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Lay abstract

Every day the human body creates billions of cells replacing damaged or unwanted cells.
The death of these cells is tightly controlled and can result in disease when misregulated
Cancers arise when there is too little cell death and neurodegenerative diseases, such as
Al zhei mer 6s, arise from too much cell deat h.
understanding how cells die because once understood, cell dedid wamipulated to treat
disease. Cell death ironically occurs at the mitochondria, a cellular organ normally responsible
for creating the energy required for the cell to live. When cell death is initiated, the mitochondria
get holes poked into them, res#ag predeath factors that irreversibly commit the cell to dying.
The work presented here uncovers new information about the regulation of the hole poking
process, how it is blocked in breast cancer and how the process may be modulated to treat

cancers.



Abstract

Mitochondrial outer membrane permeabilization (MOMP) is regulated by pfotetein
and proteirmembrane interactions between Bdamily proteins. These interactioase
governed by the concentrations and relative binding affinities of theipsdor each other.
These affinities are altered by conformation changes e2Bamily proteingesulting from
interactions with each other and with membranes. Bola2 proteinstransition into and out of
the conformationghatcontrols the functiors, and ultimatelythe fate of the cell, is not well
understoodHere, knetic analysis of the pof®rming Bck2 family member, Bax, revealed that
Bax undergoes a conformational rearrangement through at least one structurally distinct
intermediate that ia necessary precursor to pore formation. We discover that four €ancer
associated Bax point mutants are trapped in the intermediate state, suggesting that transitions into
and out of this intermediate can be modulated independently with consequences for the
execution of apoptosis. Furthermore we report that the conformation changes Bax undergoes can
be regulated by phosphorylation of Bax on residue S184 hyrthgurvival kinase, Akt.
Phosphorylatiorronverts Bax into an argipoptotic protein that functis in a dominant
negative fashiorBioinformatics revealed thahihuman cancers, higher levels of Bax are
positively associated with high levels of PI3K/AKT pathway genes representing an added
mechanism for cancer cells to evade apoptosis. Additionalstueked the interactions between
Bax, the antapoptotic protein BeKL, the sensitizer BH3 protein Bad and the BH3 activator
protein Bid. We uncover a new mechanism of apoptosis regulation whereby Bad binds to one
monomerof a BckXL dimer eliciting an ativating conformation change a tBid bound to the
othermonomerof the BckXL dimer. This allows Bad to function as a neompetitive inhibitor
of Bcl-XL, and represents a novel mechanism that significantly enhances the potency of Bad to

elicit apoptoss.
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1.1. Programmed Cel | Death and Caspe

Sixty-billion cells per day are generated as a result of cell division in the average adult
human, replacing an equal number of cells that died due to programmed cell death (PCD). PCD
is important for the development of multicellular organisms, tissue bstags and removal of
damaged, potentially harmful cells. PCD helps shape complex structures of the body, such as our
fingers and toes or folds in our brain, it leads to the destruction of infected celldes¢ilfiying
cells in the immune system angmdly dividing cells that could lead to cancer. For many years
cell death was described as a choice between apoptosis (a morphologically defined form of PCD)
and necrosis; the former being a controlled,-mflammatory, genetically defined intracellular
death pathway, and the latter being accidental and highly inflammatory resulting from cellular
trauma (Kerr et al., 1972)Discovery of other PCD mechanisms changed this paradigm: in
contrast to apoptosis, necroptosis (a programmed form of necrosis) and pyroptosis are highly
inflammatory, allowing efficient detection and removal of intradat pathogens and infected
cells by the immune syste(@berst, 2016) Thus dysregulation of inflammatory forms of PCD
have important implications in host immunity and due to considerable-tai@dsetween
inflammatory forms of PCD and apoptosigsregulation of the inflammatory signaling within
cells has been linked to carcinogenégBisilpott et al., 2014) With that said, the majoritgell
death occurring in the body is via apoptosis and when dysregudgtegkosis is implicated in
many human diseases. Evasion of apoptosis allows cancerous cells to escape death causing the
formation of both solidumoursand hematopoietic malignanci@sook, 1997; Green and Evan,

2002) Converselyunnecessary activation of apoptosis in neurons, seen in patients afflicted with

stroke or neurodegenerative diseases, causes permanent loss of brain fanetitander,
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2003) Determining the mechanisms underlying apoptosis regulation is critically important for

understanding he these diseases develop and how therapies can be created to treat them.

The activation status of intracellular caspasgstéinedependent aspartate specific
proteass) links the different forms of PCD together. In humans there are 11 caspases divided
into three groups: inflammatory (caspase 1, 4 and 5), initiator (caspase 2, 8, 9 and 10) and
executioner (caspase 3, 6 andMgllwain et al., 2015) During pyroptosis activated
inflammatory caspases process-pritammatory cytokines and cleave Gasdermin D which
forms pores in the plasma membrane, resulting in the secretion of these cytokines provoking an
immune responsgiu et al., 2016; Yuan et al016) Activation of initiatorcaspases that cleave
and activate the executioner caspases triggers apogtasigyle executioner caspase can
activate other executioner caspases and so on creating a caspase cascade that accelerates
apoptosisin contrast, necroptosis is caspasgepenlent and appears to serve as a backup
mechanism of PCD when viral infection prevents apoptosis via viral protein inhibition of
caspasef.i and Beg, 2000; Oberst, 2016puring apoptosis caspases cleave hundreds of
proteinsvital for proper cellular function and homeostasiduding those required for cell
adhesion and structure, DNA synthesis and repair, and transcription and translation all
culminating in the typical biochemical and morphological features of apoptiodis
fragmentation, nuclear condensation, membrane lrigbland condensing and packaging of the
cell for noninflammatory phagocytic clearan¢gischer et al., 2003; Mcllwain et al., 2015)

Well known examples of caspase antinclude the activation of CAD (Caspase Activated
DNAse) by ICAD (Inhibitor ofCaspase Activated DNAse) cleavage resulting in DNA
fragmentation, PARP (poly (ADRbose) Polymerase) cleavageeventing DNA repair, and the

cleavage and inactivation of flippes ATP11A anATP11C which are responsible for keeping
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phosphatidylserine in the cytoplasmic leaflet of the plasma membrane, resulting in the exposure
of phosphatidylserine in the outer leafléet h e -meeatsi gnal (Tewariefmhagocyt «

1995; Enari et al., 1998; Nagata et al., 2016)

1.2. 1 niti ating Apoptosis: The I ntri

In vertebrates apoptosis triggered by intrinsic or extrinsic pathways results in the
activation of the executioner caspaggait and Green, 2010The intrinsic pathway is initiated
by amultitudeof intracellular stressors (DNA damage, premature mitotic arrest, the unfolded
protein response, ejdhat ultimately leads tmitochondria outer membrane permeabilization
(MOMP) which is controlled by the BA family of proteinsThe process by whicBcl-2 family
proteins regulat®OMP is the main subject of this thesis and is introduced in detail in Chapter 2
and then addresseaperimentally in subsequent chaptekOMP releases prapoptogenic
factors (cytochrome, SMAC/DIABLO, OMI/HTRA2 and Endonuclease G) from the
intermembrane space (IMS) of mitochondria. Cytochramedeased into the cytosol complexes
with, and causesligomerization of Apafl (Apoptotic protease activating factoy éxposing a
caspaseecruitment domain (CARD) on each Aghkubunit. The CARD domain of procaspase
9 binds the CARD domain in Apdf facilitating dimerization induced activation of casplse
which cleaves and activatéise executioner caspas@Bratton and Saksen, 2010)
SMAC/DIABLO & OMI/HTRAZ inhibit caspasenhibiting IAPs (inhibitor of apoptosis
proteins) allowing caspase activation and Endonuclease G migrates to the nucleus and degrades

DNA (Du et al., 2000; Verhagen et al., 2000; Li et al., 2001; Suzuki et al.,.2001)

The extrinsic pathway is activated by extracellular death ligands-Al&t., TRAIL or

TNF binding theircognatedeath receptorg-or example, FASL binds the FAS receptor forming
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the deathinducing signaling complex (DISC) that recruits and activates proca8dase

proximity induced dimerizatio(Parrish et al., 2013 Caspas@& cleaves and activates

executioner caspases as well as theBr@mily protein Bid triggering the intrinsic pathway,
initiating MOMP and greatly accelerating apoptosis. The intrinsic apoptosis pathway can differ
depending on the cell (Type | or II). Type | cells only require the direct activation of executioner
caspases by caspa®aevhereas type Il cells require the activation af By caspas8 and
subsequently MOMRScaffidi et al., 1998)The difference is due to the levelscaspase

inhibiting IAPs (inhibitor of apoptosis proteins) in the two cell types. Type Il cells have
increased levels dAPs compared to Type I cells thus Type Il cells require MOMP to release
IMS proteinsthat inhibit the 1APs (e.g SMAC/DIABLO and OMI/HTRAZ2) to result in

executioner caspase activati@os et al., 2009) Since most vertebrate cells are Type II,

MOMP is essential for both intrinsic and extrinsic activation of apopf®ais and Green,

2010) MOMP is rapid and complete, once it occurs, most cytochrome c @&seel¢<5 minutes),
followed by complete executioner caspase activation resulting in the inevitable death of the cell
(<=15 minutes)Goldstein et al., 2000; Rehm et al., 200Eurthermore, the capacity of a cell to
trigger MOMP predicts clinical response to anéincer chemotherapy, underpinning the

importance in understanding MOMP regulat{@honghaile et al., 2011)

1.3. Model ing the O0embzdfder Ityoget her

The discovery ofttebcl-2 gene, which encodes a protein that prevents MOMP, led to an
explosion of research on the molecular mechanisms governing MOstifmoto and Croce,
1986; Dellvidge et al., 2016) These traditional experimental approaches have helped shape our

understanding of apoptosis and specifically MOMP regulation by th& Bahily of proteins.
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As with many fields, gch intense research led to various competing models (explained in detalil
in chapter 2) of BeR family regulation concerning which B2lfamily members interact with

each other to control MOMEBhamaDinetal.,2013) The O&béembedded toget'lt
developed by our lab synthesized features from two competing models, while putting an
emphasisoh he r ol e of t heume mbforanaseBcia fanily grotein® | o
(Leber et al., 2007)The model explained briefly, but in detail in subsequent chapters, is as
follows: the Bcl2 family of proteins that regulate MOMP atwided into anti and pre

apoptotic group$Chi et al., 2014)The preapoptotic proteins are subdivided into the
membranegpermeabilizing prains (Bax, Bak, Bok), activator BHfroteins (Bid, Bim, Puma)

and sensitizer B3 proteins (BagdNoxa). The artapoptotic proteins (Be2, BckXL, Bcl-w,

Mcl-1) bind to and inhibit both thmembrangpermeabilizing proteinandall of theBH3

proteirs. The activator BHproteinsalso bind to andctivate thenembrane permeabilizing
proteinswhichthen insert into the MOM analigomerizeto form pores in the outer

mitochondrial membrané&ensitizer BH3proteinsare believed tanhibit the antiapoptotic
proteinsby displacing boundctivator BH3proteins and poréormers from antapoptotic

proteinsby competing for the same binding sit€éee membrane plays an active role in

facilitating distinct changes in conformations of Bctamily proteins that govern the

interactions between the family members and thus whether or not MOMP occurs.

Discriminatng between competing models is sometime difficult, especially with complex
biological processes like apoptosis, which are even more difficult to predict. Quantitative
modeling is a tool that in combination with experimental data can be used to expldict, zne
understand the behavior of complex biological processes while validating and discriminating

competing models. Our collaborators (Dr. Peter Sorger Lab) have successfully used quantitative
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modeling to explain the substantial eticell variabilityin death kinetics upon induction of
extrinsic apoptosis that is attributed to the time it takes each cell to trigger MOMP, which can be
many hours. The interactions of the Bctamily regulating Bax pore formation and subsequent
SMAC/DIABLO release dueotMOMP were critical to controlling the ati-none phenotype of
MOMP and executioner caspase activation thus effectively modeling TYPE |{A&kéck et

al., 2008) A similar approach using Bayesian statistics was used to discriminate between the
competingmodelsofB€ f ami ly i nteractions fimodel ng t ha-
reproduces MOMP dynamics observed in sirgglls (Lopez et al., 2013)n Chapter 5 of this

thesis, we collaborated with Dr. Peter Sorgers lab and combined computational modeling,
Bayesian statistics and experimental data of Bafarmation change to create a Bax activation
kinetic model. This new kinetic model aided in identifying a novel Bax intermediate
conformation associated with activator BH3:Bax binding that occurs before Bax insertion into
membranes, Bax oligomerizationctamembrane permeabilization. In Chapter 7, | quantitatively
model the binding interactions between the sensitizer BH3 protein Bad and tapapibtic

protein BctXL to discover a novel function of the BH3 sensitizer protein Bad.

The aforementioned quiiative models allowed for important insights into the complex
regulation of the BeR family proteins that likely would have been missed when examined only
gualitatively. Furthermore, givendlrelatively large number of B& family proteins and subtle
differences in their binding affinities and mechanisms of actiescribed in detail in Chapter
2), and that dysregulation of the BZlfamily proteins has wideanging implications in human
disease, quantitatively modeling apoptosis will provide a daeprstanding of how cell fate is
controled, how it can become dysregulated, and how it can be modulated to treat human disease,

and in particular cancer.
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cal MNMariapnll yt iParot cef

14. Phar macol ogi
of Cancer

Treat ment
Normal cells become cancerous due to mutations that cause defects in pathways
controlling cell proliferation and homeostasis resulting in uncontrolled cell growth and genomic

instability (Hanahan and Weinberg, 201Normal cells trigger apoptosis to counteract both of
these facets of transformation tefore, for a tumour to developansformed cells must block
apoptosis. The initial observation that tied-2 gene did not function as a standard oncogene by
increasing cellular proliferation but that preventing death of normal lymphocytes was sufficient
for the gene to function as an oncogene, underpinned the importance of regulation of apoptosis

by Bcl-2 family proteins in carcinogenegigicDonnell et al., 1989)

Cancerous cells can and do undergo apoptosisa Eumour to develop, apoptosis has to
be sufficiently inhibited that growth outstrips death. For this to occur apoptosis is often blocked
at the point of MOMP due to overexpression of one or moreapoiptotic Bcl2 family proteins
(Deng et al., 2007)Simply put, life outweighs death; active aafioptotic proteins bind to and
inhibit all of the active preaapoptotic proteins in cancerous cells.aAsesult these cancer cells
are oOaddictedo6 t-apoptotic Bcl2damiy pretsirs because m theiralbsénce
the cells die faster than they grow. Such ¢
a O6pushd i n ntolriggeriMONMand sdhsaqueeist apopi¢Sisrto et al., 2006)
Inactivating the antapoptoticBcl2 f ami |y proteins with small n
asdisplacing the active but sequesteredg@poptotic proteins results in MOMEReber et al.,

2010; Del Gaizo Moore and Letai, 2013; ShatDaset al., 2013)
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Selective inhibition of antapoptotic Bcl2 family proteins is an emerging cancer
treatment strategy that contrasts with the broad toxicity of classic chemothextikyish
dividing cells regardless if they are cancerous or nof@zébotar et al., 2014 contrast to
cancercells, normalcellssl o not have wupregul ated apoptotic
death. Thus, normal cells can withstand inhibition of-aptiptotic Bcl2 family, whereas
cancerous cells cannot. The first truly selective drug using this strasesgiBT-263
(Navitoclax) which inhibits BeR, BclkXL and Bckw. Navitoclax showed promise for treating
hematological malignancies clinical trials, however patients had ddsmiting
thrombocytopenia (low platelet counts); antarget effect resultigpfrom the inhibition of Bel
XL in platelets(Mason et al., 2007; Tse et al., 2008; Vogler et al., 204RBY-199 (venetoclax),
which targets onl Bcl-2 and does not cause thrombocytopenia, was developed and in April 2016
was approved for treatment of relapsed Bbuers et al., 2013; Roberts et al., @01
Navitoclax and venetoclax are in dozens of clinical trials as use as single agents or in
combination with other therapi¢Belbridge et al., 201&nd show promise fa@ancers that are
addicted to BeR, Bcl-XL or Bcl-w. However, certain cancers depend on-Wébr survival
(Xiang et al., 2010; Zhang et al., 2011; Grabow et al., 28ddiancers may acquire resistance

to drugs that target BA/Bcl-XL/Bcl-w by upregulating MelL (Yecies et al., 2010)

At present there is only one small molecule Mghhibitor, S63845hat shows promise
as a therapeuti&63845was efficacious in killing multiple cancer derived cell limewitro and
pre-clinical mouse models of hematological malignanaieg&vo while sparing normal tissues.
The future of pharmacological manipulatiohBzl-2 family members is promising. While it will
be exciting to see how these drugs function as single agents and synergistically with other

therapeutics in future clinical trials, a more complete understanding of the molecular

8



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

mechanisms by which the B2 family regulates MOMP is essential to not only understand how
their dysregulation contributes to human disease but to also identify and validate other potential

therapeutic targets.

15. Thesi s synopsi s

In this thesis | begin to fill some of the gaps imderstanding the regulation of B2l
family proteins.The thesistartswith three chapter&, 3 and 4}hat were previously published
and together thegrovide a detailed summary of the functions of-Béamily proteingChapter
2), the rationale fothe use of fluorescence techniques to study2Bamily protein interactions
and function(Chapter 3)and the detailed methods used to study these proteins in this thesis
(Chapter 4(Kale et al., 2012; Shamd&sin et al., 2013; Kale et al., 2014My experimental

contributions to the field are described in Chapters 5, 6 and 7.

In Chapter 5, Use kineticanalysis of a reconstituted proteimrembrane system to
characterize the dynamics of the structural rearrangeraeBesx as it undergoes activation by
either cBid or Bim, followed by insertion intbé membrane and pore formation. The
environment changef 49 different residues was tracked contemporaneously with activator BH3:
Bax binding and liposome permeabilization. With our collaborators, we used quantitative
modeling paired with Bayesian statistics to fit the environment change dynamics of eaah residu
to create a novel kinetic model for Bax conformation changes. | find thati@ecgoes éast
rearrangement throughséructurally distinct intermediatassociated with activator BH3
binding,followed by the ratdimiting insertion of Bax into the mernéne, as we have previously
observed for BaxLovell et al., 2008)transitioning into the final serted site Furthermore,

point mutations of Bax found in human cancer and human cancer cell lines block Bax at this

9
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intermediate conformatiosuggesting that transitions into and out of this intermediate can be

modulated independently with consequences for teelgion of apoptosis

In chapter 6, | discover that phosphorylation of Bax at residue S184 by tsarpreal
kinase AKT traps Bax in the intermediate conformation converting Bax into aaoptotic
protein. A phosphomimetic mutant of Bax (Bax S18#ctions as a dominaimegative
preventing liposome permeabilization of WT Bax by sequestering activator BH3 proteins and
protecting cells from a variety of apoptotic stimuli. Analysis of The Cancer Gendliae A
(TCGA) database revealed that in human eagéncreasing the expression of Bax, and
therefore phosphorylated aapoptotic Bax in cells with hypeactive AKT represents an
additional mechanism for cancer cells to prevent apoptiosibese cells the mitochondria are
ounpri medo6 b yatioBand oupdata suggésts that & combination of AKT inhibitors

and BH3 mimetics could represent a viable treatment strategy.

Finally in Chapter 7, | uncover a novel function of the sensitizer BH3 protein Bad
modulates the activity of tBid indiregtthrough BciXL dimers Under physiological
concentrations of Be2 family proteins (<100 nM), Bad should not be able to displace cBid from
Bcl-XL since Bad has a Hold lower affinity to BckXL compared to cBid. By using a
guantitative model for Bad gitacement of cBid from BeXL | find that Bad bindingto a Bct
XL:tBid complexacts as aallosteric switch coverting the antiapoptotic tBiBcl-XL dimer
complex to a proapoptotic otleus repreenting a novel mechanism that enhances the pro
apoptotic pagncy of Bad As a whole, this thesis contributes to the vast body of work devoted to

understanding how the B&lfamily regulates MOMP and in particular uncovers novel
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mechanisms for the activation of Bax, inhibition of Bax by AKT, and theapaptotic atvity

of Bad.
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21. Pr ef ace

This chapter has been previously published as a book chapter in:

ShamaDin, A., Kale, J., Leber, B., and Andrews, D.W. (2013) Mechanisms of Acti@tle?
Family Proteins. Cold Spring Harb Perspect Biol. 5(4):a008714.

The publisher has grant@ermission fothe work to be reproduced here
Author Contribution:

ShamasDin, A wrote the sections on the models andBH& memberg Kale, J wrote the

secti o-domairvpweh p o pt ot i ¢ member sé. L e b-aoptoticB wr o't
me mb end $hé coreclusion. Figures 1 & 2 were prepared by Sh@mgsA. Figure 3 was

prepared by Kale, Andrews, DW edited the manuscript and directed the layout of the book

chapter.
Objective:
To detail the molecular mechanisms governing the regulation @&@adk2 family of proteins

Highlights:

1 The Bcl2 family of proteins regulates the commitment step to apogtosisochondrial
outer membrane permeabilization (MOMP)
1 There are 3 classes of BZIFamily proteins
o Poreforming multiregion proapoptotic proteitisat permeabilize the
mitochondrial outer membrane (MOM)
0 BH3-only proteins that directly or indirectly activate the ptweming members
0 Anti-apoptotic multiregion proteins that inhibit both the ptmemers and the
BH3-only proteins
1 The Bcl2 family protens undergo significant conformation changes wtaggeting to
the MOM which changes their binding interactions to one another
1 The fate of the cell is determined by the interaxtibetween thed-2 family members
within the cytosol or MOM which are govegdby the differences in concentrations and
relative binding affinities of the proteins
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22. l ntroducti on

Apoptosis was formally described and named in 1972usscmemorphologic response
to manydifferentkinds ofcell stress that was distinfrom necrosis. However, despite the
novelty andutility of the concept, little experimental work was done overfélilewing twenty
yearsbecauseo tools existedo manipulate the process. In the early 1990ss®minal
observationghanged th landscapéFirst, as theomplete developmental sequené¢he
nematodeCaenorhabditis elegansaspainstakinglyelucidatecdat the single cell levelf was
noted that fixed, predictable number &fi nt er medi at ed0 cel |l s wer e
procesavas positively and negatively regulated by specific gefesonda novelgene called
B-cell CLL/Lymphoma 2 (BeR; encoded bBCL2) that was discovered as a partneain
reciprocal chromosomal translocatimna human tumoturned out to function not asclassic
oncogene byriving cell division but rather by preventirgpoptosisWhen it wasliscovered
that themammaliarBCL2 could substitute fo€ED-9, theC. elegangenethatinhibits cell
death, the generality of the process was recograrneddhescientific literature exploded with
now well over 18 publicationson apoptosisHowever, it is ironic to note that after a further 20
years of intensive investigation, it is clear that the mechanism of action-@fiBgjuite distinct
from Ced9 that segesters the activator of the caspase protease that is the ultimate effector of
apoptosis. By contrast, B@lworks primarily by binding to other related proteins that regulate

permeabilization of thenitochondrialoutermembrane (MOM).

This review will examine how apoptosis is regulated by the members of the (now very
large) Bct2 family comprised of three groups related by structure and function (illustrated in
Figure 1): (1) the BH3 proteins that sense cellular stresactite (either directly or

indirectly) (2) theexecutioneproteins Bax or Bakhat oligomerize in and permeabilize the

MOM thereby releasing components of the intermembrane space that activate the final, effector

caspases of apoptosad (3) the antapoptotic members like B& tha impedethe overall
procesdy inhibiting both the BH3 and the executioner proteifrsunderstand the consequence
of the interactions between the three subgroups, several models have been proposed (Direct
Activation, DisplacementEmbedded TogetheandUnified Modelillustrated in Figire 2) that

arebriefly described here before a more detailed discussion of th2 faahilies
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Figure 2.1- Schematic overview of the BeR Family of proteins.
The family is divided into two subgroups containing proteins that either inhibit apoptosis, or promote apoptosis. The
pro-apoptotic proteins are further sdivided functionally into those that oligomerize and permeabilize the MOM,
such as Bax and Bak; titose that promote apoptosis through either activating Bax or Bak or inhibiting the anti
apoptotic proteins, such as tBid, Bim, Bad, Noxa. Proteins are included in tBefdully based on sequence
homology to the founding member, BZlin one of the fouBcl-2 homology (BH) regions. All the antipoptotic
proteins, as well as Bax, Bak and Bid, have multiple BH regions, are evoluti@iargd and share a three
dimensional structural fold. The BH3 proteins contain only the BH3 region, are evolutiortary fism the multi
region proteins and are intrinsically unstructured. Most members of tk2 fBolily proteins contain membrane
binding region (MBR) on their carboxyterminal in a form of a tatinchor, mitochondriatiargeting sequence or as a
hydrophobic amineacid sequence that facilitates binding and localization of these proteins to the MOM or ER

membrane.

2.2.1. Direct Activation model

Thedistinctivefeature of the direct activation model is that a BH3 protein is required to
directly bind and activatthe Bcl-2 mult-homology regiorpro-apoptotic proteins, Bax and Bak.
The direct activation model classifies BH3 proteins as activat@snsitizers based on their
affinities for binding to Bcl2 multi-region proteingLetai et al. 2002(See Table 1)The
activator BH3 proteins, tBid, Bim and Puma bind to both thegmaptotic and the aréipoptotic
Bcl-2 multi-region proteingKim et al. 200$. The sensitizer BH3 proteins, Bad, Noxa, Bik,
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Bmf, Hrk, Bnip3 bind to the an@poptotic protms, therebyliberaing activatorBH3 proteinsto
promotemitochondrialoutermembranegermeabilization (MOMPJLetai et al. 2002Kuwana et
al. 2005 Certo et al. 2006 The antiapoptotic proteins bind to both the activator and the
sensitizer BH3 proteins, but are unable to complex with Bax andiaket al. 2008.
Thereforefor acell to evade apoptosiantiapoptotic proteinsnust sequester tHgH3 proteins

to prevent Bax/Bak activation arapoptosis.

Table 2.1 - Binding profiles within Bcl-2 family members

Antiapoptotic protein binds to

BH3 proteins

Antiapoptotic Bax/

protein Bak/Bid  Activator  Sensitizer
Bcl-2 Bax, Bid Bim, Puma Bmf, Bad
Bcl-XL Bax, Bak, Bim, Puma Bmf, Bad,
Bid Bik, Hrk
Bcl-w Bax, Bak, Bim, Puma Bmf, Bad,
Bid Bik, Hrk
Mcl-1 Bak, Bid Bim, Puma Noxa, Hrk
Al Bak, Bid Bim, Puma Noxa, Bik,
Hrk

Letai et al. (2002); Chen et al. (2005).

2.2.2. Displacement model

In the displacement model, BH3 proteins do not directly bind to Bax and Bak to cause
their activationRatherBax and Bak are constitutively active and therefore must be inhibited by
theantiapoptotic proteins for the cell to survive. To initiate apoptosis, BH3 proteins displace
Bax and Bak from the anéipoptotic proteins to promote Bax or Bak mediated MOMP. Since
BH3 proteins selectively interact withieited spectrum of antapoptotc proteins, a
combination of BH3 proteins is required to induce apoptosis in cells expressing multiple anti
apoptotic Bci2 family membergChen et al. 2005See Table 1)in support for this model,
heteradimers of Bak with Mcll and BciXL are present in dividing cells and owexpression of
Noxa displaces Bakicl-1 heteraimersreleagng Bak andorming NoxaMcl-1 complexesln
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these cellsa combination of Bad and Noxa is required to neutralize the effects of beXi Bcl

and Mctl in orderto finally induce apoptosiéWwillis et al. 2005.

2.2.3. Embedded Together model

The O06Embedded Togetherd model i ncorporat e
a c t foomogt Bel2 family proteins since MOMP does not occur until Bax and Bak achieve
their final active conformation in the membram@ée interactions wittmembranes result in
distinctchanges in conformations thfe Bcl-2 family proteinsthat goverrtheir affinity for the
relative local concentrations of the binding partr{eeber et al. 2007/GarciaSaez et al. 2009
Leber et al. 2010 For example, the cytoplasmic mutégion proteins Bax and B&L undergo
large but reversible conformational changes after interacting with NExMch et al. 201}, that
increase the affinity for binding to a BH3 protein causing a further conformational change and

allowing insertion in the membrane.

In this model, sensitizer BH3 proteins bind only to @moptotic proteins. However, the
consequences of this interaction incorporate the features of both the displacement and direct
activation models, as the sensitizer BH3 proteins neutralize the dwatibiu of the anti
apoptotic proteins by displacirngpththe activator BH3 proteins and Bax or Bak from the
membrane embedded conformers of the-aptiptotic proteingBillen et al. 2008Lovell et al.

2008. Because it is the activated forms of Bax and Bak that are bound to the membrane
embedded antpoptoticproteins, sensitizer proteins release Bax and Bak conformers competent

to oligomerize and permeabilize membranes.

Another distinguishing feature of this model is the dual role assigned to activator BH3
proteins, which directly activate papoptotic proteis and also bind to ardpoptotic proteins.
When activator BH3 proteins interact with Bax and Bak, they promote insertion into the
membrane whereupon Bax and Bak oligomerize and permeabilize cellular membranes.
Similarly, interaction of activator BH3 preins with antiapoptotic proteins promotes their
insertion into membranes. However, in this case the BH3 protein functions like a sensitizer, since
the bound artapoptotic protein is unable to bind Bax or Bak. However, sequestration goes both

ways and byinding the BH3 protein the ardipoptotic protein inhibits it at the membrane.
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Moreover, as the interaction of the activator BH3 proteins with both the@pdothe anti
apoptotic Bci2 family proteins is reversible, it is therefore possible for a siBgl@ protein to
interact with both proand anti apoptotic proteingdepending oitheir relativeexpression leve)s
thereby changing their conformation at the membraResentlymany of the interactions

proposed by this modélave been measured directyliving cells(Aranovich et al. 2012

2.2.4. Unified model

The unifed modelofBek f ami |y function builds wupon
(Llambi et al. 201} This model distinguishes the known interactions of-aptiptotic Bcl2
proteins to sequester the activatddBproteins as mode 1, and to sequester the active forms of
Bax and Bak as mode 2 (Figure 2D). Although in cells both modes of inhibition take place
simultaneously, in the unified model inhibition of apoptosis through mode 1 is less efficient and
is easietto overcome by BH3 sensitizers to promote MOMP than inhibition through mode 2.
Importantly the unified model also incorporates the functions of Bax and Bak in mitochondrial
fission and fusion and postulates that only mode 2 repression affects this pfocessodel is

therefore the first to explicitly link modes of MOMP regulation and mitochondrial dynamics.

The dual function assigned to aapoptotic proteins is thus shared by both
embedded together and unified models. However in the former, thelaytéetween members
of the Bcl2 family are determined by competing equilibria therefore, the abundance of proteins
and specific conditions of cell physiology including ptrainslational modifications will
determine the prevailing interactions. As a tesbe embedded together model differs from the
unified model in that it predicts that either mode 1 or mode 2 can be dominant depending on
circumstances such as particular form of stress and cell type. Further work to test the different
predictions of te models with fullength wildtype proteins in different cells is required to

resolve these issues.
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A Direct activation B Displacement C Embedded together D Unified
BH3 BH3 BH3 BH3
S S S S

Figure 2.2 - Schematics of the core mechanisms proposed by various models for the regulation of MOMP by

Bcl-2 proteing

Arrowsindc at e activation, To6s indicate inhibition, and TE¢
forward and reverse symbols indicate the model makes explicit reference to equilibria.

A. The direct activation model dides the different BH3 proteins by qualitative differences in function. The BH3
proteinswithhigha f f i ni ty for binding and activating Bax and B
onlybindtheanta popt otic proteinssareTheraectdi ast dseBHd3 tprzet e
and activate Bax and Bak to promote MOMP. The-aptiptotic proteins inhibit MOMP by specifically

sequestering the BH3 activators. The BH3 sensitizer proteins can compete for binding withapepautic

proteins, thus releasing the BH3 activator proteins to avidly promote MOMP through activation and oligomerization

of Bax and Bak.

