pJF l, which contains 

EVM025(E255). The resulting vector, pJMT43, contains a FLAG-tagged fusion of the N- 

terminus of EVM025 containing three copies of ‘DNGIVQDI’ appended to the C- 

terminal half of EVM025 from pJFl (Fig. 2 .ID). The resulting FLAG-tagged 

EVM025(D231) was subcloned from pJMT43 into pSC66 as a Sall/Notl fragment to 

place FLAG-EVM025(D231) under the control o f the poxviral promoter of pSC66 (Fig. 

2.1), generating pJMT44.

2.3.1.4 FLAG-EVM025(E255) (pJMT48)

To generate a FLAG-tagged version of EVM025(E255) containing no copies of 

the N-terminal repeat region for expression during virus infection (Fig. 2.1c), 

EVM025(E255) was amplified from pJFl using primers FlagEVM025(E255) and 

EVFlLGFPAnti. The resulting PCR product was subjected to an A-Addition reaction 

(Qiagen), and was TA-cloned into pGEM-T to generate pJMT46. FLAG-EVM025(E255) 

was subcloned from pJMT46 into pSC66 as a Sall/Notl fragment to generate pJMT48.
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2.3.2 Generation of a Bid expression vector, pCMV5-Bid

A mammalian expression vector expressing His-tagged Bid was generated by 

subcloning His-Bid from pET15-Bid (a generous gift from Dr. X. Wang, Texas)(212) 

into pCMV5 (QBiogene) as a Xbal/BamHI fragment, generating pCMV5-Bid.

2.4 Transfections

2.4.1 General transfection protocol

HeLa cells and HEK293T cells were transfected with Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s specifications. DNA (l-4pg) and 2 pi of 

Lipofectamine 2000 were separately resuspended in 50pl of OptiMEM (Invitrogen) for 5 

minutes, and then were gently mixed together and incubated at room temperature for 15 

minutes. Cells were washed with 1ml of OptiMEM, and the lOOpl lipid-DNA mixture 

was then added in combination with 900pl of OptiMEM to the cell monolayer. Cells 

were transfected for 90 minutes prior to the addition o f 1ml DMEM containing 20% FBS, 

and were incubated overnight for 16 hours at 37°C. For cells co-transfected with the 

BH3-only proteins Bid, BimL, or Bmf, the broad-spectrum caspase inhibitor zVAD.fmk 

(lOOpM ) (Kamiya Biomedical Company) was included to preserve cellular integrity 

(119).

2.4.2 Infection/transfections for expression of proteins during virus infection

To express FLAG-F1L, FLAG-EVM025(E255) or FLAG-EVM025(D231) during 

virus infection for confocal microscopy or western blot analysis, HeLa cells were infected 

with EVM at a multiplicity of infection (MOI) o f 1 for 1 hour. Cells were then washed to 

remove excess virus and media, and transfected with 2pg of each FLAG-tagged construct 

in pSC66 under the synthetic early/late poxviral promoter, pSC66-FLAG-FlL, pJMT48 

consisting of pSC66-FLAG-EVM025(E255), or pJMT44 consisting of pSC66-FLAG- 

EVM025(D231) (56). At 10 hours post-infection, cells were fixed and stained with anti-
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cytochrome c and anti-mouse Alexa546 (section 2.7.6). Cells were washed extensively 

and were co-stained with anti-FLAG-FITC. Alternatively, cells were allowed to transfect 

for 16 hours, and samples were harvested in SDS-PAGE sample buffer and analyzed by 

western blotting with anti-FLAG(M2) (Sigma-Aldrich).

2.5 Virus manipulation and generation

2.5.1 Virus infection protocol

To infect lx lO 6 HeLa, CV-1, BMK, or MEF cell monolayers, virus at the 

indicated MOI was added to 0.5ml of cell media. Plates were incubated at 37°C for 1 

hour with rocking every ten minutes, 2ml of fresh media was added, and infected cells 

were incubated at 37°C for the appropriate times. For infections in 10cm plates, 4 ml of 

media was used for the initial 1 hour infection, after which cells were replenished with an 

additional 4 ml o f media.

To infect suspension Jurkat cells, cells were counted and resuspended at 5 x 106 

cells/ml. The appropriate amount of each virus was added to 200(4.1 of cells, and cells 

were incubated at 37°C for one hour on a rotator. Cells were then transferred to a tissue 

culture 6 well plate containing 2 ml of media, and incubated at 37°C in 5% CO2.

2.5.2 Virus isolation

To isolate virus, infected BGMKs were harvested with SSC containing 0.15M 

NaCl and 0.015M tri-sodium citrate, and cell pellets were resuspended in 20ml swelling 

buffer containing lOmM Tris (pH 8.0), and 2mM MgCl2 (331). Cells were subjected to 

three freeze/thaw cycles between -80°C/+37°C. Cells were then dounce homogenized 

using a B pestle (Bellco Biotechnology) 60 times on ice. Dounce homogenates were 

centrifuged at 300 xg for 5 min, and supernatants transferred to a new tube. Cell pellets 

were resuspended in 10ml swelling buffer and dounce homogenized again with 30 

strokes and re-centrifuged, 300 xg for 5 min. Total supernatants were then pooled and

66

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



centrifuged at 10,000 xg  for one hour at 4°C, and the virus-containing pellet was 

resuspended in 1ml DMEM.

2.5.3 Inhibition of late gene synthesis

To inhibit late gene synthesis in infected cells, the nucleoside analogue cytosine 

arabinoside (AraC) (Sigma-Aldrich) was included in infections at 80pg/ml. Inhibition of 

late gene synthesis was confirmed by western blotting for viral protein I5L, which has 

been previously shown to be a late gene product. VV was UV-inactivated by treating 

virus stocks with 200mJ/cm2 UV-light in a Stratalinker (Stratagene).

2.5.4 Virus chromosomal DNA preparations

To isolate viral chromosomal DNA, lx lO 6 CV-1 cells were infected at an MOI of 

10 for 16 hours, and harvested with SSC. Cells were then centrifuged at 2000 x g  for 5 

minutes, and resuspended in DNA isolation buffer containing 2.25% (v/v) NP-40, 2.25% 

(v/v) Tween20, 5mM Tris (pH 8.0), and Proteinase K (250ng/ml) (Sigma-Aldrich). Lysis 

was performed at 55°C for 4 hours with periodic mixing, followed by boiling for 10 

minutes. DNA was then phenol: chloroform extracted with 1 volume of 

phenolxhloroform, followed by a second extraction with 1 volume of chloroform. DNA 

was precipitated using 2.5 volumes of 95% ice-cold ethanol for 30 minutes on ice. DNA 

was then centrifuged for 10 minutes at 18000 xg, and resuspended in water.

2.5.5 Growth curves

Single step growth curves were performed by infecting WT, Bak"7', Bax'7', or 

Bak'7'/Bax'7' mouse embryonic fibroblasts at an MOI of 1 for 1 hour. Infected cells were 

washed with phosphate buffered saline (PBS) containing 4.3mM Na2HP04 , 1.4mM 

KH2P04,137mM NaCl, 2.7mM KC1, pH 7.4. Cells were then replenished with fresh 

media and harvested at 0, 4, 8, 12, and 24 hours post infection. Harvested viruses were 

resuspended in swelling buffer, subjected to three freeze/thaw cycles between
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-80°C/+37°C, and 200 pi of 2XDMEM added. Purified viruses were titred on CV-1 cells, 

and at 48 hours post-infection, cells were fixed for 5 minutes in neutral buffered formalin 

containing 11% formaldehyde (pH 7.4), 145mM NaCl, 55mM Na2HPC>4, and 30mM 

NaH2P04 , and plaques were visualized by staining with crystal violet (0.1%(w/v) in 20% 

ethanol).

2.5.6 Plaque purifications and agarose overlays

To purify recombinant viruses, cells were overlaid with a low melting point 

(LMP) agarose overlay consisting of 1ml 2XDMEM (2.7% (w/v) DMEM, 88mM 

NaHCOs), lmL 2% (w/v) LMP agarose (Sigma-Aldrich), 400pl FBS. To visualize 

plaques that express lacZ, 100(4.1 X-gal (5-bromo-4-chloro-3-indolyl-P-D- 

galatopyranoside; Rose Scientific) at lOOmg/ml in dimethylformamide (Sigma-Aldrich) 

was added to the overlay. Overlays were allowed to cool prior to incubation at 37°C. 

Blue plaques expressing lacZ were selected and picked with a Pasteur pipette into 150(4.1 

of swelling buffer. Plaques were subjected to three freeze/thaw (-80°C, 37°C) cycles to 

lyse cells and release virus, and an equal volume of 2xDMEM was added. Prior to usage, 

viruses were sonicated for 20 seconds (0.5 second pulsing on/off cycles) (Misonix).

2.5.7 Generation of a recombinant virus expressing FLAG-EVM025(E255)

To generate a recombinant vaccinia virus expressing FLAG-tagged 

EVM025(E255) (100, 215), CV-1 cells were infected with VV(Cop)AFlL at a MOI of 

0.1 for one hour. A total of 5pg of pJMT48, which consists of pSC66-FLAG- 

EVM025(E255) under the control of a synthetic poxviral promoter flanked by regions of 

the viral thymidine kinase (TK) gene, was linearized with PstI for one hour at 37°C. 

Double cross-over events between the TK fragments o f pJMT48 and the endogenous 

viral TK gene will result in a virus that is TK' (Fig. 2.2) (215), and as pJMT48 also 

encodes lacZ behind a poxviral promoter, recombinant viruses will also be lacZ? .
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W(Cop)AF 11- 
Chromosome TK Y -

D ouble c ross-over
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W(Cop)AF1 L:FLAG-EVM025(E255) 
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Figure 2.2 Generation of recombinant vaccinia virus expressing FLAG-EVM025(E255).
A, To generate recombinant viruses expressing FLAG-EVM025(E255), linearized vector 
(pJMT48) was transfected into cells infected with VV(Cop)AFlL. This vector contains flanking 
regions of the viral thymidine kinase (TK) gene, a copy of la c Z  under control of a poxviral p7.5 
promoter, and FLAG-EVM025(E255) under control of the strong synthetic early/late (E/L) 
poxviral promoter. Double-cross over events into the vaccinia virus TK gene will effectively 
disrupt the TK gene, and this was selected for in the presence of 5 ’-bromodeoxyuridine, which 
inhibits the growth of viruses expressing wild type TK. Viruses were also selected by overlaying 
infected monolayers with x-gal, which will reveal blue plaques expressing lacZ .
B , The resulting insertional double cross-over event results in a virus which expresses 
FLAG-EVM025(E255) from a strong synthetic poxviral promoter (E/L).
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Following linearization of plasmid, the enzyme was heat inactivated at 80°C for 20 

minutes. Cells were washed with OptiMEM (Invitrogen), and transfected with 5pg of 

linearized vector using Lipofectin (Invitrogen). For each transfection, lOpl o f Lipofectin 

and 5pg o f linearized pJMT48 were each incubated in lOOpl of OptiMEM for 45 min. 

The two solutions were then mixed and incubated for another 15 min at room 

temperature, and the mixture was added to the cell monolayer with 800pl of fresh 

OptiMEM. At 48 hours post-transfection, cells were harvested with SSC and resuspended 

in 200pl o f swelling buffer. Viruses were then titrated on a cell line lacking a functional 

TK gene, TK-H143, in the presence of 25pg/ml 5-bromodeoxyuridine (Sigma-Aldrich) 

which prevents the growth o f cells and viruses expressing a functional TK gene. Viruses 

were plaque purified four times using X-gal to visualize recombinant plaques expressing 

p-galactosidase (lacZ). Viruses were amplified on CV-1 cells and the presence of FLAG- 

EVM025(E255) was confirmed by western blotting with anti-FLAG(M2) (Sigma- 

Aldrich).

2.6 Generation of EVMA025

2.6.1 Cloning of EGFP for the generation of recombinant knockout viruses

To generate an EGFP-cassette to use to insertionally inactivate EVM025, we 

cloned EGFP under control of a synthetic poxviral early/late promoter (pE/L) with 

flanking Bglll restriction sites. EGFP including the poxviral early/late promoter (pE/L) 

was amplified from pSC66-EGFP using primers E/LSynFor and EGFPR(Bglll). This 

PCR product was TA-cloned into pGEM-T, resulting in pJMT30.

2.6.2 Construction of a vector for inactivation of EVM025 (pJMT29)

To generate a strain of EVM deficient in EVM025, the ectromelia virus 

orthologue of F1L, we generated a knockout cassette to insertionally inactivate EVM025. 

To create this 025 knockout cassette, a region of EVM025 containing 158 base pairs
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upstream of EVM025 and the first 45 base pairs of the 5 ’ end o f EVM025 was amplified 

using primersEVM025koFl and EVM025koRl (Fig. 2.3A). A downstream region 

comprising the last 159 base pairs of EVM025 was amplified using primers 

EVM025koF2 and EVM025koR2. The primers EVM025koRl and EVM025koF2 both 

contain an overhanging linker region that encodes a Bglll restriction site (Fig 2.3A). 

These PCR products were included in an overlapping PCR mixture with the primers 

EVM025koFl and EVM025koR2 to obtain a continuous fragment encompassing both the 

upstream and downstream fragments of EVM025 separated by the Bglll restriction site 

(Fig 2.3A). This 350bp fragment was subjected to an A-Addition reaction and cloned 

into pGEM-T to generate pJMT28. An EGFP cassette from pJMT30, under the control of 

a synthetic early/late poxviral promoter (section 2.6.1), was inserted as a Bglll fragment 

in between the upstream and downstream EVM025 fragments, generating pJMT29. This 

effectively encodes a disrupted version of EVM025 that lacks approximately 80% of the 

EVM025 open reading frame (Fig. 2.3B)

2.6.3 Generation of EVMAcrmAA025

To generate a strain of EVM deficient in CrmA and 025, pJMT29 was generated

as described in section 2.6.2. pJMT29 (5pg) was linearized with Notl for one hour at

37°C, and the enzyme was heat inactivated at 65°C for 20 minutes. CV-1 cells were

infected at an MOI of 0.1 for one hour with EVMAcrmA, which lacks the caspase

inhibitor CrmA. Cells were washed with warm OptiMEM, and 5pg of linear pJMT29 was

transfected with lOpl o f Lipofectin. Two days post-infection, cells were harvested into

200pl of swelling buffer, and CV-1 cells re-infected. Following LMP agarose overlays

(section 2.5.6), recombinant foci were purified by selecting and picking GFP-fluorescent

foci using an inverted fluorescent microscope (Leica Microsystems). Successful

recombinants will express EGFP, and the EVM025 open reading frame will have been

effectively insertionally inactivated (Fig. 2.3C). Recombinant EVMAcrmAA025 was

plaque purified 6 times, amplified in CV-1 cells, and purified virus was assessed by PCR
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Figure 2.3 Generation of EVMAcrmAA025.
A , To generate a strain of ectromelia virus deficient in EVM025, two small regions flanking 
EVM025 were amplified with an overlapping linker region containing a Bglll restriction site. 
These fragments were used as template in an overlapping PCR reaction to generate one 
contiguous fragment with a Bglll site separating the fragments. An EGFP cassette behind a 
poxviral promoter (pE/L) was then inserted into the Bglll site to create the knockout plasmid 
pJM T29. B, am ino acid sequence o f  E V M 025, w ith the red boxed region indicating am ino acids 
deleted from the EVM025 knockout cassette, the green box indicating the 8 amino adic repeat, 
and the blue underlined region indicating the transmembrane tail. C, a double-cross over event 
between the homologous regions of EVM chromosome and the EVM025 knockout vector, 
pJMT29, described in (A). The double cross-over will replace the majority of EVM025 with 
the EGFP-cassette, and recombinant viruses can be selected for by EGFP-expression.
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using the primers EVFlLGFPSense and EVFlLGFPAnti (Table 2.4), and by western 

blotting with anti-FIL antibody.

2.7 Protein methodology

2.7.1 Protein quantification using a bichinconinic acid kit

Protein preparations were quantified using a bichinconinic acid (BCA) Protein 

Assay Kit (Pierce Biotechnology) according to manufacturer’s instructions. Bovine 

serum albumin (Roche) was used to create a standard curve, and both standard and 

protein samples were added to 200|il of BCA reagent. After 30 minutes at 37°C, samples 

were read at 570nm using a 96-well plate reader (Softmax Inc.), and protein 

concentrations determined by plotting optical densities against the standard curve.

2.7.2 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed essentially 

as described (190) using the Mini-PROTEAN3 Cell (BioRad). Protein samples were 

suspended in SDS-PAGE sample buffer containing 62.5mM Tris (pH 8.0), 10% (v/v) 

glycerol, 2%  (w/v) SDS, 50mM p-mercaptoethanol, and 0.1% (w/v) bromophenol blue 

(190), and were boiled at 95°C for 10 minutes. Pre-stained low range molecular weight 

markers (BioRad) were used as molecular markers for all western blots. Gels were run in 

Tris-glycine running buffer containing 25mM Tris, 190mM glycine, and 3.5mM SDS at 

150V until resolved.

2.7.3 Western transfer

Proteins were transferred from SDS-PAGE gels to either nitrocellulose (GE 

Water and Process Technologies) or polyvinylidene difluoride (PVDF) membranes (GE 

Healthcare) for 2 hours at 420mA using a semi-dry transfer apparatus (Tyler Research) in 

semi-dry transfer buffer containing 192mM glycine, 25mM Tris, and 20% methanol.
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Membranes were then blocked overnight at 4°C or at room temperature for one hour in 

5% (w/v) skim milk in Tris-buffered saline plus Tween20 (TBST) consisting of 20mM 

Tris, 15mM NaCl, pH 7.5, plus 0.1% (v/v) Tween20 (Fisher Scientific).

2.7.4 Antibodies and immunoblotting

All antibodies are listed in Table 2.5, and were diluted to the indicated 

concentration in TBST and allowed to incubate on membranes for 2 hours at room 

temperature. Cleavage of poly ADP-ribose polymerase (PARP) was detected with anti- 

PARP (clone C2-10)(BD Biosciences) at a dilution o f 1:2000. Bak was detected with 

anti-Bak(NT)(Upstate) at 1:2000, and FLAG was probed with anti-FLAG-horseradish 

peroxidase (HRP) (M2; Sigma-Aldrich) at 1:2000. Bax was detected using anti-Bax(N20) 

at a dilution o f 1:500 (BD Biosciences) and cytochrome c was detected using anti­

cytochrome c (clone 7H8.2C12) (BD Biosciences) at 1:1000. Manganese superoxide 

dismutase (MnSOD) was detected using anti-MnSOD (clone 110) (Stressgen 

Bioreagents) at a dilution of 1:5000. Bid was detected using anti-Bid at 1:5000 (381), and 

T7-Bmf was detected with anti-T7 (Novagen) at 1:5000. BimEL and BimL were detected 

with anti-Bim (Calbiochem) at 1:2000. EGFP was detected with anti-EGFP (Cedarlane) 

at 1:30,000. Anti-caspase-3 was generated as described previously, and was used at 

1:5000 (381). Anti-FIL was generated in rabbits against the N-terminal 120 amino acids 

of F1L as previously described (329), and was used at 1:5000. Anti-I5L was generated in 

rabbits against a C-terminal peptide from the I5L viral protein, ‘TYVKSLLMKS’ 

(Sigma-Aldrich), and was used at 1:5000. Following primary antiobody incubations, 

membranes were washed four times for ten minutes with TBST, and incubated with 

either anti-rabbit-HRP (1:10000) (Jackson Laboratories), anti-mouse-HRP (1:10000) 

(Jackson Laboratories), anti-rabbit-HRP (1:10000) (BioRad) or anti-mouse-HRP (1:3000) 

(BioRad) in TBST for 1 hour at room temperature. Proteins were visualized with 

enhanced chemiluminescence (ECL) (GE Healthcare) and XAR radiography film 

(Kodak).
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Table 2.5. Antibodies used in this study

Antibody (Western blot) Species Dilution Source
Anti-Bax (N20) Rabbit 1 500 BD Pharmingen
Anti-Bak (NT) Rabbit 1 2000 Upstate
Anti-FLAG-HRP (M2) Mouse 1 2000 Sigma
Anti-Bim Rabbit 1 1000 Calbiochem
Anti-EGFP Rabbit 1 30000 L. Berthiaume
Anti-PARP (C2-10) Mouse 1 2000 BD Pharmingen
Anti-cytochrome c (7H8.2C12) Mouse 1 200 BD Pharmingen
Anti-MnSOD (110) Rabbit 1 5000 Stressgen Bioreagents
Anti-Bid Rabbit 1 5000 (381)
Anti-caspase-3 Rabbit 1 5000 (381)
Anti-T7 Rabbit 1 10000 Novagen
Anti-I5L Rabbit 1 5000 This study (Sigma)
Anti-FIL Rabbit 1 5000 (329)
Anti-mouse-HRP Goat 1 3000 BioRad
Anti-rabbit-HRP Goat 1 10000 BioRad
Anti-mouse-HRP Goat 1 10000 Jackson Laboratories
Anti-rabbit-HRP Goat 1 10000 Jackson Laboratories

Antibody (Immunofluorescence) Species Dilution Source
Anti-FLAG-FITC (M2) Mouse 1 200 Sigma
Anti-cytochrome c (6H2.B4) Mouse 1 150 BD Pharmingen
Anti-Bax (6A7) Mouse 1 500 BD Pharmingen
Anti-Bax (rabbit polyclonal) Rabbit 1 500 BD Pharmingen
Anti-Bim Rabbit 1 500 Calbiochem
Anti-Bid Rabbit 1 500 (381)
Anti-mouse-Alexa546 Goat 1 300 Invitrogen
Anti-rabbit-Alexa546 Goat 1 300 Invitrogen
Anti-mouse-Alexa63 3 Goat 1 150 Invitrogen

Antibody (Immunoprecipitation) Species Amount Source
Anti-Bax (6A7) Mouse 0.5 pg BD Pharmingen
Anti-FLAG (M2) Mouse iFg Sigma
Anti-EGFP Goat lp l L. Berthiaume
Anti-Bim Rabbit lp g Calbiochem
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2.7.5 Immunoprecipitations

Immunoprecipitations were performed in either 2% CHAPS lysis buffer 

containing 2% CHAPS (w/v), 137mM NaCl, 20mM Tris pH 7.4, and Complete protease 

inhibitor (Roche Diagnostics), or 1% Triton-X-100 lysis buffer containing 1% Triton-X- 

100 (v/v), 137mM NaCl, 20mM Tris pH 7.4, and Complete protease inhibitor (Roche 

Diagnostics). Cells were lysed at 4°C for one hour, and the insoluble material was 

pelleted at 18000 x g  for 10 minutes. Ten percent o f the supernatant was kept as the 

lysate input and was resuspended in one volume o f SDS-PAGE sample buffer (section 

2.7.2). The remaining supernatant fraction was transferred to a new tube and used for the 

immunoprecipitation. Proteins were immunoprecipitated with either anti-FLAG(M2), 

anti-Bax(6A7), anti-EGFP, or anti-Bim, as indicated in Table 2.5.

2.7.5 a) Immunoprecipitation of activated Bax

To immunoprecipitate activated Bax, cells were lysed in 2% CHAPS lysis buffer, 

and soluble protein fractions were incubated with lp g  o f anti-Bax (6A7) (Pharmingen) 

overnight at 4°C (157). Immune complexes were bound to protein A sepharose (GE 

Healthcare) for 2 h at 4°C, washed three times with 2% CHAPS lysis buffer and 

resuspended in SDS-PAGE sample buffer.

2.7.5 b) Anti-FLAG immunoprecipitations

For transient transfections, HEK293T cells were transfected with 1 pig of

pcDNA3-FLAG-BimL in conjunction with 4pig of either pEGFP-C3, pEGFP-FIL,

pEGFP-FlL(206-226), or pEGFP-Bcl-2. Cells were transfected for 16 hours prior to

lysis. For FLAG-F1L or FLAG-EVM025(E255) immunoprecipitations, HeLa cells were

infected with VV:FLAG-F1L or VV(Cop)AFlL:FLAG-EVM025(E255) at an MOI of 5

for 12 hours. To immunoprecipitate FLAG-tagged proteins, cells were lysed in either 2%

CHAPS lysis buffer or 1% Triton-X-100 lysis buffer, and soluble fractions were
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incubated with 1 jag of anti-FLAG(M2) (Sigma Aldrich) overnight at 4°C. Immune 

complexes were then precipitated with protein A sepharose (GE Healthcare) for 2 hours 

at 4°C. Samples were then washed three times with the appropriate lysis buffer, and 

proteins were eluted with SDS-PAGE sample buffer.

2.7.5 c) Immunoprecipitation of endogenous Bim

To immunoprecipitate endogenous Bim, Bakf^/Bax'^ (also designated Bim+/+) or 

Bim'/_ BMK cells were infected with VV:FLAG-F1L for 12 hours, and lysed in 2% 

CHAPS lysis buffer. Soluble fractions were incubated with 0.5pg of anti-Bim 

(Calbiochem) overnight at 4°C. Immune complexes were isolated with protein A 

sepharose (GE Healthcare) for 2 hours at 4°C, washed three times with 2% CHAPS lysis 

buffer, and resuspended in SDS-PAGE sample buffer to elute bound proteins.

2.7.5 d) Anti-EGFP immunoprecipitations

To express EGFP-tagged proteins and BimL in HEK293T cells, cells were 

transfected with lp g  of pcDNA3-FLAG-BimL in conjunction with 4pg of either pEGFP- 

C3, pEGFP-FIL, pEGFP-F 1 L(206-226), or pEGFP-Bcl-2. Cells were transfected for 16 

hours prior to lysis. Transfected cells were lysed in 2% CHAPS lysis buffer, and lysates 

were immunoprecipitated with lp l of goat anti-EGFP (L. Berthiaume, University of 

Alberta, Edmonton, Alberta) for 2 hours at 4°C (379). Immune complexes were then 

purified with 35pl of protein G sepharose (GE Healthcare) for 2 hours at 4°C, and after 3 

washes with 2% CHAPS lysis buffer, protein complexes were released with SDS-PAGE 

sample buffer.

2.7.6 Confocal microscopy

For examination of activated Bax in HeLa cells, approximately 2><105 HeLa cells 

were seeded on glass coverslips, and were transfected with 2pg of each EGFP construct

(EGFP-C3, EGFP-F1L, EGFP-FlL(206-226), EGFP-EVM025(E255), EGFP-
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EVM025(D237)) in the presence or absence of lpg  of pcDNA3-FLAG-BimL or 

pCMV5-Bid. To preserve cellular integrity, lOOpM zVAD.fmk (Kamiya Biomedical 

Company) was included in all transfections(119). Alternatively, cells were infected with 

either VV(Cop)EGFP, VV(Cop), or VV(Cop)AFlL for 8 hours, and were treated with or 

without UV-light and allowed to recover for 5 hours prior to fixation.

For localization of EVM025 constructs, HeLa cells were transfected with 2pg of 

either pEGFPC3, pEGFP-FIL, pJF'2 (EGFP-EVM025(E255)), or pJMT17 (EGFP- 

EVM025(D237)) for 16 hours, and fixed and stained as described below. Alternatively, 

HeLa cells were infected with EV at an MOI of 1 for 1 hour, and transfected with either 

pSC66-FLAG-F 1L, pJMT44, or pJMT48, which express FLAG-F1L, FLAG- 

EVM025(D231), or FLAG-EVM025(E255) respectively.

For transient transfections o f Bak'/_ MEFs, approximately 2 xlO5 cells were co­

transfected with either lpg  of pCMV5-Bid or pcDNA3-FLAG-BimL plus 4pg of either 

pEGFP-FIL o f pEGFP-FlL(206-226) in the presence of lOOpM zVAD.fmk (Kamiya 

Biomedical Company) for 16 hours (119).

All cells were fixed with 4% (w/v) paraformaldehyde (Sigma-Aldrich) in PBS for 

10 minutes at room temperature, permeabilized with 0.04% saponin (Sigma-Aldrich) in 

PBS for 10 minutes at room temperature, and blocked with 30% normal goat serum 

(Invitrogen) for 30 minutes at room temperature. All primary antibodies were incubated 

for 2 hours at room temperature in PBS containing 1% (v/v) FBS, and are listed in Table 

2.5. EGFP-tagged proteins were visualized through their natural fluorescence using a 

488nm laser. Bax activation was detected by staining with anti-Bax(6A7) (BD 

Biosciences) at 1:500 (156, 158) and Bax subcellular redistribution was detected by 

staining with rabbit polyclonal anti-Bax (BD Biosciences) at 1:500 (184). Cytochrome c 

was stained with anti-cytochrome c (clone 6H2.B4) (BD Pharmingen). Bim localization 

was detected using anti-Bim (Calbiochem) at 1:500. Bid was stained with rabbit anti-Bid 

at 1:200 and co-stained with mouse anti-cytochrome c (clone 6H2.B4; BD Biosciences)
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at 1:200. Primary antibodies were detected using anti-rabbit Alexa546 or anti-mouse 

Alexa546 (Invitrogen) at 1:300, or anti-mouse Alexa633 (Invitrogen) at a 1:150 dilution. 

Cells were washed three time with PBS containing 1% (v/v) FBS for 10 minutes at room 

temperature. Coverslips were mounted with 4mg/ml N-propyl-galate (Sigma-Aldrich) in 

50% glycerol and analyzed using laser scanning microscopy and LSM 510 imaging 

software (Zeiss) at the Cross Cancer Institute Imaging Facility. Laser wavelengths were 

488nm for EGFP fluorescence and FITC fluorescence, 543nm for Alexa546 staining, and 

633nm for Alexa633. Data was quantified by counting 200 cells per experiment. The 

means and standard deviation from three replicate experiments are shown.

