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Allosteric Sensitization of Pro-Apoptotic BAX 

ABSTRACT 

BCL-2 family proteins are critical regulators of mitochondrial apoptosis and thus serve as prime 

targets for therapeutic modulation in diseases of deregulated cell death. Whereas a 20-year effort 

to inhibit anti-apoptotic proteins has yielded a clinically-approved small molecule inhibitor of BCL-

2, drug strategies to directly manipulate pro-apoptotic BCL-2 members, such as BAX, remain 

underdeveloped. BAX is a critical executioner protein of the apoptotic pathway, transforming from 

a monomer into a mitochondrial membrane-embedded oligomer in response to stress stimuli. 

Indeed, the relatively unstable and aggregation-prone nature of recombinant BAX has been a 

major limitation for conducting large-scale screens for drug discovery. Here, we overcame prior 

challenges and, to our knowledge, performed the first NMR-based molecular fragment screen of 

full-length BAX. We identified a class of compounds that sensitizes BH3-mediated direct BAX 

activation. Applying a series of structure-function analyses, spanning HSQC NMR, hydrogen-

deuterium exchange mass spectrometry (HXMS), and correlative biochemical testing, we 

interrogated both the site of interaction and mechanism of BAX sensitization. Intriguingly, the 

binding site for this sensitizing molecule localized to a region implicated in BAX inhibition by the 

cytomegalovirus vMIA protein, rather than to one of the established BH3 activation sites. HXMS 

studies revealed that BIF-44 induces conformational deprotection of the 1–2 loop and BAX 

BH3 (2), two regions mechanistically linked to the conformational activation of BAX. As these 

induced structural changes occur at the opposite side of protein from the BIF-44 interaction site, 

our studies identified a novel allosteric mechanism of BAX sensitization. Taken together, the 

molecular screening results and structure-function analyses inform fundamental mechanisms for 

conformational regulation of BAX and provide a new opportunity to reduce the apoptotic threshold 

for potential therapeutic benefit in cancer and other diseases of pathologic cell survival.  
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The stream will cease to flow; 
     The wind will cease to blow; 
 The clouds will cease to fleet; 
    The heart will cease to beat; 

For all things must die. 

 

Excerpt from All Things Will Die 

Alfred Lord Tennyson 
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BCL-2 Family Regulation of Apoptosis 

Overview of Cell Death 

Cells grow. Cells divide. Cells, like all things, will die. Cell death is a fundamental and essential 

aspect of biology. The health of all multicellular organisms relies on a delicate balance between 

cellular division and death. However, not all manners of death are equivalent. As in humans, the 

death of a cell can occur by one of four broad classifications: accident, homicide, natural causes, 

or suicide. Accidental and homicidal cell death are associated with necrotic cell death (from the 

Greek for “process of death”).  Necrosis is caused by acute injury from toxins, extreme 

temperature, or hypoxia, resulting in cellular and organellar swelling and the physical disruption 

of the cellular membrane1,2. This produces an inflammatory immune response and damage to the 

surrounding tissue. On the other hand, natural and suicidal cell death are the result of the 

intracellular process called programmed cell death. This process is invoked to eliminate cells to 

help promote the health and survival of the organism at large. In contrast to necrosis, programmed 

cell death is a finely-tuned, genetically-encoded process which results in the death of individual 

cells. This meticulously-controlled programmed cell death is critical for the removal of cells during 

organismal development and homeostatic maintenance1,3,4.  

The most common and best characterized form of programmed cell death is called apoptosis. 

It is a highly conserved process, occurring across the metazoan branch of the evolutionary tree, 

in all cell types within an organism, and throughout the various stages of the life cycle5,6. During 

development, apoptosis sculpts the limbs through the removal of interdigital webs7-9 and prunes 

the cells of the nervous system to ensure proper connections10-12. During metamorphosis of 

amphibians, apoptosis drives the regression of the tadpole tail and gills, and induces intestinal 

remodeling, allowing for the switch to a carnivorous diet8,9,13. In adults, apoptosis regulates 

homeostatic cell turnover in numerous tissues including the skin, gut, and liver14-16. In males, 

apoptosis is essential for eliminating excess germ cells during spermatogenesis, allowing for 

proper maturation of the spermatazoa17,185,16. In females, apoptosis regulates duct formation and 
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subsequent involution of the mammary gland during pregnancy19,20. Additionally, apoptosis is 

crucial in all aspects of the immune system including the removal of self-reacting cells in the 

maturation of immune cells, the cytotoxic killing of infected cells, and the termination of activated 

immune cells following the clearance of the immunogen21,22. Importantly, apoptosis is also 

responsible for the removal of stressed, damaged (e.g. following exposure to UV radiation8,9,11), 

or infected cells23. 

 

Hallmarks of Apoptosis 

Naturally occurring cell death was first reported in 1842 by Carl Vogt, who, while studying the 

development of the midwife toad, recognized the destruction of cells in the notochord and 

surrounding cartilage to be a normal part of development24,25. The first observation of what is now 

considered apoptosis was made in 1885 by Walther Flemming, a pioneering cell biologist better 

known for his work detailing chromosomal movement in a process he termed mitosis25,26. While 

studying ovarian follicles in the rabbit, Flemming noted the disintegration of the chromatin in dying 

cells, calling the process chromatolysis. Despite these and other 19th century descriptions of cell 

death, its importance as a normal biological phenomenon was not recognized until the mid-20th 

century. In 1951, Alfred Glücksmann assembled dozens of examples of cell death across various 

tissues and organisms, leading to the conclusion that “there can be no doubt that cell deaths 

occur regularly at certain developmental stages of all vertebrate embryos”27. This work paved the 

way for the burgeoning field of cell death.  

The classification of apoptosis as a distinct form of cell death came from the observable 

changes in the morphology of a dying cell. In their seminal 1972 paper, Kerr, Wyllie, and Currie, 

through the careful examination of mammalian tissues, noted a process of cell death 

morphologically distinct from necrosis28,29. This form of cell death was found throughout the body 

in normal, malignant, and developing tissues. They proceeded to define a common series of steps 

that led to cullar death (Figure 1.1): (1) The dying cell detaches from the surrounding tissue; (2) 
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The cell shrinks in size and the nucleus compacts and increases in density; (3) The cell breaks 

up into apoptotic bodies or blebs; (4) The cellular remains are engulfed by immune cells where 

they are eliminated from the tissue and eventually degraded. These clearly defined hallmarks of 

apoptosis allow the process to be readily classified microscopically. 

Apoptosis was originally termed “shrinkage necrosis” to emphasize the dramatic reduction 

in cellular size preceding cellular death29. However, there are several key differences that make 

this process distinct to necrosis, thus warranting a distinct name. (1) In apoptosis, the membrane 

of the dying cell remains intact, thereby preventing an inflammatory immune response and 

resulting damage to neighboring cells; (2) Whereas necrosis usually occurs in large swaths 

throughout tissue, apoptosis tends to occur in select individual cells within a tissue; (3) While 

necrosis is mainly associated with acute injury, apoptosis plays a more widespread biological role, 

balancing mitosis to maintain homeostasis. Therefore, a new term was coined to accentuate the 

normalcy and selectivity of this death process. It was called apoptosis, a word which is “used in 

Greek to describe the ‘dropping off’ or ‘falling off’ of petals from flowers, or leaves from trees”28. 

While Kerr, Wyllie, and Currie clearly defined the gross morphological changes associated with 

apoptosis, the underlying molecular mechanisms involved in the regulation of this process proved 

to be a much more challenging puzzle.  

 

Genetic Control of Apoptosis in C. elegans 

Apoptosis was first mechanistically characterized in a systematic manner using the nematode 

model organism, Caenorhabditis elegans. Through careful mapping of cell division and cell fate, 

H. Robert Horvitz and John Sulston traced the lineage of each cell from embryo to the 959 cells 

that make up the adult worm. Remarkably, 131 cells die along the way in a precise, predictable, 

and reproducible manner30,31. The C. elegans model system aided in the dissection of the 

mechanisms behind the process of programmed cell death. Through selection of mutant worms 

defective in programmed cell death, the proteins CED-3 and CED-4 were shown to be essential 
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Figure 1.1 Morphological features of apoptosis.  

The apoptosing cell undergoes a defined series of changes. First, the apoptosing cell separates 

from the surrounding tissue. The cell then shrinks, forms blebs, and eventually breaks into 

apoptotic bodies. This involves the condensation of the nuclues and cytoplasm, followed by 

fragmentation of the nucleus. Finally, these bodies are removed from the tissue by phagocytic 

cells (histiocytes). Figure from Kerr, Wyllie, and Currie’s seminal 1972 paper28. Reprinted with 

permission from Nature Publishing Group. 
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for the initiation of the process32. The protein CED-9 was later shown to block cell death through 

the inhibition of CED-433. Derepression of this inhibition and the subsequent activation of 

programmed cell death can be achieved by EGL-134. Together, these discoveries definitively 

documented that programmed cell death is a carefully regulated genetic program. Furthermore, 

the CED genes were found to have distinct homologs conserved throughout the metazoan 

lineage4, establishing a pathway that carefully regulates the activation of apoptosis across 

biology. As a result, Horvitz and Sulston, along with their mentor Sydney Brenner, were awarded 

the 2002 Nobel Prize in Physiology or Medicine, in part, for their discoveries concerning the 

genetic regulation of programmed cell death. 

 

Apoptotic Cascade in Mammals 

In mammals, apoptosis is controlled by a much more elaborate signaling network than that of C. 

elegans (Figure 1.2). The rapid, observable cellular changes associated with apoptosis are 

brought about by a family of cysteine proteases called caspases (cysteine-aspartic proteases)35. 

These enzymes are highly specific, cleaving substrates with a tetrapeptide motif that ends with 

an aspartic acid residue. Caspases are expressed as zymogens and must be proteolytically 

cleaved to become enzymatically active. The different members of the caspase family can be 

classified based on their roles during the apoptotic cascade. Initiator caspases (caspase-8, 

caspase-9; CED-3 homologs) are the first to be activated and serve to amplify the pro-apoptotic 

signal. Active initiator caspases cleave the effector or executioner caspases (caspase-3, caspase-

6, and caspase-7), which ultimately drive the cellular changes associated with apoptosis by 

cleaving a diverse array of protein targets throughout the cell 3,35. 