B. The displacement model categorizes the BH3 proteins solely based on their affinities of binding for the anti
apoptaic proteins (hence, does not recognize them as activators). In this model Bax and Bak are constitutively

active and oligomerize and induce MOMP unless held in check by thapapiotic proteins. Therefore, for a cell

to undergo apoptosis, the correcttmination of BH3 proteins must compete for binding for the different anti

apoptotic proteins to liberate Bax and Bak and for MOMP to ensue.

C. The embedded together model introduces an active role for the membrane and combines the major aspects of the
previous models. The interactions between members of th Bahily are governed by equlibria, and therefore are
contingent on the relative peih concentrations as well as their binding affinities. The latter are determined by post
translational modifications, fraction of protein bound to the membrane, and cellular physiology. At membranes, the
activator BH3 proteins directly activate Bax anckBlat then oligomerize inducing MOMP. Both activator and

sensitizer BH3 proteins can recruit and sequesteiagiojptotic proteins in the membrane. The-apibptotic

proteins inhibit apoptosis by sequestering the BH3 proteins and Bax and Bak in theamemtiny preventing their

binding to membranes. At different intracellular membranes, the local concentrations of specific subse?s of Bcl
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family members alter the binding of B2lproteins to the membrane and the binding equilibria between family
membes. As a result, Be2 family proteins have distinct but overlapping functions at different cellular locations.
D. The unified model builds upon the embedded together model by proposing that-tigoatotic proteins
sequester the activator BH3 prote{n®de 1) and sequester Bax and Bak (mode 2). It differs in that in the unified
model, inhibition of apoptosis through mode 1 is less efficient (smaller arrow in paarstiDjerefore easier to
overcome by sensitizer BH3 proteins. In addition, the unifiedel extends the role of B2lfamily proteins and

the regulation of MOMP to mitochondria dynam{cst shown)

2.2.5.  The models: who binds to whom?

One aspect of many of the models that is potentially confusing is traadtivator BH3
protein binds to anrdi-apoptotic family member which is being inhibited? Whether anti
apoptotic proteins sequester the BH3 proteins, or the BH3 proteins sequesterdpeatotic
proteins becomes a semantic argument. A more productive way of characterizing theanteract
is as a mutual sequestration that prevents their respective activation or inhibitioncffBeix
and Bak. Therefore whether MOMP ensues is determined by the relative concentrations and
affinities of the preand antiapoptotic proteins at the memhga This recasting of the playeass
reminiscent othe original rheostat model proposed by the Korsmeyer di®@liyai et al. 1993
however it extends that model in ways not originally envisioned. For exatnglbgeostat
model did not anticipate autictivation. f there is sufficient cytosolic anréipoptotic BIXL,
then those BeKL molecules recruited to the membrane by a BH3 protein can recruit additional
moleculesof BeXL t o t he me mb ractivae | tomrbg u @ah pdaowcteds s al
Bax. Since BH3 protein binding is reversible, aattivation ensures recruitment of sufficient
Bcl-XL to provideefficient inhibition of the BH3 protein.

Anotherrecently recognizedspect that determines the naturd &ate of the binding
interactions is composition of different membrane organellesnentioned abovéhe unified
model provide a mechanistic link between MOMP regulation and mitochondrial fission and
fusion The importance of membranes in modifying fmymations and binding partners as
proposed by the embedded together model accounts for the overlapping but distinct function of
the Bcl2 family at the mitochondria and endoplasmic reticulum. It also explains how other
membrane sites such as the Golgi aahas a reservoir for potentially activated BBximitru et

al. 2013. Theefore, the roles of Be2 family proteins in cell fate decisions and other processes
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such as mitochondrial fusicand autophagy appear togmémarily governed by the relative
concentrations and affinities of the different binding partners available in that specific subcellular

membrane.

23. Mul t i dpmmp cipt ot i ¢ members

Bax (Bcl-2 associateX protein) wasidentified by ceimmunoprecipitation withiBcl-2
(Oltvai et al. 1998 Unlike Bcl-2, overexpression of Bax promoted cell death, &rdbpposing
functionssuggested érheostab model wrerebytherelative concentrationsf pro- and ant
apoptoticBcl-2 family membersleterminecell fate The discovery of BeKL indicated that anti
apoptotic function could be mediated by more thanBehortly thereafter BakEcl-2
associatediller) wascloned and recognizeas the seand preapoptotic protein functiang
similar to Bax despite being more homologous toBttian Bax(Chittenden et al. 199%arrow
et al. 1995Kiefer et al. 1995 Cells in which the gene encoding eitligax or Bakwasknocked
out were still susceptible to apoptosis. HoweBak /Bak’ double knockout cellwere
resistant to almost atleath stimul{Wei et al. 2001 Theseseminalstudies placed Bax and Bak
in the same praleathpathway and indicated significant functional redundakoythermore, the
demonstration that they are jointly necessary for almost all types of apoptotic cell death (except
for death receptor pathways where effector caspases areydaetttated by initiator caspases)
provides the mechanism for integration ofjaod antiapoptotic signals via the common

mechanism of Baxand Bakmediated membrane permeabilization.

Both Bax and Baknediatepro-death function at thB1OM where they ofjomerize and
permeabilize the MOMesulting in the release aftermembranespace [MS) proteins such as
cytochromec, OMI/HTRA2, SMAC/DIABLO and Endonuclease &uwana and Newmeyer
2003. The solution structures of Bax and Bak reveal that both proteins are comp8saiploa
helices with a large hydrophobic pocket comprised of helie&éSizuki et al. 2000
Moldoveanu et al. 2006Both Bax and Bak contain at€rminal transmembrane region, alpha
helix 9, which targetthe proteins to théVlOM (See Table 2)

The differences between Bax and Bak are illuminating with respect to the common

mechanismWhile Bax has a high affinity for the argtpoptotic proteins, B and BciXL, Bak
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has a high affinity for the anipoptotic proteins, Mel and BciXL (Willis et al. 200% Llambi

et al. 201). Another difference is that Bak is found constitutively bound to the MOMease
Bax is primarily cytosolidut migratesto theMOM afterapoptotic stimul{Hsu et al. 1997
Wolter et al. 1997Giriffiths et al. 1999. The difference in localization of Bax and Baknon
stressecellsis dueto the position of helix INMR studies indicate that in the initial step of
activationhelix 9 of Bax is bound tahe hydrophobic pockét n  fipceveging helix 9 from
inserting into theVlOM (Suzuki et al. 2000 Disruption oftheinteractionof helix 9 with the
hydrophobic pocketausesonstitutive Bax targeting to the mitochondtiaus recapitulating the
intracellular location of BaKNechushtan et al. 199Brock et al. 201). Conversely tethering
helix 9 to the hydrophobic core of Bax abragsiax targetingo MOM andmembrane
permeabilization(Gavathiotis et al. 20)00ther portions of the protein involved in membrane
binding (and MOMP) once helix 9 is displaced are described below. By contrast, it is presumed
that helix 9 of Bak is positioned differently, sinBak bypasses thaitial step of Bax activation
andtargetsconstitutivelyto mitochondribmembrane§Seoguchi et al. 2006

2.3.1. Bax/Bak mediated MOMP

It was proposed that activat8ax would assembla complex of proteins termed the
permeability transition pore (PTR) treatean opening spanning through both membranes of the
mitochondria ultimatelycausing theviOM to rupture due to mitochondrial matrix swelling
(Schwarz et al. 2007The PTP is composed of the voltadgpendananion channel (VDAC1)
located within theMOM, adenine nucleotide translocase (ANT) located withimiiiechondrial
innermembrane (MIM)and Cyclophilin D located within the mitochondrial maticenner and
Grimm 2006§. Opening of the pore would ensue after activd&dar boundto VDAC1 causing
confamational change in this pexisting channel, such that it is linked to ANShimizu et al.
1999. However by biochenical and gene knoetiut studiesall three components of the PTP
have beershown to be dispensalfler Bax dependent MOMPT sujimoto and Shimizu 2007
NeverthelessPTPformation by Bax/Bak independent mechanisms does have a role in cell death

as itregulate necrasisin some circumstancéblakagawa et al. 2005

An alternative possibility is that activated Bax/Bak form pores directly in the MOM.
Amphipathic alph#elical peptidesanporate membranes vizvo separate mechanisms termed
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barrelstave or toroidal leading to two distinct pores, proteinaceous or lipidic respefaely
et al. 200). In both modelsthe helices line the pore, perpendicular to the membrane. The-barrel
stave modetreates a proteinaceous pore devoid of lipids. Conversely, a toroidal pore is
composedof protein and lipid components. Bax inserts three amphipathic héicésand 9)
into theMOM prior to oligomerization and MOMBANnNis et al. 200p Currently, there is
evidence for Bax and Bak generating botht@irtaceous and lipidic poreSlectrophysiologic
studies using patch clampimdgntified a pore that wasrmed thanitochondrialapoptosis
inducedchannel (MAC)(Pavlov et al. 2001 The MACcontairs oligomeric Bax or Bak,
providingthe first irdicationthat these proteinsancreate a proteinaoas porg(Dejean et al.
2005. This complexis thought to be congsedof nine Bax or Bak maomersyielding a pore
diameter of ~5nm wibh should be sufficient to releasgochromec, a 15 kDa protein.
However,experiments investigatinpe core mechanism of Baore formatiorusingliposomes
or MOMs demonstratéhat Bax can release higholecular weight dextraup to 2000 kDa
(Kuwana et al. 2005uggesting that the pore is likely largewivo. Furthermore, Bax can
create pores ranging in size from280 nm consistent with a lipidic pore, not a proteinaceous
pore(Schafer et al. 2009Additionally, peptidegontaining onlyhelices5 and 6 of Bax can
cause pores to form in liposomes that resemble lipidic {Qies et al. 2008 Most of the
evidence for proteinaceous pores has lmdrserved wh isolated mitochondriavhereas the
evidence for lipidic pores isrgely from experimentwith liposomaibased systems. ik
therefore conceivable that both mechanisms are operative at differerinstaqms Bax or Bak
mayinitially inserthelices 5and 6 (and 9nto theMOM forming small pores that resemble
proteinaceous porgand afteffurther oligomerizationthe pores increase in siznd alter the
lipid structure of the membraracilitating theformationof a pore that can release larger IMS
proteins such as OMI/HTRA2 (~49kDa) and SMAC/DIABLO (~27kDa).

2.3.2. Mechanismof Bax/Bak activation and pore formation

A conformational change in the-tdrminal region obothBax and Bak hebeendetected
that correlates withctivation(Hsu and Youle 1997Griffiths et al. 1999Dewson et al. 2009
WhenBax interacts transiently with membrangexpo®s anN-terminal epitope thatan be
detected using the 6A7 monoclonal antib@dgu and Youle 1997 ethon et al. 2003 After
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interacting with BH3 proteins that cause membrane insertion of Bagpttape change detected

by 6A7 is Al ocked i noTheexmosureofthe 6A3 epitope hhschheeg er r
attributed to a conformational change in alpha helix 1 of Ba&yerl et al. 2007 The sequence

of events is likely different for the &rminal conformational change in Bak as the protein is

constitutively membranbound.

After activation, the next step leading to oligomerization and pore formation is still under
debate. Rcently a second hydrophobic pocket of Bax idastified through mding with the
BH3 peptide of Bim(Gavathiotis et al. 200&avathiotis et al. 2030This new bindingurface
termed the Or esadofhgiaeslkaad6@ndiisd$ocatedan the oppositefgide
t he ¢ anoni chindingpotketofBaxgomprs@of helices 24). In the cytoplasmic
form of Bax, he rear pocket is masked by an unstructured loop between helices, Irarchas
the front pocket is masked by helix 9. If the helif Ioop is tethered to the rear pocket, Bax
cannot expose the 6A7 epp® or release helix 9 from the front pocket, rendering Bax inactive.
This suggestthatBax needs to undergo multiple conformational changes in order tadoind
membranes and oligomerize to form pores. Bax and Bak also contain twquatieely
transmembane regions located helices5 and6. After activation, Bax inserts helices 5, 6 and 9
into theMOM (Annis et al. 200%. In contrast, helix 9 of Bak is constitutively transmembrane
andBak insertqat leastU 6  the MQ@M afteractivation(Oh et al. 201 Additionally, Bak
lacking its Gterminal transmembrane domain is still able to insert into membranes and
oligomerize causing pore formatiaffteractivation by BH3 proteinfOh et al. 2010Landeta et
al. 201). Thus, one or more domains of Bakaddition to helix 9nust be anabring it within
the membranes. Furthstudies areequiredto determine if Bak insertsothhelices 5 and 6, as

appears to bthe case for Bax.

Whet her it binds to the 6frontd or the Or
2 of both Bax and Bak is essential fomo-dimerization(George et al. 200 Dewson et al.
2008. Two models of how the prapoptotic pore forming proteiqgsopagate thdimersinto
larger poreforming oligomeis have emerged. The asymmetric and symmetric dimer models both
propose thBBax and Bak monomers imget via their BH3 regions ancalix 6, however they
differ in which pockets the protesmse to oligomerizéeyond the dimeffFigure3). The

asymmetrical dimer model wasoposed after the identificatiaf the rear pockgiGavathiotis
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et al. 2008Gavathiotis et al. 2030In this modelactivator BH3 proteinmitiate the activation
of Bax by binding to the rear pocket causalipstericconformational changes that displace
helix 9 allowing Bax to target to tHdOM (Kim et al.2009. Sequentiabligomerization
proceeds by the BH&gionof an activatedax binding to the rear pocket of another Bax

monomer thereby exposing its Bi&gionto further propagate oligomerization.

The second model propogdsitBax forms symmetrical dimers whereby the Btdgions
of two Bax monomers reciprocally bind the fraackets of each othéDewson et al. 20Q9
Bleicken et al. 201,00h et al. 2010Zhang et al. 2010 This dimerization changes the
conformation of Bax such that the rear pockets interact with each other to facilitat

oligomerization.

These contrasting models postul ate differ
However it is clear thain each model bothydrophobic pockets are important for the-pro
apoptotic function othe proteins.dentification ofthe mechanism and dynamic binding surfaces
that mediateligomeriationwill be a great assébr assays testingmall molecule modulators of
Bax and Bak functiomo allow this ratelimiting stepin apoptosis to beelectively activated or

inhibited & dictated byclinical need.
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Figure 2.3 - Models of Bax and Bak dimer formation

A. Symmetrical dimers: étive Bax and Bak monomers with helices embedded withiiMtb& expose their BH3
regionswhichintunth nd t o the O6front pocket @grooveawpanadipeedt of t he
monomer. This binding c¢hange sompriserl ofelcasfl and Gradldwing n o f t h e
homodimers to form tetramers and furtpeopagate oligomerization.

B. Asymmetrical dimersActive Bax and Bak expose their BH&gionswhich interact with the rear pocket on an

adjacent monomer forming an oligomer through subsequent rear pocketgbiBinteractions.

24. BH3me mber s

2.4.1. Evolution and structure of BH3 proteins

BH3 proteins interact witland regulatenulti-region po-apoptotic and antapoptotic
Bcl-2 family members through the BH3 region, a shared homology region with oth2ar Bcl
family proteins.The specificity and affinity of the BH3 proteins for binding wiltleir partners is
determined by small differences in the amino acid sequence in the BH3 region (Table 1).
Mutationsin one or moref the key residues in the BH3 region of Bid and Bad can abolish
binding with other BecR family proteins and impede thgiro-apoptotic functior(Wang et al.
1996 Zha et al. 1991
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The evolutionary relationship between muégion BEl-2 family members and BH3
proteins is distant, and BHBoteins are thought to have originated after graagion event
during vertebrate evolutioffouacheria et al. 2005A subclass oBH3 proteins, Bnip proteins,
has a different evolutionary history and likely originated independently. These Bnip proteins
contain a lessvell conservedBH3 region and may not require this to bind to otherBtamily
proteins(Chinnadurai et al. 2008

NMR studiesof Bim, Bad and Bmfandin silico predictons forotherBH3 proteins
indicate that they anatrinsically unstructuregroteinsin the absence of binding partners, but
undergo localized conformational changes in the BH3 region upon binding witpamtiotic
proteins(Hinds et al. 200) Bid is an exception to this observation, since it shareloghlgetic,
structural and functional features with mukigion Bct2 family membergBillen et al. 2009.
Bid was originally discovered through binding to both Bax andBelind was classified as a
proa p o pt o toincl y6ol spBre it toptained only a BH3 region. However, Bid shares a
high degree of similarity in the overall thrdenensional fold of the structure with other multi
region Bct2 family proteingChou et al. 1999McDonnell et al. 199P Furthermore, the
presence of a newly identified BH4 regififvansakul et al. 2008phylogenéic evidenceand
the mechanistic parallels between the activation of Bid and Bax suggest that Bid dosele
related to the mukiegion family proteins than the BH3 protefiillen et al. 2009ShamasDin
et al. 2010.

2.4.2. Structural plasticity and multiple members permits diversity in
function

While there are fivenajoranti-apoptotic and two main prapoptotc multi-region
proteins, there arat least ten different BHBroteins in the vertebrate genof#®uacheria et al.
2005. The amplification of the BHBrotein subgroup allows the organismnduce apoptosis
selectively bymonitoing many different types afell stresghat may be restricted tertain
subcellular sites, specific cell types or signalling pathways. Accordingly, there are many ways to
turn on the different BH3 proteins, including transcriptional, translational, andrpastational
mechanisms. Furthermore, the consequenceroiny on specific BH3 proteins differs

according to the binding specificity of the
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Direct Activation model, these quantitative differences in binding affinities lead to qualitative
differences in funiton: only a restricted subclass (so far only tBid, Bim, and Puma) have high
enough affinity for the mukregion preapoptotic proteins Bax and Bak to allow direct binding
and activation as discussed in Secda® These BH3 proteins are thus designateit/ators. By
contrast, al | ot her BH3 proteins have been p
BH3 proteins from binding to aréipoptotic members. This frees the activator BH3 proteins to
then bind to Bax/Bak. Sensitizer binding alseyants antapoptotic proteins binding activated
Bax and BakThus sensitizer BH3 proteins specifically bind to apoptotic members, and do
not bind to Bax/Bak directly. In subclassifying the BH3 proteins, the role of Pemmans
somewhatontroversiglasit has been shown to le¢theran activato(Cartron et al. 2004Kim

et al. 2006Gallenne et al. 20Q0¥Kim et al. 2009 or a sensitizer in different studi@kuwana et

al. 2005 Certo et al. 20068Chipuk et al. 2008Jabbour et al. 2009This controversy may be
caused by the fact that BH3 activators can alsassensitizers via mutual sequestration of anti

apoptotic preeins (as discussed in section)2.2

The inherent structural plasticityf most BH3 proteins alsacilitates interactions with
multiple binding partneréncluding nonBcl-2 proteinghatgoverntheiré6 d ay ije.dH3Xs 6 (
proteins in theinon-activated state have roles independent of apoptdsidurther facilitate the
6day pnetitusvély expecessed BHXoteins are located in parts of the cell distant from
theirapoptosigarget membrar{g) where they participate in varionen-apoptoticcellular
processes (Table 2Jhus, b switch the function of BHProteirsf r om t he O6day | ob.
apoptosis, constitutively expressed proteins undergotpsilational modifications, such as
phosphoryl&éion, myristoylation, ubiquitination and proteolysis that restrict the proteins to one of
the alternative function@utuk and Letai 2008 In addition, the function of BH3roteins such
as Puma and Noxa are controlled at the transcriptional level, and are expressed only in the
presence of deastimuli. Finally, the BH3oroteins can change their conformation at their target

membrane(s) and upon bindito Bct2 family partner to change their function.
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2.4.3. BH3 proteins binding to membranesas a critical step inregulating
apoptosis

For the amplifiation of death signals, BH3oteins translocate to MOM to activate Bax
and Bak and promote MOMP. However, theact mechaism by which different BH®roteins
migrate tg and insert into membrangaries. Mitochondriatargeting andail-anchor sequences
are used to targseveral of the BH@roteins to the MOMKuwana et al. 2002Seo et al. 2003
Hekman et al. 20Q6.ovell et al. 2008 (See Table 2Moreover,the presence of specific lipids
such as cardiolipin and choleste¢blitter et al. 2000Hekman et al. 20Q6.uckenArdjomande
et al. 2008, and proteirreceptors such as Mtch2 at the MOM have been shown to influence the

targeting ofotherBcl-2 family proteins to their target membrarigaltsman et al. 2030

Once at the membranigjs likely thatBH3 proteinsundergo extensive conformational
changeshat dictate theifunction.For example, fker cleavagdy activated caspas® initial
association of cleaved Bid with the MOM causes separation of the two fragments, with
subsequent insertion and structural reagement of the p15 fragment (tBid) that likely orients
the BH3 region tdindto Bax or Bcl-XL. Furthermore, thether BH3proteinsthat are
intrinsically unstructured undergo localized conformational changes upon binding membranes

and antiapoptotic preeins.
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Table 2.2 - Localization, targeting mechanism and norapoptotic function of Bcl-2 family proteins

Bcl-2
protein

Targeting mechanism
and location

Master Universityi Biochemistry and Biomedical Sciences

Nonapoptotic function

References

Bax

Bak

Bid

Bcl-2

Bcl-XL

Mcl-1

Bcl-w

Al/Bfl-1

Bim

Puma

Bad

Bik/Blk

Noxa

Bmf

Hrk/
DP5

Beclin-1

Tail anchor
Cystolic binds to MOM and ER
membrane upon activation

Tail anchor
Constitutively bound to MOM
and ER membrane

Carboxy-terminal anchor?

Helices 6 and 7 required for
membrane binding

Cytosolic and nuclear in healthy
cells

Localizes to MOM and ER upon
cleavage by caspase-8 on the
onset of apoptosis

Tail anchor

Constitutively bound to MOM
and/or ER membrane

Tail anchor

Binds to MOM and ER
membrane upon activation

Tail anchor

Binds to MOM upon activation

Noncanonical tail anchor
Localization unknown
Charged carboxyl terminus
MOM (other membranes?)
and perinuclear region
TOM complex-dependent
carboxy-terminal
hydrophobic segment—
MOM
Carboxy-terminal hydrophobic
segment (2)—MOM

Two lipid-binding domains at
carboxyl terminus

Cytosolic in healthy cells,
mitochondrial in apoptotic
cells

Carboxy-terminal tail anchor
Hydrophobic segment—ER

Targeting region at carboxyl
terminus and via BH3 region
mediated interactions with
Mcl-1—MOM

By binding to Bcl-2 family
members?

MOM during apoptosis

Tail anchor
MOM

Carboxy-terminal dependent?
ER, MOM, trans-Golgi
network

Promotes mitochondria fusion
in healthy cells and
mitochondria fission in dying
cells

Promotes mitochondria fusion
in healthy cells, and
mitochondria fission in dying
cells

Preserves genomic integrity and
mediates intra-S-phase check
point

Interacts with and modulates
NOD1 inflammatory
response

Bcl-2 binds to the IP3 receptor
at the ER, and inhibits the
initiation phase of calcium-
mediated apoptosis

Bcl-XL links apoptosis and
metabolism via acetyl-CoA
levels

Unknown

Normally highly unstable
protein

Unknown

Unknown

Associated with microtubules
in healthy cells

Unknown

Transcriptionally regulated by
p53

Regulation of glucose
metabolism

Unknown

Unknown

Binds myosin V motors by
association with dynein light
chain 2 in healthy cells
Function unknown

Role in hearing loss in response
to gentamycin suggests
function in inner ear

Regulates autophagy

Annis et al. 2005; Karbowski
et al. 2006; Montessuit et al.
2010; Hoppins et al. 2011

Griffiths et al. 1999;
Karbowski et al. 2006;
Brooks et al. 2007

Li et al. 1998; Luo et al. 1998;
Hu et al. 2003; Kamer et al.
2005; Zinkel et al. 2005;
Yeretssian et al. 2011

Nguyen etal. 1993; Janiak et al.
1994; Hinds et al. 2003;
Wilson-Annan et al. 2003;
Chou et al. 2006; Dlugosz
et al. 2006; Rong et al. 2009

Jeong et al. 2004; Brien et al.
2009; Yi et al. 2011

Zhong et al. 2005; Chou et al.
2006

Hinds et al. 2003; Wilson-
Annan et al. 2003
Simmons et al. 2008

O’Connor et al. 1998; Weber
et al. 2007

Nakano and Vousden 2001

Hekman et al. 2006; Danial
2008

Germain et al. 2002

Oda et al. 2000; Ploner et al.
2008

Puthalakath et al. 2001

Inohara et al. 1997; Kalinec
et al. 2005

Sinha and Levine 2008

?, inconclusive data.
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Despite strong evidence for the functional interaction and activation of Bax and Bak by
activator BH3proteins,demonstration of binding of the full length protein (as opposed to
peptides from the BH3 regiohpsonly recently been reportestrongreversiblebinding of tBid
to Bax was observed iposomal MOMlike membranes (apparent k25nM) (Lovell et al.

2008. Furthermore, when synthesizedibyitro translation, fullength BH3 proteins tBid, Bim
and Puma induced Bax and Bak dependent MOMP and shifted monomeric Bax and Bak to

higherorder complexes in mitochondriim et al. 2008.

In vitro experiments clearly demonstrate that Bh8teins recruiand sequester tlanti
apoptotic Bcl2 family proteins at the membrane. BigBoteins bind the arfipoptotic proteins
by docking on the BH3 region in the hydrophobic groove made of BH1, BH2 and BH3 regions
of the antiapoptoticfamily proteins(Sattler et al. 1997.iu et al. 2003 Czabotar et al. 2007
Similar to the differential binding to prapoptotic family membergxperimentsn vitro suggest
that each BH®rotein selectively binds a defined range of -apibptotic proteinghat is
determined by differences in the structure and flexibility of the hydrophobic pocket of the anti
apoptotic proteins. Although to date, these interactions have been measunediropbptides

from the different BH3 regions rather than the-faligthproteins(See Table 1).

25. Anfaipoptoti c members

2.5.1. Structure of family members alone andin complex with BH3
peptides

Early observations that specific mutations in Bchabrogated bothnéi-apoptotic function
and binding to Bax, and the presence of BH3 regions in both classes of-tqgoptotic Bci2
familiesthatbindBek as Al i gandso, | ed to t h-2Hawevercept
it was hard to confirm the details difi$ binding interaction using structural studies because of
difficulties with purifying recombinant fullength Bct2. Initial success arose from NMR studies
on BckXL lacking its hydrophobic @erminus(Muchmore et al. 1996which similar to the
structure obtained for Ba{Suzuki et al. 2000 was shown to contain two hydrophobic helices (5
and 6) forming a central hairpin structure surrounded by the remaining six amphipathic helices.

Thereaftercoc r y s t a H se sost®L WBtcBH3 Ipeptides derived from Bak and Bim,
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identified the BH3 binding surface as a hydrophobic cleft formed bycoatiguous residues in
BH regions 13 (involving parts of helices 2;8, and 46 respectively)Sattler et al. 1997iu et

al. 2003. These structural observations provided the platform for measurements of the many
potential interactions between the binding pockets of differentagudptotic members and the
BHS3 regions of the prapoptotic family members. These differing binding affinities cluster into
functional groupings (e.g. binding to mutégion vs. BH3 proteingr activators vs. sensitizers)

(Table 1) with functional consequences as elucidated below.

2.5.2. Multiple mechanisms of action of BckXL: evidence of binding to
both multi-region and BH3 members

Measurements of the affinity of binding between individual pafi@nti-apoptotic family
members and BH3 peptides in solution provide valuable clues about functional relevance.
However, in cells most of these interactions occur at or within intracellular membranes, and
indeed the final commitment step in apoptosisngeegulated is MOMP. Thus, experiments
using recombinant fullength proteins or proteins synthesizeditro, and isolated mitochondria
or liposomes, have been critical in translating these interactions into testable models. For
practical reasons suchkeriments are most feasible using recombinant@glas other anti
apoptotic proteins are much more difficult to purify in sufficient quantities due to problems with
aggregation (e.g. B&) or marked protein instability (e.g. Mt). Thus, details abotie
mechanism of action of BeAL serve as a model for the other proteins, acknowledging that other

members will differ in some aspects, as discussed below.

By examining membrane permeabilization in a sysieth recombinant BeXL, Bax
andtBid (both wid type and a mutant fortihat isunable to bind to BcIXL, but still activates
Bax), it was shown that B&L inhibits MOMP not only directly by binding to ti8 but also by
binding tomembraneéboundBax (Billen et al. 2008 Thus, both of the major interactions
postul ated by the competing 6direct activati
inhibition of apoptosiskFurthermore, other mechanisms of action of Btlindependenbf these
binding interactions were also identifiewtluding prevention of Bax insertion into membranes
as pehaps the most potent mechanidrhis initially contentious point has been recently

supported by observations th2dax undergoes multiple conforti@nal changes that ultimately
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lead to oligomerization andlOMP, but the first of these stepstise exposure of the-Merminus
atthe membane in a reversible equilibriuidlich et al. 201l Bcl-XL changeshis

equilibrium such thaBax s shifted out othe conformatiothatbindsit loosely to membranes.
Moreover,consistent witlthe postulation that dynamic conformational charggesa feature of
all three Bci2 families, these investigators observieat BclXL also undergoes reversible
conformational changes that allow it to cooreand offthe MOM without being inserted. The
structural basis of this mechanism is uncle#though it is speculated that sequestering of the
opposite partnés carboxyterminal kelix 9in the BH3 binding groove may mediate this effect:

in essence the helix 9 of the other protein acts as an (inactive) BH3 mimetic.

Taken together, these observatioaséhidentified multiple mechanisms that contribute to
the ultimate function of BeKL. Using defined amounts of proteins with iarvitro system
allows measurement of the stoichiometry of inhibition and indicates that o€ _Ren inhibit
~ four Bax moleules.Therefore, as a conceptual overvjele functiois of BcEXL can be most
simply summarized as a dominant negative Balxere it is able to undergo many of the binding
interactions that Bax dogsut does not make the final conformational changeathats it to
bind to otheBcl-XL/Bax molecules and oligomerize to form a poreaccordance with the
postulated models of oligomerization discussed in Part Il, this would imply that activat&d Bcl
cannot form a rear pocket in the analogous regionzithes! for Bax/Bak.

