ABSTRACT
THE ROLE OF N-TERMINAL DOMAIN EXPOSURE OF BAX IN THE
REGULATION OF INTRINSIC APOPTOSIS AT THE
MITOCHONDRIA
The Bcl-2 protein family, made up of pro and anti-apoptotic proteins plays a
major role in regulating apoptosis. Bax is a pro-apoptotic member of the Bcl-2 family. In
its inactive form, Bax is primarily a cytosolic and monomeric protein. Upon activation,
Bax translocates to and permeabilizes the mitochondrial outer membrane releasing
apoptotic factors. Because Bax plays such a pivotal role in cell death signaling, it is
highly regulated through interaction with protein kinases and other members of the Bcl-2
family. Activation of Bax also requires a substantial change in conformation and of
localization of the Bax protein, exposure of the N-terminus is one such conformational
change Bax undergoes. However, the molecular processes linking N-terminus exposure
with respect to Bax’s ability to translocate to, insert, and permeabilize the mitochondrial
membrane remain to be defined. When Bax mutants P168A and S184A are expressed in
yeast, they have higher mitochondrial localization than WT Bax. However, The S184A
mutant is far less capable than P168A or WT Bax in releasing cytochrome c, a step
considered to be the point of no return in the apoptotic signaling cascade. By using an
ELISA to probe the recombinant Bax mutants for N-terminus exposure, we found
significantly lower levels of N-terminus exposure the S184A when compared to P168A
or WT Bax, suggesting that the N-terminus plays a more predominant role in pore
formation than mitochondrial localization. However, the mechanism by which the Nterminus increases the pore formation ability of Bax has yet to be defined.
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INTRODUCTION
Introduction to the BCL2 Family
The dysregulation of apoptotic processes is a major contributor to many forms of
cancer. For this reason, proteins involved in the regulation of apoptosis have been heavily
studied. In 1984, a protein that was overexpressed in B-cell lymphoma was characterized
and subsequently named B-cell lymphoma 2 (Bcl-2). Further research identified Bcl-2 as
part of a larger family of proteins that play a role in regulating apoptosis. (Tsujimoto,
Finger, Yunis, Nowell, & Croce, 1984). The Bcl-2 family of proteins are characterized by
the presence of Bcl-2 homology (BH) domains (Kelekar & Thompson, 1998). The
function of these proteins can be broken down into the anti-apoptotic members Bcl-2
(Petros et al., 2001) and Bcl-xL (Muchmore et al., 1996), and pro-apoptotic members Bax
(Suzuki, Youle, & Tjandra, 2000), Bak (Moldoveanu et al., 2006), and. A family of Bcl-2
homologs known as BH3 only proteins, are named as such because they contain only one
of the 3 BH domains found in the true Bcl-2 family. These proteins, Bad (Yang et al.,
1995), Bim (O'Connor et al., 1998), Puma (Yu, Zhang, Hwang, Kinzler, & Vogelstein,
2001) and Bid (Chou, Li, Salvesen, Yuan, & Wagner, 1999) are pro-apoptotic (Fig. 1).
The pro apoptotic protein Bax is one of the direct effectors of cell death. Bax is
responsible for permeabilizing the mitochondrial outer membrane (MOM) causing the
release of cytochrome c, which is considered the commitment step in the intrinsic
apoptotic signaling cascade (Desagher et al., 1999). In healthy cells, Bax localization is in
a steady-state equilibrium between the cytosol and mitochondria, with most of the protein
located in the cytosol. After receiving apoptotic signals, Bax undergoes multiple
conformational changes as it translocates to the mitochondria, inserts into the MOM,
oligomerizes, and forms pores in the MOM (Wolter et al., 1997). The function of these
conformational changes as it relates to translocation and insertion of Bax into the MOM
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Figure 1. Bcl-2 Family Homology. Both anti-apoptotic and pro-apoptotic members of the
