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Abstract

Bax is a pro-apoptotic protein believed to permeabilize mitochondria during
apoptosis. The mechanism Bax uses is not well understood. In this work, we use
fluorescence techniques to shed light on how tBid activates Bax and we examine the

topology of the pore-forming domain of Bax.

The manner in which tBid promotes apoptosis via Bax activation is not known.
Study of tBid and Bax interaction using a new FRET pair showed that the proteins only
interacted in the presence of membranes. The Bax pore was shown to have a variable size
distribution. A fluorescence technique of simultaneously measuring pore formation, Bax
insertion and FRET showed that tBid interaction with Bax occurred before all the Bax
inserted or formed pores in the liposomes. A chronological order is proposed for Bax pore
formation. tBid first binds to liposomes. tBid proceeds to interact with Bax, and Bax
inserts into the membrane. After insertion, Bax oligomerizes and forms small pores. More

Bax is recruited and the pores become larger.

The two central hairpin helices of Bax, helices 5 and 6, are known as the pore-
forming domain. We used cysteine scanning with the environment sensitive fluoroprobe
NBD to gain insight into the topology of these helices. Fluorescence intensity changes
and emission blue shifts showed that residues in these helices undergo conformational
reorganization during pore formation. In the activated oligomeric conformation,
fluorescence lifetimes showed that helix 5 was more inaccessible to water than helix 6.

Cobalt, a cationic NBD quencher, effectively quenched residues in the pore-forming
iii
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domain, consistent with a pore that is lined with anionic lipid head groups. Quenching
with nitroxide groups at various lipid depths showed that residues on helix 6 were most
quenched by a shallow quencher, while residues on helix 5 were quenched by deeper
quenchers. Compared to beta sheet pore-forming proteins, the data obtained suggests that
Bax and possibly other alpha helical pore-forming proteins form a lipidic pore in a
dynamic environment. Combined together, the data suggest a model for Bax in which
helix 5 spans the bilayer, and helix 6 is buried just below the lipid headgroups of a

toroidal pore.

iv
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1 Introduction

1.1  Apoptosis

Apoptosis is a form of programmed cell death that multicellular organisms employ
to dispose of unwanted cells in the most efficient manner. By using apoptosis, organisms
can avoid evoking an immune response while recycling cellular building blocks.
Apoptosis is used by higher organisms for sculpting organ morphology, regulating cell
numbers, or removing cells that have served their roles or are harmful. Given these
crucial functions, it is not surprising that misregulated apoptosis is at the root of many
human diseases. When cells undergo apoptosis too quickly, as brain cells do during a
stroke, unwanted induction of apoptosis may result in a permanent loss of brain function.
Other neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s are
also caused by the premature loss of neurons brought about by apoptosis. Conversely,

when cells become resistant to apoptosis, the resulting proliferation leads to cancers.

Cells that are dying have long been observed to be different from other cells
(Hacker, 2000). Cells shrink; plasma membranes pinch off, or bleb; nuclei condense;
apoptotic cells round up and detach from neighbouring cells. Other changes such as the
externalization of phosphatidyl serine and the degradation of DNA and proteins also
occur. Eventually, apoptotic cells are taken up by macrophages. Protein degradation is
carried out by the caspases, the so-called executioners of cell death (Cohen, 1997).

Caspases are a family of proteases that have a cysteine active site and the ability to cleave

1
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proteins next to aspartic acid residues. Synthesized as inactive proenzymes, caspases are
cleaved during apoptosis and proceed to degrade a variety of important cellular protein
targets. Caspase activation is the endpoint of the two major apoptotic pathways known as
the extrinsic and intrinsic pathways (Boatright and Salvesen, 2003). In general, the
extrinsic pathway is used to get rid of unwanted cells during immune responses, while the
intrinsic pathway is used to get rid of unwanted cells that have suffered damage. The
extrinsic pathway makes use of death receptors — plasma membrane proteins that bind an
extracellular ligand and transduce the apoptotic signal. The intrinsic pathway is regulated
by internal mechanisms that sense cellular damage. Both extrinsic and intrinsic apoptotic

pathways make use of the mitochondria for committing to apoptosis.

Mitochondria are central to apoptosis. Once the mitochondrial outer membrane
(MOM) has been permeabilized, the cell is destined to carry out its death program. The
mitochondria intermembrane space (IMS) contains several factors that, while harmless or
essential for cellular function when confined to the mitochondria, initiate irreversible
motions leading to apoptosis when unleashed into the cytosol. A major insight was gained
with the discovery that cytochrome C, normally an electron carrier in oxidative
phosphorylation, moves into the cytosol and activates caspases during apoptosis (Liu et
al., 1996). By forming a complex with Apaf-1 and dATP known as the apoptosome,
cytochrome C is able to initiate cleavage of procaspase-9 into activated caspase-9 (Zou et
al., 1999). Activated caspase-9 then can go on to cleave downstream targets such as
caspase-3, initiating a caspase cascade leading to protein degradation. Although it has

been known for a long time that cytochrome C redistributes to the cytosol from the
2
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mitochondria in cells that have been irradiated (Zhivotovsky et al., 1998), the explanation
for this observation was not known. The unexpected role for a well characterized IMS
protein clarifies how cells initiate apoptosis. Several other IMS proteins have been
discovered that also have a role in the apoptosis program. Caspase activity is normally
kept in check by the cytosolic IAP (Inhibitor of Apoptosis Protein) family.
Smac/DIABLO is an IMS protein that antagonizes IAPs after MOMP (Du et al., 2000).
By binding to IAPs, caspase activation is further magnified during apoptosis. Like
Smac/DIABLO, Omi/HtrA2 is another inhibitor of IAPs located in the IMS. This serine
protease was identified as a protein that binds to XIAP, a prominent member of the IAP
family (Suzuki et al., 2001). Although caspase activation is a hallmark of apoptosis linked
to IMS proteins, it was noted that caspase activity is not essential for cell death to occur
(Xiang et al., 1996). Other mitochondria IMS proteins were identified that contribute to
apoptosis in a caspase independent manner. AIF is an IMS protein that has an important
role in apoptosis (Susin et al., 1999). During apoptosis, AIF translocates to the nucleus,
and overexpression of the protein induces chromatin condensation. Even in the presence
of caspase inhibitors, AIF can induce apoptosis. Endonuclease G was identified as
another mitochondria IMS protein involved in apoptosis (Li et al., 2001). This protein
was isolated through an in vitro screen that identified a mitochondrial factor that could

degrade DNA.
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1.2 The Bcl-2 family

Bcl-2 was discovered at the breakpoint of a (14:18) chromosomal translocation
found in B cells lymphomas (Tsujimoto et al, 1984). This translocation places the bcl-2
gene downstream to the enhancer of the highly expressed immunoglobulin G heavy
chain, resulting in deregulated expression of Bcl-2 (Bakhshi et al., 1985). A critical
realization of the importance of apoptosis came when Bcl-2 overexpression was shown to
promote cell proliferation by preventing cells from dying, and not by simply increasing
the rate of cell division (Vaux, 1988). Expression of Bcl-2 shields cells from death by
growth factor deprivation, UV and gamma radiation, heat shock, TNF, chemotherapeutic
drugs and other cellular insults that would otherwise initiate apoptosis (Reed, 1994). A
functional role was established for Bcl-2 when it was shown that Bcl-2 could prevent
cytochrome C release from mitochondria and the resulting caspase activation (Yang et al.,

1997; Kluck et al., 1997).

Bax, named as Bcl-2 Associated X protein, was identified as a pro-apoptotic protein
that heavily co-immunoprecipitated with Bcl-2 in a cancerous human B cell line (Oltvai
et al., 1993). Overexpression of this protein led to accelerated cell death, which prompted
the proposal of the “rheostat” model, which postulates that the ratio of Bax to Bcl-2
determines whether or not the cell lives or dies. Supporting this theory, Bax transcription
is upregulated during apoptosis by p53 (Miyashita and Reed, 1995). However, the
rheostatic model falls short on some levels, since many other important Bcl-2 family

members have since been discovered and furthermore, Bax and Bcl-2 have different

4
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subcellular localization in healthy cells. It was also noted that Bax and Bcl-2 shared short
stretches of sequence homology, referred to as Bcl-2 homology BH1 and BH2 regions
(Oltvai et al., 1993). At the same time Bax was discovered, another Bcl-2 family member,
Bcl-xL was identified and was shown to have some of the same sequence similarity to
Bcl-2 and Bax (Boise et al., 1993). The major splice variant of this protein, like Bcl-2,

prevented apoptosis.

Subsequently, many related proteins have been discovered, some anti-apoptotic and
some pro-apoptotic, which are classified as Bc¢l-2 family proteins. Two other regions of
conserved sequence were discovered in Bcl-2 family members; the BH3 region and the
BH4 region (Hanada et al., 1995; Zha and Reed, 1996). The Bcl-2 family members fit
into three categories based on the BH regions they contain. The pro-apoptotic Bcl-2
proteins contain either all the BH1, BH2 and BH3 regions of BH homology, or only the
BH3 region. The Bcl-2 members that contain three regions, such as Bax and Bak are
called the multi BH region pro-apoptotic proteins. The members that contain only the
BH3 region, such as Bid, are called the BH3-only pro-apoptotic proteins. The anti-
apoptotic proteins, such as Bcl-xL and Bcl-2, contain the BH1, BH2 and BH3 regions, as
well as a conserved BH4 region near the N terminus. Figure 1.1 shows an amino acid
sequence alignment for several Bcl-2 family members. Highlighted in blue is the BH4
region that only the anti-apoptotic Bcl-xL and Bcl-2 share. Evidence exists that if this
region is cleaved, these anti-apoptotic proteins become pro-apoptotic (Cheng et al., 1997;
Basanez et al., 2001). This is not entirely unexpected since the anti-apoptotic proteins also

contain the other conserved BH regions. The BH1 (red) and BH2 (green) regions flank
5
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the pore-forming domain of Bax. The bold text for Bax shows the location in the primary
sequence for the residues that make the pore-forming domain. The sequence for Bid is
shown in both human and murine forms, since this study used murine Bid. Despite a
comparable structure, the only conserved region shared by Bid is the BH3 region, shown
in orange. This short amphipathic region has only a few residues that are identical in all
the proteins. Evidence exists that suggests the BH3-only proteins are sensors for various
apoptotic stimuli, while the multidomain pro-apoptotic proteins integrate the signals from
the BH3-only proteins. For example, the BH3-only proteins Bim, Bad and Bid have been
reported to be sensors for loss of cytoskeleton integrity, growth factor withdrawal, and
death domain receptor signaling, respectively (van Gurp et al., 2003). Interestingly, many
different viruses have been shown to encode Bcl-2 family proteins, in order to prevent the

host cell from killing itself and destroying the virus (Hay and Kannourakis, 2002).
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Figure 1.1: Sequence alignment for some members of the Bcl-2 family.

Alignment was performed with Jalview software (available online at http://www.jalview.org) using
the MAFTT algorithm (Katoh et al., 2005). The numbers indicate residue numbers and the dashes
show gaps in the alignment. The red highlighted region shows the BH1 region, green shows the BH2
region, orange shows the BH3 region and blue shows the BH4 region. The bold font of Bax shows the

pore-forming domain. The darker highlighted residues are absolutely conserved between all proteins
shown.

While Bcl-2 family proteins localize to the mitochondria either constitutively or
during apoptosis, it should be noted that the mitochondria is not their only destination.
Bcl-2 and some other Bcl-2 family members are localized at the ER and nuclear envelope

(Annis et al., 2003). There are some members that do exclusively reside on the
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mitochondria, such as Bcl-w (Hinds et al, 2003). ER permeability is also connected to
MOMP, since if the ER calcium stores are released into the cytosol, swelling and rupture

of the mitochondria follow, leading to the release of apoptogenic IMS proteins.

A characterized apoptotic pathway is initiated by the Fas ligand and involves the
cleavage and targeting of BH3-only protein Bid to the mitochondria. Part of the extrinsic
pathway, upon binding to an extracellular ligand, the Fas receptor forms a complex that
proceeds to cleave procaspase-8 into active caspase-8. A major discovery found that a
main target of caspase-8 is Bid (Luo et al., 1998; Li et al., 1998). Upon cleavage by
caspase-8, the larger C terminal fragment of Bid, known as tBid, translocates to the
mitochondria and initiates MOMP. It was further demonstrated that tBid is able to induce
Bax and Bak oligomerization during MOMP (Wei et al., 2000). Cardiolipin, a lipid found
only in mitochondria was shown to play a role in tBid targeting to mitochondria (Lutter et
al., 2000). Cardiolipin was also identified as a lipid present in Bax and tBid permeable
mitochondrial reconstituted vesicles but absent from Bax and tBid impermeable
reconstituted ER vesicles (Kuwana et al.,, 2002). Yeast cells with the cardiolipin
producing gene knocked out display no effect when tBid is expressed, while wildtype
yeast demonstrate abnormal mitochondrial respiration when tBid is expressed (Gonzalvez
et al.,, 2005). However, the role of cardiolipin remains controversial since only the
mitochondrial inner membrane, and not the outer membrane, contains cardiolipin (de
Kroon et al., 1997) and human cells with the cardiolipin gene knocked down actually

displayed an increased sensitivity to tBid mediated apoptosis (Choi et al., 2007).
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A key finding came when it was shown that Bak or Bax knockout mice and mouse
embryonic fibroblasts can still respond to apoptotic signals, but the double Bax and Bak
knockout are extremely resistant to all forms of apoptosis induction (Wei et al., 2001).
This study cemented the paradigm of the multi BH-region Bax or Bak proteins being
activated to cause apoptosis by BH3-only proteins like tBid. The connection of Bid to the
Fas pathway was further validated since injection of Fas had no effect on mice that had

the Bid gene knocked out.

Recently, much attention has been given to the interactions between the
multidomain pro-apoptotic members, the BH3-only members, and the anti-apoptotic
members that regulate MOMP. Besides activation by BH3-only proteins, some evidence

exists that Bax or Bak can be directly activated by exposure to heat of 43° C (Pagliari et

al., 2005), as well as by the tumor suppressor protein p53 (Chipuk et al., 2004). At least
three models exist to explain how the anti-apoptotic proteins and BH3-only proteins
interact to regulate apoptosis with Bak and Bax. One model is known as the direct
activation model. In this model, specific BH3-only proteins activate Bak or Bax, and the
anti-apoptotic proteins function by binding to these BH3-only proteins before they can
activate Bax or Bak. Other BH3-only proteins serve to bind the anti-apoptotic proteins.
When the anti-apoptotic proteins become bound by these so-called sensitizer BH3-only

2

proteins, the cell becomes “primed for death”, and ready for an activator BH3-only
protein to initiate apoptosis (Certo et al., 2006). Supporting the direct activation model,
when proteins are mutated so Bax and Bak do not bind anti-apoptotic Bcl-2 members,

cells do not undergo apoptosis spontaneously (Kim et al., 2006). A second model is the
9
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indirect activation model. In this model, Bax and Bak are inherently active, but in non-
dying cells are neutralized by anti-apoptotic proteins. A BH3-only protein may proceed to
bind to an anti-apoptotic protein, freeing Bax or Bak to permeabilize membranes (Willis
et al., 2007). Finally, a third model proposed by our lab, is called “embedding together”.
This model proposes that the pro- and anti- Bcl-2 family members engage in related
interactions and conformational changes and that relevant interactions only occur within

the membrane (Leber et al., 2007).

The pro- and anti- apoptotic Bcl-2 members share a remarkably similar fold.
Figure 2 shows the structures of both Bax and Bcl-xL. Like all the Bcl-2 family members,
they only contain alpha helical secondary structure, being composed of nine helices. Two
of the helices comprise a hydrophobic hairpin that is central to the protein (shown in
blue). These helices are known as the pore-forming domain. Some of the Bax residue
numbers are indicated in Figure 1.2 to show the location of some of the mutations that
were used in this study. Bax and Bcl-xL also have a hydrophobic C terminus, although
the structure of Bcl-xLL was solved with this tail truncated. The structures of Bcl-2
proteins show that the BH 1, 2 and 3 regions form a hydrophobic groove where other

BH3 peptides can bind (Petros et al., 2004).

10
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Bel-xL
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Figure 1.2: Structures of Bax, Bcl-xL and diphtheria toxin transmembrane domain.

Figures prepared with the Ribbons program (available online at http://torus.cbse.uab.edu/ribbons).
The PDB files used were 1F16 for Bax, 1R2D for Bcl-xLL and 1SGK for the diphtheria translocation
domain. The suspected pore-forming helices are coloured in blue. Residue numbers are shown on the
pore-forming domain of Bax. The location of helix 5,6 and 9 is indicated for Bax. The Bax
hydrophobic C terminus is highlighted in green. A 50 angstrom scale bar is shown at the bottom of
the each structure for comparison.
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When the first member of the Bcl-2 family, Bcel-xL, had its structure solved, a
strong similarity in appearance with the diphtheria toxin translocation domain was noted
(Muchmore et al., 1996). As seen in Figure 1.2, Bcl-xL and diphtheria have the same
number of helices organized around two central hairpin hydrophobic helices, although
these helices of diphtheria are the C terminal two helices. The hairpin helices for Bel-xL
and Bax are numbers 5 and 6. Since the diphtheria toxin has been shown to form pores,
this possible mechanism was put forth to explain how the Bcl-2 family regulates
apoptosis. Investigations confirmed that Bcl-xL could form pores in acidic, non

physiological pH environments (Minn et al., 1997).

1.3  Pore formation by Bax

The role of Bax in apoptosis has been the focus of extensive research. Clinically, it
has been shown that more than 50 percent of a type of colon adenocarcinoma carries Bax
frameshift mutations (Rampino et al., 1997). Another study found that over 20 different
human hematopoietic malignancy lines, especially acute lymphoblastic leukemia cells,
carry a frameshift mutation or point mutations to the BH1 or BH3 region of Bax

(Meijerink et al., 1998).

Investigation of Bax led to the important observation that in healthy cells, Bax is a
cytosolic protein, but during apoptosis, Bax translocates to the mitochondria (Hsu et al.,

1997; Wolter et al., 1997). In human tissue culture cells, mitochondria from cells
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undergoing apoptosis contain oligomers of Bax that remain stable in CHAPS detergent
that have shifted from a non-apoptotic monomeric molecular weight of 21,000 kDa to an
apparent oligomeric mass of 96,000 kDa and 260,000 kDa, as determined by gel filtration
(Antonsson et al,, 2001). This leads to a general model for Bax where the protein
translocates and oligomerizes at the mitochondria, in the process causing cytochrome C
release. In simplified in vitro systems, Bax can permeabilize isolated mitochondria,
causing cytochrome C release and this process occurs with the formation of higher order
Bax oligomers (Jurgensmeier et al., 1998; Antonsson et al., 2000). Bax can cause
liposomes formed from lipids mimicking the MOM to release very large 1 MDa dextrans
(Kuwana et al., 2002). Pores formed by detergent-activated, C terminally truncated Bax
have been directly visualized using AFM (Epand et al, 2002). These pores had
exceptionally large diameters ranging from 100 to 200 nm. Bax has been shown to
promote transbilayer diffusion, suggesting a lipidic pore model where the pore is lined by

lipid headgroups and not just protein (Terrones et al., 2004).

