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Abstract

Formation of apoptosome, a key multiprotein complex in mitochorareliated
apoptosis, isin essentiagdtep during normal development and deregulaticdhiefevenis
associated with pathological conditionShe apoptosome contains seven Apoptotic
ProteaseActivating Factorl (ApafZl) molecules and induces cell death by activating
caspas®. Apoptosome is groten target for therapeutic approaches. However, the lack of
suitable screening assay to directly identify new modulators of apoptosome hastlmite
field.

Here, | define a new split luciferase reporters of apoptosomenfatitro studying the
apoptosome. In this assay, upon apoptosome formajafiZl fused to an Merminal
fragment of luciferase binds to Aaffused to a @erminalfragment of luciferase and
reconstitutes luciferase activitfthe assay was validated by showing the cytochrome
c/dATP-dependent luciferase activity, inhibition of the luciferase activity by apoptosome
inhibitor (NS3694) and contribution of the fusion @ios in the complex with the expected

molecular weight.

This assay was then used to screen a panel of compounds to identify the inhibitors of
apoptosome. Screening a persistent organic pollutant libragicated that
pentachlorophenol (PCP) inhibits apogome formation, and further investigation
revealed that PCP binds to cytochromeScreening a library of natural products also

identified a new chemical with strong inhibitory effect, although at high concentrations.

This reporter was also used to stilkdg mechanism of inhibition by NS3694 and M50054.
NS3694 is an inhibitor of apoptosomieshowed that the main target of NS3694 is
cytochrome c rather than apoptosome. M50054 was also known to inhibit caspase
activation. However, the mechanism and theditarget was unknowm.showed that,

unlike NS3694, M50054 mainly targets apoptosome complex.

The data demonstrate the utility of the new assay in identifying apoptosome inhibitors, and
| suggest that the assay may be useful in screeri@arge chemical collectiarLuciferase

based reporters provide a quick, easy, @steffectivein vitro assay



Contents

1

2

3

(O F=T o) (=1 g A {110 o 18 o 1o ) PP 1
1.1 Cell death and diSEASES.......ccccuuriiriiiiiirreiiiiiiiirer e eeesrs e e e e e e aaeeas 2
1.2  Modes of Cell death..........coouvviiiiiiiiiii e 3.
1.3 Mitochondriatmediated apoptosis is evolutionarily conserved.................. 5.

1.3.1 Apoptosis inCaenorhabditiS elegans..............ueeevviiiiiieeeiiiiiiiiiiiiieeeeee 6.

1.3.2  Apoptosis inDrosophila melanogaster..............eeevvviiiiiiicemiiiiiiiiiieeeeee, 8

1.3.3  ApOPtoSIS iN MAMMAIS........ccoiiiiiiiiii e ieee i 9
1.4  Mechanism Of @POPLOSIS........ccoiviiiiiiiiiiiiemee e 11

1.4.1 Extrinsic pathway Of apOPLOSIS...........uuuuriiiiiiiiieeciiiiiie e e e eeeas 11

1.4.2 Intrinsic (mitochondrial mediated) pathway of apoptosis.................... 13
1.5 Apoptosome formation........cccoeeeeiiiiiiiiieeeee e 22
1.6 Apoptosomedependent caspase activatian.................eviicceeeevnennnninnnnn. 30
1.7 Models describing events downstream of cas{@aaetivation....................... 33
1.8 Apoptosis physiological modulatQrs..............oooooiiemn e 34
1.9 Apaf-1 mediated apoptosis in development and disease..............cc..c.c.... 38
1.10 Synthetic Apoptotic MOAUIALOLS.........ccoeeiiiiiiiiiiee e 40
1.11 Reporters of monitoring protein interactions............cccceeeeeivieecevvvvviennnn. 44

Chapter 2 (Material & MethodS) ..........ccoooeiiiiiiiiiieeee e 51
2.1 Making luciferasebased reporterS.........cccoviiviiiiiiiiieeee e 52
2.2 Expression of luciferase tagged Adaf...............cooeiiiiiieee 57
2.3 Cell-frEE SYSIEIM.... ittt 61
2.4  Validation of the luciferas®ased reporters..........cccuueeeeeeiiiieeeiiieeeeeeeeeeeen 65
P28 T ol =TT o1 o PP PP PP PP 66

2.5.1  TOXICANT lIDrAry.......cuuviiiiiiiiiiiiiiiiceeeieiieeeeeee e 66

2.5.2  Natural product Brary...........cooeiiiiiiii e 67
2.6  Production of the recombinant proteins..........ccooeovviviiicceiiii e 69
2.7 BiOoChemniCal @SSAYS.......uuiiiiiiiiiiiiii e ceeei e 177
P2 TN |/ [ Tox o 1Yo 0] o)V PSPPSR URPPRIRRSPPPIRY
2.9 MOElliNG STUIES.......uuiiiiiiiiiiiiiiii et 78
2.10 Software and ProgramisS..........oiiiiiuuuiiiiirren bbb e eeees e eeereeaeeaaas 80

Chapter 3 (Assay development and validation)............ccceeeeeeeeeeeeeeeccicciieeeeennn. 81
3.1 Amplification of the fragments..........ccccceeiiiiii i cccciccc e 82
3.2 IN-TUSION ClONING .....eiiiiiiiiiee e e e re e s e e e e e e e e e e e e e eeeeeaeannnee 83
3.3 Transformation of the Hiusion cloning reactionS............cccoeeeeeiiivieeeeeeeeennn. 85



3.4 Expression of the recombinant fusion proteins in the HEK293 cells........ 36
3.5 Detecting split luciferase activity in CellS...............ovvviiiiiccciieee 87
3.6 Cell death in transfected CUlUIES............ooooiiiiiiiiieee e 389
3.7 Detection of competent apoptotic machinery in cell free system............. 91
3.7.1 Caspase3 and-9 activity and proCessing...........cccuvvvvvrrrrimemiuvernnennnnen. 91
3.7.2  Apaf-1 oligOmMEriZatiON.......ccuuuiiiiiiiiiieieeeeeei e eee e 94
3.8 invitro validation of the assay............ccevvviiiiiiiiiiee s 95
3.8.1 Split luciferase reconstitution asSay..........cceeeeeeeererieeeiiiieee e eeeeeeeeeee, 95
3.8.2 Caspase and split luciferase activity in diluted extracts expressing Nluc
Apaf-1 and CIUEAPAT-1.........uuuuiiiii e eeeeeee e 96
3.8.3  Titration of CytoChrome .C..........oooviiiiiiiii e 101
3.8.4 Titration of NS3694an inhibitor of apoptosome formatian............... 102
3.8.5 Apaf-1 mutant unable to form apoptosome blocks split luciferase activity
......................................................................................................... 102
3.8.6  Gel filtration of apoptosome produced by fusion proteins................ 104
3.9 DISCUSSION....cciiiiiiiiiiiitiiies s s seeeeaetn s e s e e e e e e e e e e s amaeasasaaeeeeeeeeaeeeeeesnsssnnneees 107
4 Chapter 4 (SCreENING)....cuutiiiiiiaeeeee i ees bbb 111
4.1 Screening the toxicant liDrary............ccoceiiiiiiimeer e 112
4.1.1  Titration of hits in luciferase assay................uuvvveiiiiccceeeeeriiieeeeenns 115
4.1.2  Titration of hits in caspase assay...........ccccvvevvvvviieemeeeeeeeeeeeeeeeeeiaaans 115
4.1.3 PCP is the most potent hit that inhibits apoptosame....................... 122
4.2  Screening the marine natural productS............cccooviviiieeee e, 124
4.2.1 Fractionation and purification of the RMX43................ccooiiiiiiiieennd 126
G T I T 1= od 1 11 (o] o S 134
5 Chapter 5 (Identifying the direct protein target of PCP..............ccoeeevvvvvivveenn. 137
5.1 Baculovirus EXpression SYSIEM.............uuuuuiiiiiiimeeiiiiiiiiiiieeeeeeeeeeeeseeeeeees 138
5.2 Cloning, isolation and validation of recombinant bacmids..................... 140
5.3 Transfection and expression of Sf21 cells with recombinant bacmid.....143
5.4 Expression and affinity pification of recombinant Apat ......................... 145
5.5 Gelfiltration to test if the recombinant protein was monomeric or oligomeric.
................................................................................................................ 146
5.6 Gelfiltration of PCPtreated rApafl..........cccoooiiiiiiiiiiiiceeii e, 148
5.7 Thermostability shift assay of the PGReated apoptosome...................... 150
5.8 Binding of PCPtreatd cytochrome c to rApdf.............ooooiiiiiiiieenn e 152
5.9 Modelling the binding of PCP to cytochrome.C............ccoovvvvvviieeeeeeeeeee, 155
5.10 DISCUSSION....eiiiiiiiiiiiaeee ettt e e rr e st s e e s ennnanne 160



6 Chapter 6 (NS3696 and M50054 prevent apoptosis by different mechanisms))

161
6.1 NS3694, an apoptosome iNNIDILOL.............vvvveeiiiieeee e 162
6.1.1 NS3694 prevents the formation of a functional apoptosome........... 162
6.1.2 NS3694 induced thiarmation of an inactive high molecular weight Adaf
(01011 0] o1 (=) G PP E PP PP PPPPPRP 164
6.1.3 NS3694 prevents Apdlf from binding to cytochrome.c...................... 164
6.1.4 NS3694 mainly targets CytoChrOME.C...........uuveimeiiiiiieeeiiiieieeeeeeeeeen 167
6.1.5 NS3694 interferes with the recruitment of casgas$e the apoptosomé .69
6.1.6  NS3694Kills the CellS........cceveriiiiiiiiiii e 172
6.1.7 Treatment with NS3694 reveals the shrinkage and condensation of the
1 T = PP U PP PR RUPPPPR 175
6.1.8 NS3694 kills the cells by rapidly inducing necrosis......................... 177
6.1.9 Modelling the binding site of NS3694 on cytochrome.c................... 179
6.2 M50054, a caspasinhibitor.........cccoeeiiiii e, 181
6.2.1 M50054 inhibits caspasglike activity in a concentration dependent
(=T ] 01T PP TPPTRURPPPRIN 181
6.2.2 M50054 inhibits the events upstream of casfase..............oeevvviiieen 182
6.2.3 Modelling the binding of M50054 to cytochrome.C.............ccceeveee.e. 186
TR T I T o U 11 [ o 188
7 Chapter 7 (CONCUSION) ....cotiiiiiiieee e 192
8 REBIBNCES ... .o 195
S I 01 o] o 1o o PR 216
Y o] o 1= g o [T SPPRTPPURRN 227
9.1 Appendix A: DNA/PROTEIN sequences of luciferase tagged Apadporters..
............................................................................................................... 228
9.2 Appendix B: List of persistent pollutant toxicants...............ccccuvvveeeennnnnne 233
9.3 Appendix C: Natural product library...........cccccoeiiiiiiiiccc e 237

Vi



List of Figures

Chapter 1

Figure 1.1 Different types of cell death.............cccooiiiiiiiiccciii e 4
Figure 1.2. Conserved apoptotiC MACNINELY..........uuuiiiiiiiiiiieeeiiiiiiei e 7
Figure 1.3. Apoptosis signalling pathways..............oooiiiiiimn e 12
Figure 1.5. Binding of cytochrome ¢ to WD repeats of Apaf...........cccccceeeiiiiiiieeenns 18
Figure 1.6. Interactions between Agatind Cytochrome Cu.......ccccoeeviiiiiiiiiiiieeeccennn. 20
Figure 1.7. Putative Van der Waals interactions between-Apafl cytochrome c.....22
Figure 1.8. Apafl CARD diSK......cooiiiiiiiiii oo 24
Figure 1.9. Holoapoptosome CARDARD diSK...........ccuvviiiiiiiiiiiiireceeee e 25
Figure 1.10. Caspaskand Apafl interactions at CARDISK. .............ccccceeeeiiiiiiiieenns 27
Figure 1.11. APOPtOSOME COMPIEX .. cciiiiiiiiiiiiiiiitie e et 29
Figure 1.12. Schematic presentation of the caspase processing...................eee...s 31
Figure 1.13. Apafl interacting proteiNS...........oovvvviiiiiiiiireeeeceere e e 36
Figure 1.14. Chemical structure of AERBACtIVatOrS.......cccoovveieiieiiiiiiieeee e 41
Figure 1.15. Chemical structure of ApRINNIDITOrS. ..., 42
Figure 1.16. The mechanism of bioluminescent reaction catalysed by firefly luciféBase.
Figure 1.17. Different strategies used for making luciferase reparters.................47
Chapter 3

Figure 3.1. Schematic presentation of the recombinant constructs...................... 82
Figure 3.2. PCRamplified fragments for Hiusion Cloning.................cccccivviimnnnnnnnnns 83
Figure 3.3. iAfusion cloning fragmentS.............uuuuiiiii i eeee 84
Figure 3.4. iAfUSION ClONING Strat@gY.........ccvvviiiiiiiiiis e e emee s 84
Figure 3.5. Digestion Of Plasmids. ...........uuuuuuiiiiiiiieeeiiiiiiiiiee e 85
Figure 3.6. Expression of the recombinant fusion proteins.............cococeccveeeeeennnn, 86
Figure 3.7. Immunoblotting and the activity of the overexpressed proteins.......... 38

Figure 3.8. Cell death assay when cells transfected with the recombinant plasmiis.

Figure 3.9. CaspasBPrOCESSING-.....cceeeiiiiiiiaeiiiteees s s s s e e eeenssbbbbeeseeeeeees 92
Figure 3.10. CaspasEPrOCESSING... ... u eiiiiiiieieeeeeiiiaateeee e e e e e e e e e s s s s sassnnee s 93
Figure 3.11. Size exclusion chromatography-df0® HEK 293 extict.................eee.... 94
Figure 3.12in vitro split lUCITErase assay.........ccoeveeveeeiiiiiicceeie e e 95
Figure 3.13. Split luciferase activity is Cc/dATP dependent................ooeeeiieeeecnnnn. 97
Figure 3.14. Temperatwgependent IUCIfErase asSay...........uuucereeiiieemeerernnnnnnnnns Q9

Vi



Figure 3.15. Optimization of assay coNdition..................uuvviicceeieeeeeiiiieee 100
Figure 3.16. Titration of apoptosome activaimytochrome c¢) and inhibitor (NS3694)
USING SPHt IUCITEraSE ASSAY... .. ueeeieeiiiiiiiiii et 103
Figure 3.17. Gel filtration of luciferagagged Apafl. .........ccccoiiiiiiiiiiiiiinn s 105
Figure 3.18. Protein complexes were formed before or during extract preparatid06
Chapter 4

Figure 4.1. Screening and analysis of the toxicant library...............cccccvieeeinnnnne. 113
Figure 4.2. Rdesting the hit COMPOUNGS...........cc.uviiiiiiiiiiieee e 114

Figure 4.3. Titration of compounds using caspase, split luciferase and luciferase assay.

Figure 4.4. Caspase processing and activity before activation of cell extract.....119
Figure 4.5. Caspase processing and activity after activation of cell extract........ 121
Figure 4.6. Split luciferase activity of the P@Rated extract before and after activation
Of the CrUdE EXITACT......uueieiiiiiiiii e 123

Figure 4.7. A collection of natural product extracts was screened to identify inhibitors of

CASPASE ACHIVITY ...eeiiiiiieeee e eeee et eeea bbbt e et e e e e e e ener e e 125
Figure 4.8. Fractionation of the hit compound..............cccoooiiiiieeeiiiiiii 126
Figure 4.9. Fractionation of RMPZ43 1-B.........ccooiiiiiiiiiiiiiiiiieeeee e e 127
Figure 4.10. Structural identification of a new compound...............cccovvvvieeeeeeennne 128
Figure 4.11. Chemical structure of the zoanthid major metabolite...................... 129

Figure 4.12. Titration of the pure identified compound using split luciferase and c&spase

1R C=Toa 1)1 Y2 PP 130
Figure 4.13. A methanol RM243-2 extract fractionated and eluted with water and
increasing concentrations of methanal..................oeiiieviiiiiiiiiiee 131
Figure 4.14. Fractionation of RMZ432-B............coiiiiiiiiiiiii s cceeiee e e 132
Figure 4.15. 25% MeOH (RM243-2-B) fraction further fractionated and the fractions
were tested iN IUCITEIraSe ASSAY-.......cuuuuiiiiiiiii i e e 133
Chapter 5

Figure 5.1. Overview of the Baculovirus expression protocol............cccceeeeevieeen... 139
Figure 5.2. Agarose gel electrophoresis of extracted bacmids....................ccce.... 140
Figure 5.3. Transposition region in recombinant bacmids..............ccccccvieeeinnnnn. 141

Figure 5.4. Screening of the picked colonies for insertion of-Apafthe bacmid.....142

Figure 5.5. PR-amplification of the control bacmids...............cccccoviiiiieeniinnnnnnnn. 143

viii



Figure 5.6. SDSAGE and immunoblotting of the transfected Sf21 cells diffierent

DACINIAS. ..t ——— e 144
Figure 5.7. Immunoblotting of the Sf21 cells infected with PO viral stock........... 145
Figure 5.8. The procedures used for making recombinant protein...................... 146
Figure 5.9. Production of rApafl using Sf21 cells.............coovvriiiiieee e, 147
Figure 5.10. Gel filtration of the PGiReated rApafl............coovvvviviiiiiiiieeeiie, 149
Figure 5.11. thermstability Shift @SSaY.........ccuviiiiiiiiiiiiiiie e 151
Figure 5.12. Optimization of eprecipitation assay conditiQn.............ccccccoeeeereeameee. 153
Figure 5.13. Ceprecipitation of PCbound cytochrome c to rApdf........................ 154
Figure 5.14. Docking of PCP into cytoChrome.C.......cccooviveiiieciiiceeiciiieie e 155
Figure 5.15. PCP docking to CytoOChrome. C...........ccuuuviiiiiiiireeiiiiiiiiieee e 156
Figure 5.16. ATP docking t0 CYtOCNIOME.C........ccuuuiiiiiiiiiiiieeeiiieee e 157
Figure 5.17. Docking of the PCP derivatives ioytochrome C...............ccoevvvvvrvvneen. 159
Chapter 6

Figure 6.1. NS3694 inhibits split luciferase and cas{@asetivity...............ccccoeeeennne 163
Figure 6.2. NS3694 forms a high molecular weight complex. Gel filtration of the
NS3694treated HEK293 eXIract........coooiiiiiiiiiiiiieees s eeenrsee e 165
Figure 6.3. Cammunoprecipitation of NS369#teated cytochrome c with rApdaf ...166
Figure 6.4. Thermatability Shift @SSaY.........uuvviiiiiiiiiiiiiii e, 168
Figure 6.5. NS3694 reduces the rate of casfamssivation when added early after
APOPLtOSOME fOrMALIONL. ......ccciiiiiiiieeeie e e e e e e e e eneas 171
Figure 6.6. Cell death in NS36%rkated cells...........ccceeeeiiiiiiiiiiececccee e, 172
Figure 6.7. NS3694 does not rescue etopesideced death.............cccccceviiiiiieannn. 173
Figure 6.8. TMRE staining of the NS3684ated HT1080 cells.............cccccvvvinnnnn. 174
Figure 6.9. Nuclei morphology of tidS3694treated cells...........cccooeveeviiiiiiiannnnnn. 176
Figure 6.10. Live cells imaging of the NS36@dated HelLa cells............c.............. 178
Figure 6.11. NS3694 docking to CytOCNIOME.C..coooeeiiiiiii e 179
Figure 6. 12. NS36941.do.ck.i.ng..t.o.. Aopel8® Apaf
Figure 6.13. M50054iriven inhibition of caspas® like activity.............ccccceeeeeeeenne. 182
Figure 6.14. Effect of M50054 on apoptotic machinery components................... 183
Figure 6.15. M50054 does not bind to cytochrome.c..............ooooiiiiicce e 184
Figure 6.16. M50054 bind to apoptosome COMPLEX.........cccuvvvririiiieemiiiiiiiiiireene 185

Figure 6. 17. Pr e pléPDBifilei..o.n.....o0.f.....A.0.p.e.n.n..18¢ a f
Figure 6. 18. M500541.do.ck.i.ng..t.o..Aopel8® Apaf



List of Abbreviations

ADP
AlF
ANT
APAF1
APS
ATP
Bcl-2
Bcl-XL
BH Domain
Bp
BSA
CARD
Caspase
CypD
Cc

kDa
DD
DIABLO
DISC
DMEM
DMSO
DTT
EDTA
EGTA
ER
FADD
FAS
FBS
GFP
HEPES
IAP

1gG

Adenosine Diphosphate

Apoptosis Inducing Factor

Adenine Nucleotide Translocator
Apoptotic Protease Activating Factor 1
Ammonium persulphate

Adenosine Triphosphate

B-cell Lymphoma 2

B-cell Lymphomaextra Large

Bcl-2 Homology Domain

Base Pairs

Bovine Serum Albumin

Caspase recruitmedbmain

Cysteine aspartispecific proteases
Cyclophilin D

Cytochrome C

Kilo-Dalton

death domain

Direct IAP Binding Protein with Low PI
deathinducing signaling complex

Dul beccobds Modi fied Eagl e Me
Dimethylsulfoxide

Dithioreitol

Ethylenediaminetetraacetic Acid
Ethylene Glycolbis(2-aminoethyletherN-N-N-N-tetraacetic acid
Endoplasmatic Reticulum
Fasassociated death domain

TNF Receptor Superfamily, Member 6
Foetal bovine serum

Green Fluorescent Protein
4-(2-Hydroexyethylj1-Piperazineethanesulfonic Acid
Inhibitors of apoptosis protein

immunoglobulin G



IMS

LB
MOMP
MPT
OMM
PAGE
PCR
PI
PMSF
PVDF
RING
RIP
ROS
RPM
SD
SDS
Smac
tBid
TEMED
TMRE
TNF
TRAIL
VDAC
WT
XIAP
zVAD

eqm

Inte-membrane Space

Immunoprecipitation

Luria Broth

Mitochondrial Outer Membrane Permeabilisation
Mitochondrial Permeability Transition

Outer Mitochondrial Membrane

Polyacrylamide Gel Electrophoresis

Polymerase Chain Reaction

Propidium lodide

phenylmethylsulphonyl fluoride

Polyvinylidene Difluoride

Really Interesting New Gene

Receptor Interaction Protein

Reactive Oxygen Species

revolutions per minute

Standard Deviation

Sodium Dodecyl Sulfate

Second Mitochondria Derived Activator of Caspase
truncated Bid

N, N, -Tat@dmethWeaihylenediamine
TetraMethylRhodamine Ethyl Ester

Tumour Necrosis Factor

TNF-related Apoptosis Inducing Ligand

Voltage Dependent Anion Channel

wild Type

X-linked 1AP

BenzyloxycarbonyNal-Ala-Asp Fluoromethyl Ketone
Mitochondrial Electrochemical Proton Gradient

Xi






INTRODUCTION



Chapter 1 Introduction

The goal of this thesisvasto develop a new bitool for monitoring the apoptosome
formation with the aim of studying the biology and pharmacology of this complex. This
reporterenablel us todetectthe proteinprotein interactn of Apaf-1 proteinsin addition

this reportewasused as a screening tool to identify new dilig molecules or testing the

synthetic modulatorsf@poptosome.

This introduction will review the research and background information on the field in
several sectionLell death and diseasesill describe the association of different modes
of cell death with human diseases. Many of thesees of cell deatare drivenby large
multiprotein complexes. Asne of these, thapoptosome is the main focus of this thesis,
apoptosis will be descriden more detailApaf-1 mediated apoptosis development and
diseasewill summarize the evidence suggesting the important rbldpaf-1, a key
component of apoptosome, in developmental events and how it is regolateal | will

also review the synthetic compounkisown to regulateApaf-1. Reporters of protein
complexeswvill describe the strategies used for studying the intenas amonghe proteins
within a complex includingplit luciferasebased reporters as tsab investigate protein

protein interactions.

1.1 Cell death and diseases

Cell deathis an important physiological event that regulate tissue homeostasis in
multicellular organisns. Cell deathis tightly controlled andhere is a lot of evidence
showing thatdysregulatiorof cell death contributes the pathogenesis of major diseases,
such as cancer, myocardial infarction, stroke, ad&erosis, infection, inflammation and
neurodegenerative disordeasitoimmunityand premature ageirfyu et al., 2013; Wiman
and Zhivotovsky, 2017)Excessive cell death can causeurological diseasewhile
insufficient deattcan lead tdumorigenesigFavaloro et a).2012; Zamaraev et al., 2015)
Therefore, acomplex network of regulatory signalling pathwaytrolsthe growth and
survival of the cells, genome integrity and DNA ref§Kitagishi et al. 2013; Papamiches

Chronakis and Peterson, 2013)
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During the last few decades, many efforts have been made to uncover the mechanisms
underlying cell death process at the molecular ldvéferent cell death pathways have
been elucidatedreviewed by (Duprez et al., 2009) Key regulatory events in these
pathways involve formation of large multiprotein compleftds et al., 1998, 1999; Pick

et al., 2006; Sun et al., 2012)

Thus, understanding the molecypathways and regulation of thetiseaseelatedprotein
complexesis critical to identify potential therapeutic targets and apply effective and
efficient treatmentslhereforejdentification of a specific target protein is a key step. Once
the target validated, different strategies can be used to design, synthedizetity hew
druglike moleculesthat affect the activity of the targeScreeninga collection of
compounds is one of the methods used for identifying new moduletenes,| reviewone
of the besstudied cell death modalitiesapoptosis,with the focus a the protein
complexes. describethe apoptosomea multiprotein complex in apbosis, review its
importance from the pathological points of view and discuss if & good target for

therapeutic purposes

1.2 Modes of cell death

Cell death modalities can be categorized intwo broad gréupgsc ci dent al 6 and ¢
Cells exposed tdarshphysical, chemicaktimuli or severe damagdie by losing the

structural integrity This type of death referred to dssacci dent al cel | d e
Alternatively, cell deathoccurs through agenetically encoded machineig called
0regul ated ce@ePdogreamméd ( KR&SDIubsdtef RECHtHatplgy? CD )
rolesin developmentakventsor physiologic homeostasis of adult tissy&gure 1.1).

ACD is anunavoidable consequenceptiysical or chemical damagde contrastRCD can

be modulated by either inhibiting the transduction of lethal signals or boosting the ability

of the cells to respond to stress.
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/Cell death types \

Regulated death

Programmed death

Apoptosis
Necroptosis

Accidental death

/

Figure 1.1 Different types of cell deathCell death modalities are categorizedtwo

types:accidental and regulated death. Programmed cell death is a subset of regulated cell
death that contributes in development. Apoptosis and necroptosis @&eathples of the

most characterized programmeeith.

Apoptosis is the most extensively studied type of regulated cell death. Apoptotic cells are
characterized primarily by their morphology. Cell shrinkage, plasma membrane blebbing,
nuclear condensation, and irtarcleosomal DNA fragmentation occurs in ajotcells.

The ced cells are theengulfed byadjoiningcells or tissue phagocytekhis type of death

is associateavith minimal inflammation(Ashkenazi and Salvesen, 201M)ecroptosis
pyroptosis, ferrofosis and some other forms of regulatedl deathshowa morphology
similar to accidental deatir necrotic deatsuch a<ell andorganelleswelling andoss of
plasma membrane integrit¢ontraryto accidental cell death, these forms of regulated
necrosis aréightly controlled by regulatry signalling pathwaysHerel concentrate othe
apoptosigin particular mitochondriamediated apoptosi¢Ymasek et al., 2007; Crawford

et al., 2012)
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1.3 Mitochondrial -mediated apoptosis is evolutionarily conserved

Apoptosis or programmed cell death is one of the most important physallpgicesses
contributes to development and homeostasis in multicellular organiBisrsiption of

apoptosis causes a range of diseases such as anaemia, cancer, neurodegenerative diseases
and autoimmunity(Saikumar et al., 1999; Elmore, 2007; Taylor et al., 2068y an
organism,reguldion of cell proliferation, cell size, and cell deathessentiato provide

organs and tissues with the right size.