Bcl-2 family contain domains of homology termed Bcl-2 homology (BH) domains. Antiapoptotic proteins Bcl-2 and Bcl-xl share BH domains 1-4, while pro-apoptotic proteins
Bax, Bak, and Bok share only BH domains 1-3, and the rightly named BH-3 only
members contain only BH domain 3. Image adapted from (Renault & Manon, 2011)
has yet to be fully defined. Anti-apoptotic proteins Bcl-2 and Bcl-xL inhibit apoptosis by
binding to Bax and preventing it from forming oligomers and inserting into the MOM.
(Delbridge & Strasser, 2015). Because Bax activation acts as the final step of
commitment of a cell to apoptosis, we set out to shed light on the functionality of Bax
structural changes once activated.
Bcl-2 Family Structures
The mechanisms by which Bcl-2 proteins induce mitochondrial apoptosis are
regulated by a series of complex protein-protein interactions. BH domains 1, 2, and 3, are
largely responsible for mediating these interactions. Site-directed mutagenesis of the BH3
domain in Bax (Zha, Aime-Sempe, Sato, & Reed, 1996), or the BH1 domain of Bcl2/Bcl-xL (Sedlak et al., 1995) is enough to inhibit interaction of these proteins. Further
research into the relationship between these domains allowed for the development of
ABT-737, a BH3-mimetic molecule with extremely high specificity and affinity for Bcl-2
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and Bcl-xL. This specificity causes these proteins to preferentially bind to the drug
instead of the pro-apoptotic Bcl-2 members (Oltersdorf et al., 2005).
Both pro- and anti-apoptotic Bcl-2 protein groups contain a hydrophobic -helix
at the C-terminus, which is long enough to form a membrane anchor (Kelekar &
Thompson, 1998). The removal of this domain in both Bcl-2 and Bcl-xL results in the
loss of MOM localization by both proteins (Kaufmann et al., 2003). The C-terminal
domain is so similar between pro and anti-apoptotic proteins that the C-terminal -helix
from Bcl-xL can localize Bax mutants with no -helix to the mitochondria (Tremblais et
al., 1999). However, the exact function of Bax’s C-terminal -helix is still unknown. The
C-terminal domain from Bax is unable to anchor reporter proteins (Suzuki et al., 2000),
and it is unable to promote mitochondrial localization of Bcl-xL mutants lacking its own
C-terminal -helix (Tremblais et al., 1999). However, experiments have been done in
yeast models in which mutations have been induced in Bax that move the C-terminus
away from the core of the protein. The result is higher mitochondrial localization than
WT, suggesting the C-terminus plays some role in translocating Bax the mitochondria.
(Arokium, Camougrand, Vallette, & Manon, 2004).
The conformational changes that Bax undergoes as it moves from the cytosol to
the MOM add to the complexity of Bcl-2 mediated apoptosis. The structure of cytosolic
“inactive” Bax has been determined via NMR (Suzuki et al., 2000) to be hydrophilic and
monomeric. Bax is made up of 9 -helices. It is believed that 5, 6, and 9 play a role
in direct interaction with the MOM (Schlesinger et al., 1997). The structure of the final
“active” form which is inserted into the MOM (Hsu & Youle, 1998) has also been
determined. The active form is identified by a key feature, the exposure of the first 19
residues of the N-terminus. This domain is highly flexible. In the inactive form of Bax,
this N-terminal domain is buried within the protein. When the N-terminus of Bax is
exposed the protein can dimerize and insert into the MOM. Once Bax dimers are inserted
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into the MOM, they act as receptors for more Bax molecules which then form oligomers,
leading to cytochrome c release (Cartron et al., 2008) (Fig. 2). Because exposure of the
N-terminus appears to regulate Bax function, the first 19 residues have been named the
apoptotic regulation of targeting or ART (Fig. 3.)