2.7.7 Assessment o f BimEL phosphorylation

To assess BimEL phosphorylation, mock and VV-infected HeLa cells were lysed 

in SDS-PAGE sample buffer, and samples were separated by SDS-PAGE and 

immunoblotted with anti-Bim (Calbiochem). To inhibit BimEL phosphorylation, the 

mitogen-activated protein/extracellular signal-regulated kinase (MEK) inhibitor U0126 

(Sigma-Aldrich) or the phosphatidylinositol 3-kinase (PI-3-kinase) inhibitor Wortmannin 

(Calbiochem) were included at 30pM and 200nM respectively for 30 minutes prior to 

infection or treatment with TNFa.

2.8. Apoptosis assays

2.8.1 Induction of apoptosis

To induce apoptosis with UV-light, cells were subjected to 200 mJ/cm of UV-C 

in PBS without a lid using a Stratalinker UV Crosslinker (Stratagene), supplemented with 

fresh media and allowed to recover for the indicated times. Apoptosis was also induced 

with lOng/ml TNF-a (Roche Diagnositics) plus 5pg/ml cycloheximide (Sigma-Aldrich), 

250ng aFas (Clone CH11) (Upstate Biotechnology) plus 5pg/ml cycloheximide, or lpM
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staurosporine (Sigma-Aldrich). Alternatively, apoptosis was induced by infection alone 

with VV(Cop)AFlL or EVMAcrmAA025 at a MOI of 10 for the indicated times.

2.8.2 Measurement of mitochondrial membrane potential

To examine TNFa and aFas-mediated apoptosis in HeLa cells by flow cytometry, 

cells were transfected with 4pg of pEGFP, pEGFP-FIL, pEGFP-FlL(206-226), or pJF2 

(EGFP-EVM025(E255)), or pJMT17 (EGFP-EVM025(D237)) for 16 hours. Cells were 

then treated with TNFa or aFas in the presence of cycloheximide for 6 hours.

To examine BH3-only protein-induced apoptosis in HeLa cells by flow 

cytometry, cells were transfected with either 1 pg pcDNA3-T7-Bmf, pcDNA3-FLAG- 

BimL, or pCMV5-Bid in combination with 4pg o f pEGFP-C3, pEGFP-FIL, pEGFP- 

FlL(206-226), or pEGFP-Bcl-2 for 16 hours. To preserve cellular integrity, lOOpM 

zVAD.fmk (Kamiya Biomedical Company) was included in all transfections (119).

Alterations in the mitochondrial membrane potential were detected by staining 

cells with tetramethylrhodamine ethyl ester (TMRE) (Invitrogen)(228). Following 

transfection and treatment with an apoptotic stimulus, cells were stained with 0.2 pM 

TMRE for 30 minutes at 37°C, washed with PBS containing 1% (v/v) FBS, and 

fluorescence was detected with a Becton Dickinson FACScan through the FL-2 channel. 

Loss of the mitochondrial membrane potential in EGFP-positive cells was measured as a 

decrease in TMRE fluorescence by two-color flow cytometry as described (329). Data 

were acquired on 20000 cells per sample, and analyzed with CellQuest software. Loss of 

the inner mitochondrial membrane potential was calculated as (number o f EGFP+TMRE" 

cells/total number of EGFP+ cells) x 100, and data are represented as the mean (±S.D.) 

from three replicate experiments.
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2.8.3 Detection of PARP cleavage

Protein samples were resuspended in SDS-PAGE sample buffer (section 2.7.2) 

containing 8M urea, and were resolved by 8% SDS-PAGE prior to western transfer to 

nitrocellulose membrane. Membranes were then probed with anti-PARP antibody 

(1:2000; Pharmingen).

2.8.4 Detection of Bax N-terminal conformational change

2.8.4 a) Detection of Bax N-terminal conformational change by confocal microscopy

HeLa cells were seeded on glass coverslips and were infected with VV(Cop) or 

VV(Cop)AFlL at an MOI o f 10. At 8 hours post-infection, cells were treated with UV- 

light, allowed to recover for 5 hours, and were fixed with 4% paraformaldehyde. Cells 

were permeabilized with 0.04% saponin (Sigma-Aldrich) for 10 minutes at room 

temperature, and were blocked with 30% normal goat serum (Invitrogen) for 30 minutes 

at room temperature. Cells were stained with anti-Bax(6A7) (157) at 1:500 for 2 hours at 

room temperature, and were co-stained with anti-mouse-Alexa546 (1:300) for 1 hour. 

Cells were mounted onto glass slides with N-propyl-galate, and were visualized with 

confocal microscopy (section 2.7.6).

2.8.4 b) Detection of Bax conformational change by immunoprecipitation

Anti-Bax immunoprecipitations were performed as described in section 2.7.4. 

Approximately 6><106 HeLa, Bak7' BMK, or Bak7' MEF cells were seeded in 10cm 

dishes and were infected with either VV(Cop), VV(Cop)AFlL, EVMAcrmA, or 

EVMAcrmAA025 at an MOI of 10. Cells were induced with either virus infection alone, 

UV-light, TNFa, or staurosporine, harvested with SSC and washed with 10ml o f PBS. 

Cell pellets were then lysed in either 2% CHAPS or 1% Triton-X-100 lysis buffer for one 

hour at 4°C (section 2.7.5), and were passed through a 22 gauge needle 20 times to 

facilitate lysis. Cell debris was pelleted at 18000xg  for 10 minutes, and supernatant
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fractions were immunoprecipitated with 0.5pg of anti-Bax(6A7) overnight at 4°C. 

Antibody complexes were precipitated with the addition of protein A beads (GE 

Healthcare) for 2 hours at 4°C. Beads were washed three times with lysis buffer and 

immunocomplexes were released in SDS-PAGE sample buffer. Samples were western 

blotted with anti-Bax(N20).

2.8.5 Gel filtration chromatography

Gel filtration chromatography was used to separate Bax oligomers from 

monomers, and was performed as described (12, 379, 404). Briefly, HeLa cells (lxlO 7), 

or Hela cells overexpressing Bcl-2, were infected with either VV(Cop)EGFP or 

VV(Cop)AFlL at an MOI of 10 for 8 h, exposed to UV light and allowed to recover for 5 

h. Cells were lysed in CHAPS lysis buffer containing 2% (w/v) CHAPS, 137mM NaCl, 

0.2mM DTT, 20mM Tris (pH 7.4), and disrupted by passage through a 22 gauge needle 

60 times followed by incubation at 4°C for one hour. Lysates were centrifuged for 15 min 

at 18000 xg, and protein concentrations were normalized using a BCA protein 

quantification kit (section 2.7.1). Supernatants were loaded at a flow rate o f 0.1 ml/min 

on a Superose6 HR (10/30) column (GE Healthcare) equilibrated in 1% (w/v) CHAPS, 

137mM NaCl, 0.2mM DTT, 20mM Tris (pH 7.4). The column was calibrated using 

thyroglobulin (669 kDa), ferritin (440kDa), catalase (232 kDa), aldolase (158 kDa), 

albumin (67 kDa), and ovalbumin (43 kDa). Fractions of 150pl were collected, and 

aliquots were analyzed by western blotting with anti-Bax(N20) (BD Biosciences).

2.8.6 Mitochondrial isolation

Mitochondria were isolated as described (379, 408). HeLa cells ( lx l0 7) or Bak'7' 

MEFs (lxlO 7) were infected at an MOI of 10 with either VV(Cop)EGFP or 

VV(Cop)AFlL for 8 h. Cells were washed and resuspended in 1ml hypotonic lysis buffer 

containing 250mM sucrose, 20mM HEPES (pH 7.5), lOmM KC1, 1.5mM MgCL, ImM
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EDTA, ImM EGTA, and incubated on ice for 30 min (408). Cells were passed through a 

22 gauge needle 60 times, and crude membranes and nuclei were pelleted at 750 xg for 

10 min. The pellet was resuspended in 1 ml hypotonic lysis buffer and again passed 

through a 22 gauge needle 60 times. Membranes and nuclei were pelleted at 750 xg, and 

the supernatant containing the mitochondria was centrifuged at 10000 xg  for 15 min at 

4°C to isolate mitochondria. Protein concentrations were determined using a BCA assay 

(see 2.7.1).

2.8.6 a) Assessment of Bax insertion from purified mitochondria

To remove loosely associated proteins from mitochondria, mitochondrial pellets 

were washed with either 0.1M Na2CC>3 (pH 12) for 20 min on ice (12), or with hypotonic 

lysis buffer as a negative control, and mitochondria were centrifuged at 100,000 xg  for 35 

min at 4°C using an ultracentrifuge (Beckman), and Ti.50 rotor (Beckman). 

Mitochondrial membrane pellets were resuspended in hypotonic lysis buffer containing 

2% (w/v) CHAPS and protein concentrations were determined using a standard BCA test 

(Pierce Biotechnology). Equilibrated protein samples were then western blotted for Bak 

or Bax.

2.8.6 b) Cytochrome c release from purified mitochondria

To induce cytochrome c release in purified mitochondria, increasing amounts of 

recombinant tBid (R&D Biosystems) were added to 50pg of mitochondria, and incubated 

for 45 min at 30°C. Mitochondria were harvested by centrifugation at 10000 xg for 15 

min at 4°C, and supernatant and pellet fractions were analyzed by western blotting.

2.8.6 c) tBid-induced Bax activation in isolated mitochondria

To detect tBid-induced activated Bax, purified mitochondria (lOOpg) were

incubated with 300ng of recombinant tBid for 40 minutes at 30°C. Purified mitochondria

were pelleted and resuspended in 2% CHAPS lysis buffer containing 2% (w/v) CHAPS,
83

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



137mM NaCl, 20mM Tris pH 7.4, and Complete mini proteasome inhibitor (Roche 

Diagnostics). Activated Bax was immunoprecipitated with anti-Bax(6A7) as described in 

section 2.8.4b.

2.8.7 Cytochrome c release assays

2.8.7 a) Cytochrome c release by fractionation of Jurkat cells

Cytochrome c release was monitored by western blotting as previously described 

(381). Jurkat cells (lxlO 6) were infected at an MOI of 10, and at 6 hours post-infection, 

were induced with either staurosporine (lpM ) (Sigma-Aldrich) or UV-light (200mJ/cm2). 

Cells were then permeabilized in freshly prepared lysis buffer containing 75 mM NaCl, 1 

mM NaH2P04 , 8 mM Na2HP04 , 250 mM sucrose and 190 pg o f digitonin (Sigma- 

Aldrich) for 10 minutes on ice. Mitochondria-containing supernatants and pellets were 

separated by centrifugation at 10,000 xg for 5 minutes, and pellets were lysed in 0.1% 

(w/v) Triton-X-100 containing 25mM Tris (pH 8.0). Both supernatant and pellet fractions 

were resuspended in SDS-PAGE sample buffer, and cytochrome c release was monitored 

by western blotting supernatant and pellet fractions.

2.8.7 b) Cytochrome c release by confocal microscopy

To assess cytochrome c release by confocal microscopy, Bak'A MEFs were 

transfected with lp g  of either pcDNA3-FLAG-BimL or pCMV5-Bid, in conjunction with 

4pg o f either pEGFP-FIL or pEGFP-FlL-(206-226) for 16 hours, and cells were fixed in 

4% (w/v) paraformaldehyde for 10 minutes at room temperature. Cells were 

permeabilized in 0.04% (w/v) saponin for 10 minutes at room temperature, and were 

stained with anti-Bim, anti-Bid, or anti-cytochrome c. Cells were then stained with 

secondary anti-rabbit-Alexa546 or anti-mouse-Alexa633, and then washed and mounted 

on N-propyl galate (section 2.7.6).
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2.8.7 c) Cytochrome c release from tBid-treated mitochondria

To detect cytochrome c release in purified mitochondria, increasing amounts of 

recombinant tBid (R&D Biosystems), from 0 to 150ng, were added to 50pg of 

mitochondria and incubated for 45 min at 30°C. Mitochondria were then pelleted at 

10000 yg  for 15 minutes at 4°C, and the supernatant and pellet fractions were western 

blotted for cytochrome c.

2.8.8 Detection of DNA fragmentation by TUNEL

DNA fragmentation was assessed by using the terminal

deoxynucleotidyltransferase-mediated dUTP nick end labeling method (TUNEL) (Roche 

Diagnostics) (381). Jurkat cells were infected at an MOI of 10 for 5 hours. Cells were

subjected to UV-light, and zVAD.fmk was included as a control at lOOpM. Cells were

fixed with 2% (w/v) paraformaldehyde in PBS for 10 minutes at room temperature, and 

permeabilized with 0.1% (v/v) Triton-X-100, 0.1% (w/v) sodium citrate for 10 minutes 

on ice. Cells were then stained for 1 hour at 37°C with 25 mM Tris (pH 6.6), 200 mM 

cacodylate, 1 mM C0CI2, 0.6 nM fluorescein- 12-dUTP, and 25 U of terminal 

deoxynucleotidyltransferase according to manufacturer’s instructions. Cells were washed 

with PBS containing 1% (v/v) FBS, analysis was performed on a Becton Dickinson 

FACScan and data were acquired on a minimum of 10,000 cells per sample. TUNEL 

positive cells were measured through the FL-1 channel equipped with a 488nm filter 

(42nm band pass), and data were analyzed with CellQuest software.

2.8.9 Detection of apoptosis in baby mouse kidney cells

Wild type and Bim'7' BMK cells were infected with VV(Cop) or VV(Cop)AFlL at 

a MOI of 10 in the absence and presence of 100 pM zVAD.fmk. Apoptosis was 

determined by counting the number of adherent cells remaining, and the percentage of 

adherent cells (% cell survival) was determine by normalizing values against the number
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of adherent cells following infection with VV(Cop). Standard deviations were calculated 

from three independent experiments. To detect PARP cleavage, floating and adherent 

cells were harvested, lysed in SDS-PAGE sample buffer containing 8M urea, and 

analyzed by western blotting with anti-PARP (1:1000; Pharmingen). PARP cleavage 

products were quantified using ImageQuant™
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CHAPTER 3: The Vaccinia Virus Protein F1L Inhibits Bax Activation

A portion o f this chapter has been published:

Taylor J.M., D. Quilty, L. Banadyga, and M. Barry. The vaccinia virus protein F1L 

interacts with Bim and inhibits activation of the pro-apoptotic protein Bax. 2006. Journal 

of Biological Chemistry. 281:39728-39.

All o f the experiments included within this chapter were performed by J. Taylor. The 

original manuscript was written by J. Taylor, and a major editorial contribution was made 

by M. Barry.
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3.1 Introduction

Apoptosis, or programmed cell death, is used extensively by the immune system 

to eliminate unwanted or infected cells (18, 75, 330). Apoptotic death intimately involves 

the mitochondria of the cell, and ultimately results in mitochondrial dysfunction and the 

release o f pro-apoptotic factors such as cytochrome c from the mitochondria (186, 377). 

Events at the mitochondria are coordinated by a family of proteins, known as the Bcl-2 

family, that localize to the mitochondria and regulate cytochrome c release (77, 130). The 

Bcl-2 family is subdivided into anti-apoptotic members (ie. Bcl-2), pro-apoptotic multi­

domain family members {ie. Bak and Bax), and the BH3-only proteins {ie. Bid, Bim) that 

activate Bak and Bax (1, 130). The pro-apoptotic multi-domain Bcl-2 family members 

Bak and Bax regulate cytochrome c release at the mitochondria, and expression of either 

Bak or Bax is absolutely required to facilitate apoptosis at the mitochondria (91, 204, 

385).

Work in our lab has previously shown that the vaccinia virus protein F1L is a 

potent anti-apoptotic protein (329, 379, 382). F1L localizes to and inserts into the outer 

mitochondrial membrane via a C-terminal hydrophobic anchor (329, 382). While 

anchored at the mitochondria, F1L serves to inhibit cytochrome c release and the loss of 

the mitochondrial membrane potential induced by a variety o f pro-apoptotic stimuli (329, 

382). It was shown recently that F1L can interact with the pro-apoptotic protein Bak 

(265, 379). F1L expression also inhibited the initial N-terminal conformational change in 

Bak, and the oligomerization of Bak following an apoptotic stimulus (265, 379). Bax, 

however, can mediate cytochrome c release independently of Bak, and only the inhibition 

of both Bak and Bax results in the complete blockage of cytochrome c release (91, 204, 

385). Indeed, certain viruses inhibit the activation of both Bak and Bax to inhibit 

apoptosis during infection (39, 82). Unlike Bak, which is constitutively localized to the 

outer mitochondrial membrane, Bax is normally found in the cytosol of healthy cells 

(156). Following an apoptotic stimulus, Bax undergoes a conformational change which
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reveals N-terminal and C-terminal epitopes, and Bax inserts into the mitochondrial outer 

membrane and oligomerizes into a high molecular weight complex (12, 126,156, 157).

Although it has been established that F1L inhibits Bak activation and interacts 

with Bak (265, 379), it is not known whether vaccinia virus can inhibit Bax activation 

during apoptosis. Vaccinia viruses devoid of F1L induce apoptosis and Bak activation in 

tissue culture (113, 379), so we examined whether infection with VV(Cop)AFlL also 

induced Bax activation. We investigated the ability of vaccinia virus and F1L to inhibit 

Bax activation during apoptosis, both in the presence and absence o f Bak. As F1L 

interacts with Bak to inhibit Bak activation (265, 379), we also examined whether F1L 

interacts with Bax. Flere we show that F1L can inhibit the activation o f the pro-apoptotic 

protein Bax, although no direct interaction between F1L and Bax was observed. These 

results suggest that F1L expression potently inhibits Bax activation and apoptosis 

mediated by Bax, but that F1L likely accomplishes this indirectly.

3.2 Results

3.2.1 F1L expression inhibits UV-induced apoptosis

We have previously shown that vaccinia virus can inhibit apoptosis induced by a 

number o f stimuli, including TNFa, staurosporine, and anti-Fas (329, 381, 382), and that 

the mitochondrial-localized vaccinia virus protein F1L is essential for this anti-apoptotic 

activity (265, 329, 379, 382). UV-light potently induces the intrinsic apoptotic cascade 

and readily induces Bax activation (12, 172). To determine if F1L can inhibit UV-light 

induced apoptosis, Jurkat cells were infected with wild-type VV(Cop), stimulated with 

UV-light, and apoptosis was quantified using terminal deoxynucleotidyl transferase 

biotin-dUTP nick end labeling (TUNEL) to measure DNA fragmentation (Fig. 3.1,4). All 

untreated healthy cells showed similar levels of fluorescence indicative of intact nuclear 

DNA (Fig. 3.1/1 panels a, d, f, h). Treatment of Jurkat cells with UV-light, however, 

resulted in a significant increase in DNA fragmentation (Fig. 3.1/1, panel b), and this
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Figure 3.1. Vaccinia virus F1L inhibits apoptosis induced by UV-light.
A, Jurkat cells, Jurkat cells overexpressing Bcl-2, Jurkat cells deficient in Bax and Bak 
(Bax/Bak'''), or Jurkat cells infected with W (C op) at an MOI o f 10 for 6 hours were treated with 
UV-light. Four hours post-treatment, DNA fragmentation was assessed by TUNEL and flow 
cytometry. The broad-spectrum caspase inhibitor, zVAD.fmk, was used to inhibit apoptosis.
B, Jurkat cells, Jurkat cells overexpressing Bcl-2, or Jurkat cells deficient in Bak and Bax 
(Bax/Bak7-) were mock infected or infected with W (C op) or VV(Cop)AFlL at an MOI o f 10 
for 6 hours, treated with UV-light and apoptosis assessed at the indicated times post-treatment 
by western blotting for PARP cleavage. C, Jurkat cells or Jurkat cells overexpresssing Bcl-2 
w ere m ock  in fected  or in fected  as in (B ) and treated w ith  U V -ligh t. At the ind icated  tim es  
post-treatment, cells were fractionated into mitochondria (pellet) and soluble (supernatant) 
fractions, and cytochrome c release assessed by western blotting.
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DNA fragmentation could be inhibited with the broad-spectrum caspase inhibitor 

zVAD.fmk (Fig. 3.1^4 panel c). Jurkat cells overexpressing Bcl-2 or Jurkat cells lacking 

both Bak and Bax showed no detectable increase in DNA fragmentation following UV- 

treatment (Fig. 3.L4, panels e, g), indicating that UV-light induced death required the 

intrinsic mitochondrial apoptotic pathway (19, 374). Notably, cells infected with 

VV(Cop) were also resistant to UV-induced DNA fragmentation, suggesting the presence 

of a strong viral inhibitor of apoptosis (Fig. 3.1^4 panel i).

We have previously generated a strain of VV(Cop) that is devoid of F1L, 

VV(Cop)AFlL (379). This virus expresses high amounts of EGFP, which interferes with 

detection of the fluorescent label used in TUNEL staining. To examine whether 

VV(Cop)AFlL could inhibit UV-induced apoptosis, we instead assessed cleavage o f the 

nuclear apoptotic substrate poly-ADP-ribose polymerase (PARP) (173). Jurkat cells were 

infected for 6 hours with wild-type VV(Cop) or VV(Cop)AFlL (379). Cells were treated 

with UV-light, lysates were harvested at 2, 4, and 6 hours post-treatment, and cleavage of 

PARP was assessed by western blotting. As expected, mock-infected Jurkat cells 

gradually exhibited cleavage of PARP at all times post-UV treatment (Fig. 3.15), 

whereas cells overexpressing Bcl-2 or cells devoid of both Bak and Bax were resistant to 

UV-induced PARP cleavage (Fig. 3.15). Infection of cells with wild-type VV(Cop), but 

not infection with VV(Cop)AFlL, inhibited UV-induced PARP cleavage (Fig. 3.15), 

demonstrating that F1L expression was necessary to inhibit UV-induced apoptosis. In 

fact, we routinely observed PARP cleavage in cells infected for 12 hours with 

VV(Cop)AFlL in the absence of UV-light (Fig. 3.15). Indeed, infection of Jurkat cells 

with VV(Cop)AFlL has been shown to induce cytochrome c release and apoptosis at 12 

hours post infection (379, 382).

Cytochrome c release from the mitochondria is a critical event in the intrinsic pro-

apoptotic cascade (146, 207), and F1L localizes to the mitochondria to inhibit

cytochrome c release induced by a variety of apoptotic stimuli (379, 382). In order to
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assess the ability of F1L to also inhibit UV-induced cytochrome c release, we monitored 

the release of mitochondrial-sequestered cytochrome c by cell fractionation and western 

blotting (382). Jurkat cells were infected with VV(Cop) or VV(Cop)AFlL for 6 hours, 

treated with UV-light, and fractionated into mitochondrial and cytosolic fractions at 1.5, 

3, and 4.5 hours post-treatment. The release of cytochrome c into the cytosolic fraction 

was detected by western blotting with anti-cytochrome c (Fig 3.1 C). Mock-infected 

Jurkat cells treated with UV-light demonstrated translocation of cytochrome c from the 

mitochondrial to the cytosolic fraction as early as 1.5 hours post treatment (Fig. 3.1 C). 

Cells overexpressing Bcl-2, however, were protected from cytochrome c release at all 

times post-treatment (Fig. 3.1 C). Cells infected with VV(Cop) were also protected from 

cytochrome c release following treatment with UV-light (Fig. 3.1C). VV(Cop)AFlL- 

infected cells, on the other hand, readily released cytochrome c following UV-light 

treatment (Fig. 3.1C), similar to our previous observations examining PARP cleavage 

(Fig. 3.15). These results demonstrate that, in addition to inhibiting apoptosis induced by 

TNFa, aFas or staurosporine, F1L is an important inhibitor o f the mitochondrial 

checkpoint during UV-induced apoptosis.

3.2.2 Vaccinia Virus Infection Induces Bax Activation

Induction of apoptosis at the mitochondria is achieved through the activation of

Bax and Bak, two pro-apoptotic members of the Bcl-2 family (91, 204, 385), and viral

anti-apoptotic proteins such as M l 1L and E1B 19K inhibit both Bak and Bax to block the

intrinsic mitochondrial apoptotic pathway (39, 82, 148). Given that infection with a

recombinant vaccinia virus deficient for F1L, VV(Cop)AFlL, induces apoptosis and Bak

activation (379), we assessed whether infection with VV(Cop)AFlL also stimulated Bax

activation. HeLa cells were infected with a recombinant wild type vaccinia virus

expressing EGFP, VV(Cop)EGFP, or VV(Cop)AFlL, which induces apoptosis due to the

lack o f F1L expression (379). Bax undergoes a conformational change during apoptosis
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exposing an N-terminal epitope, so we used the N-terminal conformation specific Bax 

antibody, anti-Bax(6A7), to detect Bax activation by confocal microscopy (51, 126, 157, 

158, 244). Anti-Bax (6A7) specifically interacts with the N-terminus o f Bax that is 

accessible only following Bax activation, and only stains cells containing active Bax 

(157, 158). Cells infected with VV(Cop) for 24 hours resulted in very few cells exhibiting 

anti-Bax(6A7) reactivity (Fig. 3.2.4, panels a-c). Infection with VV(Cop)AFlL, on the 

other hand, resulted in Bax activation in approximately 50% of infected cells (Fig. 3.2A, 

panels d-f), and results were quantified by counting EGFP-expressing cells positive for 

anti-Bax(6A7) (Fig. 3.2B). We also assessed Bax activation by immunoprecipitation 

using the anti-Bax(6A7) antibody (157, 158), followed by western blotting with anti- 

Bax(N20). As anti-Bax(6A7) interacts with the activated N-terminus o f Bax, only active 

Bax will be immunoprecipitated (157, 158). HeLa cells were infected with either 

VV(Cop)EGFP or VV(Cop)AFlL for 12, 18, or 24 hours. Cells were lysed in 2% 

CHAPS, a detergent that maintains the native conformation of Bax, and active Bax was 

immunoprecipitated with anti-Bax(6A7) (157). Mock-infected HeLa cells displayed no 

active Bax, as expected (Fig. 3.2C). HeLa cells infected with VV(Cop)EGFP showed no 

Bax activation at 12 hours post-infection, and only minimal amounts of Bax activation at 

18 or 24 hours post infection (Fig. 3.2Q . Cells infected with VV(Cop)AFlL, meanwhile, 

demonstrated Bax activation at 12 hours post-infection which increased substantially at 

18 and 24 hours post-infection (Fig. 3.2C). The total amount of Bax in each sample was 

equivalent as western blotting lysates with anti-Bax showed similar amounts of Bax (Fig. 

3.2C). These results indicate that in the absence of F1L, VV infection stimulated Bax 

activation (Fig. 3.2Q .

3.2.3 F1L Inhibits Bax Activation

Infection with VV(Cop)AFlL, but not with VV(Cop), induced significant Bax 

activation, suggesting that F1L can inhibit VV-induced Bax activation. Therefore, we
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Figure 3.2. Infection with a vaccinia virus devoid of F1L induces Bax activation.
A, HeLa cells were infected at a MOI of 10 with either VV(Cop)EGFP, or VV(Cop)AFlL for 
24 h. Cells were fixed, permeabilized and stained with anti-Bax(6A7) to visualize activated Bax 
(scale bar = lOum). B, Results were quantified as a percentage of EGFP-positive cells exhibiting 
anti-Bax 6A7 reactivity (mean ± S.D.). C, HeLa cells were infected for the indicated times with 
either VV(Cop)EGFP or VV(Cop)AFlL, and immunoprecipitated using anti-Bax(6A7). 
Immunoprecipitates and whole cell lysates were western blotted with anti-Bax(N20).
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also examined the ability of F1L to inhibit Bax activation induced by an intrinsic 

apoptotic stimulus such as UV-light (12, 172). HeLa cells or HeLa cells overexpressing 

Bcl-2 were treated with UV-light to induce apoptosis, stained with the conformation- 

specific anti-Bax(6A7) antibody, and visualized by confocal microscopy. Mock treated 

HeLa cells demonstrated no anti-Bax(6A7) reactivity (Fig. 3.3,4, panel a), whereas HeLa 

cells treated with UV-light showed extensive anti-Bax(6A7) reactivity (Fig. 3.3,4, panel 

b). In contrast, HeLa cells stably expressing Bcl-2 were completely resistant to UV- 

induced anti-Bax(6A7) reactivity (Fig. 3.3,4, panels c and d). To determine if F1L 

expression inhibited anti-Bax(6A7) reactivity, HeLa cells were infected with either wild- 

type VV(Cop)EGFP or VV(Cop)AFlL, treated with UV-light, and stained with anti- 

Bax(6A7). Infection with VV(Cop)AFlL did not protect cells from Bax activation 

induced by UV-light (Fig. 3.3B  panel e). Infection with VV(Cop)EGFP, however, 

significantly protected cells from UV-induced anti-Bax(6A7) positivity (Fig. 3.3B  panel 

b). These results were quantified by determining the percentage o f EGFP-positive cells 

that were anti-Bax(6A7)-positive (Fig. 3.3D). We also examined the ability of VV(Cop) 

to inhibit Bax activation by immunoprecipitating active Bax following treatment with 

UV-light or TNFa. HeLa cells were infected with VV(Cop)EGFP or VV(Cop)AFlL for 8 

hours and treated with either UV-light or TNFa. Cells were then lysed in 2% CHAPS and 

immunoprecipitated with anti-Bax(6A7). No active Bax was immunoprecipitated from 

mock-treated cells, as expected (Fig. 3.3C, lane 1). Similarly, no active Bax was 

immunoprecipitated from cells infected with VV(Cop) in the absence of an apoptotic 

stimulus (Fig. 3.3C, lane 4), while infection with VV(Cop)AFlL alone induced a small 

amount o f Bax activation (Fig. 3.3C, lane 7). Treatment o f mock-infected or 

VV(Cop)AFlL-infected cells with either TNF-a or UV-light resulted in significant Bax 

activation as assessed by immunoprecipitation (Fig 3.3C, lanes 2-3, 8-9). Notably, cells 

infected with VV(Cop)EGFP were completely resistant to TNF-a or UV-induced Bax N-
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Figure 3.3. F1L inhibits Bax activation induced by an apoptotic stimulus. A, HeLa cells or HeLa 
cells that overexpress Bcl-2 were treated with UV-light to induce apoptosis and Bax activation 
was monitored by staining with anti-Bax (6A7) to detect the conformationally active form of 
Bax. B , HeLa cells were infected with either VV(Cop)EGFP or VV(Cop)AFlL at a MOI o f 10 
for 8 h. Cells were treated with UV-light to induce apoptosis, and 5 h post-treatment, cells were 
fixed  and stained w ith anti-B ax(6A 7). C, H eLa cells were infected with VV(Cop)EGFP or 
VV(Cop)AFlL at an MOI o f 10 for 8 h, and Bax activation was induced with UV-light or TN Fa. 
Active Bax was immunoprecipitated with anti-Bax(6A7), and immunoprecipitates and whole cell 
lysates were analyzed by western blotting with anti-Bax(N20). D , Infected cells from (B) were 
visualized by EGFP fluorescence, and the mean percentage o f  cells demonstrating anti-Bax 6A7 
positivity (± S.D.) was quantified.
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terminal activation as assessed by immunoprecipitation with anti-Bax(6A7) (Fig. 3.3C, 

lanes 5-6). Again, no significant change was seen in Bax amounts present in lysates from 

each sample (Fig. 3.3Q .