Activation of caspases is achieved by one of two distinct pathways, intrinsic or extrinsic 

apoptosis. Intrinsic, or mitochondrial apoptosis (Figure 1.2, left), is initiated by internal stresses 

such as DNA damage, ER stress, or cytokine deprivation and is characterized by the induction of 

mitochondrial outer membrane permeabilization (MOMP)3. The activation of the pro-apoptotic 
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proteins BAX (BCL-2-associated X protein) and BAK (BCL-2 antagonist killer) leads to poration 

of the mitochondrial membrane, directly triggering MOMP36. Activation of these toxic pro-death 

proteins is tightly regulated by other members of the BCL-2 family including the inhibitory anti-

apoptotic proteins (CED-9 homologs) and the activating BH3-only proteins (EGL-1 homologs). 

This BCL-2 family regulation is discussed in detailed in the section below. MOMP causes the 

release of apoptogenic factors such as cytochrome c37,38 and SMAC (also known as DIABLO) into 

the cytoplasm39,40. In turn, cytochrome c can bind to the scaffolding protein APAF1 (CED-4 

homolog) to form a protein complex called the apoptosome, which catalyzes the activation of 

caspase-9, an initiator caspase41,42. Moreover, SMAC directly inhibits XIAP, a protein which 

normally inhibits the activities of caspase-3, -7, and -9 to prevent aberrant caspase 

cleavage39,40,43. Ultimately, the release of these apoptogenic factors from the mitochondria results 

in the activation of the caspase cascade and the initiation of apoptosis.  

The initiation of extrinsic apoptosis (Figure 1.2, right) occurs through extracellular ligands 

such as FAS or TRAIL3,43. These ligands bind to specific death receptors (FAS or TRAIL 

receptors, respectively), which are displayed on the cell surface. The death receptors along with 

the FADD adapter protein and pro-caspase-8 assemble into the death-inducing signaling complex 

(DISC)36,43. The binding of death ligands to the DISC results in auto-activation of pro-caspase-8 

through dimerization-induced self-cleavage36. Activated caspase-8 cleaves downstream effector 

caspases, leading to apoptotic cell death. Additionally, the activation of caspase-8 leads to the 

cleavage of the BH3 only protein BID to form truncated BID (tBID)44,45. This promotes the 

activation of the intrinsic pathway and an overall amplification of apoptotic signaling in the cell. 

 

Regulation of Apoptosis by the BCL-2 Family 

Regulation of intrinsic apoptosis in mammals is achieved by the BCL-2 family of proteins. 

B-cell lymphoma-2 (BCL-2) is the founding member of this class of structurally homologous 

proteins.  BCL-2 was  discovered  at the  t(14;18) chromosomal breakpoint  commonly  found  in 
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Figure 1.2 Overview of the intrinsic and extrinsic apoptotic pathways. 

Activation of intrinsic apoptosis (left) is controlled by the BCL-2 family proteins (boxed). Various 

cellular stress signals drive an increased expression of BH3-only proteins (BIM, BID, PUMA, etc.). 

This results in the activation of the pro-apoptotic proteins (BAX, BAK) both by inhibition of the 

inhibitory anti-apoptotic proteins (BCL-2, BCL-XL, MCL-1, etc.) and through direct activation of the 

pro-apoptotic proteins. Activated pro-apoptotic proteins oligomerize to porate the mitochondrial 

outer membrane (MOMP) and release apoptogenic factors (cytochrome c, SMAC) into the 

cytoplasm. SMAC inhibits the cytoplasmic caspase inhibitor XIAP. Cytochrome c binds to APAF-

1 leading to the formation of the apoptosome, a protein complex that drives activation (cleavage) 

of caspase-9. Cleaved caspase-9 subsequently activates effector caspases (caspase-3/6/7), 

resulting in morphological changes associated with apoptosis. Extrinsic apoptosis (right) is a 

parallel pathway driven by the binding of extracellular ligands (FAS, TRAIL) to the DISC (complex 

of death receptor, FADD, and pro-caspase-8) on the cell surface. Death receptor signaling results 

in the cleavage of pro-caspase 8 which can in turn cleave both downstream effector caspases 

and BID. Truncated BID or tBID can drive the activation of the intrinsic apoptotic pathway at the 

mitochondria.  
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Figure 1.2 (Continued) 
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follicular non-Hodgkin B cell lymphoma46-48. This genetic rearrangement places the Bcl-2 locus 

(found at 18q21) under the same transcriptional regulation as the immunoglobulin heavy chain at 

14q32. The functional consequence of this rearrangement is a dramatic overexpression of the 

BCL-2 transcript49,50.  

Initial efforts to characterize this gene product revealed that, unlike the other known 

oncogenes at the time, BCL-2 did not promote uncontrolled cellular proliferation. Instead, cells 

overexpressing BCL-2 failed to die in response to stress from growth factor withdrawal, remaining 

in a viable, non-proliferative state51,52. Furthermore, knocking out BCL-2 in mice led to various 

defects including apoptotic loss of lymphocytes in the thymus and spleen, polycystic kidney 

disease, and premature graying of the fur (due to death of hair follicle melanocytes)53,54. This 

experimental evidence strongly linked BCL-2 to the promotion of cell survival. Additionally, it was 

discovered that BCL-2 shares significant sequence homology with the C. elegans CED-9 protein 

and BCL-2 can rescue the effect of CED-9 loss in worms55,56. These findings were revolutionary 

as they established BCL-2 as a critical regulator of apoptosis in mammals and provided the first 

evidence that deregulation of this conserved biological pathway can contribute to the 

pathogenesis of human cancer.  

The discovery of BCL-2 as a regulator of apoptosis launched the search for other proteins 

that could interact with or exhibit a phenotype similar to BCL-2. This effort resulted in the 

identification of numerous homologs, which are now collectively referred to as the BCL-2 family 

of proteins. There are three main classes of BCL-2 family proteins that together function as a 

tripartite regulatory circuit for the control of apoptosis (Figure 1.3a).  

The pro-apoptotic proteins (Figure 1.3, gray) are the key effector proteins in this pathway. 

When activated, BAX, BAK, and likely BOK function to oligomerize to create a pore in the outer 

mitochondrial membrane, resulting in MOMP3,57. BAX and BAK are the major regulators of 

apoptosis in most contexts, while the recently characterized protein, BOK, plays a role in sensing 

ER and proteasomal stress, but may not be regulated by other BCL-2 family members to the 
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Figure 1.3 The BCL-2 family interaction network. 

(a) BCL-2 family proteins can be subdivided into three groups based on their function. The anti-

apoptotic BCL-2 family members (red; represented by BCL-XL, PDB: 1LXL) block the activation 

of the pro-apoptotic members (gray; represented by BAX, PDB: 1F16), which serve to 

permeabilize the mitochondria and initiate apoptosis. The BH3-only proteins (blue; represented 

by BID, PDB: 2BID) serve as modulators of this network by inhibiting the anti-apoptotic members, 

resulting in the derepression of BAX/BAK inhibition. A subset of the BH3 only proteins can also 

directly activate BAX/BAK. The anti-apoptotic proteins and pro-apoptotic proteins share a similar 

nine-helical bundle fold. (b) Sequence alignment of the three BCL-2 family subclasses showing 

the relative positioning of the BCL-2 homology (BH) motifs, -helices, and the transmembrane 

domain within the BCL-2 family member subtypes. 
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Figure 1.3 (Continued) 
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same extent as BAX or BAK58. Initial characterization of BAX and BAK revealed that the 

overexpression of these proteins induces apoptosis and accelerates death by growth factor 

withdrawal and other stimuli59,60. Conversely, loss of BAX in mice leads to hyperplasia of B and T 

cells and infertility, both due to an inability of precursor cells to die61. Additionally, combined loss 

of both BAX and BAK results in the death of ~90% of mice with the surviving animals displaying 

numerous defects due to the inability to induce apoptosis, including the accumulation of 

hematopoietic cells and neurons, persistence of interdigital webs, and an imperforate vaginal 

canal62.  

The anti-apoptotic proteins of the BCL-2 family (Figure 1.3, red) serve to block the 

induction of apoptosis by inhibiting the activation of the pro-apoptotic proteins. Anti-apoptotic 

family members bind to BAX/BAK, preventing the activation of apoptosis by physical 

sequestration. There are several bona fide anti-apoptotic proteins including BCL-2 itself, BCL-XL, 

MCL-1, BCL-w, BFL1/A1, and BCL-B3,57,63. Although these proteins display functional 

redundancy, spatiotemporal variations in expression results in the differential importance of any 

particular anti-apoptotic protein in the maintenance of survival. 

The third class of proteins in the BCL-2 family consists of the BH3-only members (Figure 

1.3, blue), which function to drive the activation of BAX/BAK, either indirectly and/or directly. The 

sensitizer subclass, including BAD, BIK, HRK, and BMF, functions by inhibiting the anti-apoptotic 

proteins and sensitizing the cell to apoptotic death3,57,63,64. In addition to anti-apoptotic inhibition, 

the direct activators including tBID65,66, BIM65-67, PUMA68,69, and perhaps NOXA70 can directly 

activate BAX/BAK to initiate apoptosis. The BH3-only proteins serve as sensors of stress in the 

cell. They are upregulated in response to various stress stimuli including genotoxic stress, ER 

stress, and growth factor withdrawal3. NOXA and PUMA, for example are transcriptionally 

upregulated by the tumor suppressor p53 upon DNA damage or hypoxic stress71-73. BIM 

expression is induced by the transcription factor FOXO3a in growth factor withdrawal74 or by 

CEBP or CHOP during ER stress75. Posttranslational activation of BID is achieved by caspase-
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8 cleavage during death-receptor signaling or by granzyme B cleavage during cytotoxic T-cell 

killing76. A distinct mechanism has been detailed in BAD, whereby dephosphorylation activates 

the pro-apoptotic protein function of this protein during growth factor deprivation77.  

 

Structure of BCL-2 Family Proteins 

Structurally, both the pro- and anti-apoptotic members adopt a similar globular fold (Figure 1.3a). 

This BCL-2 fold consists of a bundle of nine -helices (1–9) arranged around a central core 

hairpin (5–6)78. The pro- and anti-apoptotic BCL-2 family proteins also share four discrete areas 

of sequence homology called BCL-2 homology (BH) motifs (Figure 1.3b). The BH3 motif (defined 

as LXXXGD) is the most well conserved sequence among the BCL-family members and is the 

only BH motif that is shared by the BH3-only proteins. The BH3 motif consists of a critical 

amphipathic helix that serves as the minimal region of pro-apoptotic signaling in BAX/BAK and 

the BH3-only proteins63.  

The confluence of 2–5 (BH1–BH3) forms a hydrophobic surface groove, termed the 

canonical BH3 binding pocket, in anti-apoptotic proteins. This groove is a key interaction interface 

that bestows the anti-apoptotic proteins with their inhibitory function. Specifically, the canonical 

BH3-binding pocket sequesters the BH3 helices of BAX/BAK, thereby preventing their activation. 