2.5.3. Mediators of multiple mechanisms: membrane binding and
conformational changes

Similar to Bax and Bak, there is evidence that the@miptotic Bcl2 family proteins
adopt multiple conformations in associating with membranes2 Bditially inserts helix 9 in the
membrane, but after binding to tBid or a BH3 peptide derived from Bim, helix 5 moves to a
hydrophobic environment consistent with insertion in the memifaneet al. 204). Therefore
it is plausiblethat BcEXL alsoadopts multiple conformations that are dictated by its interaction
both with membranes and other Bxfamily membershat shift the dynamic equilibrium
between the different formSpecifically, thedatasuggests that tie is a form that is loosely
bound to membranes (forf), anothein which helix 9 is inserted into membranes but not other

helices (form2) and finally a form in which helix 9sawell ashelices 5 and 6 are inserted into
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the membrane (fon 3) (Figure4). It is possiblehat thesedifferentconformations independently
mediate the different mechanisms of action ofBLtlin inhibiting the final process of pore

formation by activated BaxSuch a scheme is also compatible with observatiatatitations

that do not affect the BH3 binding pocket can still enhanceagaiptotic function, either by

forcing constitutive membrane insertion (into forms 2 or 3) by replacing the endogenous tail
anchor sequend&iebigetal. 2006 or by | oosening intramol ecu
helices 5 and 6 to insert into membranes (forrfA3ph et al. 2000

2.5.4. Comparison of different anti-apoptotic members

In simpler organisms such &s elegansand Drosophilg there is only onénhibitory Bcl-
2 family memter whilein vertebrates there are at least fdurere are potentially multiple
reasons for this redundan&ne that is firmly grounded on structural studies indicates that the
differentanttapoptoticfamily membersind to (and sequester) theultiple BH3 members
differentially, including the multdomain preapoptotic members alluded to previously.
Responding to multiple BH3 proteins allows fituming of inhibitory responses mammalian
cellsto differenttypes of stress hat fAact i v a towins. Sugha systdmipovidBsH3 p
multi-factorial responses muchore diverse thathose insimpler eukaryote cells
Characterization of the differences in binding has received much attention, and is conferred by
the distinct sequence of each BH3 region #are a propensity to form an amphipathic helix
containing four hydrophobic residues, and the topology of the BH3 binding groove on the anti
apoptotic fAreceptoro. Peptides from certain
the antiapoptotc and apoptotic muliegion members, whereas others like Bad and Noxa are
more selective (highly preferential binding to BZBcl-XL/Bcl-w, or Mcl-1/Bfl-1, respectively).
Some of this specificity is explained by wedkfined requirements e.g. any amimidaat the
fourth hydrophobic position in the BH3 region will bind to Mclvhich has a shallow, open
pocket for this residue, as opposed to-Btlwhich does not accommodate charged or polar
residues at this positigihee et al. 2009Fire et al. 201 Other features also contribute: the
higher global flexibility of BctXL creaesa pliable pocket for diverse BH3 mimetiosmpared
to thedeeper hydrophobic pocket with a rigid angle of entry in-Miiatrestricts binding to
specific BH3proteins(Lee et al. 200p
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The embedded together model
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Figure 2.4 - Schematic overview of the Embedded Together Model

The role of the membrane is highlighted as the 06l ocuc
Bcl-2 family members are manifest. After the cell reesia death signal, an activator BH3 protein migrates to and
inserts into the MOM, where it recruits cytoplasmic Bax. Bax undergoes conformational changes at membranes that
allow it to respond to chemical changes in the cell such as the generation etreagtjen species, ion

concentration and pH. Membrabeund Bax or Bak change their conformation such that they oligomerize, leading

to MOMP and/or recruit other cytoplasmic Bax. Both the activator and the sensitizer BH3 proteins sequester the
antiapoptoic proteins (such as BAL) by recruiting and strongly binding to them at MOM thereby preventing the
inhibition of Bax and Bak. BeKL changes its conformation depending on its binding partner: upon binding to a

BH3 protein or Bax/Bak, BeXL changes fronform 1 (cytoplasmic or loosely attached to the MOM) to form 2

(helix 9 inserted in MOM) or to form 3 (helices 5, 6 and 9 bound to or inserted into MOM) respectively. It is likely
that form 2 binds primarily BH3 proteins but also recruits additionad@&cto the membrane while form 3 binds

primarily Bax and Bak. No function has yet been ascribed té&XBdbrm 1 although one is likely. Thus, by causing

the proteins to adopt different conformations the membrane regulates their function in determinitegatignéa

cell. Unlike other models that propose-dlirectional interactions, in this model all of the functional interactions are

governed by dynamic equilibria of proteimembrane and protejrotein interactions.
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As a consequence, no single aapoptdic member binds to all BH3 proteinmsvitro, as
assessed by biophysical measurements (See Table 1). These measurements have been largely
(although not entirely) confirmed by experiments in transfected cell lines where)xquession
of single antiapopbtic proteins confers protection against apoptosis mediated by the BH3
binding partners identifiesh vitro. The discrepancy noted in a few experiments is likely due to
the fact that in cells these interactions betweenlénigjth proteins occur on membesrather
than in the cytoplasm, and membrane binding may modify prpteitein interactions either
allosterically or by postranslational modifications altering the binding surfa@emng et al.

2009 or affecting the orientation and proximity of the binding surfaces.

Multiple antrapoptotic proteins also allow differential control of processes relevant to
cell death independent of BH3 binding petinteractions. The BH4 region of B2lbinds to the
regulatory and coupling domain of theositol 1,4,5riphosphate (IP3) receptor that controls
calcium efflux from the ER, thereby inhibiting the initiation phase of calanediated
apoptosigRong et al. 2009 A residue critical for this binding interaction in BZI(Lys17) is not
conserved in the BH4 domain of BEL (Aspll) rendering the latténeffective at inhibiting IP3

mediated calcium releagklonaco et al. 2011

Anotherreasorfor the diversity of antapoptotic proteins beyond specificconferred
by differentbindingpartners is the control of sidellularlocalization In particular cell types
there may be a benefit to having Bcfamily members constitutively present on membranes
such as is the case with Bglas opposed to BeL, Mcl-1, Bfl-1 and Bchw all of which must
undergo a conformational change before inserting into the memlimeB@-2, it is presumed
that the Gterminal region that is necessary and sufficient for membrane insgrépiak et al.
1994 is not bound to other hydrophobic regions of the protein once it is synthesized, and can
therefore mediate direct membrane insertion. In the otheapaptotic proteins, the-@rminal
tail is sequestered until the protein is activatecerEwithin this group, there adifferent
strategieshat control membrane localization. Unlike the other family membersl, Bées not
have a hydrophobic region at the€@minus that mediates membrane insertion, but has an
amphipathic heliXBrien etal. 2009. Bcl-XL is thought to exist as a hortbmer in the
cytoplasm, where the-@rminaltail is bound reciprocally to a hydrophobic groove in the dimer

partner(Jeong et al. 2004The longer @erminal helix 8 of Belw binds in its own BH3 binding
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pocket, and can be displaced by BH3 peptides to allow membrane ingelihda et al. 2003
Wilson-Annan et al. 2008a mechanism reminiscent of Bax. Before apoptosis is elicited1Mcl

is corstitutively loosely associated with mitochondria by an EELD maotif in the ateimoinal
portion, which can bind to the mitochondrial import receptor TofCHbu et al. 2006 For all

the antiapoptotic proteins deletion of thet€rminala helix decreases function, presumably by
preventing assumption of forms 2 and 3 on the membrane where many of the relevant binding
partners are localized. Furthermore, attachment of the iohtioithe membrane increases the
probability of interaction by increasing local concentration and the viscosity of the membranes
restricting diffusion A third justification for diversityof antiapoptotic proteins is the benefit of
varying regulation oprotein abundance as a way of fitn@ing apoptosisThebcl-2 gene

contains two estrogen response elements controlling expression in breasBtis2us.a long

lived proteinwhose expression does not change appreciably even during advanced stages of
s ress, partly due to presence of an internal
capindependent translatigiwVillimott and Wagner 2010 The stability of the BeR transcript is
positively regulated by the RNA binding protein nucleolin, and negatively regulated by the
microRNAs miR15a and 14 (Willimott and Wagner 2010 Bcl-XL protein levels are more
variable and increase acutely in response to internal stress and extracellular signals, mediated by
the JakSTAT and rel/NFKB pathwayqGrad et al. 2000 By contrastMcl-1 is an extremely
shortlived protein with rapid turnover tightly regulated &gomplex cascade of
phosphorylatiordependent debiquitination by USPXgSchwickart et al. 200)Ghat reverses

the ubiquitinatiorandsubsequenproteasomal degradationediated by the BH3 protein E3
ubiquitin ligase MULE/ARFBP1(Zhong et al. 2006

The consequences of these variations in the structure of binding pockets, control of
subcellular localization and dynamic protein levels, is that despite sharing the core mechanism of
inhibition, each antapoptdaic protein has a distinct personality. This is evident in the specific
profile of expression of the proteins in different cell types and organs in whole animals, with the
result that each protein has different physiological roles that are apparenphetitypes of

the knockout mice with different ardpoptotic members.
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26. Perspaacduv@respect s

This brief overview illustrates the enormous growth in our understanding of the
mechanisms behind the pivotal role the-Bdamily plays in regulatingpoptosis since the
original identification of Bcl2 as a chromosome translocation partner in humaellBollicular
lymphoma. We are now at stage where this understanding is yielding practical results, as several
drugs mimicking BH3 regions that bind Bzl-2 and BciXL are in late stage clinical trials as
cancer agents to elicit or enhance chemotheiaghyced apoptosis. The recognition that there
are distinct binding profiles for each aapoptotic protein that arose from fundamental studies
has now mtivated the search for other small molecules to expand the therapeut tool

(Stewart et al. 2000so that in the future we will be able to target every-aptiptotic protein.

To date, most attention has been paid to the role of th€ Bahily in regulating MOMP
because of the wetlharacterized consequences of releasing IMS proteins in activating caspases.
However, it is increasingly apparent that the ER is the site of manytamp@rocesses that
determine cell death and survival in which the-Béamily is intimately involved. Aside from
controlling calcium flux(Rong et al. 2008and regulating the activity of Bechhto initiate
autophagy (see chapter 20 and 21), other death pathways are also inhibite@ lay & ER
(Germain et al. 2002Beyond this, there is also evidence that a portion of theapoptotic
activity of Bclk2/Bcl-XL does not depend on binding to and inhibiting the other twe pro
apoptotic familiegMinn et al. 1999. One recent suggestion suggests this mechanism involves
regulation of cytoplasmic levels of acetybA as a substrate for proteatpha acetylatiofYi et
al. 201). Elucidating potential binding partners that mediate this pathway is an important target

of future research.

Our basic understanding of the core mechartthe regulation of membrane
permeabilization by Be? family members has passed from the stage of phenomenology to
testable descriptions of mechanism. The next hurdle will be to extend quantitative measurements
of the binding interactions that have beeeasuredn vitro to what happens in organelles and in
cells. This will allow further refinement and elaboration of exciting preliminary mathematical

models of the control of apoptosis in whole cé8pencer and Sorger 2011
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31. Pref ace

This chapter has been previously published vi@win:

Kale, J., Liu, Q., Leber, B., and Andrews, D.W. (2012). Shedding light on apoatosis
subcellular membranes. Cell 151, 117584.

The publisher has granted permissiontfa work to be reproduced hefiéhe work presented
has been edited for consistency and readability for this ttf&ysesifically,paragraph 4 of the
original publicaton was removed which pertained to clamily member interactions already

explained in previous chapters.
Author Contribution:

Kale, J wrote and prepared the entire review except for Figure 1C which was prepared by Liu, Q.

Leber, B and Andrews, DW editéde manuscript and directed the layout of the book chapter.
Objective:

To provide a broad overview of how fluorescence techniques have enhanced our understanding
of the regulation of apoptosis by the Bcfamily proteinsThis chapter provides context as to

why | used fluorescence techniques throughout the thesis.

Highlights:
1 The Bct2 family proteins is a paradigm for complex protpmotein and protein
membrane systems
1 The Bct2 family proteins requires the presencermambranes to function properly
0 This makes studying this protein system very difficult
1 Fluorescence technigues have allowed researchers to elucidate the molecular mechanisms
of the Bcl2 family proteingn vitro, in live cells andn vivo
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3.2. Apopt osimbraanmrde sme t he problem po

Ironically the organelle that helps to provide cells with energy to live also serves as a
platform to actively initiate cell death. Unlike forms of cell death triggered by mitochondrial
dysfunction, during apoptosikésignalsthat regulate the fate of the cell are integrated at
functioning mitochondria, and govern the irreversible step of mitochondrial outer membrane
permeabilization (MOMP). Upon induction of apoptosis, the integrity of the mitochondrial outer
membrane (MOM) idreached resulting in the release of cytochraraed other intermembrane
space proteins into the cytoplasm. The released proteins trigger the activation of multiple
pathways that lt in the demise of the cellhus a series of proteprotein and prain-
membrane interactions control a process that is largely mechanical and that occurs in

membranes.

The Bcl2 family of proteins plays a major role in both sensing different types of cellular
stress and regulatifdOMP. To accomplish these tasks, diffatenembers of the B& family
are located in multiple parts of the cell and functiobath cytoplasmic and membrane proteins
by adoptingdistinct conformations that dictate their functigiigure 1A) Because of the
distributed nature of this regulatiamd the involvement of complex membrane interactions this
process deviates from the classildlatk-andkeyd enzymesubstrate interactions fundamental to
biochemistry and pharmacology. Moreover, even though apoptosis involves dramatic cell
morphology chages, the techniques of observational molecular biology are not easily applicable
to the analysis of apoptosis because it comprises a series of hierarchical stochastic events
governed by complex reversible equilibria. Yet together, both approaches havéréesdendous

insights (and blind alleys) in our quest to understand and therapeutically exploit apoptosis.

As Bcl-2 family proteins target to both the Endoplasmic Reticulum (ER) and the
mitochondria, the cell fate decision is regulated by both conipteding equilibria between the
proteins and the local concentration of active binding partners, which is very different at the two
organellegFigure 1A) Moreover, active Bax, a prapoptotic Bcl2 family member, has also
been found sequestered at thedbol embryonic stem cells providing a large pool of death
effectors primed to cause MOMP upon the first indication of DNA damage. Therefore Golgi are

another membrane system at which the B&mily proteins can interaatpntributing further to
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the compexity of regulatirg apoptosigDumitru et al., 201R Thus, for the BeR family, the

crucial role played bynembranes makes the traditional approach of examining the
underpinnings of particular cellular phenoty
To bridge this gap, several in vitro model systems of varying complexity have been exploited,

and in his brief review we will highlight some of the insights gained by this approach with a

focus on studies in which fluorescence techniques are being used to integrate observations from
purified proteins with those from live cells and even animigie ongoig theme is that

molecular characterization of phenotypes observed at a cellular, tissue or organism level requires

rigorous analysis with increasingly sophisticated model systems.
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Figure 3.1 - The Bcl-2 family of proteins modulate apoptosis through a series of intricate protenprotein and
protein-membrane interactions that exist in equilibrium

Fluorescence based assays uniquely permit quantitative analysaktime of interaction mechanisnibat govern

the biology of complex systems at membranes. A)Bimily proteins are located at multiple membranes within

the cell and undergo a series of complex interactions that regulate apoptosisetfloftiBct2 family proteins (red
cylinders) ae found at ER and mitochondrial membranes with a small subset also at GolggnBH®8oteins

(yellow) are found in many areas of the cell and are recruited to single (squares, ER; triangles, mitochondria) or
multiple subcellular membranes (circles). eldpecific sets of binding partners are different at each subcellular
membrane (blue squares, ER; blue triangles, mitochondria). The balance of interactions between all of these proteins
governs the fate of the cell. B) Attaching fluorescent dyes to &84 donor) and Bax (NBD; acceptor) and
measuring FRET via a decrease in donor fluorescensaktimereveals that a cBiax interaction requires the
presence of a membrane. Such measurements allow both affinities and the kinetics of the inteksction to
guantified. C) Fluorescence techniques can be used to extend in vitro results to live cells by expre2smmiBcl
proteins The observed FRET FLIM efficiency increases (according to the color scale) as the acceptor:donor ratio
increases until theahors are saturated by bound acceptors generating a binding curve permitting the determination
of binding constants.
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331l n vitro models elucidate the

While studies using immunoprecipitation of whole cell lysates identified some of the
potentid interactionsbetween BeR family proteinghis method has limitations as nmmic
detergents such as Triton cause heterodimerization between Bax ahthBtdoes not occur
constitutively in situ; conversely CHARBamaticallydecreases Bax binding Bid. To
circumvent theseroblens one can study interactions between purified proteins. However, many
of these proteins have hydrophobig¢egZminal tails which considerably complicates purification
of full length and functional proteins, and in the casomeproteins which areonstitutively
localized to intracellular membrangsg. Bct2 and Bak), or are difficult to purify for various
reasons (e.g. M€l), this has not yet been accomplish&d.approacho avoid problems
encountered in purificatiowas touse peptides and/or truncated versionBa2 family
proteins lacking the @erminal tailpermitting the use ddtructural studies including NMR and
crystallography. All of these approaches generated data indicating thafauily proteins
function as ligandeceptor pairs relying on the BH3 region of one protein binding to a
hydrophobic groove termed the BH3 get, on the other member. Beyond this consensus, the

limitations of the approaches resulted in both controversy and confusion in the field.

Many of these problems have bdg/passedn an elegant series of studig&m et al.,
2006 Kim et al., 2009 using a detergeritee system wh full length proteins synthesized by in
vitro translation that confirmed the hierarchical nature and presumed order of interactions as
indicated above: these experiments also confirmed Bid, Bim and PUMA (the latter previously
contentious) as activator$ Bax or Bak, and demonstrated that agbptotic proteins bound to
all three activators, but differentially to sensitizer Bétdy proteins. For example, the sensitizer
Bad displaced activator BH8nly proteins from BeR and BciXL but not Mck1, wherea the

sensitizer Noxa was effective against Mdbut not Bci2/Bcl-XL.

However, it is not possible to study the kinetics of, or to measure the affinity of binding
with such an approach. Therefore, we developed an in vitro system using liposomes df define
composition and included fluorescently labelled versions of the relevant recombinden gyt
proteins. This system possesses several unique advantages. First, by using Forster Resonance

Energy Transfer (FRET), the binding of the proteins to eachr aticeto membranes could be
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measuredjuantitativelyat physiologic concentrations in an environment with liposomes that
mimic the composition of the mitochondrial membréRigure 1B) Furthermore, by using
combinations of fluorophores whose excitation/&sian spectra allowed simultaneous analyses,
the interactions could be ordered@al-time Finally using fluorescent dyes for which the
emission is sensitive to the presence of water allowed the insertion of these proteins into the
hydrophobic environmérof the membrane to be monitor@avell et al., 2008 The data

indicated that the permeabilization of MOM by tBid activated Bax proceeds in a discrete series
of steps: caspase mediated cleavage of the®&tBprotein Bid resulted in the cleaved protein
cBid, containing a p7 and p15 fragneminding rapidly to membranes. This binding causes the
amino terminal p7 fragment to dissociate from the membrane bound form of the p15 fragment,
tBid. Membrane bound tBid, which contains the BH3 region, then binds to Bax causing it to
insert into the meabrane Studies 6the binding between mutant proteins suggest that the basis
of binding on the membrane likely involves structural changes in tBid and of-téerfihal

helix of Bax that is required to stabilize the&@minal transmembrane helix in théiB pocket
effectively masking this binding surface on Bax located in soliam et al., 2009. After

binding by tBid, this interaction in Bax isrdinished allowing the transmembrane helix to
disengage from the pocket and target Bax to membranes. Bax then oligomerizes in the MOM,
permeabilizing it and releasing apoptogenic factors from the intermembrane space (e.qg.
cytochromec, SMAC).

Using fluorescence to measure the rates of these individual interactions revealed that the

insertion of Bax into the membrane was the-tabiting step for MOMP(Lovell et al., 2008

The antiapoptotic proteins interfere with this process at several steps. Similar to Bax, il
recruitedto the membrane by tBid, and by binding to it at this location,X@cprevents tBid

from interacting with BaxXBillen et al., 2008 However, Bad binding to BeéXL frees tBid to

activate BaxLovell et al., 2008 This exchange of binding partners is governed by tiateds

and therefore the relative abundance of the mem#idraned proteins, both factors that are hard

to measure in cells. That the interacting partners are exchangeable and in equilibrium is the

mechanistic basis for Bad functioning as a sensitizer.

Bcl-XL interacts with Bax in multiple ways. It binds directly to membrane inserted,

activated Bax thereby preventing propagation of the oligomers required for MOMP. Perhaps
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more importantly, BcXL also causes the rettoanslocation of Bax from the MOM the
cytoplasm before Bax attains the membrane inserted conformation competent for
oligomerization(Edlich et al., 2011 In this way, BclXL intercedes very early in the muktep
Bax activaion sequence to shuttle peripherally bound Bax from the MOM to the cytoplasm,

preventingncidental Bax activation in healthy cells due to Ba@ximity to the membrane.

The above model of how the B2lfamily regulates MOMP is based on observations
from a variety of cell free systems made by many laboratories. Collectively the results emphasize
the importance of proteiprotein and proteimembrane interactions. Binding to membranes
shifts the equilibria between the conformations ofBgroteins, thexfore the function of the
proteins is markedly different in the cytoplasm and within the membrane. To reflect these
observations the model has been named embedded todether et al., 2010

34. The next step: regulation of tF

Because of the paramount importance of dysregulated apoptosis in many disease
processes (too little in cancer, too much in neurodegenerative diseases and ischemia),
understanding the core mechanism is critical for drug development. Ttzef&dlily is
consdered to be an excellent target for eliciting or enhancing arcantier response because of
a |l arge body of <cell based evidence i1indicati
antrapoptotic proteins (i.e. they are required for ongomltutar survival;(Chonghaile and
Letai, 2008. Based on structural studies, initial small molecule screens focussed onimigsrupt
the interaction between peptides corresponding to BH3 regions and truncated versior of Bcl
family proteins. Because such assays only partially mimic the inenivoonment of these
proteins, it is not surprising that few of the first generatioooofipounds actually hit their target
in cells. In an elegant series of experiments testing these compounds using cell lines with both
Bax and Bak knocked out as controls for cell death viaapmptotic mechanisms, only ABT
737 (a peptidomimetic based dretBad BH3 region) killed cells primarily by inducing
apoptosigVogler et al., 200P An orally available form of this drug (AB263, Navitoclax{Tse
et al., 2008 has rapidly moved into clinical trials for cancer, and consistent with the differential
binding properties of Bad tantiapoptotic proteins observed in vitro, the presence Malthe

tumour mediates resistance to the drug.
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Recent sophisticated murine models of lymphoma addicted to specifapamtiotic Bcl
2 family members have s uglgABB1I3ewas mmablatdldli t i on a
tumours dependent on BEL inhibiting the BH3only activator Bim(Merino et al., 201p
Current animal studies shed no light on molecular mechanisms and this feature-68ABT
could not have been predicted from previous structural studies with peptides and protein
fragments. However, the finding was independently predicted in a cellular model system
Fluorescence Lifetime Imaging Microscopy (FLIM)th fluorescent proteins functiorg as
FRET pairs fused to different B&l family membergAranovich et al.2012. By measuring the
lifetime decrease of FRET donor Venuscells stablyexpressing VenuBcl-XL and expressing
different (but measurable) amounts€herryacceptomCherryBad,-tBid, or-Bim), it was
possible to generate a binding curve and thereby link biochemical observations with molecular
mechanisms for proteins irvé cells(Figure 1G. Relative Kd values can then be calculated in
the presence or absence of a drug to test the ®ffeekogenous agents on the interaction. Using
this approach it was shown that ABB7 did not displace Bim from B&L but was effectie at
disrupting interactions with tBid and Bad. As an explanation for this difference, it was noted that
mutations in the BH3 regions that disrupted the binding of tBid or Bad #XB¢and to Bcl2),
did not affect Bim binding to BeXKL. These results singly suggest that in its physiologic
membrane environment, Bim binds to BAl by a novel mechanism usiragherregionsbesides
the traditional BH3 regiagrwhich confers its resistance to ABB7 and ABF263(Aranovich et
al., 2012 Liu et al., 2012 Moreover, this approach provides a means for identifying the residues
required for proteifprotein interactions in live cells, indicating tHeRET based HM can
effectivelylink studies using purified proteins and analyses in live cells to reveal novel insights

in biochemistry angoharmacology.

Small molecules and fluorescence have been udetktoell free observations with the
activity of proteins in ells. One exampleomes from studies of the novel binding site for a
stapled Bim BH3 alpha helical peptide on purified Bax. The binding site identified, located
opposite of the canonical BH3 pocket, is referred to as the rear fGaketthiotis et al., 2008
Using a competitivelfiorescence polarization assay and a library of small molecules predicted to
dock to the rear pocket of Bax, a Bspecific activator was identified that does not show

appreciable affinity for the anréipoptotic proteins or Bak. This activator can onlyssau
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apoptosis in Bax containing cells illustrating how in vitro studies can be used to identify a
specific protein mechanism(s), and thereby lead to the development of small molecules that can

manipulate the core mechanism in live céBsvathiotis et al., 2032

35. Cel | death and sworei mak hhbhay s md

Beyond the canonical pathways of Bid8ly proteins sensing different types of cell
stress and then activating Bax/Bak at the MOM, other cellular processes regulated by2zhe Bcl
family also prime the cell for death. Much attentios baen paid to the ER as a source of these

pathways (reviewed i(HeathEngel et al., 2008

TheERis the platform on which Be2 regulates autophagy by interacting with Beclin 1,
an autophagpromoter(Pattingre et al., 2005The development of fluorescent protein fusions
for the autophagy regulatory protein LC3 greatly facilitated the examination of autophagy at the
molecular leveln live cells, suggesting that this process is amenable to the precise ordering of
regulatory events at membranes by using fluorescence techniques sintiastodies
investigating MOMRdescribed above. An obvious goal of these studies would be @l thee

molecular mechanisms that switch autophagy from a cell survival to a cell death process.

Calcium is one of the important mediators of intracellular sigmai®nating from the ER
that is modulated by the B&lfamily (He et al., 199) Sudden changes in calcium
concentrations whin the cell can trigger apoptodisitit is unknown whether cell deaih
triggered via a sudden decrease or increase calcium levels within the ER or mitochondria
respectively Additionally, the calecum uniporter on the MOM has a low affinity for calcium, and
it was unclear how it could respond to calcium leakage from the ER during signalling or stress,
as the measured global increase in cytoplasmic calcium was not enough toaddionmimport
into the mitochondriaRecently an important facet of this imweganellar communication has
been elucidated in live cells via fluorescence imaging measurersirig. a complex system
with multiple fluorophores that allosd simultaneous measurements of thee f the ER
mitochondrial contacts and the local concentration of calcium at these points, experiments were
conducted in cells that unequivocally demonstrated the existence of microdomains between these

organelle{Csordas et al., 20)10Furthermore the high local concentration of calcium caused by
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stimulation of IP3 receptoyrsvhich can be regulated by B2lat the ERwas enough to allow
import of calcium into the mitochondrioihe stage is now set to preely measure these
changesdetermine the magnitude of the response required to elicit mitochondrial dysfunction
and cell deathand resolve how the B@l family can regulate this process.

Aside from interactions at differeatganelles, other mechanisnmait modulate the core
proteinprotein interactions governing MOMP include ptsinslational modifications of the
component protein@eviewed in(Kutuk and Letai, 2008 Under normal cellular conditions Bim
is located on microtubules. However, upon induction of apoptosis Bim is phosphorylated by
JNKT1 releasing it from microtubules whereupon it targets to the MOM and activates Bax and
Bak leading to MOMP and apoptosis. Interestingly, phosphorylation of oth& faahily
members results in inhibition of apoptosis. Phosphorylation of Bad by AKmqies Bad
interaction with 143-3 proteins preventing the induction of apoptosis. AKT can also
phosphorylate Bax resulting in its inhibition via an unknown mechanism. Although, functionally
important postranslational modifications are generally identifiesing cells or tissues,
determining how they affect the core molecular mechanisms of protein function requires the use
of sophisticated cell free systems. Deciphering the molecular mechanism is particularly

important for proteins like Bax that are potahtherapeutic targets.

36 Future chall enges: regul ati on

With the emergence of new therapeutic agents that inhibi2 Bebtein interactions with
the aim of regulating apoptosis in tumal@&velopment and resistance to chemotherapy, whole
animal models would be an invaluable aid in determining the most rational way to combine these
drugs with conventional cancer treatments. Because of the historic role of human B cell
lymphoma in the discary and identification of BeR as the first mammalian apoptotic
regulator, it is perhaps fitting that the Bad Bhidmetic drug Navitoclax may find its first use in
this type of cancer. The murine lymphoma model alluded to previgugiyno et al., 201p
suggests its promise in this context. In thaic] these cancers are traditionally treated with a
complex schedule of multiple chemotherapy agents. Surprisingly, a recent analysis of the
mechanism of action of two important drugs in the regime indicated that the simultaneous

administration schedulesad for the last 30 years actually leads to mutual antagonism of the Bcl
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2 dependent cytotoxic effedEhrhadt et al., 2011 Using luminescence or fluorescence

imaging of whole tumours in mice allows potentialread t s of #Af i ntarhoar ef f ec
treatment combinations. Although still not geally used, recent developments indicate that we
may be able to be more precise and analytical with this approach. FRET probes have been
developedvith a caspas8 cleavage site tmonitor the activity of the final protease effector of
apoptosis Thisprobepermitsreal-time monitoring of apoptosis in animals following anti

tumour therapyZhou et al., 2010 These studies report distinct time courses of apoptosis after
different single agent antiancer treatments, underlining the importance of investigating these
effects in the most natural context available. Therefore adding an inhibitor-@f&&n

arbitrary time to this schedule may not be the most rational way to us@thgundo
modulateapoptosisMonitoring apoptosis in animals using this technique is not without its
limitations and is currently restricted studying cancer cell lines and tumours at subcutaneous
sites amenable to fluorescence measurements. Regardiessroimaginextending this

technique to look at protejprotein interactions between the Bxfamily of proteins within live
animals in multiple tissues with and without chemotherapy treatment. Using FRET may permit
observing not only binding between the proteinsgratvide binding dynamics as weNVith the
appropriate B cell ymphoma model such an approach would identify the best time to switch off
Bcl-2 to maximize the prapoptotic effects of the other chemotherapy drugs.

Thus at all relevant levels of analysisapoptosis research, from protgirotein
interactions using increasingly sophisticated in vitro systems to investigation of whole animal

models the application of novel fluorescence techniques suggests that the future is bright!
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41. Pr ef ace

This chapter has been previously published

Kale, J., Chi, X., Leber, B., and Andrews, D. (2014). Examgithe molecular mechanism of
Bcl-2 family proteins at membranes thyorescence spectroscopy. Methods in
enzymology 544, P3.

The publisher has granted permissiontfa work to be reproduced hefiéhe work presented

has been minimally edited for consistency and readability for this tiggmsifically, paragraphs
lofbot h sections titled 6éi nt rbaadswecdt il a npdo seomte dsay
removed which pertained to B2lfamily member interactions already explained in previous

chapters.
Author Contribution:

Kale, J wrote the entire publicationcaprepared all of the figures and table with the exception
t hat Chi, X wrote Section 3 AMembrane Per mea

B and Andrews, DW edited the manuscript and directed the layout of the paper.
Objective:

To completely dscribe the fluorescence techniques used to investigate the precise molecular
mechanims of the Bcl2 family proteins. This chapter describes in detail the main fluorescence
methods used throughout this thesis.

Highlights:

1 Using a highly defined liposomebed system:
o0 Expression, purification and sigpecific fluorescent labeling of fuléngth Bax,
Bcl-X. and Bid
0 Production of mitochondrifike liposomes
1 Howto:
0 Measure membrane permeabilization
o Study the interaction between two proteins using FRET
o Trackthe conformation change of a protein using an environment sensitive dye
o Determine the topology of proteins within membranes
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42. 1l ntroducti on

Significant research has been focused on determining the structure-2fduily
proteins. Xray crystallography and Nuclear Magnetic Resonance (NMR) spectroscopy have
revealedhatthe Bcl2 family proteinsshare anighly conserveaorestructure(Petros et al.,
2009). These studies haygovidedinsight into how the BeR family proteins bind to each other
andsuggeshow they may interact with membrangdowever the currentrelatively static
structuredor the Bct2 family are for proteins without thigpid bilayer required for functional
interactions ofkeveral othe Bct2 family proteingLeber et al., 2007 Determining the
structures of proteins withimmembrananimetic environmentising Xray crystallography and
NMR spectroscopy is particularly difficult. These techniques require adangent of protein in
a sample environment that does not mimic that of the cell and typically includes detergents that
can alter the functions of the B2Ifamily proteingHsu and Youle, 1997 As an example,
unlike native Bax, dtergentreated Bax can caupermeabilization of the OMM when added to
isolated mitochondrigAntonsson et al., 2000can form oligomers that can be crtis&ed in
the absence of membran@hang et al., 20)Gandhasundergme a conformational change that
is a prerequisite for Bax activatio(iYethon et al., 2003 Additionally, the zwitterionic
detergent CHAPS can prevent tagthentianteraction ofBax and tBid(Lovell et al., 2008

further reinforcinghe need to stydthe Bcl2 family proteins in the absence of detergents.

Fluorescence based techniques are well suited to study protein dynamics at membranes
under physiological conditions in the absence of detergKate et al., 201p Fluorescence
spectroscopy allows observation of proteiotpm and protein:membrane binding dynamics in
reattime while gathering information about the kinetics and affinities of these interactions that
camot be measured using typical structural techniques due to complications from the membrane
(PerezLara et al., 2012Satsoura et al., 20L2Additionally, by using an environment sensitive
probe such as NBD, it is possible to determine the environment of specific regdbey a
undergo conformational changes within membrgiMaghotra et al., 201,3ShamasDin et al.,

2013. Initial fluorescence based studies of the-B family proteinshaveused a simplein vitro

system to study the dynamic interactions that occur at, on and within membranes.
70



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

43. Ani n Vilturoo eeBae@adelLi posome Syste

The molecular function of Be family proteins is to permeabilize membranes.
Therefore, ® study thefunction of thesgroteins a biochemical system is required that includes
a phospholipid bilayer that separates two distinct aqueous compartments mimicking that of the
cytoplasm and the interior gellular organelles. We and otsé€Bleicken et al., 201,0Landeta et
al., 2011 Ren et al., 20L,065hamaDin et al., 2013haveused different variations of liposome or
proteolipssome basedystensto study the core mechanism of Bcfamily protein regulation of
membrane permeabilizatioAll of thesesystens lack the detergents typically required for
biochemical and structural studies of membrane protBorsour studiefluorescently labeled
purified full-length recombinant proteins and artificial membranes in the form of liposomes with
a composition mimicking that of the OM&te usedThis system is free of any other
complicating factors such as unknown binding partners that@g@resent at the OMM or
within the cytoplasm.