Our lab has shown that F1L can function in the absence o f virus infection to 

inhibit TN Fa or aFas-induced apoptosis (329, 382), indicating that no other viral 

proteins are required for inhibition. To determine whether F1L could inhibit Bax 

activation independent o f other viral proteins, cells were transiently transfected with 

either an EGFP-tagged version of full-length F1L, or EGFP-FlL(206-226) which consists 

of EGFP appended to the C-terminal mitochondrial-targeting domain of F1L (amino 

acids 206-226) and localizes to the mitochondria but fails to inhibit apoptosis (329, 382). 

Apoptosis was induced with UV-light and cells were stained with anti-Bax(6A7). 

Transient expression of F1L in the absence of virus infection inhibited Bax activation, as 

HeLa cells expressing EGFP- F1L inhibited UV-induced anti-Bax(6A7) reactivity (Fig. 

3.44 panels a, b and c, dashed arrows) compared with untransfected cells (Fig. 3.44, 

panels a, b, c, solid arrows). In contrast, HeLa cells expressing EGFP-FlL(206-226), the 

hydrophobic tail construct of F1L that fails to inhibit apoptosis (329, 382), displayed 

significant UV-induced anti-Bax(6A7) reactivity (Fig. 3.44 panels d, e and f). Results 

were quantified as shown in figure 3.45 as a percentage o f EGFP-positive cells also 

displaying Bax activation. Furthermore, EGFP-FlL(206-226), which localizes to the 

mitochondria (329, 382), co-localized with active Bax indicating that activated Bax 

localizes to mitochondria (Fig. 3.44 panels d, e and f). These results indicate that F1L 

expression inhibits the conformational change in Bax initiated by either virus infection or 

extrinsic stimuli.

3.2.4 F1L Inhibits Bax Oligomerization

Following an apoptotic trigger, Bax oligomerizes into high-molecular weight 

complexes to facilitate cytochrome c release (12, 101), so we investigated the ability of
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Figure 3.4. Transient expression o f F1L inhibits UV-induced Bax N-terminal exposure.
A , HeLa cells were transfected with either pEGFP-FIL or pEGFP-FlL(206-226) forl6h, treated 
with UV-light, and fixed cells were stained with anti-Bax (6A7) and anti-mouse Alexa546 to 
detect activated Bax (scale bar = 10pm). Dashed arrows indicate transfected cells displaying no 
anti-Bax6A7) staining, and solid arrows indicate transfected or untransfected cells displaying 
anti-Bax(6A7) reactivity. B , Results were quantified as a mean percentage (± S.D.) o f 
EGFP-positive cells that also were anti-Bax(6A7) positive.
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F1L to also inhibit Bax oligomerization. HeLa cells were either mock infected or infected 

with wild type VV(Cop) or VV(Cop)AFlL. Following treatment with UV-light, cells 

were lysed in 2% CHAPS which maintains the native conformation and oligomerization 

state of Bax (157, 158), and protein complexes were separated based on size by gel 

filtration chromatography. In the absence of UV-light, Bax was detected in mock-infected 

cells as a monomer which eluted in fractions below 43kDa in size (Fig. 3.5/1). In contrast, 

cells treated with UV-light exhibited a loss of monomeric Bax and the majority o f Bax 

eluted in high molecular weight fractions in excess of 149kDa, indicative of Bax 

oligomerization (Fig. 3.5A). In samples from HeLa cells overexpressing Bcl-2 and HeLa 

cells infected with VV(Cop), Bax predominantly eluted in low molecular weight fractions 

below 43kDa, even following treatment with UV-light, indicating that both Bcl-2 

overexpression and VV infection inhibited Bax oligomerization (Fig. 3.5/1). In cells 

infected with VV(Cop)AFlL, however, Bax eluted as a high molecular weight oligomer 

following UV-treatment (Fig. 3.5A), and virtually no Bax was retained in the low 

molecular weight fractions. We also observed a small amount of oligomerized Bax in 

cells infected with VV(Cop)AFlL alone (Fig. 3.5.4), indicative of the ability of 

VV(Cop)AFlL to induce apoptosis (379). This indicates that F1L expression can strongly 

inhibit Bax oligomerization following an apoptotic stimulus. Bax oligomerization was 

not influenced by changes in Bax expression, as infection with either VV(Cop) or 

VV(Cop)AFlL had no effect on Bax protein expression over time (Fig. 3.5B).

3.2.5 F1L Inhibits Bax Recruitment to the Mitochondria and Insertion into the 

Outer Mitochondrial Membrane

F1L expression clearly inhibited the conformational alteration and the

oligomerization of Bax, so we investigated whether F1L could also prevent Bax

localization and insertion into the mitochondrial membrane following an apoptotic

stimulus (51, 126, 156, 244). To determine the effect of F1L on Bax integration into the
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Figure 3.5. F1L inhibits Bax oligomerization.
A ,  H eLa cells w ere infected w ith either VY(Cop) or VV (C op)A FlL  at a M OI o f 10 for 8 h. 
HeLa cells w ere treated w ith UV-light and gel filtration lysates were prepared in 2% CHAPS as 
described in materials and methods.Bax oligom erization was assessed by gel fdtration 
chrom atography and western blotting w ith anti-Bax(N20). B , Bax expression in cells infected 
with VV(Cop) or V V (Cop)A F1L was analyzed by western blotting w ith anti-Bax(N20).
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outer mitochondrial membrane, mitochondria were isolated and treated with a sodium 

carbonate alkali wash to remove loosely associated proteins (115). Mitochondria from 

mock-infected HeLa cells displayed loosely associated Bax that was removed following 

the alkali wash (Fig. 3.6A, lanes 1 and 2). Following treatment with UV-light, however, 

Bax remained membrane associated following the alkali wash, indicative of Bax 

integration into the outer mitochondrial membrane (Fig. 3.6^4, lanes 3 and 4) (12). Bak, 

on the other hand, is constitutively integrated into the outer mitochondrial membrane, and 

was not removed following the alkali wash (Fig. 3.6A, lanes 2 and 4) (12, 132). HeLa 

cells overexpressing Bcl-2, as well as cells infected with VV(Cop), displayed no insertion 

of Bax into the mitochondrial membrane following treatment with UV-light (Fig. 3.65 

and C, lane 4), indicating that F1L, similar to Bcl-2, can inhibit Bax insertion into 

mitochondrial membranes. Cells infected with VV(Cop)AFlL, however, displayed UV- 

induced Bax insertion, as Bax was still associated with the membrane fraction following 

the alkali wash (Fig. 3.6D, lanes 3 and 4). Significantly, we also detected some Bax 

integrated in the mitochondrial membrane from cells infected with VV(Cop)AFlL alone, 

again indicating the ability of this virus to initiate apoptosis and induce Bax activation 

(Fig. 3.6D, lane 2). These results demonstrated that F1L expression inhibited the insertion 

of Bax into the mitochondrial outer membrane during apoptosis.

While the events surrounding Bax activation are complex and controversial, a

recent report suggests that release of the N-terminus of Bax is only observed after Bax

translocation to the mitochondria (363). To investigate the possibility that F1L may

inhibit Bax oligomerization and insertion, but not translocation, we assessed Bax

subcellular distribution in the presence or absence of F1L. HeLa cells were infected with

either VV(Cop) or VV(Cop)AFlL for 24 hours and stained with a polyclonal anti-Bax

antibody which, unlike anti-Bax(6A7), detects Bax in the cytosol and at the mitochondria

in apoptotic and non-apoptotic cells (184). Mock infected HeLa cells stained with

polyclonal anti-Bax demonstrated a diffuse cytoplasmic staining pattern for Bax when
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Figure 3.6. Bax insertion into the outer mitochondrial membrane is inhibited by F1L.
FleLa cells (A), FteLa cells overexpressing Bcl-2 (B), or FleLa cells infected w ith either 
VV(Cop) (C) or V V (C op)A FlL  (D) for 8 h at a M OI o f  10 were treated w ith UV-light (lanes 3 
and 4) and m itochondria were isolated as described in m aterials and methods. Isolated 
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(pFl 12) alkali solution (lanes 2 and 4) and Bax insertion assessed by w estern blotting w ith 
anti-Bax(N20). Bak expression was detected using anti-Bak(NT).
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visualized by confocal microscopy (Fig. 3.7^4, panels a, b, c). This diffuse cytoplasmic 

staining of Bax was also detected in cells infected for 24 hours with VV(Cop)EGFP (Fig. 

3.7^4, panels d, e, f). Cells infected for 24 hours with VV(Cop)AFlL, however, frequently 

demonstrated a punctate staining pattern indicative of Bax recruitment to the 

mitochondria, reflecting the ability of this virus to activate Bax and induce apoptosis (Fig.

3.1 A, panels g, h, i). Results were quantified by counting EGFP-positive cells 

demonstrating punctate Bax staining (Fig. 3.7#). We also assessed Bax recruitment 

following treatment with an intrinsic apoptotic stimulus, UV-light. Following treatment 

with UV-light, mock-infected HeLa cells displayed the recruitment of Bax to the 

mitochondria (Fig. 3.8^4, panels a, b, c). Significantly, in cells infected with VV(Cop) and 

treated with UV-light, Bax remained cytosolic and diffuse (Fig. 3.8,4, panels d, e, f,) 

whereas cells infected with VV(Cop)AFlL and treated with UV-light showed Bax 

recruitment to the mitochondria (Fig. 3.8,4, panels g, h, i). This punctate Bax staining 

pattern was confirmed to be mitochondrial, as cells transfected with EGFP-F1L(206- 

226), which targets EGFP to the mitochondria but does not inhibit apoptosis, 

demonstrated a distinct co-localization between EGFP and Bax following UV-stimulation 

(Fig. 3.8,4, panels j, k, 1). Results were quantified by counting EGFP-positive cells 

demonstrating punctate Bax staining (Fig. 3.85). These results together indicate that F1L 

inhibited the insertion o f Bax into the outer mitochondrial membrane as well as the 

subcellular redistribution of Bax to the mitochondria, suggesting that F1L functions 

upstream of both Bax activation and the recruitment of Bax to the mitochondria.

3.2.6 F1L Inhibits Cytochrome c Release and Bax Activation in the Absence of Bak

The presence of either Bak or Bax is absolutely required for cytochrome c release

(91, 204, 385), and viral mitochondrial inhibitors o f apoptosis such as M11L and E1B

19K function by inhibiting the effects of both Bak and Bax (39, 82). F1L associates with

and inhibits the activation o f Bak (265, 379), so we asked if the interaction between F1L
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Figure 3.7. Infection with VV(Cop)AFlL induces Bax recruitment to mitochondria.
A , HeLa cells were infected at an MOI o f 10 with either VV(Cop)EGFP or VV(Cop)AFlL for 
24h. Cells were fixed and stained with polyclonal anti-Bax annd anti-rabbit Alexa546 to assess 
Bax localization and recruitment to the mitochondria. Arrows indicate ce lls  d isp laying punctate 
Bax (scale bar =10 pm). B , Results were quantified as a percentage o f EGFP-positive cells also 
demonstrating punctate Bax staining (mean ±  S.D.).
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Figure 3.8. F1L inhibits UV-induced mitochondrial recruitment o f Bax.
A, To detect Bax recruitment to the mitochondria following an apoptotic stimulus, cells were 
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10pm). B , Results were quantified as a percentage o f  EGFP-positive cells also demonstrating 
punctate Bax staining (mean ± S.D.).
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and Bak was absolutely required for the inhibition o f cytochrome c release by F1L. To 

address this question, we utilized Bak-deficient mouse embryonic fibroblasts (Bak7' 

MEFs) in an in vitro cytochrome c release assay (385). Bak7' MEFs were infected with 

VV(Cop)EGFP or VV(Cop)AFlL and purified mitochondria were treated with increasing 

amounts o f the active recombinant BH3-only protein Bid (tBid) to induce cytochrome c 

release (101, 199, 384). Supernatant and pellet fractions were then blotted for cytochrome 

c, and pellet fractions were also blotted for Bax and the mitochondrial protein manganese 

superoxide dismutase (MnSOD) as controls. Treatment of mock-infected Bak-deficient 

mitochondria with increasing amounts of tBid resulted in the loss of cytochrome c from 

the pellet fraction and accumulation of cytochrome c in the supernatant fraction (Fig. 

3.9A). Mitochondria from Bak7' MEFs infected with VV(Cop)EGFP, meanwhile, showed 

clear retention of cytochrome c in the pellet fraction following treatment with tBid (Fig. 

3.9A). In contrast, mitochondria isolated from VV(Cop)AFlL-infected Bak7' MEFs were 

unable to inhibit tBid-induced cytochrome c release (Fig. 3.9A). This indicates that F1L is 

able to inhibit cytochrome c release in the absence of Bak. Mitochondria purified from 

MEFs lacking both Bak and Bax (Bak7'/Bax7'MEF) did not display cytochrome c 

translocation into the supernatant as expected (Fig. 3.9A), as at least one of Bak or Bax 

are required to facilitate cytochrome c release (91, 385).

Addition of tBid to purified mitochondria in vitro induces the activation of the 

pro-apoptotic proteins Bak and Bax (93, 384). As F1L expression inhibited tBid-induced 

cytochrome c release (Fig. 3.9^4), we assessed whether F1L also inhibited Bax activation 

following tBid-treatment. Bak-deficient MEFs were again infected with VV(Cop) or 

VV(Cop)AFlL, and purified mitochondria were treated with tBid to induce Bax 

activation. Mitochondria were then lysed in 2% CHAPS and immunoprecipitated with 

anti-Bax (6A7). As seen in Fig 3.9B, Bax was activated in Bak-deficient mitochondria 

following treatment with tBid, since cytochrome c release in these cells must occur

through Bax (91, 204, 385). Infection with VV(Cop) dramatically inhibited tBid-induced
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Figure 3.9. F1L inhibits apoptosis in the absence o f  Bak in  v itro .

A ,  B ak ' M EFs w ere infected w ith either VV(Cop)EGFP or W (C o p )A F lL  at an M OI o f 10 
for 8 h, isolated m itochondria were incubated w ith either 0, 50, 100, or 150ng o f  tBid for 45 
min, and supernatant and m itochondrial pellet fractions were analyzed by western blotting for 
cytochrome c. M itochondria from Bak'/'/Bax'/' M EFs were also isolated and treated w ith tBid 
as a negative control. M itochondria-containing pellet fractions were also im m unoblotted for 
the presence o f  M nSOD and Bax as controls. B , M itochondria from Bak A M EFs were purified, 
and m itochondria were incubated w ith 0 or 300ng o f  recom binant tBid. M itochondria were 
lysed in 2% CHAPS lysis buffer and im m unoprecipitated w ith anti-Bax(6A7). Lysates and 
immunoprecipitates were analyzed by western blotting w ith anti-Bax(N20).
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Bax activation (Fig. 3.95), while infection with VV(Cop)AFlL had no effect on the 

levels of Bax activation induced by tBid (Fig. 3.95). These results indicate that, in 

addition to inhibiting cytochrome c release in Bak-deficient cells, F1L also inhibits Bax 

activation in cells that lack Bak.

The addition o f tBid to purified mitochondria is a simplified in vitro assay to 

examine cytochrome c release and Bax activation. To determine whether F1L could 

inhibit Bax activation in intact cells, we examined whether F1L could inhibit virus- 

induced Bax activation using Bak7' MEFs and Bak-deficient baby mouse kidney cells 

(Bak7' BMKs) (91). Bak7' MEFs or Bak7' BMKs were infected with VV(Cop) or 

VV(Cop)AFlL for 18 hours, lysed in 2% CHAPS, and immunoprecipitated with anti- 

Bax(6A7). Mock-infected Bak7' MEFs and Bak7' BMK cells showed no Bax activation, 

as assessed by immunoprecipitation with anti-Bax(6A7) (Fig. 3.KL4). Infection with 

VV(Cop) also showed minimal or no active Bax from either Bak7" MEFs or Bak7' BMKs 

(Fig. 3.10A). Infection with VV(Cop)AFlL, however, dramatically induced Bax 

activation in both Bak-deficient cell lines, as a significant amount of Bax was 

immunoprecipitated using anti-Bax(6A7) (Fig. 3.1CL4). We also assessed the ability of 

F1L to inhibit Bax activation in Bak-deficient cells induced by an intrinsic apoptotic 

stimulus. Bak7' BMKs were infected with either VV(Cop) or VV(Cop)AFlL, and cells 

were treated with the broad-specificity kinase inhibitor staurosporine which induces 

apoptosis at the mitochondria (27). Cells were then lysed in 2% CHAPS and 

immunoprecipitated with anti-Bax(6A7). Treatment of Bak7' BMKs with staurosporine 

induced Bax activation as assessed by anti-Bax(6A7) immunoprecipitation (Fig. 3.105). 

Infection with VV(Cop) strongly inhibited staurosporine-induced Bax-activation in Bak7' 

BMKs (Fig. 3.105). Infection with VV(Cop)AFlL, on the other hand, was unable to 

inhibit staurosporine-induced Bax activation in Bak7' BMKs (Fig. 3.105). These 

observations indicate that F1L can inhibit Bax activation induced by virus infection or 

staurosporine and, importantly, that Bak is not required for this inhibition.
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Figure 3.10. F1L expression inhibits Bax activation in the absence o f  Bak.
A ,  Bak7'B M K s or Bak7" M EFs were mock infected or infected w ith W (C o p )  or V V (Cop)A FlL 
for 24 h, and cell lysates were im m unoprecipitated w ith anti-Bax(6A7). Im m unoprecipitates and 
lysates were probed w ith anti-Bax(N20). B, B ak7- BM Ks were infected w ith VY(Cop) or 
W (C o p )A F lL  for 8 h, treated w ith lp M  staurosporine(STS) for 3 h, and activated Bax was 
immunoprecipitated using anti-Bax(6A7). Lysates and immunoprecipitates were probed with 
anti-Bax(N20).
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3.2.7 VV(Cop)AFlL Replicates Normally in Various Cell Lines

Vaccinia viruses devoid of F1L induce apoptosis during infection (Fig. 3.2) (265, 

379, 382). Since F1L is an important regulator o f apoptosis, we hypothesized that 

vaccinia viruses devoid o f F1L might display a decrease in progeny virus production 

compared to wild type VV(Cop) in vitro. To test this prediction, we performed single step 

growth curves in four mouse embryonic fibroblast cell lines: WT, Bak'7', Bax'7', and Bale'7' 

/Bax'7' MEFs (385). Cells were infected at a MOI of 1 for 4, 8, 12, and 24 hours, and viral 

titres were determined by plaque assays on CV-1 cells (Fig. 3.11). Interestingly, both 

VV(Cop) and VV(Cop)AFlL replicated equally well in each of the cell lines tested (Fig.

3.11), suggesting that any apoptosis induced by VV(Cop)AFlL has little effect on growth 

in vitro. While there appears to be a slight decrease in the final virus titre at 24 hours post 

infection in the Bax'7' MEFs (Fig. 3.1 IQ , this trend is seen with both VV(Cop) and 

VV(Cop)AFlL, suggesting that there may be a non-specific effect on vaccinia replication 

in these cells. Previous observations in CV-1 cells also showed no difference in growth 

between VV(Cop) and VV(Cop)AFlL (379).

3.2.8 F1L Fails to Interact with Bax During Infection

F1L can inhibit the activation and oligomerization of Bak and also interacts with 

Bak as a mechanism for this activity (265, 379). We therefore assessed whether F1L 

inhibited Bax activation by directly interacting with Bax. Although F1L is a 

mitochondria-localized protein, and we fail to see recruitment and integration of Bax into 

the mitochondrial membrane in the presence of F1L (Fig. 3.6-3.8), there remained a 

possibility that F1L could still interact directly with Bax. M11L, a mitochondrial- 

localized anti-apoptotic protein from myxoma virus, has recently been shown to interact 

with Bax (332). To investigate a possible interaction between Bax and F1L, HeLa cells 

were infected with a recombinant VV expressing a FLAG-tagged version o f F1L,
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Figure 3.11. Growth rates o fW (C o p )  and W (C o p )A F lL  in MEFs. W ild type (A), B a k 7 (B), 
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(dashed line) in triplicate at a M OI o f  1 and were harvested at 0, 4, 8, 16, or 24 hours 
post-infection. Titrations were perform ed for each tim e point on CV-1 cells in duplicate, and 
viral titres are shown as plaque forming units per ml (pfu/ml) (± S.D.).
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VV:FLAG-F1L, and treated with either UV-light or TNF-a. Cells were lysed in 2% 

CHAPS buffer and immunoprecipitated with anti-FLAG (157, 158). In all cases, FLAG- 

F1L co-immunoprecipitated with endogenous Bak (Fig 3.12), demonstrating that the 

interaction between Bak and F1L was maintained following treatment with an apoptotic 

stimulus (379). Interestingly, no observable interaction was seen between endogenous 

Bax and F1L either before or after induction with an apoptotic stimulus (Fig. 3.12).

Expression of F1L inhibits the conformational change in Bax induced during 

apoptosis (Fig. 3.2-3.4). It was recently reported, however, that a soluble version o f F1L 

interacts with a peptide encompassing the BH3 domain of Bax (113). Since the BH3 

domain is believed to be hidden within a hydrophobic pocket along with the N-terminal 

domain prior to Bax activation (340), it is unlikely that the BH3 domain of Bax is 

exposed during VV infection. Nevertheless, if F1L has an intrinsic ability to interact with 

BH3-domains, F1L may be capable of interacting with active Bax. To confirm this 

prediction, we performed co-immunoprecipitations under conditions that artificially 

activate Bax. The detergent CHAPS maintains Bax in its natural conformation, whereas 

Triton-X-100 causes Bax to unfold into an ‘active’ state (156-158), resulting in N- 

terminal activation and oligomerization. HeLa cells were infected with VV:FLAG-F1L 

and lysed in Triton-X-100 to induce a conformational change in Bax (Fig. 3.13,4). 

Immunoprecipitation with anti-FLAG co-precipitated a significant amount of Bax when 

cells were lysed in Triton-X-100, but not in CFIAPS (Fig. 3.13,4), suggesting that F1L has 

the capacity to interact with Bax following a conformational change in Bax.

To determine whether F1L could interact with Bax in the absence of Bak, we 

repeated our anti-FLAG immunoprecipitations in Bak'/_ BMKs. Bak-deficient BMKs 

were infected with VV:FLAG-F1L, immunoprecipitated with anti-FLAG, and blotted for 

Bax (Fig.. 3.135). Similar to our results from HeLa cells, no interaction between F1L and 

Bax was detected in Bak'/_ BMKs lysed in CHAPS, even upon addition of staurosporine 

to induce apoptosis (Fig. 3.135). Following lysis in Triton-X-100, however, F1L and Bax
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Figure 3.12. F1L interacts w ith Bak, but not w ith Bax, following an apoptotic stimulus.
HeLa cells were infected with VV:FLAG-F1L for 8 h, and treated w ith either UV-light or T N F a 
for 3 or 6 h, respectively. Following apoptotic induction, cells were lysed in 2% CHAPS lysis 
buffer, and im m unoprecipitated w ith anti-FLAG (M2). Im m unoprecipitates and lysates were 
analyzed by western blotting w ith either anti-FLAG-HRP to detect F1L, anti-Bak(NT), or 
anti-Bax(N20).
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Figure 3.13. F1L interacts with Bax in Triton-X-100.
A, FleLa cells were infected with W:FLAG-F1L, lysed in either 2% CHAPS lysis buffer or 1% 
Triton-X-100 (TX-100) buffer. FLAG-tagged F1L was immunoprecipitated with anti-FLAG, and 
western blotted with a-FLAG-HRP to detect F1L, or anti-Bak(NT) or anti-Bax(N20) to detect 
Bak and Bax respectively. B, Bak '" BMKs were infected with VV:FLAG-F1L in the absence or 
presence of l|iM staurosporine (STS). Cells were lysed in either 2% CHAPS or 1%
Triton-X-100 (TX-100), and any interaction between F1L and Bax was detected by 
co-immunoprecipitation with anti-FLAG and western blotting with anti-Bax(N20).
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co-precipitated (Fig. 3.135). These results demonstrate that, even following an apoptotic 

stimulus, F1L does not interact with Bax. Intriguingly, however, F1L does have the 

ability to interact with conformationally active Bax following lysis in Triton-X-100, and 

the expression of Bak is not required for this interaction.

3.3 Discussion

The activity of Bak or Bax is critical for the release o f cytochrome c from the 

mitochondria and subsequent death of the cell (77, 204, 385). As such, viruses have 

evolved strategies to inhibit the pro-apoptotic activity of Bax and Bak, thereby ensuring 

successful virus propagation (40, 82, 262). The anti-apoptotic protein F1L, encoded by 

vaccinia virus, localizes to the outer mitochondrial membrane via a C-terminal 

mitochondrial targeting sequence where it inhibits mitochondrial membrane 

permeabilization and cytochrome c release (329, 382). F1L expression inhibits the 

activation and oligomerization of Bax following an apoptotic stimulus (265, 379). We 

hypothesized that F1L, in addition to inhibiting Bak, would also encode a mechanism to 

inhibit the activity o f Bax.

Following an apoptotic stimulus, Bax undergoes a conformational change that 

results in the availability o f an N-terminal epitope, the release o f a C-terminal 

transmembrane tail for insertion into the mitochondrial membrane, and oligomerization 

into high molecular weight complexes (12, 101, 156, 158). We demonstrated that F1L 

expression could potently inhibit the N-terminal activation, mitochondrial insertion, and 

oligomerization of Bax following an apoptotic stimulus (Fig. 3.1-3.8). These results 

clearly indicated that F1L could inhibit Bax activation following an apoptotic insult.

As a mechanism for inhibiting Bak activation, our lab previously showed that F1L 

constitutively interacts with Bak (265, 379). Indeed, members of the Bcl-2 family interact 

with each other to induce or repress apoptotic responses (364). F1L expression potently 

inhibited Bax activation (Fig. 3.2-3.6), so we investigated whether F1L and Bax could
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directly interact. Both in the absence and the presence o f pro-apoptotic stimuli, we failed 

to see an interaction between F1L and Bax (Fig. 3.12, 3.13). Considering that F1L is a 

mitochondrial-anchored protein and Bax is normally found in the cytoplasm, this 

suggests that F1L does not naturally interact with Bax to inhibit Bax activation.

As F1L does not interact with Bax, yet F1L inhibits Bax activation during 

apoptosis, F1L likely has an indirect effect upstream of Bax activation. Indeed, a number 

of proteins regulate Bax activation, including several proteins from the Bcl-2 family (330, 

390). Bak has been shown to coalesce with Bax at discrete sites at the mitochondria 

(245), and Bak/Bax may even form heterodimers during apoptosis (337). Using Bak- 

deficient cells, however, we clearly demonstrated that F1L is still capable of inhibiting 

apoptosis and Bax activation (Fig. 3.9, 3.10), indicating that Bak is not required for F1L- 

mediated inhibition o f apoptosis.

Another sub-group of the Bcl-2 family which regulates Bax activation are the 

BH3-only proteins. These small pro-apoptotic proteins (ie. tBid, Bim) are activated 

following an apoptotic stimulus and either directly bind and activate Bak and Bax, or 

bind and repress the anti-apoptotic Bcl-2 family members (61, 65, 187, 194, 236). A 

number o f non-Bcl-2 family proteins also activate or repress Bax. Map-1, Bif-1, and p53, 

for instance, have all been shown to induce Bax activation (67, 343, 344), while proteins 

such as Ku70, 14-3-3, and Humanin can inhibit Bax activation (137, 291, 359). Whether 

F1L modulates the activity of any of these proteins to indirectly regulate Bax remains to 

be determined.

The anti-apoptotic effect o f F1L does not appear to be required for in vitro virus 

replication. Growth curves demonstrated that VV(Cop)AFlL replicated as well as wild 

type VV(Cop) in vitro in various MEF cell lines, suggesting that despite inducing 

apoptosis in tissue culture, viruses lacking F1L show no growth deficiency in vitro (Fig.