This helix-in-groove interface is the result of four hydrophobic interactions, and a salt bridge 

between the conserved aspartic acid on the BH3 ligand (LXXXGD) and an arginine in the BH1 of 

anti-apoptotic proteins3. With the exception of the protein BID79, the BH3-only proteins are largely 

structurally divergent from the multi-domain family members. BAD, BMF, and BIM are intrinsically 

unstructured proteins with the BH3 undergoing binding-induced -helical folding80. In fact, the 

observed homology in the BH3 region of BH3-only proteins is predicted to have arisen through 

convergent evolution81. Despite the structural diversity of the BH3-only proteins, they all function 

to inhibit anti-apoptotic proteins by forming stable high affinity complexes at the same surface  
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Figure 1.4 Regulation of BAX-mediated apoptosis.  

BAX (gray) transforms from an inactive cytoplasmic monomer into toxic pores that disrupt the 

mitochondrial outer membrane. Anti-apoptotic proteins (orange), such as BCL-2 and BCL-XL, 

bind and sequester the critical BH3-helix of BAX, preventing apoptosis activation. The 

upstream BH3-only proteins (cyan) such as BIM, tBID, or PUMA can induce apoptosis by 

inhibiting the inhibitors or by directly activating BAX. Activated BAX undergoes several 

conformational changes including the opening of the 1–2 loop, exposure of the 6A7 

activation epitope, mobilization of the BH3 helix, and release of the 9 transmebrane helix. 

These changes allow for BAX translocation from the cytosol to the mitochondrial outer 

membrane. At the mitochondria, BAX can oligomerize into a pore that releases cytochrome c, 

thereby driving apoptosis.  
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groove used by the anti-apoptotics to bind and inhibit BAX. This competition releases the pro- 

apoptotic BAX and BAK proteins, allowing for their functional activation. 

 

Regulation of BAX and BAK activation 

BAX and BAK share significant structural homology with the anti-apoptotic proteins, including a 

“canonical” groove. Inactive BAK resides at the mitochondria with its C-terminal transmembrane 

domain inserted into the mitochondrial outer membrane. Binding at the canonical groove by the 

direct activator BH3-only proteins or the BH3 helix of another unit of BAK mediates activation, 

which leads to subsequent homo-oligomerization82,83. Unlike the stable helix-in-groove 

interactions observed in anti-apoptotic proteins, BH3-BAK binding interactions are transient, 

resulting in a “hit-and-run” activation mechanism84.  

In contrast to BAK, the transformation of inactive BAX into the toxic oligomers that porate 

the mitochondria is a more complex and dynamic process. In healthy cells, inactive BAX primarily 

resides in the cytoplasm, with its transmembrane domain (9) tightly bound into the canonical 

groove of BAX (Figure 1.3a)85. In response to apoptotic stimuli, BAX translocates to the 

mitochondria, inserting its transmembrane domain into the mitochondrial outer membrane86,87 

(Figure 1.4). These initial conformational changes in BAX are mediated by a distinct site from the 

canonical groove formed by the intersection of the 1 and 6 helices88. Binding at this “trigger” 

site by BIM88, BID89, or PUMA69 induces several conformational changes in BAX including the 

opening of the 1-2 loop, exposure of the 6A7 epitope (conformation-specific antibody epitope 

that is exposed in activated BAX), mobilization of the BAX BH3, and the release of 9 from the 

canonical groove90 (Figure 1.4). The catalytic nature of this interaction is further highlighted by 

the capacity of the exposed BH3 domain of BAX to initiate the activation of another BAX protein 

by engaging its trigger site90. Together, these changes allow for efficient BAX insertion into the 

mitochondrial outer membrane. Since the 9 is displaced from the canonical groove, membrane-
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bound BAX can be further activated by BH3-only proteins, which may bind to its canonical site in 

a manner similar to that of BAK91.  

In addition to this extra layer of regulation via BH3-induced translocation, recent studies 

suggest that in normal, unstressed cells BAX may be constitutively targeted to the mitochondria, 

but then actively cycled back into the cytoplasm92,93. Anti-apoptotic proteins, such as BCL-XL, 

have been proposed to direct the removal of BAX from the mitochondria through a process called 

retrotranslocation92. Therefore, there are potentially two mechanisms for mitochondrial 

translocation of BAX, one that is directly induced by BH3-only protein interaction and another, 

which is the indirect result of a blockade in the retrotranslocation process. In either case, the 

trigger site-induced exposure of 9 is thought to be critical for the stable insertion of BAX into the 

mitochondrial membrane. 

Given the inherent risk to the cell of wanton BAX activation, several mechanisms can 

effectively inhibit BAX activation. The best characterized mode of inhibition is through 

sequestration of the BAX BH3 helix by the groove of an anti-apoptotic protein, as discussed 

previously. A second mechanism of BAX inhibition occurs through the binding of the anti-apoptotic 

BH4 helix to a distinct BH4-binding site on BAX94. This suggests that anti-apoptotic proteins may 

inhibit BAX through two distinct, but complementary mechanisms, with the BH4 helix restraining 

inactive BAX and the groove blocking conformationally active BAX. Additionally, the 

cytomegalovirus vMIA protein can bind to and inhibit BAX94-96, a pathway which ensures host cell 

survival during viral infection and replication97,98. The BAX-binding domain of vMIA achieves its 

inhibitory effect by targeting a discrete pocket on BAX, adjacent to and partially overlapping with 

the BH4-binding site95. 

 

Structure of the BAX/BAK pore 

Following activation, membrane-bound BAX and BAK oligomerize to form a pore in the 

mitochondrial outer membrane. The exact mechanism of how BAX/BAK can rearrange into 
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oligomers and the structural nature of the pore are active areas of study that constitute “the 'holy 

grail' of apoptosis research”63. One challenging aspect is that BAX/BAK form heterogeneous 

pores of varying diameter that grow over time as more BAX and BAK are recruited99,100. These 

large, dynamic structures are predicted to porate the mitochondrial membrane by inducing 

membrane curvature stress99,101-104. While homology with bacterial pore-forming toxins initially 

suggested that BAX/BAK may form a well-defined proteinaceous pore85,105, current data are more 

consistent with a lipidic (toroidal) pore structure, whereby BAX/BAK induces the formation of a 

channel lined with the lipid head groups of the mitochondrial membrane. This lipidic structure was 

validated by a recent study that detected membrane-puncturing ring- and arc-shaped BAX 

structures using a combination of super-resolution and atomic force microscopy106,107.  

Two main models have been proposed to explain how BAX/BAK may arrange itself within 

this oligomeric pore. Since the BH3 helix of BAX and BAK has long been recognized as essential 

to the formation of higher order species108-110, both models rely on a BH3-in-groove interface to 

facilitate homo-oligomerization. Beyond that, it is not fully understood how the individual 

monomers interact within the pore. The first model is the head-to-tail (daisy chain) model in which 

each BAX/BAK unit is linked onto the end of a growing oligomeric chain111,112 .This model is based 

on the structural similarity of BCL-2 family proteins to bacterial toxins that form oligomeric pores 

in this manner78. The trigger site on BAX was proposed as an interface that could mediate such 

an asymmetric interaction, as a BAX BH3 could then engage the trigger site of another BAX, 

thereby growing the activated BAX oligomer. In this head-to-tail model, the size of the oligomer 

would be expected to increase in units of one as the activated monomers are added onto a 

growing BAX chain. However, a study using single molecule analysis suggested that BAX dimers 

may be the basic oligomeric unit and that BAX oligomers grow in two-unit intervals113.  

The alternative hypothesis is that BAX/BAK form oligomers comprised of stable symmetric 

dimers. In this model, the BAX/BAK BH3 inserts into the canonical groove of another unit of 

BAX/BAK in a reciprocal fashion. These dimers then interact with each other through a secondary 
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interface to facilitate the formation of a multimer of dimers that porates the membrane114. The 

symmetrical dimer model is supported by crosslinking109,115, single molecule analysis113, and 

crystallographic studies82,91 that demonstrate the formation of stable, symmetrical dimers 

following BAX/BAK activation. Furthermore, crystal structures of activated BAX/BAK (notably 

lacking the C-terminal tail) suggest that the core BH3-binding pocket (2–5) separates from the 

rest of the protein (6–8), which forms a latch domain. This core-latch disengagement is 

proposed to mediate dimerization and has been shown to be a required rearrangement for 

BAX/BAK activation91. However, a recent study demonstrated that the interaction between 9 and 

the trigger site can lead to an inhibitory BAX dimer116, suggesting an alternative biological 

explanation for the observed BAX dimers. Until higher resolution structural information of 

oligomeric BAX/BAK is obtained, the exact structure of the pore will remain controversial. 

 

Targeting the BCL-2 Family to Treat Disease 

BCL-2 Family in Disease 

The number of cells in an organism is dependent on a balance between two opposing forces: 

mitosis, which creates cells, and apoptosis, which removes them. The health of an organism is 

dependent on the maintenance of this balance and its disruption can lead to diseases of 

pathologic cell survival or cell death. Improper loss of cells due to deregulated apoptosis can 

result in conditions of premature cell death. An overabundance of neuronal cell death is 

characteristic of several neurodegenerative diseases including Alzheimer's, Huntington's and 

Parkinson's diseases and Amyotrophic Lateral Sclerosis (ALS)117,118. Additionally, excessive 

apoptosis in developing immune cells21,119,120 or spermatozoa121,122 can result in immunodeficiency 

or infertility, respectively. Conversely, the failure to properly activate cell death can lead to 

conditions of extended cellular survival. Failure to eliminate autoreactive T- and B-cells during 

lymphocyte maturation can lead to autoimmunity21,119. However, the strongest link between  
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pathologic cell survival and the development of disease is found in cancer.  

Deregulation of apoptosis is a critical hallmark of cancer123,124. The discovery of BCL-2 at 

the chromosomal breakpoint in follicular B cell lymphoma led to the hypothesis that the protein 

acts as an oncogene to promote tumorigenesis. While traditional oncogenes such as MYC, ABL, 

and RAS promote uncontrolled cell growth and proliferation, BCL-2 prevented the death of the 

tumor cells125. This paradigm-shifting discovery demonstrated that blockade in the natural death 

pathway is a key driver of oncogenesis.  