In 1972, Kerr and colleagues coined tetemfi a p o p thoesainsso Af al | i ng of f
of a tree to address programmed cell death. pjosis term refers to morphological
changes in a cell that lead to cell shrinkage, nucleus condensation, membrane fragmentation
and formation of saalled apoptotic bodies, which subsequently ends to the engulfment

of the cellgKerr et al., 1972; Jiang, 2012)

Within the cells, signalling pathways convert a signal to a cell behaviour. In general, all
these pathways encompass initiation and execution steps. Initiation is associated with signal
transmission frona ligand to the first biochemical reaction and amplification of the signal.
Execution step activates biochemical pathways and leads to an appropriate cellular
response. Unlike signal transmission through phosphorylation, glycosylation and
acetylation, som of signalling pathways such as apoptosis, are associateidraxtrsible
proteolytic activitiegRied| and Salvesen, 200 Proteases involved in apoptosis signalling

are cysteinglependent aspartagpecfic protease (caspase) with a conserved cysteine
residue in the active site. These proteases specifically cleave their substrate after aspartate
residue(Timmer and Salvesen, 2000aspases not only cleave and destroy proteins, but
alsochange the protein function through cleav@f@ornberry et al., 1992; Rodriguez and
Lazebnik, 1999) Caspase cascade triggers the proteolytic activity of initiator caspases
which then activates executive caspa$adlen and Martin, 2009)Executioner caspases

eventually target different intracellular substrate and indee¢hd
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Most of our understanding of programmed cell death (PCD) is derived from
Caenorhabditis elegansa freeliving nematode, and to some extent franosophila
melanogasterfruit fly, and fromMus musculusnodel organismgKumar et al., 1994;
Lettre and Hengartner, 2006; Denton et al., 20IB¢ mechanisms involved in activatio
and regulation of apoptosigererevealed for the first time through genetics research on
Caenorhabditis elegan®uring development, activation of death genes kills a number of
specific cells and creates a 988 nematode. This process is dynamic and takes place

quickly, less than an hour as Sulston and Horvitz shq®eltston and Horvz, 1977)

1.3.1 Apoptosis inCaenorhabditis elegans

Extensive studies identified mamyelegansgenes involved in cell deatffhese genes
encode proteins that proceed different stages of death sue6Glag:, CED9, CED4 and
CED-3 (contribute to death), k1, CED7, CED6 and CED10 (contribute to
engulfment), NUCL and CPS 1 (for degradationfMalin and Shaham, 2015; Conradt et
al., 2016) The products of CEE3 and CEDB4 are essential for apoptosis. Gedontains a
nucleotide binding site and is mainly responsible forvatitn of upstream caspases
(Jacobson and McCarthy, 2002)ter receiving a death signal, CEDinteracts to inactive
CED-3. This interaction activates CER Ced9 is another key element that functions
upstream of ED-3 and ED-4 and inhibits theirdthal activities. According to the present
model, in normal cells, CE® dimershindto CED9 and hencareunable to process CED
3. Under stress, EGL is activated and upon binding to Ge&dinduces significant
conformational changes that releases @EDIligomerization of CEP4 dimers forms the
apoptosome, which in turn processes CElengartner, 2000; 8mitz et al., 2000; Igney
and Krammer, 2003Figure 12).
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Figure 1.2. Conserved apoptotic machinery A conserved set of proteins function to
trigger caspase cascade@aenorhabditis elegan®rosophila melanogastesand Homo
sapiens In c.elegansin normal condition, CE® (BCL2-family protein), binds to and
inhibits CED4. Apoptotic stimuli upregulate EGL (BH3-only protein) which binds to
CED-9 and releases CED. Then CE activates CEEB caspase. In Drosophila, different
developmetal signals function as apoptotic stimuli and activate IAP antagonists Reaper,
Hid, and Grim. These proteins are found in mitochondria and degrade Drosophila inhibitor
of apoptosis protein 1 (DIAP1). DIAP1 binds to and inhibits Dronc and effector caspases
Drice. Therefore, caspases are released after degradation of DIAP. Dronc and its activator
Ark form the apoptosome compl&hich further activates downstream effector caspases.
In mammals, the balance between-ppmptotic and anipoptotic BCL-2 family proteins
regulatsthe release afytochrome c and IAP antagonists such as Smac, HtrA2, and ARTS
from mitochondria. These modulators remove the inhibitory function of XhdRnked
inhibitor of apoptosis prote)nphysiological caspase inhibitand actiate the formation

of the caspasactivating platform. Cytochrome c binds to the Apadnd promotes the
assembly of the apoptosome complex, which then recruits and activateaspes®.
Proteolytic activity of processed casp&séurther processes andtavates executioner
caspase8 and-7.
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From the pathological point of view, loss of function GBBr CED4 or gain of function

CED-9 rescue cells that are programmed to die. These animals have extra number of cells,
bigger brain with less competent cellsie to the presence of extra celhal thereforextra
synapsis the nervous system is less efficient compare to the normal animal8. &dD
CED-4 mutants grow slowly, have fewer progeny than the-tyiiee and show chemotaxis
effect. However, these anails are viabldMetzstein et al., 1998; Aballay and Ausubel,

2001)

1.3.2 Apoptosis in Drosophila melanogaster

TheDrosophila melanogastefruit fly, offers distinctive advantages for studying apoptosis

in response to different stimuli in the context of whole organism. Transduction of different
signalling pathways in Drosophila induces the transcriptional activation of riapidy
proteirs such as reaper, hid (head involution defective) and grim. Molecular genetic studies
have shown the importance of reaper, grim and hid in apoptosis in drosophila. Apoptosis
was inhibited in mutant embryos with deletion of repear family génégte et al., 1994)

RNA expression of grim initiate programmed cell death at all stagefs embryonic
development. Hid deficient embryos showed less cell déatther et al., 1995; Chen et

al., 1996) Repear family proteins bind to and inhibit the @apoptadic activity of the
Drosophila IAP1 DIAP1) protein, thus induce apoptogiday et al., 1995)DIAP1 is an
E3-ubiquitin ligase that defends cells from unwanted death byitédirig the degradation

of Dronc, the initiator caspase. Apoptotic stimuli induce the -abtquitination and
degradation of DAP1 which removes the inhibitory effect on caspd&asyal et al., 2000;
Steller, 2008)

There are seven caspase family in drosophila among which initiator caspase Dronc and the
effector caspase Dricae required for developmental and stieskiced apoptosis. Loss

of function mutation of caspases in drosophila causes severe developmental defects, often
associated with lethalifChew et al., 2004; Daish et al., 2004; Xalet 2005) Activation

of caspases require the oligomerization of Dark,-€edtholog(Rodriguez et al., 1999)
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1.3.3 Apoptosis inmammals

In mammalians, apoptosis talkglace through different pathways, depending on the type
of stimuli. The weHlstudied pathway, mitochondrial dependent apoptosis, is associated
with release of protegisuch as cytochrome c from mitochondria. Oncesaséd,
cytochrome c interactwith Apoptotic Procaspase Activating Factor 1 (Adaf together

with caspas®, an initiator caspase, form the apoptosome. The apoptosome then activates
executioner caspas€Sreen and Reed, 1998)his process is regulated at various stages.
Anti-apoptotic members of BCL2 family proteins inhibit the release of cytochrome ¢ while
pro-apoptotic memberpromote it. Apafl is found as inactive monomer in the cytosol,
activation of which is dependent on cytochrome c binding. Caspases are inhibited by
inhibitors of apoptosis (IAPs). The death signals activate initiator caspases, which then
activates execugner caspases. The activated caspases then degrade intercellular

componentgEllis and Horvitz, 1986; Jiang, 2012)

Apaf-1 isa human homolog of the CEDgene inCaenorhabditis elegarend shares the
homology in the sequence of 320 amino acids and a conserved nucleotide binding site.
However,C.elegansCED-4 lacks WDRs. MoreoverCED-4 and Apafl biochemically
function to activateCED-3 processing and casp&derespectively(Zou et al., 1997,
Cecconi et al.,, 1998)CED-4 is blocked by Ce® which showsa great seqnce and
functional similarity with antapoptotic BCL2, a human protoncogene proteithatacts

in mammals as negative regulator of apoptosis. HowevammalianApaf-1 is blocked

by itself. This shows the different function of the same family of pneteéi worms and

mammals.

Besides, it seems th@telegansapoptosome translocat® outer nuclear membrane. This
translocation has not been reported for mammalian apoptosome. Initiator and executive
caspases in mammalian cells are equivalen®=aF4 andCED-3. Like CED-9 C.elegans

BCL-2 and BCL XL function in theegulationof apoptosis.
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In mammalian cells, apoptosis is more complicated, but it follows the same principles.
Mitochondria play important roles in apoptosis in most organisms, althouglffeacent
extent (Oberst et al., 2008)Bax and Bak(pro-apoptotic members of BGR family)
knockout mice were shown to be resistant to apoptotic stimuli and the mice were
developmentally defectiv@indsten et al., 2000; Wei et al., 200This shows the crucial

role for mitochondria ands outer membrane permeabilization (MOMP) in mammals.

However, there are fundamental differences on hmitochondria and the released
cytochrome dunction betwee€. elegan€ED-4 andDrosophilaDark and their homologs

in other species. It seems that mitochondria do not play a key role in caspase activation and
apoptosis irC.elegangandD. melanogasteduring apoptosis. MOMP does not occufin
elegansinD. melanogasteMOMP occurs although seems that it is a consequence rather
than a cause of caspase activa{idhdelwahid et al., 2007; Ryoo and Baehrecke, 2010)
Furthermore, unlike CEE in c. elegansmammalian Apafl requires cytochrome c in
addition to dATPDrosophilaand mammalian Apat contain WD repeats thptovide a

binding sitefor regulatory protein§Cecconi, 1999; Tittel and Steller, 2000)

Unlike C. elegansthe apoptotic mzhinery is sophisticated in vertebrates in terms of the
number of the genes involved and the size of the protein fanfliesleganshas one
homolog of each CEL3, CED4, and CEDRO, while in human, 12 caspases (CGBD
homologs) and 13 B&-like proteins CED-9 homologs) and a number BH3 motif only
proteins (similar to EGL1) exist(Shaham, 1998; Abraham and Shaham, 2004; Adrai
al., 2006; Zmasek et al., 2007Mhe similar protein families have been reported in birds,

amphibians, and, and figReed, 2000)

Considering all similarities and differences, the C&Bpaf1 family is the only protein
in the apoptotic machinery that was napticated during evolution and speciatiamany
of the genomes studi¢dmasek et al., 20073uggesting the central role for CEDApaf

1 in all organisms. Such otte-one orthologs repsent a high level of functional similarity

(Eisen, 1998)
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1.4 Mechanism of apoptosis

In mammalian cellghe etrinsic and intrinsic pathways are two of the major pathways that
lead to caspase activatifreviewed by(Reed, 200Q) The etrinsic pathwayappliesthe
death receptors on the surface of the call€ontrastintrinsic pathwayor mitochondrial
pathway, is associatedith the release of cytochrome c from intermembrane space of
mitochondria to cytosoBoth pathwaydead to activation of caspasesich break down

the proteins witm the cells and manifest the morphological changes suttte fmation

of the apoptotic bodies.

1.4.1 Extrinsic pathway of apoptosis

The «trinsic pathway is named due to the initiation point which is dk&acellular
receptors bind to extracellular ligand3eath receptors are members of Tumor Necrosis
Factor (TNF) fanily, a subgroup ofwhich shares a Death Domain (DD)Vhen ligands
bind to death receptomich as CD95, TRAHR1, and TRAIL:R2, the intracelular DD
interact with an adaptor protein called FasssociatedDeath Domain (FADD). FADD
thenforms the DeathInducing Signalling Complex (DISC)beneath the cell membrane
which then activates procaspg&and procaspasH. In the type tells activated caspase
8 is sufficient toinduceapoptosis, however, in type Il cells thetigated caspas8 is not
emough andthe cells amplify the death signal usimgitochondrial pathway.This
amplification by extrinsic pathways involvédD protein,a member of BCL2 family.
Activated caspas8 cleavesBID and the produced truncated BID (tBIDanslocatemto
mitochondrial membrane and assists in releasing the cytochram® $magFigure1.3)

(Schmitz et al., 2000; Igney and Krammer, 2002)
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Figure 1.3. Apoptosis signalling pathwaysBinding of the ligands t&€D95forms a timer
thatrecruits adaptor proteins FADD in the intracellular space. This platform called DISC
and activates caspas® Activated caspas@ processes procaspedeCaspas8 then
cleaves the cellular compartments. In type Il cells, caspassaves BID proteinshtough
which extrinsic pathway crodalks to intrinsic pathway of apoptosis. Intrinsic pathway is
triggered by a range of stimuli such as DNA damage, ER stress, metabolic and hypoxia
stressetc. These stimuli lead to the release of mitochontiréalized proteins like
cytochrome ¢ and Smac by activating B€family proteins. Smac inhibits the XIAP and
remove the inhibitory effect of XIAP on casp&and-3. Cytochrome c binds to Apdf
monomers and facilitates the oligomerization of Apaénd apoptosomérmation.
Apoptosome then recruits and activates initiator caspashich further processes and

activates caspasg
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1.4.2 Intrinsic (mitochondrial- mediated) pathway of apoptosis

Intrinsic or mitochondriatlependent apoptotic pathway is associated with the release of
some proteinsuch as cytochrome ¢, smac and Abifn the mitochondria into the cytosol.
Cytochrome dransportslectrors between complex Il and IYh the respirator chain in

the inner mitochondrial membran&hen released into the cytosol, cytochrome c binds to
adaptor protein Apat and assists in oligomerization of AgafBinding of cytochrome ¢

and Apaf-1 intramolecularnucleotide exchange lead to the formatioh heptameric
complex calledheapoptosome which then recruits and activates proca§iaselemann

et al., 2003; Bao and Shi, 2007Activated caspas® further activate executioner
caspase8 and 7 Therefore, apoptosis éenergydependentechanism and if the ability

of mitochondriao produce energy is disrupted at the early stagagagtosis, apoptosome

complex will not be formed and procasp&seill not be processed.

Smac and AIF (Apoptosisinducing Factor) arg¢he other proteinseleased from the
mitochondria.Smac assistin removal of the inhibitory effect of IAPs and therefore
enhances caspase activati@u et al., 2000; Emeagi et al., 2012)F resides in the
intermembrane gre of mitochondria and during apoptosis, proteolysis of AlF results in
release and translocation to the nucleus. AlF, then, proceeds the chromatin condensation,
andhuge DNA degradation in caspaséependent fashioipart from its apoptotic role

AIF also contributsto cell survival, maintenance of mitochondrial morphology and energy

metabolism(Candé et al., 2002, 2004; Sevrioukova, 2011)

Here, the structure of key components of mitochondrial agoptwill be briefly
overviewed.|l describe how cytochrome c, a-faxtor for Apafl oligomerization, is
released and interaawith Apaf-1. | then look at the structure of Apafand the mechanism
by which it swithes taits active form. Thenl describehe current models for apoptosome

formation anchow the apoptosome activates caspases

13
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1.4.2.1 Cytochrome ¢

Cytochrome c is a hermntaining, water soluble protein (1ZBa) located in the inner
membrane of mitochondria. When a cell receives @heptotic signal such as DNA
damage, metabolic stress or unfolded proteins, intrinsic pathway of apoptosis igdrigger
by release of cytochrome c into the cytof0iv et al., 2008)Release of cytochrome
seems to be a twstep processFirst, cytochrome dissociatedrom its site on inner

membrane. Then it translocatescytosol by crossing the outer membrane.

In the dissociation step, cytochrome c is detached from cardiolipin, a membrane
phospholipid. It seems that the majority of cytochrome ¢ molecules are cardimijid
through 1) electrostatic bonds: in physiologic pH, the cytochrome c net charge is +8 and
establishes vergtrong electrostatic interaction with cardiolipin, an anion in physiological
pH, and 2) hydrophobic channel: cytochrome c contains a hydrophobic channel that
accommodates acyl chain of cardiolipin. It is hypothesized that oxidation of cardiolipin
contribues to the dissociation of cytochrome c, due to the lower affofitpxidized
cardiolipin to cytochrome ¢ (Boussif et al., 1995; Ott et al., 2002, 2007; Kalanxhi and
Wal |l ace, 2007; OO06BTr i e nyoadizesadrdiolipiniathepseyec Ph o s p h
of Reactive Oxygen Species (ROS). Dissociation of cytochrome ¢ could also be triggered
by increase in the intracellular €aconcentration, since high concentration of?Ca
weakens the electrostatic bond between cytochrome ¢ and cardiolipin. Moregver, hi

concentrations of ROS increases the dissociationtothyome Ow et al., 2008)

In the translocationstep, dissociated cytochrome c translocates to cytosol by passing
throughthe pores in theuter membrane of mitochondii@tt et al., 2002; MufiePinedo

et al., 2006). Several mechanisms have been proposegeforeabilizationof outer
membrane of mitoaindria, the two of which are Bax/Bakduced pore formation and

ceramic channels.

14
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1. Bax and Bak oligomerization form the pores

The B-cell lymphoma prote#2 (BCL-2) family of proteins are the mostnportant
regulatory factors in intrinsic pathway of apogis.Some members of the family promote
cytochrome c release, while others previentherefore, BCE2 family is responsible for

controlling the integrity of the mitochondrimmembraneand regulates theell survival.

BCL-2 proteinslike Bax and Bak are essential for permeability of the outer membfane
mitochondrialOw et al., 2008). Under neapoptotic conditions, Bax proteins are found as
inactive monomers in cytosol. Upon induction of apoptosis, Bax proteins are activated and
translocate to outer membrane of mitochondria where oligomerization occurs, and pores
are formed These pores allowytochrome c¢ to leave the mitochondria (Desagher and
Martinou, 2000). Conformational changeis Bak proteinsinduces oligomerization and
formation oflarger poresBak alsofacilitatesthe movement oBax proteins (Ow et al.,

2008).

Another possible mechanism is through the Voltage Dependent Anion CljeiD#eC).

Many of the studies suggest that channels formed by VDAC proteins are veryasohall
only pass the proteins with 1.5 KDa (Shimizu et al., 1999). Another hypothesis is that close
VDAC channels may cause contemporary hyperpolarization of the mitochondiizglead

to osmotic imbalance and disruption of outer membrane and release ohgp(&eimizu

et al., 1999; Kroemer et al., 2007). The third hypothesis explains the contribution of VDAC
proteins in the formation gbermeability transition poréPTP. Flow of water and low
molecular weight substances in the mitochondrial matrix disrupt the membrane (Garrido et

al., 2006).
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2. Cytochrome c release through ceramide channel

Ceramide channel is a lipid pore made of cerami@dnd provides the twway
transportation bcompounds. Ceramed are the precursor of some gangliosides which play
roles in apoptosidn One studyaddition of GD3 ganglioside to isolated mitochondrah le

to the release of cytochrome c to the environment outside the mitochondria. Furthermore,
addtion of this ganglioside in the presence ofdx@&ncreasd the rate of cytochrome ¢
release (Ott et al., 2002; Mari et al., 200B).the cytosol, cytochrome ¢ binds to and
activates Apafl. To understantlow cytochrome c binds to Apaf what interactionare
involved and where the binding site for cytochrome c is, we need to look at the structure of

Apaf-1.
1.4.2.2 Apaf-1

Apaf-1 is a multidomain protein with three functional parisqurel.4). CARD (Caspase
Recruitment Domain) at the amino end, VID at thecarboxyl end and NOD (Nucleotide

and Oligomerization Domain) between the two above mentioned domains. CARD interacts
with procaspas® (Zhou et al., 1999NOD is responsible for Apdf oligomerization and
apoptosome formation. WB0 domain seems to be a regulatory domain and interacts with

cytochrome ¢Zou et al., 1997; Vaughn et al., 1999; Elmore, 2007)

Structural studies showed that NOD is subdivided into fowdsubain: NBD (Nucleotide
binding domain), HD1 (Helical domain 1), WH@inged Helical Domain) and HD2
(Helical Domain 2)(Reubold et al., 2011)X-ray crystallography studies showed that
(d)ATP binds to ATPase sudtpmainof the NBD in NOD, probablyhen Apafl is
synthesizedqRiedl et al., 2005; Riedl and Salvesen, 2007)

WD-40 domains are subdivided to WD1 and WD2 which consist of saverightlade
b-propelles, r es p e cprapeller is § symnmletriéal structure maddour to eight
stranded antiparallel beta sheets (also known as blades) arranged in gCbieclest al.,

2011)

16



Chapter 1 Introduction

When releasedcytochrome ¢ binds to the WD domains anéhducesconformational
changes that WE0 no longer hinders NOD and CARBuU et al., 1998)This istheii s e mi

o p eformd of Apaf-1 which is still unable to oligomerize and form a complex. In the-semi
open state, CARD domain interacts with WHD and NBD. This interaction makes CARD
domain inaccessibleo caspas®. Moreover, NBD is blocked by CARD domaivhich
prevents oligomerization (Acehan et al., 2002a; Ried| et al., 2008BD is similar to the
members of AAA family, characterized by forming oligomers composed of six and seven
monomers. These oligomers function as a moleaukchinery in biologic systems that

link the ATPase activity to strong conformational charn@edl and Salvesen, 2007)

Nucleotide and Oligomerization Domain Regulatory Domains
! IL
i

285 347 362 451 588 608 910 921 1249

Figure 1.4. Apaf-1 structure. Apaf-1 composed of CARD, NOD and Wi2peats. NOD

contans Nucleotide Binding Domain (NBD), Helical Domain 1 (HD1), Winged Helical
Domain (WHD), and Helical Domain 2 (HD2). Regulatory domains contain WD1 and

WD2 with sevemandeightbladeb-propelles, respectively (left). Surface area of the Apaf

1 (middle). Electrostatic potential surfaces of the ApaRed areas are negatively charged
residues and blue areas are positively charged amino acids (right). The charge distribution

on the surface of theaded Apafl mo | ecul e s hows -pgropeilargyWMDhe i nn
domains)is made of negatively charged patches that is a potential site for binding of

positively charged cytochrome c.
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Apaf-1 is found as a monomer in cytoplasm. It is proposed that4®/Bomains hold the
protein in inactive or closed form. Electron microscopy studies suggest tha4OWND
domains fold back and cover the other domains and therefore keep the molecule in locked
form (Acehan et al., 2002b; Yuan et al., 201) this position, W40 domains put the

other domains sterically far from each other and therefore there is no chance for
oligomerizationRiedl and Salvesen, 200pon cytochrome c binding to an area between

the twoWD-40 domains, WDL1 rotates ~57° upwardly and the NBD1 subunit move
downward 146A around an axi s p a ngaphatthel t o
WD1 is located at the lower half of the propeller, therefore it rotgievardly to allow the

fully binding of cytochrome c. This rotation also disconadoe only interaction between

WD1 (Asp616) and NBEHD1 (Lys192). NBDHD1 rotation makes NOD available for
oligomerization as well as relocation of CARD domain. HD1 also undergoes a minor

movement to be placed at the right positiiBeubotl et al., 2011)

1.4.2.3 Cytochrome c binding to Apafl

Cytochrome doinds to a cleft between WD domaiwgh the contribution of seven lysine
residuesl(ysine 25, 27, 39, 55, 72, 73 and 79). However, the interact\d (8-blade
is strongr due to the nugrous van der aals interactionsA ~3i5 A gap exis$ in the

interface between cytochrome ¢ amMiD1 (7-bladg (Figurel1.5).

Cyte Cytc

Figure 15. Binding of cytochrome ¢ to WD repeats of Apafl. Cytochrome c interacts

to both WD1 and WD2 of Apat. However, the interaction with WD2 is more intensive.
Front view of cytochrome c (Cyt ¢) bound to WDRs (left panel) and back view (right panel).
The arrows display the gap between cytochrome ¢ and WD1. The image was created using
5JUY PDB file inPymol.
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The putative interactiaand the amino acids contributeXpaf-1/cytochrome c interaction
werecalculated and displayed figure 1.6, 1.7 and table 1l. Cytochrome c binds to the
area between WD1 and WD2 which is well fitted based on the shdpsharggZhou et

al., 2015) Three hypothetical Hhonds and a number of Van der Waals contaese
detected in the interface between cytochrome ¢ and WD2 of Agaarbonyl oxygen of
Gly56 from cytochrome ¢ makes a-bbnd to the side chain of Thr1087 in WD2 domain
of Apaf-1. The side chains of Lys38om cytochrome c probably makes twoeldénds to
thecarbonyl oxygen of Phel1063 he interface between WD1 and cytochrome c includes
the Hbond between Lys7&om cytochrome ¢ and Asp90om Apaf-1 and between

GIn12from cytochrome ¢ and Glu7d@m Apaf-1 (Figurel.6).

Three boxed regions show the clageview of interactions. Thr108fom Apaf-1 makes
a hydrogen bond to GlyS8om cytochrome cKigurel.6B), Phe1l063 makes a-bbnd to
Lys39 (Figure 1.6C), Asp902 make a 4Hond to Lys72 as well as a salt briddgeglre
1.6D), and GIn12 makes a-bbnd toGlu700 Eigurel.6E).
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d

Glu700

Figure 1.6. Interactions between Apafl and Cytochrome cFor details see the text.

20



Chapter 1 Introduction

These are the most potent calculatdasbhdswhenthe distancevasless than 3A between
the residues involved in the interactions. However, considering the longer distancés to 4.5

reveakdsome other Fbonds as listed in Tablell

Hydrogen bond _ )
ApafL Cytochrome ¢ Salt Bridge Distance (A)
Tyr619 Alag3 - 45 A
GIn700 GInl12 - 45 A
GIn844 Lys79 - 4.4 A
Asp902 Lys72 n 2.8 A
Phel063 Lys39 - 3.0A
GIn1085 Lys39 - 4.2 A
Thr1087 Gly56 - 29A
Aspl1106 lle57 - 46 A
Tyr74 4.1A
Argl13l G>I/u66 ] 47 A
Asnl1219 Pro76 - 45 A
Glu700 2.8A
Gin12 GIn701 - 45 A

Table 11. The calculated interactions between the Abafnd cytochrome c. All
interactions were determined in A.Blistance. The residues involved in the interactions
listed. The most putative interactions are those underlined in the table with distah8e

In addition to the Fbonds and salt bridges, Van der Waals contacts also contribute to the
binding of cytochrome c to Apsif (Figurel.7). Pro76 and 1le81 make Van der Waals
contacts to the adjacent area in WDR domauith indole ring of Trpl1179 and Trp884,
respectively. Gly56 also make Van der Waals contact to WD2. However, no disulfide bond
and Pi stacking were identified to be impottéor this interactionLys72 plays a key role

in the stable interaction of cytochrome c to AfafAlthough other residues at positions 7,

25, 39, 62 and 65 are also required for the proper interaction, Lys72 mutants intensely

decreased the apoptotic faion of cytochrome ¢Abdullaev et al 2002; Ow et al., 2008)

21



Chapter 1 Introduction

Figure 1.7. Putative Van der Waals interactions between Apal and cytochrome c.

(A) Two putativeVan derWaals interactions between cytochrome ¢ and WD domain of
Apaf-1. (B) Shows the key residues in cytochromegponsible for the interaction. (C)
Pro76 from cytochrome ¢ make an interaction with indole ring of Trp1179 in WD2 of Apaf
1. (D) lle81 from cytochrome ¢ make an interaction with indole ring of Trp884 in WD1 of
Apaf-1.