Some work has suggested that the outer membrane complex VDAC forms part of
the Bax pore (Shimizu et al., 2000). However, this role is not certain because VDAC is
not required for liposome permeabilization by Bax and VDAC does not oligomerize with

Bax (Antonsson et. al, 2001).

Several mutagenesis and deletion studies have shed light on certain aspects of Bax
function, although the picture is far from clear. The N terminus of Bax contains a

mitochondrial targeting sequence (Cartron et al., 2003). When the first 37 amino acids of
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Bax are deleted, Bax loses its ability to localize to mitochondria. However, when only the
first 19 amino acids are deleted, which leaves helix 1 intact, Bax demonstrates enhanced
mitochondria targeting. This implies that the first helix of Bax is critical in directing the
protein to the MOM, while the first 19 amino acids help regulate the first helix. Further
work showed that specific point mutations in the first alpha helix of Bax can prevent Bax
targeting to mitochondria (Cartron et al., 2005), as well as interfering with binding to
BH3-only proteins (Cartron et al., 2004). Consistent with these results, another study
found that truncating the first 29 amino acids of Bax resulted in constitutive
mitochondrial localization and high levels of apoptosis (Parikh, et al., 2007). The same
work found that while truncating the C terminus tail did not affect targeting or apoptosis,
eliminating helix 5 and 6 completely destroyed Bax function. This corroborates many
works finding that the Bax pore-forming domain, helices 5 and 6, is absolutely essential
for Bax activity. The pore-forming domain of Bax is shown in blue in Figure 1.2. As can
be seen in amino acid sequence of Bax shown in Figure 1.1, the conserved BH1 and BH2
regions lie directly before and after the pore-forming domain. It was demonstrated using
low pH activation and a yeast lethality assay that Bax pore formation depends on the
pore-forming domain, and that helix 5 and 6 from Bcl-2 cannot substitute for helix 5 and
6 of Bax (Matsuyama et al., 1998). The importance of these helices was emphasized in
another study that showed that Bax lacking the C terminus or residues in the BH3 region
could still release cytochrome C from isolated mitochondria, but deletion of the pore-
forming domain abrogated Bax function (Heimlich et al., 2004). Interestingly, mutations
of up to five charged residues in the pore-forming domain did not remove Bax pore-
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forming ability, although once the eight charged residues were mutated, pore-forming
ability was lost (Nouraini et al., 2000). Peptides corresponding to helices 5 or 6 of Bax
are sufficient to permeabilize liposomes (Garcia-Saez et al., 2005; Garcia-Saez et al.,
2006). The conserved BH3 region of Bax, shown in yellow in Figure 1.1 is important for
oligomerization. The BH3 region of Bax comprises helix 2 of the protein. Specific
mutagenesis in the conserved IGDE sequence of the Bax BH3 region can selectively
remove Bax-Bcl-2 binding and deletion of this sequence destroys Bax homobinding (Zha
and Reed, 1997). Mutations to other residues in the BH3 region can also selectively

destroy homobinding or Bcl-2 binding (Wang et al., 1998).

The structure of Bax, the first full length Bcl-2 family member to be solved,
showed that the hydrophobic C terminal helix of Bax (shown in green in Fig 1.2) lies in a
hydrophobic pocket created by the other BH regions (Suzuki et al., 2000). This is the
same pocket where BH3 peptides bind the similar Bcl-xL. Bcl-xL structures have been
solved with both the Bak and Bid peptides bound into the hydrophobic groove. This
structure suggested a model in which, during apoptosis, the tail of Bax moves out of the
hydrophobic pocket to allow BH3 regions of other proteins entry and thereby causing
oligomerization to proceed. However, many earlier reports using Bax have shown that
Bax lacking the C-terminus is still capable of forming pores, demonstrating that this helix
is not required for pore formation. Mutagenesis studies have shown that the C terminus of
Bcl-xL is essential for formation of cytosolic homodimers (Jeong et al., 2004). Although
Bax does not form cytosolic homodimers, studies have shown that the tail is not a

membrane anchoring signal and that the C terminal is involved in the Bax
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oligomerization process (Er et al., 2007). The C terminus has also been shown to play an
important regulatory role for Bax. Mutation of the serine at position 184 to a lysine
inactivated GFP tagged Bax while deletion of this residue or mutation to alanine caused
Bax to become constitutively active (Nechushtan et al., 1999). This work also showed
that the C terminal tail alone could direct GFP to the mitochondria, although it has been
also shown Bax does not require the tail for targeting to mitochondria (Tremblais et al.,

1999).

The space filling model of Bax is shown in figure 1.3. The blue atoms,
representing the pore domain, are mostly from helix 6 since the residues of helix 5 tend to
be buried in the core of the protein. Some of the residues at the bottom of helix 5 are
visible; residue 126, at the bottom of helix 5, is marked. The locations of other accessible

residues are indicated in the figure.

126

Figure 1.3: Space filling model of Bax showing some mutant locations
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A space filling model was created with Pymol software (available online at
http://pymol.sourceforge.net) and PDB file 1F16. Helix 9 of Bax is shown in green and the
poreforming domain is shown in blue. The red atoms mark the indicated residue numbers. The
model on the right is Bax rotated 180° relative to the model on the left. Residues in red have numbers
indicating the residue number.

1.4  Other pore-forming proteins

Pore-forming toxins are commonly used by bacteria to kill the other cells by either
rupturing the cell membrane or by permeabilizing an endosomal membrane to release
toxic components into the cytosol after being uptaken through endocytosis. Pore-forming
toxins may be divided into two broad groups; those with alpha helical structure and those
with beta barrel structure (Tilley et. al, 2006). The membrane topology and pore structure
of the alpha helical toxins is not well understood. Like Bax, pore-forming proteins change
from a monomeric soluble form, to a membrane inserted oligomer. Remarkably, like
members of the Bcl-2 family, the monomeric form of alpha helical toxins all usually
contain about ten alpha helices with two central hydrophobic helices that form a hairpin
turn. As can be seen in Figure 1.2, Bax, Bcl-xL and the transmembrane domain of
diphtheria toxin bear a strong similarity to the central hydrophobic hairpin helices of the

proteins shown in blue.

The diphtheria toxin is produced by Corynebacterium diphtheriae that has been
infected by a specific bacteriophage (Zalman and Wisnieski, 1984). The toxin consists of
three domains: one for receptor binding, one for pore formation (referred to as the
transmembrane domain) and one for catalytically halting protein translation. After
receptor binding and endocytosis, the transmembrane domain undergoes a pH dependent
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conformational change as the endosome acidifies, causing pore formation and releasing
the catalytic domain. The catalytic domain then kills the cell by inactivating elongation
factor 2, halting all protein translation. When the structure of the diphtheria toxin was
solved, helices 8 and 9 of the transmembrane domain were suspected of being
“membrane-soluble daggers” due to their hydrophobic nature and central location buried
within the protein (Choe et al., 1992). These helices were shown to be protected from
proteases when the protein inserts into membranes (Quertenmont et al., 1996). They were
also shown to adopt a membrane spanning conformation as determined by biotinylation
accessibility studies (Senzel et al., 2000). Earlier studies estimated the diphtheria toxin
pore diameter at 2.4 nm (Zalman and Wisnieski, 1984). More recently, the protein was
shown to form variable size pores, depending on the concentration of toxin in the
membrane. At the highest concentration, the pores were able to release dextrans of up 10
kDa, but not 70 kDa. (Sharpe and London, 1999). Light scattering and sedimentation
velocities showed that a 45 kDa fragment of the toxin forms oligomers composed of 20 to
24 subunits (Bell et al., 1997). The mechanism of the diphtheria toxin has been described
as poorly understood and a challenging target for topography experiments due to

flexibility in its structure (Rosconi et al., 2004)

The colicins are also alpha helical pore-forming toxins. Like the diphtheria toxin,
colicins consist of three domains. The translocation domain brings the toxin across the
outer cell wall, the middle domain mediates receptor binding and the C terminal domain
is responsible for pore formation. It is also known that different colicins exert action by

depolarizing membrane potential, inhibiting protein or peptidoglycan synthesis, or by
18



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

exerting nuclease activity (Musse and Merrill, 2003). The structures determined for the
pore-forming domains of colicins A, El, Ia, B and N show they are made of 10 alpha
helices. The structure of the colicins also reveals the presence of two hydrophobic hairpin
helices that are proposed to be essential for anchoring the channel (Elkins et al., 1997).
The knowledge of the structure and function of membrane-bound colicins is described as
“modest at best” (Tory and Merrill, 1999). Some evidence based on the helix topology
exists to support a model that colicin forms a toroidal pore (Musse et al., 2006). Colicins
form pores much smaller than Bax and diphtheria toxin, and do not allow the passage of
molecules bigger than 1 kDa. Some colicins may be able to permeabilize membranes
without oligomerization (Tory and Merrill, 1999), while other colicins have been shown

to oligomerize during activation (Cavard et al., 1998).

Another pore-forming toxin is the botulinum neurotoxin, which is secreted by
Clostridium botulinum and is responsible for botulism. Like the other alpha helical toxins,
this protein consists of three domains. The receptor binding domain binds to a pre-
synaptic nerve ending. The function of the translocation domain is poorly understood, as
it has a similar alpha helical fold to the other alpha helical pore-forming toxins. The toxin
is activated by a pH change in endosomes. The catalytic domain consists of a highly
specific zinc protease that degrades SNAP 25, an important protein in neurons (Lacy et

al., 1998).

Connexin, the protein that forms gap junctions, facilitates intercellular

communication by allowing the passage of signaling factors, metabolites and other

19



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

molecules up to 1 kDa in size, between adjacent cells. Although not a pore-forming toxin,
this protein does form pores. The structure of the gap junction, solved by electron
crystallography, revealed that the large 2 nm junction pore was lined by the alpha helices.
The pore was made of a large oligomer composed of 12 subunits (Unger et al., 1999).
Since the connexin pore is lined with helices, gap junctions may be generated by a similar

pore-forming action as Bax.

Compared to alpha helical toxins, the mechanism and structure for beta barrel
pore-forming toxins is better understood. Beta barrel pore-forming toxins are released as
soluble monomers that oligomerize before they form pores. A subfamily of the beta barrel
pore-forming toxins is the cholesterol dependent cytolysin toxins. This family forms large
pores of about 25 nm in diameter, composed of 30 to 50 subunits (Geny and Popoff,
2006). Pneumonolysin, a cholesterol dependent cytolysin which affects millions of people
every year and is secreted by Streptococcus pneumonia, was shown to form large pores of

26 nm in diameter and is composed of 44 subunits (Tilley et al., 2005).

Equinatoxin, secreted by certain sea anemones, and eiseniapore, secreted by
certain earthworms, are both sphingomyelin dependent toxins produced by eukaryotes.
The proteins share structural similarity to cholesterol dependent cytolysin Perfringolysen
O. The tetrameric equinatoxin pores and the hexameric eiseniapore pores are only a few
nanometers in diameter, much smaller than the pores formed by Perfringolysen O (Lange

et al., 1997; Hong et al., 2002).
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Unfortunately, since no structure is yet available for oligomeric Bax or any alpha
helical pore-forming toxin, our knowledge of the topology of activated Bax is limited.
Very little information is known about the conformational changes leading to Bax
activation. It has been shown that interaction with a lipid membrane causes Bax to change
conformation so that a specific epitope near the N terminus becomes exposed (Yethon et
al., 2003). In tissue culture cells, Bax that has inserted into mitochondria contains
residues on helix 5,6 and 9 that are protected from chemical labeling (Annis et al., 2005).
This suggests a topographical model in which these helices are inserted into the bilayer.
However, the orientation of these helices is not known. Other indirect studies using
hydrophobicity analysis and glycosylation mapping have suggested that helix 5 and 9 are

transmembrane helices (Garcia-Saez et al., 2004).

1.5 Investigations presented in this thesis

An in vitro system comprising liposomes and recombinant tBid and Bax will
result in Bax targeting, Bax oligomerization and liposome permeabilization, but there are
few known details besides these ones. In this thesis, we make use of some established and
some new techniques to make discoveries about how Bax is activated and how Bax forms

pores.

A fluorescence pore sizing assay was developed and used to show that Bax forms

pores that vary in size. A unique FRET pair was created and was used to show that Bax
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and tBid only interact in the presence of liposomes. A simultaneous 3 fluorophore kinetic
assay was developed to study the order in which Bax is activated, interacts with tBid and
forms pores. Finally, a new approach to ionic quenching in the presence of membranes

suggests that the Bax pore-forming domain lines a lipidic pore.

Most work done through the course of this thesis builds on existing fluorescence
methods. Bax single cysteine mutants were cloned, purified and labeled with NBD to
determine the environment of the pore-forming domain, imitating a technique used to
study the Perfringolysin O beta barrel toxin (Shepard et al., 1998). Although the results of
the fluorescence measurements were drastically different from the Perfringolysin O
results, this work represents the most thorough study of Bax pore-forming domain

topology.

The mysteries of Bax are far from being solved but the conclusions of this thesis shed

much needed new light on how this important protein functions.
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2 Materials and methods

2.1 General materials and methods

General chemical reagents were obtained from Sigma or BioShop.

LB-ON used to culture Escherichia Coli was made with 5 g yeast extract (BD) and
10 g trypticase (BD) per litre of water. SB used to grow Escherichia Coli for plasmid
purification was made with 32 g trypticase, 20 g yeast extract and 5 g NaCl per liter of

water.

SDS PAGE electrophoresis was performed using 10% acrylamide tricine gels
(Shagger and von Jagow, 1987). Protein samples were denatured in loading buffer
containing 0.1 M Tris, pH 8.9, 2 mM EDTA, 10% SDS, 20% glycerol, 0.1% bromphenol
blue, and 0.25 M DTT. The prestained molecular weight ladder used was PageRuler

Prestained Protein Ladder (#SM0671, Fermentas).

2.2 Cloning of Bax single cysteine mutants

All Bax clones were based on the IMPACT purification system (New England
Biolabs). This is a recombinant protein expression system that uses a self cleaving intein
fused with a chitin binding domain. Site directed mutagenesis was performed to create a
Bax plasmid in which oligonucleotides encoding single cysteine mutants could be directly

ordered and ligated to rapidly generate clones. The starting material was a Bax mutant
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previously created that had the two endogenous cysteines mutated to alanine to yield a
cysteine negative Bax (plasmid #1730). The cysteine negative backbone was mutated to
yield two additional silent restriction sites around the pore-forming domain. Locations for
the silent sites were determined by the silent site mutation program (available online at
http://www.dwalab.ca/silent_sites.htm). Using this program, a Mlul site and a BsiWI site

were introduced as shown in Table 2.1.

Table 2.1: Silent sites for cysteine scanning helix 5 and 6

Mlul site BsiWI site
Wild type GGC|CGG|GTT]| encoding :
sequence Gly1oslAlazos|Valyo AGA|ACC]| encoding Args4|Thryss
Pyt AACGCGT CAGTACG
recognition
Sslelel‘:;s;‘: GGA|CGCI|GTT] encoding CGT|ACG]| encoding
(chang(is in bold) Glyis|Alago|Valiy Arg;34|Thry3s

The primers were designed using the PrimerX program (available online at
http://www .bioinformatics.org/primerx) and were 5> GGC AAC TTC AAC TGG GGA
CGC GTT GTC GCC CTT TTC TAC 3’ (forward) and 5’GTA GAA AAG GGC GAC
AAC GCG TCC CCA GTT GAA GTT GCC 3’ (reverse) for the Mlul site, and 5> CCA
AGG TGC CGG AAC TGA TCC GTA CGA TCA TGG GCT GGA CAT 3’ (forward)
and 5’CCA ATG TCC AGC CCA TGA TCG TAC GGA TCA GTT CCG GCA CCT
TGG 3’ (reverse) for the BsiWI site. Site-directed mutagenesis was performed as per the

Quikchange (Stratagene) guidelines.
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After generating the new silent sites, mutants were created by ordering forward
and backward oligonucleotides (Sigma) with the appropriate overhang. To generate the
backbone plasmid, the cysteine negative Bax plasmid was cut with the appropriate
enzymes and the backbone was isolated from a 1% agarose gel using a gel extraction kit
(#28704, Qiagen). Oligonucleotides were designed to code for the wildtype sequence
with an alanine replacing the endogenous cysteine at position 126, and with a single
cysteine mutation located at a specific location. The oligonucleotides used for the various

mutants created are shown in Table 2.2. The underlined sequences in the oligonucleotides

show the location of the introduced cysteine.

Table 2.2: Oligonucleotides used to generate cysteine mutants
Plasmid | Mutation | Enzymes | Forward oligonucleotide Reverse oligonucleotide
ID to cut
backbone

5’CGCGTTIGIGCCCTTTT | 5’GTACGGATCAGTTCCGG
o CTACTTTGCCAGCAAAC | CACCTTGGTGGCCAGGGC
2013 ViliC Bewi | TGGTGCTCAAGGCCCTG | CTTGAGCACCAGTTTGCT
GCCACCAAGGTGCCGGA | GGCAAAGTAGAAAAGGG

ACTGATCC3’ CACAAA3’
5’CGCGTTGTCGCCTGIT | 5°GTACGGATCAGTTCCGG
o TCTACTTTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2014 L113C UL | CTGGTGCTCAAGGCCCT | CTTGAGCACCAGTTTGCT
BsiWl | GGCCACCAAGGTGCCGG | GGCAAAGTAGAAACAGG

AACTGATCC3’ CGACAA3’
5*CGCGTTGTCGCCCTTT | 5GTACGGATCAGTTCCGG
M GITACTTTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2015 F114C ul, | CTGGTGCTCAAGGCCCT | CTTGAGCACCAGTTTGCT
BsiWl | GGCCACCAAGGTGCCGG | GGCAAAGTAACAAAGGG

AACTGATCC3’ CGACAA3’
5*CGCGTTGTCGCCCTTT | 5°GTACGGATCAGTTCCGG
—_ TCTGITTTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2016 Y115 UL | CTGGTGCTCAAGGCCCT | CTTGAGCACCAGTTTGCT
BsiWl | GGCCACCAAGGTGCCGG | GGCAAAACAGAAAAGGG

AACTGATCC3’ CGACAA3’
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5’CGCGTTGTCGCCCTTIT