Figure 2. Illustration of Bax activation. In the presence of apoptotic stimuli, Bax
translocates from the cytosol to the MOM. N-terminus exposure is a key characteristic of
Bax activation, thus it can be used as a marker for Bcl-2 protein involvement in cell
signaling.
A key residue of interest is Proline 168. This residue is located between - helices
8 and 9 near the C-terminal region of the protein (Fig. 3). Proline acts as a helix breaker
and can induce ß-turns in the secondary structure of a protein (Williamson, 1994) The
beta turn induced by P168 locks the C-terminal 9-helix in position close to the
hydrophobic core of the protein. The amino acid alanine is not conducive to the
formation of beta turns and allows for greater flexibility of the 9- helix to be released
from the hydrophobic groove. In vitro studies in which this proline is switched to an
alanine have resulted in higher levels of mitochondrial localization of Bax and a higher
release of cytochrome c than the WT. Immunoprecipitation of the protein using antibody
that only binds to the N-terminus indicates that mutation of this region allows for Nterminus exposure (Simonyan, Legiot, et al., 2017). While the findings from these
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Figure 3. Structure of Cytosolic (inactive) Bax. BH domains 1-3 form a hydrophobic
groove in the core of the protein in which the hydrophobic 9 helix is buried. Circled are
three points of interest. (A) The N-terminal ART sequence, (B) P168 which induces a turn, locking 9 in place, and (C) phosphorylatable residue S184. Image adapted from
(Renault & Manon, 2011)
experiments have helped develop an overall model illustrating Bax’s conformational
changes as it moves from the cytosol to the MOM, there is still much to be learned about
the specific function of the exposed N-terminus.
Bax Phosphorylation and Activation
Protein phosphorylation has been heavily studied and been established as playing
a key role in the activation/deactivation of many proteins. When it comes to Bax, studies
have shown that Ser184 can be phosphorylated by Akt which is a kinase involved in
survival signaling pathways (Gardai et al., 2004). S184 lies on the inside of the 9 helix
facing towards the core of Bax (Fig. 3).
When Ser184 was phosphorylated, the data showed a much lower level of
mitochondrial localization by Bax. However, When Ser184 was substituted with a non
phosphorylatable residue, such as alanine or valine, there is a comparably higher level of
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mitochondrial Bax (Arokium et al., 2007) (Gardai et al., 2004). While this studied shed
some light on how phosphorylation may play a role in Bax localization, it was less clear
on demonstrating the effect on Bax activity. Phosphomimic mutants such as Ser184Asp
demonstrated elevated levels of cytochrome c release while exhibiting low levels of
mitochondrial localization. Conversely, Non-phosphorylatable mutants exhibited low
apoptotic activity despite high mitochondrial localization (Simonyan et al., 2016)
The goal of this study was to develop a better understanding of the role of Nterminus exposure in the step-wise process of Bax activation. Previous research on Bax
mutants P168A and S184A has established that both species have elevated levels of
mitochondrial localization compared to WT Bax when expressed in yeast cells. However,
expression of Bax P168A also results in comparably higher levels of cytochrome c
release than WT Bax, indicating that this mutant is more efficient at forming pores large
enough for release of cytochrome c into the cytosol. Conversely, when Bax S184A is
expressed, there is comparably lower levels of cytochrome c release than WT or P168A
Bax. This information suggests that the conformational changes Bax undergoes as a
result of these mutations increases both species ability to localize at the MOM. However,
the structural changes induced by either mutation appears to differ, as evidenced by the
disparity in the two species ability to induce cytochrome c, regardless of the fact that both
mutants have increased levels of association with the MOM (Fig. 4). Therefore, these two
recombinant Bax mutants were probed for N-terminus exposure by an Enzyme Linked
Immunosorbent Assay (ELISA) using conformation specific antibodies which bound to
the N-terminus in its exposed conformation. This method allowed for semi-quantitative
analysis of N-terminus exposure across the Bax mutants and WT Bax and compare the
differences of N-terminus exposure levels to differences of Bax mutant and WT activity
in vitro.
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Figure 4. How Point Mutations Change Bax’s Ability to Release Cytochrome C.
Expression of P168A and S184A Bax mutants in yeast result in elevated levels of
mitochondrial localization of Bax when compared to WT. However, the P168A mutant
induces higher levels of Cyt C release when compared to WT while S184A causes
induces lower levels of Cyt C than WT Bax (Simonyan et al., 2016) and (Simonyan,
Légiot, et al., 2017)