1.5 Apoptosome formation

In the presereof strong apoptotic stiati, theapoptosomeomplex is formed and activates
caspas®. Cryoelectron microscopy studies provided pictures of the complex with12.8

resolution(Acehan et al., 2002appaf-1 monomers form a wheke complex In this
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structure, WB40 domains carrying cytochrome c are the spikes of the wheel, NBD and
CARD are placed at the centretbé wheendCARD domains are exposed for activation

of caspas® (Riedl and Salvesen, 2007)

Two models explain how CARD and NOD are placed next to each btitlebased on
cryo-electron microscopyn the firstmodelpresented by Riedéach WHD sultlomain of

NOD connects the two adjunct ATPase domains leading to formation of the bigger outer
ring while CARD domains are at the hub of this ring and form a smaller nmg (Ried|l

and Salvesen,2007) The second model , i alhtarstadiesin mo d e |
which ATPase domains form a central ring in row and CARD domains form a bigger ring

on the top of the central ringhe common issue in both models is tAaaf-1 CARDs

form a ring where caspa®escouldbe placed offDiemand and Lupas, 2006)

Two recently released structsia apoptosomexplaintheinteractions within the complex

in detail although the main ideas are very similar. A recent structure of agiogosome
determined by cry@lectron microscopy shadthe formation ofanacentric disk on the
central hub of the apoptosortfégurel.8 andFigurel.9). The centrahub is a two nested
ring that contains seven copies of the NBD, HD1 and WHD. HD2 spikesd outwardly
and linkto 7and 8b | a ¢mpelkers, V\shaped sensor that accommodates cytochrome ¢
(Cheng et al., 2016kourpairs of Apafl/procaspase® CARDs form the CARD disk with

the fourthprocaspase® CARD at lower occupancyokr out of the seven Apdf CARDs
contribute to form the diskFigure 1.8). The remaining three Apat CARDs do not
participate in the CARD diskHowever,band shift assay showed that they have a partial
ability to bind procaspas@ molecules in the absence of steric restraints.-Apabnomer

can form a CARBCARD-mediated complex wht procaspasé at 1:1 ratio. However,
proposedstoichiometry of 2 to 5 procaspa8eer apoptosome linsithe number of Apaf

1 CARDs that recrustprocaspas® (Malladi et al., 2009; Yuan et al., 2011; Hu et al.,
2014) Thus, Apafl CARDs forming the disk and possibly one excluded CARD can recruit

procaspas® to the aposome. The authors hypothesizbat the parked procaspa8és
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a backup when an odd number of zymogens are recruited to the apoptosome. Pr8caspase
make no direct interaction with central hub with theiradd Gtermini pointing towards
the outside. Thi facilitates the access of the long linker froracaspase® CARDs in the

disk to catalytic domains bound to the apoptos¢@teeng etl., 2016)

A

Central Hub

Figure 1.8. Apaf-1 CARD disk. (A) Surface presentation of the apoptosoiitee central
hubof apoptosomés formed by contribution of NBD, HD1 and WHD from seven Apaf
molecules. Apafl CARDs are above the central hub. (Bgcondary structure of
apoptosome. As showonly four of the seven Apdaf CARDs contribute to the CARD
disk. The CARD disk is acentric asientation ofApaf-1 CARDs ardlifferent Numbers
show the Apafl CARDs with the Apafl number 3 placed above théet three Apafl
CARDS. Cytochrome c is still bound to Apdfin the apoptosome (redmages were
generated using PDB file for apoptosome (5JUY) in Pymol.
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Figure 1.9. HoloapoptosomeCARD-CARD disk. (A) and (B)top views of the surface
area and secondary structures of the apoptodemue caspas® CARDs (blue) are placed
atop the central hub. (C) and (8de view of the complexes as in (A) and (B), respectively.
(E) Eight CARDs form an acentric complex. Casp@s€ARDs only contact Apat
CARDs(Green) Even Apafl CARDs are ngplanar. At CARD disk, every Apafl CARD
interacts to two caspa$eCARD. Images were generated using PDB file for apoptosome
(5JUY) in Pymol.

25



Chapter 1

To get the idea of the interactions at CARD disk, the 3D structure of apoptosome complex
(5JUY) downloaded from PD@rotein Data Bank) and optimizexbdescribedn Material

and MethodsThe interactions determined inf4distance. In the CARD disk, every two
caspasé® proteins interaatith one Apafl. The interactions between casp&sand Apaf

1 are mainlyhydrogen bonds and salt bridffegure1.10). GIn78, Lys81 make hydrogen
bond as well as salt bridge to Arg36 and Glu33, respectiwdlile Asp82 make Hbond

to Ser67 of one caspaSeAsp27 makes Hbond and salbridge to Arg52 of the other

Introduction

caspas®.
Hydrogen bond
Apaf1 T Salt Bridge Distance ()
GIn78 Arg36 n 3.1
Lys81 Glu33 n 2.6
Asp82 Ser67 - 3.1
Aap27 Arg52 n 3.3

Tablel.2. Interactions between caspasand Apafl in the CARD disk. Théalic residues

show the interaction of the second casgasath Apafl.
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A

Figure 1.10. Caspase9 and Apaf-1 interactionsat CARD disk. (A) Four caspas® and

four Apatl CARDs form CARD disk above the central hub. (B) A typical interaction
between two caspa®e CARDs and Apafli CARD. For clarity, the other molecules
removed. Caspas® CARD only interactswith Apaf-1 CARD not the centrahub. (C)
Residues involved in making interactions. Hydrogen bonds are in blue and salt bridges are
in red dashed linedmages were generated using PDB file for apoptosome (5JUY) in
Pymol.

27



Chapter 1 Introduction

The secondmodel for apoptosome formation and caspgasetivation was presented in
2017 based on cryBM and biochemical analysis. Accordinglyglobular density was
identified above the central hub whergle CARDs form two layers of four Apafl
CARDs and four caspas® CARDs on top of thé\pafl CARDs(Figure 1.11). In the
CARD complex, four CaspasieCARDs and only three of the four ApRICARDs directly
interactwith the apoptosome platform, due to the asymmetric interaction of AG&RDs
and apoptosom&ARD complex is made of four Apdf CARDs and the other three Apaf
1 CARDs cannot be placed on top of the 4:4 CARD complex. The reassh@st14-

amino acidinker between the CARD and the NBD.

In this modela stable heterotrimeric compléxformed bytwo Apafl CARDs and one
caspase®) CARD viatype | and type Il interfaces. THRARD-CARD interactions at the
centreof the hubform four overlapping heterotrimeric complexeBaree of the four
caspas® CARDs in the central CARD complex, interacts withotadjacentApaf-1
CARDsvia both type I and Il interfacesnd te fourth aspaseé® CARD interacts only by
type Il interface withApaf-1 CARD. Stability of the type | and Il interfaces makes the
CARD complex thermodynamically most favourabResides, anothesickle-shaped
densitywas identifiedat theperipheryof the hubincluding twoApaf-1 CARDs and one
caspas® CARD (Figurel.11) (Yuan et al., 2010, 2011; Cheng et al., 2016)

It has been shown that the interfaceAmzn the CARD complex and the central hub of the
apoptosome is required for activation of casgaddutation of Apaf-1 at this interface led

to apoptosome formation but was unable to recruit and activate c&spaseApatl
CARD makes stable interactiovith caspas® CARD, the mutations that do not affect the
interactions at the interface was expected to activate caSpaseexplain this, we may
hypothesize that Apaf CARD is not available to caspa8eCARD, and caspas#
recruitment and assemblytbie CARD complex take place simultaneoysly et al., 204,

Li, Zhou, et al., 2017).
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This model considers a regulatory role fiarspase®® CARD. The CARD inhibits the
proteolytic activity of caspas@ and the fbowing linker further increases the inhibitory
effect. Thereforg one possible explanation farmation of the CARD complex is to move
the CARD and the linker sequences away from the protease domain of eadpased
on the biochemical analysis, the catalytic activity of the protease domain of c8spase
fraction of fulklength caspas® implying another role for apoptosome in caspise

activation.

126 A 275 A

Figure 1.11. Apoptosome complex(A) Top view of the apoptosome complex. Left: Apaf

1 CARDs have been removed to clearly show the inner ring. Cytochrome c¢ binds to a
groove betweeriwo WD-40 repeats and is coloured red. Middle: Apa€CARDs are
coloured white. Right: CaspaSeCARDs are placed on the top of AgailCARDs and
coloured blue. (B) Side view of the corresponding apoptosome complexes shown is (A).
Four of the Apafl CARDsare placed on the top of the inner ring (middle) and caspase
CARD:s interact to Apall CARDs and placed above the AffalCARDs. The other two
Apaf-1 CARDs form a heterotrimeric complex with another cas@a$2ARD. This
heterotrimeric complex is placed parerally. In this model, each casp&s€ARD at the
central hub interacts to the two neighbouring Ab&ARDs.Images were generated using
PDB file for apoptosome (5WVE) in Pymol.
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1.6 Apoptosomedependent caspase activation

Procaspases are categorized as initiator and executioner caspases, produced as an inactive
singlechain polypeptide. These zymogens must be proteolytically cleaved to be activated
and become functionalnitiator caspasesncluding caspasg, -8, -9, and-10, contain
moderatelyjlong prodomain®y which they interact tadaptor proteinsThencaspaseare
activated in high molecular weight complexes by -skfvage.Caspasé® and-8 are
activatedin intrinsic and extrinsic pathways of apoptosis throughptgsmme and DISC
complexes, respectively. Activated initiator caspases then process and activate effector
caspases, including casp&se6, and-7, which possesshort prodomainsCaspases is

the most importanproteasehat irreversibly dismantle the lise(Wang, 2001)Caspase3

cleaves po-caspase3, at Aspl75 tgoroduceactive pl19/pl2 complexeSubsequently
further autocatalgis at Asp28 remoes the short prodomairand generate pl17/pl2
complexesvhich isfully mature form of he caspased (Figure1.12). This complex then

translocate$o the nucleusindcleaves substrates

Procaspas®, as the initiator caspasevolved in mitochondriatiependent apoptosis a
monomeiwith a long prodomainThis prodomain consists oaspaseecruitmentdomain
(CARD), catalytic domain and a linker. Procasp@9eARD homotypically interacto the
Apaf-1 CARD. Catalytic domain composed @f small anda large subunitThe linker
connecs prodomain to catalytic domaifCaspased is uniqueenzymein thatit is fully
active even without cleavag&tennicke et al., 1999However, dimerization is highly
required for its activity and forces the autocatalgsid generation of p35/p12 fragments

(Renatus et al., 2001)

Apoptosomedependent processing of caspfsse associated with a cleavage at Asp 315
in PEPD motif and produces a large 35 Kpa5)andasmall12 kDa(pl12)polypeptides.
Further processing takes place at Asp 330 at DQLD motif by caSpase produces a
smaller 10 kDa (p10) peptid€leavage by caspaS8aemoves the 15 amino acids at the N
terminus ofpl2 containing XIAP BIR3inding motif. When caspas® is cleaved by
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apoptosome compleXATPF motif, although it is not the only binding siis,accessible in

p12 for binding of XIAP. XIAP binding then inhibits the casp8s8ubsequently, caspase
3 cleavage at D330 removes XIAP binding site from caspaswl therefore, imeases the

specific activity of pléboundapoptosomé comparison with pl-bound complexFigure

1.12) (Zou et al., 2003}Bratton et al., 2002; Scott et al., 2005)

(A) Procaspase-9 (B) Procaspase-3
Apoptosome-dependent Caspase-9-dependent
Xﬁ cleavage >Xj cleavage

C287

| ¥ |

, T r3 | | Prodomain | Largesubunit | p1
' | Small subunit | p12  ---------- : [ Small subunit | [ Small subunit | P12
c)é Caspase-3-dependent | Largesubunit | Prodomain |
cleavage ZXJ Auto-processing
Prodomain | Largesubunit b33 | tergesubunit p17
Small subunit | p10 [ Small subuni ] [ Small subuni ]p12
| Largesubunit | Prodomain | | Largesubunit

Figure 1.12. Schematic presentation of the caspase processin@fh) shows the
processing of initiator procaspa8eProcaspas® is a zymogen with a prodomain, large

and small subunits and a linker between the subunits. Cys287 is the catalytic site in the
large subunitProdomain encompasses a CARD and a linker. Upon bindidgpad 1
through CARDCARD interaction, procaspa$eis cleaved at Asp 315 and produces p35
and p12XIAPs are able to bind the exposed motif at theeNninus of the p12 and inhibit

the activity of caspas®. Caspas8& cleaves p12 at Asp 330 and removesitinibition of

XIAP and produces p35/p1@hich is the fully active form of caspaSe(B) procaspas&®
composed of a prodomain, large and small subunit. Activation of caSpelsaves
procaspas8 at Asp 175 and produces pl9 and pl2. Then-putcessing at Asp 28

generates fully active caspa3evhich is a heterotetramer of p17/pl12.
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Caspas® is an inactive zymogen at normal physiological concentra@nprocaspase
activation, two possible mechanisms have besmmggested One model proposed that
dimerization ofcaspas® occursupon binding to apoptosome compl&aspas® dimer
formsonly one catalytic sitedue to the asymmetric structfrinivasula et al., 1998; Bao
and Shi, 2007)At high concentrations, caspa8ds dimerzed. The dimers possetsgo
different activesiteconformationsonesimilar tothefunctionalsites of other caspaséise
other is catalytically inactive due to theagentation of the activation loomimics the
monomeric caspase Bimerization is the @ivationforce and thenteractions at the dime
interfaceproceeding theeorientation of the activation lodiRenatus et al., 2001This
model was challenged by syidg the engineered dimeric casp&é&enetically modified
dimeric caspas8 with very similar structure to wildype, showedmore activty in vitro
and inducedhighercell death than the wittype However, theactivity of dimeric caspase
9 wasmuch lowerthanthat of Apafl-activated caspasg@andwas notenhanced by Apaf
1. Therefore, it seems that dimerization is not the main mechanism of c&spetbeation.

ThereforeG nduced confor mat i @haoebal.d2605 was propose

T h endutedconformationaimodeb arguesthat binding of procaspa$eto apoptosome
induces an allosteric conformational changsich in turn activates caspa8e In this
modelapoptosomdound activeeaspas® more efficiently activates caspadeHowever,
cytosolic cleavedaspas® exists as an inactive monon{®aughn et al., 1999; Cain et
al., 2000) Although the evidence exists for both models, it is still unknown how
procaspas® is acivated in the cell. System biolodyased approach supports the

allosterically activation of procaspaS€Wuurstle and Rehm, 2014)
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1.7 Models describing events danstream of caspas® activation

Two models describe the downstream eventsaepas® activation.

1. AiMolecular timer 0: this model suggests thptocaspas® hashigher affinity forthe
apoptosome and the processed caspadisplacesthe complex, thereby facilitating a
continuous cyclef procaspas® recruitment/activation, processing, aetease from the

complex. Owing to its rapid autocatalytdeavage, however, procasp&seper se

contributes little to the activation oprocaspas8&. Thus, the Apal apoptosomé&inctions

as a proteolytib a s e d 0 mo | ewherdinathe intracefidar @oncentration of
procaspas® sets the overall duration of the timer, procasgthaatoprocessingctivates

the timer, and the rat# the processed caspadalissociabn from the complexXand thus

loses its capacity to activate procaspdsed i ct at es how f as(Malladhe t i m

et al., 2009)

2. Homo/Heterodimerzation of caspas® with apoptosome:The very recent proposed
model states that homodimerization of procasf®aséthin the apoptosome intensely
increases the avidity for trepoptosome, which triggers the cleavage of procaspade
Asp315. In addition, procaspa8as also able to form a heterodimer with NOD domain of
Apaf-1 via its small subunit. This heterodimerization more efficiently activates ca8pase
Activated caspas8 then initiates feedback activation loop and removes the intersubunit
linker in processed p35/p12 form of caspfdey a second cleavage at Asp 330. This linker
blocks the homoand heterodimerization of caspeé&@35/p12, removal of which restores
the ativity to the generated p35/p10 fragment of casi®agenerefoe, the overall function

of caspas® are dependent on the honamd heterodimerization of caspe&eProximity
induced dimerization stably recruits procasp@s® the apoptosome andduces the
cleavage at Asp315 whereas henand heterodimerization of caspakentensifies the

cleavage of caspas(Wu et al., 206; Wu and Bratton, 2017)
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All the models proposed for apoptosome formation and cagpastvation aren vitro

studies. In some cases, the output of the assay is indirect measurement of the desired target.
Besides, there are some technical restrdiaslimit the analysis. For example, structural
analysis using cry&M on apoptosome complex requires sample preparation, which
includes rapid cooling. This method traps the protein in one specific conformation and
therefore the proteins are no longer dyita The methods such as cfigon provide
information about the formed apoptosome &nabt informative for real time monitoring

of the apoptosome formatiom cellulo. The reporters introduced in this thesis are
theoretically able to track théesired interactions during apoptosome formation. Unlike
many of the current methods that target the endpoint of apoptosome formation, this reporter

allows us to study the kinetics of the apoptosome formation.

1.8 Apoptosis physiological modulators

Apoptosis pocess is under the control of different factors. Diffetemelsof regulations
guarantee the appropriate progression or prevention of the pathway. There are several
physiological substances that directly or indiredltivate or inhibit apoptosis, thus
function as either activators or inhibitors. These modulators regulate apoptosome either by
direct interaction with Apafl or indirect binding to the Apdlf interactors. Here, some of

the identified modulators of apoptosise discussed

IAPs (inhibitorof apoptosis) are endogenous regulators of caspases include Survivin, clAP
1, clAP-2 and XIAP.XIAP is one of the most studied members of IAPs family. XIAP
composed of three baculoviral IAP repeats (BIR), UBA and RING finger domains. XIAP
inhibits caspas® and caspas@/7 in a very specific manner through its BIR3 (Ki ~10 nM)
and BIR2 (Ki ~ >1 nM) domainsespectively. The free form of caspe&és designed in
such a way that binds to XIAP not the substi@eet al., 2003) It seems that BIR

interacts to Nterminal of small subunit of caspa3end the rest of the molecules tightly
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binds to the catalytic cleft of caspa@eand therefore make the active site inaccessible to
the substrate. BIRB on the othehand, binds to the monomeric casp8séut not the
catalytic site, occupies the dimerization interface and forms a heterodimer with edspase
(Shiozaki et al., 2003)During apoptosis, Smac is released into the cytosol amts bo

BIR domain leading to dissociation of BIR from casps&mac is a 23@mino acid
protein withanMTS (Mitochondrial Targeting Sequencat the Nterminal. This sequence

is removed in mature Smac and as a result, AW@tif is exposed at the f&rminus. This
tetrapeptide motif then binds to conserved surface pocket of BIR domain in XIAP. Fully
exposure of Aa in AVPI motif is required for this interactiqhai et al., 2000; Srinivasula

et al., 2000) Therefore, XIAP plays an important role in regulation of apoptosome
dependent apoptosis and considered as one of the constituents of this complex. Based on
this model, cytochrome is releasedrom mitochondria after a stregsduced apoptosis
and leads to oligomerization of Apafand formation of a whedike complex. Procaspase

9 binds to the hub of the complex via CARIARD interactions. Then caspa3es
processed at D315 to generate a pBB3/ heterotetramer. Caspebethen activates
procaspas® at IETD/S motif to form a p20/p12 heterotetramer, which thenpnatcessed

to the mature pl7/pl2 heterotetramer. Then, activated ca3paseesses caspadeat
D330 to produce a p35/pl0 hetercaeter. The presence of pl0 or pl2 fragments
determines whether the casp&sean be suppressed by XIAP. As mentioned earlier, the
XIAP BIR3 domain binds to ATPF at thetdrminus of the p12 subunit of casp&e&IAP

binds to the active caspa8elLinker-BIR2 domain, those that are going to interact with
caspas®-BIR3. Upon cleavage of the pl2 to pl0, XIAP is dissociated from the
apoptosome and leaves the catalytically active form of cafpgses5/p10) bound to the

apoptosoméBratton et al., 2002)

Acetylcholinesterase (AChE) is overexpressed in apoptotic cells, although it is not the
initiator. It seems that AChE sists in cytochrome ¢ and Apafinteraction. SiRNA knock

down of the AChE gene, inhileticaspas® activation, decreadé¢he cell viability, nuclear
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condensation and poly(adenosine diphosphiatese) polymerase cleava(fARP)(Park
et al., 2004; Zhang and Greenberg, 2012)

N-Acetyl-L-cysteine (NAC) increases caspasactivation in hypoxianduced apoptosis.

NAC encompasses NB ar@ARD domains. The CARD selectively interacts to the CARD
domain of Apafl. Overexpression of NAC enhances the cytochromependent caspase
activation and suppression of NAC inhibit(@hu et al., 2001; Qanungo et al., 2004)
Alphafetoprotein (AFP) recruits caspase to the apoptosome complex and enhances the

apoptosigSemenkova et al., 2003)

Aven inhibits the oligomerizationf Apaf-1 (Chau et al., 2000HSP70 binds to Apat

and inhibits the recruitment of casp#séo the apoptosome complex and therefore block
the formation of functional apoptosoniBeere et al., 2000; Chau et al., 2Q0During
cytotoxic stress, Nucling ispregulatedy proapoptotic signals and induces apoptdsis.
deficiency of Nuclingdeficient cellshasbeen shown to be resistant to apoptotic stress. UV
irradiation, leads to the interaction of Nucling to Af&bro-caspas® complex, suggesting
that Nucling assist in the formation and maintenance of apoptosommex. Nucling also

proceeds the translocation of Aghto the nucleusHigure1.13) (Sakai et al., 2004)

Apo Cytochrome ¢

HSP70 lonic modulators:
APIP (d)ADP HSP90 K+
AlIP BCL-XL JNK Ca
AVEN Diva/Boo HSP70/CAS/PHAPI
| CARD | NOD | WDR ]

N A I

| Caspase-9 I (d)ATP Cytochrome ¢
PARCS Nucling

Figure 1.13. Apaf-1 interacting proteins. Different proteins interact to different domains

of Apaf-1. The inhibitors are shown in red box and the activators are in green box.
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PARCS (pro-apoptotic protein required for cell surviydinds to the oligomerization
domain of Apafl. Downregulation ® PARCS in cytosolic fraction of HelLa cells
decrease Apaf-1-dependent activation of caasg 9. Cell proliferation was also blocked in

PARCSdeficient nortumorigenic cell§SanchezOlea et al., 2008)

The ionic equilibrium within a cell is another physiological regulatory step in-Apaf
modulation. K inhibits the oligomerization of Apaf. Once assembled, apoptosome is
resistant to ionic strengtfCain et al., 2001; Thompson et al., 2Q0Eurthermore, in
addition to necrosis, Gais associated with apoptosis.vitro studies have shown thaigpr
incubation of the Apaf with C&* disrups the apoptosome assembly by preventing the
nucleotide exchange, a key step in switching the locked-Apafopen form(Bao et al.,

2007)

Nitric oxide (NO) or its reaction products inhibits apoptosis. This endogenous inhibitor of
apoptosis ast either at/or upstream of caspaskke protease activation in cGMP
dependent fashion or by directly inhibiting the activity of cas{3aléee protease by S
nitrosylation of theenzymgKim et al., 1997)Caspase require a cysteine residu@l(63)

at an active sitdéor catalytic activity(Tewari et al., 1995)The inhibition of caspasg
activity with thiokreactive compounds and NO and Né&quivalents showed that thiol

modification inhibits enzyméKim et al., 1997)

Apoptosomeassociated proteins are also regulated by-fpasslational modification.
There are a lot of reports showing that phosphorylatiaw@anmon fom of regulationfor

the majority of the cellular proteins including those involwe@dpoptsis For example,
phosphorylation of T125 decreases the activation of caspdsédlan et al., 2003)
Cytochrome c is also phosphorylated at Y48 and d8ugh the physiological relevance

is not known(Lee et al., 2006; Yu et al., 200@paf-1 is also phosphorylated at Ser268

by ribosomal S6 kinase (Rsk). This phosphorylated site is then recognized and bound by

14-3-3vandinhibits cytochrome edependent activation of Apdf(Kim et al., 2012; Elena
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Real et al., 2018)PKA (Active protein kinase A inhibits caspas® and directly

phosphorylates Apét at leastn vitro (Martin et al., 2005)
1.9 Apaf-1 mediated apoptosis in developent and disease

In the last section, tightly regulation of Aphfmediated apoptosis with the contribution of

a range of modulators was explained. This level of regulation implies the importance of
this pathway in normal life of an organism. Why apoptasignportant for the cells?
Apoptosisplays critical roles in embryan development involves sculpting the structure,
elimination of redundant structures, controlling the number of cells and removal of
damaged cell¢Jacobson et al., 1997roper function of Apaf is required for proper
developnent in several tissueépaf-1 has been shown to play roles in different tissues
such as brain, eye and eApafl’ mice with abnormal craniofacial phenotype die-pre
natally around stage E16(Eecconi et al., 1998)These embryos have impaired brain
morphology, including abnormal folding and smaller telencephalic vesicles thatypad
brain hyperplasia (in the diencephalon and midbrain), and exencepbehuse of
defective skull and facial midline clef\paf-17- embryos also have thicker retina and the
hyperplastic retina is accumulated in optic cup, the lens is smaller with iricorrec
polarization and the optic cup éiminated byvascularendothelial cells. In other words,
Apaf-1 is required for controlling the retina cell number, determining the morphology of
the eye and removal of unnecessary hyaloids capiflégegcconiad D& Amel.i o,
Apaf-1 is also required for morphogenesis and growth of inneGearetically asruption

of the Apafl reducesapoptoss in the inner ear epithelium and causeswere
morphogenetic defects with small membranous labyri@cconi et al., 2004)These
phenotypssuggesthat Apatl isindispensabléen midline fusion of craniofacial structures

and normal mamalian development

It has been shown that casp&@sés expressed in different mammalian tissues and
deregulation of the activity of caspa8eis associated with pathological conditions.
Caspas® null mice die perinatally as a result of defectielencephalic development in
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brain.It seems that during embryogenesis, casfageregulation is braiapecific and does
not play critical role in other tissueMoreover, embryonic stem cellsié fibroblasts
lacking caspas@ are resistant to stresshduced ap op tiradiatiom andy UV,
dexamethasoné n Hunti ngtonbés di sease (HD) patient
caspas® and caspasé detected only at the lagtageof disease arrelated to severe

neuropathological gradé€Kiechle et al., 2002)

The morphology ofhe caspas® null mice are reminiscent to caspe&aull mice(Kuida

et al., 1996)Both mutantslisplayed a serioumbnormakortical morphology, an expanded
germinal zme, and hydrocephalHakem et al., 1998 Caspase& null mice die before 3
weeks of ageThese mice exhibit accumulation of the cells in cerebral cortex, the
hippocampus and the striatum, the lens is compressed and the germinal layer is thick, unlike

the wildtype (Kuida et al, 1996)

Apart from developmental roledefective mitochondriatlependent apoptosisauses
diseasesDeficient caspas@, caspas® and Apafl impair neurogenesis and lead to
embryonic lethality(Kuida et al., 1996, 1998; Cecconi et al., 1998; Hakem et al., 1998;
Yoshida et al., 1998 Apaf-1 null mice usually die prenatally. However, when exencephaly
or cranioschesis do not take place, 5% ef+bornssurvive to adulthoodThis suggests
thatthe lack ofApaf-1 is probably compensated by other genes in neuAdtimugh no
abnormalities were observed in histological studies, the survived mice stbw
hyperactivity. In addition, the males are infertile due to the huge det¢ivoraf the
spermatogonia in the testis which causes a dramatic reduction in the(bjmeranpour et

al., 2000) This suggests that Apdf medided apoptosis is necessary for fertilization of at
least males. The similar phenotype has been reported in drosdpytibechrome ¢ and

caspase deficient flies showed the lack of spermatid individualiz#&rama et al., 2003)

In Drosophila expression of polyglutaméntract in the eye caused the degeneration of
retina by reducing the size and number of rhabdomers, the structures that phototsasnduce
in the neurons. However, the loss of functizerk mutants showed the phenotype as-wild
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type in the cells expressing pglutamire-containing proteins. The mutants suppressed
progressive and latenset neurodegeneration. Dark mutants were shown to suppress
caspase and apoptosis as well as formation of polygluteaggregates and ubiquitination.
Dark mutants suppress neurgdaeration in a range of polyglutareioontaining proteins

as tested by huntingtin exdnand full length ataxil models. Interestingly, in mice and
human patients with HPHuntingtonDisease) Apaf1 colocalized with the huntingtin
aggregates. All thesexperiments suggest a role for Adain polyglutamie aggregate

accumulation in neurodegenerative disedSesg et al., 2005)

Apoptosis is associated with numerous pathological conditions, however, to date no
treatment has been approved based on its inhibition. Drug discovery approaches have
mainly focused o targeting caspase activation and activity rather than the upstream events
to identify molecules that improve the diseasssociated apoptosis. Apoptosome seems to

be a critical target for therapeutic purposes, although there are few reports eh Apaf
pharmacological inhibition. Many efforts have been made to discover newlikieug

molecules, some of which will be discussed here.