Since this initial discovery, the connection between the BCL-2 family and cancer has 

strengthened. Cancer cells utilize a diverse array of mechanisms to increase the expression of 

anti-apoptotic proteins or inhibit the expression of their pro-apoptotic counterparts125,126. Up to 

90% of follicular B cell lymphomas display the characteristic t(14;18) chromosomal breakpoint 

that results in the overexpression of BCL-2. Other anti-apoptotic proteins including MCL-1 and 

BCL-XL were shown to be frequently amplified in an analysis of somatic copy number alterations 

across all tumor types127. Another mechanism that results in the overexpression of BCL-2 is loss 

of microRNA-mediated inhibition. Most cases of chronic lymphocytic leukemia (CLL) display 

overexpression of BCL-2 through the loss of miR-15a and/or miR-16.1 expression128. Similar loss 

of miRNA regulation can lead to the overexpression of BCL-XL, MCL-1, and BCL-w in a range of 

different cancer types129-131.  

In addition to increasing levels of anti-apoptotic proteins, cancer cells also decrease the 

level of BH3-only and/or pro-apoptotic proteins to prevent induction of apoptosis. Homozygous 

deletion of BIM is found in approximately 20% of mantle cell lymphomas132. Epigenetic silencing 

of BIM or PUMA expression through promoter hypermethylation has been identified in several 

cancer types133,134. Finally, although rare, a few examples of mutation in BAX have been 

identified135,136. Due to the functional overlap of BAX and BAK, a cancer cell would need to 

eliminate four alleles to achieve complete loss of apoptotic signaling. Therefore, suppression of 

BAX and BAK at the protein level is most commonly achieved by modulating the levels of the  
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upstream regulators, especially the anti-apoptotic suppressors. 

Beyond their role in oncogenesis, BCL-2 family proteins play a key role in the response to 

anti-cancer therapeutics. The killing activity of most chemotherapeutics is mediated by the 

apoptotic machinery. Therefore, the expression of various BCL-2 family proteins can determine 

the efficacy of a range of therapeutic treatments125,126. For example, BCL-2 overexpressing cells 

are resistant to gamma-radiation and a variety of chemotherapeutic agents such as etoposide 

and dexamethasone137,138. In addition to mediating resistance to therapy, BH3-only proteins have 

been shown to be crucial for chemotherapeutic agents to be efficacious. In particular, PUMA is 

required for killing by etoposide or cyclophosamide72,73 and BIM expression is required for the 

efficacy of taxol139, histone deacetylase inhibitors140, oncogenic kinase inhibitors141, and epidermal 

growth factor receptor (EGFR) inhibitors142,143. Therefore, pharmacological strategies to 

strengthen apoptotic signaling could serve as a synergistic approach to bolster the effect of 

current treatment regimens. 

 

Reactivating Apoptosis in Cancer: Inhibit the Inhibitors 

Given that cells turn off apoptosis to promote their growth and survival and that many 

chemotherapeutic agents rely on an intact apoptotic network, agents that reactivate apoptosis in 

cancer cells could serve as highly effective and targeted anti-cancer therapeutics. Because 

apoptotic pathways in both cancerous and normal cells are homologous, one concern about this 

therapeutic approach is a potentially narrow therapeutic window. Fortunately, it turns out that, in 

many cancer contexts, a window does exist due to “apoptotic priming”, a concept first promoted 

by Tony Letai and colleagues144. As BH3-only protein expression drives the messaging for 

apoptosis induction, the ability to survive any given stress is proportional to the anti-apoptotic 

reserve that is free to inhibit a surge in BH3-only proteins. When the anti-apoptotic reserve is 

overwhelmed, BAX and/or BAK become activated and the cell undergoes apoptosis. Oncogenic 

stress signals push cancer cells toward death, through increased BH3-only protein expression or 
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deployment. In order to thrive in the face of this death signaling, cancer cells must compensate 

by increasing the expression of anti-apoptotic proteins and/or suppressing BH3-only signaling to 

match the level of the anti-apoptotic protein reserve. As a result, in many cancer cells, there is 

little surplus of free, unbound anti-apoptotic proteins. Therefore, it only takes a small perturbation 

(in the form of a chemotherapeutic, for example) to disrupt this balance, sending the cell over the 

ledge and inducing apoptosis. In this way, cancer cells are often considered to be more “primed” 

to die than their normal counterparts.  

Since one or more anti-apoptotic proteins are often upregulated in cancer, one strategy to 

reactivate apoptosis is to functionally block these proteins (Figure 1.5a). This “inhibit the 

inhibitors” strategy aims to decrease the anti-apoptotic protein load, thereby allowing apoptotic 

activation pathways to take over unchecked. The first attempt at implementing this strategy was 

to directly knockdown levels of BCL-2 protein expression using an antisense oligonucleotide. 

Genta Inc. and Aventis developed oblimersen (Genasense) to treat malignant melanoma, CLL, 

and acute myeloid leukemia (AML), but, in the early 2000’s, it failed to meet its primary endpoints 

in phase 3 clinical trials 145. Despite this failure, the antisense studies revealed certain patient 

subsets that responded well, validating BCL-2 as a promising anticancer drug target.  

A distinct approach to inhibiting anti-apoptotic function is to directly inhibit the protein’s 

ability to sequester the pro-apoptotic members by mimicking BH3 binding. Peptides 

corresponding to the BH3 helix of BAX or BAK were shown to inhibit BCL-2 and BCL- XL in cell- 

free systems, suggesting that this naturally bioactive domain could serve as a viable strategy for 

therapeutic inhibition146,147. However, peptides are not ideal drug candidates as they suffer from 

both poor in vivo stability and often lack cell penetrance. The breakthrough needed to design a 

more drug- like inhibitor came when scientists at Abbott Laboratories solved the nuclear magnetic 

resonance (NMR) structure of BCL-XL with and without a BAK BH3 peptide bound78,148. These 

studies revealed the structure of the canonical groove, which was predicted to mediate the 

inhibition of pro-apoptotic BCL-2 family members by a BH3-in-groove binding interaction (Figure 



24 
 

 

 

 

Figure 1.5 Overview of apoptosis reactivation strategies in cancer. 

(a) Pharmacologic reactivation of apoptosis can be achieved by inhibition of the anti-apoptotic 

proteins, leading to derepression of pro-apoptotic BAX/BAK. Alternatively, the direct activation of 

pro-apoptotic proteins can lead to initiation of apoptosis. (b) Examples of the “inhibit the inhibitor” 

strategy involve blocking the canonical groove (top; BCL-XL, PBD: 1MAZ), either through 

occlusion by a BH3-peptide (middle; BAD BH3: BCL-XL, PDB: 1G5J) or by a small molecule 

peptidomimetic (bottom; ABT-737: BCL-XL, PDB: 2YXJ). (c) The canonical groove of inactive, 

cytosolic BAX is occupied by the α9 helix (top; BAX, PDB: 1F16). Therefore, the best example of 

the “activate the activator” strategy involves targeting the trigger site on BAX. This can be 

accomplished either through engagement by a BH3-SAHB (middle; BIM SAHB:BAX, PDB:2K7W) 

or by a small molecule peptidomimetic (bottom, BAM7:BAX). 
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Figure 1.5 (Continued) 
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1.5b, top). Several academic groups used these structures, along with the related structure of 

the BCL-XL- BAD BH3 complex149 (Figure 1.5b, middle), as starting points for designing 

compounds that could mimic this protein-protein interaction. Unfortunately, the initial series of 

compounds lacked the necessary potency to make them clinically useful150,151. 

Steve Fesik and colleagues at Abbott Laboratories were the first to develop a potent, small 

molecule anti-apoptotic protein inhibitor. The key to their success was the technique called 

structure-activity relationship (SAR) by NMR, a screening approach pioneered by Fesik152. SAR 

by NMR identifies low molecular weight fragments that bind weakly to the protein of interest. 

Binding is determined by measuring the change in 1H-15N heteronuclear single quantum 

correlation (HSQC) NMR spectra upon the addition of the ligand. Weakly binding fragments that 

bind to adjacent sites of the protein are then chemically linked together, resulting in a high affinity 

ligand. Utilizing the NMR structure of BCL-XL/BAK BH3 as a starting point, SAR by NMR was 

used to screen a 10,000 fragment library for compounds that could bind to the BH3-binding 

groove153. A second round of screening was conducted to identify fragments that bound to an 

adjacent site. The hits from each site were optimized independently and then chemically linked 

together to produce a potent lead compound. Continued medicinal chemistry optimization led to 

a compound with improved solubility and reduced albumin binding. The result was ABT-737, a 

small molecule peptidomimetic that functionally resembled the BAD BH3 helix (Figure 1.5b, 

bottom), potently and specifically inhibiting BCL-XL, BCL-2, and BCL-w (with a sub-nanomolar 

Ki)154. Furthermore, ABT-737 was shown to induce cell death in cancer cell lines, patient-derived 

cells, and in mouse xenograft models154.  

Prior to testing this compound in the clinic, ABT-737 was further optimized to increase its 

oral bioavailability. The result was the clinical candidate navitoclax (ABT-263), a BCL-2/BCL-

XL/BCL-w selective inhibitor155. This compound was shown to have on-target single agent 

antitumor efficacy in preclinical models. Additionally, it synergized with conventional 

chemotherapeutic and radiation treatment regimens. The potential of this drug strategy was 
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confirmed in a phase I/II dose escalation clinical trial where navitoclax displayed single agent 

efficacy in CLL156. However, patients receiving this drug displayed dose-limiting 

thrombocytopenia, an on-target side effect due to the strong dependency of platelets on BCL-XL 

for survival157,158.  

In order to bypass this toxicity in BCL-2-dependent cancers, the potent BCL-2 specific 

inhibitor venetoclax (ABT-199) was developed159. This compound proved to be efficacious as a 

monotherapy in clinical trials for CLL, mantle cell lymphoma, and Waldenstrom’s 

macroglobulinemia125. Venetoclax proved to be especially potent in the treatment of 

relapsed/refractory CLL, achieving significant response rates (up to 80%)160. Further success in 

treating a chemoresistant subtype of CLL (17p13 deletion) in a phase III clinical trial led to the 

FDA-approval of venetoclax in 2016. Ongoing clinical trials of venetoclax look to expand on the 

approved indications. Particularly promising are approaches combining venetoclax with standard 

of care treatments such as rituximab in CLL or cytarabine in AML125,126.  

Given the clinical success of BCL-2 inhibition, there has been a major academic and 

pharmaceutical effort to inhibit other anti-apoptotic proteins including BCL-XL161,162, MCL-1163-167 

and BFL-1168, which, have been linked to the pathogenesis of a broad range of hematologic and 

solid tumors. MCL-1 is a particularly intriguing target as it is one of the most frequently amplified 

genes across all tumor types127 and an inhibitor of this protein has the potential to achieve far-

reaching anti-tumor efficacy. The compound S63845 (Servier) displays picomolar affinity to MCL-

1 and substantial on-target anti-tumor activity in a variety of preclinical models164. Future clinical 

trials with S63845 and the undisclosed MCL-1 inhibitor AMG176 (Amgen) will reveal the efficacy 

and feasibility of targeting MCL-1 in cancer169.  