METHODS
Synthesis and Purification of Recombinant Bax
Purified recombinant protein samples were obtained after in vitro translation and
IMAC purification as described by (Simonyan, Légiot, et al., 2017). cDNA for either WT
Bax or mutant variants with a His6 tag were cloned in a pIVEX 2.4 plasmid and added to
a small volume dialysis chamber along with E. coli BL21DE3 lysate. Synthesis occurred
over the course of 20 h at 30 0C. After centrifugation of the solution was performed,
protein in the supernatant was extracted and purified via FPLC using Ni2 beads. Protein
fractions were analyzed by SDS-PAGE. Protein concentrations in each fraction was
determined by BCA assay (Simonyan, Légiot, et al., 2017). WT Bax, Bax P168A and
Bax S184A were provided by the laboratory of Dr. Manon (U. Bordeaux, France). To
generate a positive control, Bax N-terminus exposure was achieved by incubating Bax
samples in a solution of 0.2% Triton X-100 for two hours at room temperature (Hsu &
Youle, 1998)
ELISA of Recombinant Proteins
The basic principle of this ELISA was based on a protocol developed in (Teijido
et al., 2016). Bax is sandwiched between a capture antibody and detection antibodies as
shown in Fig. 5. A 96 well plate is first coated with 100l of either the 6A7 or 2D2
antibody (Thermo Fischer scientific) at a final concentration of 0.05g/ml and incubated
for 18 hours at 40C. 6A7 is a monoclonal antibody that binds to an epitope on the Nterminus of Bax that is only accessible when the protein is in the active conformation
while 2D2 binds to an epitope accessible in all forms of Bax (Hsu & Youle, 1998). Such
experiments were run in parallel. After incubation with the capture antibody, the wells
were washed 4x with 100l DPBS, 0.05% Tween-20 for thirty seconds each wash.
Remaining incubations were performed at room temperature on a shaker. The wells are
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then filled with 200l of DPBS, 1% BSA (w/v) (Sigma-Aldrich) as a blocking solution
and incubated for one hour. The plate was then washed 4x with DPBS as in the previous
wash. Recombinant Bax samples WT, P168A, and S184A were prepared in DPBS, 1%
CHAPS (w/v) (Sigma-Aldrich) at varying concentrations (100, 50, 25, 0 ng/ml) and
100l were added to wells in triplicate. The plate was then incubated for 2 hours. After
washing, 100l of the polyclonal antibody N20 (Santa Cruz Biotech) was added to the
wells at a final concentration of 0.2g/ml in blocking solution and incubated for one hour
to amplify signal. After washing, 100l of biotinylated goat anti-rabbit antibody (Abcam)
was added to wells at a final concentration of 0.24g/ml in blocking solution and
incubated for one hour. After washing, 100l of 1:200 dilution of streptavidin-HRP
(R&D Systems) in blocking solution was added to wells and incubated for 30 minutes.
To maximally reduce background the final wash was performed 5x for 1 min each. 100l
of a 1:1 mixture of TMB/H2O2 (Thermo Fisher Scientific) was added to the wells and
incubated in the dark for 5min. The HRP bound to the tertiary antibody in the well via an
interaction between biotin and streptavidin catalyzed a reaction between TMB and H2O2
resulting in the clear solution in the wells turning yellow. The intensity of yellow
coloration directly correlated to the amount of Bax captured by the primary antibody. The
reaction was stopped by adding 100ul of 2N H2SO4. The absorbance of the wells was
then read at 450 and 540nm using a Biotek Synergy HT plate reader. A Delta OD (450540nm) was then calculated, an increase in this OD directly correlated with the amount
of Bax with the N-terminus exposed present in the sample.
Determination of Total Bax Relative Amounts in
Recombinant Bax Samples Using Western Blot
Bax Samples (WT, P168A and S184A) were prepped at either 5 or 10 ng total
protein at a total volume of 10l with 5l 2x Laemmli sample buffer (Bio-Rad) and
heated to 65 oC for 10 min. SDS-PAGE was performed using a 4-15% gradient stain free
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Figure 5. Principles of Sandwich ELISA: From left to right, (A) monoclonal capture
antibody is bound to the well. (B) The capture antibody selectively binds to the target
antigen (Bax). (C) Polyclonal secondary antibody binds the Bax. (D) Goat anti-Rabbit
antibody conjugated to HRP binds to secondary antibody. (E) TMB is added to the wells
and oxidized resulting in a color change detectable by spectrophotometry. Image
retrieved from https://www.lsbio.com
gel (#4568084 Bio-Rad). Electrophoresis was run at 120V for 15 min in 500ml
Tris/Glycine/SDS buffer (#1610772 Bio-Rad). PVDF membrane (#1620177 Bio-Rad)
was activated by soaking in methanol for 1 min, washing in water and complete
immersion in transfer buffer (20% methanol, 10% Bio-Rad premixed 10x Tris/Glycine).
The transfer sandwich was placed in the semi-dry transfer unit with and run at 15V for 30
min. After the transfer was complete, the membrane was soaked in PBS- 5% milk for 1h
at room temperature with gentle agitation. After blocking, membrane was washed 3 times
5 min each with 1x PBS-Tween 20. Once washed, the membrane was placed in a solution
of 1:1000 dilution of polyclonal antibody N20-HRP conjugate (sc-193 Santa Cruz
Biotech) and incubated at room temperature for 1h with constant rocking. After
incubation, membrane was washed 4x for 5 min each wash then placed in a solution of
7ml Western Blot Super SignalTM (#46640 ThermoFisher) and incubated for 1 min. The
membrane was then washed 4x for 5 min each wash in PBS-Tween. Immunodetection
was realized by chemiluminescence in a ChemiDoc MP imager Bio-Rad). Semiquantification of total Bax present in samples was performed by analyzing the pixel