To use fluorescence to study proteins at membranes it is essential to make judicious
choices of fluorophore, type of measurement and instrurklrrescenceneasurements require
excitationof the fluorophoe with a specific wavelength of lighhdthen recording themission
from thefluorophore. Excitation of the fluorophore is accomplished by illuminating the sample
with a set wavelength of lighThe system must not contain components or contaminants that
absorb light of the same wavelength as the fluorophore or they will absorb the excitation light
Upon excitation, tier some period of time, termed the fluorescence lifetime (typical 1
nanoseconds), the fluorophore returns to the grelextronicstate via emission of a photon at a
lower energy, and thuengerwavelengththanthe illuminating (excitation) lightTherefore, the
system must also be free of molecules that absorb the emitted light because fluorescence is of
much lower intensity than ¢hexcitation light. Molecules such as quenchers that provoke non
radiative decay of the fluorophore must also be avoided as they change the fluorescence
properties of the dyes. If these conditions are ninetnges in both fluorescence lifetime and
emisson intensitycan provide specific information about the underlying biochemical properties

of theproteinthe fluorophore is attached tbakowicz, 2008.
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44. Si $pec prfatdabel i ng

The fluorescence based technigues we use to study tief8alily proteins require
purified recombinant proteins labeladth a fluorophoreat a specifidocation There are two
main options for labeling proteins, thiol or primary amine labeling. Cysteine residues are less
abundant than lysines in most protein sequences thusosefrequentlcreate single cysteine
mutants to label the proteas this approach minimes the number of mutations in the protein
There is a full spectrum of fluorescent probes available for purchase, which have different
spectral properties, that can be can be orderedattalchedhiol reactive moieties such as
iodoacetamide or maleimidkerivatives. Dyes must behosen that are compatibiet only with

your protein of choice but alseith the system and equipment available.

In the methods reported belpthe proteinswere labeledvith thelow molecular weight
fluorescent probeBAC (N - (7 - Dimethylamino - 4 - methylcoumarin - 3 - yl) maleimide) and NBD
(N,N'-Dimethyl-N-(lodoacetyl}N'-(7-Nitrobenz2-Oxa1,3-Diazol-4-yl) Ethylenediaming The
small size of these dyes is a distinct advantage as they rarely perturb protein functiorr,howeve
measurements of NBD fluorescence require a sensitive instrument as the quantum vyield (ratio of
photons emitted to photons absorbed) is low. Moreover, excitation of DAC requires an
ultraviolet light source and both the excitation and emission of tlei®dgrlap endogenous
fluorophores in cells typically limiting its use to liposome based systems. Many brighter (higher
guantum yields and extinction coefficientisjorescent dyes have molecular weights above
1kDa,andin our experienc¢éhesdarger dyedrequentlychange the function aheproteinthey

are attached to

Initially it is best to follow the labeling protocol includég the manufacturer when
labeling your protein of intergdhowever it is often necessary to deviate from these conditions to
get labeling that is both specific and efficieBtiefly, the protein and labeling reaction are both
in a HEPES or PBS based buffer at pH7.9. This pH range allows the cysteines to be most
reactive while decreasing the reactivity of primary amin®4.0-20x molar excess of dye is
added to thsampletube and the labeling reaction is rotated at room temperature for
approximately 2 hours in the dark. A reducing agent (5 mM DTT) is then added to quench the

reaction and free dye is removed via gel filba or affinity chromatography (providing the
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recombinant protein contains an affinity tag). The protein is then dialyzed into a storage buffer to
remove any remaining free dgedthe proteins aliquoted and stored for later use. The

efficiency of labeihg is generally determined by absorbance spectroscopy as outlithed in
protocolsupplied by the manufacturer

Single cysteine mutants of the purified recombinant protein needasshged
functionallybefore and after labeling to determine if the rtiataor the addition of the dye
alters protein functionideally we begin usinghutantsvwhereone of the endogenous cysteiges
present to minimize the amount of mutatiamsoduced into the proteinf the protein does not
contain any cysteines, choogiwhich residue to mutate tysteine forefficientlabeling and
proper protein function is largely serendipitoligpically if the structure is known, one begins
usingsolvent exposed residues, since those located in hydrophobic regions are diffedogt to |
Algorithms used to predict solvent exposure or antigenicity (antigenic sites tend to be both
structured and solvent exposed) can often be useful in selecting a lotttestructure of your

protein is unknown.

45. Production ofl ikkiesoemi@endr i a

Large unilamellar vesicles (LUVs) are liposomes that have one lipid biMilea mean
diameter of 1240nm (Hope et al., 19856 OMM-like LUVs have been established as a valid
biochemical model for membrane permeablization byBiadmily membergKuwana et al.,
2002. These liposomes are assembled from lipidsxed molar ratio similar to that of the
OMM, based upon lipid composition studies from solvent extracted Xenopus mitochondria
(Kuwana et al., 2002 Such liposomdased systems allotlie analysis oBcl-2 family proteins
in a simple context whilpreserving their authentic functions. It is possiblentwredirectly
explore Bci2 family functionin this kind of systenbecause the protein and lipid components
are well defined and tractablenlike isolated mitochondriar proteoliposomes preparedtmno

membranes
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4.5.1. Preparing lipid films into liposomes

1. Chloroform solublized lipids are added to a glass test tube to make a lipid mixture of a defined
composition (Table 1) to a total of 1 mg lipid mass. The chloroform is evaporated off with
nitrogen gasvhile rotating the tube to ensure an even distribution of lipids on theawdithen

put under vacuum for 2 hours at room temperature to remove any remaining chloroform. The dry
lipid film is then either used immediately can bestored for up to 2 weeks 20°C.To reduce

lipid oxidation by atmospheric oxygeturing storage it is advisable layer nitrogen or argon

gas on top of the lipid film and sadle tube with parafilm.

2. The dry Img lipid film is hydrated with 1 mL of assay buffer (10mM HEPESOmMM KClI,

5mM MgCl, 0.2mM EDTA, pH7) . The lipids become suspended and spontaneously form lipid
bilayer vesicles due to the association of the hydrophobic tails, forming tles akthite bilayer,

and the grouping of the hydrophilic heads of the phogpids| forming the edges of the bilayer.
However, hese vesicles are multilamelksthey contain more than one lipid bilayer and their
size distribution isxot homogeneou§o generateinilamellar liposomes thigoid mixtureis
subjectedo 810 freezehaw cycles by alternately placing the sample vial in liquid nitrogen and
awarm water batliHope et al., 1985 The unilamellar liposomes are extruddeven times

through a filter with 0.1um pore size to produce liposomes of a uniform size, at a final

concentration of 1 mg/mL lipid.
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Table 4.1 - Mitochondria -like lipid film composition

Amount
Molecular needed for
Molar weight 1 mg lipid

Name Company Catalog # (%) (g/mol) film (mgq)
“PC”: L-0- Avanti  840051C 48 770.123 0.4596
phosphatidylcholine (egg,

chicken)

“PE”: L-0- Avanti  841118C 28 726.076 0.2528

phosphatidylethanolamine
(egg, chicken)

“PI”: L-ot- Avanti  840042C 10 902.133 0.1122
phosphatidylinositol
(liver, bovine)

“DOPS”: 1,2-dioleoyl-sn-  Avanti  840035C 10  810.025 0.1007
glycero-3-phospho-1-

serine

“TOCL”: 1,1',2,2/- Avanti  710335C 4 1501.959 0.0747
tetra-(9Z-octadecenoyl)
cardiolipin
46. Membr ane Permeabilization Assay

The Bcl2 family proteins play a pivotal role in regulating apoptosis by controlling the
permeabilization of the OMM through the activation of Bax/Bak. Tdoembrane
permeablization assag one crucial functional assay for the Bdiamily proteinsTo assay
liposome permeabilization thgpbsomes are encapsulated with a polyanionic fluorophere, 8
aminonaphthaleng,3,6trisulfonic acid (ANTS), and cationiguencher, fxylenebis-
pyridinium bromide (DPX). Due to the high local concentration of DPX, ANTS fluorescence is
guenched when liposomes are still intact. Recombinant Bax and/or otk2fduily proteins
and/or reagents are added to the system in todessay permeabilization. As the liposomes
permeabilize, ANTS and DPX are released from the liposomes, greatly decreasing the local
concentration of the quencher resulting in a gain of ANTS fluorescence. The kinetics and extent
of membrane permeabilizah can reveal crucial information for studying relationships between

Bcl-2 family members and how they regulate membrane permeabilization.
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4.6.1. ANTS/DPX release assay

1. Adry 1 mg lipid film is hydrated with 1 mL of assay buffer with the addition of ANTS(12.
mM) and DPX (45mM). The lipid suspension is vortexed until the ANTS and DPX dissolve, and
liposomes are created as above via 10 freeze thaw cycles and extrusion through a 0.1um pore

size membrane

2. Excess ANTS and DPXreremoved by applying the extrudléiposomes onto a CL2B size
exclusion column (10 mL bed volume), that separate the ANTS/DPX encapsulated liposomes
from the free ANTS/DPX in solutio(Billen et al., 2008Yethon et al., 2003 Fractions (1 mL
each) are collected in glass tubes and the liposome containing fractions (typaibyns 3 and

4) areidentifiedby an increase in cloudiness of the sample which occurs due to light scattering
by the liposomes. The two liposome containing fractions are combined resulting in a final
ANTS/DPX liposome concentration of approximately (& mL lipid. These liposomes can

now be used to test the regulation of membrane permeabilization by tRddully proteins

3. The assay is set upariow protein bindin@6 well plate and in each well to be measured, 8
eL of ANTS/DPX liposomes are aéd to 9L of assay buffer. Background measuremengs (F
are recorded at 30°C using a fluorescence plate reader (Tecan M1000 pro) set to excite the

sample at 355 nm (5 nm bandwidth) and collect emission at 520 nm (12 nm bandwidth).

4. Proteirs are addetb the desired concentrations and combinations in each well and
fluorescence emission of ANTS (F) is recorded every minute for 3 hours atAR@yGicrease

in fluorescence emission is directly related to membrane permeabilization.

5. To normalize the da 100% ANTS release is determined by the addition of Triton to each
well at a final concentration of 0.2% (w/v) causing permeabilization of all liposomes and ANTS
fluorescence is measured{#. This results in a slight ovarstimation of the intensityf 100

percent release due to the dye becoming trapped in detergent micelles. Nevertieetebsate

percentagg@enerally does not take this into account enchlculated as follows:
X . & &
I . 4BA AnoAﬁ pmTP
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The ANTS/DPX release assay canused to dissect exactly how the different classes of
Bcl-2 family proteins affect permeabilization of the OMM. When cBid (20 nM), Bax (100 nM)
or Bcl-X, (40 nM) are addenhdividually to liposomes they do not cause membrane
permeabilization (Figure.1). Incubation of liposomes with cBid and Bax results in membrane
permeabilization due to cBioinding to membranes causing separation of the two fragments of
cBid and the larger of the two (tBidgtivating BaxBcl-X_ inhibits this process by binding to
and nhibiting bothtBid and Bax(Billen et al., 2008Lovell et al., 2008 Obviously, other
techniques are needed to discern exactly how these interactions occur (see FRET section below),
however this assay allows the functional consequentteeaddition of any number of various
combinations of BeR family member®r small molecule effectors of the protetoshe
determined. Furthermore, it provides information on how changes in relative concentrations
between the proteins can change ther@aépermeabilization or how alterations in the
parameters of the assay affect membrane permeabilizRboexample,tiis possibleguantify
how changes in liposome composition affect-Béamily proteindunctionsto permeabilize
membranes or test spéc mutations that may inhibit/activate the protein of interest.
Additionally, the kinetics of pore formation can be studied allowing the comparison of kinetics
for Baxmediated membrargermeabilizationn responseo variots BH3-only activators (Figure
1.2).
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Figure 4.1 - ANTS/DPX release assay

A. Endpoint values of ANTS assay with 100 nM Bax, 20 eBid, 40nMBcl-X, or both, or with 100 nM Bax, 20
nM tBid, and 40nMBcl-X.. (n=3

B. Liposomes encapsulatadth ANTS and DPX were itubated with 100 nM Bax, 20 nMBd, or both.

Membrane permeabilization was assayed by an increase of ANTS fluorescence.

47. FLUORESCENCE RESONANCE ENERGY

Here Fluorescence Resnce Energy Transfer (ER) will be used taetect bindig
between cBid and Bax, and Bakgomerization FRET is possible between fluorophores when
the emission spectra of one fluorescent molecule, termed the donor, overlaps the excitation
spectra of another fluorophore, the gior. When a donor fluorophore is excited by light, an
electron moves to a higher energy state and, in the presence of an acceptor, the energy is
transferred nomadiatively to the acceptor fluorophore via dipdipole interactions between the
two probes. This transfer of energy results in a decrease of the donor emission, and it is the
change in the light emitted by the donor that we will track to measure FRET between two

proteins.

One of the main advantages of FRET is that it requires both the duharceeptor
fluorophores to be in close proximityr the required dipole coupling to occiés a resulFRET
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efficiency decreases to th& power of distance according to the formula for FRET efficiency

(E) at a fixed donor acceptor distance:

Y

0O
Yoo

Where R is the Forster distance, the distance between a donor acceptor pair at which a
50% FRET efficiency is observed, ants the distance between the donor and acceptor. The
distance dependence of FRET is illustrated in Figutevkere FRET efftiency is calculated for
distances between a donor and acceptor pair withyaf 50 A (Lakowicz,2006. For this dye
pair, FRET will only be detected if the distance between the two fluorophores is 70A or less.
Typical Ry values for a donor and acceptor pair are betweed020 similar to the size of
proteins, thus if FRET between donor and acadptreled proteins is detected then they are
binding

4.7.1. Detecting the interaction between two proteins using FRET

As mentioned in the introduction, the Bé8ly protein cBid targets to, and embeds
within the OMM where it recrits and activates cytosolic Békeberet al., 2007Lovell et al.,
2008. Active membrane bound Bax oligomerizes within the OMM and resulting in membrane
permeabilization. Here, we are using DAC and NBD as the donor and acceptor molecules
respectively. We will be using FRET to detect 1) the binding between cBid and Bax and 2) the

binding between Bax molecules during oligomerization.
1. Liposomes are made as above resulting in liposomes at a concentration of 1 mg/mL lipid

2. The fluorimeter (Photon Technology International) is set to record the fluorescence of DAC
(380 nm excitation, 2m slit width; 460 nm emission, 10 nm slit width) with stirring fdudur at
37°C. Either 20@L of liposomes and 806L of assay buffer, oas a controll mL of assay

buffer is added to a quartz cuvette and the signal is read until it remains stabti(aptely 5
minutes). Two reactions are required to detede FROne that contains both thertbr and

acceptor labeled proteins and a control that contains the donor labeled protein and unlabeled

acceptor protein. This control accounts for any changteitionor protein that occur due to
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binding interactions, conformational changes or environment changes that may affect the spectral

properties of the donor dye.

3. The donor labeled protein is added to the cuvette at a concentration of 20 nM and DAC
fluorescence is read until the signal is stable. At this point the acceptor protein that is either
labeled with NBD or unlabeled is added to the system at a concentration of 100 nM. It is
important to keep the amount of acceptor highet@%) than that oftte donor. This allows for
the donor protein to be saturated by the acceptsuringhat eery donor dye has an acceptor
for FRETto occur

4. The DAC signal is recorded for 1 hour at 37°C. FRET efficiency (E) is measured by
comparing the relativentensity of the donor in the presence of labeled Y&nd unlabeled ¢}

acceptor and is calculated by:

Figure 2 illustrates two binding interactions between theZBelmily proteins. Donor
(DAC) labeled cBid (20 nM) is incubated witkhaeptor (NBD) labeled Bax (100 nM), and only
in the presence of liposomes do the two proteins interact (Fig®)celais underlines the point
thatmanyfunctional interactions of the B& family proteins only occur in the presence of a
lipid bilayer. Addtionally, the activator protein cBid is required for Bax to oligomerize, since
FRET between donor (DAC) and acceptor (NBD) labeled Bax is only observed whes cBid i
added to the system (Figure R.Since we can observe the interactions of two proteinsain
time, kinetics of the reactions can be determined. Indemsdslear from the data shown thiae
cBid-Bax interaction occurs faster than Bax oligomerization suggesting that cBid first binds to
and activates Bax followed by Bax oligomerizatidaditionally, it is possible to generate a
binding curve where an affinity for the interaction can be determined as was done for the binding
between cBid and Bax¢vell, et al., 2008 To do this multiple FET measurements are

obtained by titrating the amount of acceptor while keeping the donor concentration fixed.
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Figure 4.2 - Tracking protein:protein interactions via FRET
A. FRET efficiency as a function of distance between a dye pair with a theoretical Férster distance of 50 A.
B. FRET between cBidDAC (20 nM) and BaxX\BD (100 nM) in the presence (black circles) and absence (grey

circles) of liposomes (0.2 mg/mL).
C. FRET between BaioAC (20 nM) and BaxX\NBD (100 nM) in samples containing liposomes (0.2 mg/mL) with
(black circles) or without (grey circles) 20 nM cBid

48. TRACKI NG THE CONFORMATI ON CHA
PROTEI N

NBD is an environment sensitive lemolecular weight flarescent dye that has been
used to track environment changes of specific residupsotéins(Dattelbaum et al., 200%in
et al., 2011p. The emission intensity and fluorescence lifetime increases and the emission peak

of NBD blueshifts from 570nm, in an aqueous environment, to 530 nm whenitisin a
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hydrophobic environment due a decrease in fluorescence quenching by wateswley et al.,
1993. The small size of NBD allows for the specific labeling of single cysteine mutants of
proteins, withlesspotential perturbation of wiltlype function. Importantly, NBD is uncharged

but has sufficient polar characteristics that it remains stable in bathgud norpolar

environments such thdtis less likely than other environment sensitive dyeshi@nge the
membrane binding characteristics and/or conformation of the protein being Slegxhrd £

al., 1998. These properties &®§BD make it particularlysefulto study membrane binding

proteins such as Bax and cBid that transition from the aqueous environment and embed into a
membrane bilayeflLovell et al., 2008Shamain et al., 201R

4.8.1. NBD-emission assay

Reattime changes in the fluorescence of NBD can be measured to determine whether
and when specific regions of Bax (labeled with NBD) insert into the mermlghanng the
activation of Bax. It is knowfrom chemical labeling studi¢bat Bax inserts helices 5, 6 and 9
into the membran@Annis et al., 200p By labeling Baxat residue 175 (helix 9) it is possible to
track the conformational change of Bax as it transitions from a soluble monomer to membrane

embedded oligomer.

1. The fluorimeter is set to record NBD fluorescence (475 nm excitation, 2nm slit width; 530 nm
emisson, 10 nm slit width) and, as in the FRET experiment abovegP@# 1 mg/mL
liposomes are added to 86D of assay buffer in a quartz cuvette. Background signal (Bg) is

recorded with stirringuntil stable at 37°C.

2. NBD labeled Bax (100 nM) is addedtt® cuvette. Since Bax does not insert into membranes
in the absence of an activaidtsu and Youle, 1998BaxNBD can be incubated with liposomes
and an initial fluorescence value can be recordgd. @ternatively, the very first point upon
addition of the protein can be used asRealue if the potein insert into lipids too rapidly.

This approach is useful for proteins that are unstable in the assay solution such as cBid which
spontaneously targets to membra(®isamaDin et al., 2013 In the absence of membranes

cBid has sufficient exposed hydrophobicity that it tends to aggregdtm atick to the walls of

the cuvette.
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3.lInourexamplete change i n e miofshe dye labeled/Bais colleatedhance( pF )
an activator, cBid, is added-luorescence intensipfateas afterthe protein comes to

equilibrium @ hour endpoint By calculating the Fgvalue one can track the relative change in
emission intensity of the labeled residue int&ak:

o O 0
YO —
O 0Q

Both residues 3 and 175 of Bax transition to a more hydrophobic environment as
indicated (Figure 3) bythee | ati ve change in emission ( @F).
the residue can be tracked over time, kinetics of membrane binding can be measured. Tracking
the kinetics of the environment changes of various residues as a protein undergoes a
conformatiorl change could be used to order specific structural changes of the (Bbi@inas
Din et al., 2013 Here the carboxyl terminus of Bax (residue 175) seems to have slower kinetics
compared to that of the amino terminus of Bax (residue 3) suggesting that Bax undergoes a
conformational change at residue 3 before that of 175. Additionally, residue 175 has a larg
change in NBD emission suggesting that it is moving to a more hydrophobic environment. This
paired with the quenching data discussed below, suggests thaer&gkl of Baxnsertsinto the
phospholipid bilayerAs this residue is part of a larger hypinobic sequence believed to span
the bilayer the kinetics for this residue likely represesertion ofthe Bax carboxy-terminal tail
into membranes. This is in accordance with data that shows that residue 175C is embedded
within the membranéAnnis et al., 200pb By using various activators of Bax or mutations
known to perturb Bax function we could see if these changes affect the @xbemate at which

Bax helix 9 insedinto phospholipid bilayers.
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Figure 4.3 - Tracking the conformation change of proteins

A. NBD emission change for Bax 178IBD (100 nM) and Bax 3@BD (100 nM) upon addition of cBid (20 nM)
in the presence of liposomes (0.2 mg/mL)

B. & C. lodide quenching data of 100 nM Bax-B{BD (3.2) or 175ENBD (3.3) in solution (black) or in the
presencef liposomes (0.2 mg/mL) and cBid (20 nM) (grey)

49. Determining the topology of proc

Fluorescence quenching by heavy atoms such as iodide can be used to determine how
exposed a fluorescently tagged residue is to the solvent. This is dokigional quenching that

84



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

occurs when'Icollides with an excited fluorophore, resulting in a loss of energy back to ground
state without emission of a photon. Typically collisional quenching requires direct molecular
interaction with the fluorophore sh that the distance of quenching is <2A giving a very high
resolution to detect solvent accessibi(itpkowicz, 2006.

Since 1 quenclesNBD fluorescencéCrowley et al., 1993Lin et al., 20118 this
technique would be advantageous to look at the difference of resieatsaccessibility
between soluble monomeric Bax, in the absence of activator, and membrane bound oligomeric

Bax, in the presence of an activator.

4.9.1. lodide quenching of NBD labeled Bax

1. As in the method for NBD emission change, the fluorimeter is settwd NBD
fluorescence, and 2@ of 1 mg/mL liposomes are added to &10of assay buffer in a quartz

cuvette. Background signal is read with stirring until stable at 37°C.

2. NBD labeled Bax (100 nM) and cBid (20 nM) are added to cuvettes contaithiag e
liposomes (20@L liposomes, 80@L assay buffer) for qguenching of membrane bound Bax, or
assay buffer only (1 mL assay buffer), for quenching of solution Bax. NBD emissgjas (F

recorded after incubation of the sample at 37°C for one hour.

3. Multiple quenching reactions are set up whediguots ofPotassium lodide (2M,
supplemented with 2 mM sodium thiosulfate to prevent oxidation) and Potassium Chloride (2M)
stock solutions are added to each sample so that the total ion concengiradidimusanic
strengthjn samples is the sanfigypically 100 mM) (Table 2). The NBD emission for each
concentration of Kl is detmined (F) andallisional quenching is calculated by the Stern
Volmer equation:

0 o
o P UV

Where fis the fluorescence imeity in the absence of quencher, F is the fluorescence
intensity at a specific quencher concentration [Q] agdsthe StersVolmer quenching
constant.
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Table 4.2 - lodide quenching values of NBBlabeled Bax

KI (mM)

KCl (mM)

3¢

175C°

Solution (Fy/F)

Membrane (Fy/F)

Solution (Fy/F)

Membrane (Fy/F)

0

100

1

1

1

1

20

80

1.1351£0.0105

1.1657 £0.0136

1.1158 £0.0002

1.0650£0.0134

40

60

1.2645£0.0068

1.3176 £0.0101

1.2140 £0.0029

1.1110£0.0112

60

40

1.3812+£0.0180

1.4807 £0.0373

1.3397 £0.0019

1.1647 £0.0020

100

1.6224+0.0156

1.795440.0376

1.5294 £0.0002

1.2730£0.0093

As the concentration of increases, so does the extent of quenching as determined by the
SternVVolmer equation, allowing the titration curve to be fit with a line where the slope is the
SternVVolmer constan{K,). The smaller the Stefviolmer constant the more protected a residue
is from the solvent. Quenching can then be used to compare the change in exposure of Bax
residues to solvent upon the addition of an activator. Correlating with the NBD emission
changes, residue 3 shows no changeategtion from quenching updhe addition of cBid
(Figure 3.2, whereasesidue 175C of Bax becomes more protected from quenching, in

agreement with this region of Bax inserting into the bilayer (FiguBe(Bnnis et al., 200b

410.Concl usi on

Here, four techniques have been highlighted to show how membrane proteins can be
studiedby fluorescence spectroscofie high sensitivity of fluorescence based assays along
with the ability to probe the dynamics of protein:protein and protein:membrane interactions in
reattime lends itself well to study a complex regulatory system such as tief8elily of
proteins. he techniques described here have been adapted to study many different aspects of
apoptosis regulation in vitro and in live cells and can be applied to study other biological systems
(Kale et al, 2012).
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51. Pr ef ace

The work presented here has been prepared for submission as a research article

Kale, J., Bachman, J.A., Sorger, P.K., Andrews D.W. (2CEs)cerassociated Bax point

mutations block apoptotic pofermation at distinct conformations
Author Contribution:

Kale,J and BachmanlA wrote the entire publicationKale, J performed all experiments and
Bachman, A did the modeling for the kinetic data. Sorgef #hdAndrews, DW edited the

manuscript andirected the layout of the paper.
Objective:

To kinetically model the activation mechanism of Bax and to characterize the conformation
changes of Bax as it transitions from a cytosolic monomer to a membrane embedded oligomer
This chapteaddresses gaps the field pertaining to the kinetics of Bax activatibay Bax is
activated by activator BH3 proteins and specific conformations Bax adopts.

Highlights:

1 Bax undergoes widespread conformation changes upon activation
1 Kinetic modeling suggests:
0 Bax adopts distinct conformations 1) solution Bax 2) an activator B8/-
Bax intermediaterad 3)Bax oligomer
0 Bax undergoes the same conformation changes irrespective of the activator used
(cBid or Bim)
o Transition into the intermediate fast and is marked bysagnificant
conformation change in the BH3 groove of Bax
0 After transitioning into the intermediate, Bax inserts helices 5, 6 and 9 into the
membrane in concert.
1 Specific point mutants block Bax in the intermediate conformation
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52.l ntroducti on

Apoptosis isa biochemically programmed cell death pathway that governs when and how
cells die in response to internal or external stress stimuli. A key step in this process is
mitochondrial outer membrane permeabilization, or MOMP, in which pores form in the
mitochordrial outer membrane and releasegpoptotic proteins, such as cytochrooend
Smac, into the cytosdTait and Green, 2010Thereleasedgroteins activate a family of
proteases known asspasethattrigger the rapid degradation of cellular components. The
processes downstream of MOMP are in general rapid and complete, making MOMP itself a key
regulator of cell fat¢Albeck et al., 2008; Goldstein et al., 2000; Rehm et al., 2Ga2)jctional
studies have shown that the tendency of mitochondria derived from cell lines and tefteoto
undergo MOMP caelates strongly with cell death in response to cytotoxic chemotherapy and

ultimately, clinical outcome@Ni Chonghaile et al., 2011; Vo et al., 2012)

MOMP is regulated by a set of evolutionarily related proteins known as th2 f@atily,
which are responsible for @eating, inhibiting, andpermeabilizingthe mitochondrial outer
membrane (MOM)Chipuk et al., 2010; Shamdsn et al., 2013b; Youle and Strasser, 2008)
The proapoptotic Be2 family proteins, Bax and Bak apore forming proteinand undergo
conformational changes allowing them to oligomerize in the MOM resulting in MOMP
(Kroemer et al., 2007)Furthermore, Bax and Bak are required for MOMP as Bax and Bak
double knockout cellail to undergo apoptosis whereas Bax or Bak knockout mouse embryonic
fibroblasts respond to apoptotic signf8ei et al., 2001) After insertion into the MOM, Bax
oligomerizes resulting in MOMP at which point, the cell is committed to d@athis et al.,
2005; Er et al., 2006; Kroemer et al., 2Q0Thus the activation status of Bax, whether it has

formed pores or not, determines the fate of the cell.

The soluble fomoBax i s a gl obul ar-helrcespimwdichnthec ont .
hydrophobic BH3groove composed dahe BH3domain of Bix and surrounding residued (
helices 24), is occluded by the € e r mi n a | (SuklRi ettale ROOO§Figure 1A) Under
normal circumstances Bax is predominately cytosolic with a small fraction binding transiently to
membranegSchellenberg et al., 2013; Yethon et al., 20@)gagement of the BH8omain of

activator BH3proteins such as tBid or Bimto the BH3grooveof Bax leads to displacement of
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the Gterminal helix, exposure of both thetBrminus andhe BH3domain of Bax, the insertion

of helices 5,6 and 9 into the membrane, and Bax oligomerizgiiumis et al., 2005; Bleicken et

al., 2014; Dewson et al., 2012; Gavathiotis et al., 2010; Kim et al., 2009; Lovell et al., 2008;
Westphal et al., 2014a; Zhang et al., 2016lnwe BH3groove may not be the only activation site

on Bax as binding of a stapled Bim BH3 peptides tolanlgth Bax protein analyzed by NMR
revealed a novel binding pocket iraB comprised of helix 1 and 6 termed the rear pocket
(Gavathiotis et al., 2008) Binding of stapled Bim BH3 peptides to the rear pocket of Bax

di sengages an unstructured | oop between U h
change resulting in diBH2 groouedGavathiotis et @lf, 20109 f r
Furthermore, helix 1 of Bax was shown to stabilize helix 9 in the hydrophobic cleft and upon
direct interaction of helix 1 by Bid, Bim and Paphelix 9 disengages allowing Bax to insert

into the MOM (Kim et al., 2009) It remains to be conclusively shown whether or not theee
differences in the activation site on Bax or in the conformational changes of Bax during
activation by cBid or Bim.

Understanding the key regulatory steps in the activation mechafhiBaxas imperative
for the development of drugs that can modulate apoptosis for therapeutic outcomes. Bax
activation has been extensively studied yet the precise structure of active, mebthradeand
oligomerized Bax remains unknown. Multiple structustddies from different research groups
have given a clearer picture on the arrangement of Bax molecules at the assembled pore
(Bleicken et al., 2014; Czabotar et al., 2013; Zhang et al., 20A8hpugh each study proposes
different conformations of membrai®und oligomerized Bax, all agree that Bax dimerization,
initiated by interactions witlactivatorBH3 proteins, involve symmetric binding vithe BH3
domain( | ocated in U2 of Bax) of o-A)ofaBother. Ehesd t h
studies also agree that t hmaneawitiptieimembtaheiaod/old5
Bax pore and are not fully inserted within the bilayerweeas U9 ful |y i nsert
However, these structures have been inferred from static structures in the absence of membranes.
some of which appear to be gfathway deagnd complexes. Therefore, the order of events
remains highly speculative dnwvhether each of these events constitutes a kinetically distinct step

remains unknown.
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It is clear that Bax has multiple distinct conformations that allow its targeting, insertion,
oligomerization, and pore formation in the MOM. However, despite intenssearch, a number
of important questions regarding apoptotic pore formation remain. Existing studies based on
static or equilibrium measurements offer insight into the structure of the assembled pore but less
information about the nature of any internad conformationadoptedoy Bax or Bak.
Conversely, kinetic studies have clarified aspects of the sequence of steps taken en route to pore
formation, but lack structural information about the conformational states of Bax during this
procesgKushnareva et al., 2012; Lovell et al., 2008; Saito et al., 200&eover, the order of
specific conformation changes ane tkinetics othese changes in Bax remain elusive. In
addition, because several of the existing structural studies have used a variety of methods for
activatingBax (e.g., B13 peptides vs. fullength BH3proteins and liposomes vs. CHAPS
detergent), it is unclear whether the particular rearrangements of Bax are contingent on the
activator used. What is needed is a dynamic picture of the process by which Bé&ogoie
aqueous state to the assembled pore, usintefudith proteins and membranes.