1.10Synthetic Apoptotic modulators

Due to the importance &paf-1 dependent apoptosis normal growth and development

and association of dysreguddtapoptosiwith human diseases, margsearclprogrammes

have been accomplished to identify small molecules that can activate apoptosis when it is
blocked or inhibit apoptosis when it is aetied.Oligomerization of Apafl is a key step

in mitochondrialdependent apoptosis. Therefore, Afidfas been paid a lot of attention as

a target for therapeutic approaches.
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In attempt to discover chemical modulators of ApaNguyen and Wells initily screened

a library of 3500 different compoundy in vitro measurement afaspase3 activity using

HelLa cell extract. 116 hit compounds furthertested by studying the processing of
caspse3. Among the 20 candidate, compound 1 was selected for chemical optimization.
Further studies presented compound 2 and 3 as more biologically @mtin®unds that
activatetheApaf-1 (Figurel.14). The exact molecular mechanism of inhibition iscieér;

however,it seems that it assgsin cytochrome @ctivation of Apafl.

Cl _Cl
H cl g
Il ] J . VRET o N | )
O._N o au P Yy cl
O Compound 1 g o 4 a
Compound 1 Compound 2 Compound 3
__CCl
i PO OOP O N ) NH » -‘ 1
H; N._~ OH
'OAOP oo L 77N
HO N N al
2CdATP PETCM

Figure 1.14. Chemical structure of Apafl activators. The Reported Active
Concentration (RAC) is-2 uM for compound 1,2 and 3, 1200 uM for PETCM and 1
mM for 2CdATP.

Bioactive deoxynucleoside analogs, like cladribinelfbrodeoxyadenosine or 2CdA) or
fludarabine (%-d-arabinofuranosyP-fluoradenineor FAra-A) produce some metabolites

that bind to Apafl (Beutler, 1992; Carrera et al., 1994).

PHAP protein, a member of tumor suppressor family, promotes ca8@ativation after
apoptosome formation. The oncoprotein prothymdsin [ P negdkijely regulates

caspas® activation by bl ocki ng -(amghlorpniethyd}d me f or
pyridineethanol), a compound identified through a Higloughput screening as an
activator of caspas@ in extracts of cancer cells, relievBroT nhibition and allows

apoptosome formation at a physiological Adéhcentratior(Jiang et al., 2003; Qi et al.,
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2010) PETCM was also reported to induce Aydabligomerization in HeLa cell-300
extracts independent of dATP (Figutel4). Elimination of ProT expression by RNA
interference sensitizecklls to ultraviolet irradiatioiinduced apoptosis and negated the
requirement of PETCM for caspase activat{drang et al., 2038). PHAPI inhibits cell
growth by inhibiting protein phosphatase 2A and histone acetylase and the oncoprotein

prothymosin(Li et al., 1996)
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Figure 1.15. Chemical structure of Apafl inhibitors. The Reported Active
Concentration (RAC) is 20 mM for Taurine, 0.5 mM for SNAFS M for NS3694, 510
MM for Peptoid 1 and SVT016426 aneb@ pM for the conjugated peptoid 1.
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The SNitroso-N-acetytpenicillamine (SNAP), the NO donor, disrupt the rigesembly
of Apaf1l and formation of active apoptosome. Thus, SNAP inhibits the GERRD
interactions with procaspa®e However, SNAP promotes the formation of the inactive 1.4

MDa apoptosomé&Zech et al., 2003)

Taurine is a nomessential sulfucontaining amino acid that reduces the Apafependent
caspase 9 activatiofTakatani et al., 2004)laurine inhibits ischemianduced processing
of caspas® and-3. Taurine suppresses the formation of the Ajgahspas® apoptosome
and the interaction of caspa8ewith Apafl suggesting the preventive role of taurine
myocardial ischeminduced apoptosid akatani et al., 2004Yaurine also prevents high
glucosemediated endothelial cell apoptosis by its antioxidant activity and regulation of

intracellular calcium homeostagM/u et al., 1999)

ZYZ-488 is a newly synthesized compound that is -aptiptotic cardioprotective
substance(Figure 1.15). ZYZ-488 increasa the viability of hypoxiainduced H9C2
cardiomyocytes and decreddbe release of creatine kinase and lactate dehydrogenase. It
seems thafpaf-1 is required forantirapoptotic roleof ZYZ-488. However, the direct
binding to Apafl was not shown. The autfs postulated that ZY-488 disrupts the

interaction between Apdf and procaspasg(Wang, Cao, et al., 2016)

The diarylurea compounds have been reported to inhibit the formation of the active 700
kDa apoptosme complex through unclear mechani@rademann et al., 2003)it seems

that haloaryl moieties present in the chemicals make lipophilic interactions interferer with
the formation of apoptosome. Peptoid 1 with two diclpbenylethylamino moieties are
similar to the activators of the Apaf mediated apoptosome that possesses a
dichlorobenzylamino moiety. Peptoid 1 with two additionahlkylamine residues at the
N-terminus, enhances the solubility (peptoid 1a) but lessensetl permeability. For the

ease of cellular uptake, a new series of peptoid 1 analogues were synthesized by fusing the
peptoid 1 to cell penetrating peptides (e.g., penetratin; HINAt) or to a water soluble
polymeric carrie(Vicent andPérezPayd, 2006; Orzéez et al., 2007)

43



Chapter 1 Introduction

SVT016426 previously known as QM31s an inhibitor of apoptosome identified through
the screening of a chemical libraffyigure 1.15) (Malet et al., 2006)SVT016426 blocks
the release of cytochrome c¢ from mitochondria and inhibits the-Aplapendent intr&-
phase DNA damage checkpo{iMondragd et al., 2009)SVT016426 has been shown to
diminish the interaction of Hsp70 with Apafsuggesting the indirect inhibitory role on
apoptosomgSancho et al., 20145VT016426, decreases both polyglutamimeuced

aggregation and polyglutamiieduced apoptotic cell death in different cellular models

1.11Reporters of nonitoring protein interactions

For years, different reporters have been designed to study the ymaim interactions.
Forster resonance energy transfer (FRET) is a suitable technique for studying protein
interaction when the interacting proteins are spatially less than 10 nrorfaeéch other
(Forster, 1948 Clegg, 1995) FRET detects the fluorescent signal when two labelled
proteins interac{Sekar and Periasamy, 200BHRET allows the live cell high spatial
resolution assays for protéjprotein interactions whecombined with multiple, coloured
fluorescent protein@iston and Kremers, 2007his technique does not require cofactors

or exogenous substratelhis approach has several disadvantagésr example,
fluorescence properties are sensitive to environmental changes such as pH, ionic
concentrations, oxidation, temperature, and refractive index. Besides, signal to noise ratio
is low in FRET(Nagai et al., 2004; Piston and Kremers, 200he slow turnover rate of
fluorescent proteins causes accumulation of the reporters and make them unsuitable for
monitoring fast reactiofHaugwitz et al., 2008)The norenzymatic generation of signal

reduces the assay sensitivity compared to enzyaised reporter assays.

Luciferase based assaysoluminescencegre the most commonly used enzymatic assays.
Bioluminescence, generation of light through a chemical reaction, is found in a wide range
of organisms from bacteria, fungi to fish, shrimp, and insgdtsring, 1978; Campbell,
1988; Herschman, 2003; Azad, Tashakor and Hosseinkhani,. 20tferase, the enzyme
catalyzingthe bioluminescence reaction, uses different substrategmitd light with
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different wavelengths mostly in the visible range of electromagnetic spectrum. For
example,Renillaluciferase oxidizes coelenterazine in an oxydependent reaction and
generates bl ue | i gfheflyluciierase zatglses theSoRidatomgfD whi | e
luciferin in an ATR and oxygerdependent reaction and produces yelgreen

(eemax = 550 nm) t o (authurbgangehal., n.¢.Jgeaoxa, 9896 2 0 n

Firefly luciferase fromPhotinus pyraligs a 62kDa polypeptide and characterized as high
guantum yield enzyme. This protein mainly composed of a largerhinal domain and a
small Gterminal domain connected by a flexible linker. In the presence of lucif@rin
benzothiazole compound) and ATP, firefly luciferase prodlwgferyl adenylate which

then binds to molecular oxygen and produces carbon dioxide and excited oxyluciferin
(Figure1.16). Depending on the pH and polarity of the solvent, this excitedriathate
generates green to red light when returning to the ground(¥thite et al., n.d.; Deluca,

1976; de Wet et al., 1986; Hosseinkhani, 2011)

HO PN

S _\3‘H M 24
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D-Firefly Luciferin Luciferyl-AMP \
c | O

o
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s N o N.__0O cc»2
7 V4 C-OAMP
0 <= e
H +AMP

Oxyluciferin (enolate) Oxyluciferin (keto)

Yellow-;reen light Red*light
Figure 1.16. The mechanism of bioluminescem¢action catalysed by firefly luciferase.
In the first step reduced luciferin is adenylated in the presence of ATP (a). Deprotonation
of luciferyl-AMP produce a carbanion intermediate (b). Molecular oxygen (c), releases
AMP and forms a cyclic intermediate (d). release of carbon dioxide is associated with the
formation of the excited state luciferin in either the keto (e) or enolatefis{@ranchini
et al., 1998; Close et al., 2009)
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Luciferases are widely used in bioassays because unlike fluorescence,nbticeguire
excitation energy, and this leads to high signal to noise ratios in bioanalytical assays by
reducing the background signal. Furthermore, it eliminates the possibility of the
interference of the excitation light with fluorophof&meonov et al., 2008; Thorne et al.,
2010) Although the signal is much lower than that of fluorescence, luciferase is of interest
and various strategs have been applied to use it in different ways in bioana(iesghen

et al., n.d.; Wilson and Hastings, 1998he most commonly used methods are permuted

luciferase, cyclic luciferase, split luciferase (FiglirEy).

In circularly permuted luciferase, a linker with a site for specific interactor is inserted
between the two domains of the enzyme. This method has been used to measure the activity
of proteases by insertion of the cleavage site in the linker. Upon the cleavigeasec

freely undergoes conformational changes and gains the ability to emifWegddal et al.,

2008)

Cyclic luciferase has been used for measuring the activity of ca8p#aséhis strategy, N
domain and @omain of luciferase are linked together by a target sequence of c8spase
When &pressed within the cells, cyclic luciferasesynthesized as a cidar polypeptide
chainwith no or very low activity because of the inappropriate structure. When activated,
caspase cleaves the substradad linearizes the luciferase protein whichntibanfind its

right structure and recover its activity (Kanno et al., 2007, 2009)This method

accomplished for redlme tracking éthe caspas8 activity in living mice.
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Permuted Luciferase Cyclic Luciferase Split Luciferase

Linker Linker Protein-protein
cleavage cleavage interaction

o < =

Figure 1.17. Different strategies used for making luciferaseeporters. In permuted
luciferase strategy, anker with a digestive substrate sequence is inserted between the N
and Gdomain of luciferase. Upon cleavage of the substrate, luciferase fold into the right
conformation and in the presence of luciferase substrate emits light. In cyclic luciferase
method, however, the linkaronnectsthe two end of luciferase and lockse protein.
Similar to permuted luciferase, cleavage of the linker assists in the recovery of the
luciferase activity. In split luciferase strategy, two domains of luciferase are individually
fused to two interacting proteinBhe interactiorbetween the proteins place the two halves

of luciferase in close proximity and the activitylofiferaseis reconstituted.

Split luciferase strategy is used for studying the two interaeitimer proteinprotein or
proteinnucleic acid. Here, two intactors are fused individually to luciferaseté&tminal

and Gterminal via appropriate linkersWhen expressed within the cell, the fusion
interactingproteinsphysicallyinteract and thus two fragmeruf luciferase will be placed

in close proximity and nstitute luciferase activity in the presence of the substrates

(Ozawa et al., 2001)
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This strategy has been largely useddidying the protenprotein interactions, mobility

of the poteins to a specific organelle, measuring the condgiraf the analytes, DNA
damage, tracking the protease activity and oligomerization of the protein complexes
(Binkowski et al., 2009; Shekhawat et al., 2009; Taneoka et al., 2009; Ishimoto et al., 2011)
(Paulmurugan et al., n.d.; Ozawa and Umezawa, 2001; Ozawa et al., 2001; Ozawa, 2006;
Massoud et al., 2007; Villalobos et al., 2007; Misawa et al., 2010; Stains et al., 2010; Li,

Feng, et al., 2017)

Split luciferase complementaryssay hasalso been usedor sensing the glucose by
inserting the galactose/glucose binding domain between the two domains of luciferase
(Taneokeet al., 2009)screening the nucledactorE2-related facto2 (Nrf2) modilators
(Kobayashi and Yamamoto, 2008gtecting the human epidermal growth factor receptor

2 (EGFR2) and vastar endothelial growth factor (a factor for angiogenesistantbur
growth)Stains et al., 2010)

The length and composition of the linker and selection of the split point are the key factors
contribute to successfully detection of the recovered luciferase activity. Flexible linkers,
rigid linkers, and cleavable linkers are largely used to make stable and bioactive
recombinant fusion proteins. Flexible linkers make the interaction possible between the
domains by freely spatial movements and mainly composed of hydrophilic and small amino

acid residues like Gly and/or Giger withdifferentnumber of repeats.

Rigid linkers are useful for maintaining the distance between the domains and are made of
helical and Praich structures witltifferentnumber of repeats. Cleavable linkers are used
for in vivo cleavage by proteases and ¢ithang et al., 2009; Chen et al., 2013; Klement

et al., 2015)
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Choosing the split point of luciferase is the key element in complementation of the
luciferase. For fiding the best pair of fragments,terms of recovering luciferase activity,

a library of the various pairs must be made, and the split luciferase activity of all pairs
should be measured. This strategy was used by Ozawa et. Al. in 2010 and they reported
that residue 416 and 39&%50 is the best pair for reconstitution of the firefly luciferase
activity (Luker et al., 2004; Hida et al., 2009; Misawa et al., 20Hywever, the 3D
structure of the mtein of interest may affect the structure of luciferase fragments
Depending onthe size othe targeprotein, the luciferase activity could be fuipolished

or severely attenuatetlie to the inappropriate spatial orientation while the interactors bind

to each other.

Torectify this, the best strategy is to make a library of various pairs of luciferase fragments
bound to proteins of interest and measure the split luciferase yaciyetection of split
luciferase activity for measuring apoptosome formation was reported before using the
luciferase fragments proposed by OzgWwarkzadeRMahani et al., 2012)Therefore, here

the same split point for making the fusion Afdabroteinsvas usedAlso, flexible Gly-Ser
linkers were usedto allow freely movements of luciferase fragments on the CARD
complex. Then,the new assaywas validatedo show thatluciferase activitydirectly
measure apoptosome formation. This biool was then used for screening libraries to
identify the apoptosome inhibitoas well as further investigating the known inhibitors of

caspase activation
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Aims
The aim of thigroject was to design a new assay using split luciferase complementation

assay that:

gpecifically and directlyreports Apafl oligomerization
is easy, fast and cosffective

is suitable for largescale screening

= = =2 =

enable us to study the Apdfinteractions

For this, luciferaséagged Apafl was generatedsing flexible linkers The assay was
validated for detecting apoptosome formation. Then, the assay was used as a tool for
screeningapproachego identify new modulators of apoptosome and for studying the

known inhibitors of apoptosis to understand their mechanism of actions.

50



MATERIALS

&

METHODS



Chapter 2 Materials & Methods

2.1 Making luciferase-based reporters

PCR-Amplification of the fragments required for making fusion proteins

N- and Gterminal ofphotinus pyralidirefly luciferase were amplified using p&.vector
encoding the cDNA of luciferase. Apaf XL was also amplified using the previously
cloned pFastbac vectarhe restrictiorsite for Acc65l and Cozak sequengasinserted
in forward primers and GGGGS geences were inserted in reverse primergS§Gand
(GaS)s were usedas linkers for NlueApaf-1 and (GS) as a linker for Cludpaf-1
fragments. 415 amino acid fragment was amplified asddimain and 39442 as C

domain.The sequences of the primersdigar amplification of the fragments are as below:

Primers Sequence

Nluc-Forward | 5 NpGTACCGCCGCCACCATGGAAGACGCCAAAAACATA-3 Nj

5-8ICTACCCCCTCCGCCGCTACCCCCTCCGCCGCTACCCCCTCCG(]
Nluc-Reverse
TCCATCCTTGTCAATCAAG-3 Nj

Cluc-Forward | 5-\§GTACCGCCGCCACCATGCCTATGATTATGTCCGGT3 N;

5-8ICTACCCCCTCCGCCGCTACCCCCTCCGCCGCTACCCCCTCCG(C
Cluc-Reverse

GCTACCCCCTCCGCCCAATTTGGACTTTCCGCCCT-B N;j

Apafl-Forward | 5-MTGGATGCAAAAGCTCGAAATTGTTTGC-3 Nj

Apafl- Reverse | 5-\GGATCCTTATTCTAAAGTCTGTAAA -3 Nj

All primers were synthesized at 0.025 pmol scale by Sigma (Ireland).
PCR was performedina285!1 r eacti on mi xture contained fo

. 5 gl of 5X Pr i me $PplasRcorGoéded aB5D M ELCI (P g
8.2), 100 mM NacCl, 0.1 mM EDTA, 1 mM DTT, 0.1% Tween 20, 0.1% Nonidet
P-40, and 50% Glycerol,

. 2 ¢l of dNTP Mixture (2.5 mM each),

m. 1.25 €1 of each primer (10 &M),

IV. 50 ng oftemplateDNA,
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V. 1 ¢l of PrimeSTVTmRraG@Xk DNA2BolU/ el ) .
The PCR program was set as below on Veriti Gradient Thermal Cy&eplied

Biosystem)

l.  Initial denaturation at 98°C for 5 min,
[I.  Annealing and Elongation, 30 cycles of amplifications each cycle consisted of:
V 30 sec at 98°C
V 30 sec at 66°C (for Apdl), 60°C (for Nluc), and 63°C (for Cluc)
V 4, 1:30 and 1 min at 68°C for Apaf Nluc and Cluc respectively.
[ll.  Final extension &8°C for10 min.

DNA agarose gel electrophoresis

PCR products were then analysed byniog on 1% agarose gel electrophoresis at 90 V
for 1-1:30 hour.For this, 0.5 g agarose dissolved in 50 mL TAE buffer 1X containing 40
mM Tris, 20 mM acetate and 1 mM EDTA. This reaction was mixed with 5 uL of SYBR
safe DNA stain gel (10000 concentrate®MSO). 5 uL of each PCR products mixed with

6X loading buffer and ran on the gel.
In-fusion cloning

In-fusion cloning strategy was used for insertion and fusion of the amplified fragments into
the pcDNA3.1 vector. The same PCR program was used for asapbfi of the irfusion
cloning fragments. The primers listed in the following table were synthesized to amplify

the appropriate fragments with 15 base pair overlap at the two ends.
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Primers Sequences

Nluc-Forward | 5-NCTTAAGCTTGGTACCGGTACCGCCGCCACG3 Nj

Nluc-Reverse | 5-BjICATCCATGCTACCCCCTCCGCCG3 Nj

Apafl-Nluc | 5-8BiGGTAGCATGGATGCAAAAGCTCGAAATTGTTTGS3 Nj
Forward
Apafl-Nluc | 5-NGTGGATCCGGATCCTTATTCTAAAGTCTGTAS Nj
Reverse
Cluc-Forward | 5-NCTTAAGCTTGGTACCGGTACCGCCGCCACE Nj

Cluc-Reverse | 5-8BICATCCATGCTACCCCCTCCGCCGCTA Nj

Apafl-Cluc | 5-BIGGTAGCATGGATGCAAAAGCTCGAAATTGTTTG3 N;j
Forward
Apafl-Nluc | 5-NEGACTAGTGGATCCGGATCCTTATTCTAAAGTCTGTA3 Nj
Reverse
PCR product reaction clean up

Qiagen spircolumn clearup PCR product kit was used to obtain purified double stranded

PCR products. For this:

l. 5 volume of PB buffer added to 1 volume of PCR product.

Il. Spin-columns placed in 2 mL Eppendorf tubes.

[l PCR products were loaded on the columns and centrifuged for 1 min at 17900
g.

V. The pasghrough liquid discarded.

V. Each column washed by 750 yL PE buffer and centrifuged as above.

VI. The pasghrough liquid removed, and the columns were centrifuged for anoth
1 min to remove the residual ethanol from washing buffer.

VIl.  The columns were then eluted by 50 ul Buffer EB (10 mM Tris-HCI, pH 8.5)

and loaded on 1% agarose gel.

pcDNA 3.1 was used as a vector for cloning the fragments. pcDNA 3.1 vector was double
digested by Acc651 and BamHI to obtain linearized plasmid. The reaction was made as

below:
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V Acc65l/BamHI restriction enzymes 5 ul each
V pcDNA3.1 S Ug
V25 Ol of 10X NEBuffer3.1 (1X NEBuffereE
TrisHCIl , 10mM MgCl 2 (pH 79@ 258Cy / ml BSA
V Make the total reaction volume up260 pl
V Incubated at 37°C for 15 min.
Digested vectors loaded on 1% agarose DNA gel and purified using gel extraction Kit.

Briefly:

l. DNA fragments were cut from the agarose gel and three volumes of Q@fe
added.

Il. The mixture incubated at 50°C for 15 min with frequent vortexing evedy 2
min.

[I. One volume of isopropanol was added, and the mixture loaded on the column
and centrifuged 1 min at 17900 g.

V. The flowrthrough removed and the column was washdd 50 ul PE buffer
and centrifuged for 1 min.

V. Finally, DNA was eluted using EB buffer.

The DNA concentration was determined using NanoDrop.

For making the cloning mixture, the following reactions were prepared:

Nluc-Apafl Cluc-Apaf-1 Control***
Vector 0.82 ¢l (| 0.82 ¢l ( 1 ¢l
Insert 1* 0.62 ¢l (| 1.5 ¢l (1 2 ¢l
Insert 2** 4.00 ¢l ( 4.40 el ( -
HD-enzyme
2 ¢l 2 ¢l 2 ¢l
premix
Deionized HO 2.56 ¢l 1.3 ¢l 5 ¢l
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* Insert 1 is the luciferase fragments (either N or C domain) amplified with the 15 bp overlap with
Apaf-1.

** Insert 2 is the Apal gene amplified with the 15 bp overlap with either Nluc or Cluc.

*** |'n the contr ol reactdod, el ef pfkipU€CAant cont i
used.

All the reactions incubated for 15 min at 50°C and then placed on ice. An aliquot of this

reaction was used for transfection into DH5alptwoli cells.

Transformation of the in-fusion cloning reactions

Transformation carried out using StellarE Co
l. 25¢ | of each cloning reactions mixed wi:
Cells.

Il. The bacteria/DNA mixture placed on ice for 30 min.
[l. Then bacteria heathocked at 42°C for 4€ec.
V. incubated for 5 min on ice.

V. 4 35 ewlarm@drS®C medium added to each reaction.

VI. Mixtures incubated at 18°C, 50 rpm shaking for two hours followed by one hour
at 150 rpm.
VII.  Then, the samples spin down at 4500 rpm for 5 min.

VII. Thepelletresuspended in 100 el of fragah SOC m
plates supplemented with ampicillin.
IX. Plates were incubated at 18°C for 3 days.

Production of recombinant plasmids
To produce the recombinant plasmids:

l. Single clones were picked and cultured in 5 mL fresh LB medium supplemented
with ampicillin.

I. The cultures incubated at 18°C, 225 rpm sHak@& days.

[I. Bacterial cells were harvested by spinning at 4500 rpm for 5 min.
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V. Bacterial pellet resuspended in 250 pl buffer P1 (QIAPrep Spin Miniprep Kit).

V. 250 pl buffer P2 added and the tubes were gently inveretmes.

VI. 350 pl buffer P3 added andethubes were immediately inverted4imes.

VII.  The mixture centrifuged at 17900 g for 15 min.

VIIl.  QIlAprep spin columns placed on the 2mL collection tubes and the supernatant
from last step loaded on the column.

IX. Centrifuged for 1 min as above.

X. The flowthrough renoved and the column was washed with 750 pl buffer PE
and centrifuged for 1 min.

Xl.  The flowrthrough discarded and centrifuged for another 1 min to remove the
residual washing buffer.

XIl.  The columns were then eluted by 50 pl buffer EB (10 mM-A@&, pH 8.5).

To confirm the insertion of the genes of interest into the vector, double digestion

performed using Acc65l and BamHI. The wilgpe sequences of the inserted

fragments were then confirmed by Primer Walking Service (Eurofinsgenomic).

2.2 Expression of luciferase tagged Apafl

Transfection of the recombinant plasmids in the HEK293 cells

1 mg of Polyethylenimine (PEI) diluted in 1 ml DNase and RNase free water and the
pH of the solution adjusted to the acidic range. The mixture was then adjusted to pH 7

andfiltered using 0.22 um filter. The aliquots stored2Q°C.
To transiently transfect the cells:

l. 5 x 10 HEK 293 cells seeded in the T175 flask and incubated overnight at
37°C, 5% CO2.

Il. 50 pg of the plasmids (Nludpafl, ClucApafl, andphotinus pyralisfirefly
|l uci ferase) diluted in 150 mM NacCcCl i n

[l. 250 ¢l of PEI diluted in 150 mM NacCcCl
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V.

V.

Then PEI mixture added to DNA, mixed by vortexing and incubated at room
temperature for 30 min (Sang et al. 2015).

The PEI/DNA complex added to the flasks and incubated at 37°C, 5% CO2.

Production of S-100 extract

To find the optimum time of transfection and level of protein expression, cells trypsinized

and harvested 24 or 48 hours after transfection.

< < < < < < < < =T

[l
V.

The cells werdysed by resuspending in extraction buffer containing:
50 mM HEPES pH 7.4,
10 mM KCl,
2 mM MgCI2,
5 mM EGTA,
Cytochalasin B (1:1000 dilution to (10 pg/mL),
protease inhibitor cocktail (1:1000 dilution),
PMSF (100 mM final),
DTT (1 mM final).
The cdls were then undergone three cycles of fretezav in liquid nitrogen.
The cell lysate then spin down at 100,000 g for 60 min.

The supernatant collected and storeeBatC.

Immunoblotting

An aliquot of the cell extract was used for immunoblotting. The protein concentration

determined using Bradford reagent (Bradford 1976). For this, 2 ul of 0, 0.1, 0.2, 0.4,

0.8, and 1 mg/mL BSA were used as standard protein and 2 pl@® $xtract mixed

with 198 pul of Bradford reagent and incubated in dark for 10 min. Then the absorbance

was read at 595 nm.
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50 ug of proteins mixed with 6X loading buffer contains 12% SDS wiv.