11
density of the bands using Image Lab from Bio-Rad with the WT sample acting as the
standard. The ratio of pixel density between samples was then applied to the results of the
ELISA to normalize the results.

RESULTS
Our goal was to develop a better understanding of how N-terminus exposure plays
a role in Bax relocation to mitochondria and consequent cytochrome c release. We used
an ELISA to probe mutants P168A and S184A for N-terminus exposure. The absorbance
signals we measured indicates the amount of Bax with n-terminus exposure present in the
sample. We established this by first running an ELISA comparing different
concentrations of untreated WT, P168A, and S184A Bax with samples treated with the
detergent Triton X-100. Previous research has shown that Triton X-100 induces
conformational changes in Bax exposing the 6A7 epitope on the N-terminus (Hsu &
Youle, 1998). Because all Bax samples will have some Bax with N-terminus exposure,
increasing the total Bax content of the wells increases the amount Bax protein with the Nterminus exposed present as well. Increasing the amount of total protein in a well
corresponded to a measurable increase in absorbance signal for both untreated Bax
samples and samples treated with Triton X-100. However, the absorbance values for
Bax+Triton X-100 were significantly higher than untreated Bax at similar protein
concentrations for WT, P168A and S184A, which can be attributed to the induction of Nterminus exposure in treated samples (Fig. 6), confirming the ELISA as a reliable method
for measuring and comparing levels of Bax N-terminus exposure (Teijido et al., 2016).
The next step was to screen all three Bax samples for differing levels of Nterminus exposure. Six independent experiments were run, screening WT, S184A, and
P168A in parallel, using 6A7 as the capture antibody. We could not compare the absolute
absorbance values generated by the ELISA across multiple experiments. This was due to
high variability in absorbance values between each independent experiment within
identical species at similar concentrations (Fig. 7A). However, by plotting the absorbance
values for all the samples, and applying trend lines to the data sets, we found that the
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Figure 6. Graphical representation of Absorbance values generated by the ELISA vs.
total concentration of Bax and Bax+Triton X-100. (A) Increasing total protein content
results in increased absorbance signal for both WT and WT+Triton. However,
WT+Triton has significantly higher absorbance values than WT at similar concentrations.
Incubation in the presence of Triton X-100 has the same effect on (B) S184A, and (C)
P168A. This is due to induction of N-terminus exposure by treatment with Triton X-100.
100l of Capture (6A7) antibody incubated at 0.05l/ml for 16 h, 200l of blocking
buffer (PBS-1% BSA) for 1 h, 100l of protein samples at 0, 25, 50, and 100ng/ml for 2
h, 100l of secondary (N20) and tertiary (goat anti-rabbit) at 0.2 and 0.24g/ml for one
hour respectively, 100l of 1:200 dilution of HRP for 30 min, 100l of 1:1 ratio of
TMB:H2O2 for 5 min, reaction quenched with 100l H2SO4. Wells washed with 200l
PBS-Tween 20 4x for 30 sec in between incubations.
increasing signal followed a linear curve (Fig. 7B). The slope of the trend lines applied to
the plots were consistent and reproducible across experiments. The value of the slopes
relates to the absorbance units (AU)/ng of protein. Therefore, the slopes generated by the
trend lines were a useful metric to compare and analyze the results of multiple ELISA’s
and identify any difference in N-terminus exposure between the Bax samples. We used
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these slopes to then identify any differences in N-terminus exposure between WT Bax
and Bax mutants P168A and S184A. We found that the specific slopes (AU)/ng protein
of the P168A and S184A Bax mutants were lower than that of the recombinant Bax WT,
with the S184A having the smallest slope of all three species. This indicated to us that
there was some difference in N-terminus exposure between the WT and mutant Bax
proteins.