5’GTACGGATCAGTTCCGG

Miul TCTACTGTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2017 F116C Bsiwi | CTGGTGCTCAAGGCCCT | CTTGAGCACCAGTTTGCT
S1 GGCCACCAAGGTGCCGG | GGCACAGTAGAAAAGGG
AACTGATCC3’ CGACAA3’
5’"CGCGTTGTCGCCCTTT | 5’GTACGGATCAGTTCCGG
Miul TCTACTTTIGTAGCAAAC | CACCTTGGTGGCCAGGGC
2018 Al117C Bsiwi | TGGTGCTCAAGGCCCTG | CTTGAGCACCAGTTTGCT
s GCCACCAAGGTGCCGGA | ACAAAAGTAGAAAAGGG
ACTGATCC3’ CGACAA3’
5°CGCGTTGTCGCCCTIT | 5’GTACGGATCAGTTCCGG
Mt TCTACTTTGCCAGCIGIC | CACCTTGGTGGCCAGGGC
2019 K119C Bsiwi | TGGTGCTCAAGGCCCTG | CTTGAGCACCAGACAGCT
81 GCCACCAAGGTGCCGGA | GGCAAAGTAGAAAAGGG
ACTGATCC3’ CGACAA3’
5°CGCGTTGTCGCCCTIT | 5’GTACGGATCAGTTCCGG
Miul TCTACTTTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2020 L120C Bsiwil | ZGIGTGCTCAAGGCCCT | CTTGAGCACACATTTGCT
81 GGCCACCAAGGTGCCGG | GGCAAAGTAGAAAAGGG
AACTGATCC3’ CGACAA3’
5°CGCGTTGTCGCCCTTT | 5’GTACGGATCAGTTCACA
Miul TCTACTTTGCCAGCAAA | CACCTTGGTGGCCAGGGC
2021 P130C Bsiwi | CTGGTGCTCAAGGCCCT | CTTGAGCACCAGTTTGCT
§1 GGCCACCAAGGTGIGIG | GGCAAAGTAGAAAAGGG
AACTGATCC3’ CGACAA3’
3"GTACGATCIGIGGCTG | 5. A cCCTGGTCTTGGAT
Bsi GACATTGGACTTCCTCC
SiWI, CCAGCCCAACAGCCGCTC
2022 M137C GGGAGCGGCTGTTGGGC
BseRl | 1GGATCCAAGACCAGGG | CCGGAGGAAGTCCAATGT
TGGTTS CCAGCCACAGATC3’
S’GTACGATCATGGGCIG | 5.0 ACCCTGGTCTTGGAT
Bsi TACATTGGACTTCCTCC
SIWI, CCAGCCCAACAGCCGCTC
2023 W139C GGGAGCGGCTGTTGGGC
BseRI CCGGAGGAAGTCCAATGT
TGGATCCAAGACCAGGG \
h ACAGCCCATGATC3
TGGTT3 44
Y'GTACGATCATGGGCTG | 4,2 CCCTGGTCTTGGAT
Bsi GIGTITTGGACTTCCTCCG
SiWIL, CCAGCCCAACAGCCGCTC
2024 T140C GGAGCGGCTGTTGGGCT
BseRl | i ToCAAGACCAGRGT | CCGGAGGAAGTCCAALCA
; CCAGCCCATGATC3’
GGTT3
S’GTACGATCATGGGCTG | 5,7 CCCTGGTCTTGGAT
B GACATGTGACTTCCTCC
SiWI, CCAGCCCAACAGCCGCTC
2025 L141C GGGAGCGGCTGTTGGGC
BseRI CCGGAGGAAGTCACATGT
TGGATCCAAGACCAGGG )
: CCAGCCCATGATC3
TGGTT3
2120 F143C Bsiwl. | S'GTACGATCATGGGCTG | 5’CCACCCTGGTCTTGGAT

GACATTGGACTGTCTCC

CCAGCCCAACAGCCGCTC
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BseRI GGGAGCGGCTGTTGGGC | CCGGAGACAGTCCAATGT
TGGATCCAAGACCAGGG CCAGCCCATGATC3’
TGGTT3’

Before ligation, the oligonucleotides were phosphorylated by incubating 300 pmol
of oligon®ucleotides at 37° C for one hour in a 10 pL reaction with 1 mM ATP, and 1 uL.
T4 polynucleotide kinase (#EK0031, Fermentas). 100 pmol of forward and reverse
oligonucleotides were heated to 95° C for 10 minutes and then cooled to anneal properly.
The oligonucleotides were then ligated into the backbone in 20 mM Tris pH 8, 10 mM
MgCl,, 50 mM NaCl and 1 mM DTT using T4 ligase as per the T4 ligase manufacturer
protocol (#EL004, Fermentas). Ligation proceeded at room temperature for 1 hour. The
mixture was then heat inactivated at 65° C for 10 minutes. 5 UL of ligation reaction was
then used to transform 50 UL chemically competent DH5« cells by heat shock. A single
colony was selected and grown in SB medium. The plasmid DNA was purified using the
lab alkaline lysis with phenol chloroform extraction protocol (available online at

http://www.dwalab.ca). The plasmid was verified by restriction digest and sequencing.

For cloning of Bax 124C, 127C, 136C, 144C and 128C, the existing pUTK
plasmids (plasmid numbers 1674, 1838, 1676, 1678 and 1839 respectively) were cut
using Ncol and BseRI according to the enzyme manufacturer prototcol (New England
Biolabs), yielding a fragment containing the desired mutation. The dropout was gel
purified. This fragment was ligated using T4 ligase (#EL004, Fermentas), as per the
manufacturer protocol into the pBS cysteine negative vector backbone (plasmid #1730)

cut with the same enzymes and gel purified. After ligation and transformation, a single
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colony was picked, grown in SB medium, and the plasmid was isolated according to the

lab protocol. The plasmid was verified by restriction digestion and DNA sequencing.

2.3 Cloning of Bid G94E

Murine Bid (plasmid #1446) was subjected to Quikchange mutagenesis according
to the Stratagene guidelines using the forward primer S’GAC ATC TCG CCC AAA TAG
AAG ATG AGA TGG ACC3’ and the reverse primer GGT CCA TCT CAT CTT CTA
TTT GGG CGA GAT GTC. The primers were designed using the PrimerX program

(available online at http://www .bioinformatics.org/primerx).

2.4 Bax purification and labeling

50 uL. of Escherichia Coli T7 polymerase salt inducible electrocompetent cells
were transformed with 1 ug of plasmid encoding Bax intein fusion mutants.
Transformation was performed with an electroporator (Elecroporator 2510, Eppendorf)
set at 2500 volts. After letting the cells recover in 1 mL of LB for 15 minutes at 37° C,
50 uL of cells were plated overnight on a 1.5% agar LB-ON plate with 0.1 mg/mL
ampicillin. The next day, a single colony was grown overnight in 100 mL LB-ON with
0.1 mg/mL ampicillin at 37° C in an incubator with shaking. This culture was used to

inoculate 3 L of LB-ON containing 0.1 mg/mL ampicillin. The cultures were grown at
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37° C with shaking until reaching an OD between 0.6 - 0.9, and the cells were induced
with 0.3 M NaCl for 3 hours at 37° C. Cells were spun down at 5000 g for 10 minutes at
4° C. Typically, the cell pellet weighed 5-10 g. The cell pellet was then frozen at -20° C
overnight. The pellet was thawed and resuspended in a lysis buffer of 0.1% CHAPS, 10
mM HEPES pH 7, 1 mM PMSF, 0.1M NaCl, 0.2 mM EDTA, 1 ug/mL DNase and 1
ug/mL RNase. Clumps of bacteria were broken by repeatedly drawing the cells through a
16 gage needle (#305198, BD) before being lysed with two passes through a French
press. Debris was removed from the lysate by centrifugation at 20,000 g. The supernatant
was incubated with 1.5 mL of chitin bead resin (#S6551L, New England Biolabs) for 1
hour at 4° C before being passed through a 20 mL disposable column with a filter that
retained the resin (Biorad). The flowthrough was passed through the column one
additional time. The column was then washed with 50 mL of 0.5 M NaCl, 0.2% CHAPS,
and 10 mM HEPES pH 7. After the wash, the column was flushed with 3 bed volumes of
cleavage buffer containing 0.2 M NaCl, 10 mM HEPES pH 7, 0.2 mM EDTA, and 0.1%
CHAPS. Unless otherwise stated, the cleavage buffer also contained 100 mM
hydroxlamine (adjusted to pH 7 with NaOH). The protein was left to cleave for 16-24
hours at 4° C before being eluted with 0.2 M NaCl, 0.2 mM EDTA, 10 mM HEPES pH 7,
and 10% glycerol. Typically, 2 mL of protein was eluted. The hydroxylamine was
removed by dialysis in a buffer of 0.2 M NaCl, 0.2 mM EDTA, 10 mM HEPES pH 7, and
10% glycerol. 3500 Da cutoff tubing (#21-152-10, Fisher) was used and the 1 L dialysis
buffer was changed 3 times with the sample having at least 4 hours to equilibrate each

time the buffer was replaced.
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Bax concentration was determined by using the molar extinction coefficient 37,000
Mlem? at 280 nm. IANBD (#D2004, Invitrogen) was prepared in DMSO and the
IANBD concentration determined by absorption at 478 nm of a 1 in 1000 or 1 in 5000
dilution in methanol using the molar extinction coefficient 25,000 M'em™. Bax was
labeled by adding a 10 fold molar excess of IANBD in a labeling buffer of 0.5% CHAPS
0.2 M NaCl, 0.2 mM EDTA, 10 mM HEPES pH 7, and 10% glycerol. The reaction was
incubated on a rotator at room temperature for 2 hours in the dark. 1 mM DTT was then
added and incubated for 10 minutes to quench the unreacted dye. Free dye was removed
from the sample by gel filtration over a 15 mL G-25 Fine Sephadex (GE Health) column
with a running buffer of 0.2 M NaCl, 0.2 mM EDTA, 10% glycerol and 10 mM HEPES
pH 7. Protein containing fractions were identified by NBD fluorescence. An absorption
scan was measured on the Tecan (SAFIRE) between 250 and 500 nm, using the Sephadex
column running buffer as a blank. NBD and Bax concentrations were calculated using the
extinction coefficients of 25,000 M"cm™ for the NBD peak around 475 nm and 37,000
M'em™ for the Bax protein absorption peak at 280 nm with a path length of 0.8 cm.
Labeling efficiency was determined by the concentration of NBD divided by the
concentration of Bax. Protein was aliquoted and flash frozen in liquid nitrogen before
being stored at -80° C. 10 pL of Bax was subjected to SDS PAGE. For 126C-Bax-NBD,
before Coomassie staining, a fluorescence scan was performed of the gel on a Typhoon
9200 variable mode imager (Molecular Dynamics). The Typhoon scan was performed
using a broad 532 nm laser and a 526 nm shortpass emission filter recommended for

AlexaFluor 488. DAC labeled Bax mutants were prepared in the same way, except that
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DACM (#81403, Anaspec) was used to label the Bax instead of IANBD. DAC
concentration was determined by using an extinction coefficient of 27,000 M'cm™ at 380

nm.

2.5 tBid purification and labeling

N terminal polyhistidine tagged murine Bid plasmid (plasmid #1446) was
transformed in BL21 arabinose inducible Escherichia Coli cells by electroporation. After
recovery and overnight plating on LB agar plates with 0.1 mg/mL ampicillin, a colony
was selected and grown in 100 mL LB media with 0.1 mg/mL ampicillin. Cells were then
grown in 2 L of LB with 0.1 mg/mL ampicillin at 37° C with shaking. Cells were induced
at an optical density at 600 nm of 0.6 for 3 hours with 0.2% arabinose. After induction,
cells were spun down for 10 min at 5000 g and approximately 5-10 g of cells were
obtained. Cells were resuspended in 25 mL of 0.3 M NaCl, 10 mM imidazole, 1 mM
PMSF,10 mM HEPES pH 7, 1 ug/mL DNase and 1 ug/mL RNase. Cells were lysed with
two passes through a French press. Debris was cleared by spinning the lysate 20,000 g for
10 minutes. The supernatant was then passed over a 1 mL bed volume of Ni-NTA
(#1018240, Qiagen) 5 times. The column was washed with 50 mL 1% CHAPS, 0.5 M
NaCl, 10 mM HEPES pH 7 and eluted with 0.1 M NaCl, HEPES pH 7, 0.2 M imidizole,
0.1% CHAPS, 1 mM DTT and 10% glycerol. Concentration was determined by the

absorbance at 280 nm, using an extinction coefficient of 8,500 M'em™.
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tBid was generated by cleaving 0.2-0.5 mg of Bid with 500 units of recombinant
caspase-8 (#SE172-5000, Biomol) in the Bid storage buffer for 20 hours at room
temperature. The cleaved Bid was then rebound to 0.5 mL Ni-NTA by first diluting the
sample 10 times (in order to reduce the concentration of imidazole) and then passing the
solution over the nickel column. After washing with a 1 mL of 0.3 M NaCl, and 10 mM
HEPES pH 7, tBid was eluted from the column with 3 mL of 0.5 M NaCl, 1.2% octyl-
glucoside and 10 mM HEPES pH 7. The protein was concentrated to less than 0.5 mL by
ultrafiltration using a 10 kDa cutoff protein concentrator (Amicon Ultra #UFC901008,
Millipore) and spinning at 2000 g for 30 to 60 minutes. To reduce the amount of octyl-
glucoside present in the tBid, the sample was then diluted with 10 mL of 10% glycerol,
0.1 M NaCl, 0.2 mM EDTA, 1mM DTT and 10 mM HEPES pH 7 and reconcentrated to
approximately 1 mL. tBid concentration was determined using Bradford Reagent (#500-

0006, Biorad) as per manufacturer instructions.

For the DAC labeled tBid, Bid that had been eluted without DTT was labeled with
a 10 fold excess of DACM dissolved in DMSO for 2 hours at room temperature. The total
DMSO concentration in the labeling reaction was less than 3%. After labeling, Bid was
diluted ten fold in 0.2 M KCI and 10 mM HEPES pH 7 to dilute the imidazole
concentration and facilitate binding the protein to the nickel column. The labeled Bid was
washed with at least 20 column volumes of 0.5% CHAPS, 0.2 M NaCl and 10 mM
HEPES pH 7. Bid-DAC was then eluted with 0.1M NaCl, 1 mM DTT, 0.2 M imidazole,
0.1% CHAPS and 10% glycerol. The concentration was determined by absorption using

an extinction coefficient of 8,500 Mlem™? at 280 nm for the Bid and 27,000 Mlem™ at
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380 nm for the DAC. tBid-DAC was prepared the same way as tBid, and the tBid
concentration was determined by the Bradford assay and the DAC concentration was

determined spectrophotometrically.

2.6 Liposome preparation

Unless otherwise stated, liposomes were prepared as follows: Lipids dissolved in
chloroform were combined to create 1 mg of lipid composed of 0.46 mg of egg
phosphatidylcholine (#840051C, Avanti), 0.25 mg of egg phosphatidylethanolamine
(#84118C, Avanti), 0.11 mg of bovine liver phophatidylinositol (#840042C, Avanti), 0.10
mg of 18:1 phosphatidylserine (#840035C, Avanti), and 0.08 mg of cardiolipin
(#710335C, Avanti). This composition is based on an existing protocol and is referred to
as mitochondrial like lipid composition (Yethon et al., 2003; Kuwana et al., 2002). The
chloroform was mostly removed by evaporation under a stream of nitrogen in a fume
hood. The lipid films were then further dried for two hours in a vacuum dryer. Lipid films
were stored under argon gas, stored at -20° C, and used within one week. The lipid film
was hydrated with 1 mL of 0.2 M KCl, 1 mM MgCl, and 10 mM HEPES pH 7. The
hydrated lipid film was then frozen and thawed 5 times before creating large unilamellar
vesicles by extruding through a 100 nm polycarbonate membrane (#610005, Avanti) with
11 passes using a liposome extruder (#610020, Avanti). Liposomes were kept on ice and

used within two days.
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2.7  Determining suitable wavelengths for the ANTS / DPX assay

The spectra shown in Figure 3.3A were measured on the double excitation
monochromator PTI fluorometer. Samples were measured in 300 puL of 0.2 M KCl, 1 mM
MgCl, and 10 mM HEPES pH 7. 100 uM ANTS emission was measured between 400
and 650 nm with 340 nm excitation and 2 nm bandpass for excitation and emission.
ANTS excitation spectra was measured from 300 to 450 nm using 565 nm emission. No
blank subtraction was necessary due to high fluorescence of the sample. DAC spectra
were measured for 200 nM tBid-DAC, with 2 nm bandpass for excitation and emission.
Emission was measured from 375 to 550 nm exciting at 360 nm; excitation was measured
from 250 to 450 nm while measuring the emission at 470 nm. A buffer blank was
subtracted from the spectra. NBD spectra were obtained for 500 nM 126C-Bax-NBD
using 5 nm bandpass. NBD emission scan was measured from 485 to 650 nm, while
exciting at 470 nm. NBD excitation was measured from 300 to 550 nm, while measuring

emission at 565 nm.

2.8 Bax and tBid functional assay

For the functional ANTS/DPX release assay, 1 mg of mitochondrial lipids was
hydrated with 1 mL 45 mM DPX (#X1525, Invitrogen) and 12.5 mM ANTS (#A350,

Invitrogen) with 135 mM KCl, 1 mM MgCl, and 10 mM HEPES pH 7 in a 10 mL
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borosilicate glass test tube. This molarity of KCI was used in order to maintain a isotonic
concentration for the liposomes with the entrapped ANTS and DPX, since all assays were
performed in 200 mM KCI. The lipid mixture was frozen and thawed 5 times, then
extruded 11 times through a 0.1 pm polycarbonate membrane. After extrusion, liposomes
were isolated from the unentrapped ANTS and DPX by gel filtration over a 12 mL CL2B
column equilibrated with 0.2 M KCl, 1 mM MgCl,, and 10 mM HEPES pH 7. Liposome
containing fractions were distinguished by eye and usually eluted in a 2 mL volume in the
4™ and 5™ fractions. Since the original 1 mL volume of liposomes was collected in 2 mL
after removing the unentrapped ANTS and DPX, the liposome concentration was
assumed to be half of what it was before gel filtration. ANTS/DPX release measurements
were made using a SAFIRE platereader (TECAN) in a 96 well quartz plate (#730.009-
QG, Hellma). 25 uL. of ANTS/DPX containing liposomes (50 uM lipid) was added to
275 pL buffer of 0.2 M KCl, 1 mM MgCl,, 10 mM HEPES pH 7. Initial liposome
fluorescence was measured exciting the ANTS at 355 nm and reading the emission at 490
nm from the bottom of the plate using 12 nm bandwidths. If proteins were labeled with
NBD, the wavelengths used to measure ANTS were 355 nm excitation and 490 nm
emission with 12 nm bandpass. If proteins were labeled with DAC, the wavelengths used
to measure ANTS were 340 nm excitation and 550 nm emission with 12 nm bandpass.
Proteins were added (100 nM Bax and 20 nM tBid unless noted otherwise) and release
was measured over two hours before lysing the liposomes with 0.5% Triton X-100.

Release was calculated based on fluorescence emission using the formula:
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Release = (F - Finit)/(Flysed’ Finit) *100%
For determining the relative activity of the mutants, the following formula was used:
Activity = (Releasemysan:— Releasejjpos) / (Releaseyiiype — Releaseyy,s) * 100%

where Release;,,s was the average release of the liposomes alone in that particular
experiment and Releaseyiiz,pe Was the release caused by 100 nM wildtype Bax and 20 nM

wildtype tBid in that particular experiment.