3.11). Future work using ectromelia virus, a closely related orthopoxvirus which is a 

natural pathogen of mice and encodes a predicted orthologue of F1L, will allow us to
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investigate the potential role of F1L in vivo. Indeed, deletion of anti-apoptotic genes from 

other viral genomes, such as M11L from myxoma virus and the viral Bcl-2 homologue 

from murine y-herpesvirus 68, has little effect in vitro, but profoundly affects virus 

virulence (128, 208, 254).

Although F1L expression strongly inhibits Bax activation, co- 

immunoprecipitations in CHAPS failed to detect any interaction between F1L and Bax 

(Fig. 3.12), and this has also been observed by others (265). Interestingly, lysis of healthy 

cells in Triton-X-100, but not CHAPS, did induce an interaction between Bax and F1L 

(Fig. 3.13). The detergent CHAPS maintains Bax in a native conformation, while Triton- 

X-100 induces the activation/oligomerization of Bax (157, 158). This suggests that F1L 

has the ability to interact with conformationally active Bax (Fig. 3.13) (157, 158). The 

BH3-domain o f Bax is normally hidden prior to activation, and detergents such as Triton- 

X-100 make the BH3-domain available (157, 340). A recent report also suggests that F1L 

can interact with the BH3 peptides from Bak and Bax in vitro (113), so we speculate that 

F1L can interact with the BH3 domain of Bax. This binding ability is similar to Bcl-2, 

which also binds to Bax in Triron-X-100, but not in CHAPS (158). E1B 19K from 

adenovirus interacts with Bax only after an apoptotic stimulus induces a conformational 

change in Bax (257), indicating that E1B 19K does not inhibit the initial activation of 

Bax. In contrast, F1L inhibits Bax activation (Fig. 3.2-3.4), and correspondingly does not 

interact with Bax even after an apoptotic stimulus (Fig. 3.12). Although F1L may interact 

with small amounts o f active Bax during apoptosis, our results indicate that F1L 

primarily inhibits Bax activation upstream. The exact mechanism used by F1L to inhibit 

Bax activation, however, remains to be determined. Based on our results, it is likely that 

F1L inhibits Bax activation indirectly by functioning upstream of Bax activation. As 

well, considering the preliminary evidence that F1L can interact with BH3 peptides and 

activated Bax, it is possible that F1L may inhibit Bax activation by interfering with other
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BH3-domain containing proteins. Nevertheless, it is apparent that F1L can potently 

inhibit Bak and Bax, and that F1L accomplishes this by two discrete mechanisms.
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CHAPTER 4: Vaccinia Virus F1L Interacts With and Modulates the BH3-only

Protein BimL

A portion of this chapter has been published:

Taylor J.M., D. Quilty, L. Banadyga, and M. Barry. The vaccinia virus protein F1L 

interacts with Bim and inhibits activation of the pro-apoptotic protein Bax. 2006. Journal 

o f Biological Chemistry. 281:39728-39.

All o f the experiments included within this chapter were performed by J. Taylor, with the 

exception of Figure 4.7, which was performed by D. Quilty. The original manuscript was 

written by J. Taylor, and a major editorial contribution was made by M. Barry.
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4.1 Introduction

Apoptosis at the mitochondria is controlled by the pro-apoptotic proteins Bak and 

Bax, and at least one of Bak or Bax is required to induce mitochondrial membrane 

permeablization during apoptosis (91, 204, 385). In order to effectively inhibit cell death 

during infection, certain viruses are able to inhibit both Bak and Bax activation thereby 

protecting the integrity of the mitochondrial membrane (107, 144, 332, 337, 338, 373). 

The expression of the vaccinia virus protein F1L inhibits the activation of both Bak and 

Bax (265, 379), but appears to do so by two different mechanisms. F1L inhibits the N- 

terminal activation and oligomerization of Bak, and interacts with Bak as a mechanism to 

inhibit Bak activation (265, 329, 379). F1L also inhibits the activation, translocation, and 

insertion of Bax into the mitochondrial outer membrane during apoptosis (Chapter 3) 

(350). Intriguingly, F1L does not interact with Bax, even following an apoptotic stimulus, 

suggesting that F1L indirectly inhibits Bax by modulating events upstream of Bax 

activation (350). Interestingly, F1L can be induced to interact with Bax in the presence of 

the detergent Triton-X-100 which unfolds Bax and reveals the BFI3 domain (350). It is 

possible that F1L may be able to bind to the BH3 domain of Bax and other Bcl-2 family 

proteins, as a recent report has shown that a soluble version o f F1L can bind to BH3 

peptides from Bak, Bax, and Bim (113).

The BH3-only proteins are members o f the Bcl-2 family that induce Bax and Bak 

activation in response to pro-apoptotic stimuli (187, 330). BH3-only proteins are believed 

to activate Bak and Bax either by directly interacting with Bak and Bax, or by binding 

and repressing the pro-survival Bcl-2 family proteins (52, 61, 187, 236, 392). The BH3- 

only protein Bim is a potent activator of apoptosis that directly activates Bak and Bax 

(187, 194, 219, 250). Cells deficient in Bim are resistant to apoptosis induced by cytokine 

withdrawl and microtubule alterations (35, 268). Bim is produced as three different 

isoforms: BimS (short), BimL (long), and BimEL (extra-long) (Fig. 1.10), with the 

shorter isoforms being more potent inducers o f apoptosis.
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At least three different mechanisms regulate the pro-apoptotic activity of Bim. 

Bim can be transcriptionally up-regulated following an apoptotic insult (35, 268, 270, 

389), and BimL and BimS are not detected in most healthy cell populations, but are up- 

regulated during apoptosis (147, 268). BimEL is a less potent pro-apoptotic protein, and 

is naturally found in most cell types (250). BimEL or BimL are sequestered by the 

microtubule dynein light chain or by Mcl-1 (141, 142, 193, 269). Alternatively, Bim 

isoforms are also regulated post-translationally via phosphorylation (196).

BimEL has been shown to be phosphorylated through activation o f the 

extracellular signal-regulated kinase (ERK1/2) pathway (30, 197, 210, 218, 387). The 

primary site for BimEL phosphorylation by ERK1/2 kinases is serine 69 (Ser69) (Fig. 

1.10), and this promotes the ubiquitination and subsequent degradation of BimEL by the 

26S proteasome (197, 210, 218). BimEL is phosphorylated by other mechanisms, 

however, as BimEL lacking either Ser69 or the ERK1/2 binding domain is still able to be 

phosphorylated (197, 210, 218). Indeed, BimEL and BimL can be phosphorylated for 

activation, as JNK kinases phosphorylate BimL following UV-treatment and JNK kinases 

phosphorylate BimEL in neurons resulting in Bim activation (193, 267). The exact 

signals that induce and control Bim phosphorylation are not understood, although 

numerous phosphorylation events can modify Bim, with either pro- or anti-apoptotic 

effects.

Considering the fact that F1L is able to inhibit Bax activation in the absence of a 

direct interaction, we hypothesized that F1L may modulate upstream signaling proteins. 

The BH3-only protein family can directly and indirectly induce Bax activation. F1L 

constitutively interacts with Bak, F1L interacts with BH3 peptides from Bim, Bak and 

Bax (113), and F1L also interacts with Bax in the presence of Triton-X-100 (265, 349, 

379)., altogether suggesting that F1L may interact with BH3 domains. As F1L also 

inhibits Bax activation without interacting with Bax, we hypothesized that F1L may be a 

BH3-only binding protein, The BH3-only protein Bim is a direct activator of Bak and
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Bax (147, 187, 194), and F1L was previously reported to interact with a soluble BH3 

domain from Bim. We investigated whether F1L interacts with and inhibits apoptosis 

induced by the BH3-only protein Bim. Here we show that F1L interacted with and 

inhibited apoptosis mediated by Bim.

4.2 Results

4.2.1 F1L expression inhibits apoptosis induced by the BH3-only proteins Bid, Bmf 

and BimL

Cells infected with VV(Cop)AFlL undergo apoptosis and Bax activation (379), 

and our data suggests that F1L can inhibit Bax activation independent of a direct 

interaction with Bax (Chapter 3). Given that BH3-only proteins are the initial pro- 

apoptotic effector molecules that function upstream of Bax (330), we examined the 

ability o f F1L to inhibit apoptosis induced by the overexpression o f three BH3-only 

proteins, Bmf, full-length Bid, and BimL, all of which induce mitochondrial dysfunction 

and apoptosis in tissue culture (250, 271, 376). Although full-length Bid is usually 

cleaved by caspase-8 to give rise to active tBid, overexpression of full-length Bid also 

induces mitochondrial dysfunction in transfected cells, and this is inhibited by Bcl-2 

(376). In order to examine the ability o f F1L to inhibit apoptosis induced by Bmf, Bid, or 

BimL, we co-transfected cells with either pEGFP-C3, pEGFP-FIL, pEGFP-Bcl-2, or 

pEGFP-FlL(206-226) which contains only the C-terminal hydrophobic domain of F1L 

and targets EGFP to the mitochondrial membrane but does not inhibit apoptosis (329). At 

16 hours post-transfection, cells were stained with the fluorescent mitochondrial dye 

TMRE to assess the mitochondrial membrane potential. Cells co-transfected with EGFP 

and either Bmf, Bid, or BimL exhibited significant mitochondrial membrane 

depolarization (Fig. 4.1 A, B, and C). Similarly, cells co-transfected with EGFP-F1L(206- 

226) and either Bmf, Bid or BimL also exhibited loss o f the mitochondrial membrane 

potential (Fig. 4 .1 A, B, and C). Cells co-transfected with EGFP-Bcl-2 were significantly
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Figure 4.1. F1L inhibits BH3-only protein induced apoptosis.
HeLa cells were co-transfected with either pEGFP, pEGFP-FIL, pEGFP-FlL(206-226), or 
pEGFP-Bcl-2, along with either pcDNA3-T7-Bmf (A), pCMV5-Bid (B), or 
pcDNA3-FLAG-BimL (C) for 16 hours. Cells were stained with TMRE to label healthy 
mitochondria and analyzed using two-colour flow cytometry. TMRE release was calculated as a 
percentage of EGFP-positive cells showing a loss of mitochondrial membrane potential when 
co-transfected with each BH3-only protein. Following flow cytometry analysis, protein samples 
were analyzed by western blotting with either anti-T7 (A), anti-Bid (B), or anti-Bim (C) to 
detect Bmf, Bid, and BimL respectively.
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protected from Bmf, Bid or BimL-induced loss of the mitochondrial membrane potential 

as expected (Fig. 4.1 A, B, and C). Co-transfection of EGFP-F1L also strongly inhibited 

the loss of the mitochondrial membrane potential induced by either Bmf, Bid, or BimL 

overexpression (Fig. 4AA, B, and Q .  F1L or Bcl-2-mediated inhibition o f apoptosis in 

this experiment was not due to lower expression levels of Bmf, Bid, and BimL. Western 

blotting lysates from all samples showed equivalent or elevated levels of Bmf, Bid, or 

BimL expression in EGFP-F1L or EGFP-Bcl-2 transfected samples when compared to 

cells co-expressing EGFP or EGFP-FlL(206-226) (Fig. 4.1 A, B  and C). The increased 

expression of each BH3-only protein in F1L or Bcl-2 expressing cells was perhaps due to 

the protective effects of F1L or Bcl-2 on cell viability, thus enhancing protein expression 

(Fig. 4AA-C). Altogether, F1L has the ability to inhibit apoptosis induced by the direct 

overexpression o f the BH3-only proteins Bmf, Bid, and BimL.

F1L interacts with Bak as a mechanism to inhibit cytochrome c release and 

mitochondrial dysfunction (265, 379). We investigated whether Bak was required for the 

FIL-mediated inhibition of BH3-only proteins. We expressed either full-length Bid or 

BimL in Bak7' MEFs, and co-expressed either EGFP-F1L or EGFP-FlL(206-226). Cells 

were fixed and stained with anti-cytochrome c to detect cytochrome c localization. In 

healthy cells, cytochrome c appears as a punctate mitochondrial staining pattern when 

visualized using confocal microscopy. Apoptotic cells instead display a diffuse 

cytochrome c staining pattern indicative of cytochrome c release from the mitochondria 

into the cytosol. To detect Bid and Bim expression in transfected cells, cells were also co­

stained with either anti-Bid or anti-Bim. As seen in Figure 4.2A, cells co-expressing 

EGFP-FlL(206-226) and Bid displayed a diffuse cytochrome c staining pattern (Fig. 

4.2A, panels a-c), indicating cytochrome c release into the cytoplasm. Neighbouring 

healthy cells not expressing Bid, however, showed a punctate cytochrome c staining 

pattern, indicative o f mitochondrial-localized cytochrome c (Fig. 4.2A, panels a-c). In 

contrast, cells co-expressing EGFP-F1L and Bid still displayed a punctate cytochrome c
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Figure 4.2. F1L expression inhibits BFB-only induced cytochrome c release in Bak-deficient 
cells. Bak-deficient MEFs were co-transfected with lp g  o f either pCMV5-Bid (A) or 
pcDNA3-FLAG-BimL (B), along with 4pg o f either EGFP-F1L or EGFP-F1L (206-226) for 
16 hours. Cells were then fixed and stained with anti-cytochrome c (clone 6F12.B4) and either 
anti-Bim or anti-Bid. Cells were stained with anti-mouse-Alexa63 3 and anti-rabbit-Alexa546 
secondary antibodies, and visualized using confocal microscopy. Arrows indicate cells 
expressing o f either Bid or BimL. C, cells were singly transfected with EGFP-FlL(206-226), 
stained with anti-cytochrome c and visualized as above.
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staining pattern (Fig. 4.2A, panels d-f), indicating that F1L expression in Bak_/" cells 

inhibited Bid-induced release o f cytochrome c from mitochondria. The expression of 

EGFP-FlL(206-226) alone did not induce cytochrome c release from mitochondria (Fig. 

4.2C, panels a-c), as cells singly transfected with EGFP-FlL(206-226) displayed punctate 

cytochrome c, as expected (329).

We also investigated the ability of F1L to inhibit BimL-induced cytochrome c in 

Bak-deficient cells. Similar to our results with Bid, co-expression of the BFI3-only 

protein BimL dramatically induced cytochrome c release from cells expressing EGFP- 

FlL(206-226) (Fig. 4.25, panels a-c). Bak'A MEFs co-expressing EGFP-F1L, however, 

displayed a healthy punctate staining pattern for cytochrome c despite the expression of 

BimL (Fig. 4.25, panels d-f). These results demonstrate that F1L can inhibit cytochrome 

c release induced by overexpression o f the BH3-only proteins Bid and BimL, even in 

cells that lack Bak.

4.2.2 Vaccinia virus infection induces BimEL phosphorylation

A recent report indicated that a soluble version of F1L was able to interact with 

purified BH3 peptides from Bak, Bax and Bim (113). F1L can inhibit apoptosis induced 

by BimL, so we investigated the role of Bim in vaccinia-induced apoptosis. We first 

addressed whether vaccinia virus infection had any effect on Bim protein expression, as 

Bim is regulated transcriptionally, and post-translationally by phosphorylation (196, 270, 

330). Western blotting of whole cell lysates demonstrated that HeLa cells express natural 

levels o f BimEL, but no BimL or BimS, while Bim-deficient baby mouse kidney cells do 

not express any of the Bim isoforms as expected (Fig. 4.3.4) (346). Infection with VV 

induces apoptosis, and BH3-only proteins such as Bim are transcriptionally and post- 

translationally regulated during apoptosis (196, 270), so we examined whether vaccinia 

infection altered the expression of BimEL. HeLa cells were infected with VV(Cop) for 2, 

4, 6, or 8 hours, and lysates were western blotted with anti-Bim. While infection with
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Figure 4.3. Vaccinia virus infection induces BimEL phosphorylation.
A ,  HeLa or B in r/_ BM K cell lysates were probed with anti-Bim, and the predicted migration 
o f  each Bim  isoform  is indicated. B , HeLa cells were infected w ith W (C o p )  at a M OI o f  10 for 
the indicated times in the presence or absence o f  AraC (80pg/ml). Cells were lysed in 
SDS-PAGE sample buffer and western blotted w ith anti-Bim. Slower m igrating Bim EL bands 
are indicative o f  phosphorylated BimEL (P 0 4-BimEL). C, HeLa cells were infected with 
V V (C o p ) or U V -in activated  V V (C o p ) (U V -V V (C o p )) at an M O I o f  10 for 2, 4 , or 6 hours. 
Lysatses w ere western blotted w ith anti-Bim. D , W ild type BM Ks were infected w ith W (C o p )  
at an M OI o f  10 for 8 or 12 hours, and lysates were western blotted w ith anti-Bim.
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VV(Cop) resulted in no significant change in the amounts o f BimEL when compared to 

uninfected cells (Fig. 4.35, lanes 1-5), BimEL from VV(Cop)-infected cells migrated 

slower by SDS-PAGE (Fig. 4.35 lanes 2-5) than BimEL from mock-infected lysates (Fig. 

4.35 lane 1), and this change in BimEL migration has been shown to be the result of 

phosphorylation (147, 196, 197, 210). This effect was seen as early as 2 hours post­

infection, and was maintained at 4, 6, and 8 hours post infection (Fig. 4.35 lanes 2-5).

To assess whether a late viral protein was required for VV-induced 

phosphorylation o f BimEL, we treated cells with the nucleoside analogue cytosine 

arabinoside (AraC). AraC interferes with viral DNA replication and, as a result, inhibits 

viral late gene transcription which is dependent on viral DNA replication (252, 370). 

Cells were infected with VV(Cop) for 2, 4, 6, or 8 hours in the presence of AraC, and 

lysates were blotted with anti-Bim. Inclusion o f AraC in VV(Cop)-infected cells had no 

effect on the appearance of the slower-migrating phosphorylated form of BimEL (Fig. 

4.35, lanes 5-8). This result suggests that viral late gene synthesis is not required for this 

virus-induced change in BimEL. Combined with the fact that this slow migrating form of 

BimEL was seen at only 2 hours post-infection (Fig. 4.35, lane 2), this effect is induced 

very early during infection and is independent of late viral protein synthesis. To 

determine if the active process of VV infection is required to induce BimEL 

phosphorylation, cells were infected with UV-inactivated VV to ensure that the induced 

change in BimEL was not due to contaminating cellular membranes or proteins in virus 

preparations. Cells were infected with VV(Cop) or UV-inactivated VV(Cop) at an MOI 

of 10, lysates harvested at 2, 4 and 6 hours post-infection, and samples were western 

blotted with anti-Bim. Infection with VV(Cop) again displayed a dramatic shift in the 

migration o f BimEL at all time points post infection (Fig. 4.3C, lanes 2-4), when 

compared to uninfected cell lysates (Fig. 4.3C, lane 1). Infection with UV-inactivated 

VV(Cop), however, did not induce the phosphorylation of BimEL (Fig. 4.3C, lanes 5-7). 

To determine whether this VV-induced phosphorylation of BimEL was specific for HeLa
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cells, we also assessed the ability of VV to induce this change in BimEL migration in 

wild type BMKs. BMKs were infected with VV(Cop) for 8 or 12 hours, and lysates were 

western blotted with anti-Bim. Protein samples from VV(Cop)-infected BMKs also 

demonstrated a change in BimEL migration by SDS-PAGE (Fig. 4.3D, lanes 2-3) when 

compared to uninfected BMKs (Fig. 4.3D, lane 1). Although this effect does not appear 

to be as dramatic and complete as the effect seen in HeLa cells, this suggests that the VV- 

induced change in BimEL is not limited to HeLa cells.

The pro-apoptotic activity of Bim is controlled by both transcriptional and post- 

translational mechanisms. For instance, BimEL and BimL are phosphorylated by 

different kinases resulting in either activation or inhibition o f Bim (193, 196, 197, 210, 

267). ERK1/2 kinases can phosphorylate BimEL on serine69, and this induces the 

ubiquitination and subsequent degradation of BimEL by the 26S proteasome (30, 387). 

We therefore assessed whether the activation of ERK1/2 kinases is responsible for the 

VV-induced phosphorylation of BimEL. The kinase inhibitor U0126 inhibits MEK 

kinases which are responsible for the direct activation o f ERK1/2 kinases and as a result 

inhibits ERK1/2-dependent BimEL phosphorylation (30, 108). Cells were infected with 

VV(Cop) in the presence or absence o f U0126 and samples harvested at 2, 4, and 6 hours 

post-infection were western blotted with anti-Bim. HeLa cells infected with VV(Cop) 

again demonstrated a shift in BimEL migration (Fig. AAA, lanes 3-5) when compared to 

BimEL from uninfected cells (Fig. 4.4,4, lane 1). Treatment of uninfected cells with 

U0126 had a minor effect on BimEL migration (Fig. AAA, lane 2), as BimEL appeared as 

a more compact band compared to the slightly diffuse band from untreated cells (Fig 4.4,4 

lane 1). Lysates from cells infected with VV(Cop) in the presence o f U0126, however, 

showed a dramatic decrease in the VV-induced slow-migrating form of BimEL (Fig. 

AAA, lanes 6-8). Although this altered form of BimEL was reduced in the presence of 

U0126, the profile of BimEL was not identical to the single tight band seen in uninfected 

cells (Fig. AAA, lane 2), suggesting that there may be other VV-induced effects on
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Figure 4.4. Inhibition o f  ER K  kinases inhibits B im EL phosphorylation.
A ,  HeLa cells w ere pre-treated w ith the M EK -inhibitor U0126 (30pM ) for 30 minutes, and 
infected w ith W (C o p )  at an M OI o f  10. Samples were harvested at 2, 4, and 6 hours 
post-infection and were western blotted w ith anti-Bim. B ,  Hela cells were pre-treated with the 
PI-3 kinase inhibitor wortm annin (200nM ) for 30 minutes, infected w ith VY(Cop) at an M OI 
o f  10, and samples harvested at 2 and 4 hours post-infection were w estern blotted with 
anti-Bim.
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BimEL. To examine whether other kinases are required for BimEL phosphorylation, we 

inhibited phosphatidylinositol-3-kinase (PI-3-kinase), which has not been reported to be 

required for BimEL phosphorylation (147, 210). Cells were infected with VV(Cop) in the 

presence or absence of the PI-3-kinase inhibitor, wortmannin (Fig. 4.42?). Cells infected 

with VV(Cop) again demonstrated a shift in BimEL migration (Fig. 4.42?, lanes 5-6), 

compared to BimEL from uninfected cells (Fig. 4.42?, lane 1). Treatment of mock- 

infected cells with wortmannin had no effect on BimEL expression or migration (Fig. 

4.42?, lane 2). VV(Cop)-infected cells treated with wortmannin, however, still displayed a 

shift in BimEL migration by SDS-PAGE (Fig 4.42?, lanes 3-4). These results suggest that 

infection with vaccinia virus induces a rapid post-translational change in BimEL that is 

likely due in part to ERK1 /2-dependent phosphorylation.

Reports indicate that BimEL phosphorylated on Ser69 is rapidly ubiquitinated and

degraded by the 26S proteasome within 3-6 hours (210). In VV(Cop)-infected lysates,

this phosphorylated form o f BimEL is maintained at 8 hours post-infection. As other

phosphorylated forms of BimEL or BimL can act as pro-apoptotic molecules (193, 267),

we hypothesized that this phosphorylated form of BimEL may be pro-apoptotic. To

address the effect of VV-induced BimEL phosphorylation on virus-induced apoptosis,

cells were infected with VV(Cop)AFlL in the presence and absence of U0126. Cells were

then lysed and probed with anti-Bim to detect BimEL, or with anti-PARP to examine

VV-induced PARP cleavage and apoptosis (173). Infection with VV(Cop)AFlL, similar

to infection with VV(Cop), induced the appearance o f slower-migrating BimEL, and this

was dramatically maintained at 12, 18, and 24 hours post infection (Fig. 4.5A, lanes 3-5).

Treatment of cells with TNFa, on the other hand, did not induce the appearance of the

slow-migrating form of BimEL (Fig. 4.5^4, lane 1). Inclusion o f U0126 also had no

significant effect on the migration of BimEL from TNFa-treated cells (Fig. 4.5A, lane 2).

Inclusion o f U0126 in cells infected with VV(Cop)AFlL, however, inhibited BimEL

phosphorylation (Fig. 4.521, lanes 6-8), even at 24 hours post-infection. To determine
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Figure 4.5. Inhibition o f  BimEL phosphorylation does not inhibit W (C o p )A F lL -in d u ced  
apoptosis. H eLa cells were pre-treated for 30 minutes where indicated w ith U0126 (30pM ). 
Cells were either infected w ith VY(Cop) or V Y (C op)A FlL  at a M OI o f 10 for the indicated 
times, or treated w ith lOng/ml T N F -a  plus 5p.g/ml cyclohexim ide for 12 hours. Cells were 
harvested in SDS-PAGE sample buffer containing 8M urea and western blotted with anti-Bim  
and anti-GFP (A), or anti-PARP (B).
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whether inclusion of U0126 had any significant effect on viral protein expression, 

samples were also blotted for EGFP expression, as VV(Cop)AFlL expresses EGFP from 

a poxviral promoter (379). Inclusion of U0126 had no significant effect on EGFP 

expression (Fig. 4.5A), although ERK activity has been reported to be required for 

optimal virus replication (8, 89). To examine the effect of U0126 on VV(Cop)AFlL- 

induced apoptosis, samples from Figure 4.5A were also probed with anti-PARP to detect 

PARP cleavage. As expected, treatment o f cells for 12 hours with TNFa induced 

dramatic PARP cleavage as compared to untreated cells (Fig. 4.55, lanes 1 and 2), and 

treatment with U0126 had no effect on TNFa-induced PARP cleavage (Fig. 4.55, lane 

3).(199, 212). As expected, infection with VV(Cop)AFlL induced PARP cleavage at 18 

and 24 hours post-infection (Fig. 4.55, lanes 4-5), while infection with wild type 

VV(Cop) only induced minor amounts o f PARP cleavage at 24 hours post-infection (Fig. 

4.55, lane 8). Intriguingly, inclusion of U0126 to inhibit VV(Cop)AFlL-induced BimEL 

phosphorylation had no significant effect on VV(Cop)AFlL-induced PARP cleavage 

(Fig. 4.55, lanes 6-7). This suggests that virus-induced phosphorylation of BimEL is not 

absolutely required for VV-induced apoptosis, and that virus-induced death likely 

stimulates the activation of Bim or other BH3-only proteins by different mechanisms.

4.2.3 F1L expression inhibits Bax activation induced by BimL

The BH3-only protein Bim is reported to function as a direct activator of Bax (54,

147, 187, 194, 219), and previous observations indicate that a peptide encompassing the

BH3 domain of Bim strongly interacts with F1L, suggesting that F1L may exert its anti-

apoptotic activity by binding with full-length Bim (113). Since F1L indirectly inhibits

Bax activation (350), we examined whether F1L could inhibit Bax activation induced by

BimL. HeLa cells were transiently transfected to express BimL along with either EGFP-

F1L or EGFP-FlL(206-226) (329). Bax activation was then assessed by staining with the

conformation-specific anti-Bax(6A7) and visualized using confocal microscopy. Mock
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transfected cells showed no Bax activation (Fig. 4.6A, panel a), while cells transfected 

with BimL alone demonstrated significant reactivity with anti-Bax(6A7), indicative of 

Bax activation (Fig. 4.6A, panel b). HeLa cells singly-transfected with EGFP-F1L(206- 

226) were healthy and showed no Bax activation (Fig. 4.65, panels a-c). Cells co­

transfected with BimL and EGFP-FlL(206-226), however, resulted in significant levels 

of Bax activation in transfected cells (Fig. 4.65, panels d-f), as EGFP-FlL(206-226) does 

not inhibit apoptosis (329). In contrast, expression of EGFP-F1L dramatically inhibited 

Bax activation induced by BimL overexpression (Fig. 4.65, panels g-i). EGFP-F1L- 

mediated inhibition of Bax activation was not due to the lack o f BimL expression, as 

EGFP-F1L expressing cells (Fig. 4.6C, panels a-c) and EGFP-FlL(206-226)-expressing 

cells (Fig. 4.6C, panels d-f) both expressed BimL. Results were quantified by 

determining the percentage of EGFP-positive cells demonstrating anti-Bax(6A7) 

reactivity (Fig. 4.6D). Altogether, these results suggest that F1L can inhibit BimL- 

induced Bax activation.

4.2.4 F1L Interacts with BimL

F1L does not interact with Bax, yet F1L inhibits Bax activation induced by a 

number of stimuli, including BimL expression. Considering that soluble F1L interacts 

with the BH3 domains from Bak, Bax, and Bim, we hypothesized that F1L may inhibit 

Bax by interacting with BH3-only proteins (330, 390). To examine whether F1L interacts 

with BimL, HEK293T cells were co-transfected to express FLAG-BimL and either 

EGFP, EGFP-F1L, EGFP-Bcl-2 or EGFP-FlL(206-226). Co-transfected cells were lysed 

in 2% CHAPS and immunoprecipitated with anti-EGFP. Western blotting of lysates with 

anti-Bim showed that all samples contained equivalent amounts o f FLAG-BimL (Fig. 