In this study we use we use fluorescence spectroscopy and kinetic modeling irtem
reconstituted system using liposomes andl&ngth recombinant proteins to order and define
the conformational transitions that Bax undergoes as it transitions from a soluble monomer to a
membrane embedded oligomer. We accomplish this by labelingdterpat 19 positions with
an environmentally sensitive dye that reports on Bax insertion into membranes, complemented
by intermolecular FRET to determine the timing of profgiatein interactions. We analyze
approximately 400 experimental tinmursesusing a set of kinetic models to identify the
number and timing of conformational changes. We find that Bax transitions rapidly to an
intermediate associated with binding of cBid or Bim, followed by a slower transition associated
with Bax insertion into rambranes, oligomerization and pore formation. Mutations found in
cancer cells can trap Bax in this intermediate, preventing MOMP. The accompanying dataset,
reportingdye release, Bax insertion, and FRET tiomairses between Bax and activators cBid
and Bim, is provided in a variety of formats along with source code at

(https://github.com/johnbachman/tbidbax/)p®lots of raw and processed data can be accessed

in the Supplementary Online Material (SOM) at

http://sorger.med.harvard.edu/data/bachman/kale/index.html
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53. Resul t s

In order to elaidate how Bax unfolds into the membrane upon activation, 19 single
cysteine Bax mutants were expressed, purified and labeled with theehabive fluorophore
NBD as described(Kale et al., 2014; Lovell et al., 2008rigure 1B) We selected this dye
becausdhe fluorescence intensity of the emission peBkIBD depend on the hydrophobicity
of the local environment of the dy& herefore, if an NBElabeled cysteine on Bax moves into a
more hydrophobic environment (i.e. into the bilayer) the fluorescence intensity will inemeése
the opposite will happen the dye labeled residuaoves into a more hydrophilic environment.
Moreover, due to thesmall size and limited hydrophobicitgf NBD compared to other
environment sensitive dyeNIBD has beensed successfullipr similar experiments for Bax and
other proteingRojko et al., 2013; Shamdin etal., 2013a)Permeabilization of the bilayer was
measured contemporaneously with Bax activation by encapsulating the fluorescent-terbium
dipicolinic acid complex (Th:DPAinside liposomes and adding EDTA to the solution outside of
the liposomeUpon membram permeabilization by Bax, Th:DPA is released from the liposomes
and EDTArapidly binds the Tleffectively quenchinghe fluorescencéFigure 1C)(Kale et al.,
2014; Lovell et al 2008) Measuring he changes in both NBD and Terbium fluorescence
intensity enablesharacterization of Bax activation and pore formation in real {lroeell et al.,
2008).

Data from the fluorescence of the NBD dyd @different locations spanning the N
terminus,BH3-groove poref or mi ng hel i ce g e(r Wb nmBak Weldd)), and
compiledto trackthe changes in the environment of the nine different helices id&axg pore
formation(Figure 1AB). Recent published data demonstrates that in liposomes Bim is faster
than cBid at recruiting Bax to membranes because cBid must undergo a specific conformational
change within the membrane before it can recruit atosiek et al., 2013; Sharriam et al.,
2013a) Thereforethe activator proteins cBi@ndBim were preincubatedwith liposomes for 5
minutes before the NBD labeled single cysteine mutants of Bax were &delesurehe

conformational changes and membrane binding of theadotiyha come to equilibriumThis
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allowedmore precie ordering of Bax conformatiazhanges because the kinetics ofdhgvator

BH3 proteins do not complicate the measured kinetics of Bax activation.

5.3.1. NBD-labeled mutants undergo distinct changes irhydrophobicity
indicating widespread conformation change in Bax during
activation

The initial kinetic dataset (KD1) consisted of 40 different conditions (19 labeled Bax
variants plus wildype Bax, each incubated with one of two activ&biB proteins) wih three
replicates each, for a total of 120 experiments (see Sl SectiprOBulexpectation, based on a
previous analysis of Ba€126NBD (Lovell et al., 2008)was that each variant would exhibit
roughly singleexponential membrane binding kinetedtowing differences in timescal® place
eachresidual ong a structayal Howevern ont fMieatdsvul t s
showed that NBEBax fluorescence trajectories were considerably more diverse and many were

nortmonotonic (Figure 2A).

The labeled proteins had distinct rates and dynamics of fluorescence changespftalling i
two classes depending on the location of the label: 16 residues showed monotonic changes in
fluorescence similar to what we had observed previously for@e26NBD. The rates of
fluorescence change varied amongstrautants with some approaching tlieequilibrium value
rapidly (e.g., Bax3C-NBD) while otherssuch aBBax-120C-NBD changednuch more slowly
(Figure 2A).The other class comprisésur residuesn the BH3groove(54,62,68 and 79)that
showed a kinetically fashcrease in fluorescencenat for residues 54, 68 and 79 resulted in a
transient peak in fluorescenicgensityfollowed by a decline towards the equilibrium valleor
residue62 the initial increase wa®llowed by a slow linear increase (Figure 2A and Sl Section
3.1).
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Figure 5.1 - Assaying dye release and conformationahanges of labeled Bax mutants

A. Linear representation of Bax wiBH3-grooveand membransertinghelices indicated.

B. Solution structure of Bax (PDE: 1F16) with positions of engineered cysteine mutations used for NBD
labeling.

C. Design of multiplexed fluorescence spectroscopy assays. An activator BH3,motdiras cBigwhich in some

experiments is labeled with the fluorescence donor DAC) is added to liposomes that contain the fluoregidext
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of Th:DPA (terbium:dipicolinic acidand allowed to equilibrate. NBlabeled Bax mutants are then added and
fluorescence timeourses are recorded. Pore formation is measwadiacrease in Th:DRAorescence as it is
released into the solution, which contaliti3TA that rapidly chelates Tb, thereby dismantling the Th:DPA complex
; Bax conformational changes and membrane iotgnas are indicated by the fluorescence changes of-BBR

and interactions between Bax and its activators are given by the decrease in fluorescence ofltieBABH3
protein due to FRET with NBiBax.

The fold-changein NBD fluorescence (Fgf upon Bax activation quantifies differences
in the local environment of the residue between the aqueous and meinbuagestates (Figure
2B); a value greater than one indicates an increase in fluorescence, and thus hydrophobicity; a
value less than one, aatease. At a one hour epadint after addition of activator BH3 proteins
10 labeled residudsadundergme a transition to a substantially more hydrophobic environment,
8 were relatively unchanged (1<k42) and one residue (number 47), ndv® a more
hydrophilic environment (Fig. 2b). Residue 47 is located within the loop between helices 1 and
2, which is known to undergo a conformation change upon Bax activation, and both the
magnitude and direction of the NBD fluorescence change sugdmdtshis residue becas
more solvent exposed. Multiple residues outside of the-fooneing and Gterminal helices
(e.g., residues 15, 62, 184, and 188) had relatively low absolute NBD fluorescence but large
relative fluorescence changes, indicating tihat rearrangements of Bax during pore formation
encompass most regions of the protein, not only those known to insert in the membrane.
Furthermore, the relative change in emission d)Fidicates that irrespective of whether Bax
was activated by cBid oriB at end pointthe overall conformation of membrameserted

oligomerized Bax was unaffected by which activator BH3 protein was used.
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Figure 5.2 - Kinetics of NBD fluorescence changes

A. Example NBDBax fluorescence time courses, normalized to the initial fluorescenged-points). Each of the

six time courses shown used cBid as the activator BH3 protein and is the first of three replicates. Black lines show
fits of the tweconformation model.

B. Onehour endpoint of the relative change of NBD emission at 530 nM after the addition of 20 nM cBid (grey) or
Bim (black) in the presence of liposomes. Error bars represetB/ with n = 3.

C. Percentage of maximum NBD fluorescence reached at an eaglyptimt (105 sec), plotted against the amount

of dye release relative to wikype Bax, using cBid as the activator.

D. As for (B), but using Bim as the activator.
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5.3.2. Most labeled Bax proteins can form pores but vary widely in
permeabilization kinetics

Labeled singlecysteine Bax mutants have been used successfully in several previous
equilibrium (Annis et al., 2005; Bleicken et al., 2014; Westphal et al., 2014a; Zhang et al.,
2016b) and kinetigKushnareva et al., 2012; Lovell et al., 2088)ctural studies of Bax.
Consequently we expected thiat most residues in Basysteine substitution and addition of the
low-molecularweight NBD would minimally affect the activity of th@oteins Measurements
of membrane peneabilization confirmethis as at engboint two-thirds of the labeled proteins
were 80100% as active as unlabeled native prot¢$®M Section 1.1)However,mutantswith
NBD-labeled cysteine at positios8, 79, 120 and 188ave attenuated poeferming function
but still permeabilized at least 40% of the liposomes in one, lBoggestinghat the mechanism
of permeabilization is unlikely to have been changed significalntigontrast, st Bax mutants
including those that had endpoint release actiwtjlar to wild-type, showed an increased
initial rate of dye release relative to the unlabeled native protein, suggesting that for many
variants the additioof the NBD label preserved Baore formation activity but destabilized the
protein by reducing exrgy barriers between its conformational states (SOM SectipB.1)1

The variation in the kinetics of pore formation activity prevented a straightforward
comparison of NBD insertion timescales, even among those mutants with monotonic kinetics
(e.g., bythe comparison of reaction hdifmes). To assess the degree to which the observed
variation in NBD fluorescence dynamics was attributable to differences in permeabilization
activity, we plotted th@ercentage of NBD F/FO changgainstdye releaseelative to WT Bax
at a fixedearlytime pointand agairfound that the residues fell into a set of two classes (Figures
2C & D). For residues outside the BigBoove faster rates of NBD fluorescence change
corresponded to faster rates of dye release in a roughly linear pattern, suggesting that most of the
differences in the initial rates of NBD fluorescence change can be explained by differences in
overall activity dtributable to the addition of thdBD label. However, residues in the BH3
groove b4, 62, 68, and j&howed significant early NBD fluorescence changes that differed
considerably from what would be expected due to pore formation activity differencesdime
suggests that the rapid increase in the fluorescence of these labeled residues is due to a structural

rearrangement that precedes dye release.
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5.3.3. Kinetic analysis of NBD fluorescence suggests three or four distinct
conformational states

We sought tontegrate the kinetic information from the entire set of Bax proteins into an
overall picture of the conformation changes involved in Bax pore formation. We hypothesized
that 1) pore formation requires a discrete series of conformational changes, andi®ldwe
variants differed in their transition rates between steps but not in the overall number of steps. To
formalize this hypothesis, we considered a simple kinetic model involving linked equilibria
between conformational states of Bax, each state gavihfferent NBD fluorescence intensity

for the labeled residue:

6GGP 8OO 6O 8P 5H®
1)

Because our data comprise bulk measurements of a reaction with individual Bax
molecules distributed among different conformational states, the experimentally observed NBD
fluorescence at any given tinhés given by the summation over the concentratiortb@f

different conformers:

06 @® B 0 6d o, )
2

Here theC; are parameters denoting the NBD fluorescence of each otates of Bax.
Though the generalized scheme in Eg. 1 incorporates both the forward and reverse reactions, in

our analysis we considered models containing only irreversible forward reactions:

6 H@O 6O 6HP 8 U 6HL
3)
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For experimental systems such as ours where only the aggregate fluorescence is
measured, the reversible and irreversible formulations produce equivalent fits to the data and are
indistinguishable in terms of their ability to identify the number of confdonat states

(Supplementary Information).

Quialitative inspection suggests that the kinetic curves for several of thdateld
residues are reasonably well approximated by thestate model, which takes the form of a
singleexponential equation (Methods, B;). This is particularly we forresidues outside the
BH3-groove(e.g., residues 3, 120, andslshown in Figure 2A; others in SOM Section 3.4).
However, the noimonotone fluorescence curves of some Bétfion residues (62, 54, 68, 79)
are very poorly fit by the singlexponential equatioEq.8 (Figure 2A). Indeed, it can be proven
that they cannot be fit by any twomnformation scheme in the form of Eq. 1 where the labeled
residue undergoes a single fluorescence transition, due to the form of the mathematical formula

describing such sysins

We therefore compared the performance of reaction schemes involving two to five
conformational states by conditioning them on the NBD fluorescence data using Bayesian
parameter estimation. An advantage @ #pproach is that, given a suitable emadel (e.g.,
Gaussiardistributed error in the fluorescence tic@urses), the data can be used to estimate
both the range of likely parameter values as well as the plausibility of models having different
numbers of parameters (different numbers of con&tions in this casépelman, 2014)To
limit the scope of ouanalysis to only conformation changes having an observable impact on our
experimental data, we chose uniform prior distributions for the kinetic parameters bounded by
the relevant timescales of the experiment (ranging fromtd@.0° sec¢'). We considere two
prior probability distributions for the fluorescence scaling parameters based on the
experimentally observed relative and absolute dynamic ranges for the dye NBD: one uniformly
distributed over this range and the other Gaussian with greater progbagsigned to smaller
relative changes. As we discuss below, the results were similar for both fluorescence priors but
we consider the latter assumption more realdhtie to the observed data siname of the
residues change more thafiokd from theirinitial NBD fluorescence. Given the range of
absolute fluorescence values we observe (~3000 counts for residue 184C at CO to ~130,000

counts for residue 120 at C2) it is not equally probable that hydrophilic residues, like 184C,
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would reach the highest thuescent state of 130,000 counts (F/FO of ~43) versus reaching a

lower fluorescent state such as 9,000 counts (F/FO of 3).

After calibrating the models we found that all labeled residues, not only those in the BH3
region, showed evidence of existing irlesst three conformational states. This is illustrated by
the dramatic improvement in the fits to data in going from two to three states (compare Figure
2A to 3A) and the corresponding improvement in model likelihood (Figure 3B). A handful of
residues shoed evidence of a fourth conformational state (Figure 3B and SOM Section 3.5).
Notably, none of the residues showed evidence supporting five or more conformations (i.e., four
or more fluorescence transitions). From these data we conclude that duringctéss mfopore
formation, Bax occupies at least three conformations: an initial one corresponding to the agqueous
state, the final fully membraraserted state found at equilibrium and a transiently formed
intermediate linking the two. Multiple residues thghout Bax change in hydrophobicity with
each state transition.
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Figure 5.3 - Fits of kinetic models to NBD fluorescence timeourses
A. Fits of the threeconformation model to the curves in Figure 2A.
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B. Marginal likelihood values calculated for different models for all NBD time course replicates in the dataset by
Markov chain Monte Carlo sampling. Each NBD time course replicate is colour coded based on where NBD is
labeled on Bax (purple N-terminus; re i BH3-groove; greeii U5, U6 U%)l.uel nset shows diff
the three, four, and five conformation models on an increased scale. Boxes extend from the first to the third quartile
of the data, with a horizontal line at the median; whisketsneikabove and below to 1.5 x the interquartile range.

C. Marginal posterior distributions of the parameters of the thoggormation model using a Gaussian prior

distribution for the fluorescence intensitiesfandC,. The color intensities along daborizontal red and green

band indicate the Markov chain Monte Carlo sample frequency at the corresponding interval of the parameter
distribution. In theC,/C, plot (left), frequencies fo€, are indicated in red;, in green; in the/k, plot (right),

frequencies fok; are indicated in red; in green. The section of the plot for a given residue contains three
corresponding pairs of red and green bands; each pair is drawn from fits to a single experimental replicate.

D. Residue burial index calculatég normalizing the predicted absolute fluorescence values from Figure 3C for

each residue to that of the predicted fluorescence value for Bax ENB@ON the final conformation (§. Error

bars represent +5.D. with n = 3.

E. Derivatives of NBD and terbium release time courses for Be&NBD (first replicate, cBid as activator),

normalized to the maximum rate of change. Derivatives were calculated numerically after processing the curves
with a low-pass filter to reduce nois€he curves shown were for the first experimental replicate with cBid as the
activator.

F. As for (E), but for Bax54GNBD (first replicate, cBid as activator). The vertical grey line is drawn at the peak

rate of change ofb:DPArelease.

5.3.4. Fitted model parameters suggest a fast transition to an intermediate
conformation with relatively higher hydrophobicity for the BH3 and
surrounding regions

The estimated parameters for the thteaformation model comprise residbgresidue
rate constants for the firahd second transitionk; (@andk;) as well as the fitted NBD
fluorescence intensities of the intermediate and final conformat@ren@dC,; Figure 3G. For
16 of the 19 pairs of weltletermined rate constants, (those that were uniquely identifiablewith
Gaussiarprior), k; was at least-fold faster thark,. Threelabeled residues in the-tdrminus
were mixed in their behavidpositions 3 C;>C;; 5-ambiguous15 C,>C;).Resi dues i n t
2 loop (36, 40 and 47) were more hydrophobic in the intermediate state compared to the final
state(C>C,; Figure 3C)Moreover,with the exception afesidue 62, residues the BH3

groove(positions 54, 6& 79) werealsoin a more hgrophobic environment in the intermediate
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state than the final equilibrium sta@,6C,; Figure 3C) In contrastresidues il 5 , andU %
(positions 12a188) were associated with lesser or equal hydrophobicity in the intermediate
conformation(C,>C;; Figure 3C) From these data we conclude that a Bax intermediate
conformation forms rapidly in the presence of activator BH3 proteins and then decays slowly to
the equilibrium, poressociated state. The environment of the BH®ve and th& 12 loopis

more hydrophobic in the intermediateanthe final conformation, whereas theembrane

bi ndi ng h ehdU&e smordHydropHdbican the final conformatmsmpared to the

intermediate

5.3.5. Baxtopology is consistent with insertion of helices 5, 6 and &d the
BH3:in-groove dimer model

Due to the environment sensitivity of NBD, the fluorescence values generated by fitting
the kinetic data (Figure 3C, left) are directly correlated with the hydrophobicity of the
environment of that residue in each conformation state. Since, multiplesshadie confirmed
that residue L120 of Bax is embedded within the bilfp@mnis et al., 2005; Westphal et al.,
2014a; Zhang et al., 20160k generated a burial index by normalizing all fitted fluorescence
values (G and G) to that of the fluorescence of L120C in the final)(&ate (Figure 3D).
Previoustopologicalstudies of Baxme mbr ane 1 nteractions have su
U9 h el assoeased imlane with oburiedwithin the membrane at equilibriugAnnis et
al., 2005; Westphal et al., 2014a; Zhang et al., 20F6gdire 3D shows thatsidues 120, 122
and 1 2dlmoveto tddse hydrophob@nvironments consistent with embedding within the
membr ane, wher e atmnsitiomsfiord hydropHilid & hydraphobiéity between
being fully exposed (e.g. residue 3) and fully embedded (e.g. residue 120). Raslikles9
(175 179 are n environments consistent with being embedded within the membrane, whereas
residues at the end of the helix (184 and 188) are in solution exposed envirofiigemes3D)

As reported above residues in the2 loop (36, 40 & 47) anBH3 grooveof Bax (54,
68 & 79)are in a markedly more hydrophobic environmerthe intermediatéC,) state
compared to the initiglCo) or final (Cy) states (Figur&D). However, with the exception of,C
for residue 36, all fluorescent states for residuegB6ére consistd with a more hydrophilic

environment suggesting that these residues are not embedded within the mebrane.
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discussed above this incredg$kiorescencen the intermediate state temporally similar to

cBid and Bim binding to Bax. The temporary incgean the hydrophobicity of these residues

upon binding cBid and Bim could be due both the formation of an activator:Bax binding

interface as well as an increased proximity of Bax to the membrane. This region then transitions
to a more hydrophilic enmonmentwh en Bax is in a pore -t equi l
consistent withmodes wher e t h e-4)B B®ve the membrane dr Whidg the pore
(Bleicken et al., 2014; Czabotar et al., 2013)

5.3.6. The relative rates of NBD fluorescence change and dye release
suggest thatthe intermediate conformational state precedes pore
formation

A key question about the intermediate Bax conformation suggested by the NBD
fluorescence data is whether it precedes or followsdiradtion of a pore. The date in Figure 2C
and D suggested thtor the BH3grooveresidues (54, 62, 68, and 79) there wasaial
increase in NBD fluorescence that preceded a proportional increase in dye. iedemgalore
this relationship further, we calculated the time derivatives of both the NBD and dyserélae
courses (SOM Section 3.3). While the rate of change of NBD fluorescence is almost invariably
fastest at the initigime points the rate of change of dye release starts more slowly and reaches a
maximum before declining to zero at equilibriurhda/n for Bax15C-NBD and Bax54C-NBD
in Figure X-D; other residues in SOM Section 3.3). This process is evident in the original dye
release timeourses as a slight lag phase at the eatlrast pointsthat is also present for wid
type Bax (SOM Sectio.1). The appearance of the lag phase in dye release was consistent for
all mutants except a handful with low endpoint activity (68, 79, 179, and 188), though the
duration of the lag between the labeled mutants varied depending on their release kinetics
(mutants with accelerated release kinetics had a shorter lag phase). Tbeuisgederivatives
indicate that even fdhe residues outside of the BidgBoovewith monotoric kinetics, NBD

fluorescence at the labeled residues undergoes an initial changeettedes pore formation.
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5.3.7. Both cBid and Bim remain associated with Bax at equilibrium, but
the cBid:Bax interaction peaks early

To order Bax conformational changes with respect to binding of activator BH3 proteins
we measured Forster resonance energyfea(BRET) between labeled Bax and cBid or Bim.
Here, as above, Banxas labeled with NBD and Th:DPA encapsulated liposomes were used. In
addition, DAC labeled cBid and Bim weaelded to activate BadBD is a good FRET acceptor
for DAC, which allows the iteraction betweethe activator BH3rotein and Bax to be
measured via FRET in addition to simultaneously measuring Bax residue environmenschange
and pore formation (Figure 1(Kale et al., 2014; Lovell et al., 2008jor this analysis we chose
12 NBD-Bax derivatives with high levels of pore formation activity. Single cysteine mutants of
cBid and Bim were created in which the cysteine was located 1 resitkrenifal of the HO
residue in the BH&lomain of cBid and Bim (residues 85 and 89 respectiy&€gabotar et al.,
2013) Thissite was chosen because the Bi8rain of the activators is required for Bax
activation and binds directly to Bax thus increasing the chance of a good FRET signal.
Furthermore, the binding site and orientation for the Bjveis known in sufficient detail
that as long as cBid and Bimni to this same site on Bax tB&AC donor dye orBid andBim

will be located similar distances from tNBD dyeon Bax.

Forthese experimentERET measurementsere performed in triplicate farach of the
12 NBD-labeled Bax variants, incubated with eitle&id-DAC or Bim-DAC, for a total of 72
assays (plots of raw data in SOM Section 5.1). Incubati@arfwith either DAC labeled cBid
or Bim resuledin similarextents ofpore formatiorconfirming that the labeled proteins
activated Bax equivalentl{Figure S1a). Additionallyunlabeled andAC labeledBim and cBid
proteinscauseccomparable changes in fluorescence emissidhe NBD labeled Bax residues
(Figure Sb). Accordingly, theDAC dyedid not affect the Bax activation function of the BH3
proteinsor the values measured for environment induced changes in NBD fluorescence, as

expected (Lovell et al., 2008)

Changes in FRET occurred on a timescale similar to the iaitdtonmenthanges in
NBD fluorescence, reaching maximum levels ihSLminutegFigure 4A and SOM Section 5.3).

Endpoint%FRET between thactivatorBH3 proteins and Bax were variable for the different
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sites on Bax, witlthe largest values foesidus36 and t he U5 helix resi
both cBidDAC and BimDAC (Figure 4B). Strikingly, for several labeled Bax residues

including 54GNBD, the cBidDAC FRET reached an early peak withi#8 Inin and then

declined, whereas for Bim, the FRET levadse on the same timescale and were sustained

(Figure 4A and SOM Section 5.1). These differences were quantified by comparing the maximal
and endpoint FRET values using fitted curves to reduce experimental noise (Figure 4C). The
differences in FRET dynaics between cBiDAC and BimDAC suggest that in the later phases

of activation, these proteins either adopt different bound states with Bax or have different
affinities for Bax preor postactivation. Nevertheless, the fact that both activators have

subgantial FRET with at least a subset of Bax residues at the experimental endpoint indicates
that they remaimm an equilibrium binding stateith Bax at a point when most Bax is in pores,
consistent with our previous findings fidid andBax-C126NBD (Lovell et al., 2008)

5.3.8. The initial conformational transition of Bax correlates with
activator: Bax complex formation, the latter to Bax oligomerization

To compare the dynamics of cBiand BimBax FRET with changes in NBBax
fluorescence we fit the thremnformation model to the FRET and NBD tic@urse data for
two NBD-labeled Bax variants reprsting the BH3grooveand membraneserting regions
(Figure 4D). For each variant we fit a single set of rate parameters and four fluorescence scaling
parameters: two parameters for the NBD fluorescence of the intermediate and final states, and
two parameers for the averagdax: BH3 proteinlFRET efficiencies associated with the two
states. We found that the threenformation model fit the data for B&4C-NBD and Bax
C126NBD well with a single set of rate parameters, implying common underlying dynamics
(Figure 4D). The marginal posterior distributions for the FRET efficiencies of the intermediate
and final states indicated that, for both E&C-NBD and BaxC126NBD, the maximal FRET

efficiency occurred after the initiél ® w° 6 & wtransition, delining somewhat after the
0 WwwO 6 W wtransition. We therefore conclude that the initial hydrophobicity change of Bax

occurs largely simultaneously with the formation of Baex: BH3 proteincomplex.
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B. Endpoint FRET between activator BH3 proteins and labeled Bax mutants. Error bars repre&sEntwith n =

3

C. Difference between maximal and endpoint Bax: BH3 protein FRET. Error bars represem.wiith n = 3

D. Joint fits of threeconformation model to NBD fluorescence and cBidC:BaxNBD FRET time courses.

E.) Joint fits of threeconformation model to NBD fluorescence and B24C:BaxNBD FRET time courses.
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Bax oligomerization is a known requirement for pfmemation(Geoge et al., 2007)To
determine the timing of Bagligomerization relative to the conformation changes indicated by
NBD fluorescence, we collected Bax:Bax FRET data using®@BX6-DAC as the fluorescence
donor(Kale et al., 2014Lovell et al., 2008]plots of raw data in SOM Section 6.1). Unlike
FRET with cBid and Bim, Bax:Bax FRET increased late relative to the conformation changes of
Bax. Using the same analysis as for Baex:BH3 potein FRET data, we found that a three
conformation model with a single set of rate parameters could simultaneously fit both the NBD
and Bax:Bax FRET data (Figure 4E). In addition, the parameter estimates indicated that Bax:Bax
FRET increases monotonicalieaching a maximum in the final state. From this we conclude
that the hydrophobicity changes associated with the final conformation of Bax correspond
closely in time to the formation of Bax oligomers, and that a tboedormation model is
sufficient toaccount for the dynamics of both proterembrane and protejorotein interactions

during Bax pore formation.

5.3.9. Cancer-associated Bax mutants have defects in specific
conformational transitions required for pore formation

The development and validation oBatate kinetic model for Bax activation by BH3
proteins provides a quantitative framework to analyze the effect of mutations on Bax mediated
pore formation. Therefore we used our kinetic model to reveal the specific molecular defect in
mutants previouslgharacterized to alter Bax functiand to characterize new Bax point
mutations found in human cancers. Point mutations known to abrogate Bax function include
mutations found in cancer cell lines (G67R, G108V, G1{#Esquet et al., 2014; Meijerink et
al., 1998) and mutations of S184, an AKT phosphorylation s34V, S184KGardai et al.,

2004; Nehushtan et al., 1999)

Bax acts as a tumour suppresgan et al., 1997Yhus nutationsin Baxthatdisrupt pore
formation are expected to reduce apoptosigeessary step in oncogendslanahan and
Weinberg, 2011)We therefore postulated that a subset of the Bax mutations found in human
cancersnight inhibit Bax either by truncating the protein such that it is entirelyfunoational

or byblocking one or more of the structural transitions of Bdentified herelncreased
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expression of mukdomain antiapoptotic proteins is often seen in cancer therefore, we also
expected that some cancers would be tolerant of mutatianstnease the pore forming activity
of Bax.Across all tumar types the most frequeBax mutationsrecorded in cBiBortal(Cerami
et al., 2012; Gao et al., 2018¢retruncation mutations and of those the most frequentawas
frameshift upstream of the BHtBomain(residue E41jhatwould abroga¢ all Bax function.
However we also identified multiple lovirequencymissensenutations throughouht rest of

the protein (Figure A).

We cloned and purified 19 Bax point mutaatsd analyzed #ir pore forming activity
(Figure B). Activity wassummaried as the concentration required for 50% dye release from
liposomes over a 3 hour tinoeurse (i.e., the Efgvalue).Six of the Bax point mutants (G67R,
G108E, G108V, L113P, G179B184E)were 2 to 30fold less active than wild typd@he
majority of these mutants have been previously characterized to abrogate Bax fumngti@nor
in cancer cell lines (G67R, G108E, G108V, G179E, S18Efsquet et al., 2014; Kim et al.,
2009; Meijerink et al., 1998; Nechushtet al., 199%0wever of these G67R, G108V and

L113P were als found in humans cancers via cBioPof@rami et al., 2012; Gao et al., 2013)

To identify the basis for the failure of pore formation in these six mutiduetg were
labeledwith NBD at C126 and their interaction with cBid, insertion into membranes and pore
formationwerecharacterize@Figure 5Q. Fluorescence of NBD at positonZ5 i n t he U6
reports primarily on the formation of the active conformation in whichligexembedded in
membranegKale et al., 2014; Lovell et al., 2008)e found that the L113P mutant showed little
activity across all three fluorescence measures, very little FRET with2B4, and reduced
126C fluorescence relative to BA6GNBD andminimal pore formation. The lack of actiyit
in both upstream (FRET with cBid) and downstream (pore formation) measures suggests that
this mutantddoes not bind cBid and is therefdy®cked in the initial conformational transition
Thecancercell line associate@179E(Goldstein et al., 2000)ad a unique pattern of activity,
with Bid-Bax FRETsimilarto WT, pore formation levels close to wilgtpe but relatively low
U éhelix insertionconsistent with a conformational defect in the membrane embedded oligomer
(Figure5C).
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Finaly, the G67R, G108V, G108E and S184E appear to reprastads of mutants
blocked at the intermediate conformation. They exhibited high-BBXIFRET but low levels of
U éhelix insertion and pore formatioognsistent withdilure of these mutants tmmplete the
transitionfrom intermediate to final conformatioRrom this data, we conclude that point
mutations in Bax can affect the process of pore formatiafl #Hireesteps, with some mutations
preventing the initial transition to a required intedate conformation, and others the transition
from this intermediate tmserted ilfmembranes antihally one mutant with a defect jpore

formation.