2.9 Pore size assay

1 mg mitochondrial like lipid was hydrated with 1 mL 0.2 M KCl, 1 mM MgCl,, 10
mM HEPES pH 7, as well as 0.4 mg Betaphycoerythrin (#100301, Cyanotech), 0.4 mg
Allophycocyanin (#100300, Cyanotech), 0.5 mg 3000 Da Fluorescein-dextran (#D3305,
Invitrogen) and 0.75 mM MPTS (#85725, Anaspec). MPTS concentration determined by
using an extinction coefficient of 29,000 M'cm™ at 404 nm. Liposomes were frozen and
thawed 3 times and extruded through a 0.1 pm polycarbonate membrane 10 times. Only 3
freeze thaw cycles were used in order to minimize loss of Allophycocyanin fluorescence,
which is sensitive to freezing and thawing. Unencapsulated fluorophores were removed
by gel filtration over a 12 mL CL2B column equilibrated with 0.6 M KCl, 1 mM MgCl,
and 10 mM HEPES pH 7. Liposomes were then diluted so the assay buffer was 300 UL
0.2 M KCl, 1mM MgCl, and 10 mM HEPES pH 7. The indicated amounts of Bax and

tBid were added and incubated at 37° C for 3 hours. After incubation, the extent of
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fluorophores release was determined by gel filtration over a 4 mL CL2B column. 24
350 uL fractions were collected in a 96 well plate (Costar #3370, Corning) and Triton X-
100 was added to 0.5% from a 10% stock solution to all fractions in order to remove a
high local concentration quenching effect observed in the liposome fractions.
Fluorescence was measured on the TECAN from the bottom with 12 nm slit widths for
emission and excitation. MPTS was excited at 405 nm and measured at 435 nm; the
fluorescein-dextran was excited at 495 nm and measured at 522 nm; the
Betaphycoerythrin was excited at 545 nm and measured at 575 nm; and the
Allophycocyanin was excited at 610 nm and measured at 660 nm. After background

subtraction, the fraction release was calculated as:

[1 — (X Fluorescencegys; 7 fractions / 2{Fluorescencefsrs 22 pactions )|

The release was expressed taking into account the amount of release caused by the

liposomes alone using the formula:
(Release — Release jiposomes) / (1 — Releaseiiposomes) * 100%

Where Release represents the fraction release for each fluorescence channel at the
particular protein concentration and Releasejposomes T€presents the fraction release of

liposomes alone for the same fluorescence channel.

When developing this assay, several different fluorophores were assessed for
suitability. One strategy was to label proteins with FITC and verify their release from
liposomes. In this procedure, several milligrams of protein were labeled at room
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temperature for two hours in 1 mL at pH 9.5 with 200 uM FITC (from a DMSO solution,
assuming FITC extinction coefficient of 75,000 in 0.1 M NaOH). The reaction was then
quenched with 10 mM Tris pH 8. The sample was then extensively dialyzed in 0.3 M
KCl, 10 mM HEPES pH 7 and 1 mM DTT to remove free dye. BSA, trypsin inhibitor,
cytochrome C and thyroglobulin were labeled in this manner. These labeled proteins, as
well as the small ANTS and NADH fluorophores were determined to be unsuitable for
the assay. NADH was not bright enough and ANTS precipitated the other proteins
coencapsulated in the liposomes. The FITC labeled proteins were also not ideal since they
were not bright enough (cytochrome C, thyroglobulin) or they did not display favourable

CL2B gel filtration profiles (BSA, trypsin inhibitor).

2.10 Bax-NBD steady state measurements and CL2B and CHAPS gel filtration

100 nM 126C-Bax-NBD was incubated at 37° C with or without 20 nM tBid and
liposomes (125 uM lipid) in a buffer of 0.2 M KCl, 1 mM MgCl, and 10 mM HEPES pH
7. NBD emission was monitored on the PTI fluorometer using 5 nm excitation bandwidth

at 475 nm and 10 nm emission bandwidth at 530 nm. The liposome background was

subtracted from the data before it was normalized to the initial Bax-NBD emission.

To test targeting, a 300 pL reaction was subjected to gel filtration over a 400 pL
CL2B column. 300 UL fractions were collected and 10 UL of each fraction was subjected

to SDS PAGE. The proteins in the gel were then transferred to a nitrocellulose membrane
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by applying 50 mA current for 1 hour per gel. Following transfer, the nitrocellulose
membrane was blocked for 30 minutes in blocking buffer (140 mM NacCl, 10 mM KPO,
pH 7.4, 0.02% azide, 5 g/L skim milk powder). The membrane was then incubated with a
1 in 10,000 dilution of mouse monoclonal anti Bax antibody, 2D2, in a monoclonal
antibody buffer (140 mM NaCl, 10 mM KPO4 pH 7.4, 0.02% azide, 0.1% Triton X-100,
and 1% BSA) overnight at 4° C. The antibody was then collected for reuse and the
membrane was washed three times with TBS-T (10 mM Tris-CL pH 7.4, 0.5 M NaCl,
0.2% Tween-20) for at least 10 minutes per wash. A secondary horseradish peroxidase
donkey anti mouse antibody was then incubated with the membrane for two hours at
room temperature at a 1 in 5000 dilution in TBS-T with 1% BSA. The secondary
antibody was discarded and the membrane was again washed three times in TBS-T for 10
minutes per wash. Enhanced chemical luminescent reagents (Western Lightning,
PerkinElmer) were added as per the manufacturer recommendation and the membrane
was exposed to film (#CLECS810, Clonex) in a dark room. The film was developed and

scanned.

For determining the status of Bax oligomerization, 100 nM 126C-Bax-NBD and
liposomes (125 uM lipid) were lysed with 2% CHAPS after being incubated at 37° C
with or without 20 nM tBid in a buffer of 0.2 M KCl, 1 mM MgCl; and 10 mM HEPES
pH 7. 250 uL of sample was then subjected to FPLC (AKTA FPLC unit, GE Health)
using a Superdex 200 column (GE Health) equilibrated with 2% CHAPS, 0.3 M KCl, 10

mM HEPES pH 7 as the running buffer. The sample loading loop was emptied with 7.5
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mL of running buffer and 800 UL fractions were then collected. Immunoblots of the

fractions were prepared as described above, with the first sample of the blot starting at the

third eluted fraction from the FPLC.

2.11 Calculation of Forster distance for DACM and IANBD

Forster distance was calculated using the formula:
R=0211/Kn*0pJ()]Y®  (Lakowicz, 1999, pp. 369)

Ry is the Forster distance in angstroms, /¥ is the orientation factor and is assumed to be
2/3, n is the refractive index of the medium, assumed to be 1.4, and QOp is the quantum
yield of the donor, reported as 0.82 (Ogawa et al., 1979). J(A), the overlap integral was

calculated as:

I Py (Dep (DA% a2

Fp(A) is the emission spectra of the donor as a function of wavelength and g(A) is the
extinction coefficient of the acceptor, as a function of wavelength. The overlap integral

was calculated from 350 nm to 550 nm.
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2.12 tBid to Bax FRET and Bax to Bax FRET

Where FRET was measured over time, background was collected for liposomes
(125 uM lipid) alone at 37° C in 1 mL 0.2 M KCl, 1 mM MgCl,, 10 mM HEPES pH 7 in
the PTI fluorometer with stirring at 300 RPM. 20 nM DAC labeled tBid was then added
and equilibrated before 100 nM 126C-NBD Bax was added. Emission was monitored at
460 nm, exciting at 380 nm using 5 nm slitwidths. The FRET signal was corrected for
background and normalized to the starting point as soon as Bax was added. Bax to Bax
FRET was measured in a similar manner, except that 20 nM 134C-Bax-DAC or 20 nM
126C-Bax-NBD was initially added to the liposomes and equilibrated before 100 nM

126C-Bax-NBD and 20 nM tBid were added and measurement was started immediately.

For endpoint tBid to Bax FRET measurements, Bax was preinserted by incubating
either 100 nM 126C-Bax-NBD or 100 nM wildtype Bax with 50 uM Bid BH3 peptide
(Dalton Chemical Laboratories) in a 300 uL reaction for two hours at 37° C with
liposomes (125 uM lipid). The amino acid sequence of the peptide was acetyl-
EDIIRNIARHLAQVGDSMDR-amide, corresponding to the BH3 region, from residue
80 to 99 of human Bid. Background fluorescence emission was recorded and then 20 nM
tBid-DAC or 20 nM G94E-tBid-DAC was added to either the preinserted 126C-Bax-
NBD, the preinserted wildtype Bax, 100 nM wildtype Bax or 100 nM 126C-Bax-NBD
and incubated for 30 minutes at 37° C. DAC emission was then measured and FRET

efficiency was calculated as:

[1 — F1Bid with labeledBax/F tBid with unlabeled Bax] * 100%
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2.13 3 fluorophore simultaneous analysis

The emission and excitation spectra for tBid-DAC and 126C-Bax-NBD were
obtained as described earlier. The Tb-DPA emission and excitation spectra were obtained
from 50 uM Tb and 150 uM DPA in 0.2 M KCl, 1 mM MgCl, and 10 mM HEPES pH 7
using 2 nm bandwidths. The emission scan was obtained using 280 nm excitation and the

excitation scan was generated using emission at 490 nm.

A 1 mg mitochondrial lipid film was hydrated with 0.2 M KCI, 1 mM MgCl,, 10
mM HEPES pH 7, as well as 1 mM TbCl; and 3 mM DPA. Liposomes were frozen and
thawed S times, extruded 10 times and then unencapsulated Tb and DPA was removed by

gel filtration over a 12 mL column.

Fluorescence measurements were made on the double excitation PTI fluorometer
using multidye setting at 37° C with stirring. In this configuration, each of the 3
fluorophores channels was periodically measured at the shortest possible interval. Each
cycle took approximately 15 seconds to measure all 3 fluorophores. The Tb channel was
monitored at 280 nm excitation and 490 nm emission; the DAC channel was monitored at
380 nm excitation and 460 nm emission; and the NBD channel was monitored at 475 nm
excitation and 530 nm emission. 5 nm excitation and emission bandwidths were used with

1 second integration time and no pause between collecting the data points. 200 uL

liposomes (125 uM lipid) were added to 800 uL of 0.2 M KCIl, 1 mM MgCl; and 10 mM
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HEPES pH 7 along with 2 mM EDTA (to quench the Tb upon liposome
permeabilization) After collecting the liposome background for the different channels, 20
nM tBid-DAC or 20 nM 134C-Bax-DAC was added and allowed to equilibrate. After
equilibration of the DAC labeled protein, 100 nM NBD labeled Bax was added and the 3
channel measurement was started immediately. After the reaction was completed,
CHAPS was added to 0.5% to lyse the liposomes. Data were normalized to their initial
values, taking the liposome only background into consideration, except for the Tb
channel, which used the fluorescence of the CHAPS lysed liposomes for the background

(effectively showing the amount of Tb release).

2.14 Blueshift and fluorescence increase assays

A background emission spectrum was measured at room temperature on the dual
excitation monochromator PTI fluorometer of a 250 uLL sample with liposomes (125 uM
lipid) 0.2 M KCl, 1 mM MgCl,, and 10 mM HEPES pH 7, from 500 to 600 nm using
475 nm excitation and 10 nm excitation and emission bandwidths. The fluorescence of a
100 nM NBD labeled Bax mutant was then measured at room temperature either without
tBid, or with 2 hours incubation with 20 nM tBid at 37° C. Liposome background was
subtracted from all emission spectra. Increase was calculated as Fip;a/Fo, where Fgiq was
the maximum value in the emission spectra after incubation with tBid, and Fo was the
maximum value in the emission spectra without incubation with tBid. AF was calculated

as (Fpia — Fo)/(fraction labeling), where the fraction labeling is shown in Table 3.2. The
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change was divided by the fraction labeling to compensate for a change in residues that
were not labeled equally. The blueshift was calculated as Ao Bid - ABid, Where Amig Was
the wavelength of the maximum emission value after incubation with 20 nM tBid and
liposomes for 2 hours and Ap, tsia Was the wavelength of the maximum emission value for

Bax with liposomes, but without incubation with tBid.

2.15 Lifetime assays

Lifetimes were measured on a frequency domain lifetime fluorometer (Chronos,
ISS). Before measuring NBD labeled Bax mutants, the lifetime of Coumarin-6 (#546283,
Sigma) in absolute ethanol was measured using fluorescein in 0.1 M NaOH as a reference
standard with a 4 ns lifetime. The Coumarin-6 lifetime was verified to have a single
exponential lifetime of 2.5 ns using the Vinci analysis software. A 450 +/- 32.5 nm
bandpass filter (#25750, Chroma) was used to isolate the 473 nm laser diode emission,
and a 525 +/- 20 nm bandpass filter (Brightline, Semrock) was used for the emission
filter. The emission polarizer was set at the magic angle (54.7°). For Bax measurements,
100 nM labeled Bax was assayed in 250 uL 0.2 M KCl, 1 mM MgCl, and 10 mM HEPES
pH 7 with liposomes (125 uM lipid) with or without 2 hour incubation with 20 nM tBid at
37° C. 20 frequencies were collected between 1 and 300 MHz and the data was analyzed

with the Vinci software (ISS). The data shown is the mean of three experiments, with the
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values representing the intensity weighted means of a three component fit. See

Supplementary Table 1 for detailed fitting parameters.

2.16 Quenching Analysis

For cobalt and iodide quenching, quenching was analyzed in a buffer of 0.2 M KCl,
1 mM MgCl,, 10 mM HEPES pH 7, liposomes (125 uM lipid) and100 nM labeled Bax
with or without 2 hour incubation with 20 nM tBid at 37° C. Bax-NBD emission was
monitored as cobalt or iodide was titrated on the PTI double excitation monochromator
with 10 nm bandpass excitation at 475 nm and 10 nm bandpass emission at 530 nm at
room temperature. For cobalt quenching, cobalt chloride was titrated in 0.5 mM
increments ranging from 0 to 2.5 mM, from a 125 mM stock solution. For iodide
quenching, potassium iodide was titrated in 20 mM increments from 0 to 100 mM, using
a 2 M stock solution supplemented with 2 mM sodium thiosulfate to prevent oxidation.
Fluorescence emission values of the NBD labeled Bax mutant at varying quencher
concentrations were then expressed as Fy /F, where Fy is the initial intensity, and F is the
decreased emission of Bax-NBD with the quencher. Bimolecular quenching constants
were calculated dividing the slope of the quenching of 20 mM KI by the intensity
weighted mean lifetime. See supplementary Figure 3 for representative quenching curves
for the mutants. The bimolecular cobalt quenching constants were calculated by the slope
of only the first 0.5 mM cobalt added divided by the same average lifetimes. The graph

depicting the fold efficiency of cobalt quenching was determined by dividing the
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bimolecular quenching constant of cobalt by the bimolecular quenching constant of
iodide. This is a lifetime independent calculation and equivalent to dividing
Fo.smmco/Fo/cco bY Faommxi/Fo/cki , where Fy was the initial emission, Fosmmco was the
emission at 0.5 mM cobalt, and Foommgr was the emission at 20 mM KI, Cc, was 0.5 mM
and Cx; was 20 mM. For the cobalt quenching graph showing the quenching for the initial
and subsequent cobalt titration after incubation with tBid, the bimolecular quenching
constants were determined by the slope of the entire quenching plots in the case of the
Bax mutants without incubation with tBid. In the case where tBid was added, the
bimolecular quenching constants were calculated from the slope of the first titration point,
from 0 to 0.5 mM cobalt, or from the slope of the titration between 1 to 2.5 mM cobalt

where indicated.

For lipid quenchers, lipid films were made in the same manner as mitochondrial
like liposomes, except that 0.15 mg of egg phosphatidylcholine was replaced with 0.15
mg of either 16:0 phosphatidylcholine (#850355C, Avanti), 16:0 phosphatidylcholine-
TEMPO (#810606C, Avanti), 16:0 phosphatidylcholine-5 DOXYL (#810601C, Avanti),
16:0 phosphatidylcholine-12 DOXYL (#810600C, Avanti), or 16:0 phosphatidylcholine-
16 DOXYL (#810604, Avanti). 100 nM Bax-NBD was then incubated with 20 nM tBid
and each of the different quenching liposomes (125 uM lipid) in 0.2 M KCl, 1 mM
MgCl, and 10 mM HEPES pH 7 for 2 hours at 37° C. Fluorescence was measured in a
quartz plate, exciting on the SAFIRE at 475 nm, and measuring at 530 nm with 12 nm

bandwidths. Quenching was calculated as:
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[ 1- (Fa'ox - F, Iipos) / (F no dox — F, It'pos)] ’

where Fripos Was the fluorescence emission of liposomes alone, Faox was the fluorescence
of the labeled Bax mutant in the presence of the lipidic quencher, and Fy, 40x Was the

fluorescence in the absence of the lipidic quencher.
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3 Results

3.1 Cloning, protein purification and labeling

20 Bax mutants and one Bid mutant were cloned. To generate most Bax mutants,
restriction enzyme sites were used as shown in Figure 3.1A. By introducing silent sites,
oligonucleotides could be ordered and directly ligated into the Bax expression backbone.
The pBS vector used for expressing the intein fusion protein for Bax mutants is shown in

Figure 3.1B.

A) a5 ab a7

F..:NWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLGWIQDQGGWDG,,,
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B)

Miul
Bsiwl
BseRI

pBS_Bax__Intein_CBD
plasmid # 2012
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1000

AmpR 2000
5256 bps

2000

;",’,,MVCOIEW origin lacZ'
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Figure 3.1: Cloning Bax single cysteine mutants
A: Amino acid sequence of the sequence around the Bax pore-forming domain showing the location
of the introduced silent sites or the endogenous restriction site. The helix numbers are indicated

above the sequence and are underlined. The numbers at the ends of the sequence show the residue
number.

B: pBS plasmid map for Bax mutants. This mutant was used for cloning and contained the indicated
silent sites and no cysteines.

Some other Bax mutants were subcloned into the pBS bacterial expression vector

from existing plasmids. The list of mutants created and how they were generated is shown

in Table 3.1.
Table 3.1: List of mutant plasmids generated
Plasmid Mutation Method used to create plasmid
D
2012 Bax, Cys neg, Quikchange
new silent
sites
2013 Bax V111C Ligated oligos directly using Mlul and BsiWI sites
2014 Bax L113C Ligated oligos directly using Mlul and BsiWI sites
2015 Bax F114C Ligated oligos directly using Mlul and BsiWI sites
2016 Bax Y115 Ligated oligos directly using Mlul and BsiWI sites
2017 Bax F116C Ligated oligos directly using Mlul and BsiWI sites
2018 Bax A117C Ligated oligos directly using Mlul and BsiWI sites
2019 Bax K119C Ligated oligos directly using Mlul and BsiWTI sites
2020 Bax L120C Ligated oligos directly using Mlul and BsiWI sites
2021 Bax P130C Ligated oligos directly using BsiWI and BseRI sites
2022 Bax M137C | Ligated oligos directly using BsiWI and BseRI sites
2023 Bax W139C | Ligated oligos directly using BsiWI and BseRI sites
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2024 Bax T140C | Ligated oligos directly using BsiWI and BseRI sites

2025 Bax L141C | Ligated oligos directly using BsiWI and BseRI sites

2120 Bax F143C | Ligated oligos directly using BsiWI and BseRI sites

1989 Bax A124C Subcloned from plasmid 1674
1991 Bax T127C Subcloned from plasmid 1838
1990 Bax K128C Subcloned from plasmid 1839
1993 Bax 1136C Subcloned from plasmid 1676
1992 Bax L144C Subcloned from plasmid 1678
2121 Bid 94E Quikchange

Bax mutants were expressed in a similar manner as described previously (Yethon
et al., 2003). Cleaving was induced with hydroxylamine instead of betamercaptoethanol,
since it was discovered that this could greatly reduce nonspecific IANBD labeling
(Supplementary Figure 1). Figure 3.2Ai shows a typical Coomassie stain for one of the
purified and labeled mutants, 126C-Bax-NBD. The molecular size ladder shows that the
purified Bax was the correct size for a 21 kDa protein, as it is close to the 22.7 kDa
lactoglobulin marker (lactoglobulin is actually 18.4 kDa, but we have found that if the
marker is prestained, it migrates as a 22.7 kDa protein). Figure 3.2Aii shows a NBD
fluorescence scan for the same gel shown in Figure Ai. As expected, the molecular
markers did not appear since they are not fluorescent at the wavelengths of NBD. The
single band in the fluorescence scan of the gel shows the Bax was highly pure and was
the only source of NBD fluorescence. An absorbance scan for this protein is shown in

Figure 3.2Aiii. The absorption peak at 280 nm is from absorption of tryptophan and
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tyrosine residues in Bax, while the peaks at 350 nm and 475 nm are from the covalently
attached NBD. Supplementary Figure 2 shows the absorption spectra for all the NBD
labeled Bax mutants used in this study. Figure 3.2Bi shows the purification for G94E-
tBid-DAC. This tBid was labeled at its endogenous cysteine at residue 126. After the
molecular weight marker, the first lane shows labeled Bid, before cleavage with caspase-
8. The second lane shows the cleaved Bid, with the higher fragment being tBid, or the
pl5 fragment. The final lane shows the purified, labeled tBid. The absorption scan for the
purified DAC labeled tBid is shown in figure 2Bii. The DAC peak is apparent at 375 nm.