4.7A), while western blotting o f immunoprecipitations with anti-EGFP showed that each 

EGFP-tagged protein was precipitated, as expected (Fig. 4.7A). Intriguingly, western 

blotting of immunoprecipitates with anti-Bim revealed that both EGFP-F1L and EGFP-
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Figure 4.6. F1L inhibits BimL-induced Bax activation. A ,  HeLa cells were mock transfected or 
transfected with pcDNA3-FLAG-BimL for 16hrs, fixed and stained with anti-Bax(6A7) and anti­
mouse Alexa546 to detect activated Bax. Cells were visualized with confocal microscopy. B ,  
HeLa cells w ere co-transfected w ith  p cD N A 3-F L A G -B im L  and either EG FP-F1L or 
EGFP-FlL(206-226) for 16 hours. Cells were fixed and stained with anti-Bax(6A7) and 
anti-mouse-Alexa546 to visualize activated Bax by confocal microscopy. C, HeLa cells were 
transfected with EGFP-F1L, or EGFP-FlL(206-226) and pcDNA3-FLAG-BimL, and stained 
with anti-Bim and anti-rabbit Alexa546 to detect BimL. D ,  EGFP positive cells reactive with 
anti-Bax(6A7) from (B) were quantified, with 200 cells counted in triplicate (±S.D.)
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Figure 4.7. F1L interacts with the BH3-only protein BimL.
A, HEK293T cells were co-transfected with 4|Xg of pEGFP, pEGFP-FIL, pEGFP-Bcl-2, or 
pEGFP-FlL(206-226), along with ljjig of pcDNA3-FLAG-BimL for 16 hours, lysed in 2% 
CHAPS lysis buffer, and immunoprecipitated with goat anti-EGFP. IPs were probed with rabbit 
anti-EGFP or anti-Bim to detect precipitated proteins, and lysates were probed with anti-Bim.
B , H E K 293T  c e lls  w ere  transfected  and ly sed  as in  (A ), and im m unoprecip itated  w ith  
anti-FLAG(M2). IPs were immunoblotted with either rabbit anti-EGFP or anti-Bim to detect 
co-precipitated proteins, and lysates were blotted with rabbit anti-EGFP.
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Bcl-2 co-precipitated significant amounts of BimL, whereas no interaction was observed 

between BimL and either EGFP or EGFP-FlL(206-226) (Fig. 4.7A). Reciprocal co- 

immunoprecipitations were performed by immunoprecipitating with anti-FLAG to 

precipitate FLAG-BimL. Lysates from each sample displayed similar levels of each 

EGFP-tagged protein as assessed by anti-EGFP western blots (Fig. 4.75), and an 

equivalent amount of FLAG-BimL was immunoprecipitated in each sample as shown by 

western blotting with anti-Bim (Fig. 4.75). Western blotting of immunoprecipitations 

with anti-EGFP revealed that FLAG-BimL did not co-immunoprecipitate with either 

EGFP or EGFP-FlL(206-226) (Fig. 4.75). In contrast, immunoprecipitation of FLAG- 

BimL resulted in co-precipitation of both EGFP-Bcl-2 and EGFP-F1L (Fig. 4.75), 

indicating that F1L interacts with ectopically expressed BimL.

Given that F1L localizes to the mitochondria and interacts with FLAG-BimL, we 

examined the distribution of ectopically expressed BimL. HeLa cells were transfected 

with BimL along with either pEGFP, pEGFP-FIL, or pEGFP-FlL(206-226). Cells were 

fixed and stained with anti-Bim, and visualized using confocal microscopy. As expected, 

EGFP alone gave a diffuse cytoplasmic staining pattern (Fig. 4.8A, panel a), while both 

EGFP-F1L and EGFP-FlL(206-226) exhibited a punctate distribution pattern (Fig. 4.8A, 

panels d, g), which is mitochondrial in nature (329, 382). Ectopic BimL was also punctate 

and mitochondrial in each sample (Fig. 4.8A, panels b, e, h) and colocalized with EGFP- 

F1L but not EGFP alone (Fig. 4.8A, panels c, f), indicating that F1L and BimL co- 

localize at the mitochondria. As well, expression of EGFP-FlL(206-226) also co­

localized with BimL (Fig. 4.8A, panel i), despite failing to co-immunoprecipitate BimL 

(Fig. 4.7). This indicates that the interaction between EGFP-F1L and FLAG-BimL is 

dependent on more than the final 20 amino acids of F1L.

We also assessed the ability of F1L to interact with endogenous BimL by using 

Bak'7TBax"7' BMKs which naturally express detectable levels o f BimL (designated as 

Bim+/+ BMKs)(346). Bim+/+ and Bim'7' BMKs were infected with VV:FLAG-F1L to
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Figure 4.8. F1L co-localizes with exogenous BimL and interacts with endogenous BimL.
A ,  HeLa cells were co-transfected with pcDNA3FLAG-BimL and either pEGFPC3, pEGFP-FIL 
or pEGFP-FlL(206-226). Cells were stained with anti-Bim, co-stained with secondary 
anti-rabbit-Alexa546 and visualized using confocal microscopy (bar = 10pm). B ,  F1L interacts 
with endogenous BimL. Bak Bax 7' BMKs (designated Bim+/+) or B in r BMKs were infected 
with VV:FLAG-F1L for 16 h, lysed in 2% CHAPS lysis buffer, and immunoprecipitated with 
anti-Bim. Immunoprecipitations were immunoblotted with anti-Bim to detect precipitated BimL, 
or anti-FLAG (M2) to detect any co-precipitated FLAG-F1L. Lysates were probed with 
anti-FLAG to detect FLAG-F1L.
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express FLAG-tagged F1L (346). Cells were lysed in 2% CHAPS and 

immunoprecipitated with a Bim specific antibody. Immunoprecipitates were western 

blotted with anti-Bim to detect immunoprecipitated BimL or with anti-FLAG to detect 

FLAG-F1L. As expected, BimL was immunoprecipitated from both infected and 

uninfected Bim+/+ BMKs (Fig. 4.85). Although western blotting o f lysates with anti- 

FLAG revealed a significant amount of FLAG-F1L in infected Bim7' cells, no FLAG- 

F1L was co-immunoprecipitated from Bim7' cells with anti-Bim (Fig. 4.85), indicating 

that the anti-Bim antibody does not interact with FLAG-F1L. In contrast, anti-Bim 

immunoprecipitations from VV:FLAG-FlL-infected Bim+/+ BMKs did co-precipitate 

FLAG-F1L, indicating that F1L interacts with endogenous BimL, and reinforces the 

observation that F1L has the capacity to interact with the BH3-only protein BimL.

4.2.5 Bim is involved in vaccinia virus-induced apoptosis

F1L interacts with BimL, suggesting that Bim may be a natural target for F1L 

during infection and that Bim may mediate VV-induced apoptosis. We assessed whether 

Bim was required for VV-induced apoptosis by infecting Bim-deficient cells with 

VV(Cop)AFlL and measuring apoptosis. Wild type (WT) or Bim7' BMKs were infected 

with VV(Cop) or VV(Cop)AFlL at an MOI of 10, and apoptosis was assessed at 10 or 15 

hours post-infection by counting surviving adherent cells. WT BMKs infected with 

VV(Cop) displayed limited amounts of cell death with the majority of infected cells still 

adherent (Fig. 4.9^4). VV(Cop)AFlL-infected WT BMKs demonstrated a significant 

reduction in cell survival at 10 and 15 hours post infection, as assessed by a loss of 

adherent cells. Pretreatment of WT BMKs with the broad-spectrum caspase inhibitor 

zVAD.fmk inhibited VV(Cop)AFlL-induced cellular loss, indicating that cell death was 

the result of caspase-dependent apoptosis (Fig. 4.8A). Similar to wild type cells, Bim7' 

cells infected with VV(Cop) showed no significant loss of adherent cells. Interestingly, 

infection of Bim7' BMKs with VV(Cop)AFlL induced the apoptotic loss of adherent
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Figure 4.9. Bim is required for vaccinia virus-induced apoptosis.
A, Apoptosis in WT or Bim7' BMKs was assessed by determining the number of healthy 
adherent cells. WT or Bim7' BMKs were infected with with W (Cop) or VV(Cop)AFlL for 10 
or 15 hrs, in the absence or presence of lOOpM zVAD.fmk to inhibit caspase activation, and 
healthy adherent cells were quantified as described in the m aterials and m eth ods. Standard  
deviations were calculated from three independent experiments. B, WT or Bim7' BMKs were 
infected with either W (Cop) or W(Cop)AFlL in the absence or presence of 100|xM zVAD.fmk 
for 8 hrs. Samples were harvested and analyzed by western blotting with anti-PARP. C, Bim+/+ or 
Bim7' BMKs were infected with W (Cop) for 8 or 12 hours, and lysates were western blotted 
with anti-Bim to detect BimEL, BimL, or BimS isoforms.
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cells, but at a reduced rate when compared to WT BMKs (Fig. 4.9A). VV(Cop)AFlL- 

induced apoptosis was also inhibited with the addition o f zVAD.fmk (Fig. 4.9A), 

indicating that cell death was dependent on caspases. These results suggest that Bim is 

partially required for VV(Cop)AFlL-induced death. Notably, however, VV-induced 

apoptosis was not completely abolished in Bim-deficient BMKs, indicating that other 

pro-apoptotic effector molecules are likely activated following VV infection.

To confirm these observations, we also examined VV(Cop)AFlL-induced PARP 

cleavage in WT or Bim7' BMKs. BMKs were infected with VV(Cop) or VV(Cop)AFlL 

for 8 hours, and lysates were western blotted with anti-PARP (173). Infection of either 

Bim7' or WT BMKs with wild type VV(Cop) did not result in significant PARP cleavage 

(Fig. 4.95), indicating that F1L inhibited VV-induced apoptosis in both cell lines. 

Infection with VV(Cop)AFlL, however, induced the cleavage of PARP in WT BMKs, 

but to a lesser extent in Bim7' BMKs (Fig. 4.95). Pre-treatment o f both cell lines with the 

caspase inhibitor zVAD.fmk inhibited VV(Cop)AFlL-induced PARP cleavage, 

indicating that PARP cleavage was the result of caspase-dependent apoptosis (114, 173). 

Densitometric analysis of PARP revealed that in VV(Cop)AFlL-infected WT BMKs, 

nearly 80% of PARP existed as a cleaved form, whereas only 40% of PARP was cleaved 

in Bim7' BMKs infected with VV(Cop)AFlL. These observations suggest that the pro- 

apoptotic activity of Bim is required for efficient VV-induced apoptosis and F1L 

expression inhibits this activity. As VV(Cop) was protected from VV-induced apoptosis 

in wild type BMKs, these results suggest that F1L can also inhibit apoptosis mediated by 

BimL during virus infection.

We observed that BimEL was phosphorylated during VV-infection, but that this is

not required for VV-induced apoptosis (Fig. 4.3-4.5). Bim, however, appears to be

required for VV-induced apoptosis in BMKs (Fig.. 4.9A, 5), suggesting that Bim is

somehow activated during VV-infection. To investigate whether Bim is transcriptionally

or post-translationally modified following virus infection, Bim+/+ BMKs (Bak7VBax7'
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BMKs) or Bim7' BMKs were infected with VV(Cop) for 8 or 12 hours, and lysates were 

harvested and immunoblotted with anti-Bim. As expected, a significant amount of 

BimEL and a much lesser amount of BimL was seen in Bim+/+ BMKs , but not Bim7' 

BMKs (Fig. 4.9C) (346). Dramatically, infection with VV(Cop) induced the apparent up- 

regulation o f BimS and BimL as well as an apparent change in the migration of BimL 

(Fig. 4.9C), which may also be the result of phosphorylation (193). Although the specific 

effect that VV-infection has on Bim expression remains to be determined, these 

observations suggest that Bim is an important regulator of apoptosis during VV-infection, 

and that F1L can specifically inhibit apoptosis mediated by Bim.

4.3. Discussion

The vaccinia virus protein F1L inhibits the activation of the pro-apoptotic multi­

domain proteins Bak and Bax (265, 350, 379)(Chapter 3). F1L, which constitutively 

interacts with Bak (265, 379), does not interact with Bax before or after an apoptotic 

stimulus (Chapter 3)(265, 350). As such, we hypothesized that F1L might function 

upstream through the inhibition of one or more Bax regulatory proteins. One set of 

proteins which regulate Bak and Bax are the BH3-only proteins, and the BH3-only 

protein Bim has been documented to be a direct activator o f Bak and Bax (147, 187, 194). 

Intriguingly, a soluble version of F1L interacts with BH3-peptides from Bim, Bak and 

Bax (113), suggesting that F1L may interact with BH3 domains as a mechanism of 

action. In support of this, our data indicate that F1L can interact with Bax in the presence 

of Triton-X-100, which induces a conformational change in Bax and reveals the BH3 

domain (Chapter 3) (157, 158, 350). As such, we investigated the ability of F1L to 

modulate the pro-apoptotic effects of the BH3-only protein Bim.

Several studies have shown that Bim is a direct activator of Bak and Bax (187, 

194, 250), and phosphorylation by ERK1/2 kinases also target Bim for ubiquitination and 

degradation by the 26S proteasome (30, 147, 197, 210, 218). Intriguingly, infection with
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either VV(Cop) or VV(Cop)AFlL induces the appearance of a slower migrating form of 

BimEL, which is characteristic of phosphorylated BimEL (Fig. 4.3-4.5). Inclusion of the 

kinase inhibitor U0126, which inhibits ERK1/2 activation, predominantly inhibited VV- 

induced BimEL phosphorylation (Fig, 4.4,4), suggesting that ERK1/2 is likely 

responsible for the dramatic shift in BimEL migration, although other kinases may be 

activated during VV-infection. The ERK1/2 kinase pathway is activated during VV 

infection, and ERK1/2 activation is not dependent on viral DNA replication (8, 89). 

Indeed, we also observed BimEL phosphorylation in the presence of the DNA replication 

inhibitor AraC (Fig. 4.3B). VV-induced ERK1/2 activation has been shown to require de 

novo protein synthesis during infection (8), suggesting that a viral protein is responsible 

for triggering this pathway, and consequently BimEL phosphorylation. The identification 

of specific viral proteins which regulate and trigger the ERK kinase pathway remains to 

be determined.

Reports demonstrating BimEL phosphorylation by ERK1/2 indicate that BimEL 

is subsequently ubiquitinated and degraded by 6 hours post-phosphorylation (147, 197, 

210). Interestingly, infection with VV induced the long-lasting phosphorylation of 

BimEL up to 24 hours post-infection (Fig. 4.3-4.5), suggesting that this form of BimEL is 

not ubiquitinated and degraded. VV-induced phosphorylation of BimEL may therefore 

not occur on the same residues which typically lead to BimEL ubiquitination. 

Alternatively, it is possible that the ubiquitin-mediated degradation pathway is negatively 

affected during VV-infection. BimEL phosphorylated during VV-infection did not appear 

to be pro-apoptotic, as inclusion o f U0126 to inhibit BimEL phosphorylation had no 

effect on VV(Cop)AFlL-induced apoptosis (Fig. 4.5). We did, however, observe a 

decrease in VV(Cop)AFlL-induced apoptosis in Bim-deficient cells, indicating that Bim 

is at least partly required for VV-mediated apoptosis (Fig. 4.9,4 and B). In support of this, 

both BimL and BimS appear to be up-regulated in Bim+/+ cells infected with VV(Cop), 

and the migration of BimL also appears to be altered following VV infection (Fig. 4.9C).
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This altered form o f BimL may also be the result o f phosphorylation and activation (193). 

The inclusion of U0126 in VV-infected HeLa cells did not completely abolish the shift in 

BimEL migration (Fig. AAA), suggesting that other events may modify BimEL during 

virus infection. Indeed, other kinases, such as JNK kinases, have been documented to 

phosphorylate BimEL and BimL (193, 267). How infection with VV induces Bim 

phosphorylation and up-regulation remains to be determined, and further work is needed 

to characterize the expression and modification of Bim isoforms during VV-infection.

Wild type BMKs infected with VV(Cop) were protected from virus-induced 

apoptosis (Fig. 4.9A and B), indicating that F1L can inhibit apoptosis mediated by Bim. 

In support of this, F1L expression inhibited the loss of the mitochondrial membrane 

potential induced by the overexpression of BimL (Fig. 4.1). F1L expression also inhibited 

cytochrome c release induced by overexpression of Bim in Bak-deficient MEFs (Fig 4.2), 

demonstrating that the interaction between F1L and Bak is not required to inhibit Bim- 

induced apoptosis. BimL is a direct activator of Bak and Bax (147, 187, 194), so we 

assessed the ability of F1L to inhibit Bax activation induced by BimL. The activation of 

Bax by BimL was inhibited by F1L (Fig 4.6), but not by FlL(206-226) which lacks anti- 

apoptotic activity (329), demonstrating that F1L can inhibit apoptosis and Bax activation 

induced by BimL.

Pro-survival Bcl-2 proteins interact with and inhibit the activity of BH3-only 

proteins (61, 187, 194, 392). Considering that F1L inhibits apoptosis induced by BimL 

(Fig. 4.1-4.2), and a soluble version of F1L interacts with the BH3-peptide from BimL 

(113), we investigated whether full-length F1L could interact with BimL. Co- 

immunoprecipitations revealed that full-length F1L was capable of interacting with 

overexpressed BimL by co-immunoprecipitation (Fig. A.7A and B). Significantly, FLAG- 

F1L was able to interact with endogenous BimL during virus infection, as 

immunoprecipitation of BimL co-precipitated FLAG-F1L (Fig. A.SB). The mitochondrial- 

targeted construct EGFP-FlL(206-226), however, failed to co-immunoprecipitate BimL
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(Fig. 4.6A and B), despite displaying dramatic co-localization to the mitochondria with 

BimL (Fig. 4.7A). Taken together, this data supports a scenario by which F1L inhibits 

Bax activation by binding and sequestering BH3-only proteins, such as BimL. The crystal 

structure of a fragment o f Bim indicates that the BH3 domain of Bim is relatively 

unobstructed, and may make this domain more available for protein:protein interactions 

(206). Indeed, Bim and Puma are the only two BH3-only proteins which can interact with 

all o f the cellular pro-survival Bcl-2 family members (61, 65, 187). VV(Cop)-infected 

Bim"7' BMKs were still protected from VV-induced apoptosis (Fig. 4.9A, and B), 

suggesting that F1L can function in the absence o f Bim. As well, F1L expression inhibits 

the loss of the mitochondrial membrane potential induced by the overexpression of Bid or 

Bmf (Fig. 4.1), and F1L can inhibit cytochrome c release and Bax activation induced by 

Bid (Fig. 4.2) (350). These results suggest that F1L inhibits apoptosis mediated by 

multiple BH3-only proteins, although it remains to be determined whether F1L can 

directly interact with these or other BFI3-only proteins. No members o f the pro-survival 

Bcl-2 family appear to interact with all o f the BH3-only proteins. Mcl-1, for instance, 

only interacts with Bim, Puma and Noxa, while Bcl-2 interacts with Bim, Puma, Bmf and 

Bad (61, 65). B c1-xl is the most promiscuous and appears to interact with all of the BH3- 

only proteins with the exception of Noxa (61, 187). Considering this, it is entirely 

possible that F1L may selectively interact with certain BH3-only proteins to inhibit 

apoptosis and Bax activation. The identification o f BH3-only proteins which F1L can 

interact with will aid in our understanding of the mechanism F1L uses to inhibit 

apoptosis, as well as how VV induces apoptosis through BH3-only protein activation.
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CHAPTER 5: Ectromelia Virus EVM025 is a Functional Anti-Apoptotic Protein

The results contained within this chapter consist of unpublished material. The initial 

cloning of EVM025(E255), and the results presented in Fig. 5.3B  were generated by J. 

Fanaiean, a summer student mentored by J. Taylor. The results presented in Fig. 5.3C 

were generated by T. Stewart. All of the other experiments contained herein were 

performed by J. Taylor. The original manuscript was written by J. Taylor, and a major 

editorial contribution was made by M. Barry.
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5.1 Introduction

Ectromelia virus, also known as mousepox, is a member o f the Orthopoxviridae 

which causes a lethal disease in several strains o f mice (102, 110). Illness is typically 

associated with spontaneous amputation of infected limbs and the appearance o f pox-like 

lesions, and generalized organ failure ultimately results in death (102, 110). Ectromelia 

virus strain Moscow (EVM) is one of the most virulent strains, and possesses a genome 

of approximately 175 kb in size which encodes 175 open reading frames (62). 

Considering the genetic tools available for studying both poxviruses and mice, EVM is an 

excellent model system in which to study host:pathogen interactions. Indeed, EVM 

encodes a number o f proteins which inhibit various aspects of the host immune system, 

and the inhibition of apoptosis is no exception (62). Ectromelia virus encodes cytokine 

response modifier A (CrmA) which was originally identified as an inhibitor of the 

inteleukin-ip-converting enzyme (ICE/Caspase-1) (180, 274), and also inhibits caspase-8 

activation to interfere with death receptor-mediated apoptosis (241, 354). EVM also 

encodes the RING-fmger protein p28, which is a ubiquitin ligase that was shown to have 

protective effects against UV-induced apoptosis, but not TNF-induced apoptosis (43, 161, 

246).

The closely related Orthopoxvirus vaccinia virus encodes the potent anti-apoptotic 

protein F1L (382) (329, 379). In contrast to CrmA which specifically inhibits the 

extrinsic death receptor pathway (241, 354), F1L is a mitochondrial-localized protein 

which inhibits both extrinsic and intrinsic apoptotic stimuli (329, 382). F1L localizes to 

the mitochondrial outer membrane via a C-terminal hydrophobic domain where it inhibits 

cytochrome c release (329, 379, 382). Following an apoptotic stimulus, the pro-apoptotic 

proteins Bak and Bax homo-oligomerize into high molecular weight species at the 

mitochondria to facilitate cytochrome c release (11, 12, 384, 404). As a mechanism of 

action, F1L interacts constitutively with the pro-apoptotic protein Bak and inhibits the 

activation and oligomerization o f Bak following an apoptotic stimulus (265, 379).
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Recently, we showed that F1L is also able to inhibit activation o f the pro-apoptotic 

protein Bax, although no interaction between F1L has been detected before or after an 

apoptotic stimulus (265, 350). F1L instead interacts with the BH3-only protein BimL 

(350), and the inhibition o f BH3-only proteins by F1L is the current model by which F1L 

can inhibit Bax activation.

Alignment of the genomes of vaccinia virus and ectromelia virus reveals an 

ectromelia virus open reading frame, EVM025, which is homologous to F1L 

('www.poxvirus.org') (Fig. 5.1) (62). EVM025 encodes a putative hydrophobic 

transmembrane domain at the C-terminus similar to F1L (329), which targets F1L to the 

mitochondrial outer membrane (Fig. 5.1). While the C-terminal 210 amino acids of both 

proteins share greater than 90 percent amino acid identity, EVM025 encodes a large N- 

terminal extension comprised of 30 copies of an eight amino acid motif, “Asp-Asn-Gly- 

Ile-Val-Gln-Asp-Ile” (DNGIVQDI) (Fig. 5.1). This eight amino acid motif is also present 

25 times in the orthologue from EV strain Naval, but is not found more than once in any 

other poxviral orthologue (www.poxvirus.org). The ‘DNGIVQDI’ repeat has no 

homology with any known proteins, does not display any obvious predicted secondary 

structure, and has no known predicted function. Although F1L and EVM025 share 

homology at the C-termini, there are a number of notable amino acid differences within 

this conserved region (Fig. 5.1). For example, within the amino acid sequence of 

EVM025, there is an “Asp-Ile” insertion at amino acid 346, there are five Lys to Glu 

substitutions, two Ser to Asn substitutions, two Cys to Tyr substitutions, and a Phe 

insertion at amino acid 421 followed by a stretch o f 10 amino acids which show very low 

homology (Fig. 5.1). Single amino acid substitutions have been shown to dramatically 

alter the pro- or anti-apoptotic activities of proteins at the mitochondria (208, 375, 399). 

As well, mutation of Met 67 from F1L abrogates the interaction with Bak and eliminates 

the anti-apoptotic activity of F1L (265). Considering the obvious amino acid differences
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Figure 5.1 Alignment o f EVM025 and VVF1L. Amino acid alignment o f EVM025 and F1L from 
vaccinia virus, with the consensus sequence indicated below. The red box indicates the 
mitochondrial targeting domain. The blue box indicates the eight amino acid repeat m otif present 
30 times in EVM025, and present in VVF1L only once. The green circle indicates the insertion 
of Asp-Ile (DI) in the middle o f the C-terminal region o f EVM025. Note the series o f single 
amino acid substitutions, including five lysine-glutamate changes (denoted with asterixes). As 
well, the region between aminos acids 421 and 430 o f  EVM025 is highly variable compared to 
F1L (underlined). AlignX (Invitrogen) was used to generate the alignment.
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between F1L and EYM025, it is unknown whether EVM025 functions in a manner 

similar to F1L.

The ability to inhibit apoptosis is an important virulence mechanism for a number 

of pathogenic viruses (39, 82). Here we investigated whether EVM025 encodes a 

functional anti-apoptotic protein. We generated a strain of EVM deficient in EVM025 

and also generated truncation mutants of EVM025 in order to investigate the ability of 

EVM025 to interact with Bak and Bax.

5.2. Results

5.2.1 Ectromelia virus infection inhibits apoptosis.

Ectromelia virus strain Moscow (EVM) encodes two anti-apoptotic proteins, p28

and CrmA (43, 44, 62). The protein p28 has been shown to inhibit UV-induced, but not

Fas- or TN Fa -induced apoptosis (43), and CrmA inhibits caspase-8 activation following

treatment with TN Fa or FasL, but does not inhibit the intrinsic apoptotic cascade

involving the mitochondria (241, 354). To examine whether ectromelia virus encoded a

functional mitochondrial inhibitor of apoptosis, we induced death through the intrinsic

pathway at the mitochondria by treating cells with the kinase inhibitor staurosporine (27).

Jurkat cells were infected with either VV(Cop), EVM, or EVM lacking the caspase

inhibitor CrmA (EVMAcrmA), and treated with staurosporine to induce apoptosis. At 2

hours post-treatment, cells were fixed and stained for DNA fragmentation using TUNEL,

and analyzed by flow cytometry. Uninfected Jurkat cells or cells infected with either

VV(Cop), EVM, or EVMAcrmA all displayed similar levels of DNA fragmentation when

left untreated (Fig. 5.2A, panels a, c, e, g), indicative of healthy cell populations. Jurkat

cells treated with staurosporine exhibited a dramatic increase in fluorescence, which is

characteristic of DNA fragmentation and apoptosis (Fig. 5.2A, panel b). Infection with

VV(Cop) inhibited staurosporine-induced DNA fragmentation, as expected (Fig. 5.2A,

panel d) (381). Similarly, infection with either EVM or EVMAcrmA also inhibited
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Figure 5.2. Infection with ectromelia virus strain Moscow inhibits apoptosis. A, Jurkat cells 
were infected with VV(Cop), EVM, or EVMAcrmA at a MOI of 10 for 6 hours. Cells were 
treated with staurosporine (STS) to induce apoptosis, and two hours post-treatment, DNA 
fragmentation was assessed by TUNEL and flow cytometry. B, Jurkat cells were mock infected 
or infected with EVM, treated with STS, and samples analyzed by western blotting for clea v a g e  
of procaspase-3 at the indicated times post-treatment. C, Jurkat cells were infected as in (A), 
treated with STS, and cells were fractionated into mitochondria-containing pellet and soluble 
(cytoplasmic) fractions. Cytochrome c release was assessed by western blotting with 
anti-cytochrome c.
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staurosporine-induced DNA fragmentation (Fig. 5.2A, panels f, h). These results suggest 

that infection with EVM can inhibit apoptosis induced by intrinsic stimuli such as 

staurosporine, and that this is independent of the caspase inhibitor CrmA.

Staurosporine induces apoptosis specifically through the mitochondria (27), so we 

assessed the ability o f ectromelia virus to inhibit events upstream of DNA fragmentation, 

specifically the cleavage of caspase-3 and the release o f cytochrome c from mitochondria. 

Jurkat cells were infected with EVM for 6 hours and treated with staurosporine. Cells 

were fractionated into a cytosolic supernatant fraction and a mitochondrial-containing 

fraction at various time points post-treatment, and fractions were analyzed by western 

blotting with anti-caspase-3 or anti-cytochrome c. As expected, treatment of uninfected 

Jurkat cells with staurosporine resulted in the rapid cleavage o f procaspase-3 (Fig. 5.2B) 

(111). Cleaved caspase-3 fragments appeared as early as 2 hours post-treatment, and 

corresponded with the loss of the immature 32kDa form of procaspase-3 (Fig. 5.2B) 

(381). Infection with EVM, however, dramatically inhibited caspase-3 cleavage, even at 6 

hours post-staurosporine treatment (Fig. 5.2B). We also assessed the translocation of 

cytochrome c from the mitochondria into the cytosol by western blotting the 

mitochondrial pellet and cytosolic supernatant fractions with anti-cytochrome c. 

Uninfected Jurkat cells treated with staurosporine exhibited a rapid and complete 

translocation of cytochrome c from the mitochondrial pellet fraction to the cytosolic 

supernatant fraction as early as 2 hours post treatment (Fig 5.2Q . Infection with EVM, 

however, completely inhibited staurosporine-induced cytochrome c release (Fig. 5.2C), 

even at 6 hours post-treatment. These observations suggest that ectromelia virus can 

inhibit staurosporine-induced apoptosis at the mitochondria, similar to vaccinia virus 

(381).
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5.2.2. EVM025 is a 55kDa protein expressed throughout infection

Infection with EVM potently inhibits apoptosis and cytochrome c release induced 

by staurosporine, suggesting that EVM may encode a mitochondrial anti-apoptotic 

protein. As EVM025 is a predicted orthologue of F1L, we first examined the expression 

of EVM025 during infection using an antibody specific for F1L (329). This anti-FIL 

antibody was raised against the first 120 amino acids of F1L, which shares greater than 

90% amino acid identity with EVM025 (329). CV-1 cells were infected with VV(Cop), 

EVM, or VV:FLAG-F1L which expresses FLAG-F1L from a strong synthetic viral 

promoter, and lysates were western blotted with anti-FIL (329). VV:FLAG-F1L 

expresses high amounts of FLAG-F1L at early and late time points as FLAG-F1L is 

behind a strong synthetic poxviral promoter (56). Western blotting lysates from cells 

infected with VV:FLAG-F1L with anti-FIL detected a band at the expected size of 

approximately 32 kDa (Fig. 5.3^4). Blotting of EVM-infected lysates also demonstrated 

EVM025 expression at 55kDa at all times post-infection (Fig. 5.3.4). Interestingly, 

blotting of VV(Cop)-infected lysates with anti-FIL failed to detect any endogenous F1L 

at either 4, 8, or 24 hours post-infection. This observation may be due to the 

ubiquitination and degradation of F1L by the 26S proteasome, as inclusion of proteasome 

inhibitors dramatically increases F1L expression (265), and F1L appears to be 

ubiquitinated itself (Appendix B.2). Western blotting with an antibody specific for the 

viral late protein I5L demonstrated that cells were infected with either VV(Cop) or EVM. 