 

Reactivating Apoptosis in Cancer: Activate the Activators 

While the “inhibit the inhibitor” strategy has proven to be effective in the clinic, it relies on a tumor’s 

dependency on specific anti-apoptotic proteins for survival. Therefore, the efficacy of this 
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approach will likely be limited to a subset of cancers. However, deregulation of apoptosis is 

observed across diverse tumor subtypes. Given that BAX and BAK serve as the critical central 

regulators of apoptotic initiation, the direct modulation of these pro-apoptotic proteins could serve 

to reactivate apoptosis in cancer (Figure 1.5a). “Activating the activators” could potentially 

overwhelm and/or bypass anti-apoptotic inhibition and result in the induction of apoptosis across 

a wide range of cancer types, independently of which particular anti-apoptotic protein subtype the 

tumor is dependent on. The precedent for this therapeutic strategy comes from the ability of 

certain BH3-only proteins to directly interact with and activate BAX and BAK. Unlike the formation 

of a stable protein-inhibitor complex, the interaction between BH3 helices and BAX/BAK is 

proposed to be a dynamic, “hit-and-run” mechanism. Ligand-activated BAX/BAK can, in turn, lead 

to BAX/BAK autoactivation, resulting in the rapid, catalytic formation of pores in the mitochondrial 

outer membrane. Therefore, mimicking this BH3 interaction could yield a novel, apoptosis-

reactivating therapeutic.  

It was appreciated early on by Stan Korsmeyer and colleagues that certain BH3-only 

proteins could interact with both anti- and pro-apoptotic proteins. Following the discovery of the 

protein BID, various mutations in the BH3 helix were found to prevent its binding to anti-apoptotic 

proteins170. However, these same mutations did not abrogate BID’s ability to bind to BAX or to 

induce BAX-mediated apoptosis. Furthermore, unlike other BH3-only proteins like BIK and BAD, 

synthetic peptides representing the BH3 sequence of BID and BIM were shown to directly activate 

BAX in purified mitochondria66 or in a liposomal system171. These experiments supported a model 

in which a subset of BH3-only proteins is capable of directly activating pro-apoptotic BAX and 

BAK. However, the validity of this model was challenged due to the inability to measure a direct 

binding interaction between BAX and BH3 peptides, as well as the high amount of peptide needed 

to induce activation in these systems172. 

The resolution of this apparent discrepancy came from an improved understanding of the 

nature of the BH3-only-BAX/BAK interaction. Structural studies revealed that various BH3 
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peptides interact with the anti-apoptotic proteins via a helix-in-groove interaction3,57. Despite the 

propensity to adopt an -helical conformation, synthetic BH3 peptides, like most peptides, lack 

secondary structure in solution66. The transformation of unstructured BH3 peptides into -helical 

peptides is the result of induced folding caused by interactions with the large BH3-binding surface 

of the anti-apoptotic groove. The result is the formation of a stable protein--helical peptide 

complex.  

To overcome the lack of structure, peptides can be synthetically modified in order to 

restore their native -helicity. This is achieved by covalently linking or “stapling” amino acids that 

are inserted one or two helical turns apart. While several different chemistries for structuring -

helical peptides have been developed84, the formation of an all-hydrocarbon staple through olefin 

metathesis was one of the first and, now, the most commonly employed method. In this approach, 

non-natural amino acids with olefin-containing side chains are inserted into the BH3 sequence at 

the (i, i+4) or (i, i+7) positions. These two side chains are then covalently linked through 

ruthenium-catalyzed (Grubbs catalyst) olefin metathesis to yield the hydrocarbon staple. In 

addition to restoring the -helical secondary structure, these Stabilized Alpha-Helices of BH3 

domain (SAHBs) have the additional benefits of being resistant to protease degradation and 

displaying improved cell uptake, compared to their non-stapled analogs173.  

With these tool compounds in hand, the ability of BH3 peptides to directly activate BAX 

was clearly demonstrated. Stapled peptides corresponding to the BID BH3 and BIM BH3 were 

shown to bind and potently activate BAX, both in a reductionist liposomal system and in cells174,175. 

Despite retaining anti-apoptotic protein binding, SAHBs corresponding to the sensitizer BH3-only 

BAD failed to directly activate BAX. Together, these experiments clearly supported the ability of 

BID and BIM to directly activate BAX. Given the additional properties of protease resistance and 

cell permeability, BID and BIM SAHBs were shown to induce apoptosis of cancer cells in vivo, 
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while sparing normal cells173,175. The ability of BID and BIM SAHB to activate apoptosis provided 

a glimpse into the potential therapeutic success of this “activate the activator” strategy.  

In order to design a peptidomimetic BAX activator, the activation site on BAX had to first 

be determined. While BAX shares significant structural homology with the anti-apoptotic proteins, 

the NMR solution structure of BAX revealed that the 9 transmembrane helix occupied the 

canonical groove (Figure 1.5c, top)85. Therefore, this binding site is not accessible in the inactive 

state, and unlikely to serve as the initial site of activation. Using the BIM SAHB as a tool, a 

calculated model structure of the BIM SAHB-BAX complex was solved using PRE-NMR, revealing 

a novel binding interface88. BIM SAHB was found to engage a shallow hydrophobic groove on the 

opposite face of the protein from the canonical BH3-binding groove (Figure 1.5c, middle). BH3-

engagement at this trigger site causes a variety of conformational changes in BAX and results in 

activation of the protein (Figure 1.4)90. The difference in pocket depth between the trigger and 

canonical sites helped explain why only pre-folded BH3 peptides are capable of binding to full 

length BAX. Subsequent studies have shown that SAHBs corresponding to the direct activators 

BID89 and PUMA69 can also engage the trigger site on BAX, as can the BAX BH3 helix itself90.  

The discovery of the trigger site revealed a binding interface that can directly control BAX 

activation and suggested that a small molecule capable of engaging this site could potentially 

activate BAX therapeutically. The structure of the BIM SAHB-BAX complex was used to conduct 

an in silico screen for small molecules that could mimic the function of the BIM SAHB and directly 

trigger BAX activity. The result of this screening effort was the small molecule BAM7, the first 

selective BAX-activating small molecule176. BAM7 was shown to bind the trigger site on BAX 

(Figure 1.5c, bottom), promote BAX oligomerization, and induce BAX-dependent apoptosis in 

cells. Further pharmacological optimization of the BAM7 scaffold led to the development of 

BTSA1, which displays improved potency for BAX177. BTSA1 was shown to readily activate 

apoptosis in leukemia cell lines and patient-derived samples. Additionally, this compound showed 

anti-tumor efficacy in xenograft models, with favorable pharmacokinetic properties and oral 
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bioavailability. In line with the apoptotic priming hypothesis, this molecule was more potent at 

killing tumor cells over normal cells and did not induce toxicity in normal tissues in vivo.  

Other small molecule screening efforts against BAX have yielded Compound 106 and 

SMBA1, hits from two independent in silico screens for compounds that could bind in the 

canonical pocket of BAX178,179. Compound 106 was shown to activate BAX and kill cells in a BAX-

dependent manner. This compound, however, is a weak activator (~50 μM IC50 in cells) and its 

binding site on BAX is unknown178 . Similarly, SMBA1 was shown to bind BAX and kill cells in a 

BAX-dependent manner179. Despite an effort to improve the potency of the molecule, confirmation 

of the binding site and an on-target killing mechanism remains to be demonstrated180.  

The only example of an in vitro screen for BAX-activating compounds uncovered a small 

molecule that activates BAX through a unique mechanism. OICR776A was identified as an 

activator of BAX in a liposomal screening system181. This compound was shown to bind directly 

to BAX and kill cells in a BAX-dependent manner. Interestingly, the binding to BAX was dependent 

on the presence of cysteine 126, a residue that is not located in either of the two characterized 

activation sites on BAX. This suggests that there may be additional mechanisms that can lead to 

the activation of BAX independently from the characterized BH3-activating modes. Overall, these 

studies confirmed that direct, pharmacological manipulation of BAX activation could be a viable 

strategy for treating cancer, prompting our research into the identification and characterization of 

novel molecular modulators of pro-apoptotic BAX by direct, fragment based-NMR screening.  
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This is, for the future, the most interesting and challenging task: 
to further explore, in order to reach a more refined manner 

to induce cell death in cancer cells. 
 

―Jan-Åke Gustafsson 

Introduction to the Nobel Lectures in Medicine, 2002 
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ABSTRACT 

BCL-2-associated X protein (BAX) is a critical apoptotic regulator that can be transformed from a 

cytosolic monomer into a lethal mitochondrial oligomer. Drug strategies to modulate BAX are 

relatively underdeveloped due to longstanding difficulties in conducting screens on this 

aggregation-prone protein. Here, we overcame prior challenges and, to our knowledge, performed 

the first NMR-based fragment screen of full-length human BAX. We identified 53 BAX-interacting 

fragments (BIFs) that were subsequently counterscreened for BAX-modulating activity. 

Intriguingly, one compound, BIF-44, demonstrated a robust BAX sensitization profile in the 

presence of the activator BIM SAHBA2. Validation of small molecule binding by CPMG NMR and 

ITC confirmed that BIF-44 directly engages BAX. Select structural changes to the BIF-44 core 

abrogated its functional effect, suggesting a compound-specific effect. Furthermore, BIF-44 

displayed no signs of aggregation in solution as verified by a series of orthogonal analyses. Thus, 

BIF-44 represents a novel approach sensitizing BAX to BH3-mediated activation and warranted 

further exploration as a pharmacologic mechanism to induce the apoptosis of cancer cells.  
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INTRODUCTION 

The BCL-2 family plays a central role in the regulation of apoptosis during health and disease. 

Inhibition of apoptosis is one of key hallmarks of cancer, where sequestration and inactivation of 

pro-apoptotic members drives cellular immortality1,2. Therefore, a major pharmaceutical effort has 

been underway to disarm anti-apoptotic proteins in cancer. The primary goal has been to block 

the mechanism by which anti-apoptotic proteins such as BCL-2 deploy a surface groove to trap 

the apoptosis-triggering BCL-2 homology 3 (BH3) helices of pro-apoptotic proteins. This 20-year 

effort has culminated in the FDA-approval of a selective BCL-2 pocket inhibitor, venetoclax3,4. 