Figure 7. Graphical representation of Absorbance values generated by the ELISA vs total
concentration of WT. P168A, and S184A Bax protein. (A) All experiments demonstrated
that increasing concentrations of Bax directly correlate to increasing absorbance
measured by spectrophotometry. (B) When trend lines were applied to individual
experiments, we found the increase to be highly linear (R2 > 0.90). 100l of Capture
(6A7) antibody incubated at 0.05l/ml for 16 h, 200l of blocking buffer (PBS-1% BSA)
for 1 h, 100l of protein samples at 0, 25, 50, and 100ng/ml for 2 h, 100l of secondary
(N20) and tertiary (goat anti-rabbit) at 0.2 and 0.24g/ml for one hour respectively, 100l
of 1:200 dilution of HRP for 30 min, 100l of 1:1 ratio of TMB:H2O2 for 5 min, reaction
quenched with 100l H2SO4. Wells washed with 200l PBS-Tween 20 4x for 30 sec in
between incubations.
Our next step in this study was to determine if these differences were associated
with differences in the total amount of Bax protein in each sample. These measurements
were performed using a protocol of Bax semi-quantification by Western blot using
putative 5 and 10 ng of total Bax for each sample. Once the bands were detected, the
pixel density of the 10ng bands were determined. We then used the intensity of the signal
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obtained using 10 ng of total WT Bax to further estimate the actual Bax total amounts in
the Bax S184A and Bax P168A samples (Fig. 8).

Figure 8. Semi-quantification of Bax by Western Blot. (A) protein was loaded at 5 and
10ng total per well for all three samples and bands detected using the polyclonal antibody
N20 (Santa Cruz Biotech). Immunodetection was realized by chemiluminescence in a
ChemiDoc MP imager Bio-Rad. (B) Semi-quantification of total Bax present in samples
was done using Image Lab from Bio-Rad. The 10ng band of WT Bax was used as
reference for normalization. When compared to the WT, the 10 ng P168A band had a
relative pixel density of 0.98, and the 10ng S184A band had a relative pixel density of
0.51
The S184A band was the only sample that had a significantly lower pixel density
than the WT band, with a pixel density ratio of 0.51:1. This indicated that concentration
of the total amount of Bax in the S184A sample was roughly half that of the WT and
P168A. Therefore, the concentration of S184A sample in the ELISA were adjusted by the
pixel density ratio. After the raw data had been normalized by the pixel density acquired
from the western blot, it was possible to compare the average AU/ng of protein of each
sample across all six experiments (Fig. 9)
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AU/ng of protein

Average Slope

*

Figure 9. Slope Comparison of Bax Samples. After correction using the normalization
ratio, the average slope (Absorbance Units/ng of protein) of the three samples were
0.00265E-4, 0.00213E-4, and 5E-42.8E-5 for WT, P168A and S184A respectively.
Analysis by a 1-way ANOVA established that there was a clear difference in N-terminus
exposure between the three Bax samples (P<0.05) the difference in N-terminal exposure
between WT and P168A was negligible, however S184A had a statistically significant
lower N-terminus exposure than both WT and P168A (*; Student t-test P<0.05).
The average au/ng protein of the S184A mutant was significantly lower than that
of WT and P168A indicating that the S184A mutant has significantly lower levels of Nterminus exposure than either the WT or P168A. The P168A mutant au/ng protein was
slightly less than that of the WT but not significantly so, indicating P168A appears to
have relatively similar levels of N-terminus exposure when compared to the WT.
Finally, we wanted to determine the proportion of total Bax present in the sample
that had N-terminus exposure. To do this, we screened all three Bax samples in parallel
using either the 6A7 Ab to capture only Bax with the N-terminus exposed or the 2D2 Ab
to capture Bax in any conformation and compared the slopes generated by the protein
present in the sample (Fig. 10). Contrary to what we expected, we found no significant
difference in the slopes generated by the ELISA when using either the 6A7 or 2D2
antibody.
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Average Slopes 6A7 vs. 2D2