These results suggest that EVM025 is produced throughout infection as its predicted size 

of 55kDa.

To determine whether EVM025 was expressed early during virus infection, cells 

were infected in the presence o f AraC, an inhibitor of viral DNA synthesis and late gene 

expression (252). Infection o f cells with EVM demonstrated the production of EVM025 

at all times post-infection (Fig. 5.35), and EVM025 was observed in cells infected in the 

presence of AraC, indicating that EVM025 is expressed early during infection (Fig.
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Figure 5.3. EVM025 is expressed as a 55kDa protein. A, CV-1 cells were infected with VV(Cop) 
or EVMAcrmA at an MOI o f 10, and lysates were western blotted with either anti-FIL or 
anti-I5L. Cells were also infected with VV:FLAG-F1L for 8 hours as a control for anti-FIL 
staining. B ,  EVM025 is an early protein expressed throughout infection. HeLa cells were 
infected with EVMAcrmA for the indicated times at an MOI o f 5, and lysates were western 
blotted with anti-FIL or anti-I5L. Cytosine arabinoside (AraC) was included at 80pg/ml to 
inhibit late gene transcription. C, HeLa cells were infected with either VV(Cop) or EVM at an 
MOI o f 5 for 8 hours, fixed, and stained with anti-FIL and anti-cytochrome c, and visualized by 
confocal microscopy.
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5.35). In contrast, the late viral protein I5L was produced in EVM-infected cells, but was 

not produced in EVM-infected cells treated with AraC (Fig. 5.35). These results 

indicated that EVM025 is produced early during infection as a 55kDa protein. F1L is a 

mitochondrial-localized protein (329, 382), so we investigated whether the anti-FIL 

reactive 55kDa EVM025 was also localized to the mitochondria during infection. HeLa 

cells were infected with either VV(Cop) or EVM at an MOI of 3 for 8 hours, and cells 

were stained with anti-FIL and anti-cytochrome c to label mitochondria. Uninfected cells 

demonstrated a punctate mitochondrial cytochrome c staining pattern (Fig. 5.3C, panels 

a-c). Cells infected with either VV(Cop) or EVM displayed a punctate anti-FIL staining 

pattern which co-localized with cytochrome c (Fig. 5.3C, panels d-i), indicating that both 

VV(Cop) and EVM synthesize mitochondrial-localized proteins that can be detected 

using an anti-FIL antibody.

5.2.3. Generation of an EVMAcrmAA025 virus.

To assess whether EVM025 is required for the EVM-mediated inhibition of 

apoptosis, we generated an EVM025 knockout virus. A vector was generated encoding 

short 5’ and 3’ regions o f EVM025 flanking an EGFP cassette under the control of a 

poxviral promoter (Fig.5.44)(56). This EVM025 knockout vector, pJMT29, was 

transfected into EVMAcrmA-infected cells, and recombinant viruses expressing EGFP 

were selected by fluorescence microscopy as described in Materials and Methods. 

EVMAcrmA was used as the background strain to generate a virus that lacked both the 

caspase-8-inhibitor CrmA as well as EVM025, EVMAcrmAA025. Purified virus lacking 

EVM025 was verified by PCR analysis and western blotting with anti-FIL. Viral DNA 

was purified from CV-1 cells infected with EVMAcrmA or EVMAcrmAA025. PCR from 

EVM chromosomal template DNA using primers specific for EVM025 generated a 

product of 1.4kb in size (Fig. 5.45), corresponding to wild type EVM025. PCR analysis 

from EVMAcrmAA025 DNA generated a product of 1.2kb in size (Fig. 5.45). This
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Figure 5.4. Generation o f  a A025 strain o f ectromelia vims.
A ,  Strategy employed for the generation o f a A025 strain o f EVM. An EVM025 knockout 
vector, pJMT29, which encodes regions o f EVM025 flanking an EGFP cassette under the 
control o f  a poxviral promoter (pE/L) was transfected into cells infected with EVMAcrmA. 
Recombinant viruses were selected by EGFP expression. B ,  Agarose gel electrophoresis o f PCR 
analysis using EVM025-specific primers EVFlLGFPSense and EVFlLGFPAnti. Template 
DNA was either EVM025AcrmA chromosome, EVMA025 chromosome, or the EVM025 
knockout plasmid, pJMT29. C, Cells were infected with either EVMAcrmA or 
EVMAcrmAA025 for 16 hours at an MOI o f 5, and were western blotted with anti-FIL.
Samples were also immunoblotted for a viral late protein, I5L, as a control for vims infection.
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corresponds to the expected size of EVM025 disrupted by the EGFP cassette, as PCR 

using the EVM025 knockout vector (pJMT29) as template also generated a 1.2kb PCR 

product (Fig. 5.45). Alternatively, CV-1 cells were infected with either EVMAcrmA or 

EVMAcrmAA025 for 16 hours, and protein samples were western blotted with an anti- 

FIL  antibody (329). Immunoblotting of EVMAcrmA lysates revealed a 55kDa protein 

product which was no longer present in lysates infected with EVMAcrmAA025 (Fig. 

5 AC). Immunoblotting of either EVMAcrmA or EVMAcrmAA025-infected lysates with 

an antibody against the late viral protein I5L detected I5L in both wild type EVMAcrmA 

and EVMAcrmAA025-infected cells (Fig. 5AC), as expected. Altogether, these results 

indicate that EVMAcrmAA025 does not express EVM025, and that EVM025 is 

synthesized as a 55kDA protein.

5.2.4. EVM025 is required for the inhibition of apoptosis.

To determine whether EVM025 is essential for EVM-mediated inhibition of 

apoptosis, Jurkat cells were infected with EVMAcrmA or EVMAcrmAA025 for 12 hours, 

and treated with staurosporine to induce apoptosis through the mitochondria (27). Cells 

were harvested at 2, 4, or 6 hours post-treatment and analyzed by western blotting for 

cleavage o f the apoptotic substrate PARP. As expected, uninfected Jurkat cells 

demonstrated PARP cleavage following staurosporine treatment (Fig. 5.5,4) (173). Jurkat 

cells infected with EVMAcrmA, however, were protected from staurosporine-induced 

PARP cleavage at all times post treatment (Fig. 5.5,4). Cells infected with 

EVMAcrmAA025 were not able to inhibit staurosporine-induced PARP cleavage (Fig. 

5.5,4), indicating that EVM025 is required for the inhibition o f staurosporine-mediated 

apoptosis.

Staurosporine induces apoptosis at the mitochondria, so we assessed the ability of 

EVMAcrmAA025 to inhibit cytochrome c release from mitochondria. Jurkat cells 

infected with EVMAcrmA or EVMAcrmAA025 were treated with staurosporine,
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Figure 5.5. Expression o f  EVM 025 is required to inhibit apoptosis.
A, Jurkat cells w ere infected w ith either EVM AcrmA or EVMAcrmAA025 at an M OI o f 5 for 8 
hours, treated w ith 1 pM  staurosporine (STS), and harvested at the indicated times post 
treatment. Samples w ere lysed in SDS-PAGE sample buffer containing 8M urea, and analyzed 
by western blotting w ith anti-PARP. B, Jurkat cells were infected and treated as in (A), and were 
fractionated at indicated times into pellet fractions (mitochondria), and supernatant fractions 
(cytosol) as described in the M aterials and M ethods. Samples were separated by SDS-PAGE and 
analyzed by western blotting with anti-cytochrome c. C, Supernatant fractions isolated in (B) 
were probed w ith anti-caspase-3 to detect cleaved active caspase-3 fragments.
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fractionated into cytoplasmic or membrane mitochondrial fractions and western blotted 

with anti-cytochrome c. Uninfected Jurkat cells exhibited a gradual translocation of 

cytochrome c from the membrane pellet fraction to the supernatant fraction at 2, 4, and 6 

hours post-treatment with staurosporine (Fig. 5.55). Cells infected with EVMAcrmA, 

however, completely retained cytochrome c in the pellet fraction, even at 6 hours post­

treatment with staurosporine (Fig. 5.55). Cells infected with EVMAcrmAA025, however, 

were unable to inhibit the staurosporine-induced translocation of cytochrome c from the 

mitochondrial pellet into the supernatant (Fig. 5.55). During apoptosis, procaspase-3 is 

cleaved into active caspase-3 fragments downstream of the mitochondria (111). 

Supernatants isolated from the aforementioned cytochrome c release assays were also 

probed with an anti-caspase-3 antibody (381). Mock-infected Jurkat cells exhibited 

cleaved active caspase-3 fragments at all time points post-staurosporine treatment (Fig. 

5.5C). In contrast, cells infected with EVMAcrmA displayed only minor amounts of 

cleaved caspase-3 (Fig. 5.5C), even at 6 hours post-treatment. Cells infected with 

EVMAcrmAA025, however, were not able to inhibit staurosporine-induced caspase-3 

cleavage (Fig. 5.5C), demonstrating that EVM025 is required for the inhibition of the 

intrinsic apoptotic pathway by ectromelia virus.

5.2.5. The transient expression o f N-terminally truncated versions of EVM025 

inhibits apoptosis

To assess the ability of EVM025 to inhibit apoptosis in the absence of virus 

infection, we attempted to clone and express the full-length form of EVM025 as an 

EGFP-fusion. All attempts to clone the full-length EVM025 open reading frame, 

however, were unsuccessful. Any plasmids obtained which appeared to contain EVM025 

also displayed deletions or insertional elements which would have rendered EVM025 

non-functional. As well, attempts to clone only the N-terminal repeat region were 

similarly unsuccessful, and the largest number of repeats that we have successfully
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maintained in any vector in E. coli. is three. As a result, we generated EVM025 mutants 

lacking the N-terminal repeat region to investigate the ability of the C-terminal region of 

EVM025 to inhibit apoptosis. Although this C-terminus of EVM025 shows amino acid 

homology to F1L, there are a number of amino acid differences which may affect 

function. We generated one construct which lacked the entire repeat, EVM025(E255), 

and a second construct which contained two copies of the ‘DNGIVQDI’ repeat, 

EVM025(D237) (Fig. 5.6A). Both of these mutants were generated as N-terminal EGFP- 

fusions for transient expression.

To assess whether EVM025 lacking the N-terminal repeat can inhibit apoptosis in 

the absence of virus infection, FleLa cells were transfected to express either EGFP, 

EGFP-F1L, EGFP-EVM025(D237), EGFP-EVM025(E255), or EGFP-FlL(206-226) 

which localizes to the mitochondria but does not inhibit apoptosis (329). Cells were then 

treated with either TNFa or aFas for 6 hours, and stained with the mitochondrial-specific 

dye TMRE which labels healthy mitochondria with an intact membrane potential (228). 

Cells were analyzed by flow cytometry, and the percentage of EGFP-positive cells which 

displayed a loss o f the mitochondrial membrane potential were calculated (Fig. 5.6B and 

C). Expression o f EGFP or EGFP-FlL(206-226) did not inhibit TN Fa or aFas-induced 

loss o f the inner mitochondrial membrane potential (Fig. 5.6B and C). Expression of 

EGFP-F1L, on the other hand, inhibited mitochondrial membrane depolarization induced 

by both TN Fa and aFas (Fig. 5.6B and Q , as shown previously (329, 382). Expression 

o f both EVM025(E255) and EVM025(D237) also inhibited TNFa- and aFas-induced 

apoptosis, similar to F1L (Fig. 5.62? and Q . This demonstrated that EVM025 is a 

functional anti-apoptotic protein independent o f other viral proteins, and that the N- 

terminal repeat region is not essential for anti-apoptotic activity in vitro.
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Figure 5.6. Transient expression of EVM025 truncation mutants inhibit apoptosis.
A, Schematic representation of EGFP-EVM025(E255) and EGFP-EVM025(D237). B-C, HeLa 
cells were transfected with 4pg o f either pEGFP, pEGFP-FIL, pEGFP-FlL(206-226), 
pEGFP-EVM025(D237) (pJMT17) or pEGFP-EVM025(E255) (pJF2) for 16 hours. Cells were 
then treated with either TNFa (A) or aFas (B) in combination with cycloheximide for 6 hours, 
stained with TMRE, and analyzed by flow cytometry. TM, transmembrane domain.
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5.2.6. Localization of EVM025

Staining o f EVM-infected cells with anti-FIL revealed a mitochondrial staining 

pattern that co-localized with cytochrome c (Fig. 5.3C) (329), suggesting that 

endogenously expressed EVM025 localizes to the mitochondria (329). To verify whether 

EVM025(E255) and EVM025(D237) also localized to mitochondria, we expressed either 

EGFP, EGFP-F1L, EGFP-EVM025(E255), or EGFP-EVM025(D237) in HeLa cells, and 

co-stained with anti-cytochrome c to label mitochondria. As expected, EGFP displayed a 

diffuse cytoplasmic staining pattern that did not co-localize with cytochrome c (Fig. 5.7, 

panels a-c). EGFP-F1L demonstrated a punctate pattern which co-localized with 

cytochrome c (Fig. 5.7, panels d-f). Expression of both EGFP-EVM025(E255) and 

EGFP-EVM025(D237) also displayed a punctate staining pattern which overlapped with 

anti-cytochrome c (Fig. 5.7, panels g-1). Indeed, EVM025 is predicted to possess a C- 

terminal hydrophobic domain similar to the C-terminal hydrophobic domain from F1L 

(Fig. 5.1) (329). These results indicate that EVM025(E255) and EVM025(D237) also 

localize to the mitochondria, supporting the previous observation that full-length 

EVM025 localizes to the mitochondria (Fig. 5.3C) (329).

, To examine the localization of the EVM025 truncation mutants lacking the N- 

terminal repeat region during virus infection, we generated two FLAG-tagged versions of 

EVM025, EVM025(E255) and EVM025(D231), which were placed under the control of 

a poxviral promoter (56). FLAG-EVM025(E255) does not contain any copies of the N- 

terminal repeat, while FLAG-EVM025(D231) was generated to contain three copies of 

the eight amino acid repeat. HeLa cells were infected with wild type ectromelia virus and 

transfected for 12 hours with either pSC66-FLAG-FlL, pJMT48 which encodes FLAG- 

EVM025(E255), or pJMT44 which encodes FLAG-EVM025(D231). Cells were fixed 

and sequentially stained with anti-cytochrome c, anti-mouse Alexa546, followed by anti- 

FLAG-FITC. Staining of untransfected cells displayed no FLAG staining, but did exhibit 

punctate mitochondrial cytochrome c staining (Fig. 5.&4, panels a-c). This indicated that
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Figure 5.7. Localization o f transiently expressed EVM025 truncation mutants.
A ,  FleLa cells were transfected with 2pg o f  either pEGFP, pEGFP-FIL, pJF2 to express 
EGFP-EVM025(E255),or pJMT17 to express EGFP-EVM025(D237), for 16 hours. Cells were 
fixed, stained with anti-cytochrome c followed by anti-mouse Alexa546 secondary antiobdy, 
and visualized using confocal microscopy.
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staining cells sequentially with anti-cytochrome c followed by anti-FLAG-FITC did not 

result in non-specific FLAG staining. Cells expressing FLAG-F1L showed a punctate 

anti-FLAG staining pattern for FLAG-F1L, which co-localized with mitochondrial 

cytochrome c (Fig. 5.8A, panels d-f). Expression of either FLAG-EVM025(D231) (Fig. 

5.8/4, panels g-i) or FLAG-EVM025(E255) (Fig. 5.8/4, panels j-1), both demonstrated a 

punctate FLAG staining pattern which co-localized with cytochrome c (Fig. 5.8/4). 

Alternatively, duplicate cell lysates of each infection/transfection were also harvested at 

12 hours post-infection and western blotted with anti-FLAG. As shown in Fig. 5.85, 

FLAG-F1L, FLAG-EVM025(E255) and FLAG-EVM025(D231) were all expressed at 

their predicted sizes (Fig. 5.85). These results indicate that both EVM025(E255) and 

EVM025(D231) localize to the mitochondria during infection.

5.2.7. EVM025 inhibits Bax activation

We have previously demonstrated that vaccinia virus F1L inhibits the activation 

of the pro-apoptotic proteins Bak and Bax by two different mechanisms. F1L directly 

interacts with Bak to inhibit Bak activation and oligomerization (265, 379), while F1L 

inhibits Bax upstream of Bax activation in the absence of a direct interaction (350). 

Considering that EVM025 and F1L display a number of amino acid differences, we 

investigated whether EVM025 also modulates Bax and Bak. We first examined the 

ability o f EVM025 to inhibit Bax activation by performing immunoprecipitations using 

anti-Bax(6A7) which specifically detects activated Bax (157, 158). HeLa cells were 

infected with either EVMAcrmA or EVMAcrmAA025 for 8 hours, treated with UV-light 

to induce apoptosis, and immunoprecipitated with anti-Bax (6A7). As expected, 

uninfected cells only exhibited Bax activation following treatment with UV-light (Fig. 

5.9/4). Cells infected with EVMAcrmA were notably inhibited from UV-induced Bax- 

activation (Fig. 5.9A), while cells infected with EVMAcrmAA025 were not (Fig. 5.9A). 

In fact, cells infected with EVMAcrmAA025 in the absence o f UV-light exhibited a small
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amount of Bax activation suggesting that, similar to infection with VV(Cop)AFlL, 

infection with EVMAcrmAA025 also induces apoptosis and Bax activation (Fig. 5.9A). 

To assess EVM-induced Bax activation, FleLa cells were infected with either 

EVMAcrmA or EVMAcrmAA025 for 18 or 24 hours, and 2% CHAPS lysates were 

immunoprecipitated with anti-Bax(6A7). Infection with EVMAcrmAA025, but not with 

EVMAcrmA, induced significant Bax activation at both 18 and 24 hours post-infection 

(Fig.5.95), similar to our previous observations with VV(Cop)AFlL (350). These results 

suggest that EVM025 is capable of inhibiting Bax activation induced by both virus 

infection and intrinsic pro-apoptotic stimuli.

5.2.8. EVM025 Interacts with Bak, but not Bax

F1L has been shown to interact with Bak as a mechanism for the inhibition of Bak 

(265, 379). In contrast, F1L inhibits Bax activation without directly interacting with Bax 

(350). The predicted amino acid sequence of EVM025 displays a number of differences 

compared to F1L, so it is possible that EVM025 may use a different mechanism to inhibit 

apoptosis. Indeed, mutation of a single residue in F1L, methionine 67, was shown to 

abolish binding to Bak (265). To determine whether EVM025 can interact with Bak or 

Bax, we generated a recombinant vaccinia virus expressing FLAG-EVM025(E255). This 

recombinant virus was generated using VV(Cop)AFlL as the background virus, since this 

virus does not produce endogenous F1L (379). A plasmid expressing FLAG- 

EVM025(E255) from a poxviral promoter, pJMT48, was transfected into VV(Cop)AFlL- 

infected cells, and recombinant viruses were plaque purified based on expression o f lacZ 

which serves as a selectable marker for recombination (56, 215). Purified 

VV(Cop)AFlL:FLAG-EVM025(E255) was isolated and used to determine if 

EVM025(E255) interacts with Bak or Bax during infection. HeLa cells were infected 

with either VV:FLAG-F1L or VV(Cop)AFlL:FLAG-EVM025(E255) for 12 hours, lysed 

in 2% CHAPS lysis buffer or 1% Triton-X-100, and immunoprecipitated with anti-

167

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



FLAG. Lysates and immunoprecipitates were probed with anti-FLAG(M2), anti- 

Bak(NT), or anti-Bax (N20). FLAG-F1L and FLAG-EVM025(E255) were 

immunoprecipitated with anti-FLAG (Fig. 5.1(14), and substantial amounts of 

endogenous Bak were also co-precipitated in both FLAG-F1L and FLAG- 

EVM025(E255) samples (Fig. 5.10T) (350, 379). Immunoprecipitation of FLAG- 

EVM025(E255), however, did not co-precipitate any endogenous Bax (Fig. 5.10/1), 

similar to observations with FLAG-F1L. The detergent CFLAPS maintains the native 

conformation of the Bcl-2 family member Bax, while Triton-X-100 artificially induces a 

conformational change in Bax reminiscent of Bax activation (157, 158). Similar to 

previous results with F1L, lysis in Triton-X-100 induced an interaction between Bax and 

both FLAG-F1L and FLAG-EVM025(E255), suggesting that EVM025(E255) can also 

interact with artificially activated Bax. Despite the amino acid differences between F1L 

and EVM025(E255), these two proteins appear to interact constitutively with Bak, but 

only interact with activated Bax.

5.2.9. EVM025(E255) complements the anti-apoptotic deficiency in VV(Cop)AFlL

Infection with either VV(Cop)AFlL or EVMAcrmAA025 results in virus-induced 

apoptosis (Fig 5.5, 5.95) (379, 382). To assess whether EVM025(E255) could 

complement the anti-apoptotic defect present in VV(Cop)AFlL, cells were infected with 

VV(Cop), VV(Cop)AFlL, or the recombinant VV(Cop)AFlL:FLAG-EVM025(E255) for 

18 or 24 hours. Cell lysates were then immunoprecipitated for active Bax and western 

blotted with anti-Bax(N20). As expected, VV(Cop)AFlL induced Bax activation at both 

time points, while VV(Cop) only induced a small amount of Bax activation (Fig. 5.105). 

Infection with VV(Cop)AFlL:FLAG-EVM025(E255), however, did not induce Bax 

activation (Fig. 5.105), indicating that expression o f EVM025(E255) is capable of 

inhibiting apoptosis induced by infection with VV(Cop)AFlL. FLAG-EVM025(E255) is 

transcribed from a strong poxviral promoter, and EVM025(E255) protein is likely
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Figure 5.10. EVM025(E255) interacts with Bak. A, HeLa cells were infected with either 
VV.FLAG-F1L or VV(Cop)AFlL:FLAG-EVM025(E255) for 12 hours, lysed in either 2% 
CHAPS or 1% Triton-X-100 (TX-100) lysis buffer, and immunoprecipitated with 
anti-FLAG(M20. Immune complexes were precipitated with protein A beads and 
im m unoblotted  w ith  anti-FL A G -H R P, an ti-B ak(N T ), or a n ti-B ax(N 20). B, EVM025(E255) 
complements the anti-apoptotic deficiency of VV(Cop)AFlL. HeLa cells were infected with 
either VV(Cop), VV(Cop)AFlL, or W(Cop)AFlL:FLAG-EVM025(E255) for 20 or 24 hours. 
Cells were lysed in 2% CHAPS lysis buffer and immunoprecipitated with anti-Bax(6A7). 
Immunoprecipitates were probed with anti-Bax(N20), and lysates were probed with 
anti-Bax(N20), anti-I5L, or anti-FlL.
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synthesized at higher levels that endogenous F1L from VV(Cop). In support of this, 

lysates from VV(Cop)AFlL:FLAG-EVM025(E255)-infected cells, but not from 

VV(Cop)-infected cells, demonstrated the presence of a reactive protein when blotted 

with anti-FIL (Fig. 5.105), corresponding to the expected size of FLAG-EVM025(E255). 

We routinely see a lack of endogenous F1L from VV(Cop)-infected lysates, and this may 

be due to the ubiquitination and degradation of F1L (Appendix B.2) (265). Western 

blotting with anti-I5L showed that all virus-infected lysates were infected and produced 

the late viral protein I5L (Fig. 5.105). These results indicate that EVM025(E255) can 

complement the anti-apoptotic deficiency o f VV(Cop)AFlL and that the N-terminal 

repeat region o f EVM025 is unnecessary for the inhibition of VV-induced apoptosis.

5.3 Discussion

The vaccinia virus protein F1L is a mitochondrial-localized inhibitor of apoptosis 

that shares no homology with any other known regulators of apoptosis (379, 382). All of 

the orthopoxviral genomes sequenced to date, however, encode a predicted orthologue of 

F1L (www.poxvirus.org). As ectromelia virus is a natural pathogen of mice and causes a 

high rate of mortality in a variety o f laboratory strains of mice, we hypothesized that the 

predicted orthologue of F1L from ectromelia, EVM025, would encode a functional anti- 

apoptotic protein. Here we show that ectromelia virus infection inhibits cytochrome c 

release and apoptosis (Fig. 5.2). Deletion of EVM025 from the genome of ectromelia 

severely compromised the ability of ectromelia virus infection to inhibit apoptosis 

induced by staurosporine (Fig. 5.5). Deletion of EVM025 also eliminated the ability of 

ectromelia virus to inhibit the activation of the pro-apoptotic protein Bax (Fig. 5.9), 

indicating that EVM025 is a potent anti-apoptotic protein produced during ectromelia 

virus infection.

The C-terminal half of EVM025 shares greater than 90% amino acid identity to 

F1L (Fig. 5.1). Near the C-terminus is the predicted transmembrane tail, which was

170

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

http://www.poxvirus.org


shown for F1L to be necessary and sufficient for mitochondrial localization (329). Mis- 

localization o f F1L virtually eliminated the ability of F1L to inhibit apoptosis induced by 

TNFa or aFas (329), indicating the importance of mitochondrial localization. Expression 

of truncated versions o f EVM025 lacking the N-terminal repeat exhibited mitochondrial 

localization in the presence and absence of virus infection (Fig. 5.7, 5.8), suggesting that 

the conserved C-terminal transmembrane tail present in EVM025 is functional.

Similar to F1L, EVM025(E255) has the capacity to interact with the pro-apoptotic 

protein Bak (Fig. 5.10). Although EVM025 also inhibits Bax activation (Fig. 5.9), we 

failed to see an interaction between EVM025(E255) and Bax in the presence of CFIAPS 

(Fig 5.10). This parallels our previous observations with F1L (350), and suggests that 

EVM025 likely inhibits Bax activation upstream of Bax. While F1L does not interact 

with Bax under normal conditions, F1L does bind to Bax in the presence o f the detergent 

Triton-X-100 (350), which reveals the BH3-domain of Bax. Similar to F1L, 

EVM025(E255) also interacts with Bax in the presence of Triton-X-100 (Fig. 5.10/1), 

suggesting that EVM025 may also have the capacity to interact with BH3-domains. F1L 

interacts with the BH3-only protein BimL as a putative mechanism for inhibiting Bax 

activation (350). Our lab is currently investigating whether EVM025 also has the ability 

to interact with BimL and other BH3-only proteins.

Although EVM025 and F1L share a high degree o f amino acid identity at the C- 

terminus, there are a number of amino acid changes between the two proteins (Fig. 5.1). 

At present, we have no information regarding the significance of any of these changes, 

although mutation of single amino acids in Bcl-2 family proteins can ablate anti- or pro- 

apoptotic function (302, 375, 376). Similarly, mutation of Met 67 to Pro o f F1L 

eliminated the ability of F1L to interact with Bak and inhibit apoptosis (265). In addition, 

EVM025 is predicted to encode a large N-terminal repeat extension (Fig. 5.1), and 

EVM025 appears as a full length 55kDa protein by western blotting with an antibody
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specific for F1L (Fig. 5.3, 5.4). Deletion of EVM025 from the genome eliminates the 

ability o f EVM to inhibit apoptosis (Fig. 5.5), suggesting that full-length EVM025 

protein is capable o f inhibiting apoptosis. The function of the N-terminal repeat region is 

not known, although this repeat is not required for the inhibition o f apoptosis in vitro 

(Fig. 5.62? and C). Removal of the entire repeat region had no significant effect on the 

anti-apoptotic activity o f exogenously expressed EVM025 (Fig. 5.62? and C). As well, a 

version o f EVM025 containing two copies o f the 8 amino acid repeat, EVM025(D237), 

did not show any obvious enhanced anti-apoptotic ability over a truncation completely 

lacking the repeat region (Fig. 5.6). Whether the N-terminus o f EVM025 has any added 

or specific function awaits further work in both murine cell lines as well as in vivo in a 

mouse infection model.

Ectromelia virus causes a lethal disease in many strains of mice, and as such 

makes an excellent model in which to study host:pathogen interactions. It will be of 

interest to determine whether our strain of EVM lacking EVM025 exhibits a decrease in 

pathogenesis in vivo in infected mice. Removal of other anti-apoptotic proteins from viral 

pathogens often results in a dramatic loss of viral pathogenicity, as myxoma virus lacking 

the anti-apoptotic M11L is completely attenuated in European rabbits (128, 254). It will 

also be o f interest to examine whether the N-terminal repeat sequence has significance in 

vivo in a mouse model. F1L orthologues from multiple orthopoxviruses, such as cowpox, 

camelpox, and variola virus, are predicted to contain variable N-terminal extensions. It is 

interesting to speculate whether these extensions confer any secondary functions in vivo. 