This “inhibit the inhibitor” therapeutic strategy is now being applied to develop drugs against the 

broad spectrum of anti-apoptotic targets implicated in cancer, including BCL-XL5-7, MCL-18-13, and 

BFL-1/A114. 

The discovery of an 1/6 trigger site for direct BAX activation by pro-apoptotic BH3 

domains has motivated the exploration of an “activate the activators” strategy to drive cancer cell 

death15,16. This effort was initiated with an in silico screening approach because, in contrast to the 

highly stable anti-apoptotic targets, the production of BAX for direct, experimental screening was 

hampered by the challenge of expressing sufficient quantities of recombinant BAX and the 

general instability of BAX in solution, especially when exposed to potential activators. Biochemical 

and cellular validation efforts yielded the first class of direct and selective BAX activator molecules 

(BAMs)17. Other groups have also applied in silico screening to identify putative canonical site 

BAX activators18-20. However, given the difficulties associated with recombinant BAX outlined 

above, an unbiased screening approach has not been attempted. 

The purpose of any small molecule screen is to identify chemical matter that can interact 

with the protein of interest and elicit a biological response21. Traditional high-throughput screening 

(HTS) methods seek to identify molecules that bind to or alter the function of the protein of interest 

by sifting through a large library of diverse, “drug-like” compounds22,23. The compounds in these 

HTS libraries typically obey the “Lipinski’s rule of five”, a guideline for the properties of orally 
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bioavailable compounds, including molecular weight less than 500 Da, no more than five 

hydrogen bond donors, no more than 10 hydrogen bond acceptors, and a calculated octanol-

water partition coefficient (clogP; measure of hydrophilicity) not greater than five24. While the HTS 

technique has succeeded in identifying lead compounds for many protein targets, the overall 

screening process is inherently inefficient. The larger the small molecule, the more possible 

interactions (both favorable and unfavorable) that molecule can have with the protein. As near 

perfect complementarity is needed to engage the protein of interest, an increasingly large library 

(105-107 compounds) must be screened to find the relatively few compounds that exhibit a high 

degree of binding21,25. Furthermore, HTS can fail to generate hits against more complex 

“undruggable” targets26 and is plagued by a high rate of false positives25, especially from pan-

assay interference compounds (PAINS)27 and non-specifically aggregating compounds28,29. 

In contrast, fragment-based screening utilizes the power of small, low complexity 

compounds (<300 Da) to efficiently sample the chemical interaction space using a much smaller 

(103-104) library of molecules21,23. Fragment-based screening approaches have successfully 

produced leads for pharmacological targeting of a number of challenging targets, including the 

BRAF inhibitor vemurafenib30 and the BCL-2/BCL-XL inhibitor ABT-73731,32. Since fragments have 

simpler chemical structures, they engage a greater number of binding sites and thus yield higher 

hit rates25. Despite these advantages, fragments usually have weak affinity for their target and 

sensitive biophysical methods such a nuclear magnetic resonance (NMR) must be used to detect 

target engagement. Beyond drug discovery, fragment screening can identify new ways to alter 

protein behavior and provide a platform to explore the biology of the protein target25. 

The use of fragment-based screening was popularized by Steve Fesik and colleagues, 

who developed an approach to enhance screening efforts called structure activity relationship 

(SAR) by NMR33. This technique uses two dimensional-NMR to screen for fragments that shift the 

protein amide crosspeaks. In this manner, information on both target engagement and location of 

the putative binding site for each ligand in the library can be collected simultaneously during the 
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screen. This approach can be an efficient starting point to identify chemical matter that binds to a 

protein of interest. In fact, this technique was successfully implemented by Abbott Laboratories in 

the development of ABT-73731,32.  

Here, we sought to expand the repertoire of BAX-activating compounds18,19,34,35 for 

potential clinical development by use of an NMR-based fragment screen. Indeed, by employing 

this approach we successfully identified 53 BAX interacting fragments (BIFs). Intriguingly, one of 

these hits, BIF-44, strongly sensitized BAX to BH3-mediated direct activation, revealing a 

previously undescribed biochemical phenomenon.  
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METHODS 

Small Molecules 

The Ro3 diversity fragment library used for screening by NMR was purchased from Maybridge. 

All BIFs were repurchased for biochemical characterization from Maybridge, with documented 

purities of ≥95%. BIF-44 (4-phenoxyphenol) was also ordered from Alfa Aesar (99% purity). ANA-

BIF-1 (3-phenoxyphenol) was purchased from Alfa Aesar (98% purity), ANA-BIF-2 (4-

benzylphenol), ANA-BIF-3 (4-phenoxyaniline), and ANA-BIF-5 (4-phenoxybenzoic acid) from 

Sigma-Aldrich (purities of 99%, 97%, and 97%, respectively), and ANA-BIF-4 (4,4’-oxydiphenol) 

from MP Biomedicals (≥95% purity). 4-ADPA (4-aminodiphenylamine) and I4PTH (3',3'',5',5''-

tetraiodophenolphthalein) were purchased from TCI (>98% and >95% purity, respectively). 

 

Peptide Synthesis 

Solid-state peptide synthesis using Fmoc chemistry was performed as previously described36. 

BIM SAHBA2 (145EIWIAQELRXIGDXFNAYYA164-CONH2)16 peptide (X, (S)-N-2-(4′-pentenyl) 

alanine) was N-terminally derivatized with either an acetyl group or fluorescein isothiocyanate 

(FITC)-β-alanine for the indicated applications in NMR and biochemical experiments. Peptides 

were purified by LC-MS to >95% purity (Appendix: Figure S.1) and quantified by amino acid 

analysis. Lyophilized peptides were reconstituted in 100% DMSO or DMSO-d6 and diluted into 

the indicated aqueous buffers for experimental use. 

 

Expression and Purification of Full-length BAX 

Recombinant, full-length BAX was expressed in BL21 (DE3) E. coli using the pTYB1 vector16,37. 

Cell pellets were resuspended in 20 mM Tris, 250 mM NaCl, pH 7.2 and lysed by two passes 

through a microfluidizer (Microfluidics) chilled to 4°C. The lysate was clarified by centrifugation at 

20,000 rpm. BAX was purified by batch affinity binding at 4°C using chitin resin (New England 

Biolabs), followed by loading onto gravity flow columns for washing and elution. The intein-chitin 
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binding domain tag was cleaved by 36 hour incubation in 50 mM dithiothreitol at 4°C. Pure protein 

was isolated by size exclusion chromatography (Superdex 75 10/300; 20 mM HEPES, 150 mM 

KCl, pH 7.2 or 20 mM potassium phosphate, pH 6.2) using an FPLC system (GE Healthcare Life 

Sciences). 

 

Fragment Screening by STD NMR 

Molecular fragments (Ro3 diversity library, Maybridge) were characterized by 1H-NMR and then 

pooled in groups of 10 to minimize spectral overlap using in-house software. During the process 

of library curation, 1H-NMR spectra were collected at a concentration of 500 μM in phosphate 

buffered saline (pH 7.4) and fragments exhibiting poor solubility, aggregation, or whose NMR 

spectra were inconsistent with the chemical structure (total of 40), were removed prior to pooling. 

Fragment pools were added to a 5 μM solution of unlabeled, full-length human BAX in 20 mM 

potassium phosphate buffer, pH 6.2 in 10% (v/v) D2O, resulting in a final compound concentration 

of 300 μM. The mixing and loading of samples into a 5-mm NMR tube was performed using a 

liquid handling robot (Gilson). STD NMR measurements were acquired at 25°C on a Varian Inova 

500-MHz spectrometer equipped with a helium-cooled cryoprobe. Low power saturation of the 

protein was achieved with a series of 50 ms Gaussian pulses for a total of 3 seconds; on-

resonance irradiation was performed at 0.8 ppm, and off-resonance irradiation at 30 ppm. 

Standard excitation sculpting was used for solvent suppression. Each experiment was run for 14 

min. The results were initially analyzed by comparing the on and off resonance STD spectra for 

each pool to determine the presence of binders. Subsequently, each pool was analyzed to identify 

individual binders using in-house analysis and display software, which allowed for precise 

alignment of on- and off-resonance spectra. Fragments in pools that yielded a positive STD signal 

were then subdivided into groups of three for retesting.  Those fragments that exhibited STD in 

both experiments were reordered from Maybridge and tested both as single compounds and in 

competitive binding experiments. 
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Liposomal Release Assay 

Large unilamellar vesicles (LUVs) with a lipid composition similar to the outer mitochondrial 

membrane were formed by liposome extrusion as previously described38. Briefly, a lipid mixture 

containing a 48:28:10:10:4 molar ratio of phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylinositol, dioleoyl phosphatidylserine, and tetraoleolyl cardiolipin (Avanti Polar Lipids) 

was generated in chloroform. Lipid films were formed by evaporation of solvent, initially under 

nitrogen gas and then by overnight vacuum, followed by storage at –80 °C under nitrogen. Lipid 

films were hydrated in 1 mL assay buffer (10 mM HEPES, 200 mM KCl, 1 mM MgCl2, pH 7.0) and 

mixed with the fluorophore and quencher pair, 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS, 

12.5 mM) and p-xylene-bis-pyridinium bromide (DPX, 45 mM). Liposomes were formed by 5 

freeze/thaw cycles followed by extrusion through a 100 nm polycarbonate membrane and purified 

using a Sepharose CL-2B size-exclusion column. For measurement of BAX activation, BAX (750 

nM) was added to the indicated concentration of molecular fragment in the presence of liposomes, 

followed by the activator BIM SAHBA2 at the indicated time points. The assay was carried out in 

black opaque 384 well plates (30 μl per well). ANTS/DPX release was monitored over time at 

room temperature in a spectrofluorometer (Tecan Infinite M1000) using an excitation wavelength 

of 355 nm, an emission wavelength of 540 nm, and a bandwidth of 20 nm. Maximal release was 

determined by the addition of Triton X-100 to a final concentration of 0.2% (v/v). Percent release 

was calculated as ((F−F0)/(F100−F0)) × 100, where F is the observed fluorescence at a given time, 

and F0 and F100 represent baseline and maximal fluorescence, respectively. 

 

CPMG NMR 

CPMG experiments were performed using standard methods39. NMR analyses employed BIF-44 

at a concentration of 300 μM, with or without added BAX (5 μM), in a 20 mM potassium phosphate 

buffer, pH 6.2.  A 0.5 millisecond tau delay (1 ms per CPMG echo cycle) was applied, with the 
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number of echo cycles corresponding to 500 ms. Excitation sculpting was used for solvent 

suppression, as reported40. 