Au/ng Bax

0.004
0.003
0.002
0.001
0

WT

PA
6A7
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2D2

Figure 10. Comparison of Slopes Generated by 6A7 or 2D2 as Capture Antibody. When
using 6A7 as the capture antibody, the average slope (Absorbance Units/ng of
protein) were 0.003855E-4, 0.00213.1E-4, and 6.5E-49.6E-5 for WT, P168A

and S184A respectively. When using 2D2 as the capture antibody, the average
slopes were 0.00315.4E-4, 0.00222.9E-4, and 5.8E-48.6E-5 for WT, P168A,
and S184A respectively. There was no significant difference in the slopes obtained for all
three Bax samples regardless of the use of either 6A7 or 2D2 as the capture antibody (Pvalue>0.05)

DISCUSSION
In its inactive form, Bax is primarily a cytosolic and monomeric protein. Upon
activation by upstream apoptotic signals, Bax undergoes multiple conformational changes
as it translocates from the cytosol to the mitochondrial outer membrane where it
oligomerizes and permeabilizes the membrane, releasing cytochrome c into the cytosol,
at which point the cell is committed to apoptosis. While the role Bax plays in apoptotic
signaling has been well defined, a definitive picture of the structure-function relationship
of the conformational changes Bax undergoes upon activation has yet to be fully
described, and therefore been the focus of intense research.
Recent in vivo studies have been done in which Bax mutants P168A and S184A
been expressed in yeast cells in order to understand how mutations at key residues affect
the relocalization and permeabilization ability of Bax. Both mutants had higher levels of
mitochondrial localization than WT. However, the S184A mutant was less effective in
releasing cytochrome c than either the WT or P168A mutant (Simonyan et al., 2016)
(Simonyan, Légiot, et al., 2017)
To develop a better understanding of the structure-function relationship of Bax Nterminus exposure and activation, an ELISA was used to probe Bax mutants P168A and
S184A for N-terminus exposure in vitro. The initial concept was to first compare total
levels of N-terminus exposer between samples by analyzing the signal generated by
ELISA’s using 6A7 as the capture antibody then use the 6A7 and 2D2 antibodies for
capture in parallel experiments. Doing so would give us an estimate of the proportion of
total Bax that was in a conformational state in which the N-terminus was exposed
because 6A7 has been shown to only bind to Bax proteins in which the N-terminus is
exposed. The 2D2 could theoretically bind to Bax regardless of conformation, based on
results in vivo in which Bax could be isolated from cell extract regardless of