Note that tBid does not contain any tryptophan residues to create an absorption peak at

280 nm.
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Figure 3.2: Purified and labeled Bax and tBid
Ai) Coomassie stain of SDS PAGE loading 10 pL (~150 pmol) of purified and labeled Bax C126-NBD.
The first lane shows molecular weight markers. When Bax purifications were subjected to SDS

PAGE, Bax typically did not appear as a sharp band, but as a slightly smeared band.

Aii) Typhoon fluorescence scan of the same SDS PAGE gel prior to Coomassie staining showing NBD
emission of labeled Bax.

Aiii) Absorption scan for purified and labeled Bax C126-NBD. This scan was performed after
labeling with NBD.

Bi) Coomassie stain of purified and labeled tBid-G94E-DAC. The first lane is the molecular weight
marker, the second lane is Bid-G94E-DAC before caspase 8 cleavage (~300 pmol), the third lane is
the cleaved Bid-G94E-DAC and the fourth lane is the purified tBid-G94E-DAC. The final purified
tBid lane (~40 pmol) appears much lighter since this sample was more dilute being stored in a larger
volume and due to nonspecific losses.

Bii) Absorption scan for purified and lableled tBid-G94E-DAC.

Table 3.2 shows the concentrations and labeling efficiencies for the proteins used
in this study. Only proteins that were greater than 60% labeled were used for further

experiments.

Table 3.2: Bax yields and NBD labeling efficiencies for
mutants used in this study
Plasmid Mutation Labeled Bax Labeling efficiency
number concentration
1997 3 4.5 uM 62%
1999 5 8.4 uM 70%
2035 47 2 uM 98%
1732 62 8.2 uM 98%
1868 66 7.8 UM 80%
1869 79 6.7 UM 97%
2015 114 8.4 uM 71%
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2016 115 34 uM 74%
2017 116 3.9 M 80%
1734 118 34 74%
2020 120 4.1puM 99%
1735 122 5.7 uM 84%
1989 124 4.5 UM 99%
1731 126 11 uM 89%
2021 130 4.5uM 100%
1736 134 43 UM 75%
1993 136 6.4 UM 78%
2022 137 7.1 uM 72%
1737 138 5.7 uM 71%
2023 139 43 M 63%
2024 140 5.7 uM 84%
2025 141 8.8 UM 74%
1738 142 6.4 UM 90%
2120 143 42 UM 96%
1992 144 42uM 96%
1739 175 5.9 uM 88%

Table 3.3 shows the labeling efficiency of mutants that were purified, but since NBD
labeling efficiency was below 50%, these mutants were not used in the study due to
complexity in interpreting functional data. It would be difficult to determine whether or

not the unlabeled protein retained function if the labeled protein did not.
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Table 3.3: Bax yields and NBD labeling efficiencies for mutants that
were not used in this study
Plasmid Mutation Labeled Bax concentration Labeling efficiency
number
2013 111 2.7 uM 37%
2014 113 2.6 UM 57%
2018 117 3.4 uM 39%
2019 119 7.2 uM 35%

3.2 Functional assay

Slight modifications in the measurement parameters for the ANTS/DPX release
assay had to be made to avoid interference from the fluorescently labeled proteins. As
seen in Figure 3.3A top panel, the normalized excitation spectra for ANTS (green), DAC
(blue) and NBD (red) lie close together, especially ANTS and DAC. The bottom panel
shows the normalized emission spectra for these fluorophores. By choosing the
appropriate ANTS wavelength of 340 nm excitation and 550 nm emission, DAC labeled
proteins could be used in the ANTS/DPX release assay without interfering with the
ANTS signal. The ANTS fluorescence was resolved from NBD labeled proteins by

measuring ANTS emission below 500 nm, where there was no emission from NBD.
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Figure 3.3: Most Bax and Bid mutants behave similarly to wildtype Bax and tBid

A: NBD, ANTS and DAC could be resolved at appropriate wavelengths. Emission and excitation
spectra of 500 nM Bax 126C-NBD (red), 1 mM ANTS (green), and 100 nM tBid-DAC(blue). The top
panel shows the normalized excitation spectra and the bottom panel shows the normalized emission
spectra. Spectra were normalized to maximum peak height. The blue and red asterisks mark where
DAC and NBD labeled proteins, respectively, may be excited and emitted without interfering with the
fluorescence of the ANTS/DPX assay.

B: Bax and tBid acted synergistically to permeabilize liposomes. Time course of a typical ANTS/DPX
release assay. 20 nM tBid and 100 nM Bax, both wildtype and unlabeled proteins were added to
ANTS/DPX containing mitochondria like liposomes (50 uM lipid) and incubated for 2 hours at 37° C.

C: Most, but not all NBD labeled Bax mutants behaved similarly to wild type Bax. Activity of NBD-
labeled mutants is shown, normalized to the release of wildtype Bax and tBid over a 2 hour period.
Grey bars show 100 nM Bax activity without tBid, black show 100 nM Bax activity with 20 nM tBid.
Error bars represent +/- S.D. with n =3.

D: Previously unknown mutations altered Bax behaviour. Activity for NBD labeled mutants that
displayed altered functionality for labeled and unlabeled proteins. Grey bars show 100 nM Bax
activity without tBid, black show 100 nM Bax activity with 20 nM tBid. Activity is normalized to
wildtype Bax and tBid activity. Error bars represent +/- S.D. with n = 3.

E: DAC-labeled mutants behaved similarly to wildtype proteins. Activity of DAC labeled proteins
compared to wildtype Bax and tBid is shown. Grey bars show 100 nM Bax activity without tBid,
black show 100 nM Bax activity with 20 nM tBid. As expected, the BH3 mutated G94E-DAC tBid did
not cause much liposome permeabilization with Bax compared to the wt tBid-DAC. Error bars
represent +/- S.D. with n = 3.
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Figure 3.3B shows the results for a typical ANTS/DPX release assay. 20 nM tBid
and 100 nM Bax synergistically combined to permeabilize liposomes. However
individually, tBid and Bax did not release much more ANTS/DPX than liposomes alone.
Most, but not all of the proteins were not affected by the cysteine mutation or the
fluorescent NBD label. Figure 3C shows the release for the NBD labeled mutants
described in Table 3.2, relative to the release of wildtype 20 nM tBid and 100 nM Bax.
The divisions in the layout of the graph separate residues located towards the N terminus
before the pore-forming domain, residues on helix 5, residues on helix 6, and the single
Bax mutant with the NBD label on helix 9, 175C-Bax-NBD. Some residues such as
115C-Bax-NBD and 116C-Bax-NBD displayed much less activity compared to wildtype
Bax and the other labeled mutants. Figure 3D shows the activity, relative to wildtype Bax
and tBid, for these mutants that displayed decreased or increased activity. The activity is
shown for both the mutants labeled with NBD and the mutants without NBD labeling. For
example, 114C-Bax-NBD without tBid addition (grey bar) caused much more release
than wildtype Bax without tBid. Conversely, 115C-Bax-NBD with tBid addition (black
bar) resulted in only a fraction of the ANTS/DPX release of wildtype Bax and tBid. Note
that with the exception of 118C-Bax-NBD, these misregulated mutants behaved similarly
with or without the NBD label. Figure 3E shows the activity for DAC labeled mutants. As
can be seen in the figure, the DAC labeled tBid behaved similarly to unlabeled tBid, and
labeled 134C-Bax-DAC and 126C-Bax-DAC behaved similarly to wildtype Bax. As

expected, the BH3 mutant G94E-tBid-DAC did not cause much release.
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3.3 A novel pore sizing assay

To estimate the size of the Bax pores, a pore sizing assay was developed. Four
fluorophores of different sizes were encapsulated in liposomes. Several fluorophores were
evaluated for their suitability for this assay. For a smaller fluorophore, concentrations as
low as 1 mM ANTS precipitated coentrapped proteins, and NADH was not a bright
enough fluorophore to be detected after liposome isolation. Several proteins were labeled
with FITC including BSA, cytochrome C, trypsin inhibitor and Thyroglobulin.
Unfortunately, all these proteins either were too dim to be detected (even when hydrating
the liposomes with several milligrams per mL) or did not separate from the liposomes
over the CL2B column. Eventually, four suitable fluorophores were discovered. Figure
3.4A shows the emission spectra of the suitable fluorophores. The emissions of the
fluorophores did not overlap spectrally. Part B shows the approximate sizes of the

encapsulated fluorophores.
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Figure 3.4: Fluorophores used to estimate pore size

A: Emission spectra of the four fluorophores of different sizes used in this assay — MPTS, fluorescein
labeled dextran (Fluor-Dextran), Allophycocyanin (APC) and Betaphycoerythrin (BPE). Spectra
were normalized to maximum peak height and measured individually for each fluorophore. The
excitation wavelength used is indicated in the legend.

B: Relative diameters of fluorophores based on their molecular mass. This is an approximation based
on the relationship that the diameter cubed is proportional to the molecular weight. The spheres do
not represent the actual shapes of the fluorophores. Bax is shown as well at the same relative scale.
The BPE was calculated as having a 10 nm diameter, 1/10™ the length of the 100 nm liposome
diameter.

3.4 Bax pore size is not homogeneous

Figure 3.5Ai1 shows the gel filtration profile for the different fluorescent channels
for liposomes containing the four fluorophores, after incubation with 200 nM Bax. The
peak in fraction 5, 6 and 7 corresponds to the encapsulated protein that had not been
released by Bax. Figure 3.5Aii shows the gel filtration profile for the liposomes when 20
nM tBid was added to activate the Bax. The reduced peak in fractions 5, 6 and 7 still
corresponds to the signal from liposomes that have not released their contents, while the
increased signal from the later fractions came from the released fluorophores. Part B
shows the quantified release for various Bax concentrations. The gradient of increasing

release for smaller fluorophores demonstrates that Bax formed pores that varied in size.
60



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

Some liposomes had pores big enough to release large 250 kDa proteins, while others had

pores large enough to only release 3 kDa fluorophores.
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Figure 3.5: Bax pores vary in size

Ai: Mitochondria like liposomes containing the four fluorophores were incubated with 200 nM Bax
for 3 hours. The mixture was subjected to gel filtration and the fluorescence of the different
fluorophores was recorded. Liposome fractions correspond to fractions 1-7.
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Aii: : Liposomes containing the four fluorophores were incubated with 200 nM Bax with the addition
20 nM tBid for 3 hours. The mixture was subjected to gel filtration and the fluorescence of the
different fluorophores was recorded. Liposome fractions correspond to fractions 1-7 and the later
fractions correspond to the released fluorophores.

B: Quantification for release experiments after 3 hours of incubation with the liposomes and the
indicated proteins. Release was corrected for the amount of release of liposomes alone in a separate
experiment. Error bars represent +/- S.D. with n = 3.

3.5 Behaviour of NBD-labeled Bax

Figure 3.6A shows the fluorescence increase for 126C-Bax-NBD when tBid was
added (dark line) in the presence of liposomes. The increase in NBD emission for this
residue increased over 2.5 fold in 15 minutes. Without the addition of tBid, the NBD
emission did increase, but by a relatively small amount. This is consistent with the small
amount of ANTS/DPX release observed by Bax alone. The increase was due to the

labeled residue moving into a more hydrophobic environment.
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Figure 3.6 Effect of tBid on Bax

A: tBid caused 126C-Bax-NBD emission to increase in the presence of liposomes. 100 nM 126-NBD
Bax was incubated with mitochondria like liposomes (125 uM lipid) at 37° C with stirring. The dark
line shows NBD emission with the addition of 20 nM tBid. The grey line shows the emission in the
presence of liposomes alone. The emission was normalized to its initial value after tBid was added.

B: tBid caused Bax to migrate to liposomes. Immunoblot using the 2D2 antibody for 100 nM 126C-
NBD-Bax after CL2B gel filtration after incubation with mitochondria like liposomes (125 uM lipid)
with or without 20 nM tBid. The line at the left of the blot shows the migration of a 22.7 kDa marker
protein.

C: tBid caused Bax to form CHAPS resistant oligomers. Immunoblot using the 2D2 antibody for 126-
NBD Bax after solubilization with 2% CHAPS and FPLC gel filtration over a Superdex 200 column

with 2% CHAPS in the running buffer. The line at the left of the blot shows the migration of a 22.7
kDa marker protein.

The increase in 126C-Bax-NBD fluorescence occurred as Bax migrated to
liposomes. Figure 3.6B shows Bax immunoblots for the NBD labeled protein after CL2B
gel filtration. CL2B gel filtration separates liposomes from free protein. The liposomes
eluted in the earlier fractions 5 and 6, and this is where the 100 nM Bax eluted when 20
nM tBid was added (top panel). The unbound protein eluted in fractions 9-12, which is

where the Bax eluted when tBid was not added (bottom panel).
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Along with translocation to liposomes, tBid induced Bax to form CHAPS resistant
oligomers. Figure 3.6C shows 3 immunoblots showing an FPLC gel filtration profile
performed using 2% CHAPS. The top panel shows that without tBid addition, 126C-Bax-
NBD eluted in the later fractions. The middle panel shows that after 15 minutes, Bax that
had tBid added formed some higher order oligomers. The bottom panel shows the
formation of higher order oligomers continued after 15 minutes and that by 2 hours most

of the Bax formed CHAPS resistant oligomers.

3.6 DACM and IANBD FRET pair

Since we had verified that many Bax mutants could be labeled without significant
change in function, a suitable FRET donor or acceptor probe was investigated in order to
look at how Bax and tBid interact. DACM, a small non-ionic sulthydryl specific probe
was selected as a potential FRET donor. Figure 3.7A shows the structures of IANBD and
DACM. Part B shows the emission spectra of DAC-tBid and the absorption spectra of
126C-Bax-NBD. These spectra were used to calculate the Forster distance, Ry, using the

following formula:
R=0211/Kn*0pJ()]Y®  (Lakowicz, 1999, pp. 369)

A Forster radius of 4.8 nm was obtained. See materials and methods section for an

explanation of this calculation.
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Figure 3.7: DACM and IANBD: a new FRET pair

Ai: The structure of sulfhydryl reactive DACM and IANBD (obtained from the Invitrogen Molecular
Probes website; http://probes.invitrogen.com).

B: Overlap of tBid-DAC emission and 126C-Bax-NBD absorbance. tBid-DAC spectrum was recorded
in a buffer of 0.2 M KCl, 1 mM MgCl2, 10 mM HEPES pH 7 and 126C-Bax-NBD spectrum was
recorded in a buffer of 0.2 M NaCl, 0.2 mM EDTA, 10 mM HEPES pH 7.

3.7 tBid-Bax and Bax-Bax interactions only occur in the presence of liposomes.

Figure 3.8A shows that tBid to Bax FRET only occurred when liposomes were
present. The dark line shows the decrease in FRET donor emission of tBid-DAC in the
presence of liposomes and NBD labeled Bax acceptor. The decrease in DAC emission did

not occur when unlabeled wildtype Bax was used (light grey line), demonstrating the loss
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in DAC fluorescence was specifically due to FRET. In the absence of liposomes, there
was no interaction between Bax and tBid based on the absence of a decrease in donor

emission in the presence of NBD labeled Bax (medium grey line).
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Figure 3.8: Interactions between tBid and Bax are only observed in the presence of
membranes

A: tBid to Bax FRET is only observed in the presence of membranes. The black line shows FRET as
the loss of 20 nM tBid-DAC donor signal with 100 nM Bax-126-NBD as the acceptor in the presence
of liposomes (125 uM lipid). The light grey line is the tBid-DAC signal using 100 nM wildtype
unlabeled Bax in the presence of liposomes (125 uM lipid). The medium grey line shows the tBid-
DAC signal using 100 nM Bax-126-NBD in the absence of liposomes. tBid and Bax were incubated
with stirring at 37° C in a buffer of 0.2 M KCl, 1 mM MgCl, and 10 mM HEPES pH 7. tBid-DAC
excitation was 380 nm and emission was 460 nm.

B: End point FRET efficiency. 100 nM 126C-Bax-NBD was used as the FRET acceptor, using
unlabeled 100 nM wildtype Bax as a control to calculate the amount of FRET. 20 nM tBid was used.
mtBid is G94E-tBid-DAC that has been reported not to bind with Bax. Activated Bax was obtained
by incubating for 2 hours with 50 uM Bid BH3 peptide. tBid-DAC excitation was 380 nm and
emission was 460 nm. Error bars represent +/- S.D. with n = 3.

C: Bax to Bax FRET is only observed in the presence of membranes. FRET is shown in black as the
loss of 20 nM Bax-134-DAC donor signal using 100 nM Bax-126-NBD as the acceptor. The light

medium grey line is signal using wt Bax and the medium grey line is Bax Bax FRET after adding tBid
in the absence of liposomes. 134C-Bax-DAC excitation was 380 nm and emission was 460 nm.

In order to determine whether the tBid to Bax FRET was specific, interaction was
tested between peptide inserted Bax and the non Bax binding G94E tBid. Figure 3.8B
shows that there was more FRET signal between preinserted Bax and wildtype tBid,

compared to Bax binding deficient G94E tBid. This suggests that the observed FRET
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between tBid and Bax is not an effect of any two proteins being in the liposome
membrane. tBid and Bax do not form a detergent stable complex that can be detected by
immunoprecipitation or gel filtration. After adding 2% CHAPS to tBid and Bax, there

was a decrease in the amount of FRET, although some FRET remained detectable.

Figure 3.8C shows that Bax to Bax FRET also was only observed if liposomes
were present. The dark line shows that intermolecular FRET between Bax molecules
occursed when liposomes and tBid were added. The light grey line is the control using
wildtype unlabeled Bax as the acceptor. The medium grey line shows that no Bax to Bax

FRET occurred after tBid addition if liposomes were not present.