54. Di scussi on

A key challenge in understanding the pore formation mechanism of Bax has been the
difficulty i n obtaining a dynamic picture of the fldéingth protein in membranes at high
resolution. Mostnvestigations othe activation of Bax uskdetergents known to change the
conformation of Bax otruncatedecombinant proteins (e.g. truncated Bax or BH3igeptto
activate Bax) odo not includealipid bilayer. This idikely dueto the difficulty in studying the
Bcl-2 family proteins which require insertion into membranes to be fully functional and adopt
their proper conformationd.eber et al., 2010)n this study we use a highly defingdvitro
sydem free of detergents comprised of mitochondika liposomes and fluorescently labeled
full-length recombinant proteins. We combine an extensive dataset of kinetic measurements of
fluorescently labeled Bax mutants with an analytical framework thavslls to integrate data
from these mutants despite their differing activities. Taken together, our results indicate that Bax
undergoes at least two significant structural rearrangements en route to dimerization and pore
formation, passing through an intexthate state associated wabtivator BH3proteinbinding
that results irsignificant conformational changes across the entire pr(fteare 6) The
transition from this intermediate to the final state is concomitant with Bax-homo

oligomerization
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Figure 5.5 - Mechanistic characterization d Bax point mutations in cancer

A. cBioPortal generated figure oégomic alterations in Bax identified by cancer genome sequencing.

B. ANTS/DPX release activity of Bax point mutants represented ky. Bfror bars represent-#%.D. with n = 3.

C. Endpoint dye release, cBBax FRET, and BaC126NBD f |l uor escence nor malized
and cBid (BaxC126NBD + cBid-DAC) of labeled Bax point mutations
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We identified the number of relevant conformation states by calibrating an ensemble of
models to our experimental data. While the twamsition, threeconformation model captured
the dynamics of virtually all of the labelasutants we tested, data from several mutants
suggested a high probability of a fourth conformation (third transition). Though Bayes factor
calculations indicate that for some mutants the four conformation model is many times more
likely than three, the zé of the effect is likely to be smalithat is, the additional conformation
is either at relatively low concentration or involves only a very slight conformational change.
One interpretation is that this fourth conformation involves subtle environmeaizde$ that
occur during largescale oligomerization or pore enlargem@aillies et al., 2015; Kuwana et al.,
2016) Another possibility is that the apparent support for a fourth conformation is due to kinetic
phenomena that are outside the scope of our class of simple models (saturation of activator BH3
proteins, bimolecular reactions, etc.). Proper attitlouof this additional timescale evident in the

Bax activation process will require additional modeling and experiments.

There have been a handful of previous studies aimed at understanding the Bax pore
formation mechanism via kinetic modelifigushnareva et al., 2012; Saito et al., 200@) one
of themost recent, Kushnarevaetiald e nt i f i ed a 0l aianthatwvasamdrent n p
in dye release measurements using mitochondrial Outer Membrane Vesicles (QNMWe)
synthetic liposome<ur results suggest that there is a lag phase in dye release for synthetic
liposomes as well, though it is less pronoundeohtwhat is observed for OMVs, and that it is
associated with the time required for Bax to pass through the intermediate conformation en route

to forming a fully assembled pore.

Our kinetic analysis agrees with our previous daiggesting thaBax bindng to
activator BH3 proteins caasthe insertion of Bax within the membrane rapidly followed by Bax
oligomerization and portormation(Lovell et al., 2008) This can be clearly seen for the
majority of residues of Btlaakinsgrtantothe lpid bilayerl y t h o
However, the analysis of some iadiual residues suggests that the situation is somewhat more
complex. There are clear changes in the environment of residues within thgr@@ of Bax
(54C, 62C, 68C and 79C) temporally similar to cBid binding and much faster than membrane
permeabiliziion. These residues remain in relatively hydrophilic environments compared to the

membraneembeddedhelices of Bax (Fig. 2C) suggesting that the changes in NBD fluorescence
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are due to changes in the conformation of Bax that occur rapidly upon bindohgrctBiat

bound cBid changes the environment of these residues directiyéB®C-D, Figure 4A.
Strikingly, for Bax54C-NBD, a BH3regionmutant exhibiting both nemonotone kinetics and
a measurable lag phase in dye releaseijritepointat which tle maximum NBD fluorescence
is reached (the zero of the NBD derivative) corresponds very closelytim#éh@ointat which

dye release achieves its maximum rate (the peak in the dye release derivative; vertical line,
Figure 3F). Taken together, the NBD dnlye releaskineticsindicate that many regions of Bax
undergo a concerted transition to an intermediate gtatgrecedes the formation of pore
formation and dye releasi. light of the threeconformation reaction scheme, one possible
interpretations that therate of dye release is directly proportional to tieundancef the

intermediate species associated with increédselrophobicity at the Bax BH@roove.

Engagement of the hydrophobic groove of Bax by cBid and Bim activatey&ax,
binding ofthis groove by the BH8lomainof another Bax molecule is necessary for pore
formation(Czabotar et al., 2013; Dai et al., 2011; Dewson et al., 20h2)fact that the addition
of excess activatd8H3 protein does not appear to inhibit Bax suggests that the hydrophobic
groove changes conformation in such a way as to allow Bax to discriminate battigator
BH3 proteinbinding anddimerization. It is possible that this rearrangement of the-gtd8ve
is the basis of the intermediate conformation we identify in our study.

Unlike the predictions of most but not all modéhamaDin et al., 2013b)cBid and
Bim remain bound to Bax at equilibriun®ur fluorescence baseéal vitro assay measures the
fluorescent signal from the total population of labeled proteins, as such we cannot discriminate if
cBid or Bim remain bound to Bax in a pore, or bound to apmgulation of Bax monomergve
hypothesize that both occur based araen studydemonstratinghat Bax, once activated,

bounda Bim-BH3 peptideasan oligomer of Bax andsBax monomergTsai et al., 2015)

Kinetic studes ofthe conformation changes of Bax during its)giéion from a soluble
monomer to a membrane embedded oligopnevide an interpretive framework for data from
studies that obsenanapshos of various conformations of Baxe. Bax membrane topology
(Annis et al., 2005; Westphal et al., 2014a; Zhang et al., 2@i6itjuctural studie€Czabotar et
al., 2013; Robin et al., 2015; Suzuki et al., 200@)edicting the hydrophobicity of each residue
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and comparing that to the hydrophobicity diana fide membrane embedded residue (L120)

and modeling the kinetic data enabled the creation of a picture of the topology of Bax for all 3 of
the conformation states identified (Figure 3D). This data supports a model in which the BH3
groove of Bax undergss a significant conformation change to a more hydrophobic environment
upon binding activator BH3 proteins. This initial change could result from the displacement of
the Bax BH3domain and thus changes in the Bgt®ove structure by the BH@omain of the
activator protein that is required to form diméBewson et al., 2008; Gavathiotis et al., 2010;
Zhang ¢ al., 2016b) Only after this initial conformation change occurs do helices 5, 6 and 9
insert into the membrane whereas the rest oBthex -4) réimains in a more hydrophilic
environment. This data is consistent with, but does not confirm, thedBHi&in:groove model

of Bax activation whereby Bax forms dimers via reciprocal Bldghain:groove interactions
between two Bax monomers. Furthiare, onsidering that both helix 5 and 6 are amphipathic it
is entirely possible that one side of both helix 5 and 6 is embedded within the bilalgetheh

other is exposed to solution, either lining the porerathe surface of the membra(@eicken et

al., 2014; Westphal et al., 2014a)

Quantitative assessmentateries of Bax point mutants derived from cancer genome
sequencing studies or previously characterzaatter cell lines revealedat by far the most
frequent genomic alteration of Bax in cancer is a frameshift deletion neartérenivus,
supporting the view that loss of Bax pore formation activity is in most casesit@mioancing.
Neverthelesssome mtants appeared to have more pore formation activity thantyplkel Bax,
and others les3.he majority of Bax missense mutationd dot abrogate Bax function and are
infrequent,suggestinghat they were due to the genomic instability of cancers. Nevesthel
some point mutations did abrogate Bax function at discernable steps in the Bax activation
pathway. These mutants could be used to further characterize the conformation of Bax when it is
locked at a certain point in the pathway, potentially aidinglteeovery of smaimolecule

modulators of Bax function.

Of the Bax mutants lacking membrane permeabilization fundBar,L113Pcould not
bind cBid or insert into membranes. Thus Bax L113P couldraosition to the intermediate
conformaion. The addibn of a proline to the membramenbeddingJ5 hel i x of Bax

enough to abrogate all Bax function as Bax lacking helix 5 or with a proline substitution in helix
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5 at a different position cannot oligomerize or form pdt&sorge et al., 2007t is noteworthy

that the majority of mutants which inhibited Bax fuonotwere blocked in the intermediate
conformation, one step upstream of insertion into the bil#&geBax insertion into membranes

is the ratdimiting step in its activation mechanisfiovell et al., 2008; Subburaj et al., 2015)

this is where mutations would affect Bax functthe most. While the functional role of the less
common point mutations in altering tumragrowth and survival is more difficult to interpret, it

is important to point out that Bax conformations which are blocked at the intermediate
conformation (e.g.(G67R, G108V, and S184E) not only cannot form pores themselves but may
also inhibit the activation of wildype Bax and/or Bak by binding and sequestering activator
BH3 proteirs. Indeed, we recently discovered that Bax S184E acts as a domeuative Bax

and prevents both liposome permeabilization and apoptosis in cells induced by a wide variety of

apoptotic stimuli fhanuscripin preparation.

Two point mutants from this dataset (G179E and S118I) did not abrogate Bax function as
was previously reporte(dFresquet et al., 2014; Zhang et al., 2016egsquet et al. showed that
Bax 179E was unable to target mitochondria in a@lisferring resistance the BH3 mmeic
ABT-199 Bax G179Ehas half the activity as WT Bax (Figure 5B) but is still able to form pores
(Figure 5C). In cells Bax is exists in an equilibrium between the cytosol and peripherally bound
to the mitochondria where Bax is primarily cytosolic bessathe offrate is faster than the on
rate(Schellenberg et al., 2013)lutations to Bax @erminus (S184V) can cause therate to
be faster than the offite resulting in Bax that is constitutivergeted to the mitochondrial
outer membranéSchellenberg et al., 2013; Todt et &015) Perhaps for Bax 179E the ofite
is faster than the erate in cells thus allowing argipoptotic proteinso inhibit Bax activation
and prevent MOMPIn our liposome assay only cBid and Bax are prelsenG179E is half as
active as WT Bax. Given the lack of aapoptotic proteins in our system, G179E may be able to
form pores albeit slower than WT Ba¥olecular dynamics simulations predicted that Bax
S118I mutation would stabilize an gfathway dimer thus preventing Bax pore formation
(Zhang et al., 2016djowever we see that S118l is fully functional and is more active than WT
Bax (Figure 5B). These discrepancies highlidpiet importance of using ceilee assays and
purified proteins to characterize predicted deficiencies in theroemhanisms of Be? family

proteins free of potential confounding factors.

118



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

While this study accounts for the kinetics of the changes inaBaxhumber of distinct
locations along the protein, it does so primarily for a single set of concentrations of Bax,
membranes, and activator. For a clearer picture of the dynamics of pore formation by Bax and
the dependence of these dynamics on the balahthe various players, additional kinetic

studiesincludingtitration of the various components will be needed

There has been recent interest in developing inhibitors of Bax and Bak as a means to
prevent pathologic cell death in clinical applicatioespecially as inhibition of executioner
caspases alone has proven insufficient to halt death after MGslRizzi et al., 2015) The
dual nature of the hydrophobic groove of Bax as both a site of activation and dimerization
suggests that it may be difficult to identify ligands that are primarily indribidnd not agonists.
However, our results suggest that the hydrophobic groove of the conformational intermediate
state may be a good target site for an inhibitor, as it could bind specifically to this partially

activated conformation to prevent Bax ingamtinto membranes, dimerization and pore

formation.
Bax\
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Figure 5.6 - A redefined Bax activation pathway

The current kinetic model of Bax activation suggests that Bax exists as a cytosolic monomer that reversibly tethers
to the membrane via helix(@€zabotar et al., 2013; Garner et al., 2016; EWasgas and Chipuk, 2016Bax is then
activated by a BH3 protein from the cytosol in adntrun manner resdfig in Bax insertion, oligomerization and

pore formation. The extensive analysis of Bax conformation change kinetics upon activation by activesalyBH3
proteins reported here does not support this model. We find that Bax exists in an inactiveifitiahation (G)

as a cytosolic monomer. Membrane embedded activator BH3 proteins, such as tBid, must be present at the
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membrane in order to recruit and activate Bax. Activator BH3 binding to Bax, does not occuramarhit

fashion and represents m#&resolved Bax:activator BH3 intermediate. This binding facilitates a rapid conformation
change in the BHgroove of Bax associated with an increase in hydrophobicity of this region. The intermediate
conformation (G) of Bax is not fully inserted into thme mb r a n eheliges 3, & andJ9 only having slight

increases in hydrophobicity. Bax then transitions to a final memimarhedded conformation f0where helices 5,

6 and 9 insert simultaneously. Insertion of these helices does not appear to actepmise fashion and is the
ratelimiting step in the Bax activation pathway. Upon insertion Bax rapidly oligomerizes forming pores in
membranes. Furthermore our data suggests that all potential inserted forms of Bax (monomers, dimers, oligomers

and poe-Bax) have similar conformations.

55. Met hods

5.5.1. Mutagenesis, purification and labeling of recombinant proteins

Bax, cBid and Bim single cysteine mutants were created vidisgeted mutagenesis.
Purification and labeling of Bax, cBid and Bim single cystemeants was performed as in
(Kale et al., 2014; Sarosiek et al., 201Site-specific labeling wth a cysteinereactive NBD was
accomplished by mutating the two endogenous cysteines of Bax (C62 & C126) to alanine and
then introducing single cysteine substitutions along the length of the pig&inlabeling

efficiency averaged ~75% with a range oft6®2%(SOM section 2)

5.5.2. Generation of liposomes

Mitochondrialike liposomes were generatedmsviously describe(Kale et al., 2014)
Briefly, 1 mg lipid film was hydrated with 1 ml assay buffer (200 mM KCI, 10 mM HEPES pH
7.0, 1 mM MgC}) supplemented with 1 mM Th€and3 mM Dipicolinic acid. This lipid
suspension was frozen and thawed 10 times, followed by 10 passes through a 100-sikkpore
membrane. The liposomes were then passed over a 10 mL CL-2Brggbn column in order to

remove unencapsulated Th:DPA complex
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5.5.3. Fluorescence measurements

Fluorescence measurements waskected similar to that as previously descrilfealvell
et al., 2008)Fluorescence measurements waigle in 1 mL total volume quartz cuvettes using
a PTI (Photon Technologies International) fluorimeter. Samples were temperature controlled to
37°C and had constant stirring. Theditimeter was set to read each fluorescence channel in
succession using 5 nm excitation and emission bandwidths with a 1 s integration time. Channel
reads were in the following order: 1) Th:DPA fluorescence (290 excitation nm, 490 emission
nm), 2) DAC Fluoescence (380 nm excitation, 460 nm emission) and 3) NBD fluorescence (475

nm excitation, 530 emission).

Background measurements were collected from sample cuvettes containi@250
Th:DPA encapsulated liposomes and @bof Assay buffer supplementedttv5 mM EDTA in
order to quench released Th:DPA. Background was measured for 300s before the addition of 20
nM c¢Bid or 20 nM Bim (labeled or unlabeled depending on the experiment). After reading for
another 500s 100 nM of NBD labeled single cysteine ntsitainBax was added. Fluorescence

was measured for another 3600 s before the addition of 0.5% w/v CHAPS to lyse the liposomes.

% Release was calculated as:

0 "0

PYQa Qawp €8T p o 0

Where Fwas the fluorescence before admhitof 100 nM Bax, Fwas the fluorescence
before the addition of CHAPS and.fpswas the fluorescence after the addition of CHAPS

FRET efficiency was calculated as:
POYOONQQQOHL Qe —)

Where b, is the fluorescence DAC in a sample containing both the DAC labeled donor
and NBD labeled acceptorp ks the fluorescence of DAC in a channel containing both the DAC

labeled donor and an unlabeled acceptgyisithe fluorescence before the additiorb@{C
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labeled protein. The DA and D only samples were measured in parallel using a turret which

rotates samples into and out of the excitation light.

NBD F/FO was calculated as:

‘0 "0 O
O O 0

Where F is the fluorescence of the NBD channel dfieiaddition of Bax, §is the first
fluorescent measurement upon the addition of NBD labeled protein,gisdire measurement
of the NBD channel before NBD labeled protein was added teatmple For several FRET
experiments we observed transient but extreme fluorescence values; we believe these to be due
to fluorescent debris in the solution and therefore removed them manually in a preprocessing
step (SOM Section 5.2).

5.5.4. Kinetic modeling and simulation

Kinetic models were built programmatically using Py@&Bpez et al., 2013) The
models were formulated as sets of ordinary differeegaiations and simulated either by 1)
numerical integration using the VODE integrafBrown et al., 1989 ccessed via the Scipy
library in Python(Oliphant, 2007pr 2) solved directly using a closéorm, analytical solution

for the system.

The irreversible transition model withstates has-1 fluorescence transitions ad-2
free parametersr-1 transition rate parameters and fluorescence scaling parameters; the
fluorescence associated with thetialiaqueous state of Ba&, & @, can be calculated directly

from the data.
In the simplest case, a labeled residue undergoes a single, irreversible environmental
transition between two states with differential NBD fluorescence, defgtaddF:
0cw © 0 ww (
4)
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In such a scheme, in which the transition between the collections of underlying chemical
species associated with the fluorescent ste§esdF, occurs by a single transition step, the

change in the overall fluorescence is giverth®y/following equation:

VLO®D o6 6@ 0 06 6@ O

5)
whereCy andC; are parameters indicating the NBD fluorescenocg af wandd w w,
respectively. This equation has the solution:
6D Od o6 6 0 Q
6)

Since our data is normalized in terms of the fluorescence relative to the initial state
0 w w, with the assumption that all Bax is in conformatiod watt = 0, (thatis,0 6 Gt

0 @ O ), we can alsexpress this as a twmarameter, single exponential equation:

VOO o0 UO@DFO WO
7)

V60 o p O p Q
8)

Where:"O — p.
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5.5.5. Parameter estimation and model discrimination

Parameter estimation and model discrimination were performed usingiaffaréant
Markov chain Monte Carlo (MCMC) sampling implemented by the Python software package
emcegForemarMackey et al., 2013nd based on the algorithm described®yodman and
Weare,2010) Parallel tempering was used to aid convergence and to calculate marginal
likelihood values by thermodynamic integrati@eyer, 1991; Lartillot and Heéy 2006) For
each MCMC run, a ladder of 50 different temperatures was used, with 400 walkers at each
temperature. Values for the reciprocal tempe
to a maxi mum t e mPtatinqpositioador tbefwallfers werelcBosen randomly

from the prior distributions for each parameter.

Convergence of the MCMC chains was assessed by several heuristics: 1) the log
marginal likelihood (log(ML)) values were calculated by thermodynamic integration every 50
steps and assessed for asymptotic convergence by comparing log(ML) from the last 50 steps to
the log(ML) value calculated from the previous 50 steps. If the difference in log(ML) was greater
than an absolute threshold of 3, or greater than a relativ&tiideof 0.1 x err, where err was the
error associated with the thermodynamic integration procedure itself, then the chain was
considered to be netonvergent. 2) If the chain passed the test of convergence described in (1),
the chains at each of the SOnjgeratures were assessed for any trend towards increases in
posterior probability over the &&ep convergence interval by performing linear regression on
the posterior probability values associated with the sampled positions. If the trend for any of the
50 chains was positive wigrvalue less than 0.001, the chain ensemble was considered to be
nonconvergent . I f a chain passed thendrpagnmiaaor
was terminated and samples were recorded for an additional p80\s&dding 100 steps x 400
walkers = 40,000 samples for each parameter at each temperature. Chains were assessed for
mixing by inspection of the posteriors associated with the positions of each walker across a
subset of temperatures, which are plotteB@M Section 3.4. The frequency of accepted
temperature swaps was also inspected to ensure proper mixing between chains at different
temperatures. Sampling runs were performed primarily on a computing cluster assembled from

Amazon Elastic Compute CloudQR) instances using the StarCluster software packagsaro
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et al., 2011)All code necessary to reproduce thsults of data analysis and model calibration is

freely available on GitHub, at https://github.com/johnbachman/tBidBaxLipo.

5.5.6. Calculation of maximum Bax:BH3 protein FRET values

FRET timecourses for Bid and Bim with Bax were fitted with the thceaformaton,
irreversible transition model to get a continuous curve approximating the fluorescence data. The

maximum FRET value was then calculated from the fitted curve.
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56. Suppl ementsary Figure
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SupplementaryFigure 5.1 7 Labeling cBid or Bim does not affect Bax activation or conformation change

A. DAC Labeled cBid and Bim cause similar levels of Bax mediated membrane permeabilization. Percent Tb:DPA
release of labeled Bax mutants relative to WT Bax. Th:DPA encapsulated liposomes were incubated with 100 nM
Labeled or WT Bax in the presence (Grey and Black) of 20 nM-ERi€ or Bim-DAC respectively. Percent

release was normalized to WT + cBid or Binteese set as 100%. Mean $TDEV n=3.

B. Unlabeled (Kinetic dataset 1, KD1) and DAC labeled (Kinetic dataset 2, KD2) cBid and Bim cause similar levels
of NBD emission change when they activate Bax. One hour endpoint of the relative change of 100MBDBax

emission at 530 nM after the addition of 20 nM cBid (grey) or Bim (black) in the presence of liposomes.
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6.1. Pr ef ace

The work presented here Hasen prepared for submission as a research article to Molecular Cell

Kale, J., Kutuk, O., Brito, G., Andrews, T., Letai, T., Andrews D.W. (2®&)sphorylation by
Akt converts Bax into an an#ipoptotic protein promoting drug resistance

Author contributi on:

Themanuscript was written by Kalewdth sections and figures adapted and edited from
an early version of this manuscript written by Kutuk, O and Kalditing of the manuscript
was primarily performed by Andrews DW with additional edits by Kutulan@ Letai, A. The
experiments in Figures 4,and S3vereperformedoy Ozgur K. The experiments in figures 3,
S1 and Savereperformedby Kale J. All figuresand tablesvere put together by Kale J with
some adapted from the previous manusenpntiored above. The data sectiond . 6 Over i
expression of Bax is countered by PISK/RA pathway activation in humatance6 wa s
generated by Andrews, T and Brito, G. Andrews, DW and Letai, A directed the research.

Objectives:

To understanthe prosurvivaleffects of AKTsignalngin cancer cellend determine how AKT
mediated phosphorylaticaifects themolecularmechanism of BaxThis chapter is related to

chapter 5 by discovering a physiological relevance of the Bax intermediate conformation.

Highlights:

1 Bax s phosphorylated in cell lines resistant to the BH3 mimetic-ABT

1 Phosphomimetic Bax can bind cBid, but does not insert into membranes thus pore
formation is inhibited

1 Phosphorylation on residue S184 converts Bax into aragoftotic protein via
sequestering activatoHB-only proteins

1 Overexpression of Bax is positively correlated with PISBK/AKT pathway activation in
human cancers suggesting a new mechanism for cancer cells to evade apoptosis
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6.2.l ntroducti on

Activation of the mitochondrial apopdis pathway in cancer cells serves as an important
route of cell death following treatment with chemotherapeutic agents. Alteration of this pathway
can cause resistance to therapy in cancer cells. A decisive step for commitment to apoptosis is
mitochondrialouter membrane permeabilization (MOMP) that releases intermembrane space
proteins including cytochromeinto cytosol. This process is tightly controlled by the-Bcl
family proteirs (Brunelle and Letai, 200%hamasDin et al., 2013 Following a
conformational change, Bax and Bak oligomerize to execute MOMP. This conformation change
is provoked by activator proteins that include the BBy proteins Bim and Bid. Psurvival
Bcl-2 proteins (Bcl2, BckXL, Mcl-1, Bfl-1 and BclW) inhibit MOMP either by sequestering
activator BH3only proteins or by directly binding Bax and B@kheng et al., 20QWillis et al.,

2007). Othersec a | | e d zfes eanisBpkifins, including Bad, Noxa, and Bik, cannot
activate Bax or Bak, but rather exert theiriemth function by competing for the BH3 binding
sites of presurvival proteingLetai et al., 2002Shamagin et al., 2013} Differences in the
affinities of the interactions, expression levels and-frastslational modifications of these

proteins together determine the fate of the cell.

Measurement of MOMP upon incubating BH@mairderived peptides with
mitochondria and identifying differential response patterns was successfully translated into an
assay called BH3 profilin¢Certo et al., 2006Ryan et al., 2010 By interpreting the pattern of
mitochondrial sensitivity to BH3 peptides of different affinities for @poptotic proteins, BH3
profiling can be used to identify dependence on individualaaptotic B&-2 proteins for
survival and sensitivity to inhibitors. Certain BH3 domain peptides, including Bid and Bim BHS3,
interact promiscuously with all known a@poptotic proteins. Mitochondrial sensitivity to these
peptides can be interpreted as a measurewfdiose a cell is to the threshold of apoptosis, or
how fApri medo & eroetlall, 20088el Gaza Modreed dl.,l200.7 The degree
of priming predicts how sensitive the cell will be to toxic insults, and correlates with clinical
response tolemotherapyChonghaile et al., 20)1

In cancer, particularly in breast cancer, hyaetivation of the PI3K/Akt pathway is

strongly associated with poor progm®and resistance to therg@almena et al., 2008PTEN
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(phosphatase and tensin homolog deleted on chromosome 10) functions as a lipid phosphatase to
restrain PI3K/Akt pthway activation by diminishing the RBi¢ellular pool through hydrolysis of
3-phosphate on P{Ro regenerate P}P PI3Ks phosphorylate phosphatidylinosithb-
biphosphate (PHpP to generate phosphatidylinosi®i,5biphosphate (PHp promoting Akt
recruitment to plasma membrane through binding its pleckistnnology (PH) domain.

Following recruitment to the plasma membrane by PARt is phosphorylated by PDK1 at T308
and by mTORC2 at S473 which leads to its full activafdanning and Cantley, 20Q.™Hence,
inactivation or loss of PTEN results in increased accumulation gfaliPconstitutively active
PI3K/Akt signaling. The PI3K/Akt pathway regulates fundamental processes in cells, including
survival, cell cyte progression and metabolism. Deregulation of the PI3K/Akt signaling
pathway is commonly detected in a wide spectrum of human cancers. Several mechanisms
including genomic amplification of growth factor receptors, PTEN deletion or mutations, or
activatirg mutations in pathway genes can activate Akt in cancer cells. Importantly, Akt
distinctly blocks predeath signaling upstream of MOMRennedy et al., 1999However, it is

still unclear how presurvival PI3K/Akt signaling makes the critical connection to theBcl
family that contols the mitochondrial apoptosis pathway. Some suggest an indirect effect, for
instance via transcriptional control of papoptotic Bcl2 family proteins via the FOXO family

of transcriptional regulator®lanning and Cantle 2007. Akt could play a more direct role

since it can phosphorylate the mpoptotic BH3only protein BadHowever, Bad is dispensable
for apoptosis induced by several mechani@Renger et al., 2003Vang et al., 2005

suggesting that a more central Bctamily protein might also be controlled by AKT such as Bax
(Gardai et al., 2004Xin and Deng, 2006 Exactly how phosphorylation inhtb Bax and the

significance this has in determining cell fate remains to be understood.

Here we show that Akt localizes to mitochondria and directly phosphorylates Bax.
Unexpectedly, phosphorylatiaf Bax convertsts function from pre to antrapoptotc, thereby
impeding mitochondrial priming for apoptosis. Furthermore we show that phosphorylated Bax is
not only incompetent for the oligomerization that is essential for its membrane permeabilization
function, but also acts as a dominant negative by etimgpwith norphosphorylated Bax for
binding to activator BH2nly proteins. Additionally, we probed The Cancer Genome Atlas

(TCGA) database and found that in cancers where Bax levels are increased, its expression is
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positively associated with an increasePI3K/AKT pathway genes. Taken together the data
suggests that cancers with hyjaetive PISK/AKT pathway signalling select for increased levels
of Bax as a potential mechanism to avoid apoptosis. Given the established role of Bax as a
critical effectorof MOMP downstream of many types of prpoptotic signalling,

phosphorylation of Bax is likely a key mediator of the -@ptoptotic effect exerted by

hyperactive Akt in cancer.

6.3. Resul t s

6.3.1. Bax s phosphorylated in ABT-737 resistant cell lines

BHS3 profiling with Bad can predict cellular sensitivity to BZlantagonism by ABA737
(Certo et al., 200@el Gaizo Moore et al., 200Deng et al., 200¢ To extend this observation
we tested thisorrelation in a new cancer cell line panel. As shown in Figure 1A, we found that
mitochondria from MDAMB-435, MDA-MB-468, SF539 and 768 cells were as or more
sensitive to Bad than MGF, T47D or ZR-75-1 cell lines. Surprisingly, only MDAIB-435
cells were sensitive to ABY37 (EGo, 32 nM), and other cells were relatively insensitive to
ABT-737 with EC50 values at micromolar levels (#iglB). Thus, MDAMB-468, SF539 and
768-0 cells werdess sensitive to ABT737 than predicted by mitochondrial BigBofiling

One possible explanation for the deviation from sensitivity predicted by BH3 profiling is
that posttranslational modifications (PTMs) are present in cells that are not present in our in
vitro system. Since Bax is required for MOMP, and it habeported that Bax can be
phosphorylated and inhibitd@ardai et al., 2004Xin and Deng, 2005 we determined if
resistant cells had phosphorylated Bax. We found that Bax is phosphorylated iA3XBT
resistant MDAMB-468 cells, but not in AB3737 sensitive MDAMB-435 cells (Figure 1C).

The difference between tiigH3 profiling results and the cell data suggests that Bax is being
dephosphorylated, potentially by mitochondria phosphatases, when mitochondria are isolated

from cells.

While Bax is localized in both the cytosol and at mitochondria of many cells,

translocation to the mitochondrion is essential for Baxggoptotic function. As S184 at Bax C
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terminal domain (helix 9) was reported to be a target for the PI3K/Akt signaling pat®asiai

et al., 2004Wang et al., 201,0Xin and Deng, 2005Yamaguchi and Wang, 20)we created

two mutants that either premt (S184A) or mimic (S184E) phosphorylation. We evaluated the
subcellular localization of GFRgged WT Bax, and the S184A and S184E mutants in-ABT
737-resistant MDAMB-468 cells. GFFBax was localized diffusely throughout cytoplasm with
limited colocalization with mitochondria while the GHPax S184A showed punctate, mostly
mitochondrial localization (Figure 1D contrast GFRBax S184E showed a diffuse and
predominately cytoplasmic pattern of expression without mitochondrial localization. Moreover,
mitochondria of cells expressing GiBax S184E were less fragmented than mitochondria of
cells expressing GFBax and GFP Bax S184A. In transient transfection experiments, both GFP
Bax and GFFBax SB4A were highly toxic to MDAMB-468 cells. Spontaneousltdeath was
also increased in cells stably expressing these constructs (Figure 1D), whereas there was minimal
basal cell death in GFBax S184E expressing cells. Consistent with these resultsBakRand
GFRBax S184Aexpressing MDAMB-468 cells were ab more sensitive to ABT37

treatment. By contrast, cells expressing €daX S184E remained resistant to ABE7 (Figure

1D). In ABT-737 resistant MDAVIB-468 cells GFP immunoprecipitation revealed that GFP

Bax was phosphorylated (Figure S1A). Howeveg,asuld not detect serine phosphorylation on
GFPR-Bax S184A, supporting S184 as a primary phosphorylation site on Bax.
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Figure 6.1 - Bax is phosphorylated in ABT-737 resistant cell lines

A) Mitochondria fran the indicated cell lines were isolated, incubated with BAD peptide and MOMP was measured
as cytochrome c releagmeantSEM, n%)

B) ABT-737 EGq values of cancer cell lines were determined by using MTT assay (meantSEM, n=4)

C) Phosphorylation of BAX itMDA-MB-435, MDA-MB-468cells

D) MDA-MB-468 cells were transfected wiptasmids encodinGFRBAX, GFP-BAX S184A and GFREBAX

S184 and the localization of BAX was evaluated by confocal microscopy. Cells wesiioed with MitoTracker

Red CMXRogmitochondia) and DAPI (nucleus). In addition, cells were treated with ABY (100 nM, 48 hr)

and apoptosis was evaluated by using Annexin V staining (meantSEM, n=3, *P<0.05, **P<0.01).