30% Glycerol viv, 0.4 mM Tri#iCl pH 6.8 and Bromophenol blue <
0.15% wi/v and biled at 95°C for 5 min.

Il. Samples were loaded on 8% polyacryl amide gel.

[l The proteins were then electrotransferred to nitrocellulose membrane using
transfer buffer containing 25mM Trizma base, 192mM Glycine, 10%
Methanol for 2 hours at constant 250 mA.

V. The membrane was then blocked by PB&een, 5 % w/v fafree skimmed
milk powder for 2 hours.

V. The membranes washed by PBS.

VI. The membrane exposed to primary antibody and incubated overnight at 4°C.

VIl.  Then membranes washed three times in PBS, 10 min eachxposkd to
a secondary antibody for 2 hours at room temperature.

VIIl.  The membranes washed three times in PBS, 10 min each.

IX. The membrane was scanned bydadr machine.

in cellulo luciferase activity

VI.
VILI.

VIII.

5 x 1@ cells seeded in-@&ell plate and incubated ovaightat 37°C.

2 ug DNA and 4 pul of 1 mg/mL PEI mixed with 150 mM NaCl up to 100 pl
each.

Then PEI solution added to DNA mixture, vortexed for 10 sec and incubated at
room temperature for 30 mins.

200 pl of DNA/PEI complex then added to each well and in@adbat 37°C.

As a control, pcDNA3.1 encodinghotinus pyralidirefly luciferase was used.
After 24 hours, media removed, and cells were washddHANKS buffer.

Cells were then trypsinized using 100 pl of trypEDTA and 400 pl
supplemented DMEM added to neutralize trypsin.

Cells spin down at 1200 rpm for 5 min anestespended in 100 pl fresh DMEM.
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IX. 10 ul of each sample mixed with 10 ul of Trypan Blue and iatedhfor 10 min
at room temperature.

X. The number of cell&vascounted in all samples.

Xl.  The remaining of the cell suspensions were used for luciferase activity and
immunoblotting.

XIl.  For luciferase assay, 90 pl of Glane luciferase substrate added to eanipsa
and the activity of luciferase was recorded as RLU/sec at 25°C for 15 mins

Cell death in transfected cultures

l. 5 x 1 HEK293 cells seeded in ibidi-Rlate 96 Well in a volume of 180 ul and
incubated ovenight at 37°C, 5% Cg&incubator.

Il. Cells were tkn transfected with 250 ng of DNA and 0.5 pl of 1 mg/mL PElI,
each made up to 10 pul by 150 mM NaCl. PEI added to DNA and incubated at
room temperature for 30 min after 10 sec vortexing.

[1. Then 20 pl of PEI/DNA complex added to each well.

IV.  After 24 hours inchation, Hoechst 33342 and Propidium lodide stains were
added to each well at the final concentrations of 1 ug/mL each and incubated
for 10 mins. Propidium iodide is an impermeable red fluorescent dye
(excitation/emission maxima = 493/636 nm) which intextesd into the DNA.
Hoechst 33342 is a cell permeable blue fluorescent dye (excitation/emission
maxi ma = 350u461 nm) and quite specific

V. The samples were imaged by Operetta High Content Imaging System and the
images weranalysed using Harmony 3.

The percentage of dead cells calculated as below:

% Dead Cells =(number of PI positive cells)/(number of Hoechst positive cells) x 100
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2.3 Cell-free system

1. Making S-100 HEK293 extract in large scale

V1.

VILI.

VIII.

IX.

4 x 10 HEK 293 cells harvested from 150 T175 flasks.

Cells centrifuged for 10 min at 1200 rpm aC4

Supernatant removed and the pellet washed with HANKS buffer and
centrifuged again as mentioned.

HANKS buffer removed and the cell pellet gently and quicglguspended

in 10 volumes of extraction buffer containing 50 mM HEPES pH 7.4, 10
mM KCI, 2 mM MgCI2, 5 mM EGTA, Cytochalasin B (1:1000 dilution to
(10 pug/mL), protease inhibitor cocktail (1:1000 dilution), PMSF (Do

final), DTT (1 mM final).

Mixture centrifuged immediately for 5 mins at 1200 rpm a€4Fearnhead

et al., 1997)

Supernatant removed as much as possible, the pellet vortexed vigorously
and snagrozen in liquid nitrogen. Three cycles of sHapezing, thawing

on ice and vertexing disrupt all membranes.

Then the cell lysate transferred to Beckr@oulter polycabonate thick

wall tubes (P60328MP, USA) and centrifuged at 100000 g for 1 hour. The
cell lysate covered by BiRad mineral oil (162129) before centrifugation.

The mineral oil was removed and the supernatant was then collected,
aliquoted, snajfroze andstored at80 C.

Protein concentration was also determined using Bradford reagent.

2. Caspase3 activity and processing

l. 65 ¢ L10@HEK 293 extract in the presence and absence of cytochrome ¢

(1.6 €M) and dATP ( 1 nOMgr15i 30,ctuandhed mid. o

61

r

n



Chapter 2 Materials & Methods

Il. Then 15 eL of each reacd3iloinkesadtifwirt yne :
of assay buffer added to the activated reactions. Caspase assay buffer composed
of:
V HEPES 200mM,
V 40 &M ZABMC/(BLX-260032 Enzo)
V and 5mM DTT
[I. Fluorescent intensity was recorded over 30 min.
Anot her 2 510Gektracisfused for @nm8noblotting according to the protocol
mentioned earlier. Briefly, 5 L of Laemell
at 95C for 5 mins. Samples werken loaded on 15% polyacryl amide gel and run at
100V for 90 min. The proteins were then electrotransferred to nitrocellulose membrane
at 250 mA for 1 hour. The membrane was then incubated with either primary easpase
3 or caspas® monoclonal antibody overight at 4C. Membrane washed with TPBS
0.1% three times, 10 mins each and exposed to a secondary antibody for 1 hour at room
temperature. Membrane washed with TPBS 0.1% three times, 10 mins each and the

protein of interest was detected usingdar.
3. Gelfiltration chromatography for detecting apoptosome

V. 1 mL of S100 HEK 293 extract activated or not by addition of cytochrome ¢
(1.6 €M) and dATP ( IOWv)5mmsrd i ncubated a:
V. Then the samples loaded on Sephacryl 300 HR column. The column @shnect
to AKTAprime chromatography system.
VI. The fractionation performed at 0.6 mL/min flow rate, 3 mL fraction size and
0.5 Pa pressure.
VII.  The column washed with ddB overnight.
VIIl.  Then the column equilibrated with two column volumes of the equilibration
buffer containing:

V 5% (w/v) sucrose,
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XI.

XILI.
XIII.

Materials & Methods

0.1 % (w/v) CHAPS,
20 mM HEPES/NaOH,
5mM DTT

< < < <

and 50 mM NaCl(Cain et al., 2000)

The sample injected in the column.

Fractions 19 to 34 collected according to the size of thyroglobulin (669 KDa)
and aldolase (158 KDa) and the number of fractions they came out of the
column.

The fractions were then concentrated using 10 MW Pierce Protein Concentrator
(Thermoscientific, 88517). Using these concentrators, more than 90% of the
proteins are recovered after 15 min centrifugation at 4000 >Cg, 4

The remaining solution on the top of the filter collected for immunoblotting.
Then 30 pL of each fraction loaded on 8% polyacryl amide gel. Protein
transferred to nitrocellulose membrane and exposed to-RApaftibody

overnight at 4C followed by Goatini Rat for 2 hours, as described earlier.

in vitro assays

1. Plasmid extraction

VI.

250 mL LB inoculated by 250 uL of glycerol stock bacteria previously
transformed with either NluApafl-pcDNA3.1 or ClueAapfl-pcDNA3.1.

The culture incubated at 18, 225 rpm shiee for 60 hours.

The bacterial culture aliquoted in 50 mL tube and centrifuged for 20 min at 4500
rpm.

The pellet in each tube thensaspended in 4 mL Buffer P1 (QIAGEN Plasmid
Midi Kit, 12143).).

Cells were lysed with 4 mL Buffer P2 and incubated 3omins at room
temperature.

Then 4 mL buffer N3 added and the mixture gently inverted for few times.
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VILI.
VIII.
IX.

XI.
XIL.

XIII.

The mixture centrifuged for 30 min at 4800 rpm a4

The Midi columns equilibrated by 4 mL of QBT buffer.

The supernatant from thaststep loaded on the column. The liquid was passed
through the filter by gravity flow.

Then the column was washed twice using 10 mL QC buffer.

The column elutedvith 5 mL QF buffer.

3.5 mL 2isopropanol added to precipitdDNA and centrifuged at 13000 x g

for 20 min at 4C.

Supernatant removed, and the pellet washed with 10 mL 70% ethanol and

centrifuged at 13000 x g for 10 min at room temperature.

XIV. The ethanol removed, and the DNA pelletdriied for 10 mins.

XV.

At the endthe pellets resuspended in 1 mL TE buffpH 8.0.

XVI.  The DNA concentration determined using NanoDrop 2000.

2.

VI.
VII.

Making S-100 extract of HEK 293 cells expressinfyision proteins

1 x 10°HEK 293 cells grew in T175 flasks.

. Half of the flasks used for transfection with NHApafl-pcDNA3.1 and the other

half with ClucApafl-pcDNA3.1.
For each T175 flask, 50 ug plasmid DNA and 250 pL 1 mg/mL PEIl made up to 1

mL using 150 mM NacCl.

. The PEI solution added to DNA and vortexed 26r sec and incubated at room

temperature for 30 mins.

The PEI/DNA complexvasthen added to each flask and incubated for 24 hours at
37C, 5% CQ.

The cells harvested and190 HEK 293 cells prepared as mentioned earlier.

The protein concentration deteined using Bradford method.
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2.4 Validation of the luciferase-based reporters

1. Split luciferase reconstitution assay
I. 5 pL of S100 extract expressing NhApaf-1 mixed with 5 pL S100 extract
expressing Clu&pafl.
I.cytochrome ¢ (1.6 €M) and dATP (1mM) ad
[ll. 35 pL of Glo-One luciferase substra(E611Q Promegapdded and the 9@&ell
plate contaimg the reaction recorded for 15 min in the plate reader.
Titration of cytochrome ¢
I. 5 uL of S100 extract expressing NhkApaf-1 mixed with 5 pL S100 extract
expressing Clu&paf-1
Il. Different concentrations of cytochrome c (0.01, 0.03,0.1, 0.3, 1.01@.5And 30
eM) and dATP (1mM) were added to each r
lll. Then 35 uL of luciferase substrate added and the luminescent signal recorded over
15 mins at 25C.
2. Titration of NS3694, an inhibitor of apoptosome formation
l. pL of S-100 extract expressing dt-Apaf-1 mixed with 4.5 pL S100 extract

expressing Cluépaf-1 and

[I. 1 uL of NS3694 added to have final concentrations of 0.00027, 0.00083, 0.0027,
0.0083, 0.027, 0.083, 0.27, 0.83, 2.78, 5.5 mM.

[ll. Then the mixture incubated on ice for 10 mins.

(AVAS Cytochrome ¢ (1.6 €M) and dATP (1mM) ¢

IV.The activity of split luciferase record
3. Gel filtration of overexpressed extracts

l. 1 mL of extracts expressing Nifpaf-1 and ClueApaf-1 or wholduciferase activated
or not by adding cytochrome ¢ (1.6CegM) an
for 10 mins and loaded on Sephacryl 300 HR column as described earlier.
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Il.  The fractions were then collected, concentrated and used for immunoblotting.

4. Cation exchange chromatographyto exclude cytochrome c from S100 extract
SPRsepharose resin (Sigma) were used for removal of cytochrome c from the extract.

. 100 eL of the resins were washed with ext
Il.  The resins spin down at 3000 rpnTCA4for 3 min.
. Supernatant replaced by 200 €L of S100 ex
IV.  The mixture incubated on ice for 15 min, with tapping the tube every five min.

V.  The mixture spin dowand the supernatant was taken for further investigation.

2.5 Screening

2.5.1 Toxicant library

A library of known human toxicantésee appendiB), including toxicants known to
interfere with spermatogenesis was tested to identify those that reduce luciferage acti
in the splitluciferase assay. Toxicants were screened at 1 mMeBing was performed
using the Perkin Elmer Janus Automated Workstation iw@6plateformat.An inhibitor
was defined as any toxicant that reduced mean split luciferase activilpteythan Q1

minus 1.7 x interquartile range (IQR).

177 toxic compounds were purchased from Sigma and 100 mM of each prepared by

diluting in DMSO. Toxicants were screened at 1 mM concentration. Briefly:

I. 10 pL of diluted Nluc/Apafl and Cluc/Apafl extrat added to each well.

II. The extract was mixed with 5 pL of 1 mM toxicant library compounds.

[1. Incubated for 10 min at £.

IV. Then, 7 yL of Cc/dATP (1mM and 1.6 uM final concentration, respectively) added
and mixed.

V. Split luciferase activity was measured by adding 33 pL of-Gleeluciferase assay

system (Promega) to each well and luminescence signal recorded over 15 minutes.
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2.5.2 Natural product library

The traditional method of screening, measuring the caspéke activity as an indirect
readout of apoptosome formation, was combined with our new split luciferase assay. In this
approach, a panel of 64 crude extracts collectech fmarine organisms living in Irish
waters were screened using DEVDase assay. Then those with inhibitory effects on caspase
activity further retested using split luciferase ass#y.this assay, 4 mM M50054, an
inhibitor of caspas&, and 1mM NS3694, amhibitor of apoptosome, were used as the

control.
Collection and extraction

All samples were collected during the scientific cruise CE16006 in the Whittard Canyon
using the R/V Celtic Explorer and the ROV Holland I. Upon collection samples were
photograpkd, catalogued and immediately frozer8&t °C. Each sample was lyophilized

and extracted in both a polar and fumiar solvent for biological screening.
Zoanhids on Aphrocallistes beatrix

Once dried the zoanthids were removed from the sponge and ealmbsulting in a dry
weight of 13.06 g. Sample locations and deptiesshowcased in Table 1 belohe
zoanthids were places in a Soxhlet and extracted in dichloromethane until the solvent in the
extraction chamber remained colourless. The extracfilaed and the dichloromethane

in the filtrate was removed under reduced pressure yielding a yellow gum (1.54 g, RMY
2431). The extracted material was dried vented in a fumehood and subsequently extracted
in methanol and sonicated for 30 minutes arfdttestand for 24 hrs. The solvent was
filtered and replenished and left to stand for a further 24 hrs two more times. The filtered
polar extracts were combined and concentrated in vacuo, yielding a brown gum (3.2 g,

RMY-2432).
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Sample Id Long Lat Depth [m]
1784 -9.8840102 48.60474 1082.12
1793 -9.8831533 48.60392 1132.89
1856 -10.5308824 48.70619 1134.82
1873 -10.316680 48.63268 985.31
1878 -10.3166079 48.63283 986.08
1884 -10.3167011 48.63205 1028.79
1885 -10.3166375 48.63281 986.11

Collection sites and depths for all the zoathids growing on Aphrocallistes beatrix (Gray,

1858).

Crude extracts were prepared at a concentration of 30 mgimbiological grade DMSO.

Fractions were prepared at 5 mg4hlfor additional screening. Sample were sonicated

into solution and loaded into a9¢ll plate for screening.

Preprative HPLC was performed on a Jasco2087 Plus equipped with a UVis detector

UV 2075 and analytical HPLC performed on Agilent 1260 analytical HPLC series

equipped with a DAD detector. All standard NMR experiments were measured on a 600

MHz equipped with a cryoplbe ( Var i an) .

carbons (UC 49.0

ppm)

and

Chemical shifts (0

resi du-ad Highr ot ons

Resolution Electrospray lonsition Mass Spectrometry (HRESIMS) data was obtained from

a gTOF Agilent 6540 in ESH).

64 whole extracts from marine organisms were used for screening as below:

I. 5 pL of each extract diluted in 45 pl of extraction buffer.

[I. Then 5 uL of the 1:10 diluted crude extracts mixed with 10 pL of HEK298®

extract.

[1l. The reactions were incubateat fL5 min at 4°C.

IV. Then 7 pL of cytochrome ¢ and dATP (1.6 uM and 1 mM, respectively) added.

V. Incubated at 25°C for 15 mins.

VI. Then 178 pL 40 uM DEVBAMC added to each well and caspase activity was

recorded for 15 min at 25°C.
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In this assay, 4 mM M50054nanhibitor of caspas8, was used as the controt180
HEK293 extract treated with DMSO was also used as a control to consider the effect
of DMSO on the assay. The second round of screening was performed using split

luciferase assay. For doing split ierase assay:

l. 4.5 pl of each S.00 HEK293 expressing Nlwspaf-1 and ClueApaf-1 were
mixed.

[l. 1l DMSO or any of the hit compounds added and incubated for 15 min on ice.

[ll. 30 pL luciferase reagent added following addition of 5.5 pl Cc/dATP.

IV. Then the reaabins were read at 25°C for 15 min.

2.6 Production of the recombinant proteirs

1. Cloning of NlucApaf-1 and ClucApaf-1 into pFASTBAC donor plasmid
Wildtype Apafl was cloned ipFastBac plasmidpreviously.PCR performed to amplify

the NlucApaf-1 andCluc-Apaf-1 fragments with the sequences encoding 6 x His affinity
tag and thrombin recognition/cleavage site (LVPRGS). The PCR products also contained

a 15base pair fragment overlapped with thégximinal of Apafl and plstBac plasmid.

l. In-fusion clonirg performed using 100 ng of purified vector and 100 ng of PCR
amplified fragments.

[I. The mixtures incubated at 50°C for 15 min and then placed on ice.

lll. 5 puL of each reaction was used for transfection into 50 puL competent DH10Bac
e.colicells.

IV. The mixture 6DNA and the competent cells were incubated on ice for 30 min with
tapping every 5 mins.

V. The mixture then was heahocked for 45 sec at 42°C and incubated on ice for 5
mins.

VI. Then 950 uL SOC added to each reaction and placed in shaking incubator at 37°C
for 4 hours.

VII. The cells spin down at 4500 rpm for 5 mins.
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VIII. The media removed and the pellet resuspended in 100 uL fresh LB.

IX. The cells streaked on l-Bgar plates containing 100 pg/mL-gél, 50 pg/mL
kanamycin, 7 pg/mL gentamycin, 10 pg/mL tetracyclin 40dug/mL IPTG.

X. The plates were then incubated at 20°C until the colonies grow. Incubation at 20°C
avoid the sequence rearrangements in Apamplification (Azad, Tashakor,
Ghahremani, edl., 2014)

XI. 10 colonies of each reaction were picked and liquid culture and resuspended in LB
containing kanamycin, gentamycin and tetracycline.

XIl. The cultures incubated at 20°C for 60 hours.

XIll. The large bacmids extracted using either MitBp plasmid exaction kit or ZR
BAC DNA mini-prep (Epigenetics Company).

XIV. The extracted bacmids were analysed by running on the agarose gel and PCR.

XV. 0.5 % agarose gel was made using TAE buffer and mixed with SYBR Safe DNA
gel staining.

XVI. 5 yL of each sample was loadadd the gel was run at a constant voltage of 20 V
for 16 hours. Lambda DNA Hindlll Digest and 1 Kb DNA markers were used to
clarify the size of the large bacmids and the plasmids.

Validation of the bacmids

To confirm the transposition and insertion of the gene of interest into the bacmid the
fragment within the lacZ complementation region of the baemaisiP CRamplified using
pUC/M13 primers. To eliminate the possibility of detecting the false positive PCR
products, we also used M13 forward primer and eggexific reverse primer to amplify

the insertion of Apafl gene into the bacmid. 12 colonigsrescreenedor checking the
insertion of the Apafl. As shown inFigure2-1, insertion of the gene of intergeibduces

a fragment of 2300 bp plus the size of the inserted gene which is 3700 bp and produces
6000 bp fragmengFigure 21).
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Gene-specific
Reverse

Transposed pFastBac™ Gene of interest
sequence
Bacmid DNA : =
mini-attTn7 (
pUC/M13 pUC/M13
Forward Reverse

Figure 2.1. Transposition region in recombinant bacmids. The insertion site is flanked
by pUC/M13 forward and reverse sequences. PCR amplification using pUC/M13
forward and reverse primers produces a 6000 bp fragment. PCR amplification using

pUC/M13 forwad and Apafl specific reverse primers produces a 5500 bp fragment.

PCR was performed using the primers listed below

Primer Sequence

pUC/M13 Forward 5-BCCAGTCACGACGTTGTAAAACGS3 Nj

pUC/M13 Reverse 5-NGCGGATAACAATTTCACACAGG-3 Nj

Apaf-1 Reverse 5-BIGATCCTTATTCTAAAGTCTGTAAA-3 Nj

2. Transfection and expression of Sf21 cells with recombinant bacmid

l. A frozen stock of Sf21 cells thawed and cultured in 25 mL e®C&f || SFM
supplemented with 1 X final concentration and 10 % FBS.

[I. The cells were kept growing for a week until the viability of >97% was achieved.

l1l. For transfection, 7 x P@ells were seedkin 6-well plate in 2 mL of SO0 I| SFM
supplemented with 0.5 X final concentration penicillin/streptomycin and 1.5 % FBS

and incubated at 28°C for 2 hours to allow the cells adhere to the plates.
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IV. Then 3 pg of bacmid DNA (Nluépafl, ClucApafl, and wid-type Apafl)
diluted into 100 pL of SBOO0 Il SFM and mixed gently.

V. 8 pL of Cellfectinf™ Il Reagent was also diluted in 100830 Il SFM and mixed.

VI. Diluted bacmid and Cellfectin mixed and incubated at room temperature for 30
mins.

VII. Bacmid/Cellfectin mixture added to the wells dropwise and incubated at 28°C for
5 hours.

VIIl. The media removed and replaced with fresi9@ [| SFM supplemented with 1
X final concentration penicillin/streptomycin and 10 % FBS.

IX. After 72 hours the supernatant collected and stored as PO viral stock by spinning at
500g for 5 min and transferring the viragntaining supernatant to a fresh tube and
storing at-80°C.

X. The cell pdet was also harvested and lysed by extraction buffer as explained
before.

XI. The lysates were then used for SBAGE to check the expression of bacmids
within the insect cells.

3. Making P1 viral stock

l. 7 x 10 cells were seeded imgell plate in 2 mL of $900 Il SFM.

II. Then 10, 20, 30, 40 and 50 uL of the PO viral stock was used for infecting the Sf21
cells.

[ll. The cells incubated at 28°C for 5 days.

IV. The cells were harvested, lysed and the lysate was used for immunoblotting using
Anti-Apafl antibody.

To amgify the P1 stock in large scale:

l. 6 x 1@ cells seeded in four T175 flask and incubated at 28°C overnight.
Il. The cells were then infected by 125 pL of PO viral stock in 25 mL culture and
incubated for five days.

[ll. The supernatant collected as P1 stock and stor80 4.
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4. Adaptation of the Sf21 cells to suspension culture
For doing the largscale infection andbtaining ahighyield of recombinant proteins, we
switched from adherent culture to suspension culture. We used 1 litre Corning®

ProCulture® glass spinner flask (sigma) which is suitable forZ2WOmL culture.

l. 250 mL complete medium containing 3 x°1€ells/mL was inoculated and
incubated at 28°C on the shaker at 135 rpm.
Il. The cells subcultured when it reached 2 &tb®B x 16 viable cells/mL. The cells
should be in the mitbg-phase of the growth when subculturing.
lll. The cells were kept beirgubcultured until the viability reached to >95% with no
cell clumping.
5. Infection and purification of the recombinant proteins
|. 200 mL Sf21 cells with viability more than 95% and density of 1 %ta@ x 16
infected with 15 mL P1 viral stock encodingdvtype Apafl.
Il. The culture incubated at 28°C for 36 hours.
lll. The cells were then harvested by spinning at 400g for 10 mins.
IV. Supernatant discarded and the pellet was resuspended in five volumes of buffer A
containing:
V 20 mM HEPES pH 7.5,
V 10 mM KCl,
V 15 mM MgCb,
V 1mM EDTA,
V 1 mM EGTA,
V 1mMDTT
V and 0.1 mM PMSF.
V. Incubated on ice for 15 mins.
VI. Then the cells lysed using homogenizer.
VII. The lysate then centrifuged at 100,000g for 1:30 hour to mdal@Sell extract.

VIIIl. The supernatant collected for purification.
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6. Column preparation and Histag purification
|. To prepare the resin, 1 mL {NITA resin first washed with 5 mL water to remove
theethanol.
II. Then washed with 1L of 1 M KCI followed by washing with 1énL of 10 mM
KCI.
lll. Then incubated the resin to settle down andé¢k&lualsupernatant removed.
IV. Cell lysate mixed with the resin in 15 mL tube and incubated at 4°C for 15 mins.
V. Thenthe mixture transferred to the column.
VI. The lysate passed through the column by gravity.
VILAn aliqguot was taken as 6unbound?d.
VIII. The column then washed with 10 volumes of a buffer containing:
V 20 mM HEPES pH 7.5,
V 10 mM KCl,
V 1.5 mM MgCb,
V 1M NaCl
V and 20 mM imidazole.
IX.An alilquot of the |l ast fraction was taker
X. Finally, the column eluted using10 mL elution buffer containing:
V 20 mM HEPES pH 7.5,
V 10 mM KClI,
V 1.5 mM MgCh,
V and 250 mM imidazole.
XI. The flow through was collected 1 mL fraction.
XIl.  The fractions stored ¥80 after addition of glycerol to 20% final concentration.
7. Large-scale production of the rApafl
I. 300 mL suspension culture of Sf21 cells were infected with baculovirus expressing
wild-type Apafl at the densityf@.2 x 16 cells/mL and incubated at 28°C.

II. Cells were harvested 37 hours pwgection.
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lll. The cells centrifuged at 600 g and the pellet was washed with HANKS buffer.

IV. The cells were lysed in the buffer containing 20 mM HEPES pH 8.5, 10 mM KCl,
1.5 mM MgCI2, 1 mM DTT, 0.1 mM PMSF and 1:1000 diluted protease inhibitor
cocktail.

V. Cells incubated on ice for 15 mins and the disrupted using homogenizer.

VI. S-100 extract prepadeand used for Nickel affinity chromatography.

VII. The resins were washed using 10 volumes of washing buffer 1 containing:

V 20 mM HEPES pH 8.5,
V 5 mMneftaptoethanol,
V 500 mM KCI, 20 mM imidazole
V and 10 % glycerol.
VIIl. Then washed with 2 volumes of washingfbuR containing:
V 20 mM HEPES pH 8.5,
V 5 mMneftaptoethanol,
V 1 MKCI,
V and 10 % glycerol.

IX. Rewashed with 2 volumes of washing buffer 1.

X. The resins eluted using a buffer containing:

20 mM HEPES pH 8.5,

250 mM imidazole,

100 mM KCl,

< < < <

5 m Mneftaptothanol
V and 10 % glycerol.
8. Buffer exchange

The protein concentrator (caff 100KDa) was used to do the buffer exchange as below:

I. 2 mL of the collected proteins transferred to the concentrator.
Il. 4 mL of the exchange buffer containing 20 mM HEPES, 10 mM KCI, 1 mM DTT

and 10 % glycerol was added
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[ll. The mixture spin for 20 min at 4000 rpm.
IV. When the final volume reduced to 2 mL, anothemnl4of the buffer and added.
V. This protocol repeated 4 times.
VI. Then proteins aliquoted in 100 pL fractions. The aliquots were-Bpapn and
stored in-80°C.
VII. To ensure the presence of proteins after buffer exchange and removal of degraded

proteins, an atjuot was taken and used for immunoblotting

Gel filtration of PCP-treated rApaf-1

I. 100 pL of rApafl mixtures were made as shown in table below.

RXN rA(Ff)'l Cy;g%h[lol\%e ¢ (fOA;F,\’A) DMSO (uL)

1 100 - - 1
100 30 16 PCP (1 mM)

3 100 30 16 PCP (1 mM)

II. An aliquot of each reaction was stored for casf®agetivity assay.
lll. The fractions collected and the proteins were detected by dot blot.
Dot blot
I.  Simply 500 pL of each fraction loaded to methaadiivated PVDF,
Il. The membrane was blockeding 8% skimmed milk in TPBS 0.1%.
[ll. The membrane incubated with A&tpafl antibody overnight.
IV. Then washed for 3 times with TPBS 0.1%.
V. Then incubated with secondary antibody (Gaati Rat) for 2 hours.
VI. The membrane was washed with TPBS 0.1% twice and then washed with PBS.