3.8 Ordering of pore formation steps using a 3 fluorophore simultaneous assay

Figure 3.9A shows fluorescence spectra for 3 fluorophores that were used to
simultaneously measure pore formation (terbium, green), Bax insertion (NBD emission,
red) and protein to protein FRET (loss in DAC signal to NBD labeled acceptor, blue).
Since these interactions occur closely together in time, measuring them simultaneously
eased interpreting the data from these fluorescent signals. The 3 fluorophores were

resolved without any bleed through signal from the other fluorophores.
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Figure 3.9: A simultaneous 3 fluorophore assay

A: NBD, Tb and DAC may be measured simultaneously. Green lines show Tb excitation and emission
spectra. Blue lines show tBid-DAC excitation and emission spectra. The red line shows 126C-Bax-
NBD emission spectrum. An NBD excitation scan is not shown here for figure clarity, but is shown in
Figure 3.3. All the spectra were normalized to their maximum peak values.

B: Description of fluorophore parameters. Relative fluorescence is represented as the weight of the
radial lines from the DAC, NBD or Th-DPA fluorophores. The first panel shows protein protein
FRET using DAC and NBD. When the DAC labeled protein moves to the NBD labeled protein, the
DAC emission decreases. The second panel shows the increase in NBD emission as the probe moves
into a more hydrophobic lipid bilayer. The third panel shows pore formation measured by Th
chelating from EDTA found outside the liposome.

Figure 3.9B shows a schematic diagram of what each fluorophore measured. NBD
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fluorescence increased as it moved into a more hydrophobic environment. For 126C-Bax-
NBD, this residue increased emission as it migrated to liposomes and oligomerized. As
proteins moved close together, FRET was observed from DAC labeled proteins to NBD
labeled proteins. FRET was measured as a decrease in DAC emission. Finally, pore
formation was measured using the Tb-DPA assay. As liposomes became permeabilized,
EDTA outside the liposome chelated the Tb from the Tb-DPA complex, resulting in a

loss of fluorescence.

Figure 3.10Ai shows the fluorescence of the 3 fluorophores when tBid-DAC, Bax-
NBD, and Tb-DPA containing liposomes were combined. All the fluorescence
measurements were observed in one single reaction. The fluorescence was normalized to
its initial value after background correction. Note that the Tb pore formation and tBid-
DAC FRET signals both decreased over time, while the 126C-Bax-NBD signal increased
over time. Figure 3.10Aii shows the rates of the Bax insertion, tBid to Bax FRET and
pore formation reactions. These rates represent the slope of the lines from Figure 3.10Ai1
over time. These units can be thought of as the rate of tBid binding to Bax events, Bax

insertion events and liposome permeabilization events.
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Figure 3.10: Ordering the steps of Bax activation

Ai: Simultaneous 3 fluorophore assay monitoring tBid Bax binding, Bax insertion and pore
formation. Normalized fluorescence simultaneously monitoring 20 nM tBid-DAC to 100 nM 126-
NBD-Bax FRET, 126-NBD emission increase and pore formation by Tb chelation by EDTA. After
tBid-DAC was added to Tb-DPA containing liposomes (~125 uM lipid) at 37° C, Bax was added and
fluorescence measurements were normalized to initial values. Aii shows the slope of reactions in Ai.
The normalized slope from the data shown in Ai is shown. The data was normalized to the maximum
rate.

B: Reaction half times show that tBid binding to liposomes occurs the most rapidly followed by tBid
Bax interaction. The approximate half times are shown in seconds. The asterisks indicate the data
was taken from a separate experiment. tBid-DAC to liposome containing NBD labeled lipid FRET
data was from Scott Bindner, Bax to Bax FRET was from separate experiment using 20 nM 134C-
Bax-DAC as the donor and 100 nM 126C-Bax-NBD as the acceptor. Error bars represent +/- S.D.
with n =3.

C: Initial rates of reactions. Data was normalized so that all channels began and ended at the same
value and the first few data points were used to generate the slope. The rate corresponds to the
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fraction of the reaction completed per second. Asterisk marks data from a separate experiment.
Error bars represent +/- S.D. with n =3.

D: Bax to Bax FRET suggests insertion precedes oligomerization. 126C-Bax-DAC to 126C-Bax-NBD
FRET is shown in dark line. The line shows the DAC emission, measured at 460 nm and excited at
380 nm. 126C-Bax-DAC emission wt Bax is shown in light grey. Note the initial increase in both lines
as this residue moves into the membrane.

Figure 10B shows the half times for the different reactions leading to Bax pore
formation. tBid binding to liposomes FRET occurred the most quickly, with a half time of
less than one minute. This data was obtained by Scott Bindner and is not shown. The next
chronological half time to occur was tBid-DAC binding to 126C-Bax-NBD. This reaction
likely occurred close to the liposome membrane since tBid and Bax only interacted when
liposomes were present (Figure 3.8A). Interestingly, the next chronological event based
on half times was liposome permeabilization. It is surprising that the half time for
liposome permeabilization came before the half time of Bax helix 5 insertion and Bax
oligomerization. One explanation for this occurrence is that Bax continued to oligomerize
and form larger pores even after small pores had been formed. A major limitation to
interpreting the longer half times shown is that the reactions were not completely finished
at the one hour mark. This suggests if anything, the halftimes may in fact be slightly
greater than the data shown. The reaction half times are in agreement with the initial rates
of reaction shown in figure 3.10Ai. The initial rates were calculated from the first few
points of the reactions. tBid to liposome interaction occurred quickly, followed by tBid to
Bax interaction. Bax to Bax interaction and Bax insertion happened next at approximately

the same time, followed lastly by Bax pore formation.
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The dark line in Figure 3.10D shows FRET between 20 nM 126C-Bax-DAC and
100 nM 126C-Bax-NBD. The grey line shows the DAC signal using unlabeled acceptor.
When using the unlabeled acceptor, although the emission increase was much less than
the change in NBD for the same residue (Figure 3.6), the increase was consistent with this
residue moving into a more hydrophobic environment. As can be seen in the first seconds
of this reaction when the labeled Bax acceptor was present, the DAC emission increased
before it then decreased. This suggests the increase was due to Bax first moving to a

hydrophobic environment before it found other Bax binding partners to oligomerize with.

3.9 Conformational change of Bax may be monitored with NBD fluorescence

Figure 3.11A1 shows the emission spectra for 47C-Bax-NBD. The dark line shows
the NBD emission spectrum after the labeled Bax was incubated with tBid while the grey
line shows the emission spectrum without incubation with tBid. As indicated by the
arrow, the emission intensity for this residue decreased during Bax activation showing
that the probe at this location moved to a less hydrophobic environment. Figure 3.11Aii
shows the emission spectra increased for 126C-Bax-NBD. In this case, the emission of
the NBD probe located at position 126 increased after incubation with tBid. As shown in
Figure 3.11B, all residues except for 47C-Bax-NBD increased emission after tBid
incubation. There was no immediately apparent trend as to which parts of the protein had
a greater fold increase. Figure 3.11C also shows the additive change in NBD

fluorescence, representing the difference in counts rather than the fold increase. The
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increase was adjusted to take labeling percentage into consideration. There was a general
trend that the N terminal residues (3, 5, 47, 62, 66, 79) did not display a large change in
intensity relative to the residues on helix 5 and 6. Figure 3.11D shows the emission
maximum for the labeled residues with or without incubation with tBid. The difference
between these two bars, the blue shift, is summarized in Figure 3.11E. Most residues
displayed a blue shift, consistent with the probe moving into a more hydrophobic
environment. Unlike the other labeled mutants, 47C-Bax-NBD displayed a red shift of

over 5 nm, consistent with this residue moving into a less hydrophobic environment.
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Figure 3.11 NBD emission intensity and wavelength suggest Bax conformational
reorganization

Ai: Emission spectra for 100 nM 47C-Bax-NBD in the presence of liposomes (125 pM lipid ) with
(black line) or without (grey line) incubation with 20 nM tBid for 2 hours at 37° C. Arrow indicates
direction of change with tBid addition. Aii shows the emission spectra for 126C-Bax-NBD in the
presence of liposomes (125 puM lipid) with (black line) or without (grey line) incubation with 20 nM
tBid for 2 hours at 37° C. Liposome background spectrum was subtracted from the spectra.

B: Fluorescence increase for 100 nM NBD labeled Bax mutants in the presence of liposomes (125 uM
lipid) after incubation with 20 nM tBid for 2 hours at 37° C. F,, represents the maximum emission
value from the spectra without incubation with tBid, and F represents the maximum emission value
from the spectra after incubation with 20 nM tBid. Error bars represent +/- S.D. with n = 3.

C: Absolute change in emission value for 100 nM NBD labeled Bax mutants in the presence of
liposomes (125 pM lipid) after incubation with 20 nM tBid for 2 hours at 37° C. F, represents the
maximum emission value from the spectra without incubation with tBid, and F represents the
maximum emission value from the spectra after incubation with 20 nM tBid. The absolute change in
counts was measured and divided by the fraction labeling to correct for the variability in the labeling.
Error bars represent +/- S.D. with n = 3.

D: Emission maximums for 100 nM NBD labeled Bax mutants in the presence of liposomes with or
without incubation with 20 nM tBid. Black bars show the wavelength of maximum emission for Bax
that has been incubated with tBid and grey bars show maximums for Bax that has not been
incubated with tBid. Error bars represent +/- S.D. with n = 3.

E: Blueshifts for 100 nM Bax mutants in the presence of liposomes after incubation with 20 nM tBid
for 2 hours at 37° C . Error bars represent +/- S.D. with n = 3.
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3.10 Lifetimes show three populations and subtle lifetime changes

Figure 3.12Ai shows the fitted lifetime model for coumarin-6, a fluorescence
standard used to ensure the lifetime fluorometer was functioning properly. These data
show a single exponential fit for the coumarin-6, with a lifetime of 2.5 ns, as expected,
with a chi square value of 2 between the observed data and the model data. The fit (solid
lines) matched well to observed data (square and circle points). Control data are shown
because the NBD lifetimes did not fit a single or double exponential. Table 3.4 shows the
parameters for fitting the lifetime of 126C-Bax-NBD with two or three components.
Figure 3.12Aii shows a three component fit for 47C-Bax-NBD after incubation with tBid
and liposomes. The intensity weighted average lifetime for this fit was 2.6 ns. Figure
3.12Aiii shows the lifetime fit for 120-Bax-NBD after incubation with tBid. This residue

had a much longer average lifetime of 8.2 ns.

Figure 3.12B shows the lifetimes for all the assayed mutants, either with incubation
with tBid (black bars) or without (grey bars). In general, the lifetimes were not drastically
different for the NBD labeled Bax mutants with or without incubation with tBid. The
lifetimes shown are the intensity weighted average lifetimes of a three component fit. The
average lifetime is shown for simplicity in showing the lifetime components. See Table
6.1 for the individual lifetime components, weightings and the chi square values. The chi

square values typically were between 1 and 2.5.
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Figure 3.12 Lifetimes suggest distinct environments for different areas of Bax

Ai: Single exponential fit showing a lifetime of 2.5 ns for coumarin-6 in absolute ethanol. Recorded
modulation ratio data is shown as squares and recorded phase delay data is shown as circles. The fit
is shown as solid lines. Aii shows a triple exponential fit with an average lifetime of 2.6 ns for 100 nM
47C-Bax-NBD incubated with 20 nM tBid and lipesomes (125 uM lipid). Aiii shows a triple
exponential fit with an average lifetime of 8.2 ns for 100 nM 120-NBD incubated with 20 nM tBid and

liposomes (125 uM lipid). Fluorescein in 0.1 M NaOH was used as a reference with a 4 ns lifetime for
all measurements.

B: Intensity weighted average lifetimes for a three component fit for 100 nM NBD labeled Bax
mutants. Dark bars show the lifetimes for the mutants with incubation with liposomes (125 uM lipid).
and 20 nMtBid, and grey bars show the lifetimes for the mutants in the presence of liposomes, but
without tBid incubation. See supplementary data for fitting details. Error bars represent +/- S.D.
withn=3.

C: Helical plot showing the lifetimes for the pore-forming domain. Helical wheel was generated with
Helical Wheel Projection software (available online at http://rzlab.ucr.edu/scripts/wheel/wheel.cgi).
As shown in the legend, black residues correspond to lifetimes over 5 ns, green residues correspond to
residues between 4 and 5 ns and blue residues 3 to 4 ns. Unfilled circles show residues that were not
assayed.

In general, the N terminal residues before the pore-forming domain had lifetimes
that varied between 2 and 4 ns. These lifetimes were shorter than the lifetimes of the rest
of the assayed mutants. In active form, the residues on helix 6 displayed lifetimes varying
between 3 and 5 ns. These lifetimes were longer than the N terminal mutants, but were
shorter than those of the mutants on helix 5. After incubation with liposomes and tBid,
the helix 5 mutants all had lifetimes greater than 5 ns, ranging from 5 ns to 8 ns. The
residue on helix 9, 175C had a lifetime of just under 5 ns, similar to the lifetime of the
residues with longer lifetimes on helix 6. Figure 3.12C shows a helical wheel plot for
helix 5 and 6, with the lifetimes of the inserted and oligomerized Bax mutants indicated.

All the mutants on helix 5 had lifetimes greater than 5 ns, whereas the mutants on helix 6
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had lifetimes that ranged from 3 to 5 ns. The helical wheel of helix 5 shows lifetimes for

6 labeled mutants. Some further residues on this helix could not be assayed since they

either proved difficult to label (Table 3.3) or were not functional (Figure 3.3). The

mutants on helix 6 with a 3 to 4 ns lifetime are shown in blue on the helical wheel and the

mutants with a 4 to 5 ns lifetime are shown in green. There was no obvious division in the

helix that separated the 3-4 ns lifetime mutants from the 4-5 ns lifetime mutants on helix

6.

Table 3.4 shows fits for two component and three component lifetimes for 126C-

Bax-NBD. The chi square value improved about 10 fold when a third component was

added. Table 6.1 shows fit parameters for the assayed mutants.

Table 3.4: Two and three component lifetime fits for Bax (asterisk shows data from Bax that
was from a separate purification than all the rest of the data presented)

Sample Component 1 Component 2 | Component 3 X Average
Coumarin-6 2.5 ns, 100% - - 2.0 2.5ns
126C-Bax-NBD in buffer, 0.7 ns, 48% 4.2,52% - 9.4 2.5ns
no liposomes*
126C-Bax-NBD in buffer, 0.5 ns, 26% 1.6,41% 5.8,33% 0.9 2.7 ns
no liposomes*
126C-Bax-NBD in buffer 0.5 ns, 36% 4.4 ns, 64% - 222 3.0 ns
with liposomes
126C-Bax-NBD in buffer 0.2 ns, 19% 1.5 ns, 36% 6.0 ns, 45% 1.8 3.3 ns

with liposomes

3.11 Quenching reveals dynamic lipid interaction and suggests membrane topology

Figure 3.13Ai shows iodide quenching for 122C-Bax-NBD. The dark line shows
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the line of best fit for iodide quenching of 122C-Bax-NBD that had been incubated with
tBid, and the grey line shows the line of best fit for the iodide quenching for unactivated
122C-Bax-NBD. The arrow shows the change in quenching caused by the insertion and
oligomerization of Bax. The flatter slope for the Bax that had been incubated with tBid
indicates this residue became more difficult to quench. Figure 3.13Aii shows cobalt
quenching for the same Bax mutant. As indicated by the arrow, in this case, incubation
with tBid caused this mutant to become less difficult to quench. A line of best fit is not
shown, since a linear fit did not suit the data. It is possible that the large amount of
quenching observed from the first addition of 0.5 mM cobalt was due to the cationic
cobalt affinity for the anionic lipid headgroups. The strange shape of the quenching curve
observed can be explained if the 125 uM lipid concentration was saturated by the 500 uM
cobalt that was the first titration point. Figure 3.13B shows the bimolecular quenching
constants of iodide for all the Bax mutants. The dark bars show the quenching constants
for Bax that had been incubated with tBid and liposomes, while the grey bars show the
quenching constants for Bax and liposomes without tBid incubation. The exposed
residues towards the N terminus were most prone to iodide quenching, as judged by their
higher quenching constants. The residues on helix 5 were most resistant to iodide
quenching. In general, labeled mutants became more resistant to iodide quenching after
incubation with tBid. Figure 3.13C shows the cobalt bimolecular quenching constants for
the labeled Bax mutants. The dark bars show the quenching constants for Bax that had
been incubated with tBid and liposomes for 2 hours at 37° C, while the grey bars show

the quenching constants for Bax and liposomes without tBid addition. Unlike iodide
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quenching, most residues were more quenched by cobalt after incubation with tBid.
Residues towards the middle of helix 5, 114C and 118C were resistant to cobalt
quenching compared to the other residues of the pore-forming domain. It is informative to
note that the residues of the pore-forming domain increased their cobalt quenching upon
activation compared to the N terminus residues. This may suggest that these residues
were in close proximity to the lipid headgroups. These data are useful for considering
whether Bax forms a proteinaceous or lipidic pore (Figure 4.1A). Figure 3.13D shows the
cobalt bimolecular quenching constants for both the first and subsequent titrations of
cobalt when the NBD labeled Bax mutants were incubated with tBid. The first titration
showed several fold greater quenching susceptibility. This is in agreement with the
explanation that cobalt saturated the anionic lipids of the liposome. Figure 3.13E
demonstrates the high cobalt quenchability of the pore-forming domain for the NBD
labeled mutants after incubation with liposomes and tBid. These data are shown as the
bimolecular cobalt constant divided by the bimolecular iodide quenching constant. Since
these constants both use the same lifetime values, the lifetimes cancel out in the division,
and this ratio is independent from the recorded lifetime measurements. These values
represent the fold increase in efficiency of cobalt over iodide. After incubation with tBid,
several Bax residues in the pore-forming domain were over 200 times more effectively
quenched by cobalt than by iodide, more affected than the N terminal residues. This

suggests that the pore-forming domain is in close proximity of the lipid head groups.
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Figure 3.13: Differential ionic quenching of Bax residues

Ai: Todide titration of 100 nM 122-NBD in the presence of liposomes (125 uM lipid) with or without
incubation with 20 nM tBid for 2 hrs at 37° C. A line of best fit for quenching points is shown. Aii
shows a cobalt titration of 100 nM 122-NBD in the presence of liposomes with or without incubation
with 20 nM tBid. A line of best fit is shown for the sample without tBid, but a line did not fit the data
after incubation with tBid. Error bars represent +/- S.D. with n = 3.

B: Iodide bimolecular quenching constants for 100 nM NBD labeled Bax mutants. Slope of quenching
was divided by the lifetimes shown in Figure 3.12B. Error bars represent +/- S.D. with n = 3.

C: Cobalt bimolecular quenching constants for 100 nM NBD labeled Bax mutants. Only the first 0.5

mM CoCl, titration was considered for calculations. Slope of quenching was divided by the lifetimes
shown in Figure 3.12B. Error bars represent +/- S.D. with n = 3.
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D: Representative bimolecular quenching constants for cobalt quenching. Red bar shows the
quenching without incubation with tBid. The high green bar shows the first titration of cobalt after
incubation with 20 nM tBid and liposomes. The blue bar shows the next 4 titration points after the
initial titration peint of cobalt for Bax that has been incubated with tBid.

E: Ratio of cobalt to iodide bimolecular quenching constants. Since both bimolecular constants were
divided by the lifetimes, this division cancels out and this data is independent from recorded
fluorescence lifetimes. Error bars represent +/- S.D. with n =3.