See also Figure S1.
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6.3.2. Phosphomimetic Bax can bind cBid, but does not insettelices 5 and
9 into the membrane thus pore formation is inhibited

We examined how Bax phosphorylation at S184 affectsrBadiated membrane
permeabilization using the phosphomimetic mutant of Bax (S184E) to ensure that all of the Bax
functioned as a phohkprylated protein because vitro Akt phosphorylation of recombinant Bax
was incomplete (~50%see fig S4D). When transitioning from a soluble monomer to a
membrane embedded oligomer Bax undergoes sequential activation steps (Figure 2A) that can be
examned using fluorescence spectroscopy and purified praofi€ais et al., 2014Lovell et al.,

2008. The sequence begins with recruitment of Bax to the membrane by interaction with an
activator BH3only protein on the membrane surface. Bax then inserts helices 5, 6 and 9 into the

membrane followed by oligomerization and membrane permeabilization (Rgjre

To assess how phosphorylation at S184 affects the first step, interaction between cBid
and Bax, was measured using Fluorescence Resonance Energy Transfer (FRET) for the proteins
labeled with the dyes DAC and NBD as the donor and acc@ymwell et al., 2008 As
expected, WT Bax bound to cBid only in theesence of membranes (Figure 2B). Unexpectedly,
Bax S184E bound to both cBid (Fig 2B) and Bim (Fig S2A) in the presence of membranes.
Furthermore, WT Bax and Bax S184E bound cBid with similar affinities. (Fig 2B). Unlike WT
Bax, Bax S184E bound cBid imlsition.

As Bax S184E binds activator BHBly proteins, we determined if it was impaired for
insertion into the lipid bilayer. To examine the insertion into membranes of specific residues of
Bax the residue to be probed was exchanged for a cysteineothexwise cysteinkess Bax and
the mutant protein was labeled with an iodoacetamNil® dye. Positioning the environment
sensitive NBD dye on cysteines located at either residue 126 in helix 5, or residue 175 in helix 9
enabled detection of the traneiti of the labeled region of the protein into the lipid bilayer by
monitoring the resulting increase in NBD fluorescence. Upon activation of Bax by cBid residues
126 and 175 become protected from chemical labeling in cell lysates suggesting that iryells th
insert into the mitochondrial outer membrgAanis et al., 200p In response to the addition of
cBid to NBD-labeled WT Bax and liposomes the fluezence of probes at either location

increased confirming that these residues of helix 5 and 9 insert into membranes (Figure 2C). In
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contrast, NBD labeled phosphomimetic Bax did not insert either residue into liposome
membranes since the fluorescence emisfiom NBDprobes at 126C and 175C did not
increase substantially. Thus insertion of phosphomimetic Bax into membranes is defective,

consistent with this being the step inhibited by phosphorylation of Bax.

In the absence of Bax helix 5 and 9 insertido imembranes it is possible that Bax binds
to cBid and oligomerizes on the surface of the liposome. Bax oligomerization can be measured
by FRET, by mixing Bax molecules labeled with either the donor or acceptor dye and adding
liposomes and cBid. As expedidcRET was detected between donor and acceptor labelled WT
Bax proteins in this assay after incubation with cBid. However, FRET was not detected for Bax
S184E or for mixtures of WT Bax and Bax S184E suggesting that phosphorylation prevents Bax

Bax bindirg and oligomerization (Figure 2D).

To corroborate our results suggesting that Bax S184E does not insert into membranes we
assessed membrane permeabilization by Bax S184E compared to WT Bax. To test this final step
in Bax activation (Figure 2A) we used gedrelease assay in which permeabilization of
liposomes releases both the entrapped dye ANTS and its quencher DPX. Release from liposomes
dilutes both species resulting in a dramatic increase in the ANTS fluorescence. Compared to the
wild-type protein, te phosphomimetic S184E mutation greatly attenuated ANTS release from
liposomes in response to cBid (Figure 2E and S2B). This assay was also used in control
experiments to confirm that neither labeling with the fluorescent dyes nor single cysteine
mutationg(required for NBD or DAC labeling) altered the membrane permeabilizing function of

Bax.
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Figure 6.2 - Phosphomimetic Bax can bind cBid, but cannot insert helices 5 and 9 into the membrane
abrogating poreformation
A) Schematic of the activation mechanism of Baaspase 8leavedBid (cBid) spontaneously targets to and
embeds within the lipid bilayeHere, the aminderminal portion of cBid dissociates and the carbtegninal
portion becometBid (truncatedBid) (ShamasDin et al., 2013p Soluble Bax interacts with tBid at the membrane
This interaction activates Bax@diallows Bax to insert alpkaelices 5, 6 and 9 into the bilayénsertion of Bax
within the lipid bilayer causes Bax to oligomerize and form pores within the membrane.
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B) The apparent affinity between cBid and Bax (step 1) was measuredrRiig Sampés containing liposomes
were incubated with 20 nM cBid 1260AC and BAX-NBD was addeas indicated. FRET efficiency was
calculated as-](FDA/FD) at 2 hour endpoinfmean+STDEV, n>=3)

C) Insertion of alpha Helix 5 and 9 of Bax (step 2) was measured using the environment sensitive dye NBD
covalently attached to the indicated residues on Bhg.r&lative change of NBD emissi@,) at a one hour
endpointwith or withoutthe addition of 2 nM cBid in the presence of liposonieshown(meantSTDEV, n>=3)
D) Bax oligomerization (step 3) was measured by FRET between Bax mon&aemsles containing liposomes
were incubated with 10 nM DAC (donor) label or S184EBAX and 100 nM of NBD (a@ptor) labeledVT of
S184EBAX in the presence or absence of 20 nM c&gid liposomesFRET efficiency was calculated as 1

(FDA/FD) at 2 hour endpointmeanSTDEV, n>=3)

E) The liposome permeabilization activity of Bax was measured using the ANTS/DeseedssapNTS/DPX
Liposomes were incubated with 100 rifithe indicated Bax ithe absence or presence of 20 nM cBid
(mean+STDEV, r3).

See also Figure S2.

6.3.3. Phosphorylation of Bax at residue 184 converts Bax into an anti
apoptotic protein.

Anti-apoptotic proteins like BeXL inhibit MOMP by sequestering BH8nly proteins
(mode 1) and activated Bax (mode 2). Bax S184E is blocked at insertion into membranes but can
bind BH3 activator proteins suggesting that phosphomimetic Bax could inhibRIQy
sequestering BH8nly proteins. Consistent with this hypothesis, phosphomimetic Bax reduced
liposome permeabilization by WT Bax and cBid or Bim in a dose dependent manner as shown
by a decrease in ANTS and DPX release (Figure 3A). Thus, contraxpeotation based on
previous reports that suggest S184 phosphorylation activateSBaanyan et al., 20)&®r
phosphomimetic Bax is cgpfetely nonfunctional(Gardai et al., 20Q4Quast et al., 2093 by
sequestering BH8nly proteins Bax S184E actually impaired liposome permeabilization.

If this activity of Bax S184E also occurs in cells it might be sufficient to protect cells
from apoptotic stimuli. BaS184E was expressed in cells with a fluorescence protein tag
(mCer3) to enable monitoring expression of the mutant in cells expressing endogenous Bax.
Consistent with Bax S184E functioning as an-apiptotic protein, stable expression in WT
BMK cells inhibited apoptosis resulting from treatment of the cells with thedpaih cytokine

TNF-U and c vy c thepgakixasenmhiliter Staurosporine and the HDAC inhibitor
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Panobinostat (Figure 3C, S3A). Cell death in response to these agonists was dependent
endogenous WT Bax and Bak since Baak’" DKO BMK cells did not die after exposure to

these agents. This result also suggests that sequestration of BH3 proteins by Bax S184E likely
inhibits both Bax and Bak induced MOMP. Moreover, in these expets@xogenous Bax

S184E protein levels were similar to that of endogenougiBasthe decrease in apoptosis due

to expression of Bax S184E was not due to decreased endogenous Bax or Bak compared to WT
cells (Figure 3D). Thus, we suggest that phosphorylaifdBax at position 184 generates a

protein that competes with WT Bax for binding to BBIBly proteins in a manner analogous to

mode 1 inhibition of apoptosis by multidomain ampioptotic proteins like BeXL (Billen et al.,

2008.
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Figure 6.3 - Bax S184E protects from apoptotic stimuli

A) ANTS/DPX Liposomes were incubated with 50 nM WT Bax, 20 nM aBi@®im and the indicated
concentration of BAX 126C S184nean+STDEV, r3)

B) WT BMK, Bax/Bak DKO BMK and WT BMK cells stably expressing mCerulean-Ba84E were treated with
the indicated cell death stimuli for 24 hours and % annexin V positivity of cells was calqute@ot-SEM, n=3,
*P<0.05.

C) Representative blot okdl lysaes of WT, Bax/Bak DKO and WT BMK cells stably expressinG3-Bax S184E
were analyzed by gel electrophoresis followed by western blot using antibodies against Bax. and Bak

See also Figure S3.
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6.3.4. Akt phosphorylates Bax in ABT-737 resistant cells

Since Bax an be phosphorylated at residue S184 by Akt, this pathway may mediate the
resistance to ABA737 we observed in cancer cells with active PI3K/Aktguovival signalling
(Figure 1B). To test this hypothesis, we examined the effect of small molecule irthdsitbe
PI3K/Akt pathway on mitochondrial priming. As predicted, treatment of ABT resistant
MDA -MB468 cells with PI3K/Akt inhibitors enhanced priming as shown by increased response
to BH3 peptides (Figure 4A, left panel). However, these drugs didause a significant change
in ABT-737 sensitive MDAMB-435 cells (Figure 4A, right panel).

Thus we postulate that the phosphorylation of Bax by Akt affects the sensitivity of
mitochondria to BH2only protein dependent piapoptotic signalling. To testhether Akt
directly alters mitochondrial priming, cytosolic (S100) fractions from ABI resistant MDA
MB-468 cells were isolated and greeubated with mitochondria isolated from ABB7
sensitive MDAMB-435 cells before BH3 profiling experiments. Thigincubation led to
decreased priming of MDMB-435 mitochondria, with decreased cytochramelease in
response to Bid and other BH3 peptides (Figure 4B, S4A}tr@aement of ABF737 resistant
cells with PI3K/Akt inhibitors or immunodepletion of Akbm the S100 fraction abrogated
inhibition of priming by the S100 fraction (Figure 4B). Using an active recombinant Akt in
kinase assay buffer including ATP, we demonstrated that Akt by itself can unprime mitochondria
from MDA-MB-435 cells (Figure 4C¥urthermore, Akt is localized both in cytosol and
mitochondria in ABF737 resistant MDAMB-468 cells, but only in the cytosol of AB137
sensitive MDAMB 435 cells (Figure S4B). Treatment with the inhibitors of PI3K/Akt signalling
deguelin, LY294002 and MHR206, prevented Akt from localizing to mitochondria of MDA
MB-468 cells but did not alter Akt localization in MBIMB 435 cells. In contrast, 443654,
promoted Akt localization to mitochondria, however this drug is known to promote paradoxical
Akt phosphaoylation with concomitant Akt kinase inhibition (Luo et al., 2005). Taken together,
our results indicate a potent direct effect of Akt to prevent priming of mitochondria, likely
through the phosphorylation of Bax. As shown above (Figure 1C), Bax is mngksad in
ABT-737 resistant MDAVIB-468 cells. Treatment of MDMB-468 cells with PI3K/Akt
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inhibitors substantially inhibited Bax phosphorylation, confirming the role of Akt in Bax

phosphorylation in ABT737 resistant cells.

To test Aktmediated Bax ihibition in a weltdefined model system, we reconstituted
Bax-regulated MOMP using mitochondria from Bax/Bak DKO MEFs, and recombinant tBid and
Bax proteins. As expected, tBid and Bax combination treatment triggered cytoahrelease
from mitochondriaalthough neither of the proteins led to substantial release when used alone
(Figure 4D). Prancubating tBid and Bax with active Akt plus ATP before exposing them to
mitochondria decreased cytochromeelease considerably. In this in vitro assay 53+4%
(meantSEM, n=3) of Bax was phosphorylated by Akt (Figure S4D). AddineR2RI6 to a
kinase assay reaction composed of Akt, ATP, tBid and Bax attenuated the inhibitory effect of
Akt on cytochromee release confirming that Akt kinase activity was requiredrfbibition of
tBid/Bax-mediated mitochondrial permeabilization. Consistent with this interpretatkatuding
ATP from the reaction eliminated the protective effect of Akt (Figure S4E) while adding ATP
alone to tBid/Bax did not have any impact on mitodaraal permeabilization.
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Figure 6.4 - AKT can render Bax phosphorylated and mnhibited

A) Inhibiting PI3K/Akt pathway by small molecules led to increasing priming in PoEficient cellsCells were
treatedwith specific Akt inhibitors (Mk2206 [1mM], A-443654 [0.4vM]) or PI3K/Akt inhibitors (LY294002 [25
nmM], Deguelin [10 nM]) for 6 hr and BH3 profiles were analyzed (mean+SEM, n=3)

B) S100 fractions from untreated cells (MEMB-468) or from cells treated with Akt inhibitors (MR206, A

443654) or PI3K inhibitors (LY294002, Deguelin) were isolated. Akt was immunodepleted by sequential
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immunoprecipitation in untreated S100 fractions thedefficiency of immunodepletion was tested by immunoblot
analysis. IgG was used as a negative control for imnmunodepletion experiments. Indicated S100 fractions were
incubated with MDAMB-435 mitochondrial preparations and change in priming was assesasih@ BH3

profiling on MDA-MB-435 mitochondria. Response to Bid BH3 peptide is shown (mean+SEM, n=3).

C) MDA-MB-435 mitochondria were incubated with recombinant active Akt in kinase assay buffer containing ATP
and alteration of priming in MDAB-435 mitacchondria was detected by using BH3 profiling.

D) tBid and BAX, with or without preincubation (2 hr) with active Akt plus ATP, were incubated with Mitochondria
isolated from BAX/BAK DKO MEFs for 1 hr and mitochondrial cytochroomelease was analyzed by EHA
(meantSEM, n=4). Akt inhibitor MK2206 was used as a control for Akt activity.

E) Phosphorylation of BAX in MDAMB-468 cells treated with Mi206, A443654, LY294002 and Deguelin.

See also Figure S4.

6.3.5. Over-expression of Bax is countered by PI3K/KT pathway
activation in human cancer

The AKT pathway is frequently hyp@ctive in many cance(Bellacosa et al., 200%&nd
we have shown that AKT phosphorylates Bax at position S184 converting Bax into-an anti
apoptotic proteai. Although Bax is generally considered an-amicogene and reduced
expression is associated with poor progn@isigjewski et al., 1995Schuyer et al., 20Q1ve
hypothesized that certain cancers may be protected from apoptosis due to an increase in the
amountof phosphorylated Bax. To address this hypothesis directly we tested commercially
available antibodies for detection of phosphorylated Bax in patient samples. Unfortunately, no
antibody recognized phosphorylated Bax on western blots of human cells eramnsbu
immunohistochemistry results were inconclusive. If, as our results suggest, AKT is a major
enzyme responsible for phosphorylating Bax a prediction would be that in cancers
overexpressing Bax the activity and/or amount of AKT would be increased fdieeas an
indirect assessment we examined gene copy number alterations (CNA) and mRNA expression
data to determine if high Bax expression correlates with increased expression/activation of the
PI3K/Akt pathway geneAKT1, AKT2 AKT3 PIK3CA PIK3R1) andthe PI3K/Akt pathway
inhibitor genePTEN

An initial examination of all available CNA data (16,557 samples) from cBioPortal

revealed thaBAXduplications were significantly associated with Akt pathway duplications (p <
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10"%) as 879/925 (95%) of patientsth aBAXduplication also had at a duplication of at least
one Akt pathway gene. In contrast, only 41% of all samples in the database had AKT
duplications. In addition, 183/925 (20%) of patients vid#X duplications had duplications of
three or more Akpathways genes. Furthermore, there were deletions in the AKT negative
regulator gen®TENin 11% of patient samples wiBAX duplications compared B®TEN
deletions in 17% of all patient samples suggesting a slight but not statistically significant
negaive correlation. However, amongst the 46 patients ®AX duplications, but no AKT
duplications, 13 (28%) hadTENdeletions (p = 0.045). This suggests cancers thatBaxe
amplifications tend to have hypactive Akt either by PI3K/Akt pathway amplifitans or
PTENdeletions.

Amplification of the PI 3K/ Akt pathway may
overexpression of Baxnc dHgpeveive rnatdwree tof theaex ,a
overexpression of Baxtiomabvdndtdr PeéedKiwvAds pup
examined associations of bdAX CNA gain andBAXmRNA overexpression in relation to
PI3K/Akt pathway genes from the TCGA database (Figure 5A). As expected from the results
obtained with data from cBioportah parcancer patient sampl& ,Xgain was associated with
gain of AKT1, AKT2andPIK3R1and increased expressionAKT1andAKT2mRNA.

Furthermore, higBAXmMRNA expression is associated with an increagekiml andAKT2and

a decrease IRTENmMRNA. Ths is consistent with the hypothesis that in cancers with high

levels of Bax the protein is phosphorylated and-aptiptotic. However, contrary to our

hypothesis there was a significant association between 8if¥¢gain or highBAXmRNA
expression andatreased leveBIK3CAandPIK3R1ImRNA. Akt directly targets Bax and thus

the increased Akt levels make logical sense however we reason that low levels of PI3K activity
due to lower expression of PI3K genes could be countered by the decreased expr&sHiow of
that we observe whadBAX (CNA and mRNA) levels are high. To examine this further in a single
cancer type we selected breast invasive carcinoma samples from TCGA datasets since five of the
seven cell lines studied here are breast cancer cell lirppg€¢FA). In breast invasive

carcinoma, we observe similar trends to that of thegaenter dataset, although fewer of the

associations are statistically significant, a likely consequence of the smaller dataset.
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Due to the positive associations betweemaasedBAXlevels and PI3K/Akt pathway
genes we hypothesize a higher probability of PI3K/Akt pathway upregulation in patients with
high BAXlevels compared to that with loBAX levels(Figure 5B) Probing the TCGA database,
97.6% (200/205) of patients shimg increase ilBBAXcopy number also show upgulation of
PI3K/Akt pathway (defined here as an increaseSKi1OR AKT20OR PIK3CAOR decrease in
PTENcopy number). This positive association is highly significant when compared to the whole
population (p7e-40). On the other hand, only 47% (93/198) of patients showing decrease in
BAXcopy number also show upgulation of the PI3K/Akt pathway. When looking at breast
invasive carcinoma, the associatiorB#&X levels and PI3K/Akt pathway activation was sianil
to the pan cancer dataset. Thus, 97.5% (195/200) of breast cancer patients showing increase in
BAXcopy number also show upgulation of PI3K/AKT pathway compared to 58% (291/502)
of breast cancer patients with low BAE=2e36). Taken together thesesults suggest that in
tumors with elevateBAXthe protein may be phosphorylated (due to an increase in the
PI3K/Akt pathway) and therefore asdpoptotic.
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Figure 6.5 - Phosphorylated Bax protects cellérom apoptosis

A) Copy number and mRNA for Bax is associated with increased expression of AKT1 and AKT2, and decreased
expression of PTEN. TCGA database was probed for significant associations between the row heading (e.g BAX
gain) and copy number (CNArin/loss (ed[+])/blue[]) or mRNA up/downregulatio(red[+]/blue[-]) of the
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indicated genesAKT1, AKT2 PIK3CA PIK3R1andPTEN. Association strength is proportionalitog(p-value),
reflected in the radii of the circleBlack circlesindicates nossignificant association @ualue cutoff = 0.02).

B) Cancer patients with higBAX copy number tend to have activated PI3K/Apathway, compared to that with
low BAX copy number. Each circle represents the total number of patients with either high Bax (left) or low Bax
(right) copy numberWithin each circle the proportion of patients with activated PI3K/AKT pathway (red) is
compared to the proportion of patients withactivated PI3K/AKT pathway (blue). Activated PI3K/AKT pathway
is defined as an increase AKT1or AKT2or PIK3CAor decrease iRTENcopy number.

C) Phosphorylation by Akt causes Bax to become anapuptotic protein. 1) in cells sensitive to ABB7,
mitochondria are primed for death due to -@poptotic proteins binding activator Br@ily proteins at the
mitochondrial outer membrane. Addition of a BH3 mimetic such as-A81, displaces tBid from B¢L, where
tBid activates Bax leading to MOMP andll death. 2) In cells resistant to AB/B7 Bax is phosphorylated at
position S184E by AKT. Phosphorylation at S184 prevents Bax inserting into the MOM while retaining cBid
binding activity. This causes the cells to be resistant to-&BT, because relezd activator BH2nly proteins are

sequestered by phosphorylated Bax, preventing them from activatifghosphorylated Bax and Bak.

64. Di scussi on

Residue S184 on Bax has been reported critical to control Bax actibatansea series
of point mutations8S184 were found to alter Bax papoptotic functior(Nechushtan et al.,
1999. Akt has also been reported to phosphorylate Bax at S184 thereby inhibiting actetion
mitochondrial localization in response to various perturbations in several normal tissues,
including neutrophils and endothelial cgi3ardai et al., 2004 olliputi and Waxman, 2009
Wang et al., 2010 Activation of AKT and phosphorylation of Bax at S184 is iretliby
nicotine in lung cancer cell lines where it protects cells from cispl&tmand Deng, 2006
However, a recent study also reported that eithemqwession of Bax and AKT or expression of
S184D phosphomimetic Bax in yeast results in the activation of&axonyan et al., 2036
Here we have confirmed that both Akiediated phosphorylatianda phosphomimetic Baare
defective in mediating membrane permeabilization in yiteing a highly defined liposome
based system (Fige 2), isolated mitochondria (Fige4) and in mammalian cells (Rige 3), as

has been previously report@@ardai et al., 2004uast et al., 2013

Although these studies correlated Bax inactivation and S184 phosphorylation the

mechanism remained unclear. By assaying eachstiye iBax activation pathway we identified

152



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

that insertion of Bax into membranes is inhibited by this-rastslational modification.
Subsequent steps including Bax howla@yomerization and pore formation were also prevented
suggesting the temporal orddentified previouslyfLovell et al., 2008results from ach step
being dependent on successful completion of the one befBrevtous results were interpreted
as suggesting that S184 phosphorylation of Bax abrogated all fun@Bardai et al., 2004

Wang et al., 201,0Xin and Deng2005. However, since BHJrotein binding is a step before
insertion of Bax into membraneg found that Bax S184E bound to activator BéiBy proteins
on membranes and in solution (&g 2B). BH3-only protein binding was unexpected in solution
becauswhen Bax is in solutiothe BH3 binding site is normally occluded by helix 9
Thereforewe speculate that the addition of a negative charge within the hydrophobic region of
helix 9 by phosphorylation or mutation prevents helix 9 interaction with ardli opens the

BH3 binding site on Bax.

A phosphorylated Bax that does not permeabilize membranes yet binds activator BH3
only proteins inhibits MOMP by sequestering the BpiBtein similar to inhibition of BH3
proteins by antapoptotic Bcl2 family proteins. As phosphomimetic Bax competitively
sequesters activator BH#ly proteins, but does not bind WT Bgig. 2D)it is expected to be
less effective inhibiting apoptodisan antiapoptotic Bcl2 proteins Nevertheless,
phosphomimetic Bax acts in a dominaeigative fashion with a mechanisimgar to mode 1,

(but not mode 2) of BeKL (Billen et al., 2008Llambi et al., 201 Thus, phosphorylation of

Bax by Aktconverts Bax from prao anttapoptotic, resulting in a diminished sensitivity of
mitochondria to apoptotic signalling by BH#ily proteins. As a consequence, cells are resistant
to drugs that kill cells via the apoptotic pathway, including theZBBLl-XL/Bcl-w antagonist
ABT-737 (Figurel). Consistent with this conclusion expression of Bax S184E in cells with

endogenous Bax and Bak, protected these cells from apoptotic stimuligBR).

A predicted consequence of inhibition of apoptosis by phogfdted Bax is that Bax
phosphorylation in cells by hyperactive Akt likely provides a selective advantage for cancer cells
that have increased levels of Bax. As a tumor suppressor Bax expression is usually decreased in
cancer cells. Indeed overexpressiomak sensitizes cancer cells to apoptosis induced by
chemotherapy or radiatiqBargou et al., 19964.in et al., 2005 Sakakura et al., 199&akakura

et al., 1997Xu et al., 2002and is correlated with improved clinical outcomes inr@aracancer
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and gastric cancéPietrantonio et al., 201Jai et al., 1998 However, our analysis clearly
demonstrates that when Bax copy number is increased, @f B8 patients also show-up
regulation of the PI3K/Akt pathway (FigB}. Phosphorylation by Akt provides an explanation
for this observation as S1§hosphorylated Bax would allow cells to evade apoptosis by
preventing BH3proteins from binding to and teating WT Bax/Bak (Figure 6). Thus
increasing the expression of Bax in cells with hypetive AKT represents an additional

mechanism for cancer cells to prevent apoptosis.

Our findings are of clinical importance because activation of the PI3K/Akivagth
occurs often in cancer cells as a result of loss of PTEN, aberrant receptor tyrosine kinase activity
or PIK3CA or AKT1 activating mutations. Because of this heterogeneity it has been difficult to
establish predictive biomarkers. The important rolBaX phosphorylation in the ardpoptotic
effects of Akt elucidated here, suggests that phosphorylation of Bax at S184 is a potential
predictive, and perhaps pharmacodynamic, biomarker for pharmacologic inhibitors of the
PI3K/Akt pathway in cancer clinicatials. Thus the development of antibodies useful for
immunohistochemistry is highly desirable. Moreover, considering the growing interest in BH3
mimetics as anttancer agents, and the ongoing development of PI3K/Akt inhibitors, we suggest
that examinabn of possible combinatorial therapies for cancers with hyperactive Akt is

warranted.

65. EXPERI MENTAL PROCEDURES

6.5.1. Antibodies, Reagents and Plasmids

Antibodies:Akt (#9272), Actin (#4967), GAPDH (#2118), GSXb ( # 9 3 153)b, p GS't
(S9) (#9336) were from CeSBignaling, Beverly, MA, USA.cytochromec (7H8.2C12) were
from BD BiosciencesSan Jose, CA, USAhospheSerine (4A9) were purchased from EMD
Millipore, Billerica, MA, USA. MCL-1 (S$19), GFP (19F7) was from Memorial Slo&tettering
Monoclonal AntibodyFacility.

Reagents: AB1737, negative control enantiomer andiA3654 were obtained from
Abbott Laboratories. MKR206 and LY294002 were purchased fr8glleck Chemicals,
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Houston, TX, USA. Degueliwas obtained from Tocris Bioscience Minneapolis, MN, USA.
Recombinant Human ActivAkt1 was obtained from R&D Systems, Minneapolis, MN, USA
(1775KS) and Sigma, St Louis, MO, USA (A8729).

Plasmids: GFBax (hBax C3-EGFP,Addgene plasmid 19741FRBax S184A (lBax
S184A C3EGFP,Addgene plasmid 19742nd GFPBax S184E(hBax S184E C3EGFP,
Addgene plasmid 19743) were previously descrifdéethushtan et al., 199GFP (PCDNA3
EGFP, Addgenglasmid 13031) was used as a control for transfections. Single cyBteine
126C (pMAC1731) and single cysteine cBid 126C (pMAC2118) were previously described
(Lovell et al., 2008 The cDNA for single cysteinBax 175C was transferred from the
corresponding retrgiral vector(Annis et al., 200binto the IMPACT expression system (New
England Biolabs, Ipswich, MA, USA) generating pMAC 1739.

6.5.2. Cell Culture

MDA-MB-435, MCF7, T47-D, MDA-MB-468, ZR75-1, SF539 AND768-O cells were
grown in DMEM/F12 (Invitrogen, Carlsbad, CA, USA) and WT MEFs Bag/Bak DKO
MEFs were grown in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM L
glutamine, 10% heat inactivated fetal bovine serum (Sigma, St Louis, MO, WSA)UJ/mL
penicillin, and 100 mg/mL streptomycin (Invitrogen) in a humidified incubator at 37°C and 5%
CO,. MDA-468TR-Vector and MDA468TRPTEN cells were grown as previously described
(She et al., 2005 24-well AlgiMatrix 3D cell culture system (Invitrogen, Carlsbad, CA, USA)
was used to grow cells as spheroids using the same media for monolayer cultures as
recommended by the manufactutdiDA -MB-468 cells were stably transfected with vectors
containing GFP, GFBax, GFRBax S184A and GFBax S184E plasmidssing Fugene 6
(Roche, Indianapolis, IN, USA) and the clonal selection was carried out in the presence of G418
(1.2-1.6 mg/mL, Sigma, Stouis, MO, USA). Selected clones were maintained in growth
medium containing 0.16 mg/mL G418.
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6.5.3. Immunoblotting, Immunoprecipitation and Coimmunoprecipitation

Total cell lysates were prepared in 1% CHAPS buffer [5 mM MgCI2, 137 mM NaCl, 1
mM EDTA, 1 mM EGTA 1% CHAPS, 20 mM TrisHCI (pH 7.5), protease inhibitors
(Complete, Roche, Indianapolis, IN, USA), and phosphatase inhibitors (PhosSTOP, Roche,
Indianapolis, IN, USA)] as reported previougheu et al., 2004 AlgiMatrix dissolving buffer
(Invitrogen, Carlsbad, CA, USA) was used to harvest spheroids before lysis in 1% CHAPS
buffer. For coimmunoprecipitations, proteins (20@¢L0 mg were immunoprecipitated with
indicated antibodies at 4°C for 2 h or O/N and coimmunoprecipitates wereezhptu
Dynabeads Protein G at 4°C for 2 h or O/N. Beads were recovered using DynaMag spin magnet
and washed thrice in 1% Chaps buffer. To determine the activatBaxandBak, proteins
(800¢ ywere immunoprecipitated with aribiax (6A7) and antiBak (Ab-2) at 4°C for 2 h.
Immunoprecipitates were captured by Dynabeads Protein G (Invitrogen, Carlsbad, CA, USA) at
4°C for 2 h. Immunoprecipitates were then recovered by DynaMag spin magnet and washed
thrice in 1% Chaps buffer. F&aximmunoprecipitationgiming phosphorylation analysis,
proteins were isolated in a modified RIPA buffer [50 mM TMHEI (pH 7.5), 150 mM NaCl, 1%
NP-40, 0.5% Nadeoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, protease inhibitors
(Complete, Roche, Indianapolis, IN, USA), and gitegase inhibitors (PhosSTOP, Roche,
Indianapolis, IN, USA)] and immunoprecipitated wBaxee2 1 ant i body . Il mmuno
total cell extracts and subfractionation lysates were separated on NuPage 1096 B&is.
Following SDSPAGE, proteins werednsferred onto PVDF membranes (Immobilon, EMD
Millipore, Billerica, MA, USA) and then blocked with 5% dried milk in PB®een20.
Membranes were incubated with primary and secondary antibodies (GE Healthcare Life
SciencesPittsburghPA, USA) in a buffer ontaining 10% milk diluent blocking concentrate
(KPL, Gaithersburg, MD, USA), and detected withperSignal West Pico Chemiluminescent
SubstratéThermo Fisher Scientific, Rockford, IL, USA). For phosphorylation bi#sBSA in
TBS-Tween was used for blking and antibody preparation and TB®een was used for
membrane washing steps. Blots were imaged with LAS#0@0e analyzer (FujifilmTokyo,
Japan) on chemiluminescence mobe detect interacting proteins in some
coimmunoprecipitation experiments, pm A-horseradish peroxidase (GE Healthcare Life

SciencesPittsburgh PA, USA) was used as a secondary detection agent.
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6.5.4. Peptide synthesis and protein purification

Peptides were synthesized by Tufts University Core Facility and purified by HPLC.
Peptideidentities were confirmed by mass spectrometry and stock solutions were prepared in
DMSO. Bid generated from Hitagged humaid cleaved with recombinant caspssaas a
generous gift from Claudio Hetz (University of Chile, Santiago, Chile). The expnessd

purification of recombinant huma®axwas done as previously report&uzuki et al., 2000

6.5.5. Phosphoprotein gel staining

Protein samples after kinase reactions were separatd@PoBitTris NUPAGE gels and
stained with Pr&Q Diamond phosphoprotegel stain and SYPRO Ruby total protein gel stain
(I'nvitrogen, Carlsbad, CA, USA) according to
LAS4000image analyzer (FujifilmTokyo, Japa), usingthe same exposure settings for
different samples on green and blue fluorescencélepiination modeand the quantitation of
bands was performed using ImageJ softwamageJ, NIH, USA).