19
conformation using 2D2 (Wolter et al., 1997). We found however, that the signal
generated when using the 2D2 antibody was not significantly different than what we
observed when using the 6A7. The first and most simple explanation for this unexpected
result is that the protein samples had partly denatured, increasing the binding availability
for the 6A7 so much so that it was binding to a similar proportion of Bax as 2D2. We
know the proteins weren’t completely denatured thanks to the experiments done on Bax
samples treated with Triton X-100. Performing an ELISA using 6A7 on treated samples
generated substantially higher absorbance levels than untreated samples, indicating all
protein samples contained a large proportion of Bax in which the N-terminus was not
accessible unless treated with the detergent. The second explanation for this result is that
when Bax is expressed in vivo, 2D2 may have higher accessibility to its epitope as a
result of Bax’s interaction other proteins. Because 2D2 has been of standard use for semiquantification of all Bax conformations, I believe it is worth further investigation into the
exact reason we observed similar absorbance signal of 2D2 and 6A7.
The results of this study determined that the S184A mutant exhibits significantly
lower levels of N-terminus exposure than both the WT and P168A mutant. This
information suggests that exposed N-terminus does not play a role in the translocation of
Bax to the mitochondria and is evidenced by the fact that S184A has significantly lower
levels of N-terminus exposure than the P168A mutant, yet exhibits similar elevated of
levels of mitochondrial localization in yeast models. Instead, the exposure of the Nterminus of Bax may play a direct role in the release of cytochrome c from within the
mitochondrial intermembrane space. This idea is reinforced by the correlation between
the S184A mutant’s lower levels of N-terminus exposure and lower levels of cytochrome
c release when the mutant is expressed in yeast cells (Fig. 11).
The knowledge gained from this study provides important insight into the
potential structure function relationship of Bax N-terminus exposure and Bax activation,
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Figure 11. Possible correlation between Bax N-terminus exposure and Cytochrome C
release. While both P168A and S184A mutants have elevated mitochondrial localization
than WT Bax, S184A has a lower ability to release cytochrome C than WT while P168A
has a greater ability than WT to release cytochrome C. We propose that this difference of
Bax mutant behavior in vivo may be due lower levels of N-terminus exposure in the
S184A mutant than P168A.
leading us to believe N-terminus exposure plays a role in cytochrome c release. In order
to support the results of these findings, A third Bax mutant S184D will be screened for
N-terminus exposure in the future. The mutant is a phosphomimetic mutant that has low
levels of mitochondrial localization when compared to WT, P168A and S184A.
However, this mutant is extremely effective in releasing cytochrome c from within the
mitochondrial intermembrane space. Phosphorylation of S184 results in movement of the
C-terminal 9-helix away from the core of the protein, exposing the hydrophobic core of
Bax which may result in structural changes elsewhere, namely exposure of the Nterminus. If the exposure of the N-terminus does in fact have little to do with Bax
localization and plays a significant role in the release of cytochrome c it is expected that
this mutant should have significantly higher levels of N-terminus exposure than either
P168A, S184A, or WT Bax.
However, the scope of this study has its limitations. Because Bax activation is a
complex multi-step process in which several conformational changes which are regulated
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by a myriad of protein-protein interactions occurs it is difficult to determine exactly how
N-terminus exposure aids in cytochrome c release. The exposed N-terminus in active Bax
may increase cytochrome c release by increasing Bax oligomerization at the MOM,
aiding in insertion into the membrane, or stabilizing pores. It is also possible that Nterminus exposure is the result of conformational changes elsewhere in the protein. These
results do not establish a definitive cause-and-effect relationship between N-terminus
exposure and cytochrome c release. Because the ELISA protocol implemented only
probed Bax for N-terminus exposure, it is possible that the P168A and S184A mutations
are inducing structural changes elsewhere in the protein that are responsible for the
differences in Bax activity in vitro.
Even with these limitations, the results of this study and the correlations drawn
between in vitro and in vivo analysis provides an interesting framework from which to
hypothesize a more specific role of N-terminus exposure. For example, a recent
publication discovered that Bax phosphorylated by Akt cannot permeabilize the MOM in
human cancer cells, yet can still bind with pro-apoptotic BH3 only proteins (Kale et al.,
2018). Bax interaction with BH3 only proteins is a required step for Bax permeabilization
of the MOM, but this interaction alone is not enough to release cytochrome c in human
cells. Perhaps then, N-terminus exposure is required for Bax-BH3 protein interaction,
pushing Bax to the brink of activating, priming it to form pores in the MOM. In simpler
models such as yeast N-terminus exposure may be sufficient in destabilizing the MOM
and releasing cytochrome c due to a lack of sufficient regulatory mechanisms.
A staggering number of individuals with cancer cells overexpressing Bax also see
an upregulation of the Akt kinase pathway, about 98%. This suggests that
phosphorylation of Bax results in increased resistance to drug induced apoptosis. The
result of this study suggests that N-terminus exposure plays a key role in the release of
cytochrome c and is independent of Bax localization in either the cytosol or near the
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MOM. If this is in fact the case, it is possible that phosphorylation of Bax is a means of
sequestering BH3-only away from the MOM. Bax phosphorylation was recently shown
to eventually lead to a shift the localization of the complexes Bax/BH3-only proteins to
the cytosol; thereby preventing mitochondrial permeabilization and cytochrome c release
(Kale et al., 2018); this behavior would lead to Bax N-terminus exposure and to a global
increase of Bax with their N-terminus exposed during cancer. If future work does
determine that phosphorylated Bax does in fact have elevated levels of N-terminus
exposure compared to WT and non-phosphorylatable Bax, it may be possible to use this
ELISA as a means of screening cells for elevated levels of Bax with N-terminus
exposure. Identification of elevated levels of Bax with N-terminus exposure in tissue
samples may then be a potential biomarker for increased drug resistance in cancer cells,
and identifying the need for multi-targeted therapy to suppress Akt activity.
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