3.12 Doxyl quenching suggests a distinct dynamic membrane spanning topology

Figure 3.14A shows the structures of the doxyl quenchers used to probe the depth of
the labeled Bax mutants. By having the nitroxide quencher at different depths, the labeled
mutants could be used to examine the topology of Bax. Figure 3.14B shows the
effectiveness of the various quenchers for different residues in the pore-forming domain.
Although many of the residues were quenched by both deep and shallow doxyl
quenchers, there is a pattern that residues on helix 5 were more susceptible to the deeper
16’ and 14’ quenchers, while residues on helix 6 were most susceptible to the shallow 5’
quenchers. This pattern is more apparent in Table 3.5, which shows the quenching values
obtained and the standard deviations. The boxes highlighted in grey indicate which doxyl
lipid resulted in the maximum quenching of the residues. It is important to note that the
quenching was not restricted to a single doxyl quenching lipid, but several residues were
quenched well by multiple doxyl quenchers. There still is an overall pattern in between
the helices, with the residues on helix 6 being buried shallowly beneath the bilayer and
the residues of helix 5 being quenched in a pattern consistent with a membrane spanning

helix.
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A: Structures of different nitroxide lipids used. Structures obtained from the supplier website

(http://www.avanti.com)

B: Lipid quenching of various residues in the pore-forming domain. Liposomes were made with 15
molar percent of nitroxide labeled lipid or unlabeled PC instead of the normal PC used for
mitochondria like lipid composition. 100 nM Bax-NBD was then incubated with the liposomes
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containing the various quenchers. Quenching was calculated as [1 — (Fquench/Froquencn)], Where Fgyench
was the background corrected emission in the presence of the lipid quencher and Foquench Was the
background corrected emission in the absence of the lipid quencher. The obtained values and
standard deviations are shown in Table 3.5.

Table 3.5: Quenching of different Bax residues (greatest quencher
| highlighted in grey, standard deviation shown in brackets with n=3)
Mutant TEMPO 5 12° 16’
79 0.15 (0.023) 0.12 (0.012) 0.13 (0.046) 0.09 (0.07)
114 0.09 (0.02) 0.11 (0.05) 0.29 (0.03) 0.26 (0.03)
120 0.17(0.037) | 0.23(0.060) | 0.22(0.030) | 0.29 (0.001)
122 0.03(0.060) 0.14 (0.044) | 0.30(0.037) | 0.16(0.023)
124 0.25 (0.009) 0.33 (0.002) 0.24 (0.091) 0.19 (0.032)
126 0.32 (0.005) 0.46 (0.019) 0.37 (0.007) 0.37 (0.028)
130 0.21 (0.012) 0.31 (0.107) 0.20 (0.062) 0.14 (0.038)
136 0.13(0.038) | 0.43(0.136) | 0.29(0.035) | 0.26 (0.047)
138 0.26 (0.072) | 0.29(0.024) | 0.21(0.014) | 0.19(0.070)
140 0.10 (0.040) 0.17 (0.030) 0.06 (0.038) 0.01 (0.004)
142 0.24 (0.021) 0.31(0.068) 0.16 (0.049) | 0.03(0.093)
143 0.10 (0.011) 0.22(0.045) 0.12 (0.018) 0.05 (0.001)
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4 Discussion and conclusions

4.1 Behaviour of Bax

Several cysteine mutants were successfully purified but were not used in the study
since they did not label very well (Table 3.3). These mutants were located towards the N
terminus end of helix 5. The NMR structure of Bax (Figure 1.2) shows that this area of
the protein is an inaccessible part of the protein and surrounded by other helices and thus
it may have been difficult for the dye to access the cysteine residues located there. The
space filling model of Bax shows that most residues on helix 5 are buried (Figure 1.3).
Other studies using IANBD labeling have used 3M GHCI to denature the protein in order
to label difficult to reach residues (Shepard et al., 1998). This may be feasible in the
future for Bax, but it is unknown whether or not Bax can be unfolded, labeled then

refolded and retain function.

The ANTS/DPX release assay is an established assay (Smolarsky et al., 1977) that
has been used previously to verify Bax function (Yethon et al.,, 2003). However, the
overlapping excitation spectra of NBD, DAC and ANTS around 350 nm required that
adjustments be made to the wavelength where ANTS emission and excitation is usually
measured. Fortunately, there were wavelengths where ANTS could be excited and emit

without interference from the other fluorophores (Figure 3.3A).

As seen in Figure 3.3B, in a typical ANTS release, the combination of Bax and tBid

would give about 50% release, whereas the two proteins individually would yield less
89



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

than 10% each, close to the liposome alone background. The concerted pore-forming
effect of tBid and Bax has been documented previously (Terrones et al., 2004). In the
absence of tBid, most labeled mutants had less than 20% the synergistic activity of
wildtype Bax and tBid. This small but observable amount of background activity implies
that tBid is not absolutely necessary to achieve ANTS/DPX release by Bax, although tBid
must help initiate or catalyze pore formation. The background activity could be from a
subset of Bax that has become activated during the purification or labeling process; or it
could come from normal Bax that becomes activated slowly. The ANTS/DPX release
assay showed that most of the NBD labeled mutants behaved similarly to wildtype Bax
(Figure 3.3C). Like the NBD labeled mutants, DAC labeled proteins also behaved
similarly to wildtype unlabeled proteins (Figure 3.3E). This is not entirely surprising,
since most of these mutations were in the pore-forming domain, and it has been
demonstrated that Bax can retain pore-forming ability even if up to 6 of the charged
residues in the pore-forming domain are mutated to alanine (Nouraini et al., 2000). The
G94E-tBid-DAC mutant displayed much less activity compared to wildtype tBid and
tBid-DAC. This mutation is in the highly conserved GD sequence of the BH3 region of

Bid (Figure 1.1) and has previously been shown to inactivate Bid (Wang et al., 1996).

Previously unknown mutations were discovered that changed the functionality of
Bax (Figure 3.3D). Cysteine substitution at residue 115 or 116 caused Bax to exhibit
limited pore-forming activity with or without NBD labeling. In contrast, cysteine
mutations to the adjacent residues, 114 and 118, caused constitutive pore formation even

without tBid activation. These residues are at the top of helix 5, approaching the
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conserved NWGR sequence of the BH1 domain. This result suggests that this area of the
protein is critical for Bax regulation. Since no external energy is required for Bax pore
formation, all the necessary energy lies within the Bax protein itself. Perhaps the
inactivation mutations of 115C and 116C raise the activation energy of an intermediate
state that Bax must go through. Conversely, the 114 and 118 mutations presumably lower
the activation barrier normally lowered by the addition of tBid. Two mutations on helix 6,
137C and 141C, also appeared to enhance Bax activity without tBid addition. These
residues are one helix rotation apart at the tip of helix 6 and their location is close to the
loop between helix 1 and 2 (Figure 1.3). Perhaps Bax is activated if the dislodgement of
this loop is facilitated. This loop contains residue 47, which was the only residue assayed
to decrease emission intensity. For most of the mutants that displayed abnormal function,
this behaviour was already present in the purified single cysteine protein before the

attachment of the NBD label (Figure 3.3D).

As seen in Figure 3.6A, besides initiating Bax to cause ANTS/DPX release, tBid
also caused the emission of 126C-NBD-Bax to increase as the residue moved into a more
hydrophobic environment. This fluorescence increase was accompanied with a movement
to liposomes as shown by gel filtration and the formation of CHAPS resistant oligomers.
This behaviour for the NBD labeled Bax recapitulates two important in vivo
characteristics of Bax during apoptosis; movement to membranes and oligomerization.
Interestingly, while translocation to liposomes was complete after 15 minutes, at this time
point not all the Bax had formed large oligomers (Figure 3.6C). This suggests that

oligomerization continued even after Bax migrated to the liposomes.
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As shown in Figure 3.4, the fluorophores selected for the pore-forming assay varied
in size from 0.5 kDa to 250 kDa, and were spectrally well resolved. Other assays have
been used to gain insight on toxin pore size in the past. FITC labeled proteins of different
sizes ranging from 0.6 kDa glutathione to 670 kDa thyroglobulin were encapsulated in
liposomes and an anti-fluorescein antibody was used to detect release (Heuck et al.,
2003). Since the antibody is larger than the fluorophores (in at least one dimension),
quenching of the fluorescein by the antibody monitors release of the labeled fluorophores.
A disadvantage of this method and most other comparable assays is that liposomes can
only have one fluorophore entrapped at a time, since fluorescein emission quenching is
the only available measurement. However, this technique has the advantage of being able
to monitor pore formation as it occurs, whereas the method presented here requires a
lengthy gel filtration step to determine the amount of release. Interestingly, analysis of
Perfringolysin O using this technique found that the toxin pores were homogeneous in
size. In contrast, as seen in Figure 3.5, liposomes incubated with Bax contained pores of
vastly different sizes. There was always the most release for the smallest fluorophores,
MPTS, followed by the fluorescein labeled dextran, Allophycocyanin then
Betaphycoerythrin. This suggests that there are some liposomes that have Bax pores large
enough to release Betaphycoerythrin, while other liposomes contain Bax pores that are
not large enough to release the 3 kDa dextran (but can release 0.5 kDa MPTS). To our
knowledge, Betaphycoerythrin is the largest protein verified to be released by Bax,
although it has been previously shown that Bax can cause the release of extremely large 2
MDa dextrans (Kuwana et al., 2002). In contrast to the data presented here, that work
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reported similar amounts of release for 2 MDa dextrans and 10 kDa dextrans. However,
another study has shown that Bax lacking the C terminus released ANTS, a 10 kDa
dextran and a 70 kDa dextran in decreasing amounts, resulting in some of the liposomes
having larger pores than others (Terrones et al., 2004). In that study, full length Bax and
tBid gave maximum release for all the entrapped fluorophores, implying the full length
Bax is more effective at large pore formation. Another study used kinetic analysis of self
quenching fluorescein dextrans to show that the pore size varied along with the number of

Bax monomers in the Bax pore (Saito et al., 2000).

The alpha helical diphtheria toxin, similar in structure to Bax, has also been shown
to form a pore of variable size (Sharpe and London, 1999). That study used a cascade
blue antibody to detect release of liposome contents. At high toxin concentrations, 10
kDa, but not 70 kDa dextrans were released. At lower toxin concentrations only 3 kDa
dextrans could be released. It was also determined indirectly that the diphtheria
oligomerization occurs in the membrane and not in solution. This is the same result
inferred by the Bax to Bax and tBid to Bax studies showing FRET was only detectable

when membranes were present (Figure 3.8).

4.2 Characterization of Bax activation by tBid

Since the small, non-ionic NBD probe did not abrogate normal function for most

Bax mutants, a donor or acceptor FRET probe for tBid was researched to gain insight into
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how Bax is activated. Most of the potential acceptor probes, which had to be at a longer
wavelength, were ionic or over 1000 Da. There were several potential sulfhydryl reactive
donor probes that were smaller than 500 Da and displayed suitable spectral overlap with
IANBD. These included diethylamino-meleimidyl ethyl carbonyl coumarin (MDCC),
iodoacetyl amino ethyl amino naphthalene sulfonic acid (IAEDANS), and
maleimidylanilino naphthalene sulfonic acid (MIANS). DACM was selected for small
size (298 Da), good spectral overlap with NBD, and low background emission at the
NBD emission wavelengths. A FRET pair consisting of a different, but structurally
similar, succinimidyl ester dye (DMACA-SE) donor and a NBD-
phosphatidylethanolamine acceptor has previously been used (Lehto et al., 2002) to study
protein lipid interactions. Although the emission and absorption spectra are not the same,
the pair was calculated to have a Forster radius of 4 nm, which is comparable to the 4.8

nm determined for DAC and NBD labeled proteins.

The tBid used in this study was generated from murine Bid. The sequences of
murine and human Bid are similar (Figure 1.1), although for labeling purposes, murine
tBid has the advantage of having one single endogenous cysteine residue, while human
tBid does not contain any cysteines. Additionally, human Bid contains three cysteine
residues in the p7 fragment (murine Bid only has one) that would further complicate the
labeling. Murine tBid has previously been used in our lab to investigate the mechanism of

Bcl-2 family members (Yethon et al., 2003; Dlugosz et al., 2006).
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Although it has been recognized that tBid translocates to the mitochondria upon
cleavage by caspase-8 (Li et al., 1998), there is little information available about when
and where tBid activates Bax. Figure 3.8A shows that tBid and Bax interacted when
liposomes were present. No FRET was observed when tBid and Bax were combined in
solution without liposomes. FRET was also observed between tBid-DAC and Bax-NBD
when the Bax was preinserted with the BH3 peptide of Bid. As expected, Bax binding
deficient mutant G94E-tBid-DAC displayed less FRET compared to wildtype tBid-DAC,
even when the Bax-NBD was preinserted with the BH3 peptide. The FRET observed in
membranes between tBid and Bax was therefore not random interaction between two
membrane inserted proteins. Like tBid to Bax FRET, Bax to Bax FRET was only
observed in the presence of liposomes. It has been suggested that tBid may be the catalyst
in a ‘hit and run model’ where tBid does not stably bind Bax or Bak (Wei et al., 2000).
CHAPS gel filtration demonstrated that tBid was not part of the Bax complex
(Sundararajan and White, 2001). However, the results presented in this FRET study show
that tBid did bind to Bax, even in the presence of 50 mM Bid BH3 peptide. However, to
explain the difference from previous reported results, CHAPS addition did cause the tBid
and Bax FRET to decrease, although some FRET remained. This decrease in FRET
shows the weakening of the Bax tBid interaction and may explain why tBid and Bax do
not form a complex that will be stable during gel filtration or immunoprecipitation in
CHAPS. Furthermore, although the FRET observed between tBid and Bax was not an
effect of two proteins simply being in a liposome bilayer together, the nature of the
binding is not known. tBid and Bax may specifically associate and dissociate in the
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membrane, and an average FRET signal is observed. In this case, FRET would be

observed, and a hit and run model for tBid would still be possible.

Because FRET depends on the extinction coefficient of the acceptor, and not the
quantum yield, it was possible to simultaneously measure both the membrane insertion of
Bax using NBD, and tBid to Bax FRET using DAC, in different excitation and emission
channels (Figure 3.9A). To further gain insight into the nature of Bax pore formation,
actual pore formation was measured simultaneously at a third wavelength. Since ANTS is
compatible with NBD or DAC, but not both simultaneously (Figure 3.3A), a different real
time pore formation assay was used. Like ANTS, Tb-DPA release is an established assay
that has been used previously to measure pore formation in liposomes (Heuck et al.,
2003). It is more reliable to compare data that occurred in the same reaction than to
compare data from three separate experiments. One interesting feature shown in Figure
3.10 is that Bax pore formation half time was shorter than that for Bax insertion or
oligomerization. However, rates of the reactions showed that Bax insertion reached the
maximum rate immediately, while pore formation did not reach the maximum rate until
several minutes into the reaction. This suggests Bax insertion and oligomerization
continued after pore formation, which is not intuitive. An explanation may be that more

Bax was being recruited to an existing pore.

A theoretical model of the order of Bax activation is shown in Figure 4.1. The first
step of activation is caspase-8 cleaving Bid. The second step is tBid then proceeding to

translocate to the membrane. The translocation of tBid to the mitochondria was observed

96



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

in the initial discovery of tBid (Li et al., 1998). tBid translocated to membranes very
quickly (Figure 3.10B). The third step is tBid binding to Bax at the membrane. Since tBid
moved to liposomes quickly, and tBid and Bax did not interact without liposomes (Figure
3.8A), it is likely that Bax interacts with tBid that has inserted into the liposome. The
interaction was stable and specific as determined by FRET (Figure 3.8B), although
detergent could weaken the binding. Figure 3.10D shows that Bax insertion preceded
oligomerization as judged by FRET between Bax. The fourth step is the formation of
small pores. As shown in Figure 3.5, some Bax pores were larger than others, and since
the half time of small pore formation occurred more quickly than Bax oligomerization
and insertion (Figure 3.10B), it is likely that small pore formation preceded large pore
formation. However, this is fairly indirect evidence and the temporal resolution in Figure
3.10B is not convincing. Finally, more Bax is recruited and the pore size grows. In 15
minutes incubation with tBid, Bax translocated to the liposomes, however at this point a

large portion of the Bax still had not formed CHAPS resistant oligomers (Figure 3.6C).

It is interesting to note that in the model portrayed in Figure 4.1, there is only one
tBid shown on the liposome. However, since all the tBid and Bax are targeting to the
liposomes, we can consider the approximate numbers of Bax and tBid on the liposome.
Using the estimate that there are 20,000 lipids per 100 nm liposome (Enoch and
Strittmatter, 1979) the lipid concentration of 125 pM translates into an effective liposome
concentration of about 6 nM. In this scenario, there are about 3 to 4 molecules of tBid on
each liposome, and about 15 to 20 molecules of Bax on each liposome. However, based

on ANTS/DPX release data shown in Figure 3.3B, only about half the liposomes carry
97



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

pores. This suggests that the liposomes do not carry an equal distribution of Bax protein,

and the distribution of tBid may also not be equally distributed.

Figure 4.1: Steps in Bax pore formation
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1. Bid (shown in orange) is cleaved to tBid (also shown in orange) by caspase-8 (shown in grey) after
caspases-8 is activated through the Fas pathway

2, tBid then translocates to the mitochondria

3. tBid then interacts with Bax (shown in blue) and Bax inserts into the bilayer before it oligomerizes
4. Bax oligomerizes to form small pores.

5. More Bax is recruited and the pore becomes a larger oligomer. tBid remains in close proximity to

Bax

4.3 Conformational change of Bax

NBD was used to probe conformational changes in Bax. As seen in Figure 3.11B,
all the residues in the pore-forming domain increased their intensity during activation.
Only one labeled Bax mutant decreased emission; 47C-Bax-NBD, where the cysteine lies
in the loop between helix 1 and 2. This residue is also situated close to the pore-forming
domain (Figure 1.3). Since NBD emission increases in more hydrophobic environments,
it is not surprising that the labeled residues of the pore-forming domain increased their
emission as Bax moved to liposomes and oligomerized. It was reassuring that one residue
did decrease its emission since this suggests the residues were labeled specifically. Most
residues underwent an accompanying emission wavelength blueshift of several
nanometers during activation (Figure 3.11D). The residue that had the most blue shifted
emission was 114C-Bax-NBD. The NBD probe on this mutant is located centrally on
helix 5 (Figure 1.2). The observed increases in intensity obtained (Figure 3.11B) were
very similar to the 2 to 4 fold increases seen when a NBD labeled diphtheria toxin was
activated to insert and form pores in liposomes (Ladokhin et al., 2004). However, the
NBD emission increases were less pronounced than the increases observed for residues in

the beta barrel toxin Perfringolysin O, where several labeled mutants increased NBD
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fluorescence emission over 6 fold upon activation and one labeled mutant increased NBD

emission 25 fold (Shepard et al., 1998).

