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Purpose: To confirm a model for outer mitochondrial membrane permeabilization, as well as a method for testing this model, so this information can be used in future cancer therapies.

Introduction

Abstract

Discussion

There are three main pathways of apoptosis (or programmed
cell death): the extrinsic death receptor pathway, the intrinsic
mitochondrial pathway, and the intrinsic endoplasmic reticulum
pathway. The pathway correlates with the cause of apoptosis. The
BCL-2 family of proteins regulates the intrinsic mitochondrial
pathway. The BCL-2 proteins are divided into three subgroups:
prosurvival, BH3-only proapoptotic, and multidomain proapoptotic.
The balance of the three subgroups determines whether or not a
cell will undergo apoptosis.

This paper is a review of previous models of outer mitochondrial membrane permeabilization by the multidomain proapoptotic proteins BAX
and BAK in the hope this information will lead to further drug developments targeting forms of cancer resistant to treatment due to an
insufficient amount of apoptosis. The models include the hairpin model, in-plane model, and clamp model. Through a systematic review,
results point towards toroidal pores of varying shapes and sizes formed from many different variations of BAX and BAK oligomers. Studies
point to the in-plane model being the most likely model of pore formation; however, research is needed to prove the accuracy of this model.
Additionally, further research is needed to investigate how to apply this information in the formation of future cancer therapies.

The multidomain proapoptotic proteins, BAX and BAK, are
activated by the BH3-only proapoptotic proteins. The “hit and run”
model shows that the BH3-only proapoptotic proteins “hit” the
multidomain proapoptotic proteins, displacing the transmembrane
domain, then “run” when the conformation of the rest of the
multidomain protein changes. BAX, a cytosolic protein, relocates to
the outer mitochondrial membrane (OMM) once activated, while
BAK is found on the membrane before it is activated. Once the
proteins are activated, the transmembrane domain (helix 9)
anchors into the OMM and the conformation of the proteins
changes so the inner domains are shifted to the outside. From
there, BAX and BAK form the pores in the OMM that
intermembrane proteins are released into the cytoplasm through.

Research Question: How do the multidomain proapoptotic BCL-2 proteins BAX and BAK form the pores in the outer mitochondrial membrane?
Null Hypothesis: None of the models for pore formation will prove to be more favorable.
Alternate Hypothesis: One of the models for pore formation will prove to be more favorable, and will able to be tested.
Figure 1. Apoptotic
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In some forms of cancer, the balance between the
proapoptotic and prosurvival proteins isn’t correct and the cell has
either too many prosurvival proteins or too little proapoptotic
proteins. Since the cells no longer are able to undergo apoptosis at
the same rate, a cancerous tumor may be formed. Various
treatments targeting these proteins are in different stages of
clinical trials. These treatments aim to inhibit the prosurvival
proteins or the genes that code for them. The limit of these
treatments are many of them have negative side effects. One
promising treatment is Venetoclax, which in clinical trials has
proven to be effective, but the most significant side effect of the
treatment was tumor lysis syndrome. Despite the recent advances
in this field, scientists are still unsure how the multidomain
proapoptotic proteins create the pores in the OMM. Many
researchers have predicted that the answer to this question will
pave the way to future drug developments without the side effects
of the current treatments.

Results

Hypothesis

Figure 3.
Structure
of BAX [3].

During BAX and BAK activation, BH3-only proteins receive a cellular stress signal, and bind to the BAX or BAK proteins. This occurs at the BH3
domain, or the “back pocket” at helix 1. Once activated, BAX relocats to the OMM and its TM domain anchors into the membrane. From there,
BAX and BAK form symmetric homodimers at the BH3 domain. These dimers go on to form oligomers (the exact structure of which are
unknown) that create the pores in the OMM.
Various models for pore formation have been suggested. The clamp model suggests that helices 2 and 3 are perpendicular to the OMM,
with helices 6-8 parallel to the membrane on both the inside and outside and the TM domain perpendicular to the membrane. In the hairpin
model, helices 5 and 6 insert into the membrane. This model is similar to how bacterial toxins, like diphtheria toxin, create pores in
membranes. The in-plane model suggests that helices 2-8 insert into the OMM shallowly and increased tension in the membrane forms the
pore.
Current research theorizes that the pores formed in the OMM will be toroidal (formed from both proteins and lipids) and that the pores
created vary in size and shape. This leads to the theory that the pores in the OMM might not be all formed in the same way.

The lack of sufficient apoptosis has been linked to many
cancers, such as solid tumors, hematological cancers, leukemias,
and lymphomas. BCL-2 proteins in tumors have been linked to drug
resistance in cancer treatment, so treatments like chemotherapy
and radiation are less effective. Therefore, scientists are developing
new cancer therapy drugs that aim to inhibit the prosurvival BCL-2
proteins or aid the proapoptotic BCL-2 proteins. Current
treatments, most of which are in clinical trials, have limitations,
such as Venetoclax (ABT-199) which was found to be effective, but
caused tumor lysis syndrome as a side effect. Further research
need to be done to create treatments without adverse effects.
To verify a model, the position of helices 5 and 6 must be
determined. This can be done using atomic force microscopy,
scanning electron microscopy, or fluorescence in situ hybridization.
radioactive isotopes, heavy metals, and fluorescent tags can be
used. The position of helices 5 and 6 in relation to the pore and to
each other can be used to determine whether the clamp or
in-plane model are more likely depending on which one lines the
pore.

Figure 7. A pore in the OMM using atomic force
microscopy (AFM) [7].

Conclusions and Further Work
Studies suggest that BAX and BAK form diverse toroidal pores in the
OMM through increased tension and curvature on the membrane,
mostly likely in the in-plane model configuration. More
experimental research needs to be done to confirm the accuracy of
this model. With this knowledge, scientists are closer to creating
new cancer treatments that can help all of the people who suffer
from resistant forms of cancer. Future work done can include
tagging helices 4-6 in an effort to determine their exact location
during OMM permeabilization, as this location varies throughout
models. Additionally, more research need to be done to determine
how this information will apply to cancer drug development.

Methods and Materials
This project was a systematic review of current, peer-reviewed
literature. Papers were found through contact with mentors in the
field, as well as from databases using keywords apoptosis, cancer
and BCL-2 proteins. Some papers were found through the
references of other papers. This method is effective for this project
because it allowed for a detailed understanding of the models of
OMM pore formation.
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