We are currently generating ecombinant viruses which express truncated forms of 

EVM025 in place of full length EVM025 which will greatly aid in understanding the role 

o f EVM025 and the N-terminus in vivo.
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The inhibition of Bax activation by F1L

Apoptosis at the mitochondria is governed by two pro-apoptotic gatekeeper 

proteins, Bak and Bax (91, 385), as cells deficient in Bak and Bax are unable to release 

cytochrome c (91, 385). Our lab previously identified vaccinia virus F1L as a potent anti- 

apoptotic protein that localizes to the outer mitochondrial membrane to inhibit 

cytochrome c release (329, 379, 382). While F1L displays no obvious homology to 

cellular anti-apoptotic Bcl-2 family proteins, we later showed that F1L inhibits Bak 

activation and Bak oligomerization (265, 379). As a mechanism for the inhibition of Bak, 

F1L constitutively interacts with Bak in the absence of a pro-apoptotic stimulus (265, 

379). We have shown that even following an apoptotic stimulus, F1L still interacts with 

Bak (Fig. 3.12), which appears to differ somewhat from cellular Bcl-2 family members. 

Bcl-2 has been shown to interact with the “open conformer” o f Bak following induction 

with the BH3-only protein tBid (284), while Mcl-1 interacts with Bak prior to an 

apoptotic stimulus (81, 391). Following DNA-damage, Mcl-1 is displaced from Bak 

allowing Bak to undergo a conformational change resulting in cytochrome c release (81, 

248). Our data suggests that F1L is able to interact with Bak prior to apoptosis, and does 

not appear to be displaced from this complex following an apoptotic stimulus (Fig. 

3.12)(350). The exact mechanism o f F1L interaction with Bak remains to be 

characterized, although a recent report suggests that F1L interacts with the BH3 domain 

o f Bak (265). How F1L accomplishes this in the absence of a conformational change in 

Bak is currently unknown.

Both Bak and Bax are capable of inducing cytochrome c release, so it is not 

surprising that several viral proteins are able to inhibit both Bak and Bax (24, 39, 82, 

148). While F1L can inhibit Bak activation, it remained unknown whether F1L could also 

inhibit Bax activation. Our data shows that F1L expression inhibits the N-terminal 

activation, oligomerization, and insertion of Bax into the outer mitochondrial membrane,
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and that F1L can inhibit Bax activation independently of Bak (Chapter 3) (350). 

Although F1L interacts with Bak, we observed that F1L does not naturally interact with 

Bax, even following an apoptotic stimulus (Fig. 3.12) (350), suggesting that F1L 

interferes with Bax activity somewhere upstream. Intriguingly, we were able to 

artificially induce an interaction between Bax and F1L by using the detergent Triton-X- 

100 (Fig. 3.13). Triton-X-100 induces a conformational change in Bax that results in 

exposure of the BH3 domain and Bax oligomerization, similar to changes in Bax seen 

during apoptosis (12, 93, 126, 157, 158). Indeed, it has recently been shown that F1L can 

bind to BH3-peptides from Bak, Bax, and Bim (113), so we hypothesize that F1L may 

interact with the newly Triton-X-100-exposed BH3 domain of Bax. The affinity of F1L 

for the BH3 domain o f Bax, however, is ten-fold lower than the affinity of F1L for the 

Bim BH3 domain (113), suggesting that F1L may show preferences for particular BH3 

domains in vivo.

Although F1L interacts with the activated form Bax in Triton-X-100, we observed 

that F1L expression inhibited Bax activation during apoptosis in the absence of a direct 

interaction (Chapter 3) (350). It is therefore interesting to speculate whether F1L can 

directly inhibit Bax that is already present in an activated form. Although F1L appears to 

have the capacity to interact with activated Bax, this does not mean F1L can inhibit 

activated Bax. Future work would be required to investigate whether F1L could inhibit 

cytochrome c release or pore formation induced by the addition of recombinant 

oligomeric Bax or constitutively active Bax (i.e. BaxA184) (11, 244). If F1L inhibits 

activated Bax, this might function as a “back-up” mechanism to inhibit Bax activity and 

cytochrome c release. Alternatively, F1L may not be able to inhibit apoptosis induced by 

Bax, particularly if the primary function of F1L is to specifically inhibit the pro-apoptotic 

effects of BH3-only proteins.
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Bax activation

Following an apoptotic stimulus, Bax undergoes at least one conformational 

change that reveals a C-terminal mitochondrial targeting domain, an N-terminal domain, 

the BH3 domain (126, 133, 156, 157). In addition, Bax targets to the mitochondria and 

inserts as a high molecular weight oligomer (11, 12, 126, 133, 347, 393). The 

mechanisms which control these events, however, are still controversial. One theory 

proposes that BH3-only proteins, specifically Bid, Bim, and PUMA, can directly interact 

with Bax to induce Bax activation (187, 194). This “direct activation” model has been 

supported by several biochemical studies (52, 65, 147, 187, 188, 194, 219, 353, 371). The 

“de-repressor” model, on the other hand, suggests that BH3-only proteins specifically 

repress Bcl-2-like anti-apoptotic proteins, thereby allowing Bak and Bax to become 

activated (54, 61, 88, 194, 392). Indeed, a recent report has indicated that no direct 

interaction was seen between Bax and any of the BH3-only proteins examined (392), 

although it remains possible that a “hit-and-run” event may govern BH3-mediated 

activation o f Bak and Bax. If BH3-only proteins do not directly activate Bax, then one 

must question what exactly triggers Bax for activation? Considering that Bax is a 

naturally cytosolic protein that does not complex with anti-apoptotic Bcl-2 family 

members prior to apoptosis (157), the derepressor model does not completely explain the 

steps of Bax activation.

Multiple viral proteins inhibit Bax activation through different mechanisms (Fig. 

6.1). Myxoma virus M11L is a mitochondrial-localized inhibitor of apoptosis that 

interacts with Bak (373), and has also been reported to recruit and interact with Bax at the 

mitochondria (332). The adenovirus protein E1B 19K interacts with the BH3-domain of 

the conformationally active form of Bax (143, 145, 257, 338) (Fig. 6.1), yet Bax 

oligomerization and insertion into the mitochondria are inhibited by E1B 19K expression 

(337). vMIA, encoded by human cytomegalovirus, inhibits cytochrome c release despite 

recruiting oligomerized Bax to the mitochondrial membrane (14, 124, 263). Unlike these
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A poptotic Stimulus A poptotic Stimulus

Bax

Bax
Bax, Bax

Bax Bax C y to c h ro m e c
Bax

M ito c h o n d rio n

Figure 6.1. Mechanisms used by El B 19K,M 11L, vMIA, and FI L to inhibit Bax.
A, E1B 19K from Adenovirus interacts with the conformationally activated form of Bax following 
induction with an apoptotic stimulus (1). M 11L interacts with Bax at the mitochondria following 
virus infection to prevent Bax activation (2). vMIA from human cytomegalovirus interacts with 
oligomerized Bax at the mitochondria (3). FI L from vaccinia virus inhibits Bax upstream of Bax 
activation (4).
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other viral inhibitors, F1L, however, does not interact with Bax, suggesting F1L fu n c tio n s 

upstream of Bax activation (Fig 6.1) (350). By understanding the mechanisms that each 

of these viral proteins use to inhibit Bax, we may be able to better understand the actual 

signals that stimulate Bax activation. The steps regulating Bax activation are complex and 

controversial, so the use of viral proteins that appear to block Bax activation at various 

steps may aid in our understanding of the complex pathway leading to Bax activation and 

cytochrome c release.

In addition to viral proteins, a number of cellular proteins reportedly regulate and 

induce Bax activation, such as Map-1, Bif-1, and p53 (67, 68, 291, 344, 345, 359, 403). It 

has been reported that Map-1 overexpression, for instance, can induce cytochrome c 

release (344). Bif-1 (Bax-interacting factor-1) is believed to be an activator o f Bak/Bax, 

as loss o f Bif-1 interferes with Bak and Bax activation and apoptosis (343). Bif-1 was 

seen to interact with Bax at the mitochondria following an apoptotic stimulus but 

preceding Bax activation (343). p53 also activates Bax in the absence of any other Bcl-2 

family proteins (67), and can displace BH3-only proteins from B c1-xl by interacting with 

B c1-xl (67). We do not know whether F1L can inhibit apoptosis mediated by any of these 

pro-apoptotic Bax regulators. It is also unknown how these proteins actually induce Bax 

activation. Examining whether viral proteins such as F1L can inhibit apoptosis mediated 

by these proteins may also aid in understanding how Bax activation is regulated.

F1L and BH3-only proteins

F1L binds constitutively to Bak, but only interacts with artificially activated Bax 

in Triton-X-100 (Fig. 3.13) (350). As F1L is able to potently inhibit Bax activation, we 

hypothesized that F1L functions upstream by inhibiting BH3-only protein activity (350). 

Indeed, a recent report indicated that F1L could interact with BH3 peptides from Bak, 

Bax, and the BH3-only protein BimL (113). We observed that F1L interacts with and 

inhibits apoptosis induced by the BH3-only protein BimL (Chapter 4) (350). Indeed,
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ectopic BimL was seen to dramatically localize to the mitochondrial membrane in both 

the presence and absence of F1L (Fig. A.1A). It is possible that F1L may act as a “sink” 

by sequestering available BH3-only proteins such as BimL at the mitochondria, thereby 

quenching the pro-apoptotic activity of BimL.

In addition to inhibiting apoptosis mediated by BimL, F1L expression inhibits 

mitochondrial permeability transition induced by the overexpression of the BH3-only 

proteins Bid and Bmf (Fig. 4.1), and recent work in our lab has shown that F1L 

expression also inhibits permeability transition induced by Bik and Puma (S. Campbell, 

K. Veugelers, M. Barry, unpublished results). We have also shown that the treatment of 

mitochondria with purified tBid induces Bax activation and cytochrome c release that is 

inhibited by F1L expression (Fig. 3.9)(350). Whether F1L has the capacity to interact 

with Bid or any other BH3-only proteins (i.e. Bmf, Bik, Puma) remains to be determined. 

It is o f note that the BH3-domain from Bim is quite exposed and accessible compared to 

other BH3-only proteins (206).

We believe that the interaction between F1L and Bim is significant, as Bim’7' 

BMKs infected with VV(Cop)AFlL undergo apoptosis at a slower rate than wild type 

BMKs (Fig. 4.9) (350), thereby implicating Bim in the initiation of VV-induced 

apoptosis. In fact, infection with VV(Cop)AFlL induces apoptosis in both WT and Bim'7' 

BMKs, indicating that Bim is also not absolutely essential for VV-induced apoptosis 

(Fig. 4.9) (350). Infection with VV(Cop), however, was able to inhibit VV-induced 

apoptosis in both cell lines (Fig. 4.9) (350), demonstrating that F1L can inhibit VV- 

induced apoptosis in both the presence and absence Bim. As apoptotic activators other 

than Bim appear to be induced following VV-infection, F1L also appears capable of 

inhibiting these unknown pro-apoptotic signals. The identity of other BH3-only proteins 

activated during VV-infection is the subject of current research in our lab.

To date, neither vMIA nor M11L have been shown to interact with BH3-only 

proteins, and E1B 19K has only been shown to interact with Nbk/Bik (145). E1B 19K
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does not interact with BimL, and intriguingly, E1B 19K expression does not inhibit 

BimL-induced apoptosis (250), despite interacting with and inhibiting both Bak and Bax. 

How Bim is able to circumvent the ability o f E1B 19K to inhibit Bak and Bax activation 

is unknown. These results with E1B 19K differ from our observations with F1L, 

suggesting that these two viral proteins use different mechanisms to inhibit apoptosis. 

Adenovirus infection induces p53-dependent apoptosis and Bax activation which is 

blocked by E1B19K expression (90, 144, 286, 333). How vaccinia virus triggers 

apoptosis remains unknown, but it is possible that adenoviruses and poxviruses induce 

apoptosis via different BH3-only proteins. As a result, these viruses may have acquired 

mechanisms to block specific pro-apoptotic signals induced by virus infection or by the 

immune system.

Although we have shown that F1L and BimL co-precipitate (Fig. 4.7), it remains 

to be seen whether F1L interacts directly or indirectly with BimL. Mcl-1, an anti- 

apoptotic Bcl-2 family member that interacts with Bim, reportedly sequesters Bim in an 

inactive complex until apoptosis is initiated (140, 141). Following DNA damage, Mcl-1 

levels decrease dramatically due to the loss of de novo synthesis of Mcl-1 and 

proteasomal degradation o f Mcl-1, resulting the release of Bim and Bak, leading to 

apoptosis (81, 248). Mcl-1 does not appear to be reduced during infection with VV, 

suggesting that F1L may stabilize an Mcl-1 :Bim complex at the mitochondria (S. 

Campbell and M. Barry, unpublished results). Alternatively, it is possible that F1L 

displaces Mcl-1 from Bim, essentially making Mcl-1 dispensable during virus infection. 

Whether F1L interacts with Mcl-1 remains to be seen, although initial work suggested 

that F1L and Mcl-1 do not co-elute from infected cells (379). It would be of interest to 

determine whether F1L directly interacts with BimL, or whether cellular intermediates 

such as Mcl-1 are required to facilitate the formation o f a FlL:BimL complex.
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Structure of viral inhibitors of apoptosis

F1L lacks obvious amino acid similarity to Bcl-2 family members, but F1L 

appears to be functionally similar to Bcl-2 (Chapter 3) (231, 240, 350, 379, 398). It is 

interesting to speculate that viral proteins such as F1L and M11L, despite sharing no 

significant amino acid similarity, may display structural similarities to Bcl-2 family 

proteins. The Bcl-2 family itself is largely related by the presence of a series of anti­

parallel alpha-helices and conserved BH domains (Fig. 1.5). It has been suggested that 

both F1L and M11L possess one or more BH domains, although these regions contain 

low amino acid identity with BH domains from Bcl-2 family members (265, 373). In 

collaboration with Dr. B. Hazes, we have aligned F1L and M l 1L with B c1-x l  (Fig. 6.2), 

and identified four putative BH domains (underlined residues). This alignment displays 

fairly low homology as expected, but gives us clues as to the alpha helical regions 

important in the protein (Fig 6.2, residues in bold). The asterisks located between the 

putative BH3 and BH1 domains indicate conserved hydrophobic residues which may 

form part of the hydrophobic groove (Fig. 6.2). This groove of B c1-x l  is responsible for 

binding BH3 domains, so the corresponding residues in F1L are excellent targets for site- 

directed mutagenesis (239). Included in the alignment is an open reading frame from 

deerpox which exhibits predicted amino acid similarity to both F1L and M11L (2). 

Considering that F1L and M11L do not share significant sequence homology with each 

other, this deerpox virus gene may represent an evolutionary intermediate between M l 1L 

and F1L, and the comparison o f multiple poxviral F1L o r M l l L  orthologues may give 

clues as to which residues are critical for function.

Recently, M11L was crystallized by two groups and the three-dimensional 

structure revealed a fold similar to Bcl-2 family members (97, 189) (Fig. 6.3). M11L 

appears to interact with the BH3 peptide from Bak in the surface hydrophobic groove, 

and M l 1L can also bind to the BH3 domains from Bak, Bax, and Bim (97, 189). Whether 

the three dimensional structure of F1L also resembles Bcl-2 is unknown. Indeed, M11L
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Figure 6.2. Alignment o f poxviral mitochondrial inhibitors o f apoptosis with BcI-xl.
Amino acid alignment o f EVM025, VV(Cop) F1L, C7L from monkeypox virus (Mpx C7L), deerpox virus 
022 (DPV 022), myxoma virus M l 1L (Myx M l 1L), and swinepox virus 012 (Swpx 012). Listed above is 
the sequence of BcI-xl with alpha helical regions in bold and numbered above (1-8). A lso listed above are 
the locations o f the four BH domains present in BcI-xl with BH domain residues underlined. Shaded 
residues indicate similar or identical residues. Residues shaded in yellow are amino acid changes in 
EVM025 not present in either of the other two orthopoxviral orthologues, VV(Cop) F1L or Mpx C7L 
(original alignment generated by Dr. B. Hazes, University o f Alberta).
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M11L M 11Lvs. Bcl-xL M llL v s . N IL

Figure 6.3. Structure o f myxoma virus M l 1L and vaccinia virus N IL  proteins.
Diagrams detailing the alpha-helical nature o f M11L from myxoma virus (in green) in 
comparison with mouse Bcl-xL (middle panel, in yellow) and N IL  from vaccinia virus (right 
panel, in blue). (Adapted from Kvansakul e t  a l ,  2007. Mol. Cell. 25:933).
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and F1L appear to have different effects on Bax, as M11L interacts with Bax at the 

mitochondria while F1L inhibits the steps leading to Bax activation in the absence of a 

direct interaction (332, 350). Differences between F1L and M11L may be the result of 

discrete differences in amino acid similarity and their overall structure. For instance, 

although Bcl-2 and B cI-x l  are relatively similar in structure, the hydrophobic groove of 

Bcl-2 is longer than the groove of B cI-x l , and these two proteins consequently show 

different affinities for BH3 domains (187, 194, 259). Future work characterizing the 

structure of F1L would greatly improve our understanding of the mechanism of F1L, and 

would provide insight into the function of both F1L and cellular Bcl-2 family members.

It was suggested by Postigo and colleagues that, in addition to F1L, the vaccinia 

virus proteins A6L and N IL  may also encode BH3-like domains (265). N IL  was recently 

crystallized and consists of six alpha-helices which fold similar to B cI-x l  and Mcl-1 (13) 

(Fig. 6.3). Although N IL  has previously been shown to be a viral virulence factor that 

can inhibit TLR3-mediated NF-kB signaling (22, 28, 96, 181), N IL  interacts with BH3- 

peptides from Bid, Bim and Bak, but not from Bad (13). The vaccinia virus protein A6L 

may also possess at least one BH-like domain (265). A6L has been reported to be a viral 

core protein required for proper virion formation (226). Whether A6L or N IL  play any 

definitive role in the control o f apoptosis remains to be determined. Infection with 

VV(Cop)AFlL does not inhibit apoptosis induced by multiple stimuli despite the fact that 

the genome of VV(Cop) contains both A6L and N IL  open reading frames (123, 350, 

379). Apoptosis induced by infection with VV(Cop)AFlL, however, is relatively slow, 

and growth curves o f VV(Cop)AFlL on multiple MEF cell lines displayed no significant 

difference compared with wild type VV(Cop) (Fig. 3.11). It is possible that additional 

proteins such as N IL  or A6L play specific roles in regulating apoptosis induced by 

particular pro-apoptotic stimuli such as VV-infection, although these hypothetical 

functions of N IL  and A6L remain to be investigated.
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Positional homology of F1L, M11L, FPV039

Vaccinia virus F1L, myxoma virus M11L, and another poxviral anti-apoptotic 

protein, fowlpox virus FPV039, are all mitochondrial-localized inhibitors o f apoptosis 

and all interact with Bak (103, 382)(L. Banadyga and M. Barry, unpublished results). 

These proteins are functionally similar and share no significant amino acid similarity, 

although unlike F1L and M11L, FPV039 is an actual Bcl-2 homologue (5). What is 

particularly intriguing, however, is that these three viral open reading frames, as well as 

the F1L homologue from deerpox virus, all lie immediately adjacent to the open reading 

frame encoding the viral deoxyuridine triphosphatase (dUTPase) within their respective 

genomes (2, 5, 49, 123). It is possible that the conservation in genomic location, or 

“positional homology”, of these poxviral anti-apoptotic open reading frames is indicative 

o f a single gene acquisition event. Gradually through evolution, these proteins may have 

lost amino acid identity but maintained the necessary structural and functional aspects of 

anti-apoptotic Bcl-2 family members. FPV039, however, is more closely related to Bcl-2 

and lies on the opposite side of the dUTPase, so it is possible that FPV039 was acquired 

separately and perhaps more recently in evolutionary history. Overall, the fact that M l 1L, 

F1L, and FPV039 all inhibit apoptosis and interact with Bak will allow us to investigate 

any putative conserved domains which facilitate the inhibition of apoptosis.

Activation of BH3-only proteins by Vaccinia virus

Apoptotic stimuli induce mitochondrial dysfunction through the activation/up- 

regulation o f the BH3-only proteins (270, 330, 390), and infection with VVAF1L induces 

apoptosis (379, 382). Interestingly, we show that infection o f HeLa cells with either 

VV(Cop) or VV(Cop)AFlL induces the apparent phosphorylation of BimEL (Fig. 4.3). 

Inhibition of this phosphorylation, however, had no effect on the ability of 

VV(Cop)AFlL to induce apoptosis in HeLa cells, suggesting that the phosphorylation of 

BimEL is not solely responsible for VV-induced apoptosis (Fig. 4.5). Bim_/' BMKs were
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partially resistant to VV-induced apoptosis (Fig. 4.9), suggesting that Bim is required to 

fully execute vaccinia virus-induced cell death. Western blotting of lysates from VV- 

infected BMK cells displayed the up-regulation of BimS and BimL, indicating that these 

proteins may be transcriptionally up-regulated following VV-infection (Fig. 4.9). 

Apoptosis, however, was not abolished in Bim'7' BMKs, suggesting that other BH3-only 

proteins are activated and involved in VV-induced apoptosis. The roles o f BH3-only 

proteins are not yet fully defined, so characterizing BH3-only protein activation, up- 

regulation, and modification during VV-infection may reveal insight into how BID-only 

proteins are activated. As well, BH3-only protein pathways are intimately linked to the 

innate cellular mechanisms which detect virus infection and induce apoptosis, so 

characterizing which proteins are activated following vaccinia virus infection may 

provide information regarding these innate cellular anti-viral pathways.

VV(Cop)AFlL is not the only strain of VV which induces apoptosis. VV lacking 

the gene E3L also induces apoptosis in infected cells, despite the fact that this virus 

expresses F1L (113, 192). E3L encodes a dsRNA binding protein which was originally 

identified as an interferon (IFN) resistance gene (58, 86). dsRNA is a by-product of viral 

replication and transcription, and has been shown to induce both interferon and apoptotic 

responses (57, 279, 280, 309). Expression of E3L protects cells from dsRNA-induced 

apoptosis but not apoptosis induced by other stimuli, suggesting that E3L specifically 

functions to protect cells from dsRNA-induced cytopathic effects (118, 176). 

Remarkably, treatment of VVAE3L-infected cells with cytosine arabinoside, a nucleoside 

analogue which prevents virus DNA replication and the subsequent buildup of dsRNA, 

blocks VVAE3L-induced apoptosis (176, 192).

dsRNA triggers the up-regulation of the BH3-only protein Noxa to induce 

apoptosis (336). Intriguingly, infection with VVAE3L induces apoptosis in WT MEFs, 

but not in Noxa-deficient MEFs (113). As this virus expresses F1L, this suggests that F1L 

may not be able to counteract the pro-apoptotic effect of Noxa during virus-induced
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apoptosis (113), despite the fact that F1L inhibits Bak and Bax activation induced by 

other stimuli (265, 350, 379). Other recent studies have shown that E3L is also a viral 

regulator of transcription and that the expression o f viral proteins such as F1L may be 

decreased (211). It will therefore be interesting to examine whether the overexpression of 

F1L is capable of inhibiting VVAE3L-induced, Noxa-induced, or dsRNA-induced 

apoptosis. If  F1L is able to inhibit apoptosis mediated by only certain BH3-only proteins, 

this may reflect a specific evolutionary path. In the case of VV, the E3L protein may be 

completely effective at inhibiting the dsRNA-induced Noxa response, so it is possible 

that VV does not require F1L to inhibit dsRNA-mediated apoptosis. E1B 19K from 

adenovirus, for instance, does not inhibit BimL-mediated apoptosis (250), yet potently 

inhibits apoptosis induced by other intrinsic and extrinsic stimuli (90, 145, 257, 388). In 

evolutionary terms, it is possible that Bim is not activated during adenovirus infection, so 

E1B 19K does not need to inhibit Bim-mediated apoptosis.

F1L, mitochondrial membrane permeabilization, and mitochondrial morphology

We have shown that F1L expression inhibits the release o f cytochrome c from 

mitochondria during apoptosis and that F1L can interact with Bak and BimL as potential 

mechanisms for inhibiting mitochondrial dysfunction during apoptosis (350, 382). 

Although Bcl-2 is believed to primarily function to control pro-apoptotic Bcl-2 family 

proteins, the expression of Bcl-2 can suppress mitochondrial membrane permeabilization 

in vitro in the absence of pro-apoptotic Bcl-2 family members (10, 42). Bcl-2 can inhibit 

pore formation by Bak, Bax, VDAC, and ANT in vitro (42, 313). As well, M11L from 

myxoma virus has been reported to interact with the PBR, a component of the PT pore 

(104). It remains to be determined whether F1L, like Bcl-2, can inhibit non-specific 

mitochondrial membrane permeabilization, although F1L can inhibit mitochondrial 

permeability transition induced by the addition of atractyloside, a chemical ligand of the 

PT pore (381). This suggests that F1L may have an additional mechanism to control the
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mitochondria in addition to binding to Bak and BimL. It is not known whether F1L can 

maintain the integrity o f the mitochondrial membrane in the absence o f cellular Bcl-2 

family proteins. Examining the biochemical attributes of F1L may help us characterize 

how F1L actually maintains the integrity of the mitochondrial membrane during cell 

death.

Bcl-2 undergoes a conformational change at the mitochondrial membrane during 

apoptosis (178), although the significance of this change is not understood. F1L is 

anchored into the mitochondrial membrane prior to an apoptotic stimulus, but whether 

F1L or other viral proteins undergo a similar conformational change following an 

apoptotic stimulus is unknown. It has been documented that Bax requires additional 

proteins as part o f the so-called mitochondrial apoptosis channel (MAC) to facilitate 

cytochrome c release (92, 136, 282). This high-conductance channel is suppressed by 

Bcl-2 overexpression, and is detected in gel filtration fractions which also correspond to 

oligomeric Bax (92, 256). Expression o f F1L inhibits Bax oligomerization and 

cytochrome c release, leading us to speculate that MAC formation may also be inhibited 

by F1L.

The mitochondrial inner membrane is comprised of a series of folds, or cristae, 

which create pockets known as intracristae spaces. These intracristae spaces contain more 

than 90% of the cytochrome c, so complete cytochrome c release during apoptosis 

requires cristae remodeling (299). Other pro-apoptotic factors such as SMAC/Diablo are 

not contained within the intracristae space and are released without cristae remodeling 

(255). The recent observation documenting the requirement of cristae remodeling during 

apoptosis points to the involvement of mitochondrial fission and fusion proteins in 

apoptosis (53, 223, 298, 401). During apoptosis, mitochondria typically become 

increasingly fragmented, and the inhibition o f mitochondrial fragmentation appears to 

interfere with cytochrome c release (255). Similarly, the overexpression o f proteins 

involved in mitochondrial fusion appears to inhibit Bak and Bax activation during
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apoptosis (334). Intriguingly, Bak and Bax also play a regulatory role with respect to 

mitochondrial fission and fusion. Cells devoid of Bak and Bax exhibit short fragmented 

mitochondria, while re-expression of Bak or Bax results in mitochondrial elongation 

(171),.

Bak and Bax are not the only apoptotic regulator proteins which affect 

mitochondrial morphology. Expression o f vMIA induces a cytopathic effect and 

mitochondria appear smaller and fragmented (171, 224, 264). Overexpression of Bax, but 

not BaxABH3, in these cells reverses vMIA-induced fragmentation (171). Drpl (dynamin 

related protein 1) is required for cristae remodeling and cytochrome c release, and the 

BH3-only protein Bik induces cristae remodeling via Drpl (122). Conversely, a protein 

involved in mediating mitochondrial fusion, Fzol, has the ability to inhibit cytochrome c 

release and the activation of Bak and Bax (334). Aside from vMIA, no other viral anti- 

apoptotic proteins have been documented to alter mitochondrial morphology. Based on 

the observations that Bcl-2 family members are connected to mitochondrial fission and 

fusion, it would be interesting to investigate whether infection with VV or the expression 

o f F1L has any effect on mitochondrial morphology. Any effect that F1L has on 

mitochondrial morphology may also help us to better understand how F1L inhibits 

cytochrome c release, and will also allow us to investigate the role that mitochondrial 

morphology plays in apoptosis and vaccinia virus infection.

Ectromelia virus EVM025: a functional anti-apoptotic protein

The ectromelia virus orthologue of F1L, EVM025, is predicted to be 55kDa in 

size, and contains a long N-terminal repeat, consisting of the eight amino acid motif 

‘DNGIVQDF repeated 30 times (Fig. 5.1). F1L, on the other hand, contains this eight 

amino acid motif only once (Fig. 5.1). We have shown that EVM025 is produced as a 

55kDa protein and inhibits apoptosis at the mitochondria, as a deletion virus 

EVMAcrmAA025 does not inhibit cytochrome c release (Fig. 5.3, and 5.5). Interestingly,
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the N-terminal extension is not required in vitro, as truncated versions o f EVM025 

lacking the N-terminal repeat region inhibited apoptosis induced by TNFa, aFas, and 

virus infection (Fig. 5.6 and 5.10). EVM025 is a functional anti-apoptotic protein, and 

like F1L, is able to interact with Bak (Fig 5.10). As well, EVM025 is also able to inhibit 

Bax activation (Fig. 5.9), although no interaction between a truncated version of 

EVM025, EVM025(E255), and Bax was observed (Fig. 5.10). These results suggest that 

EYM025, similar to F1L, may also function upstream of Bax activation. Whether 

EVM025 interacts with BFI3-only proteins such as Bim remains to be determined. Our 

lab has shown that both F1L and versions of EVM025 lacking the N-terminal repeat 

region can inhibit mitochondrial dysfunction induced by the overexpression of the BH3- 

only proteins BimL, Bid, Bmf, Bik, and PUMA (Fig. 4.1) (S. Campbell, D. Quilty, K. 