VII. The membrane scanned usingQar system.
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2.7 Biochemnical assays

Thermo-stability shift assay

l. cytochrome c (1 mg/ity) and rApafl (~50 ng/uL) individually incubated with PCP
1 mM.

Il. Then incubated at 42, 46, 50, 54, 58, 62, 66, 70, 74, and 80°C for 7 mins in a PCR
machine (Applied Biosystem).

lll. The mixtures were then spin for 45 mins at 4°C.

IV. Then 10 pL of the supernatarwas carefully taken for SDBAGE and
immunoblotting, respectively for cytochrome ¢ and rApaf

Co-precipitation assay

Part A: Optimization

. 1 mg/mL cytochrome c dissolved in 10 mM HEPES pH 7.4, and different
concentrations of NaCl (10, 20, 60, 120, 19@)m
II. 50 pL of each reaction added to 15 p L of-prashed Ni beads and incubated on ice
for 15 min.
lll.  Spin down at 3000 rpm for 3 min.

IV. 15 pL of supernatant was used for SBAGE as well as the resins.
Part B: Assay

I. 1 mg/mL cytochrome c incubated with DMS®PCP (1 mM) on ice for 10 min.
II.  Then treated cytochrome c added to ~300 ng rApaf120 mM NacCl.
lll.  The mixture incubated for 10 min on ice.
IV.  The mixtures added to 20 uL of pneashed Ni beads an incubated for 15 min at 25C.
V. Reactions were centrifuged at@®0rpm for 3 min.
VI.  Supernatant collected, and the pellet washed gently four times with 4 x 1 mL of buffer
containing 10 mM HEPES pH 7.4 and 120 mM NacCl.

VIl.  Centrifuged as above and samples were used for immunoblotting.
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2.8 Microscopy

Morphological studies of theetis and nuclei was performed by either staining the cells,by
propidium iodide/YAAD (nucleous), or TMRE (mitochondria), or by using HelLa cells
expressing GFP tagged H2B in the nucleous and mGlegged tubulin in the cytoplasm.

The sizes and intensitied the nuclei were measured using Harmony3.1 software. The
intensities of the nuclei first normalised to the nuclei area in all samples to avoid the errors
causing from different numbers of nuclei in each image. The intensity to area ratio of the

nuclei were calculated accordingly.

2.9 Modelling studies

Protein preparation_ The 3D structure of numerous proteins could be found on Protein
Data Bank (PDB). The typical PDB structure file is not suitable for molecular modeling
calculations. A typical PDBtructure file consists of heavy atoms and may also covers
the cocrystallized ligand, water molecules, metal ions, and other cofactors. Some
proteins are mukunit and may need to be reduced to a single unit. Proteins may have
incorrect bond order assigrents, charge states, or orientations of various groups. In
some cases, the resolution ofa§ is not quite high and distinguishing the NH and O is
difficult and the placement of these groups must be checked. lonization and tautomeric
states also need be assigned. Besides, missing information may exist on the sequence
of the proteins (missing a residue/s or atom/s like hydrogen atoms). Therefore, some
modifications and corrections are required prior to modeling calculations. During protein
preparationunwanted chains and waters can be deleted, het groups would be
fixed/deleted, orientations of hydrogbonded groups would be optimized and the
structure will be minimized. Glide (Grdased Ligand Docking with Energetics) uses an
all-atom force field foevaluation of accurate energy and therefore, bond orders and
ionization states should be determined. For this side chains are reoriented, and steric

clashes are relieved when necessary.
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Optimizing the protein hydrogen bonding netwotlhe hydroge#ibbondingnetwork was
optimized by reorientation of hydroxyl and thiol groups, water molecules, amide groups
of asparagine (Asn) and glutamine (GIn), and the imidazole ring in histidine (His); and
prediction of protonation states of histidine (His), aspartic acg)And glutamic acid

(Glu) and tautomeric states of histidine. These optimizations are necessary because the
orientation of hydroxyl (or thiol) groups, the terminal amide groups in asparagine and
glutamine, and the ring of histidine cannot be found freenX-ray structure.

Overturning the terminal amide groups and the histidine ring enhances-charge
interactions with adjacent groups as well as hydrogen bonding. In addition, the
protonation state of histidine, aspartic acid, and glutamic acid aesl\aroptimize

hydrogen bonding and charge interactions. If waters are included, their orientations are
also varied to optimize hydrogen bonding. Each of the hydrogen bond donors, His rings,
and Asn and GIn terminal amides considers a separate oriespabbies. Optimizing the
orientation of the various groups is an iterative process, which passes over all the groups

whose Hbonds need to be optimized multiple times.

Minimizing the protein structureDuring protein minimization the heavy atoms are
restraned, and strain can be released but not depart too much from the input geometry.
Here, PDB files for solution structure of oxidized human cytochrome c¢ (2N9J) and crystal
structure of fullength murine Apafl (3SFZ) and Apall/caspas® holoenzyme

(5WVE) were downloaded from protein data bank (http://www.rcsb.org/). The proteins
were imported in Maestro 11.7 (Schrodinger) and then refined, optimized and minimized.
Ramachandran plots were checked to see the changes before and after protein

preparation.

Recetor grid generation Glide explore the favorable interactions between ligand
molecules and a receptor molecule, usually a protein. The shape and properties of the
receptor are defined on a grid by several different sets of fields that provide more precise

scoring of the ligand poses. The hydroxyl groups of Ser, Thr, and Tyr residues can orient
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differently in contact to different ligands. Therefore, | selected the hydroxyl groups as

rotatable groups to generate the nfagburableinteractions.

2.10Software andprograms

Statistics, Analysis, Plots

I.  Graphpad prism v6.07

. Rversion 3.5.2
Molecular Biology

I.  SnapGene (SnapGene software from GSL Biotech; available at snapgene.com)

II.  Oligo 7 (Molecular Biology Insights, Inc. (DBA Oligo, Inc.))
In silico studies

.  Maestro 11.7 (Schrodinger)

Il.  Structure checker 18.5.0 (ChemAxon)
[ll.  MarvinView 18.5.0 (ChemAxon)
IV. iGendock

V. Discovery Studio Visualizer
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Chapter 3 Assay development and validation

3.1 Amplification of the fragments

To develop new tool that would report apoptosome formation, we fused the sequence of N
terminal and @erminal of firefly luciferase to individual Ap&f molecules. For this, N

and Gterminal of photinus pyralisfirefly luciferase as well as Apdf XL were PCR
amplified. Apaf-1 XL is able to oligomerize and form a functional apoptosaitke the

ability to activate caspase€sS)y and (GS) were usedas linkers for NlueApaf-1 and
(G4S) was useds a linker folCluc-Apaf-1 fragments. The schematic pretsion of the
recombinant plasmids has been showhigure3.1 The split point was selected based on
the previous report by OzawMisawa et al., 2010)Ozawa et al. made a library of 300
click beetle split luciferase fragments and measured the recovered luciferase activity when
different combinations of fragments were tested. Basedeanstiudy the highest luciferase
activity wasrecovered when-415 amino acid fragment considered addnain and 394

542 as Gdomain. Inthis study, the corresponding residueere identifiedin firefly

luciferase by sequence alignment to make split feagm

NLuc CLuc
(G4S)s
NLuc
(G45),
NLuc

(GsS)

N-terminal of Firefly Luciferase (Photinus pyralis)
C-terminal of Firefly Luciferase (Photinus pyralis)
[ ] Apoptotic Procaspase Activating Factor-1 (isoform c)

Figure 3.1. Schematic presentation of the recombinant constructsl-domain and €

domain of luciferase fused to Apafusingdifferent repeats diexible G4S linkers.

82



Chapter 3 Assay development and validation

The corresponding fragments were R&mRplified using HigHidelity, Hot-Start DNA
polymerase. All fragments required forfusion cloning were synthesized with the right

lengths, as detected on agarose gel electrophoresis.

(A) (B)

Figure 3.2. PCRamplified fragments for in-fusion cloning. (A) Apaf-1, 3750 bp, (B)
N-terminal of luciferase with insertedi&linker, 1330 bp and (C)-@rminal of luciferase
with inserted GS linker, 570bp.

3.2 In-fusion cloning

In-fusion cloning system enables the cloning of one or more fragments into the Jector o
interest simultaneously. In this method, PCR products are amplified in such a way that
shares a lbase pair sequence with the homology to the sequences of the flanking
fragments. The infusion enzyme prodwces th
annealed with the complement fragments and make the final circular vector. The overall
strategy of iafusion cloning has been shownHRigure3.4. All the PCR products purified

using Qiagen spheolumn clearup PCR product kit.

pcDNA 3.1 was used as a vector for cloning the fragments. pcDNA 3.1 is a mammalian
high-level expression vector with the strong cytomegalovirus (CMV) promoter. This vector
linearized using double digestion by Acc651 and BamHI. Digested vectors resolifd in

agarose DNA gel electrophoresis and purified using gel extraction Kkit.
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(A) (B) (©€)
10000 = o
10000 2000 — 1000
3000 — 6800
4000
1500 — 3000 2000
2000 N l i 1500
1500 =
500 — 1270 bp —1000
1000
Cluc s 500
500 — o 570 bp

Figure 3.3. infusion cloning fragments.(A) pcDNA3.1 available in the lab transformed
to SUREZ2 supercompetent cells and a single clone picked for further amplification of the
plasmid. Lane 1 shows pcDNA3.1 plasmid and lane 2 i8¢h65I/BamHIdouble digested

plasmid. (B) Apafl with 15bp ovelap with GS | i nker and amadDNANB. 1

respectively. (C) Split luciferase fragments-té&dminal of luciferasglane 1)and C-

terminal of luciferaselgne Jshare 1% p over |l ap with pdDHA33Nj. at

Genes of interest are amplified Y
with 15-base pair overlap at the
ends with flanking sequences

The selected vector is linearized
using restriction enzymes

In-fusion reaction, PCR products
and linearized vector are mixed
and incubated 15 min at 50 °C

¥ = < Recombinant construct
Cloning reaction is transformed in
DHSalpha competent cells @

Figure 3.4. in-fusion cloning strategy.In this method, the genes of interest are amplified

in such a way that share 15 base pair at each end with the flanking sequences. The vector
also is linearized using single or double restriction enzyme(s). PCR products and linearized
vedor are mixed with iffusion cloning reaction for 15 min at 50°C. Then cloning reaction

is transformed into DH5alpha competent cells, in this case, SURE2 supercompetent cells.

The transformed bacteria then plated and incubated at 18°C until the colanves gr
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3.3 Transformation of the in-fusion cloning reactions

After transformation of the Husion cloning reactions, single clones were picked and used
for inoculation of fresh LB medium. Recombinant plasmids were extracted. To confirm the
insertion of the genad interest into the vector, double digestion performed using Acc65I
and BamHI Figure 3.5). The wildtype sequences of the inserted fragments were then

confirmed by Primer Walking Service (Eurofinsgenomic).

Cluc-Apafl Nluc-Apafl

9800 — 10400
5400— ——5400
4400 — 5000

Figure 3.5. Digestion of plasmidsBamHI single digested and BamHI/Acc65I| double
digested recombinant plasmids. DN#adedon 1% agarose gel. 5400 bp fragments are
representatives of pcDNA3.1, 4400 bp and 5400 bp fragments aré&@aiid and Nlue

Apafl, respectively.
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3.4 Expression of the recombinanfusion proteins in the HEK293 cells

HEK 293 cells, derived from Human Embryonic Kidney cells, were used to analyse the
expression, the level of expression and functionality of the recombinant proteins. HEK cells
are fastgrowing and are easy to transf¢Graham et al., 1977)Transfection of théluc-

Apaf-1 and Cluc-Apaf-1 plasmids performed using Polyethylenimine (PEI) reagent
(Polyplus). Polyethylenimine is a stable cationic polymer used largely for transient
transfection of the target cell®oussif et al., 1995; Ehrhardt et al., 2008he cells
harvested?4- and 48hoursposttransfection and used for immunoblottinghe level of
overexpressiomlid not change after 24 hou(§&igure 3.6). Therefore, transfection of the

plasmids for 24 hours is sufficient for obtaining the maximum overexpression of the

proteins.
24 h 48 h
yllﬁgfﬁngfll 3| — T — — Anti-Apafl
Apafl =L —— —
— TS ) = | Anti-Luciferase
W S— S _— | B-Actin

Figure 3.6. Expression of the recombinant fusion proteind\luc-Apaf-1 andCluc-Apaf-

1 separately transfected in HEK 293 cells. The cells harvested either 24 hours or 48 hours
post transfection. Immublotting using antApafl and antiuciferase showed the
overexpression of the protein®-Actin was used as an internal contrdhe level of

overexpressionid not significantly change by longer incubation.
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3.5 Detecting split luciferase activity in cells

To check the activity of split luciferagasion proteinsNluc-Apaf-1 and Cluc-Apaf-1
transfected alone or d@oansfected in HEK2® cells. The luciferase activity was only
detected when Nluépaf-1 with three repeats @4S cotransfected with Clu&paf-1.
Therefore, for the rest of experiments N(@S)-Apaf-1 (referred to as Nluépaf-1) and
Cluc-(GsSk-Apaf-1 (referred to as Cluépaf-1) was used. Immunoblotting using ani
Apaf-1 and antiuciferase confirmed the expression of the transiently transfected proteins
(Figure3.7A). The activity of luciferase was recorded as RLU/sec. All values were then

normalizedto the cell number and reported as RLU/sec/cell.

As shown infigure 3.7B, there is no luciferase activity when cells transfected with either
Nluc-Apaf-1 or ClucApafl, very similar to the untransfected cells. However, when co
transfected, the activity dfplit luciferase increased by 1.45 + 0.062 RLU/sec/cell. The
control firefly luciferase activity was 3.52 + 0.22 RLU/sec/cell. This shows that the fusion
proteins areexpressedand the activity of split luciferases detectable However, the
activity of 9lit luciferase is not as high as luciferase. This difference could be due to the
different structures of luciferase versus split luciferase, affinity to the substrate, kinetics

and optimal conditions for enzyme activity.
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Figure 3.7. Immunoblotting and the activity of the overexpressed proteins(A)
Immunoblotting of the HEK 293 extracts expressiigc-Apaf-1 andCluc-Apaf-1 using
antrApaf-1 and antluciferase antibody. 60 pg of each sample loaded on 8 %F5AEE.
Prokins with the expected molecular weight detected. (B) Split luciferase activity of the
plasmidswhen transfected alone or-tansfected in HEK 293 cells. As a confrahotinus
pyralisluciferasewasused. (C)l'ransfectioninduced ell death. GFP anghoinus pyralis
luciferasewere transfected as controls. HEK 293 celsre transfected or not with the
plasmids After 24 hours Hoechst 33324 and propidium iodigg/thL added to each well

and cell death measured usoanfocal automatechicroscopy.
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3.6 Cell death in transfected cultures

Overexpression of Apat has been reported to induce cell dg&erkins et al., 1998)
Therefore, the HEK293 cellsere transfectedith the NlucApaf-1 and ClueApaf-1 and
cell deathwas measuredCell death was measured using Propidium iodide and Hoechst

33342 staining.

Untransfected cells sh@d 1.93 + 0.24 %eath, while transfection causes 23.9 + 3.28 %,
19.70 £1.65%, 22.92 + 2.83%, 25.99 + 0.92 and 30.69 + 0.8%6athin the cells
transfected with Nlu&paf-1, ClucApaf-1, Nluc/ClucApaf-1, GFP and firefly luciferase,
respectively(Figure3.7C). GFP was transfected as an irrelevant gene to cell death. Firefly
luciferase was transfected to see how split luciferase aciwitlifferent to luciferase
activity andto check the limit obioluminescenceetection. Similar level of cell death was
obsered no matter what sequences were expressed. It shows that this level of death was
not sequencedependenand was probably due to transfection methadthough the ability

of Apaf-1 overexpression to kill the cells has been reported béfemkins et al., 1998)

For measuring the cell death afteansfectionthe culture media wasot changd before
addition of Hoechst 33342 and Propidium lodide in order to avoid losing the dead cells.
Therefore, due to the presence of DNA (used for transfection) in the wells, thesrall
stained. To calculaténé accurate number of dead celtsl remove the free DNA in the
culture a thresholdvas setbased on the size of the cells in such a way that only those

stained particles above that threshold were considered as desired éljpots3(8).
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Hoescht 33342  Propidium Iodide Merge

.
o

Untransfect

Cluc-Apafl

Nluc-Apafl

Cluc-Apafl
Nluc-Apafl

Figure 3.8. Cell deathassaywhen cells transfected with the recombinanplasmids.
HEK 293 cellsweretransfected or not with eithétluc-Apaf-1 or Cluc-Apaf-1 and ce
transfected witiNluc-Apaf-1 and ClueApafl. After 24 hours cells were stained by adding
Hoechst33324 and propidium iodidedg/mL to each well and cell death measured using
confocal automatednicroscopy. Quantification of the number Bt positive, Hoechst
33324positive cells was performed by setting a threshold based on the asize@géthe

particles to measure the celt®t the free plasmioh the culture media
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3.7 Detection of competent apoptotic machinery in cell free system

To develop the apoptotic machinery in cell free system, FPLC was used to fractionate the
proteins withn the extract and detect the formation of the oligomer Apaijon addition
of cytochrome ¢ and dATP. Furthermore, the activity and processing cdspase and

caspases, the other key components of apoptotic machinery, were studied.

3.7.1 Caspase3 and-9 activity and processing

To check the processing of casps&-100 extract was used to detect the processing of
caspas® when incubated with or without cytochrome ¢ and dASPO0 extract is the
cytosolic proteins that are obtainiedm the supernatantf dhe cell lysate after spinning at
100,000 g for 1 hourThe blot infigure 3.9B shows the processing of casp&sand
generation of 37 and 35 KDa fragments in the presence of cytochrome ¢ and dATP.
Increasing the incubation time leads to more generatiad/ KDa fragment which is

caspase3 dependent.

The same experiment performed for casgasehere is no processing for casp&sehen

the extract is not incubated at 87even in the presence of cytochrome ¢ and d@Tdgure
3.10B). However, after 1in incubation, almost all of caspases cleaved and generated 19
and 17 KDa fragments. Longer incubationd dot seem to play a further role in the
processing of the caspalexcept that p17 fragment is produced more, which is due to the

autcactivation ¢ caspases.

Caspase activity measured using DERDIC (Cain et al., 2000)Fluorescent intensity

was recorded over 30 min and noripedl to the protein concentratiom each case, the

rate of caspase activation calculated by measuring the slope of linear part of caspase activity
plot (fluorescent intensity against time). These slopes used to plot the rate of activity over
time. Figure3.10C shows the rate of caspase activity when incubated for different periods
of time. The activity of caspasincreases over the time with the highest rate of activity

yielded after 15 mins incubation and it reaches a plateau after 30 mins
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Apoptosome-dependent Caspase-3-dependent
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Figure 3.9. Caspase9 processing.(A) Schematic presentation of casp&sprocessing.
Cleavage at D315 is apoptosouhependent and produces p35/pl2 fragments. Second
cleavage at D330 is caspeddependent and generates p37/p10 fragments. (B) Processing
and activity of caspase. HEK293 S100 extracts incubated or not at @7for 15, 30, 45

and 60 min in the presence and absence of cytochrome ¢ andRIWEPssing of caspase

9 studied by immunoblottind-he cleaved products of casp@sare detected after 15 min

incubation. The cleaveddgments are detectable after 15 min incubation.
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Caspase-9-dependent Caspase-9-dependent
[Df D5 small D28 D5 small
Prodomain Large Subunit Subunit p35 Prodomain Large Subunit Subunit p35
Prodomain za Large Subunit e p19 Prodomain = Large Subunit D' p19
Small Small Small Small
Subunit Subunit Subunit Subunit
D# Large Subunit D' Prodomain p# Large Subunit D' Prodomain
(B)
Time (min) 0 15 30 45 60
Caspase-3 35 kDa

19 kDa
Cleaved caspase-3 | 17 kDa
Cytochrome ¢/ dATP * + + . .
Actin
(©)

5000
-Cc/dATP

-6~ +Cc/dATP

[ ]
4000

3000

2000

1000-]

AFU/min/mg protein

Time (min)

Figure 3.10. Caspase3 processing(A) Schematic presentation of casp&sprocessing.
Cleavage after D75 is caspas@-dependent and produces p19 fragments. Sedeadage
before D28 is caspastdependent and generates pl7 fragments. (B) Processing and
activity of caspas@. HEK293 $S100 extracts incubated or not at @7for 15, 30, 45 and

60 min in the presence and absence of cytochrome ¢ and @kd¢essing of aspases
studied by immunoblottingThe cleaved products of casp&sare detected after 15 min
incubation. The cleaved fragments are detectable after 15 min incubation. (C) HEK293 S
100 extracts incubated as in (B) and the activity of caspaseasuredsing DEVD-AMC

substrate.
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3.7.2 Apaf-1 oligomerization

Oligomerization of Apafl molecules isa key factor contributes to progression of
mitochondrial apoptosis. To check the oligomerization of the ApafmL of S100 HEK

293 extract activated or not by additio of cyt ochr ome c¢ mN)andé ¢ M)
incubated at 37TC for 15 mins. Then the samples loaded on Sephacryl 300 HR column. The

fractions were collected and used Agaf-1 detection by immunoblotting.

669 KDa 158 KDa
y y
-CcldATP | . . —_— _‘-5...
L I L |
Oligomeric Apaf-1 Monomeric Apaf-1

Figure 3.11. Size exclusiorchromatography of S100 HEK 293 extract.1 mL HEK293

S-100 extract incubated for 15 min in the presence and abse@oéd#TPand loaded on
Sephacryl 300 HR column. The fractions were collected, concentrated and immunoblotted
to detect Apf-1. The arrowsshow the main @aks for thyroglobulin (669 KDa) and
aldolase (158 KDa) which represent the oligomeric and monomeric form oflApaf

respectively.

All Apaf-1 molecules are detected in the fractions related to the monomeric sizes-of Apaf
1 in theabsence of cytochrome ¢ and dATHgure 3.11) However, the addition of
cytochrome ¢ and dATP led to the detection of Apah high molecular weight complex

(~ 700 KDa). This shift from monomeric to oligomerized form in the presence of
cytochrome ¢ andAITP shows that cytochrome ¢, dATP, and 15 min incubation & 37

is required for apat oligomerization.
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3.8 in vitro validation of the assay
3.8.1 Split luciferase reconstitution assay

Having established that -@xpression of split luciferase Apafcould resultn luciferase

activity, we explored whether this activity is cytochrome ¢ and dATP dependent.

To check the recovery of split luciferase activityvitro, extracts expressing eithiuc-

Apaf-1 or Cluc-Apaf-1 were mixed and split luciferase activity wasasured after addition

of D-luciferin substrate. Luciferase activity was measured as RLU/sec over a period of time
(15 min)(Figure3.12A). Luciferase activityvaspeaked & min after addition of luciferase
substrate and then decreased, probably duertsuenption of the Buciferin and and/or

ATP. The fold increase in luciferase activity induced by Cc/dATP varied from extract to
extract and experiment to experiment frorB5%fold (Figure3.12B), part of which might

be due to the quality of the 0 extact originating from the purity of the plasmid, the

efficiency of transfection, the level of expression and extract preparation.

(A) . +dATP/Cc (B)
ey - -dATP/Cc o
e E s
Ly )
%)
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Figure 3.12. in vitro split luciferase assay(A) For measuring split luciferase activity, 5
ML of extracts expressing Nlugpaf-1 and ClueApaf-1 mixed and the activity of
luciferase recorded in the presence and absence/@ATR. A randomly selected time
course of split luciferase activity. The highest luciferase activity is usually ach®ved
minutes after addition of substra{®) The fold change (log2) of split luciferase activity

was measured in separatd @ extracts.
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The split luciferase activity in unactivated180 extract implies an Apdf:Apafl
interaction, which could be explaindly a high Apafl concentration as a result of
overexpressiorDilution of the extract affectedplit luciferase activitfFigure3.13A). A

1:5 dilution of the extracts reduced the split luciferase activity to the background level,
while the addition of GdATP increased the activity byf6ld. Even after a 1: 8 dilution

of the S100 extract addition of Cc/dATP induced #dtd increase in luciferase activity.

In later experiments extracts were diluted to reduce the activity of unactivated extracts to
backgound levels of luminescence and to maximize the number of experiments that could

be performed witlthe extracts available.

3.8.2 Caspase and split luciferase activity in diluted extracts expressing Nlugpaf-

1 and ClucApaf-1.

Addition of Cc/dATP to extracts igredicted to activate caspa3eTherefore the activity

of caspas® wastestedn diluted extracts expressing NWgpaf-1 and ClueApaf-1.

Caspase8 like activity in the diluted extracts expressing NAwgaf-1 and ClueApaf-1
alone and the mixture of N¢-Apaf-1 and ClueApaf-1 was measured (FiguB13B). In
the absence of dATP/Cc, low level caspase activity was detected in the extract. The addition
of Cc/dATP increased caspase activity in extracts expressing eitheApaid or Cluc
Apaf-1 and in the extract containing the mixture of both N\paf-1 and ClueApaf-1.

This confirmed dATP/Calependent caspaSeactivation in diluted extracts.

Then, the split luciferase activity was measured in the extracts (F3gLBE). Neither
Nluc-Apaf-1 nor CluecApaf-1 expressing extracts showed luciferase agtigiten in the
presence of Cc/dATP. Luciferase activity was only detected whenAlatl and Clue

Apaf-1 extracts were mixed and Cc/dATP was added.
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Figure 3.13. Split luciferase activity is Cc/dATP dependent.(A) The split luciferase

activity of S100 extract was measured in extracts diluted to different protein
t h e CpldA€Rs B)rCaspase lige)actiaity d

concentrations in

of the S100 extract was measured using DEMANIC in the presence and absence of

CddATP. (C) Diluted extracts (1.6 mg/mL) expressing Nlpaf-1 or ClucApaf-1 were
mixed 1:1 in the presence and absence of 1.6 uM cytochrome ¢ and 1 mM dATP and split

luciferase actity was measured.
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Maximum caspas8 like activity and fully processing of casp&®ewnere achieved
following 15 min incubationof the extractsat 37C (Figure 3.10). Therefore, |
hypothesized that 15 min incubation at @7would maximiseapoptosome formation
before measuring split luciferase activity and that a higher luciferase activity would be
detected. Therefore, extracts containing Ndyaf-1 and ClueApaf-1 were mixed and
incubated for 15 minutes either on ice or @#vith or without CddATP. The activity of
split luciferase was then measured. As expected, extracts incubated showed
Cc/dATP dependent split luciferase activitfFigure 3.14A). However, rather than being
increased by°c/dATP, the luciferase activity in extractcubated at 31T was lower than
extracts incubated without @ATP. This suggests that 3€ was not compatible with the
split luciferase assayAt the same time, caspaS8elike activity showed the expected

Cc/dATRdependent increase when incubated a€3#ith Cc/dATP(Figure3.14B).