6.5.6. Protein Purification and Labeling, and Liposome Preparaton

Single cystein®ax mutants, 126C and 175C were expressed, purified and labeled with
DAC or NBD, as previously describg¢Hovell et al., 2008 Bax S184E mutation was introduced
into theBax 126C and 175C plasmids via Qui€hangé" mutagenesis (Stratagene, La Jolla,
CA, USA). Primers for S184E mutagenesis weré
GGAGTGCTCACCGCCGAACTCACCATCTGGAA& 6 (forward) and 36
CTTCCAGATGGTGAGTTCGGCGGTGAGCACTCE 6 (reverse).-Bingle
126C was expressed, purified and labeled WI#C as previously describdtiovell et al.,
2008. Liposames were prepared as previously publisfiexvell et al., 208). Briefly, a 1 mg
mitochondrialike lipid film (0.46 mg of egghosphatidylcholine (PC),0.25 mg of egg

phosphatidylethanolamine (PE), 0.11 mg of bovine liver phosphatidylinositol (PI), 0.10 mg 18:1
dioleoyl phosphatidylserine (DOPS) and 0.08 mg w@&ayl cardiolipin (TOCL)) was hydrated

1 with mL of Assay Buffer (10 mM HEPES pH 7.2, 200 mM KCI, 1 mM Mgl lipids were
acquired from Avanti Polar Lipids, Alabaster, AUSA). Hydrated lipid films underwent 10

157


javascript:void(0);
javascript:void(0);

PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

freezethaw cycles and were extruded 11 times through a 100 nm pore size nucleopere track
etched polycarbonate membrane (Whatn@h,Healthcare Life ScienceBittsburgh PA,
USA).

6.5.7. Subcellular subfractionation

Subellular fractionation was performed as reported befBréz-Vela et al., 200b
Briefly, cells were harvested drwashed in iceold PBS and then resuspended in an isotonic
buffer [250mM sucrose, 20mM HEPES (pH 7.5), 10mM KCI, 1.5mM MgCI2, 1mM EDTA,
1mM EGTA, 1ImM PMSF, and protease inhibitors (Complete, Roche)] on ice for 20 min.
Phosphatase inhibitors (PhosSTOP¢IRg Indianapolis, IN, USA) were added as indicated.
After incubation, cells were homogenized with Dounce homogenizer and centrifuged at 800 g for
10 min at 4°C. The remaining supernatant was centrifuged at 8000 g for 20 min at 4°C to obtain
mitochondriaenriched HM pellet and cytosolic fractions. To obtaid@® fractions, the
remaining supernatant (cytosolic fraction) was further centrifuged at 100 000 g for 1 h at 4°C.
The resulting pellet constituted LM and the supernatant was saveti(is Blitochondia-

enriched pellets were lysed in 1% Chaps buffer for immunoblot analysis.

6.5.8. BH3 profiling

BH3 profiling assays and peptide sequences were previously reporteddCart@006;
Deng et al., 2007). Briefly, 0.5 mg of protein/mL mitochondria were suspenaeitbichondria
buffer [125 mM KCI, 10 mM TrisMOPS, pH 7.4, 5 mM glutamate, 2.5 mM malate, 1 mM
KPO4, and Z}T0is, pHV.4)Ea@d eXxposed to BH3 peptideB@ ¢ M) f or 40
at room temperature. Phosphatase inhibitors (PhosSTOP, Roche, Indianapolis, IN, USA) were
added as indicated to thatochondriabuffer. Cytochrome c release was determined by ELISA
assay (R&D Systems, Minneapolis, MN, USA) and exggdsas % of untreated control. For
BH3 experiments using mitochondria treated with S100 fractions, S100 fractions were
immunodepleted foAkt by sequential immunoprecipitations using ahkt antibody (Cell
Signaling,#9272 and Dynabeads twice. IgG immuprecipitations were done in parallel as a
negative control. Mitochondria were incubated with immunodepleted S100 fractions for 1 hr at
30 °C, washed twice witimitochondriabuffer containing PhosSTOP and incubated with BH3
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peptides for 40 minutes at rooentperature. Cytochrome c release was determined by ELISA
assay. For BH3 experiments using mitochondria treated with recombinantAsddtjve

mitochondria (0.1 mg/mL) were incubated with recombinanta&tktd 1 € g) and ATP
eM) for 1 hrbufier25 kM frigHCe(pHa7<)k BanyM betaylycerophosphate, 2

mM dithiothreitol (DTT), 0.1 mM Na3VvO4, 10 mM MgCI2] for 2 hr at 30 °C, washed twice

with mitochondriabuffer containing PhosSTOP and treated with BH3 peptides for 40 minutes at

room temperate. Cytochrome c release was determined by ELISA assay.

6.5.9. Mitochondrial Permeabilization Assay

Mitochondria were purified frorBaxBak DKO MEFs and resuspendednmitochondria
buffer (0.5 mg of protein/mL mitochondria) and incubated with tBid Baxifor 1 hr at room
temperature. tBid anBax were preincubated with recombinant acthd (400 ng) and ATP
(200 €M) in kinase assay buffer for 2 hr at
nM MK-2206 for 1 hr was used to blogkt kinase activity asndicated. Release of cytochrome
¢ was determined by ELISA and expressed as % of untreated control (R&D Systems,
Minneapolis, MN, USA).

6.5.10. Apoptosis and Cell Viability Assays

Cell proliferation kit (MTT) (Roche, Indianapolis, IN, USA) and alarlae (Invitrogen,
Carlsbad, CA, USA) were used to determine cell viability and survival of cells as described by
the manufacturer. Apoptosis was evaluated by AnnexiiMC and Annexin VCy3
(BioVision, Milpitas, CA, USA) staining using FACSCanto (BD BiosciencesaB Diego, CA,
USA) flow cytometer and WinMDI 2.9 software (Scripps Institute, La Jolla, CA, USA). Results

are expressed as meantSEM.

6.5.11. Confocal Microscopy

GFPtagged protein expressing cells were grown in-Lak Il chamber slide€Thermo
Fisher Scientific, Rockford, IL, USAgnd costained witMitoTracker Red CMXRos (Molecular
Probes, Invitrogen, Carlsbad, CA, USA) before fixatiodd PFA. Monolayer cells and
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isolated spheroids fixed with 4% PFA were mountgtth Vectashield monting medium with
DAPI (Vector Laboratories, Burlingame, CA, USAConfocal images of cells and spheroids
were captured on a spinning disk confocal microscope (Yokogawa) using an Andor iXon EM
CCD camera. Images were pseudocolored and analyzesiryy ImageJ softwardmageJ, NIH,
USA).

6.5.12. Bax Membrane Permeabilization: ANTS/DPX Release Assay

For membrane permeabilization assays, a mitochoiiledipid film was hydrated with
1 mL of assay buffesupplemented with 12.5 mM of the fluoroph&#@&minonaphthalene 1,3;6
trisulfonic acid (ANTS) and 45 mM of the quencipexylenebis-pyridinium bromide (DPX)
(Molecular Probes, Invitrogen, Carlsbad, CA, USIAposomes were prepared as above and
after extrusion, unencapsulated ANTS and DPX were rethby passing the liposomes over a
10 mL CL2B geffiltration column(GE Healthcare Life ScienceBittsburgh PA, USA).
ANTS/DPX release assay was performed as previously des¢Bblesh et al., 2008Lovell et
al., 2009. Briefly, 8 mL of ANTS/DPX encapsulated liposomes were adueal reaction of 100
m. final vol ume i n assayeb3ustst g2 nFwa r escenc
measured over the course of 2 hours at 37°C. Percent ANTS release was calculated as % release
= [(Ffina T Fo)/(Fro0-Fo)]*100 where k. is the fluorescence at a 2 hour endpoing,ithe
fluorescence in the absence of proteins aggli$-the fluorescence of liposomes permeabilized
with 0.2% v/v Triton x100.

6.5.13. Fluorescence Experiments: Measuring protein:protein andBax helix
insertion into membranes

NBD emission assays and FRET experiments were performed as previously described
(Lovell et al., 2008 In a black 96 well halarea norbinding surface assay plate (Corning, NY,
USA), 10nL of 1 mg/mL mitochondridike liposomes were added to a reaction of @QGinal
volume in assay buffer. Fluorescence emissf 100 nMBax 175GNBD andBax 175GNBD
S184E b= 4 7 5 B8O nmaincubated with or without 20 nM recombinant cBid was
recorded using a Tecan Infinite M1000 plate reader (Tecan, Switzerland) at 2guietr&V°C.
Relative change in NBD emissiorawexpressed as F/FO®{fr- Fockg)/(Finitial - Fockg) Where
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Fuekgis the fluorescence signal of liposomes and buffggaffs the fluorescence signal once
NBD labeled protein was added to the well apgd, k5 the fluorescence signal at 1 hour
endmint. cBid-Bax FRET was similarly measured, however the emission of cBid IT28C
donor(em= 3 8 0 pA60 nmawas recorded. FRET efficiency was calculated as % FRET
efficiency=11 [(Fpa-Fockg/(Fo-Fockg)] Where bpa is the fluorescence emission of 20 nM cBid
126 GDAC donor in the presence of 100 daxlabeled NBD acceptor at 2 hour endpoind,i$-
the fluorescence emission of 20 nM cBid 12BSAC donor alone in the presence of unlabeled
Bax126C at 2 hour endpoint dricg is the fluorescence signal of liposomes and assay buffer
alone.Bax-Bax FRET was measured as cH8&ix FRET, however measurements were recorded
in a PTI Quantamaster fluorometer (Photon Technology International, Birmingham, NJ, USA),
using a 1 mL gartz cuvette containing 1G€_ lipids in a final reaction volume of 1 mL in assay
buffer at 37°C. FRET efficiency was calculated as above howeyds fhe fluorescence
emission of 10 nM DAC labeleBlax donor in the presence of 100 nM NBD labeBsk

acceptor at 2 hour endpoint, ang 5 the fluorescence emission of 10 nM DAC labedbact

donor in the presence of 100 nM unlabeBack acceptor.

6.5.14. Statistical Analysis

GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA) was used for
data analyis and todetermine the significance of statistical differences between®ldtas d e nt 6 s

t-tail test was used for comparison of data andsitpeificance was set at *P<0.05 and **P<0.01.

6.5.15. Bioinfomatics analysis:

CNA analysis CNA data was obtained from the cBio databgeseomicqCerami et al.,
2012 Gao et al., 2013 Duplications and deletions were defined as l0g2CNA >0.5-0r<
respectively. Association with the AKT pathway was evaluated using a Ceahratage test
for trend on the number &KT pathway genes (AKT1, AKT2, AKT3, PIK3CA, PIK3R1) that
were duplicated in patients carrying BAX of BAK duplications. Association with PTEN was

evaluated using a Fisher exact test.
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TCGA pancancer gendevel analysi$ This analysisovered expressiom€9755), copy
number (n=10843), and mutation data (n=6901) across 42 caDatgisnvere obtained from the
Cancer BrowsefCline et al., 2018 This databasases the software GISTIGRlermel et al.,

2011 to normalize copy number gain or copy number loss, which were defined in the present
wor k as a GI STI C2 velyaGehe expredsiorassociativdsevaluatedby e ¢ t i
ranking expression values of the reference gene and applfwat ai | ed unpadired

test to evaluate differentigeneexpression between 1st and 10th de@la®ss genes
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Supplementary Figure6.1 - Related to Figure 1- Phosphorylation of GFRBax in MDA-MB-468 cells.

Upper panels: Phosphorylation of BAX was evaluated using lysates from-BAR and GFPBAX S184A cells
by blotting with the antibodies indicated at the left after precipitation with the antibodies indicate below the p
Lysates from untransfected cells (MVEMB-468 WT) and IgG IP are used as negative controls.

Lower panels 5-10% of the tothlysates were probed for GFP and actin as expression and loading controls,

respectively.
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Supplementary Figure6.27 Related to Figure 2- Bax S184E binds to Bid but membrangermeabilization is
inhibited

A) the interaction between Bim and Bax was measured by FRET. Samples containing liposomes were incubated
with 20 nM BIM 41CGDAC and BAX126CGNBD or Bax 126ENBD S184E was titrated as indicated below. FRET
efficiency was calcuted as 1 (FDA/FD) at 2 hour endpoint (meantSTDE\.3).

B) Permeabilization of liposomes by Bax and cBid was measured by release of ANT&Ip&Fomes

encapsulating ANTS/DPX were incubated with 100 nM of the indicated Bax in the absence or presemdé of 20
cBid (meantSTDEV, r3).
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Supplementary Figure6.37 Related to Figure 3- mCerulean BaxS184E protects cells from apoptosis
WT BMK (WT), Bax/Bak DKO BMK (DKO) and WT BMK cells stably expressing mCerulean-Bag4E
(WT+S184E) were treated with the indicated cell death stimuli for 24 hours. Cells stained with Drag5 and Annexin
V conjugated to Alexa 488 were imaged on an autonwiatbcal microscope (>500 cells per data point). Drag5
staining was used to identify all cells and AnnexiAMxa488 staining was used to identify dead cells. Annexin V
Alexa-488 positive cells were assigned based on a user defined threshold of &feneeh V fluorescence that
was greater than 2 standard deviations above the per cell Annexin V fluorescence of untreated DMSO controls. The
% Annexin V positivecellswas calculated from 3 independent experiments each with 2 technical replicates. Shown
is mean+SEM, n=3.
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Supplementary Figure6.4i Related to Figure 4- Akt and PI3K inhibitors change the localization of Akt and
the primed state of mitochondria

A) S100 fractions from untreateells (MDA-MB-468) or from cells treated with Akt inhibitors (MR206, A
443654) or PI3K inhibitors (LY294002, Deguelin) were isolated. Akt was immunodepleted by sequential

immunoprecipitation in untreated S100 fractions and the efficiency of immunadepiets tested by immunoblot

165



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

analysis. IgG was used as a negative control for immunodepletion experiments. Indicated S100 fractions were
incubated with MDAMB-435 mitochondrial preparations and change in priming was assessed by using BH3
profiling on MDA-MB-435 mitochondria. Resporst® variousBH3 peptide areshown (meantSEM, n=3).

B) ABT-737 resistant MDAMB-468 and ABTF737 sensitive MDAVIB-435 cells were treated with Akt inhibitors
(MK-2206, A443654) or PI3K inhibitors (LY294002, Deguelin) and mitoctrial and cytosolic fractions were
immunoblotted for Akt. CoxIV was probed as the mitochondrial marker protein and GAPDH was used as the
cytosolic marker protein (M: Mitochondrial fraction, C: Cytosolic fraction).

C) Lack of expression of BAX and BAK iDKO MEFs was detected by immunoblotting. Actin was probed as a
loading control.

D) Phosphorylation of recombinant BAllowing kinase reaction by Akt was evaluated by immunoblotting with
phospheSerine antibody. BAX was blotted as a loading controllolang kinase reaction with active Akt kinase, a
standard curve of GSR fusion protein was constructed after staining with®@rbiamond phosphoprotein and
SYPRO Ruby total protein dual staining assay. Band intensities were quantified by ImageJ seéward.
phosphorylation of BAX by active Akt after 2 hr of kinase reaction was derived from3388ion protein standard
curve after staining with Pr@ Diamond/SYPRO Ruby dual staining. Representative gel images and standard curve
graph are provided.

E) Akt or ATP did not alter cytochrome c release triggeredRig/BAX treatment when used alone. Mitochondria
from BAX BAK DKO MEFs were directly exposed to Akt or ATP or after incubated Akt or ATP with tBid and
BAX as designated. Cytoahmec release from mitochondria was evaluated by ELISA (meantSEM, n=3).
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Objective:

To understand how the B2lfamily of proteins is regulated via BA{L dimers This
chapter uncovers novel mechanisms for the regulation of apoptosis by the BH3 sensitizer
Bad and BcIXL dimers. It is related to the rest of the thesis by deciphering how all of the

Bcl-2 family proteins regulatihe activation of Bax.

Highlights:

1 Bcl-XL regulates MOMP as a homodimer during mode 1 of apoptosis inhibition
but acts as a heterodimer with Bax during mode 2 of apoptosis inhibition

91 Bcl-XL dimers contain two binding sites that can bind to cBid or Baal in
competitive fashion as part of a multiple partner complex
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1 When Bad binds a tBid:BeXL dimer complex, tBid undergoes a conformation
change that permits Bax activation while being bound to thexBaimer
complex

1 Bad acts as a nezompetitive inhibitor 6Bcl-XL representing a novel
mechanism that enhances the-ppmptotic potency of Bad

72. l ntroducti on

When a cell undergoes apoptosis, intermembrane space proteins such as
cytochromec and SMAC are released into the cytosol by mitochondrial outer membrane
permeabilization (MOMP) the commitment step in apoptosis that is regulated by the
Bcl-2 Family of proteingTait and Green, 201@an Delft et al., 201D Current models
of apoptosis regulation by the B2lfamily of proteins postulate that combinatorial
interactions between family members in a ligaedeptor fashion determine cell fate,
where the stoichiometry is assumed to be a dimer between different family members
(ShamasdDin et al., 2013 The sole exception is for Bax or Bak, where activation causes
monomers to undergo conformational changes at the mitochondrial outer membrane
(MOM) leading to the formation of large horatigomers that mediate MOMP.

However, the activation of Bax/Bak occurs via a dimeric interaction with BH3 activators
like tBid or Bim (Kim et al., 2009Lovell et al., 2008 Furthermore the three different
modes by which antpoptotic Bcl2 family members like BeKL prevent MOMP are

also thought to be mediated by dimeric interactidtembi et al., 2011 In mode one,
Bcl-XL sequesters BH3 activator proteins to prevent them from activating Bax. In mode
two, BckXL binds activated Bax to prevent the propagation of oligonard,inmode

zero, BctXL prevents the peripheral binding of Bax to membranes, thus decreasing the
available pool of Bax to be activated at the MQillich et al., 2011; Todt et al., 2013;
Westphal et al., 2014byensitizer BH3bnly proteins like Bad function to inhibit B&{L

via heterodimeric interctions thus releasing active Bax, or releasing activator@iia
proteins which then activate Bax leading to MOMP. These regulatory interactions
between BeR family members that promote or inhibit apoptosis are postulated to be

determined by binding beeen BH3 regions and BH3 binding pockets of the dimeric
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partners. Therefore according to current models the outcome of apoptosis is dependent
upon the relative abundance of Bl binding partners and their specific binding
affinities (Chi et al., 2014Volkmann et al., 2014

The stoichiometry of BeKL heterodimers controlling apoptosis has been
assumed but never directly demonstrated. However the strict dependence damdly
member binding on BH3 regions and BH3 binding pockets may not represent the only
domains that mediate interactions as sugge
of Bax and the recently described interaction between the BH4 region-XLBahd Bax
(Barclay et al., 203;9Ding et al., 2014Gavathiotis et al., 2030 The existence of these

other bindingnterfaces suggests that higher order complexes may regulate function.

We have examined this explicitly in a welbntrolled in vitro system that
recapitulates MOMP by using purified organelles andl&rgth recombinant proteins.
Here we show that modme of apoptosis inhibition is mediated by Bdl dimers which
serve as a scaffold for higher order complexes that regulate MOMP. Furthermore we
have identified a new mechanism of apoptosis induction by the sensitizeom3H3
protein Bad. When tBid is mbited by BctXL dimers, Bad is able to bind the complex
and allosterically activate tBid while it is bound to Bdl thus allowing tBid to activate
Bax leading to MOMP.

73. Resul ts and Discussi on

7.3.1. A Bcl-XL complex regulates MOMP

In Figure 1A we examine thateractions that occur during mode one of cell
death inhibition by BelXL. During apoptosis, the BH3 activator protein Bid is post
translationally cleaved by Caspase 8, denoted cBid (cleaved Bid) creating a p7 and p15
fragment that are bound together kst hydrophobic interactions. After cBid binds to
membranes the p15 fragment denoted tBid (truncated Bid), inserts into membranes after

the p7 fragment dissociates from the complex. The membrane binding promotes a distinct
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conformational change in tBid slu that it can activate Bax, and this conformation

change can be monitored by an increase in the hydrophobicity of the environment in
residues in the fifth and sixth alpha helices of the protdis () as 8id inserts into
membranegShamadDin et al., 2013a)The experiments in this paper have used cBid;
however for simplicity we will denote it as tBid since this is the fragment that initiates
apoptosis irthe MOM. Thus in our system purified Békmitochondria are exposed to

Bax and tBid in the presence of BL, with increasing amounts of the BH3 sensitizer

Bad. In the absence of Bad, MOMP is prevented, as no cytochrome c is released (Figure
1A - blacktriangles; arrow #1). In mode 1 we would expect inhibition to be caused by
direct binding of BcIXL to tBid preventing the latter from activating Bax. We have
characterized this interaction between tBid andXBclby fluorescence resonance energy
transfer(FRET; Figure 1A red circles; arrow #1). The detection of FRET is very

sensitive to distance and occurs if the fluorescently labeled biomolecules are wiithin O

nm of each other. The closer the donor and acceptor labeled biomolecules are, the higher
the FRET efficiency. As anticipated for a competitive interaction of tBid and Bad with
Bcl-XL addition of increasing amounts of the sensitizer BBy protein Bad causes a
decrease in FRET efficiency, indicating the displacement of tBid frorXBallowing

free tBid to activate Bax causing MOMP (arrow #3). However, close inspection of the
data in Figure 1A reveals that after adding 20 nM Bad (indicated by the red arrow #2)
the majority of cytochrome c is released, whereas the binding between tBid axd Bcl
remains unchanged from the baseline conditions where no cytochrome c is released (e.g.
at 2.5 nM Bad).
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Figure 7.1 - Bcl-XL regulates mode 1 inhibition of MOMP via a multi-component complex

A. Isolated Bak/- mouse liver mitochondria (MLM) were incubated with 4 nM donor labeled tBid (126C
Alexa 568) and 30 nM acceptor labeled Bdl (152C-Alexa 647) with increasing concentrations of WT
Bad. FRET efficiency (left axis, red circles) was calculdtyg the decrease in donor labeled tBid
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fluorescence. Cytochrome c release (right axis, black triangles) was measured by separating each reaction
into supernatant and pellet fractions, followed by SP¥S5E and western blot against cytochrome c. The
resulting blots were imaged and % cytochrome ¢ was calculated by ratiometric analysis.

B. Isolated Bak/- MLM were incubated with 20 nM donor labeled Bad (38Exa 568) and increasing
concentrations of acceptor labeled tBid (128€xa 647) in the presence aadsence of 20 nM WT Bcl

XL. FRET efficiency was measured by the decrease in donor labeled Bad fluorescence.

C. FRET efficiencies for acceptor and donor labeled pairs aRBamily members. For each reaction 0.25
mg/mL liposomes were incubated with 2@ tBid, 50 nM BctXL, 100 nM Bax (light bars), and 100 nM

Bad where indicated (dark bars). Each lane contains the same concentrations of proteins but the acceptor
and donor labeled proteins are changedicated below the graph. {8) Data shown are theverage of 3

or more independent replicates with SEM.

The current model of hetextimers with displaceable partners postulates that Bad
displaces tBid from BeKL. If so, we would expect tBid and Bad to be mutually
exclusively bound to BeKL. By contras, if these are components of a larger complex
that contains both tBid and Bad as suggested by Fig. 1A we would expect these proteins
to be in close proximity with each other. Indeed, when'Balbuse liver mitochondria
are incubated with donor labeled Bad and acceptor labeled tBid, we see an increase in
FRET efficiency, but only when B&{L is present and at tBid concentrations that are
approximately equimolar with Badrigure 1B. Additionally, under these conditions this
increase in proximity occurs at the mitochondrial membrane rather than in solution
(Figure S1B), likely because both tBid and Bad causeX&do bind to membranes
(Billen et al., 2008Jeong etl., 2004. Therefore these data suggest thatBcl
coordinates a muktomponent complex whose composition determines if MOMP is
initiated or prevented.

To precisely characterize thismplex without the complication of endogenous
mitochondrial proteins, wased a highly purified in vitro system containing liposomes
that mimic the composition of the MOM and the samel&nigth recombinant proteins
used with mitochondriéale et al., 201 This in vitro system allows us to have full
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contrd of all components and precisely modulate the players. Mode oréLBcl

inhibition is shown irFigure SA (left panel)where the addition of tBid and Bax causes
marked permeabilization of liposomes (white) modeling MOMP as measured by the
release of encaplated fluorophore/quencher pair ANTS/DPX from the liposomes. With
the addition of B¢IXL, membrane permeabilization by Bax is inhibited (light grey) but
regained with the addition of Bad (black). Furthermore binding between tBid afXLBcl

is unchangedHigure S1A,; right panel) in the presence of Bax, Bad or both, thus
recapitulating the results shownkigurelAin a liposome based system. With the

liposome system we can examine the individual-pase interactions between labeled
proteins by FRET, inhe presence or absence of BadFigure 1C the concentrations of

the proteins remain constant, but the donor and acceptor labels are covalently attached to
different Bcl2 family proteins. Measurement of FRET between the donor and acceptor
labeled protims allows us to dissect the dynamic process of assembly and disassembly of
the complex that mediates the outcomes seé&igures 1A and&1A. InFigure 1C lane

1, we observe that tBid remains bound to-Rtleven in the presence of Bad, replicating

the ore finding in mitochondria frorkigure 1A As expected by mode 2 inhibition, Bcl

XL is bound to Bax in the absence of a Bbidy activator, however with the initiation of
MOMP by Bad, BclXL is no longer bound to Bax (lane 2), whereas tBid activates Bax

by binding to it (lane 3). As a consequence Bax binds to other Bax molecules thereby
forming the oligomers that will mediate MOMP (lane 4). As anticipated from the

complex inferred fronfrigures 1Aand1B, Bcl-XL mediates the close proximity of tBid

and Bal (lane 6), by binding to Bad (lane 5) and tBid (lane 1) directly. These results
demonstrate that Be{L is binding to more than one partner, and imply that it is doing so
Asi multaneouslyo in a multiple partner com
Indeed we are able to detect BdL dimers by FRET (lane 7). When the same

experiments are performed in the absence of Bax 6§10, we observe an increase in

the FRET between each labeled partner compared to the FRET observed when Bax is
present Fig. 1C). This is consistent with mode 2 inhibition where Bl binds activated

Bax, thus preventing BeXL from binding either itself, Bad or tBid. Taken together these
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data suggest that the control of apoptosis is coordinated by a complex contairKlg Bcl

dimers with binding partners that are exchangeable.

7.3.2. Bcl-XL forms dimers with exchangeable binding partners

Critical to this notion of multiple partner formation is the presence of dimers (or a
higher order complex) of BeXL. Bcl-XL dimers have been obsed after crosslinking
both by incubating fullength purified BcIXL with isolated mitochondridDing et al.,
2014 and from cell extractg§leong et al., 2004The solution(Denisov et al., 20Q7and
crystal(O'Neill et al., 200%structures of domain swapped BAL dimers have been
solved. The dimers were able to bind BH3 peptides in a 2:1(i¢ioisov et al., 2007
and bind membrand®'Neill et al., 2008 however these studies did not use-feiigth
protein as BelXL had the amin-terminal unstructured loop and the carbdeyminal
membrane binding domain deleted. Recently the membrane bound structure<af Bcl
(containing the carboxierminal tail but with the unstructured loop betwednanda?2
deleted) was solved using NMR spectroscopy by incubating(Batith lipid nanodiscs
that support a lipid bilayer for BeAL binding (Yao et &, 2015. They reported that B¢l
XL inserted its carboxyerminal tail into the nanodisc as a monomer. However, the
nanodiscs provide a small surface area for protein binding (average diameter of 9
nanometers). The membrane plays an integral rolambiliging the conformation
changes and the interactions between®Bidmily members, so it may be that dimers
were not observed due to a lack of space within each nanodisc, or that the unstructured

loop of BckXL is required for dimerization.

Therefore ve examined the dynamics and regulation of recombinant full length
Bcl-XL dimer formation directly in a more simplified system in the presence or absence
of individual binding partners, rather than with all of the proteins (Bax, tBidXB&cnd
Bad) presenas is the case for the experiments showFigres 1C and $1 Without
other binding partners B&{L forms dimers more readily, as the FRET efficiency is

higher (comparé&igure 2Awith no interacting partners present to lane Figure 1C,

179



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

35% vs. 10%FRET efficiency respectively). This decreased dimer formation indicated
by lower FRET efficiency ifrigure 1Cis due to the presence of activated Bax, as
increasing concentrations of the latter causes the disassembly Xt Bainers Fig 2A,
triangles). he addition of Bad (circles) does not affect the formation ob&ctlimers,

and tBid (squares) does so only minimally. The presence eXBdimers is also

detectable by gel filtration chromatography of labeled proteins detected by fluorescence
(Fig SZC), crosslinking and immunoblottingKig S2D), and FRET using other labeled
residues (at amino acid 152 in the membrane binding relgigr§bB). Dimer formation

is dynamic, as the binding partners are exchangeBlgeS@A). Furthermore, dimer
formation isnot dependent on liposomes as is it also detectable in solution, and similar to
results obtained with membranes dimer formation is not prevented by other binding
partners like tBid or BadHigure S2B, suggesting a different binding interface other than
the ABH3 pocket 0.
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Figure 7.2 - The multi-component complex regulated by BeKL dimers is dynamic

A. FRET efficiency of the interaction between 20 nM donor and 100 nM acceptor labelXd B219C

DAC, 219CGNBD respectively) incubated with 0.25 mg/mL liposomes and increasing concentrations of the
indicated unlabelled Be2 family proteins Bad (circles)Bid (squares) and activated Bax (triangles). For
samples containing activated Bax, the Bax was first activated by incubatiagrtigs, Bax and 20 nM

tBid mt1 @ mutant which only binds to Bax, and Bdl). Shown are the average $EM results of three
independent experiments.

B. FRET efficiency was measured between 20 nM donor labeleXB¢152C-DAC) and 100 nM

acceptor labeled Bad (36/BD:; left) or tBid (126 GNBD; right), in the presence of liposomes (0.25

mg/mL) and increasing concentrations afabelled Bad (red) or tBid (black). Shown are the average +

SEM results of three independent experiments.

181



PhD Thesi$ J Kale Master Universityi Biochemistry and Biomedical Sciences

Multiple experimental approaches thus confirm the spontaneous formation of Bcl
XL dimers that occur both in solution and on the membrane, andahdgied to
different partners. Therefore we sought to determine the possible compositions of this
complex, and specifically if the binding partners are exchangeable on txd Baher.
If this is the case then there are 3 scenarios: 1) thXBdimer has both a Bad and a
tBid attached, 2) only Bad is bound, or 3) only tBid is bound. If binding partners are
exchangeable, these scenarios are-twerertible, depending on the concentrations and
relative affinities of each partner for BEL. The data inFigure 2Bdemonstrate the
existence of an interaction between fluorescently labeledKBand fluorescently
labeled Bad (left panel) or tBid (right panel), and further shows that an unlabeled partner
(Bad or tBid) can displace the labeled partner fronctimaplex. It indicates that this
interaction is competitive, consistent with previous observations. The composition of the
multi-molecular complex coordinated by BXL is governed by the concentrations of
Bad and tBid as shown by the curve$igure 2Band their absolute binding affinities
with Bcl-XL, as measured iRig $4 A-E and summarized in Table 1. Therefore, as a
consequence of this mutually displaceable interaction either BH3 protein binds to the

same dimeric complex.
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Table 7.1 - Bcl-2 family dissociation constants

Summary ofapparent dissociation constants(Kalculated from the binding curves in Figt) $1 nM for
Bcl-2 proteins interacting with each other in the presence or abstligesomes (0.25 mg/mL), using
FRET. The average--SEM of three independent experiments is shown. When indicated (*) Bax was
activated with tBid mt1, a mutant of Bid that has impaired binding affinity towardXBcl

The data shown iRigure SIA-E indicates that BeKL can bind itself, tBid and
Bad in solution or on membranes. Therefore we would predict that higher order
complexesoordinatedy Bcl-XL would also form in the absence of membranes. Indeed
FRET is observed in solution between twbdbked tBid moleculesHgure 3A, leftpanel,
Fig S3A) and two labeled Bad moleculdsglre 3A, rightpanel), but only in the
presence of BeKL. Furthermore, the addition of unlabeled Bad or cBid can displace the
labeled cBid or Bad respectively frometbomplex, consistent with the binding sites

being exchangeable. This confirms that the-Bcldimer mediates the close proximity of
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