Fluorescence lifetimes were instructive about the nature of the Bax pore-forming
domain. There were two key features about the lifetime data: the residues did not change
their lifetime dramatically as they inserted into the bilayer and oligomerized; and there
were three groups of lifetimes corresponding to helix 5, helix 6 and the N terminal control
residues. As shown in Figure 3.12B, although there is a range in lifetimes from 2 ns to 8
ns, there is not a striking difference in Bax-NBD lifetime between the noninserted
monomeric form and the inserted oligomeric form after incubation with tBid. Most
residues did not undergo a lifetime change of more than 2 ns. This is not entirely
unexpected since it would be energetically favourable that the more hydrophobic areas of
the monomeric protein move to a similar region of hydrophobicity in the membrane
inserted oligomer, and that the more hydrophilic residues end up in a hydrophilic location
of the oligomer. However, the results are in extreme contrast with the results obtained for
the Perfringolysin O pore, where several lifetimes of many NBD labeled residues
increased 5-10 fold when the protein inserted into membranes. The lifetimes of the
membrane inserted Perfringolysin O NBD labeled residues have a lifetime of less than 1
ns if the residue is exposed, and over 6 ns if the residue is inserted into the bilayer
(Shepard et al., 1998; Ramachandran et al., 2002). It should be noted that the reported
lifetimes in those studies were for only one component, although an intensity weighted
average would likely give a similar result. Perfringolysin O undergoes a dramatic change

in secondary structure from alpha helix to beta sheet during pore formation, which may
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explain the drastic changes in the NBD probe environment. Conversely, evidence
suggests that Bax retains its alpha helical structure during activation (Garcia-Saez et al.,
2005; Yethon et al., 2003; Xie et al., 1998). The residues that increased lifetime the most
were at the base of helix 5. Figure 1.3 shows that this area of the protein is the most
accessible part of helix 5. During activation, this part of the helix may swing into a more
hydrophobic lipid environment. As shown in the helical wheel plot in Figure 3.12C, in the
oligomeric form, the lifetimes of the residues on helix 5 were all greater than 5 ns. These
lifetimes were the longest observed, demonstrating that these residues were the least
exposed to water, and presumably in contact with the acyl chains of the membrane. The
residues that lie N terminal to the pore-forming domain had shorter lifetimes of about 3
ns. The lifetimes of helix 6 were intermediate, ranging from 3 to 5 ns. While the residues
of helix 6 were more exposed to water than those of helix 5, this range of lifetimes is
longer than expected for an exposed residue. The lifetimes of helix 6 may be explained if
they were in an environment that was somewhat exposed both to water and lipid. These
results are in agreement with a previous study that showed a peptide corresponding to
Bax helix 6 could span the membrane, but only if it was attached to helix 5 (Garcia-Saez
et al., 2004). It should be noted that the chi square for the lifetime fit was typically
between 1 and 2.5 for a three component fit. A two component fit gave chi square values
ten times higher than a three component fit (Table 3.4). Using the same lifetime
fluorometer measurement setup, the control of coumarin-6 in absolute ethanol gave a
good single exponential fit. This lack of a suitable single or double exponential fit is not
unexpected for the NBD data for two reasons. In all solvents, NBD is known to have at
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least two lifetimes; and detailed analysis shows that in certain solvents NBD has 3
lifetimes (Lin and Struve, 1991). The non symmetrical emission and excitation of NBD
(as seen by the four excitation peaks shown in Figure 3.3A) suggest that this fluorophore
undergoes complex excited state geometrical nuclear rearrangement (Lakowicz, 1999, p
8). While there was general agreement between the NBD labeled residues that increased
lifetime and those that increased emission intensity, the relationship was certainly not
linear. Several NBD labeled residues on helix 6 had lifetimes that decreased, yet the
emission intensity increased. The observation of a nonlinear relationship between lifetime
and fluorescence intensity changes has been seen before for NBD labeled proteins
(Shepard et al., 1998), and may be caused partially by the lack of a single intrinsic
lifetime for NBD (Lin and Struve, 1991). Although the lifetimes would imply that helix 5
may span the bilayer, the role of helix 6 is not clear. The pore-forming domain could be
either lining an entirely proteinaceous pore where the lipid headgroups are found only at
the entrance and exit of the pore, or a toroidal lipidic pore (Figure 4.2A). Indirect
evidence showing an outer to inner leaflet lipid rearrangement (Garcia-Saez et al., 2006)

suggests that the pore may be lipidic. Quenching data directly supported that model.

When quenching with anionic iodide, most NBD labeled residues became less
accessible in membrane inserted oligomeric form, as expected (Figure 3.13B).
Interestingly, a couple of very hydrophobic residues, such as 120C-Bax-NBD and 124C-
Bax-NBD actually became more accessible to iodide quenching upon activation, however
these residues remained relatively resistant to iodide quenching in both inactive and

active form compared to the N terminus residues. For the oligomeric Bax, the most
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quenchable residues were those found towards the N terminus. Residues on helix 5 were
extremely difficult to quench. For the monomeric Bax, residues 130, 138, and 142 stand
out as being the residues in the pore-forming domain that were most quenchable by
iodide. The structure of Bax shows that these residues on helix 6 are very accessible to
water (Figure 1.3). When the protein oligomerized, these residues became more resistant
to iodide quenching, indicating this part of the protein moved into protein or lipid contact.
The iodide bimolecular quenching constants were not in full agreement with the constants
obtained for labeled residues in the Perfingolysin O pore (Shepard et al., 1998). In that
study, residues that were exposed to water had iodide bimolecular quenching constants
(kg) of 6 to 10 M'ns. The exposed Bax residues towards the N terminus had bimolecular
quenching constants of only 2 to 4 M!ns. However, this discrepancy can be explained
by the much shorter NBD lifetimes of the Perfringolysin residues. Residues on helix 5 of
Bax had very similar iodide bimolecular quenching constants as the bilayer inserted
residues of Perfringolsyin. These residues had quenching constants from about 0.5 to 1
M'ns?. In general, cobalt was a much more potent quencher of NBD than iodide. This
was the first time that NBD labeled protein quenching studies have been performed with
cobalt, and the results confirm the observation that cobalt is an effective NBD quencher
(Morris et al., 1985). It is interesting to note that the first titer of cobalt was 500 uM,
which is in excess of the 125 uM lipid used in the experiment. As seen in Figure 3.13A,
the cobalt quenching of Bax incubated with tBid did not follow a linear Stern Volmer
quenching, likely because the anionic headgroups of the lipids attracted the cationic

quencher, creating a smaller effective volume of higher cobalt concentration that

103



M.Sc. Thesis — JF Lovell McMaster University — Biochemistry and Biomedical Sciences

saturated the membrane. Figures 3.13D and 6.3 show that when Bax inserted and
oligomerized in liposomes, the first 500 (tM addition of cobalt drastically quenched the
NBD labeled residues compared to the subsequent titrations. Remarkably, the residues
that showed the greatest susceptibility to cobalt quenching were the residues of the pore-
forming domain. Figure 3.13E shows that compared to the N terminal residues before the
pore-forming domain, the pore-forming domain was more quenchable by cobalt than
iodide. This data suggests the pore-forming domain secures a lipidic pore, as opposed to

an entirely proteinaceous pore.

To further verify the role of the pore-forming domain, doxyl quenchers were used
to determine the proximity of the labeled residues to quenchers covalently attached to
lipids at different depths (Figure 3.14). The residues of helix 5 displayed a quenching
pattern consistent with a membrane spanning helix. Interestingly, every assayed mutant
on helix 6 displayed the most quenching by the shallowly buried 5° doxyl quencher
(Table 3.5). The data also indicated that many of the residues were quenched effectively

not just by a single quencher, but at several positions, implying the Bax pore is dynamic.

4.4 A model for the Bax pore-forming domain

By taking together the data from multiple independent fluorescence techniques, a
schematic diagram of the Bax pore may be generated. Figure 4.2A shows a cutaway view

of a Bax pore that is forming a lipidic pore (left panel) or alternatively forming a
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proteinaceous pore (right panel). Quenching evidence suggests Bax formed lipidic pores.
Figure 4.2B shows a Bax pore with only helices 5 and 6 of Bax shown. Helix 6 lies buried
just under the headgroups of a toroidal lipidic pore. The environment of helix 6 is
dynamic and intermediate, being quenched by doxyl quenchers below the headgroup, but
also being quenched by anionic cobalt. Helix 5 on the other hand is more deeply buried,
as reflected by longer lifetimes and proneness to quenching by deeper doxyl quenchers.
The environment around helix 5 is also dynamic, as residues on this helix did display
some quenching from lipid quenchers of multiple depths. The residues were also
quenchable by cobalt, although the residues in the middle of this helix were resistant to
cobalt quenching. If helix 5 and 6 adopt the position shown in Fig 4.2B, no part of the
protein resides on the trans side of the pore (unless another helix besides helix 1 or 9 are
transmembrane, which is unlikely based on hydrophobicity). This is unlike the diphtheria
toxin, where evidence exists that several of the N terminal helices are on the interior side
of the pore (Senzel et al. 2000). The number of Bax monomers comprising the large
oligomer is not known. The diphtheria toxin, which appears to make smaller pores than
Bax, has been estimated to form oligomers of 20-24 monomers (Bell et al., 1997).
Previous attempts have estimated indirectly that Bax forms tetrameric pores (Saito et al.,
2000), although a tetramer seems too small to allow the release of large molecules over

100 kDa in size.

This arrangement of helix insertion anchoring a lipidic pore is a new model that
sheds light on the mechanism that Bax uses to induce apoptosis. Unlike Bid, where spin

labeling studies suggested the helices of Bid are only shallowly inserted (Oh et al., 2005),
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the Bax pore-forming domain makes dynamic contact deep into the bilayer. This model
may have further implications for our understanding of how other Bcl-2 proteins, such as
Bak, function. Furthermore, other alpha helical pore-forming toxins, such as the
diphtheria toxin may also use a similar anchoring method to form pores, although
previous work using spin labeling has suggested that the diphtheria toxin may form a non-

toroidal proteinaceous pore (Oh et al., 1996).
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Figure 4.2: Model for topology of the Bax pore-forming domain

A: Sideview of two possible topologies for a lipidic Bax pore (left) and a proteinaceous Bax pore
(right). Lipids are shown as green spheres and Bax helix 5 and 6 are shown as blue cylinders.

B: Cutaway model for the possible structure of the pore-forming domain. Image created using the
Blender program (available online at http://www.blender.org). Blue helices represent Bax helix 5 and
6, with helix 6 closer to the lumen of the pore. The green spheres and their tails represent lipids.

4.5 Future Direction

While this study has established a topological model for the pore-forming domain,
the role of the other helices and BH regions was not addressed in detail. The lifetimes and
quenching data for a couple residues in the amphipathic BH3 region (62C, 66C)
suggested that this area of the protein is fairly exposed to water. If the role of the pore-
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forming domain is to line a lipidic pore, what parts of the protein must be responsible for
oligomerization? Other helices of the protein must be responsible for holding Bax in its
cytosolic form until it receives activation from tBid or other Bax. Furthermore, what is
the role of the hydrophobic tail anchor of Bax? Residues on this helix become protected
from chemical labeling (Annis et al., 2005), but it has been shown that the tail anchor is
not required for pore formation. Additional site directed mutagenesis and NBD labeling
of more residues can shed more light on the nature of Bax. There are still seven other
helices that have unknown function and topology during pore formation. Although this
technique can definitely be useful in determining some characteristics of the structure of
activated Bax, the difficulty in interpreting the data makes it a temporary replacement for
high resolution NMR, crystallographic or EM structural data. Unfortunately, no such data

have been reported yet.

There are also several avenues that may be pursued based on the fluorescence assays
presented in this thesis. These assays may be used to determine how Bax mutations
inhibit the protein. For instance, do all Bax mutants that are unable to permeabilize
liposomes and mitochondria behave the same way in terms of helix 5 and 6 insertion and
interaction with tBid? tBid-DAC and 126C-Bax-NBD containing further mutations can be
used to address this issue. Further work could extend these assays to Bcl-xL to measure
how Bcl-xL inhibits Bax and tBid. Furthermore, since this study suggested an order to
pore formation by Bax, this system can be used to verify at which point pore-forming
inhibitors act. This approach may be more useful if it were extended to determine at

which point Bcl-2 and Bcl-xL inhibitors act.
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Methods presented in this thesis also could be used for analysis of Bax behaviour
in a high throughput screen. Residues have been discovered that undergo large
fluorescence increases. Interactions between proteins can be followed with FRET donor
emission decreases. These fluorescence parameters could be used to screen compounds

that activate Bax or antagonize Bax inhibitors.
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6 Supplementary material
6.1 Cleavage by hydroxylamine is preferred over betamercaptoethanol

To avoid over labeling with IANBD, the use of hydroxylamine was investigated, as
this was recommended by a representative of the manufacturer (New England Biolabs).
Figure 6.1 shows that cleaving the intein with hydroxyl amine instead of beta-
mercaptoethanol reduced non specific labeling. Subsequently, all mutants were repurified

using hydroxylamine as the cleaving agent.

Beta-mercap cleaved Hydroxylamine cleaved Beta-mercap cleaved Hydroxylamine cleaved

A A A A
I \ . A o AV am—

A ‘N

N ; 5 ﬁ i ' o O

A N g
A —~ S
NBD scan on typhoon Same gel, Coomasie stain

Figure 6.1: Cleavage by hydroxyl amine can reduce non-specific labeling of Bax

Before inducing intein cleavage, cysteine negative Bax (plasmid# 1730) bound to chitin beads was
split into two and then was cleaved for 24 hours with 100 mM Beta-mercaptoethanol or 100 mM
hydroxylamine. The proteins were then eluted, dialyzed and labeled with 10 fold excess of IANBD.
The left panel shows an SDS PAGE gel Typhoon fluorescence scan of 10, 9 8, and 7 uL of labeled
protein for both the Beta-mercaptoethanol cleaved Bax and the hydroxylamine cleaved Bax. The
hydroxylamine cleaved Bax does not appear on this fluorescence scan. The right panel shows the
Coomassie stain of the same gel.
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6.2 Absorbance spectra of NBD labeled mutants
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Figure 6.1 shows the absorbance spectra of the Bax proteins used in this study.
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Figure 6.2: Absorbance spectra of labeled Bax mutants

Spectra obtained after Iabeling and removing free dye from sample. The x axis shows the wavelength
in nm and the y axis shows the absorbace. The pathlength was 0.8 cm. All spectra had a buffer blank
(10% glycerol, 0.2 M NaCl, 0.2 mM EDTA, 10 mM HEPES pH?7) subtracted.
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6.3 Ionic quenching titrations

Figure 6.2 shows representative iodide and cobalt quenching curves for the NBD

labeled Bax mutants assayed with or without incubation with tBid.
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Figure 6.3: Quenching titrations for KI and CoCl,.

Quenching is shown for 100 nM NBD labeled Bax mutants either incubated with 20 nM tBid
(indicated by +tBid) or without. The x axis shows the molar concentration of KI or CoCl2 added to
the mix and the y axis shows Fy/F, where F, is the background corrected initial emission of the NBD
labeled mutant and F is the background corrected emission in th presence of quencher.
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6.4 Tb-DPA liposomes can be lysed with 0.5% CHAPS

When initially using Tb-DPA containing liposomes, it became apparent that Triton-
X100, the detergent used to lyse ANTS/DPX containing liposomes, attenuated Tb-DPA
fluorescence, even in the absence of EDTA in the external medium. Figure 6.4 shows that
addition of CHAPS did not disrupt the Tb-DPA complex. CHAPS was subsequently used

to lyse Tb-DPA containing liposomes.
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Figure 6.4: 0.5% CHAPS is suitable for lysing Tb-DPA containing liposomes

The fluorescence of 100 UM Tb and 300 pM DPA were measured in a buffer of 0.2 M KCI, 1 mM
MgCl2 and 10 mM HEPES pH 7, exciting at 280 nm and measuring emission at 490 nm. After initial
emission measurement (blue), detergents were added and the fluorescence was measured again
(green). The fluorescence of the Th-DPA should not decrease if the detergent did not affect the
complex. The fluorescence background of the detergent alone is shown in red.
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6.5 Data fitting for lifetimes

Table 6.1 shows the three component fit for the NBD labeled Bax mutants. The

average lifetime is shown as the intensity weighted mean. The + and — signs indicate

whether or not that mutant had been incubated with 20 nM tBid for 2 hours at 37° C. The

average lifetime shown is the intensity weighted mean lifetime.

Table 6.1: Three component fit parameters for lifetimes
compl | compl | comp2 | comp2 | comp3 | comp3 | Average xz
Residue | (ns) % (ns) % (ns) % (ns)
3- 0.0722 15 0.949 40 5.45 45 2.84 1.57
3+ 0.235 21 1.32 33 5.67 46 3.08 2.21
5- 0.192 27 0.968 43 5.07 30 1.96 2.82
5+ 0.258 22 2.08 39 5.7 39 3.08 2.46
47- 0.33 18 2.05 44 5.78 38 3.13 1.67
47+ 0.24 25 1.32 37 5.54 38 2.63 2.2
62- 0.99 42 16.5 30 53 28 1.96 3.28
62+ 0.29 30 1.91 41 7.29 29 3 1.55
66- 0.28 26 1.81 34 7.44 40 3.7 2.12
66+ 0.23 34 1.62 40 7.54 26 2.69 2.29
79- 0.229 26 1.35 47 6.61 27 245 2.07
79+ 0.293 27 1.57 43 5.93 30 2.56 1.94
114- [ 0.0124 1 1.65 6 94 93 8.81 0.731
114+ 0.438 4 2.89 12 9.2 84 8.06 1.33
118- 0314 15 2.25 31 7.67 54 4.86 2.33
118+ 0.38 12 2.27 28 7.67 60 5.28 2.26
120- 0.29 13 24 24 10.4 63 7.21 1.84
120+ 0.28 7 2.72 20 10.5 70 8.24 0.679
122- 0.267 9 2.51 46 6.7 45 4.18 0.834
122+ 0.191 5 2.34 30 7.09 65 531 1.35
124- 0.28 14 2 32 73 55 4.66 1.29
124+ 0.41 6 249 26 8.39 69 6.42 0.89
126- 0.24 19 1.46 36 5.99 45 3.29 1.81
126+ 0.31 12 24 29 7.82 59 5.34 1.67
130- 0.296 13 1.98 38 6.14 49 3.83 1.09
130+ 0.35 13 1.99 33 7.54 55 4.82 2.64
134- 0.329 12 2.25 34 6.38 54 4.28 1.48
134+ 0.268 8 2.44 40 6.72 52 4.49 0.36
136- 0.41 11 24 36 8.16 53 52 0.91
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136+ 0.241 7 249 41 6.87 52 4.63 0.865
137- 0.37 10 1.98 30 6.14 60 431 1.53
137+ 0.31 12 2.15 41 6.37 47 393 0.655
138- 0.255 13 1.92 40 5.77 46 3.49 1.96
138+ 0.445 12 2.7 42 7.02 46 4.44 0.875
139- 0.281 21 1.6 40 7.22 39 3.53 1.95
139+ 0.139 7 1.73 36 6.36 57 4.27 14
140- 0.265 17 2.19 32 8.23 51 4.95 0.966
140+ 0.265 27 2.04 38 7.38 35 341 1.59
141- 0.325 13 1.93 38 6.89 49 4.19 1.98
141+ 0.51 11 2.5 39 6.86 50 4.46 0.622
142- 0.276 30 1.61 39 6.53 32 2.78 1.78
142+ 0.257 26 1.78 34 6.68 40 335 1.61
143- 0.28 23 1.9 39 8.48 38 4.02 1.83
143+ 0.344 21 2.16 46 7.22 33 346 0.7
175- 0.341 20 2.55 37 7.96 43 445 1.7
175+ 0.394 15 247 36 8.13 49 497 1.72
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