 

Isothermal titration calorimetry (ITC) 

Binding affinity was measured by adding 0.15 mM recombinant BAX protein to the cell and 

injecting 2.0 μL of 1.0 mM ligand by syringe for a total of 30 injections using an Affinity ITC (TA 

instruments) at 25°C. BAX and BIF-44 solutions were prepared in 20 mM potassium phosphate 

buffer (pH 6.2), with a final concentration of 2% (v/v) DMSO. The samples were centrifuged for 

15 min at 4°C before titration. ITC experiments were performed in duplicate and the data analyzed 

with the NanoAnalyze software package (TA instruments) using a single binding site model and 

thermodynamic parameters calculated as follows: ΔG = ΔH – TΔS = –RTlnKB, where ΔG, ΔH and 

ΔS are the changes in free energy, enthalpy and entropy of binding, respectively. 

 

NMR-based Detection of Small Molecule Aggregators 

To detect line broadening, standard 1H-NMR spectra were acquired. T2 decay curves were 

generated by measuring the CPMG NMR spectra of the molecules, performed as described 

above. The number of echo cycles corresponds to the decay time. The intensity of the aromatic 

peaks at the indicated decay times were measured and normalized to a maximum intensity of 1 

at the 10 ms decay time. The curves were fitted to a one phase decay model using Prism software 

(Graphpad). Excitation sculpting was used for solvent suppression. Samples for both analyses 

were prepared in 20 mM potassium phosphate buffer, pH 6.2, 10% (v/v) D2O. 

 

Dynamic Light Scattering (DLS) 

The indicated molecules were diluted from a 100 mM stock into 20 mM potassium phosphate 

buffer, pH 6.2, with a final DMSO concentration of 1%. Samples were analyzed at room 
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temperature on a DynaPro-99 instrument equipped with a 90° detector angle using a 10 second 

acquisition time per measurement.  

 

Negative Stain Electron Microscopy 

Small molecules were diluted from 100 mM DMSO stocks into 20 mM Tris-HCl, pH 7.2 to 100 μM 

for I4PTH, and 300 μM for 4-ADPA and BIF-44. Samples were then applied to a glow discharged 

carbon-coated grid (Electron Microscopy Sciences) for 60 seconds. The grid was blotted to 

remove excess solution, washed once in water, and stained with 1% (w/v) uranyl formate for 20 

seconds. Images were acquired using a JEOL JEM1200 EX transmission electron microscope 

(Harvard Medical School Electron Microscopy Facility).  
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RESULTS 

NMR Screen Identifies BAX Interacting Fragments (BIFs) 

To generate recombinant, full-length, monomeric BAX of sufficient quantity and stability to 

execute a molecular fragment screen, we scaled up our production method to an overall culture 

volume of 48 liters, and then performed sequential lysis of bacterial pellets at 4°C using a 

microfluidizer, followed by batch binding of the lysate to chitin affinity resin, dithiothreitol (DTT) 

cleavage, and purification by size exclusion chromatography (Figure 2.1a–b). Using this 

approach, we were able to generate 22 mg of BAX protein at a concentration of 0.6 mg/mL for 

initial screening, representing an overall yield of 0.5 mg of pure, full-length protein per liter of 

bacterial culture. We further confirmed by 15N-HSQC NMR analysis that our preparation of 

recombinant, full-length BAX monomer was stable for days at room temperature, enabling us to 

embark on a small molecule screening effort (Figure. 2.1c).  

 Given the relatively low yield of recombinant BAX and induction of protein aggregation 

upon exposure to a potential activator, the traditional protein-detected NMR methods like those 

used in SAR by NMR are not feasible for BAX. In contrast, ligand-based methods require a much 

lower amount of protein (typically around 5 μM) and the protein does not need to be isotopically 

labeled25,41. Additionally, the rapid acquisition time, relative ease of analysis, and the ability to 

pool compounds with non-overlapping 1H-NMR spectra make ligand-detected NMR screening a 

tractable platform for advancing a fragment-based screen of pro-apoptotic BAX41,42. Specifically, 

we employed fragment screening by saturation transfer difference (STD) NMR to identify 

molecules that interact with BAX. STD NMR allows for the sensitive detection of ligand binding 

(up to millimolar KD) by measuring the change in the 1H-NMR signal of a ligand following the 

selective saturation of resonances in the target protein (0.5-1.0 ppm, protons on methyl 

sidechains)23,43. Transfer of this magnetization from the protein to any bound ligand causes a 

decrease in signal that is reflective of a ligand-protein binding interaction. When this “on” 

resonance spectrum is subtracted from that of the same sample exposed to “off” resonance  
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Figure 2.1 Expression, purification, and stability of full-length monomeric BAX.              

(a) Size exclusion chromatography (SEC) demonstrates that BAX is produced and isolated in 

monomeric (e.g. fractions B12–B9, rightward peak) and oligomeric forms (left). Conditions are 

optimized to afford maximal yield of monomeric protein.  BAX protein is identified and tracked in 

SEC fractions by western analysis (right). Of note, preparation of monomeric BAX for SDS PAGE 

(e.g. boiling, detergent) can induce low-level dimerization, which can be detected by western blot.  

(b) SEC traces of the BAX preparations used for each step of STD NMR screening (left), with an 

exemplary coomassie stain of the isolated fractions of purified monomeric BAX (right).  (c) 

Stability of purified, recombinant, and monomeric full-length BAX, as demonstrated by 15N-HSQC 

NMR analysis of the same 15N-BAX (50 μM) sample after 24 (blue) and 48 (red) hours at room 

temperature. 

 

  



61 
 

 

 

  

Figure 2.1 (Continued) 

 



62 
 

  Table 2.1 Overview of fragment screen 
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irradiation (outside proton frequency range), the result is a difference spectra (STD). Since peaks 

that do not change following irradiation subtract to zero, ligand binding is indicated by the 

appearance of peaks in the difference spectrum.  

We performed the BAX screen using the Maybridge Rule of Three (Ro3) fragment library. 

The “rule of three”, similar to the rule of five, is a guideline for designing fragment libraries based 

on the properties of compounds that frequently score in a screen44. Ro3 fragments have a 

molecular weight of <300 Da, ≤3 hydrogen bond donors/acceptors, and a calculated logP ≤3. In 

addition to being Ro3 compliant, the members of the library represent a diverse set of 

pharmacophores, further curated to remove reactive functional groups. The 1000 molecular 

fragments were first subjected to a quality control workflow to eliminate any fragments that 

exhibited poor solubility, aggregation below 500 μM, or whose NMR spectra were not consistent 

with the chemical structure. The 960 compounds that passed this quality control step were 

characterized by 1H-NMR and STD NMR in the absence of protein to ensure the specificity of any 

observed hit in the screen. Using custom, in-house software, the compounds were then pooled in 

groups of ten such that spectral overlap of the members of each pool was minimized.  

The on- and off-resonance STD spectra for each pool of fragments was collected and 

carefully aligned, using in-house display and analysis software. The data interpretation was a 

binary “yes or no” answer based on the appearance of peaks in the difference spectrum. 

Deconvolution of the pools was achieved by comparing each STD difference spectrum with the 

1H-spectra of the constituents of the pool. Of the 96 pools analyzed, we detected a positive STD 

signal in 37, which represented 86 individual hits. To confirm the screening results, the 

compounds were then rescreened using similar conditions in pools of three, ultimately yielding 56 

confirmed interactors (Table 2.1, Figure. 2.2a). Fifty-three commercially available fragments were 

ordered, retested by STD as singletons, and confirmed as BAX-Interacting Fragments (BIFs) 

(Appendix: Table S.1). While the hits are diverse, nearly half of the identified BIFs were 

composed of linked or fused five and six-membered rings (Appendix: Table S.2).   
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Figure 2.2 STD NMR-based identification of BAX-interacting fragments that modulate BH3-

mediated BAX activation. 

 (a) Identification of BAX-interacting fragments (BIFs) by sequential rounds of STD NMR 

screening in pools of 10, 3, and then singlet, yielding 56 candidate BIFs. BAX, 5 μM; 

Molecules, 300 μM (b) BIF-44 has no independent effect on the liposomes (red, left), minimal 

direct BAX activation activity (red, middle), but notably enhances the kinetics and quantity of 

liposomal release upon addition of BIM SAHBA2 (red, right), exceeding the maximal level of 

release achieved by the BIM SAHBA2 and BAX combination alone (blue, right). Error bars are 

mean ± SD for experiments performed in technical triplicate, and repeated twice more with 

similar results using independent liposomal and protein preparations. BAX, 0.75 μM; BIM 

SAHBA2, 0.75 μM; BIF-44, 113 μM (150x) 
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BIF-44 Specifically Sensitizes BAX Activation 

To determine if any of the identified BIFs influenced the function of BAX, we screened the 53 BIFs 

in a liposomal release assay. This technique measures the ability of BAX to permeabilize 

fluorophore/quencher-packed large, unilamellar vesicles (LUVs) with a lipid composition 

mimicking that of the outer mitochondrial membrane. This assay was designed to identify both (1) 

direct BAX activators and (2) sensitizers or inhibitors of direct BAX activation induced by a stapled 

BIM BH3 helix, BIM SAHBA2 (aa 145–164)16. First, baseline fluorescence with liposomes and 

compound alone was read, followed by the addition of BAX to evaluate for direct activation; then, 

BIM SAHBA2 was added to this mixture and the effect of the combination monitored, and 

compared with the triggering activity of BIM SAHBA2 and BAX in the absence of compound. Using 

this assay format, we identified 4 direct activators of BAX-mediated liposomal release and 8 

sensitizers of BIM SAHBA2-triggered, BAX activation (Appendix: Table S.1). The direct activator 

profile is exemplified by the positive control BIM SAHBA2 peptide, which induces time-responsive 

liposomal release in the presence of BAX (Figure. 2.2b, Appendix: Table S.2). A novel sensitizer 

profile was most strikingly reflected by the activity of BIF-44, which had a minimal effect on BAX 

when incubated as a single agent, but when combined with BIM SAHBA2 enhanced both the 

kinetics and maximal amount of BAX-mediated release as compared to treatment with BIM 

SAHBA2 alone (Figure 2.2b).  

Given these intriguing results, we subjected BIF-44 to a rigorous workflow of validation 

studies. First, we confirmed the screening results by demonstrating that the BIF-44 STD signal is 

dependent on BAX and not a non-specific result of the experimental setup (Figure. 2.3a). The 

off-resonance condition shows no effect on the aromatic region of BIF-44 in the presence or 

absence of BAX (Figure. 2.3a, top). An STD signal (STD = off resonance minus on resonance) 

for BIF-44 is only detected in the presence of BAX, reflective of ligand-protein interaction (Figure. 