Veugelers, and M. Barry, unpublished results), and we are currently investigating 

whether EVM025 interacts with any of these BH3-only proteins. Cellular anti-apoptotic 

proteins such as Bcl-xL and Mcl-1 show different affinities for the various BH3-only 

proteins, suggesting that BFI3-only proteins are not promiscuous with respect to binding 

all o f the anti-apoptotic Bcl-2 family members, and vice versa. Whether the same is true 

for viral anti-apoptotic proteins such as EVM025 or F1L remains to be investigated.

We have shown that full length EVM025 is a functional anti-apoptotic protein, as 

a strain of EVM lacking EVM025 is unable to confer resistance to multiple apoptotic 

stimuli (Fig. 5.5 and 5.9). Future work will involve the use of this mutant strain of EVM 

in pathogenicity studies to examine the role of EVM025 in virus virulence. A natural 

pathogen o f mice, EVM is an excellent model in which to study poxviral pathogenicity 

(102, 110). Deletion of open reading frames encoding apoptotic regulators from other 

viruses often results in dramatic attenuation, indicating the importance of the regulation 

o f apoptosis during infection (128, 208, 254). Although endogenous full-length EVM025 

is functional and inhibits apoptosis, we do not know the function, if any, of the N- 

terminal repeat region. The long N-terminal amino acid sequence does not exhibit any

190

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



obvious predicted secondary structure or share any homology with any known proteins, 

although EVM025 is seen as a full-length 55kDa protein in EVM-infected cells. As well, 

the sequence of the EVM025 orthologue from EV strain Naval is also predicted to 

contain 26 copies of the “DNGIVQDI” repeat. Our lab is currently investigating whether 

other strains of ectromelia virus also exhibit an elongated N-terminal repeat region. We 

attempted a number of methods to clone and examine full-length EVM025 from EVM. 

None of our attempts were successful, so we are unable to comment on the role o f the 

complete N-terminal repeat region. We constructed two EVM025 truncations containing 

either zero or two copies o f the eight amino acid motif that were similar in their ability to 

protect cells from apoptosis (Fig. 5.6), indicating that the repeat is non-essential in vitro, 

and that the presence of two copies o f the repeat does not confer an obvious pro-survival 

advantage in vitro.

The presence of an N-terminal extension is not unique to the genome of 

ectromelia virus. F1L orthologues from cowpox, camelpox and variola virus all show the 

presence o f a variable extension at the N-terminus. Certain strains of variola virus have 

multiple copies of an ‘Asp-Asp-Ile’ (‘DDI’) repeat, such as variola India 1953 (12 copies 

of “DDI”). Other strains o f variola virus show no significant extension at the N-terminus, 

such as variola Afghanistan 1970 (2 copies of “DDI”). The function of these repeats is 

also unknown, and there is no obvious correlation between the length of the N-terminal 

extension and historical mortality rate data of these strains o f variola. We can only 

speculate that these extensions may (1) confer an altered anti-apoptotic function in vivo; 

(2) possess a novel function; or (3) be dispensable altogether. Deletion of the repeat 

region from EVM025 does not abolish the ability of EVM025 to inhibit apoptosis in vitro 

(Fig. 5.6), suggesting that the basic anti-apoptotic function of EVM025 does not require 

the N-terminal repeat. This repeat region may confer anti-apoptotic properties specific to 

mouse cells, as the bulk of our work has been done in human tissue culture cells. 

EVM025 confers resistance to apoptosis in human cell lines, and F1L similarly confers
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resistance to apoptosis in at least two mouse cell lines (Fig. 3.8-3.11)(379), suggesting 

that these viral inhibitors of apoptosis are functional in vitro in either murine or human 

cell lines. There may be discrete differences that can be ascribed to species specificity, 

such as the ability to interact with a particular BH3-only protein. Murine Noxa for 

instance has two BH3 domains, compared to the human Noxa which has one BH3 

domain (251). Sequence alignment of human versus murine BimL, meanwhile, shows 

85% amino acid identity, and a number of amino acid differences lie just outside the BH3 

domain (250). The notion that EVM025 may confer properties specific for murine pro- 

apoptotic proteins is currently being investigated in our lab.

As our truncated version of EVM025 lacking the repeat region, EVM025(E255), 

inhibits apoptosis in vitro, it will be interesting to see whether truncated EVM025(E255) 

will still function in infected mice in vivo. Assuming that full-length EVM025 is required 

for in vivo pathogenicity, the generation of a strain of ectromelia which only encodes 

truncated EVM025(E255) would help to ascertain the in vivo function of the N-terminus, 

and any deficiency in pathogenicity would suggest that the repeat region is important for 

virus virulence. It is possible that the N-terminal repeat region o f EVM025 plays a 

specific anti-apoptotic role in mice in vivo and contributes to the host range of ectromelia 

virus. Another possibility is that this domain has a function completely independent of 

apoptosis. Indeed, the mitochondrion is a dynamic organelle that takes part in a number 

of cellular pathways, and was even recently connected with the interferon pathway (308). 

It is possible that viral mitochondrial-localized proteins such as EVM025 and F1L may 

have other functions aside from the inhibition of apoptosis.

Expression of EVM025 and F1L

Intriguingly, western blotting of EVM-infected cell lysates with anti-FIL revealed 

substantial amounts of EVM025, while VV(Cop)-infected lysates exhibited no F1L 

whatsoever (Fig. 5.3). This antibody was generated against the first 120 amino acids of

192

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



F1L, and detects both FLAG-F1L as well as FLAG-EVM025(E255) lacking the N- 

terminal repeat region (Fig. 5.3, 5.10) (329). One hypothesis to explain why the F1L 

antibody does not detect F1L in VV(Cop)-infected lysates is that F1L messenger RNA 

(mRNA) may not be transcribed at high amounts. Indeed, there is a small 12 nucleotide 

insertion in the promoter region immediately upstream of F1L that is not present in front 

of EVM025. This small insertion may negatively affect the rate of transcription of F1L 

compared to EVM025, thereby accounting for the lack of a reactive F1L band with our 

anti-FIL antibody. Quantitative RT-PCR or northern blotting mRNA samples from EVM 

or VV-infected lysates would reveal whether EVM025 and F1L are transcribed at 

different rates. Although this is plausible, EGFP-fusions o f F1L or EVM025(E255) 

behind the identical cytomegalovirus (CMV) promoter also do not express equally, as we 

consistently observe much higher expression of EGFP-EVM025(E255) compared to 

EGFP-F1L (S. Campbell, D. Quilty, and M. Barry, unpublished results). This suggests 

that another post-translational regulatory mechanism may control the expression of F 1L 

and EVM025.

Another hypothesis to explain the lack of F1L detected by the F1L antibody is 

that F1L may be targeted for degradation. Degradation of proteins by the 26S proteasome 

is regulated by ubiquitination, whereby the 76 amino acid peptide ubiquitin is covalently 

attached to lysine residues from substrate proteins (168, 386). Ubiquitin molecules can 

then be ubiquitinated themselves, resulting in polyubiquitin chains which can target the 

ubiquitinated protein to the 26S proteasome for degradation. In support o f this, 

preliminary polyubiquitination assays have demonstrated that F1L is ubiquitinated 

(Appendix B.2). As well, addition of the proteasome inhibitor MG132 dramatically 

increases expression of F1L (S. Campbell and M. Barry, unpublished results)(265). Flow 

F1L is ubiquitinated and the significance of this event remains to be investigated.

One class o f E3 ubiquitin ligases, responsible for attaching ubiquitin to substrate 

proteins, possess a zinc-binding RING-domain. Intriguingly, a E3 ubiquitin ligase known

193

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



as MULE (Mcl-1 ubiquitin ligase E3) possesses a BH3 domain and localizes to the 

mitochondria (59). MULE interacts with and specifically polyubiquitinates the Bcl-2 

family member Mcl-1, resulting in Mcl-1 degradation (378, 405). While Mcl-1 is the only 

known substrate for MULE, it is interesting to speculate that cellular proteins such as 

MULE may have anti-viral functions by targeting viral proteins such as F1L for 

degradation. As F1L interacts with BH3 domain-containing proteins (265, 350, 379), it is 

possible that F1L can also interact with the BH3 domain from MULE. The molecular 

events which regulate F1L and EVM025 ubiquitination remain to be determined. Pulse 

chase immunoprecipitations using 35S-methionine would help establish the relative turn­

over rates o f F1L and EYM025, and would indicate whether F1L is degraded at a faster 

rate than EVM025. Considering that proteins are ubiquitinated on lysine residues, it 

should be noted that two lysine residues from F1L are changed to glutamate in 

EVM025(E255). As well, there are a number of other residues which differ between F1L 

and EVM025 that may also affect the rate of ubiquitination. Proteins are often modified 

by phosphorylation prior to their ubiquitination (197, 210). It is interesting to speculate 

that F1L orthologues may be differentially regulated by ubiquitin and that this may 

correlate with virus pathogenicity. It would be o f interest to also investigate the 

ubiquitination of other orthopoxviral F1L orthologues in various hosts. Considering that 

vaccinia virus is not a natural human pathogen, it is tempting to speculate that 

mechanisms such as the ubiquitination of viral virulence determinants may play a role in 

determining overall virus pathogenicity.

Summary

At the initiation of these studies, little was known about the activation of Bax 

during vaccinia virus infection. We have shown here that vaccinia virus F1L can inhibit 

Bax activation in the absence of a direct interaction. F1L can, however, interact with the 

BH3-only protein BimL as a mechanism for inhibiting the steps leading to Bax
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activation. Combined with other observations, we propose that F1L can interact with 

BH3-only proteins and BH3-domains from Bcl-2 family members as a mechanism for 

inhibiting apoptosis at the mitochondria. We have also shown that the F1L orthologue 

from ectromelia virus, EVM025, is a functional anti-apoptotic protein which interacts 

with Bak and inhibits Bax activation. Whether EVM025 is also capable of interacting 

with BH3 domains or BH3-only proteins remains to be determined, and future work will 

likely focus on how these poxviral inhibitors of apoptosis interact with Bcl-2 family 

members. Overall, this research has added valuable insight into understanding how these 

poxviral inhibitors o f apoptosis function, and will hopefully lead to further discoveries 

detailing how viral and cellular proteins function to regulate the complex intrinsic 

apoptotic pathway.
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Appendix A.

The poxvial RING protein p28 is a ubiquitin ligase

The results contained in figures A.1-A.3 have been published:

Nerenberg, B.T.H.*, J. Taylor*, E. Bartee, K. Gouveia, M. Barry, and K. Fruh. 2005.

The poxviral RING-fmger protein p28 is a ubiquitin ligase that targets ubiquitin to viral 

replication factories. Journal of Virology. 79:597-601.

(* denotes authors contributed equally)

All o f the recombinant vaccinia viruses were constructed by J. Taylor, and the results 

presented in Fig. A.3 A-G  were contributed by J. Taylor. The first draft o f this manuscript 

was written by B. Nerenberg and J. Taylor. Major editorial contributions were made by 

M. Barry and K. Fruh.
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Abstract

The poxviral RING protein p28 is a virulence factor whose molecular function is 

unknown. Many cellular RING-containing proteins act as ubiquitin ligases (RING-E3s) 

connecting selected substrate proteins to the ubiquitination machinery. Here we 

demonstrate that vaccinia virus p28 and its homologue in myxoma virus, M143R, can 

mediate the formation o f polyubiquitin conjugates, while RING mutants o f both p28 and 

M143R cannot. Furthermore, p28 is ubiquitinated in vivo and ubiquitin colocalizes with 

p28 to virus factories independently o f an intact RING domain. These results implicate 

the ubiquitin system in poxviral virulence.

Results and Discussion

Poxviruses are large, complex viruses that replicate in the cytoplasm o f infected 

cells (10). The poxviral RING (really interesting new gene) domain protein, p28, 

localizes to viral factories and is encoded by members of the leporipoxviruses and 

orthopoxviruses (11, 12, 14). Notable exceptions include vaccinia virus (VV) strain WR, 

which contains a truncated copy of p28, and VV strain Copenhagen, which lacks p28 

entirely (11, 12, 14). Although the precise molecular function o f p28 is presently 

unknown, p28 expression has been linked to apoptosis inhibition and a p28 knockout in 

ectromelia virus was strongly attenuated, resulting in reduced growth in macrophages and 

the complete clearance o f virus from infected mice (2, 3, 11, 12).

Recently, a number of RING-containing proteins have been shown to act as 

ubiquitin ligases (RING-E3s) which simultaneously interact with a specific substrate and 

a ubiquitin-conjugating enzyme (ubc), or E2, to mediate substrate-specific ubiquitination 

(7). In vitro, RING-E3s catalyze the formation o f polyubiquitin in the presence of 

ubiquitin, ubiquitin-activating enzyme (El), E2, and ATP (8). Given the highly conserved 

RING domain in p28, we examined whether VV p28 and the myxoma virus (MV) 

homologue, M143R, display ubiquitin ligase activity in vitro. VV p28, derived from strain 

IHD-W (14), and M143R, from MV strain Lausanne, were fused to glutathione S- 

transferase (GST) and purified horn Escherichia coli as described previously (9). 

Mutations in the RING domains o f M143R and p28 were constructed by replacing two 

conserved cysteines, C173 and C176, with serine, which disrupts the ability o f RING
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domains to complex with zinc and abolishes E3 ligase activity (9). Furthermore, the 

RING domain o f p28 was deleted by truncation at residue 184, resulting in a construct 

consistent with the p28 truncation in W  strain WR. At a concentration o f 3 pM, each 

GST fusion was combined in vitro with 50 nM rabbit E l (Boston Biochem), 0.5 pM 

human E2 UbcH5a(gift of R. Everett and purified as described previously (1)), 10 mM 

ATP, and 28 pM ubiquitin. Negative and positive controls consisted of GST and the 

RING domain o f herpes simplex virus type 1 ICPO (1), respectively. The in vitro 

ubiquitination reaction was performed in a solution o f 20 pi o f 50 mMTris-HCl (pH 7.5), 

200 mM NaCl, 1 mM dithiothreitol for 90 m inat 30°C, and high-molecular-weight 

(HMW) ubiquitin conjugate formation was determined by immunoblotting with 

ubiquitin-specific antibody P4D1 (Santa Cruz Biotechnology). As expected, the RING 

domain o f ICPO catalyzed the formation o f multiubiquitin adducts in the presence of 

UbcH5a, whereas GST was inactive (Fig. A .l). HMW-ubiquitinated products were also 

observed in the presence o f p28 and M143R, but not when the RING domain was 

truncated or lacked crucial cysteines (Fig. A .l). These HMW bands likely consist of 

multiple ubiquitin adducts or ubiquitinated E l or E2, because reprobing the blot with anti- 

GST did not reveal additional ubiquitinated bands o f wild-type p28 compared to those of 

RING mutant p28 (data not shown). Thus, we conclude that p28 and M143R can function 

as RING-E3 ubiquitin ligases in vitro.

To determine whether p28 affects ubiquitination in vivo, we examined the 

distribution o f ubiquitin in VV-infected cells in the presence of wild-type or truncated 

p28 by using an infection/transfection strategy described previously (14). Under the 

control o f the synthetic early-late poxviral promoter in pSC66 (4, 6), four versions o f p28 

with an N-terminal FLAG tag (DYKDDDDK) were expressed: wild-type p28, 

p28C173S/C176S,p28(l-204), and p28(l-184). Comparable expression levels and correct 

sizes o f these constructs were verified by immunoblot (data not shown). To facilitate the 

detection o f ubiquitination events occurring during poxviral infection, we inserted a 

hemagglutinin (HA) epitope-tagged form o f ubiquitin (13) into pSC66 (4). HeLa cells 

were infected with VV-WR at an MOI o f 5 and were cotransfected with HA-ubiquitin 

and either p28 or enhanced green fluorescent protein (EGFP) in pSC66 as a control (15). 

The distribution o f both p28 and HA-ubiquitin was determined by confocal microscopy at
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Figure A.l. p28 has ubiquitin ligase activity in vitro.
Purified GST fusion proteins were combined in an in vitro ubiquitination reaction with 
El, UbcH5a (E2), ATP, and ubiquitin. Reactions were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and were probed with anti-ubiquitin (P4D1; Santa 
Cruz Biotechnology). Western blotting with anti-ubiquitin shows the appearance of 
high-molecular-mass ubiquitin adducts in reactions containing either GST-p28, GST-M143R, 
or G ST -IC P0 com pared  to reactions w ith  no G ST -fusion , G S T  alone, the C 1 7 3 S /C 1 7 6 S  double  
mutants ofbothp28 and M143R, or p28(l-l84).

232

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16 h post-infection. Cells were fixed with paraformaldehyde, permeabilized, and blocked 

with bovine serum albumin and fish gelatin as described previously (9). p28 was detected 

using fluorescein isothiocyanate (FITC)-conjugated anti-FLAG antibody (M2; Sigma), 

rabbit anti-I3L was used to detect virus factories (16), and mouse monoclonal anti-HA 

(HA-7; Sigma) was used to visualize ubiquitin. Primary antibodies were detected with 

goat anti-rabbit Alexa Fluor 350 (Molecular Probes) and goat anti-mouse Rhodamine B 

(Biosource, Camarillo, Calif.), respectively. Mouse Fc fragment (Cortex Biochem, San 

Leandro, Calif.) was used to block potential binding o f the anti-FLAG to the anti-mouse 

secondary antibody. Absence o f cross-reactivity was verified in control experiments (data 

not shown). Images for each fluorescence channel were obtained sequentially byconfocal 

microscopy (Fig. A.2).

As expected from previous studies, both full-length p28, p28(C173S/C176S), and 

p28( 1-204) localized exclusively to virus factories and displayed similar staining patterns 

(Fig. A.2), while p28(l-184) showed both cytoplasmic and viral factory staining (12, 14). 

In the presence o f cotransfected EGFP, we observed a diffuse cytoplasmic distribution of 

HA-ubiquitin that was excluded from viral factories (Fig. A.2). Similarly, HA-ubiquitin 

was excluded from viral factories when cotransfected with p28(l-184), despite a partial 

localization o f p28(l -184) to viral factories. In stark contrast, cotransfection o f both full- 

length p28 and p28( 1-204) resulted in a strong enrichment of ubiquitin at viral factories. 

The same staining pattern was also seen using His-tagged ubiquitin (Hisg) (data not 

shown) (13), suggesting that ubiquitin is enriched in virus factories upon expression of 

p28. To determine if  such ubiquitin enrichment could also be observed with endogenous 

ubiquitin, we used antibody FK-2 (Affiniti), which specifically detects conjugated 

ubiquitin. Cells infected with a recombinant VY-WR expressing FLAG-p28 showed 

colocalization of conjugated ubiquitin as determined by colocalization with the virus 

factory marker I3L (Fig. A.2B). No colocalization was observed in VV-WR-infected cells 

(Fig. A.2B). Colocalization was not observed in all cells but was most obvious in cells 

that displayed well-developed and large virus factories.

The colocalization o f ubiquitin with p28 in virus factories could be the 

consequence o f p28-mediated ubiquitination o f poxviral or host proteins in this 

compartment; however, colocalization occurred independent o f a functional RING
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Figure A.2. p28-dependent accumulation of ubiquitin in viral replication factories.
A, Colocalization with FIA-ubiquitin. HeLa cells were infected with VV-WR, transfected with 
HA-ubiquitin, and cotransfected with either FLAG-p28, FLAG-p28(C173S/C176S), 
FLAG-p28(l-204), FLAG-p28(l-184), or EGFR Cells were fixed and stained as described in the 
text to visualize HA-ubiquitin, FLAG constructs, EGFP, and I3L. All p28 constructs tested 
localized to virus factories, although FLAG-p28(l-184) was also cytoplasmic. HA-ubiquitin was 
excluded from viral factories in the absence of p28, while in the presence of FLAG-p28, 
FLAG-p28(C173S/C176S), or FLAG-p28( 1-204), HA-ubiquitin was enriched in virus factories.
In contrast, FIA-ubiquitin was excluded from viral factories upon transfection with 
FLAG-p28(l-184). (B) Colocalization with endogenous ubiquitin. HeLa cells were infected with 
VV-WR FLAG-p28 or VV-WR for 16 h and stained with anti-ubiquitin antibody FK2 and 
anti-I3L. Ubi, ubiquitin.
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domain, suggesting that colocalization could also be the result o f ubiquitination of p28.

To examine if  p28 was ubiquitinated, we generated recombinant VV-WR expressing 

FLAG-p28, FLAG-M143R, HA-ubiquitin, or His-ubiquitin according to standard 

procedures (4). CV-1 cells were infected with VV-FLAG-p28 or VV-FLAG-M143R for 

16 h at an MOI o f 5 in the presence or absence o f VV-HA-ubiquitin, and FLAG-tagged 

p28 or M143R was immunoprecipitated using immunoprecipitation (RIPA) buffer and 

anti-FLAG antibody (M2; Sigma). Immunoblotting the precipitates with anti-FLAG 

antibody revealed, as expected, a predominant band in the 28-kDa range in cells infected 

with VV-FLAG-p28 and VV-FLAG-M143Rbut not in VV-HA-ubiquitin (Fig. A.3A and 

D). In addition, several HMW species were also observed which could represent 

ubiquitinated p28 or M143R. Co-infection with HA-ubiquitin slightly increased the size 

o f HMW FLAG-tagged M l 43R (Fig. A.3D), while generally lower amounts o f all 

FLAG-tagged bands were observed as a result of coinfection. Immunoblotting the anti- 

FLAG precipitates with anti-HA revealed low background levels in VV-HA-ubiquitin- 

infected cells (Fig. A.3B  and E). However, coinfection o f VV-HA-ubiquitin with either 

p28 or M143R, followed by immunoprecipitation with anti-FLAG and immunoblotting 

with anti-HA, resulted in the presence o f HMW HA-tagged bands, including those that 

correspond to HMW FLAG-tagged forms o f p28 or M143R(Fig. A.3B  and E). 

Importantly, only the HMW species were recognized with anti-HA, whereas the 

predominant 28-kDa protein detected by anti-Flag was not reactive with anti-HA. Similar 

observations were made using an antibody against endogenous ubiquitin (Fig. A.3C and 

F), indicating that p28 and M143R are ubiquitinated during viral infection, which has 

been observed for other RING-E3 ligases (5). To determine if  the ubiquitination o f p28 

was the result o f autoubiquitination, we coinfected cells with W  expressing either 

FLAG-tagged wild-type or RING mutant p28 together with VV-His-ubiquitin. 

Ubiquitinated proteins were isolated by using nickel-chelate affinity chromatography and 

were probed for the presence of p28 by using anti-FLAG. HMW bands occurred in both 

wild-type and mutant p28-expressing cells that also expressed His-ubiquitin, but they did 

not occur in cells that were only infected with p28-expressing VV (Fig. A.3G). Therefore, 

we conclude that autoubiquitination o f p28 is unlikely to be the reason for ubiquitination
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Figure A.3. Ubiquitination o f p28 and M143R. CY-1 cells were infected with the indicated 
recombinant viruses at an MOI o f 5. Sixteen hours postinfection, cells were treated with 25 pM 
MG 132 for 4 h, lysed in RIPA buffer, and immunoprecipitated with anti-FLAG antibody (M2; 
Sigma). Immunoprecipitates were separated by SDS-PAGE and were blotted with either 
anti-FLAG-HRP (a and d), anti-HA (b and e), or anti-ubiquitin-HRP (c and f). (g) CV-1 cells 
were infected with the indicated viruses at an MOI o f 2 for 16 h, treated with 25 pM MG 132 for 
4 h, and lysed in 1% NP-40. Cleared lysates were incubated with Ni2+ resin for 2 h at 4°C, and 
bound proteins were eluted using 1 M imidazole in 500 mM NaCl and 20 mM Tris (pH 7.9) and 
concentrated by acetone precipitation. Samples were separated by SDS-PAGE and probed with 
anti-FLAG-HRP (M2), (h) HeLa cells were infected with the indicated viruses at an MOI of 5 for 
16 h and were metabolically labeled with [35S]methionine (0.1 mCi/ml) for 30 min, and the label 
was chased for the indicated hours. Cells were lysed, and p28 was immunoprecipitated using 
anti-FLAG. WB, Western blot; IP, immunoprecipitation; Ub, ubiquitin.
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of p28. Probably as a result of this ubiquitination, both wild-type and mutant p28 are 

short lived (Fig. A.3H).

p28 is the first ubiquitin ligase identified in members o f the orthopoxviruses. At 

present, the substrates o f p28 and its myxoma virus homologue, M143R, are unknown, 

but they themselves seem to be targets for ubiquitination, which may contribute to the 

observed accumulation o f ubiquitin in the replication factories. It remains to be 

demonstrated how the ubiquitin ligase function o f p28 relates to its role as a virulence 

factor and its previously observed requirement for infection o f macrophages and 

inhibition of apoptosis (2, 3, 12). This is the first evidence that p28 functions as a 

ubiquitin ligase. Recently, however, it was shown that myxoma virus encodes another 

ubiquitin ligase, M153R, which targets immune receptors for degradation (9). Our 

observations that p28/M143R and M153R function as ubiquitin ligases clearly suggest 

that regulation o f ubiquitination during poxvirus infection is an important and recurring 

theme.
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Appendix B: Supplemental Results

Figure B .l. Ubcl3/MMS2 appear to be enriched at virus factories in the presence o f p28 

Figure B.2 F1L is ubiquitinated.

Figure B.3. F1L inhibits apoptosis induced by the overexpression o f Bak, but not Bax. 

Figure B.4. Vaccinia virus A6L protein is cytoplasmic and is stable in the presence o f p28 

Figure B.5 A6L mRNA is expressed from recombinant VVWR expressing p28.
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Figure B .l. Ubcl3 and MMS2 appear to be enriched at virus factories in the presence of p28. 
HeLa cells were infected at an MOI of 5 for 16 hours with either VV(Cop) or VV(Cop):BN65 
which expressed FLAG-p28. Cells were fixed in 4% paraformaldehyde and stained with either 
anti-FLAG-FITC (A), anti-Ubcl3 (B) or anti-MMS2 (C) at 1:200, and costained with 
anti-mouse-Alexa546 (B and C). Cells were co-stained with Hoechst 33342 and visualized 
with confocal microscopy.
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Figure B.2. F1L is ubiquitinated.
HeLa cells were infected with VV:FLAG-F1L alone, or VVWR:HA-ubiquitin along with 
either W:FLAG-F1L or VVWR:FLAG-p28 at an MOI of 5 for 16 hours. Four hours prior to 
lysis, cells were treated wtih 25uM MG 132. Cells were lysed in RIPA buffer and 
immunoprecipitated with anti-FLAG(M2).Immunoprecipitates were western blotted with 
either anti-FLAG-HRP or anti-HA.
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Figure B.3. FIL inhibits apoptosis induced by Bak overexpression, but not Bax-overexpression,
A, Hela cells were co-transfected with one of pEGFP, pEGFP-FIL or pEGFP-FlL(206-226) along 
with either pcDNA3-HA-Bak or pcDNA3-HA-Bax for 16 hours. Cells were stained with TMRE to 
label healthy mitochondria and analyzed by flow cytometry. One representative data plot from each 
sample is shown, and the percentages in the upper right hand quadrant indicate healthy cells, while 
percentages in the lower right quadrant indicate apoptotic cells. B, Graphical representation of results 
obtained from (A), with averages and standard deviations obtained from experiments done in triplicate. 
C, Expression of HA-Bax induces Bax activation. HeLa cells were transfected with pcDNA3-HA-Bax 
for 16 hours, and immunoprecipitated with anti-Bax(6A7). Immunoprecipitates and lysates were probed 
with anti-Bax(N20). D, Samples from (A) were analyzed by western blotting with either anti-Bax or 
anti-HA to detect levels of transfected Bax or Bak respectively.
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Figure B.4. Vaccinia virus A6L protein is cytoplasmic and is stable in the presence of p28.
A, HeLa cells were infected with VV(Cop) at an MOI of 3 and transfected with pJMT34 to express 
FLAG-tagged A6L under the early/late poxviral promoter from pSC66. At 12 hours post­
transfection, cells were fixed and staing with anti-FLAG-FITC (1:200), and co-stained with 
Hoechst 33342 to label DNA. Cells were mounted and visualized using confocal microscopy.
B, HeLa cells were infected with VV(Cop) and transfected with either empty vetor (pSC66), 
FLAG-A6L (pJMT34), or FLAG-F1L (pJMT36) for 16 hours. Cells were lysed in 1% NP-40 and 
immunoprecipitated withanti-FLAG. IPs were western blotted with anti-FLAG-HRP. B, HeLa cells 
were infected with either VV(Cop) or VV(Cop):FLAG-p28, and transfected with pJMT34 
(FLAG-A6L behind poxviral promoter). At 4 hours post-infection/transfection, cells were pulsed 
with 35S-Methionine for 30 minutes,and chased with cold media for the indicated times, Samples 
were harvestedat 0,1,2, and 4 hours post-chase, lysed in 1% NP-40, and immunoprecipitatedwith 
anti-FLAG. Immunoprecipitates were separated by SDS-PAGE and exposed to autoradiography. 
FLAG-p28 is noticeably lost over time, whereas A6L levels appear to be stable for 4 hours in the 
presence or absence of p28.
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Figure B.5. A6L mRNA is expressed from recombinant W W R  expressing p28.
HeLa cells were infected at an MOI of 5 with either W W R, WWR:FLAG-p28, or 
VVWR:FLAG-p28(C173S,C176S) for 16 hours. Total RNA was isolated and used in an 
RT-PCR reaction with A6L-specific primers, or P-actin primers as a control. Products were 
separated on a 0.8% agarose gel.
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