Considering the optimum temperature of purified luciferase which i€ Zbord and
Leach, 1998)extractswereincubatedfor 10 minutes at 2% andthe caspased and-3
activationwere studial to ensure that incubation at Z5is sufficient for fully caspase
activation (Figure 3.15B). Immunoblotting showed that Cc/dATP induced partial
processing of caspa8e which is consistent with the lower levafl caspas& activity.
However complete processing of caspdswas observed after 15 mins incubation at25
suggesting apoptosome formation was complete (FRu&8). The complete processing
of caspas® at 25C suggested that apoptosome formatios maximal at this temperature

and had occurred within 10 minutes.

Caspaseactivity was also measuredFigure 3.15C). Cc/dATP inducedcaspase like
activity in extracts incubated at 25, although the levebf activity was lowe than the

activity in extracts incubated at 37 °C (Fig3&5C).
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Figure 3.14. Temperature-dependent luciferase assayA) Extracts expressing Cluc
Apaf-1 and NlueApaf-1 were mixed and split luciferase activitywas measured in the
presence and absenceQ@f/dATPwhen incubated or not at 37 for 15 min. Luciferase
activity reduced to basal level when incubated for 15 min at 3[B) At the same time
that luciferase activity dappeared, caspa8elike activity showed significant increase

upon addition of Cc/dATP and incubation at @7or 15 min.

The implications of these ideas are that incubation at 25 °C for longer periods will result in
a progressive loss of Cc/dATP depentsplit luciferase activity and very short incubations

(less than 10 minutes) at 37 °C will give measurable Cc/dATP induced split luciferase

activity (Figure3.15D).
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Figure 3.15. Optimi zation of assay condition.(A) Extracts expressing Cluspaf-1 and
Nluc-Apaf-1 mixed and split luciferase activity measured when incubated at 0, 25 and
37 C. (B) To check the processing of caspas 25C, an aliquot was taken and used for
immunoblotting. Incubation at 26 and presence of Cc/dATP is sufficient for caspase
activation and activity. (Caspase like and (D luciferaseactivity was measured in the
HEK293 S100 extract when incubated at 25 and 37C. Addition of Cc/dATP
remarkably increase the activity of $pliciferase and caspa8elncubation of the extracts

at 37 C reduces luciferase activity and incubation at28&annot recover luciferase activity

[shown as 10(+5)].
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3.8.3 Titration of cytochrome ¢

Previous reports show the cytochrome c concentration thaqisired for maximum
caspase like activity (Slee et al., 1999; Kluck et al., 2000; Segal and Beem, 20t1)

that the affinity for Apafl is D0.49 + 0.06 uM (association constant-o0£2.04x 10° +

0.25 x 16 pM) (Zhou et al., 2015)To better understand the split luciferase assay,
concentration of cytochrome averetitratedto test whether the BEgwas similar to the
reported Kd. The highest RLU/sec valuesaveicked for plotting the dosesponse curve

All values normalized to the highest luciferase activity in each experiment. Cytochrome ¢
concentrations | ower than 0.1 €M did not
cytochrome c wasufficient for the highest luciferase activifyigure3.16A). The EGo of
concentration of cytochrome c for inducing luciferase activity @d@s. 3 5, wigicM is

consistent with the previously reported Kd values.
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3.8.4 Titration of NS3694, an inhibitor of apoptosome formation

To further understand the relationship between split luciferase activity andlApaf
oligomerization, | hypothesized that if the split luciferase activity is an indicator of
apoptosome formation, an Apafinhibitor should block the splititiferase activity. Here,

| tested NS3694, a diarylurea compound and inhibitor for Agaidemann et al., 2003)

predicting that the 165 for inhibition of caspase activation would be similar to the fGr

split luciferase activity. The 1§ of NS3694 calculated as 2 M f or spl it l uci
activity and~ 1 7 0O forecddpass like activity (Figure3.16B). The similarity between the

ICso0 for caspase@ activity and the split luciferase activity is consistent with the idea that

the split luciferase assay measures apoptosome forml&3694 mechanism of action is

the topic of chapter 6 and will be further discussed.

3.8.5 Apaf-1 mutant unable toform apoptosome blocks split luciferase activity

To further study the assay and consider the random dimerization of luciferase fragments,
Apaf-1 K160R mutant was used to measure the luciferase activity. K160R1Apatant

is unable to form a complefHu et al., 1999) As expected, no luciferase activity was
detected when K160R Apdf was overexpressed in HEK293 cells. This mutation was

tested by a visitor in our lab (A. Noori, 2016)
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Figure 3.16. Titration of apoptosome activator (cytochrome c) and inhibitor (NS3694)
using split luciferase assay(A) The effect of cytochrome ¢ concentration on split
luciferase activity was assessed. (B) The effect of NS3694 on inhibition of split luciferase
actvi ty (3) -&2anldi ka s a@ tli60RiApagl m@tan)blocks split luciferase

activity (adopted from Noori, 2016&rror bars represent mean = SEM.
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3.8.6 Gelfiltration of apoptosome produced by fusion proteins

The data gathered so fauggested that the split luciferase assay reported apoptosome
formation. The apoptosome has a specific molecular size and contains seveh Apaf
molecules. Dimerization of the Apaf is sufficient for detecting luciferase activity.
Endogenous Apaf can ale form a complex and activate casp89€igure3.13B andC).
Therefore, gel filtration was performed to test whether these recombinant priieins,
Apaf-1 and ClueApafl, merely dimerized or formed complex with a size similar to the

apoptosome.

In the absence @c/dATP, monomeric Apafl and its derivativeweredetected in fraction
related tomonomer form of Apafl (aldolase 158 KDa) and upon addition of @ATP,
all the monomers shifted to the fractions with larger size (Thyroglobulin, 669 (Kiga)ye
17A). This is consistent with the Nluand ClueApaf-1 proteins being both monomeric
and oligomeric in the absence GE/dATP and that monomeric Nluand Cluc Apafl
undergoesCc/dATP dependent oligomerization. The size of the Nlaod ClueApaf-1

complex is consistent with the size of the apoptosome.

After showing the fusioiproteins formed a complex with the right sizg]it luciferase
activity wasalsotestedn the fractionsLuciferase activity was only detected in the extract
incubated withCc/dATP and only in fractions of ~669 kDéFigure 3.17B). This is

consistent with the split luciferase assay detecting apoptosome formation.
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Figure 3.17. Gelfiltration of luciferase -tagged Apafl. (A) Mixture of Nluc-Apaf-1 and

Cluc-Apaf-1 extracts with or withoutCc/dATP were loaded on a Sephacryl 300 HR

column. The fractions were collected, concentrated and immunoblotted to detedt. Apaf

(B) Split luciferag activity in the fractions of gel filtration

Gel filtration studies showed some high molecular weight complexes even without addition

of CdJdATP. This could be because endogenous cytochrome c triggered1Apaf

oligomerization in the extracts or that see complexes are pfermed in the

overexpressing cells before extract preparation. To differentiate between these ideas,

cytochrome owas removedfrom S100 extract using cation exchange chromatography

(Figure3.18A) (Liu et al., 1996) The supernatant was then used to measure ca3fiéee

activity and luciferase activity.
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Figure 3.18. Protein complexesvereformed before or during extract preparation. (A)
Immunoblotting showdthe removal of cytochrome c¢ in wilgpe or overexpressedI®0

HEK 293 usingSepharose bead8) caspase activity of cytochrome-excluded extracts.

(C) Extracts expressin@jlluc-Apaf-1 and Cluc-Apaf-1 used for luciferase assay after
removal of cytochome c. Luciferase activity is detectable and addition of exogenous

Cc/dATPfurther increases the split luciferase activity.
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The caspase activity of untransfected extract significantly inate@ge8 times) upon
addition of Cc/dATP (Figure3.18B). In extracts depleted of cytochrome c, the basal level
of caspase@ activity wasreduced and addition @c/dATPincreasd caspase activity as
expected. In extracts from cells overexpressing Apamterestingf, caspase activity vea

still high in extractgdepleted of cytochrome ¢ and additionGif/dATPfurther increasa

the caspase activitiuciferase activity was also detected and addition of Cc/dATP further
increased luciferase activity (Figusel8C). These data suggest that the luciferase activity
and complexes detected in extracts from cells overexpressinglAwafe the result of

complexes formedah the cellsbefore extract preparation.

3.9 Discussion

Apaf-1 oligomerization occurs upon permeabilization of mitochondria and cytochrome ¢
release into the cytosol. To make the reporters that detectlApkomerization, N
terminal and @erminal of firefly luciferase were fused the Nterminal of individual
Apaf-1 protein. 3D structure of apoptosome complex (chapter 1), showed-teanMal
of Apaf-1 proteins form a central hub in the apoptosome. Therefore, teemihal of

proteins are close enough to allow the luciferase fragments to be complemented.

Apaf-1 oligomerization is a cytochrome ¢ and dATP dependent process in the cells.
Apoptotic stimuli trigger the permeabilization of mitochondria in a process called
Mitochondrial Outer Membrane Permeabilizastion (MOMP). Release of proteins such as

cytoclrome c, from mitochondria triggers caspaséivating pathway.
Why (d)ATP is required for apoptosome formation?

Apaf-1 is found as autmhibited ADRbound monomer in the cytosol. ADP binds to the
NBD either during or after the Apdf synthesis. ADRnteracts to the binding pocket in
NBD through several hydrogen bonds and a salt bridge. Lys160 and Val127 are the key

residuesn these interaction®ied| et al., 2005; Reubold et al., 2011)
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It is still not clear whether ATP hydrolysis is required for apoptosome formation. Studies
with WDR deleted Apafl showed that procaspa8dailed to interact to Apat CARD.
Therefore, nucleotide exchange and/or hydrolysis is required for ce@paseuitment
(Riedl et al., 2005; Yuan et al., 2018tudiesby Reubold et al with full length Apdf
suggests that nucleotide exchabgenot the hydrolysis is required to switch Aydafo the

open form before apoptosome formatifReubold et al., 2009, 2011)

In thein vitro apoptosome reconstitution, to mimic the cytochrome c release and nucleotide
exchange,exogenouscytochrome ¢ and dATP waadded to induce the apoptosome
formation.l then showed that split luciferase activity is cytochrome ¢ and dATP dependent.
Caspase like activity was also consistent with split luciferase activity. The luciferase
activity was also blocked by the inhibitor of apoptosphi®3694. The assay was further
tested using mutant Apdf. K160R Apafl mutant has been shown to badtive and
canna form a compleXHu et al., 1999)This mutant is lockechiauteinhibited state and
therefore cannot be opened and oligomerizbgpothesized that if split luciferase activity
reflects apoptosome formation, KI60R mutant shouldonoduce luciferase activity. As
expected, K160R mutant was unable to generate luciferase activity as well as-8aspase
like activity (this mutation was tested by other team members in our lab). Gel filtration
studies showed that fusion proteins contrikateormation of a complex with the expected
molecular weight. Luciferase activity was also measured in the fractions related to

apoptosome.

This assay reports the apoptosome formation. However, it cannot report the upstream
events like cytochrome c releaand regulation afmitochondrialPTP by BCL-2 family
proteins. Having the reporters of apoptosome formation, we are able to test different
intramolecular interactions, and do the structural analysis to further study the function of
each domain/subdomain apoptosome formation. We also can use this reporter as a bio

tool to screen a panel of compound with the aim of identifying new-ldkeignolecules
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which can inhibit or activate apoptosome formation. The former is being studied currently

in our lab andhe latter is the topic of the next chapters.

This asay was designed primarily fomn cellulo studies.Split luciferase activity was
detected when Nluépaf-1 and ClueApaf-1 were cetransfected in HEK293 cells (Figure
3.7B). However, thiduciferase activity was not responsive to apoptotic stimuli such as
doxorubicine and etoposideexpected that treatment with apoptotic stimuli wanldtease

the luciferase activity as more apoptosome are formed than untreated cells, but no
significant dfference was detected. | hypothesized that it could be due to the
overexpression of Nluépaf-1 and ClueApaf-1. To rectify this, | titrated the amount of

DNA for transfection. Even at low concentration of DNA, no significant difference was
detected betwen treated and untreated cellhereforethis assay waswitched tan vitro

assay using cell extracts expressing fusion proteins.

Split luciferase activity was detected when NWpaf-1 and ClueApaf-1 were ce
transfected in HEK293 cellSplit luciferase activity was also detected in vitro when
extracts were incubated at room temperature. However, it could not be detected when

extract were incubated at 7.

What prevented detection of luciferase activity when extracts were incubatedCav&3

not clear. The high caspase activity implied that the apoptosome formed at 37°C. Previous
reports have shown using size exclusion chromatography that the apoptosome complex is
stable even after 15 min incubation at 37°C. | could also show that apopas detectable

15 min after incubation at 37°C (Figure 3.11).

Furthermore, while the optimal temperature for luciferase activity is 25°C, the enzyme is
still active at 37°C. One possible explanation is that the assay reports both apoptosome
formationas well as posapoptosome formation changes and that the rate these two events
is different. At 25°C apoptosome formation predominates and this is detectable by the split

luciferase assay. At 37°C the pegtoptosome formation reaction predominates aed th
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split luciferase activity is lost because either (1) its conformation changes or (2) it binds

proteins that disrupt Nluc and Cluc interactions.

Another explanation could be attributed to the interaction of other proteins with luciferase
tagged Apafl sut as chaperones. The activity was detectable when luciHtgged
Apaf-1 overexpresseth cellulo. However, these interactions might be disrupted during

cell extract preparation.

In this chapter we showed that:

1. Luciferase based reporters are expikssthin the cells and produce a protein with right

molecular mass.

2. The assay reflects apoptosome formation because it is cytochrome ¢ and dATP

dependent.

3. The activity of reporters are inhibited pharmacologically (using inhibitor of

apoptosome).
4. K160R Apafl mutant blocked split luciferase and caspase activity (done by lab mates).
5. Gel filtration confirmed the involvement of fusion proteins in apoptosome complex.

6. Luciferase activity was detected in fractions with molecular weighapagtosome.
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Screening approaches can be used to identify theld#ieigompounds, small molecules
and modulators of key proteins involved in human dise@3es et al., 2004; Walker and
Frank, 2012; Wang, Chen, et al., 201Bifferent screening methods can be used like cell
based assay#) vitro assays and virtual screenifigughes et al., 2011; Graepel et al.,
2017) The clinical relevance and pathology of Afdaivas discusseéarlier (chapter 1),
which makes ia good teget for therapeutic purposée lack of direct méod for testing
Apaf-1 oligomerizationled to indirect measurements of downstream proteins such as
caspases. Here,rew split luciferasdoased reportewasdeveloped and validated which

directly measurethe oligomerization oipaf-1 as aarget protein (chapter 3).

Having a new bigools for measuring apoptosome formatibimtended to test whether the
assay could be used to screen a panel of chemicals/extracts for the ability to inhibit
apoptosome fonation.Two sets of compounds were used: 1) a library of toxic compounds
(persistent organic pollutant), 2) a library of natural products obtained from marine
organisms (whole extracts). In order to identify the most efficient anet&estive method

of the screening, different protocols were tested. For the toxicant library, split luciferase
assay was used. For the natural product library, casphise activity was measured and

the hit compounds were tested in split luciferase assay.

4.1 Screening the toxcant library

The assay was adapted to av@8l format and used with a library of 177 persistent organic
pollutants. This library was selected because some of the toxic compounds had been
reported to cause infertility and Apaf deficiency was alsdinked to abnormal
spermatogenesi$he overall strategy for screening is showfigure4.1A. The library of
known human toxicants (see appemdi, list of chemica)swas tested to identify those that
reduce luciferase activity in the splifciferase asay. An inhibitor was defined as any
toxicant that reduced mean split luciferase activity by more than Q1 minud 1.7
interquartile range (IQRAs a positive control NS3694 was usé&iglure4.1B). Fourteen

toxicants with inhibitory activity identified gsotent inhibitors Eigure4.1C).
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Figure 4.1. Screening and analysis of the toxicant library(A) Schematic presentation

of toxicant library screening. In the first round of screening, 14 hit compounds were
identified. These compounds were then tested against luciferase activity. Only six of the
hit compounds inhibited split luciferase activitghrar than luciferase activity. Then these
compounds titrated and dgcalculated for split luciferase, luciferase and cas{3ag8)
NS3694 and DMSO were used as controls. (C) 14 compounds were defined as potential
hits. (D) The effect of these toxicantgs reassessed on split luciferase activity and
luciferase activity. Plotting the effect of candidate compounds on luciferase activity versus

split luciferase activity identified six compounds for further investigation.
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Then hit compounds were testgddn extract from cells expressiRgotinus pyraligirefly

luciferase to identify those that only affect split luciferase rather than luciferase itself

(Figure4.2).

(A)

Split luciferase activity
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Relative activity
o
(3]
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-
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Figure 4.2. Retesting the hit compoundsl14 hits were rdested using (A) split
luciferase and (B) luciferase assay.
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Six toxicants that showed greater activity against the split luciferase (loxynil, Thiram,
Thiocyclam, Pentachlorophenol, Chlorpyrifosethyl and Anilazine) were then titrated to
determine IGo values in assays for split luciferase activiBhotinus pyralisfirefly

luciferase activity and caspa8dike activity Figure4.3).

4.1.1 Titration of hits in luciferase assay

Treatment with any of these toxic compounds inhibitssiig luciferase activity (Figure

4.3 andTable4.1). Treatment with Anilazin and Chlorpyrifesethyl dd not have any
significant inhibitory effect on luciferase itself. Thest@or luciferasewas greaterhian 3

mM for all hit compoundsTreatment with other hit compounds affstthe luciferase
activity to some extend at high concentrations. Despite the inhibition at high doses, specific
concentrations could be defined where treatment largely affects the split luciferase activity
ratherthan luciferase activity. For example, 0.3 mM pentachlorophenol reduced the activity
of luciferase by 10% while inhibiting the activity of split luciferase by 80%. 1 mM
Thiocyclam reducgluciferase and split luciferase activities by 30% and 80%, respbctiv

The inhibition of luciferase activity at high concentrations of hit toxicants might be due to

degradation or oxidation of the proteins.

4.1.2 Titration of hits in caspase assay

If the split luciferase assay reported apoptosome formation, the expectatiomatas
caspase activation would also be prevented. Therefore, caspdike activity was also
measured at the same concentrations used for luciferase and split luciferase assay. Hit
compoundsvereadded to SL00 HEK293 extract, after 10 min incubatiogfachrome c

and dATP (1.6 uM and 1 mM) added and further incubated a 2d caspasg like

activity measured. The rate of caspase activation was calculated by the slope of the linear
part of caspase activity plot (Figut8). In these plots, all valsavere reported as a fraction

of caspasé like activity in untreated extract.
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Figure 4.3. Titration of compounds usingcaspase, split luciferase and luciferase assay
Ten concentrations of each compound (3, 1, 0.3, 0.1, 0.03, 0.01, 0.003 0000038, MM)

were used for measuring the caspagi&e activity (z ), split luciferase ) and luciferase

(). S100 HEK293 incubated for 10 min with the compounds. Then Cc/dATP added, and

the caspase activity was measured. Error bars represent the ®2gn=3).
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Of the hits, the I6s values of Anilazine and Pentachlorophenol for both split luciferase and
caspase like activities were very close (value + SEM for S/L; value £ SEM for Casp3),
with pentachlorophenol having the lowessd@alues. The effect of the toxicants on all

three assays as well as chemical structures of hit compounds are summarized4riTable

Caspase activation is accompanied by processing of caspase | investigated the effect
of the chemicals on spase3 processing using immunoblotting. Immunoblotting showed
the complete inhibition of caspa8eprocessing except for Chlorpyritosethyl and

Thiocyclam.

As caspas® activity is induced by the apoptosome, | also measured ca8paseity and
processing. kcept Chlorpyrifosmethyl, all the other hit compounds reduced the caspase

9 activity to the background level like unactivated ext(Bgure4 4).
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ICs0 (mM)
Compound Structure
Luc S. luc Casp-3
Chlorpyrifos- Cl_~_-Cl
>3 >3 >3 L 3
methyl CI” "N” "O-P-OCt
OCHj
Cl
Anilazine >3 2.99 2.83 nf)*n @
CI7 NN
H ¢
CN
Ioxynil >3 1.18 >3
[ I
OH
MC -CH,
Thiocyclam >3 0.20 0.51 K\
OH
Cl O
Pentachlorophenol =3 0.17 0.15 |
Z
Cl Cl
Cl
Hy
o
Thiram >3 1.38 1.05 s
HyC—
HJ

Table 4.1. Inhibitory effect of hit compounds on luciferase (Luc) and split luciferase
(S. Luc) and caspase3 (Casp3)activity. ICso values calculated for luciferase (Luc), split
luciferase (S. Luc) and casp&3éCasp3) activity.
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Figure 4.4. Caspase processy and activity before activation of cell extract HEK293

S-100 extract mixed with hit compounds before addition of cytochrome ¢ and dATP (1.6
MM and 1 mM respectively). Then caspdsike and caspas® activity were measured,

and immunoblotting showethé processing of procaspadand procaspase In (A) hits

added to S100 extract and incubated for 10 min. Cc/dATP added and the mixture incubated
at 25C for 15 min. Then caspagdike activity measured using DEVBMC over 30 min.

The fluorescence intensity normalized to the protein concentration. Here all values have
been reported as a fraction of activated extract. An aliquot of the same reaction was used
for immunoblotting the processing of pcaspase3. In another experiment, casfas
activity was measured using LEHANA over two hours when hit compounds fpre
incubated for 10 min with S100 extract and incubated as mentioned above. The values here
are absorbance over time (min) and normalized to protein concentration. An aliqualt of ea
reaction was used for detecting maspas® processing. Error bars represent the mean +

SEM. Caspas®@ activity shown here is the result of one experiment.
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To exclude the possibility that the chemicals were not directly reactingcasihased or
caspas®, S100 HEK293 extract was first activated by adding cytochrome ¢ and dATP
and incubated for 15 mins at Z5(Figure4.5). Hit compounds were then added to activated
extracts and incubated for further 10 mins. Cas@alilee and cass®e9 activities were
then measured. All the hit compounds slightly affected caspds® activity except
Thiram. Caspas@ activity was eitbr unaffected or only slightlyfi@cted. Immunoblotting

of procaspas& and procaspas®also showedhtatchemica$ had little effect on caspase
processing. Based on the obtained results loxynil, Thiocyclam, Pentachlorophenol,
Chlorpyrifosmethyl and Anilazine function upstream of caspase activation andsthis
compatible with the split luciferase assay. The smalbitdry effects on caspase activity,
when compoundwereadded after activation of extracsjggestthat these compounds

may also interact to processed fragments of caspase

Amongst the chemicals, Chlorpyrifosethyl showed a big variation in casp&sactivity.

To further test the inhibitory effect of this compound cas{®agetivity was measurednd
processingvas studiedWhen preincubated, procaspa8ewas cleaved at the similar level

as activated control. Caspa@evas also processedsamilar level to the contrphowever

the activity of casgse9 decreased by about 40 %. When activated extract treated with
Chlorpyrifosmethyl the similar level of activity was measured for both caspased
caspase. AlthoughChlorpyrifosmethyl maybindto Apafl, this binding is not specific
because it seesd that it wa also able to inhibit the activity of prand processed form of

caspase3 and caspase.

The otherinteresting compound was Thirawhich inhibited caspas® and caspasg

activity when added before @RATP. It also inhibited caspas®activity when added after
addition of Cc/dATP However, it had only a slight effect on casp@sghen added after
Cc/dATP. These data suggest that Thiram inlsibjoptosome formation, but also ditgct

inhibits caspase activity.
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Figure 4.5. Caspase processing and activigfter activation of cell extract. HEK293 S

100 extract activated by addi@c/dATPand 15 min incubation at 5. hit compounds

were added after extraattivation and incubated for 10 min. Then casfaaad caspase

9 activities were recorded in the very same condition as urefig.An aliquot of each
reaction was used for detection of casgas@d caspase processing by immunoblotting.
Caspase8 actiity was performed in three different experiment and the random aliquot was
taken from one of the experiments for immunoblotting. Error bars represent the mean *

SEM. Caspas8 activity shown here is the result of one experiment.
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Thiocyclam seemd to inhibit procaspas® processing and activity. The processing of
caspas® led to generation of p35 fragment and very little ERiggestinghe inhibition

of caspas8. In other words, caspaSewas blocked ando did theprocessing of caspase

9 (atAsp 330). heinhibition of fully processed caspaSemay explain the low level of
caspas® activity. Thiocyclam perhaps bodnto Apafl and induceé a conformational
changehat wa not suitable for luciferageconstitutionput the complex wastill able to

recrut and process caspase

Preincubation with PCP blo@&dthe processing and activity of casp&sand caspase.
Treatment after activation of thel®0 extract shoeda small effect on caspa8eand-9
activity compard to the controlOf all thehits, PCP showed the lowestsor both split
luciferase and caspaS8eand the values are very close to each other. The experiment in
which caspas® and caspase activity and processing were studied showed that other hit
compounds are not specific tqpafFl. PCPwas also associated with infertilityOn the
other hand, Apal plays role in spermatogenesis and infertility. Therefore, we focused on

PCP to find if there is any relationship between its toxicity and-Apahibition.

4.1.3 PCP is the most potenhit that inhibits apoptosome

| showed that PCP inhibits luciferase activity. To test whether PCP blocks luciferase
activity after apoptosome formation, split luciferase activity was measured when S100
extract incubated before or after apoptosome formathoadition of Cc/dATP increasl

the luciferase activity by- 4-fold. However, the activity of split luciferase was totally
blocked no mattewhenPCPwas addedbefore or after activatioof the extract(Figure

4.6).
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From previous experiments,was known that this concentration does not have any effect
on luciferase itselfin addition, PCRIid not change the activity of caspa3and-9 when
added after Apal oligomerization Figure 4.5). At this point, all caspaseéhave already
been activated amib mae apoptosome is required. PCP may dissociate the complex or it
may induce some structural changes thag different to wildtype complexand hence,

luciferase activity wa not detected.

800-
¢ 600- T
?
=S 400
- |
o 2004 s
= Pre-activation
Post-activation
0-
L] L} L} L}
Cc/dATP - + + +

DMSO DMSO PCP PCP

Figure 4.6. Split luciferase activity of the PCP-treated extract before and after
activation of the crude extract. S-100 extract expressing eithBituc-Apaf-1 or Cluc
Apaf-1 diluted and mixed with 1:1 ratio. Treaent with PCP totally abolishetie split
luciferase activity no matter PCP is addedobef(preactivation) or after (postctivation)
activation of the extract. In controls, mixing dilutdtlic-Apaf-1 andCluc-Apaf-1 showed
low level of activity,however, this activity was increaskey addition of cytochrome ¢ and

dATP.
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4.2 Screening the marne natural products

Marine natural products are potential sources for new therapeutics for a range of different
diseases. As part of a collaboration between NUIG and the University of South Florida, a
small library of 66 extracts from marine animals cdbelcfrom Irish waters was tested for

chemicals that modulate apoptosome formation.

As making $100 extracts expressing fusion proteins Nypaf-1 and ClueApaf-1 was

expensive in terms of time and resources, a primary sevasperformed bymeasuring

thecaspas8 | i ke activity as an indirect readout
emerging from this screen were then tested using thelggpiierase complementation

assay.To show that caspaseactivity is dependent on cytochrome ¢ and dATR08

HEK293 extract treated with DMSO in the absence of cytochrome ¢ and dATP and the

basal caspase like activity was measure@.c/dATP increased spase activity by ~ 20

fold (Figure 4.7A). M50054, the inhibitor of caspase activation, was used as positive

control.

In the first round of testing, three extracts, RM¥51, RMY-2581 and RMY-243-2, were
identifiedwith the ability to inhibitcaspase activity (Figure4.7B). The second round of
testing was then performed using split luciferase assay to examine whether any of these
three hit compounds inhibit apoptosome formation. Of the three, REB2 showed

~80% inhibition against split luciferase cpared to vehicle controF{gure4.7C). This

extract also inhibédluciferase activity by ~40%. The other extracts caused less inhibition

in the luciferase assay compared to the split luciferase assay, but the inhibition of split
luciferase activity by RM255-1 and RMY:258 1 was much less than the inhibition caused

by RMY-243-2, and in the case of RMY25h the effect was highly variable. Therefore,
although RM¥243-2 showed some activity against luciferase activity, it was further

investigated.
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Figure 4.7. A collection of natural product extracts was screened to identify inhibitors

of caspase3 activity. (A) caspase3 activation was induced by addition of cytochrome ¢
(2.6 uM) and dATP (1mM) to the 800 HEK 293 extract in the absence gmesence of
caspass inhibitor. (B) Extracts were tested for the ability to inhibit casisetivity.

Data are expressed as the change in arbitrary fluorescence units per minute. The data are
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extracts were tested for the ability to inhibit split luciferase and (D) luciferase activity. The

data are from at least three independapieriments and are shown as a box (median with

upper and lower quartiles) and whisker plot (highest and lowest yalues
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4.2.1 Fractionation and purificati on of the RMY-243

RMY -243 was extracted using different procedures. Stepwise fractionation and panficati

of the extractsvereshown in figure4.8.

RMY-243

Methanoic extract ‘ DCM extract

RMY-243-2 RMY-243-1

F TR

L2z e Jla Jls e J[7 s s J[ao [ 2 [ 22|

v

Pure compound

W

Further fractionation

Figure 4.8. Fractionation of the hit compound.RMY-243 was extracted as methanoic or
DCM extract. Orange boxes show the inhibition of split luciferase actiRityY-243-1
was fractionated sequentially and the final pure metabolite was tesstedsplit luciferase
assay. RMY2432 was fractionated anthe fractions were tested using split luciferase

assay. The hit fraction was further fractionated ansted.

42.1.1 RMY-2431

Initial fractionation was achieved via vacuum liquid chromatography (VLC) using C18 (4.5
g) and eluted using the following solvent mixtures using 3X column volumes of solvent:
(A) 75% MeOH / 25% H20; (B) 100% MeOH; (C) 75% MeOH / 25% DCM; (D) 50%
MeOH / 5& DCM; (E) 25% MeOH / 75% DCM; (F) 100% DCM.

Additional chemical analysis showed that fraction B contained a major metabolite and was
therefore chosen for further purification. Fraction B (200 mg) was injected onto a-phenyl

hexyl column (5 um, 19 x 256 m) using a gradient of MeCN and water at a flow rate of
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12 mL.min1. The initial mixture was at 55% MeCN for 3 minutes where it was increased
to 100% MeCN over 20 minutes. This final 100% MeCN was held for a further 5 minutes
(Figure4.9). The major metbolite (RMY-243-1-B-2) was finally purified for bioactivity
evaluation on a PFP column (5 pm, 4.6x250 nanhp flow rate of 1.2 mL.m#i. The
starting solvent mixture was 50% MeCN/ 50% H20 + 0.1 % TFA this was increased to
60% MeCN + 0.1% TFA over 20 mites, ultimately yieldig the chemical pure compound
(Figure 10) All fractionation, purification and structural analysis was performed by our

collaborator in Zoology (Dr. Ryan Young aRdofessorLouise Allcock).

40000 -

20000 -

-— Y077
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Retention time [min]

Intensity [LUV]

Figure 49. Fractionation of RMY -243-1-B. Chromatograph of RM¥243-1-B purified
on a prep phenythexyl column using gradient of MeCN/H20. UV monitored at 254 nm.
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Figure 4.10. Structural identification of a new compound.(A) MS profile of the purified
compound. (B) This compound was extracted from a Zoanthids on the sponge

Aphrocallistes. (C) Chemical structure of the new compound.

4.2.1.1.1 Structural Elucidation

High resolution mass spectrometry showed the major metabolite dibroeninated with
a m/z of 539.0356 corresponding to a chemical formulapefi£&sBroNsO2. The 1H NMR

spectrum showed resonances which could be attributed to-4wethyl protons, an acetyl
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moiety and an A2X2 spin system. Correlations observed in the HMBC from et/

showed the presence of an amide in the metabolite as well as lihisngntide to the
brominated benzene ring through a ethyl linker (Fégt.10C). The spectra of the right

hand side fragment showed two methine prot
145.5), three sp2 hybridi zgi25panckheeemainengy c ar
N-met hyl (0H 4.08 (3H, s) , iU C 3-fethyladenine | t i ma
moiety. Further analysis of the HMBC and COSY data connected the adenine functionality

to the dibromophenyl ring through a propyl ethekdénresulting in the final structure

(Figure 411).

Figure 4.11 Chemical structure of the zoanthid major metabolite.Key COSY (bold
lines) and HMBC (arrows) correlations fafial purified structureBold lines signiy key
1H-1H COSY correlation used to determine the final structure. Arrows denote key HMBC

correlations used to elucidate the structure.

4.2.1.1.2 Titration of RMY -243-1in split luciferase and caspas@ assay

The pure compound was then titratedctdculate the I€yin split luciferase assay and
caspase assay. The l§ was ~700 pM for caspaseand >1 mM for luciferasé@rigure

412). The high 1Gy for RMY-243 suggests that this compound is not suitable for
therapeutics approaches. However, inteiesting that this compound is produced within

the organism and contains Br element, a rare compound in living organisms. Further studies

are required to determine the cytotoxicity of this compound.
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Figure 4.12. Titration of the pure identified compound using split luciferase and
caspases like activity. (A) titration of RMY-243 in split luciferase assay a(®) titration
in caspasa like activity.

4.2.1.2 RMY -2432

Initial fractionation was achieved via vacuum ligaldomatography (VLC) using C18 (4.5

g) and eluted using the following solvent mixtures using 3X column volumes of solvent:
(A) 100% H20; (B) 25% MeOH / 75% H20; (C) 50% MeOH / 50% H20; (D) 75% MeOH

| 25% H20; (E) 100%MeOH; (F) 75% MeOH / 25% DCMThese factions were
resubmitted to theplit luciferaseassay and showed the most active fraction was fraction

B (Figure4.13).
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Figure 4.13. A methanol RMY-243-2 extract fractionated and eluted with water and
increasing concentrations of methanolFractions were collected, dried and dissolved in
DMSO before being tested in the split luciferase assay. (A) dATP and cytochrome c induces
split luciferase activity. (B) Split luciferase (upper panel) and luciferase (lower panel)
activity normalized toCddATP induced activity (upper panel) or to luciferase activity
(lower panel). The data are from at least three independent experiments and are shown as

a box (median with upper and lower quartiles) and whisker plot (highest and lowest values).
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The highesluciferase activity was picked and normalized to the split luciferase activity of
DMSO-treated extract. Luciferase assay was also performed to check the possibility of the
fractions affecting luciferase itself. The fraction collected using 25% methhowolkes a
strong inhibition against split luciferase while no detectable inhibition on luciferase activity
(Figure 4.13). Compatible to the previous experiments, RRA3-2 inhibited luciferase
activity to some extent, however, fractionation of the extraainseto block the inhibitory
effect on luciferase which might be due to the synergistic effect of more than one compound

within the crude extract.

A phenykhexyl column (5 pm, 19 x 250 mm) using a gradient of MeCN and water at a
flow rate of 12 mL.minl. The initial gradient was 5% MeCN where it was increased to

70% MeCN over 25 minutes (Figudel4).

Then the fraction collected using 25% methanol further fractionated using HPLC,
preparative hexylphenyl column (acetonitrile/water). RIA3-2-B further fractionated

usingprep hexylphenyl column. Thirteen fractions were produced (Figutd).

1 2 3 4567 8 9 1011 [—RMY-243-2-B- CH1] 13
i — 12 —

500000 -
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\M A NN ]

— — 7T
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Figure 4.14 Fractionation of RMY-2432-B. RMY-2432-B fractionated using prep

hexylphenyl column. Thirteen fractions were collected and used in split luciferase assay.
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Split luciferase asay performed for all fractiongractions 2 through 12 were resubmitted
to the bioassay for evaluation. Etians 8 and 9 (Figuré.15) showed the greatest split
luciferase inhibition and were selected for further purification. Purification and structural

elucidation is ongoing.

3000 1.0

|

2500

2000

|

=

Normalized split luciferase activity

o
1500 — - -
= ‘ BT N
2 L i 05 AT
& 1000
500 4 —— ks
0+ 15 -
I I I I | I I | | I | I I |
) 5 S8 328385888 ¢ ¢
a o = ©m m o
[ [ g
< <
o o
(o]
c

Figure 4.15. 25% MeOH (RMY -243-2-B) fraction further fractionated and the

fractions were tested in luciferase assayA) Luciferase activity was induced by addition

of cytochrome ¢ (1.uM) and dATP (1mM) to the 800 HEK 293 extract. (B) split
luciferase activity was measured whed@® HEK 293 extract tréed with each fraction.

The data are from at least three independent experiments and are shown as a box (median

with upper and lower quartiles) and whisker plot (highest and lowest values)
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4.3 Discussion

Previous attempts to screen for A{iafegulators have used indirect, casplaased assays
coupled with time consuming and very low throughput gel filtration of co
immunoprecipitation approaches. All these assays aredimeuming and in the case of
gel filtration require a relatively large miber of cells. As a resulbnly a small number of
compounds can be easily tested, significantly limiting the search forJApagulators.
Here | established split luciferabased assay for detecting Agabligomerization and

used it to screen a librapf ~200 compounds.

Six compounds were identified with the ability to block split luciferase activity rather than
luciferase activity, suggesting that these compounds affect apoptosome not luciferase itself.
These compounds were then titrated in spliffémase assay and caspase activity assay to
calculate the I6s. All compounds were shown to have highhd@nging from pM to mM
concentration. Thiocyclam and Pentachlorphenol (PCP) showed lowgroi@paré to

other hit compounds. However, PCP showed closeitCluciferase and caspase assay

implied that PCP target apoptosome with more specificity than Thiocyclam.
The assay has several advantages:

1 The assay reports Apafoligomerization directly.
1 The assgais rapid, requiring minutes as opposed to hours or days for the current
alternatives.

1 The assay is scalable and can be used for large numbers of chemicals.

However, there are also disadvantages to the ass#y.current formatthe assay is not
very msteffective: it requires large amount of DNA, large scale cell transfections and
extract preparation. To make it more economical, we diluted the extract in order to do more

number of tests.

In the second screen, all the extramiected from marine ganismswere first tested for

the ability to block caspase activity. The hit compounds were then tested by split luciferase
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assay to identify those inhibit apoptosome. This-stap screening made the assay cheaper
by removing the need to transfect largeniers of cells. The hit extrasterethen tested

in luciferase assagnd a hit was selected for further analySitepwise fractionation led to
identification of a pure compound. This compound block caspase activity and luciferase
activity at 1Go ~700 pM. The greatest inhibition was observed in a methanoic extract of a
yetto-be-described zoanthid growing on Aphrocallistes Beatrix. Bioguided fractionation
identified the major metabolite as well as some minor metabolites as active against the

apoptosome.

Further analysis of the HMBC and COSY data connected the adenine functionality to the
dibromophenyl ring through a propyl ether linker resulting in the final structure.
Preliminary docking studies have shown this zoanthid metabolite binds at theiddiRy

pocket of the apoptosome. In silico studies will be discussed in detail in chapter 7. This
compound is unigue in that Br is not one of the common chemicals in living organisms.

Titration of this compound showemlgh ICso for both luciferase and caspa3e

Thus, | have shown that the assay can be used as either a primary or a secondary screen to
identify compounds or natural products that affect Ap&inction. Further improvements

in the assay could come from making stable cell lines expressing eittiex plasmids
(Nluc-Apaf-1 or ClucApaf-1). The nostefficient strategywould be arin celluloassay in

which luciferase activity reports apoptosome formation in live cellthis case, not only
inhibition of the apoptosome is tested, but also gpir@rmacologically important factors

such as cell membrane permeability will be examined. This will shorten the validation

process of the identified hit compounds.

This has proved difficult to accomplish for several reasons. Firstly, the currestrtucts
use a CMV promotor that is activated by diverse cell stressors. This means induction of
split luciferase activity may be caused by increased protein expression as well as complex

formation. Secondly, the luciferase activity induced by apoptotic stimuii asietoposide
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and doxorubicin is relatively modest (2 fold) and variable, makingriteellulo assay

unsuitable for highhroughput screening, at least in its current itematio

Two-step screening can enormously reduce the cost of assay because only-thipewild
extract is required for measuring caspasactivity in the first round of screening.
However, this strategy is not suitable when tens of thaissaf compounds are tested. The
challenge is to make a library of kibmpounds identified through the first round of
screening and reest them in the second split luciferase asshis step dds extra costs to

the whole procedure and requires more timprepare the library
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Chapter 5 Identifying the direct protein target of PCP

The split luciferase assay that identified PCP as an inhibitor of apoptosome formation was
performed using a mammalian cell extract that contains many proteins. So, while this
approach can potentially allow the discovery of new processes that regulate @phthe
apoptosome, the molecular target for PCP is uncertain. To investigate hoinHged
apoptosome formation | moved to a defined-frele system using purified recombinant
Apaf-1 and purified cytochrome c. Using the defirsgdtem | tested tle effect of PCP on
Cc/dATPdependent Apat oligomerization in the absence of any other proteins that might
interfere with apomisome formation. | also investigated whether PCP directly interacted

with either Apafl and/or cytochrome c.

The first step wathe expression and purification of recombinant Apdfom insect cells
after transduction with a recombinant baculovirus and a demonstration oflApaf

functionality.

5.1 Baculovirus Expression System

Baculoviruses are large doutdranded DNA viruses with34 kilo base pair genome that
infect insect cells. These particles also contain strong promoters that produce large
guantities of desired protein&Butographa california nuclear polyhedrosis vi(AsNPV)

has been widely used to make recombinant proteiaakaryotic cells when expression in
other cell systems (e.dacterial expression systems) do not yield an active protein

(Ciccarone et al., 1998)

Apaf-1 expres®on and purifcation from bacterid culture yields inactive protein.
Baculovirus Expression System has been used to produce active, pure recombinant Apaf
(Zou et al., 1999; Kim et al., 2005J his technology is based on the production of an
expression vector with the baculoviral promoter and neitiog sites for the bacterial Tn7
transposase at the two ends of the gene of interest. Thersequence of interest
transformed into a bacmid, a large singty DNA, which contains the whole ACMNPV

genome encoding all the required proteins for pgapion in E. coli. The desired expression
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cassette ithe bacmid (recombinant bacmicbuld be selected, screened, and isolated and

be used for transfecting the insect c@iiehalko and Esposito, 201@igure 5.1)

pFASTBAC is the common plasmid used for generating the viral particle capable of
expressing the gene of interest. The gene of interest in cloned under a control of polyhedron

promoter. It also contains two attachment sites for the bacterial Tn7 traresposas

Promoter

Tn7R Tn7L

S VR

IS\ ‘f-lclper\ Helper)
: / Donor | N S
Recombmau.t ———> | plasmi d) Bacmid rans
donor plasmid | Transformation = S Amlblol_lc selection
Blue-White screening

Transformati

Competent DH10Bac Cells

Extraction of
PR Recombinant
® Bacmid
Recombinant Viral Particles ° :
°
Plaque Assay \ ‘ ‘ ‘ '
Transfection of insect cells
L +—
I | Infection of | |
o B BT insect cells : . : 1
Expression verification Virus stock Recombinant Bacmid DNA

and virus amplification

Figure 5.1. Overview of the Baculovirus expression protocollhe gene of interest is
cloned into a donor vector between two Tn7R sequences. The plasmid is then transformed
into the competent DH10Bac cells which already contain Bacmid and Helper plasmid
Bacmid encodes the required genes for virus assemblyHeide plasmidencodes a
transposaseThe desired fragment is inserted into the lacZ, and therefore, antibiotic
selection and blugvhite screening yield a recombinant bacmid which is then transfected
into Sf21 cells. The viral particles are collected and usetitfation of the virus (plaque

assay) and infection of insect cells (protein production).
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5.2 Cloning, isolation and validation of recombinant bacmids

Baculovirus expression system has been designed for rapid and convenient screening of the
recombinant clonies. The transposase cuts the gene of interest from a donor vector and
inserts it to a LacZ genéacZproduces blue colour in the presence ega&{. Insertionof

the gene of interestisrupts LacZ Therefore, cells transformed with recombinant

bacmidproduce white colonies while cells with no insertion produce blue colonies.

As shown infigure 5.2, bacmids are indicated as a band that moves slower than 23.1 kb
fragment of Lambda DNA Hindlll DigesHelper and pkstBac plasmids have also been

shown.

Helper
plasmid

pFastbac
Apafl

Figure 5.2. Agarose gel electrophoresis of extracted bacmids.uL of all the samples
were loaded on the 0.5 % agarose gel and r@0 & for 16 hours. Lambda DNA Hindlll
Digest(blue)and 1 Kb DNA(black)markers were used to specifically detect large bacmid
(>134 kbp), Helper plasmid and pFASTBAC plasmid encoding Apatfter screening
the coloniespnecolony(#12) wasextracted by plasmid migirep (Midi) or ZRBAC DNA

Mini-prep(ZD) and usedor further analysis.
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Since the bacmid DNA is very large, it is difficult to ensure the insertion of the gene of
interest into the bacmids only by running the bacmids on the gel. Therefore, to confirm the
transposition and insertion of the gene of interest intcbtdwmnid | PCRamplified the
fragment within the lacZ complementation region of the bacmid using pUC/M13 primers.
To eliminate the possibility of detecting the false positive PCR products, | also used M13
forward primer and genspecific reverse primer tavglify the insertion of Apafl gene

into the bacmidlnsertion of the gene of interest produces a fragment of 2300 bp plus the
size of the inserted gene which is 3700 bp and produces 6000 bp fragment §RE@yure

screened 12 colonies for checking theeiriion of the Apafl (Figure5.4).

Gene-specific
Reverse

Transposed pFastBac™ Gene of interest
sequence
Bacmid DNA : ‘
— mini-attTn7 <
pUC/M13 pUC/M13
Forward Reverse

Figure 5.3. Transposition region in recombinant bacmidsThe insertion site is flanked
by pUC/M13 forward and reverse sequences. PCR amplification using pUC/M13 forward
and reverse primers produces a 6000 bp fragment. PCR amplification using pUC/M13

forward and Apafl specific reverse primers produces a 550@d&gment.
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7 8 9 10 11 12 M

—

Figure 5.4. Screening of the picked colonies for insertion of Apdf in the bacmid.12
colonies identified through bluehite screening cultured and the bacmids were extracted
and used for PCRmplification of the inserted fragment usiagher pUC/M13 forward

and reverse primers or pUC/M13 forward and Apafpecific reverse primers. In each
case, the left lane is the fragment amplified using pUC/M13 forward and reverse primers
and the right lane is pUC/M13 forward and Ayiadpecific reerse primers.

| also used blue coloniesdicatingno insertion, to amplify the fragment without insertion.
White colony shows the fragment with the right size with both pairs of pri(regare

5.5). However, in blue colonies with nosertion,a 300 bpfragment would be amplified

(not shown in the gel because it is at the very bottom of the gel). Using M13 forward and
gene specific reverse primer, a 6000 bp fragment is detected. The white colonies originate
from acorrectly transpodionedsingle cell The blue colonies also have both wiighe
bacmid and theFastBac donorplasmid in the plates with appropriate antibiotic selection
markers. Transposition constantly happens in the cells within the blue colonies, therefore
obtaining the pure wildype bacmid in the blue colony without transposition in some cells

is very unlilely. Besides, pUC/M13 primers are very short and may bind tespecific
sequences and produce the fragmeBtcmids were produced for encoding wijghe
Apaf-1, NlucApaf-1 and ClueApaf-1. Sequencing confirmed the insertion of the

fragments into the laanids.
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Blue White

Figure 5.5. PCRamplification of the control bacmids. Bacmids were extracted from
blue colonies using either puC/M13 forward and reverse primers or puC/M13 forward and
Apaf-1 specific reverse primers. In each case, the right lane is the fragnriieal using
pUC/M13 forward and reverse primers and the left lane is pUC/M13 forward anellApaf

specific reverse primers.

5.3 Transfection and expression of Sf21 cells with recombinant bacmid

Sf21 is acell line originating from thepupal ovarian tissue of the Falrmyworm,
Spodoptera frugiperdaThe Sf21 cell line is highly prone to be infected with ACNPV

baculovirus ands widely used with all baculovirus expression vectors.

Sf21 ells were transfected with the large bacmids. The cell lysates were then used-for SDS
PAGE to check the expression of bacmids within the insect Eeflasfection of the Sf21

cells with Apaftmidi showeda band with the right size related to Afdafwhichdid not

exist in untransfected Sf21 cell extract (Figuss). The expression of Apdf was
confirmed by immunoblotting. Therefore, the bacmids are able to express the desired
protein. However, thebacmids encoding the Nluand ClucApaf-1 proteins did at
express thelesired proteins, which limited some of my later experimeXlitaough the
sequencing confirmed the insertion of those fragments, the bacmid was unable to express
protein.
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Figure 5.6. SDSPAGE and immunoblotting of the transfected Sf21 cells with
different bacmids. Cell lysates transfected or not with wilghbe, NlucApaf-1, ClucApaf-

1. (A) Apaf-1 (extracted using migirep and ZD BAC DNA extraction kit) loaded on 8%
polyacrylamide gel. The gelas then stained using Coomassie blue and destained

overnight.(B) The same samples waremunoblotted to detect Apdf. Arrows show the
Apaf-1 protein. Asterislshows the nonrspecific bands.

To check the ability of the viral particles to produce recombinant proteins, Sf21 cells were
infected with 10, 20, 30, 40 and 50 pL of the PO viral stock. The cells harvested and lysed
after 5 days incubation at 28°C. The lysate was used for immunoblasiimg AntiApafl
antibody. Apafl proteinwas detected in the samples infected withwines, but not in the
urrinfected samplegFigure 5.7). Infection of the Sf21 cells with a range of viral
concentrations led to the same level of Apa#xpression. Térefore, for amplifing the

viral particles the lowest amount of viral stock (10 pL) was scaled up to make 100 mL
stock. To check the production of viral particles with the ability to produce-Agak cell

pellet was used for making the extract and prglthe Apafl proteins using ArtApafl
antibody.
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Figure 5.7. Immunoblotting of the Sf21 cells infected with PO viral stockDifferent
amount of viral stock was used for infection of the cells. The supernatant was collected
after 5 days and the cell et was used fotestingthe expression of th&paf-1. The cells

were lysed and loaded on 8% polyacrylamide gel. Apaifotein was detected using Anti
Apafl antibody.

5.4 Expression and affinity purification of recombinant Apaf-1

For doing the largscale infection and obtaininghgghyield of recombinant proteins, Sf21

cells adopted to suspension culture as described in Material and Methods. Then the cells
infected with P1 viral stock. 36 hours post infectitire cell harvested and S100 extract
prepared. Apafll gene cloned intpFasTBAc vectorexpresses six histidine affinity tag at

the Gterminus, which makes it suitable to be purified byNNIiA resin

After His-tag affinity chromatography, to check the effncy of Apafl expression and
purification, SDSPAGE was performeddo pr ot ei ns wer e detected
implying the removal of the nenound and lowbinding proteingFigure5.8B). The Apaf

1 protein was detected mainly in the fraction 2l &0 some extent in fraction 3.
Immunoblotting was carried out to confirm that these purified proteins werelApadl

nottheother proteins with Histidine residues. Aglaias detected in the same fractions as

in SDSPAGE with the right size. Lack of ApAd i n 6 Unboundé and OW

confirmed the high efficiency of the purification.
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(A) (B)
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Purification using His-tag
affinity chromatography

Figure 5.8. The procedures used for making recombinant proteirn(A) Sf21 cells were

transfected with extracted bacmids encoding syjge Apafl. The supernatant was

collected and used for amplifying the viral particles. These particles then were used for

infection of the Sf21 cellsThe cell lysate was loaded on-NITA. Recombinant proteins

were purified using the 6 x Histidine at thet&€minus of Apafl. (B) SDSPAGE (top

panel) and Immunoblotting (bottom panel) of the collected fractions during protein
purification. Immunoblotting confirmed that the purified proseare Apafl. T: lysate of

the cells transfected with bacmid encoding Apaf: lysate of the cells infected with

bacmid encoding Apat |, U: 6Unbound6 pr ot ekE3nfeactiondV: 60 Wa st

collected after washing with 250 mM imidazole, M: proteiarker.

5.5 Gel filtration to test if the recombinant protein was monomeric or oligomeric.

Overexpressed Apdf can often oligomerize into inactive compleXgst KDa) or form
aggregates which means apoptosome formation cannot be studiedtest if the
recombinant protein was monomeric or oligomeric, gel filtration chromatograisy
performed Thyroglobulinand Aldolasevere usedsprotein markers to identify fractions
that should contain the oligomeric (~700 kDa) and monomeric ford0(kDa) of Apaf
1. The fractions were collectethe buffer exchangednd the Apaf-1 detected by dot
blotting (Figure5.9A-C). This showed that the majority of the recombinant Apakd an
apparent molecular weight of ~150 kDa, which is consistent withomeric Apafl

(Figure5.9D).
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Figure 5.9. Production of rApafl using Sf21 cells.(A) Sf21 cells were infected with
baculovirus expressing witype Apafl. Cells were harvested 37 hours juufgtction,

lysed, S100 extractwas prepared and loaded amckel affinity chromatography. The
fractions collected and loaded on 10% polyacrylamide gel and immunoblotted using Anti
Apafl antibody to check the purity of the proteins. S100 : input extract, FT: Flow Through,
W: Washed sample, EEG6: Eluted fractions 1 to 7 and M: Protein marker. (B) Proteins
were passed through 100 kDa-ofit filters to exchange the buffer and remove imidazole,
high concentration of KCI and DTT and also to remove the degraded forms oflL Apaf
proteirs. Proteinsverethen immunoblotted. (C) Gel filtration performed to ensure that the
proteins are in their monomeric form. Thyroglobulin (669 KDa) and Aldolase (158 KDa)
loaded on the column and the chromatography performed at 0.6 mL/min, fractior8ize: 5
pL. The peaks showed where the oligomers and monomers could be detected. Then 100
pL of rApafl loaded on the column. The fractions then loaded on PVDF membrane and

analysed by dot blot. (D) Apdf detected in the fractions related to monomeric form.
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5.6 Gel filtration of PCP-treated rApaf-1

To test whether PCP could directly affect ajpgptme formation or whether it exerted its
effect through some other protsior factos, purified recombinant Apat and cytochrome

¢ were incubated with PCP. In the alisenf C¢dATP, Apaf1 wasdetected irmonomeric

form. However, additionof Cc/dATP and incubation for 15 min at 26 moved the
monomeric protein into a complex of higher molecular weight (~700 kDa). These data
showed that the rApdf was functional. In cdrast, if rApafl was incubated with PCP (1
mM final concentration) for 10 mins befasddition ofCc/dATPand incubated for 15 min

at 25C the Apafl proteins were detected between the monomer and oligomerlApaf

(Figure5.10).

Interestingly, addition of P changed the apparent molecular weight of Apdis could
be because PCP bound to the monomer rApad to some extent unfolded the protein,
causing it to elute earlieAlternatively, PCP could have altered the oligomerization of

rApaf-1 so that amaller Apafl complex was formed.
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(A)

(B)

Figure 5.10. Gel filtration of the PCP-treated rApaf-1. (A) The reactions were
fractionated by gel filtratiomnd the fractions 8 to 27 were collecteddot blotting using
anti-Apaf-1 antibody.(B) rApaf-1 was detected in monomeric form and after addition of
cytochrome ¢ and dATP the protemsredetected in the fractions related to the size of
apoptosome. Incubation with PCP and addition of cytochrdeette either the complexes
with different ske to the wd-type complex or unfolding of the monomer$C)
Thyroglobulin and Aldolase were loaded on Superdex 200 increase columnpastéie

markers.
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