2.3a, middle). 
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Figure 2.3 Validation of BIF-44 as a BAX binder.  

(a) 1H NMR spectrum of BIF-44 in the presence (red) and absence (gray) of BAX protein: STD 

off resonance (top), STD (middle), CPMG (500 ms) (bottom). BAX, 5 μM; BIF-44, 300 μM (b) 

Isothermal titration calorimetry analysis of the BIF-44/BAX interaction. ITC was performed in 

duplicate with a representative analysis shown (single binding site model; BAX, 150 μM; Kd, 

37 ± 12 μM).   
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Next, we sought to corroborate our BIF-44/BAX interaction findings with an orthogonal 

NMR measure. We applied Carr–Purcell–Meiboom–Gill (CPMG)-NMR to monitor for a potential 

change in BIF-44 signal upon incubation with BAX42. This method measures the change in the T2 

relaxation time of the ligand due to the formation of a protein-ligand complex. As the protein has 

a much faster relaxation time compared to the small ligand, interactions with the protein results in 

a measurable decrease in 1H-NMR signal. In the presence of BAX, we indeed observed a sharp 

reduction in signal, indicative of BIF-44 binding (Figure. 2.3a, bottom). 

We then quantified the BIF-44/BAX interaction by isothermal calorimetry (ITC), which 

revealed a Kd of 37 ± 12 μM (Figure. 2.3b). This double-digit micromolar affinity is both consistent 

with expectations for a small molecule fragment and the capacity of low affinity interactions to 

activate BAX. Indeed, in contrast to the nanomolar and subnanomolar affinities required for BH3-

only protein and BH3-mimetic inhibition of anti-apoptotic targets, BAX activation occurs by a 

transient “hit-and-run” mechanism in which ligand-induced 1–2 loop mobilization and BAX BH3 

domain exposure catalyzes signal propagation through subsequent BAX autoactivation15,45,46.  

To evaluate the structure-based reproducibility and selectivity of the observed BIF-44 

activity, we evaluated the binding and functional properties of a series of BIF-44 analogs. 

Importantly, we find that BIF-44-like diaryl ethers that either shift the hydroxyl from the para to the 

meta position (ANA-BIF-1), replace the ether linkage with a methylene group (ANA-BIF-2), or 

replace the hydroxyl group with an amine or methoxy in the same position (ANA-BIF-3; BIF-27), 

all retain BAX-binding activity as assessed by STD NMR, and demonstrate BAX-sensitization 

activity (Figure. 2.4a–c, Appendix: Table S.1). In contrast, diaryl ethers that bear a para-hydroxyl 

group in each aromatic ring (ANA-BIF-4), or that replace the BIF-44 hydroxyl with a carboxyl group 

(ANA-BIF-5), manifest little to no BAX-binding or sensitization activity (Figure. 2.4d–e). These 

data provide evidence for a structure-activity relationship that supports the specificity of action of 

BIF-44 in binding to BAX and sensitizing BH3-mediated BAX activation.  
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Figure 2.4 Structure-activity relationships of BIF-44 analogs. 

(a–e) Chemical structures (left), STD binding (red) profiles (middle), and BAX-mediated 

liposomal release sensitization activity (right) of BIF-44 analogs (ANA-BIFs, compounds 2-5). 

Error bars are mean ± SD for experiments performed in technical triplicate and repeated twice 

more with similar results using independent liposomal and protein preparations. For STD 

NMR, BAX 5 μM; ANA-BIFs 300 μM. For liposomal release assays, BAX 0.75 μM; BIM 

SAHBA2, 0.75 μM; ANA-BIFs, 113 μM (150x). 
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Finally, before advancing the BIF-44/BAX interaction to more rigorous structural and 

mechanistic analyses, we sought to rule out non-specific activity that could derive from 

aggregation of the small molecule fragment.  In addition to passing our initial quality control testing 

performed on the Maybridge Ro3 library, we evaluated BIF-44 in a series of aggregation assays 

alongside positive control aggregator compounds28. First, we queried an aggregator web tool 

(http://advisor.bkslab.org/)29, which found no structural similarities between BIF-44 and other 

aggregator compounds in the database. The presence of broad 1H NMR spectra can be a sign of 

aggregation47. In stark contrast to the small molecule aggregators 4-aminodiphenylamine (4-

ADPA)29 and tetraiodophenolphthalein (I4PTH)28, BIF-44 showed no NMR line broadening at the 

highest micromolar dosing (300 μM) used in our studies (Figure. 2.5a–b). Whereas 4-ADPA 

demonstrated rapid NMR signal decay over time at 300 μM dosing, the BIF-44 signal was stable 

at this dose (Figure. 2.5c), and showed little to no difference in decay between 25 and 300 μM 

dosing when evaluated at even longer time points (Figure. 2.5d).   

We then compared BIF-44, 4-ADPA, and I4PTH in dynamic light scattering experiments 

across a broad dose range. Whereas 4-ADPA and I4PTH show evidence of light scattering at 300 

μM and 10 μM, respectively, BIF-44 showed no such effect even at 1 mM concentration (Figure. 

2.5e). Finally, small molecule formation of structured aggregates has also been shown to cause 

spurious effects on protein targets28,48. To rule out this possibility, we compared the morphology 

of micromolar solutions of I4PTH, a robust aggregator compound, to that of BIF-44 by negative 

stain electron microscopy. Whereas I4PTH produced prominent, structured aggregates, as 

previously reported28, BIF-44 showed no such effect (Figure. 2.5f). In addition, neither small 

molecule aggregator, 4-ADPA or I4PTH, had any effect on BIM SAHBA2-triggered, BAX-mediated 

liposomal release (Figure. 2.5g–h). Thus, we find by a series of orthogonal measures that BIF-

44 demonstrates no evidence of small molecule aggregation even at very high concentrations 

and induces a specific sensitizing effect on BAX activation and poration. 
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Figure 2.5 BIF-44 does not form aggregates in solution. 

(a) Chemical structures of BIF-44 (top), 4-ADPA (middle), and I4PTH (bottom). (b) 1H NMR 

spectra of BIF-44 (300 μM), 4-ADPA (300 μM), and I4PTH (100 μM). (c) T2 decay curves of BIF-

44 (300 μM) and 4-ADPA (300 μM).  Data are mean ± SD for the decay of three peaks per 

spectrum. (d) T2 decay curves of BIF-44 at the indicated concentrations. Data are mean ± SD for 

the decay of three peaks per spectrum. (e) Dynamic light scattering intensities of BIF-44, 4-ADPA, 

and I4PTH at the indicated concentrations. Data are mean ± SD for 10 runs per sample and 

repeated with similar results using independent compound dilutions. (f) Negative stain electron 

microscopy of I4TPH (top left, top right magnification), 4-ADPA (bottom left), and BIF-44 (bottom 

right). Bars: top left, 2 μm; top right, 0.4 μm; bottom left, 2 μm; bottom right, 2 μm. (g–h) The 

addition of aggregator molecules 4-ADPA (g) or I4PTH (h) have no sensitizing effect on BIM 

SAHBA2-triggered, BAX-mediated liposomal release. Error bars are mean ± SD for experiments 

performed in technical triplicate and repeated twice more with similar results using independent 

liposomal and protein preparations. BAX, 0.75 μM; BIM SAHBA2, 0.75 μM; ADPA or I4PTH, 113 

μM (150x). 
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  Figure 2.5 (Continued) 
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DISCUSSION 

BCL-2 family proteins tightly control the initiation of apoptosis. In particular, BAX activation 

represents a critical regulatory step of the apoptotic cascade. Activated BAX forms pores in the 

mitochondria, and thereby induces mitochondrial outer membrane permeabilization (MOMP), the 

point of no return for apoptotic cell death. Given their central role in apoptosis regulation, BCL-2 

family proteins have been longstanding targets for pharmacologic development. Whereas drug 

discovery efforts reported over a decade ago for an anti-apoptotic BCL-2 family member have 

now led to the first, selective small molecule inhibitor of BCL-2, venetoclax3,31, an analogous drug 

development strategy has remained out of reach for BAX.  

A major limitation in pursuing BAX-modulating compounds has been the inability to 

generate pure, full-length BAX in sufficient yields to perform a small molecule screen. As a result, 

previous studies have relied on in silico methods to identify potential BAX-binding compounds17-

19. By using a pooled STD NMR screening strategy, we greatly reduced the protein requirements 

to conduct an unbiased screen. In addition, we were able to purify the requisite amounts of full 

length BAX with sufficient stability for screening by optimizing our protein production and handling 

methodologies. Thus, we were able to conduct what is, to our knowledge, the first NMR-based 

small molecule screen of full-length BAX in solution. Through successive rounds of fragment 

screening by STD NMR, we identified 53 BAX-interacting fragments (BIFs) that displayed 

reproducible binding to BAX. To determine if these 53 BIFs could modulate BAX activity, the 

molecules were tested in a functional liposomal release assay designed to rapidly screen for BAX 

activation, inhibition, or sensitization. From this secondary screen, we identified a molecular 

fragment, BIF-44, with a unique BAX sensitization activity that manifested upon co-incubation of 

the compound with BAX and a triggering BH3 ligand in a membrane environment. 

As non-specific protein modulators can register as hits across a variety of screening 

methods, a critical step in the characterization of a hit from a small molecule library is to validate 

the specificity of activity.  The so-called “PAINS” compounds have several distinct mechanisms 
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that can lead to a false positive result, including small molecule aggregation28,29, detection assay 

interference 27, covalent crosslinking27, and effects of compound impurities49. While the Maybridge 

Ro3 fragment library was designed to avoid these “bad actors”, it is critical to rigorously validate 

any hits experimentally. Therefore, we conducted three orthogonal binding assays including STD 

NMR, CPMG NMR, and ITC to confirm that BIF-44 directly binds to BAX. Additionally, BIF-44 was 

ordered from two different vendors at high purity to rule out the presence of an interfering impurity. 

To ensure the specificity of the BIF-44-BAX interaction, we tested several structurally-related 

analogs of BIF-44 (ANA-BIFs) to demonstrate a clear SAR. Some, but not all of the ANA-BIF 

compounds, lost the BAX sensitizing effect, suggesting that BIF-44 induces a specific effect on 

BAX.  

Small molecule aggregators are notorious for foiling screening efforts, producing 

artefactual modulation of protein activity28,29. At high concentrations, these aggregating molecules 

organize into large colloidal particles50 or fibrils51 that can interact with proteins and influence their 

function. Given the difficulty of accurately predicting aggregator compounds, the prevalence of 

these compounds in screening libraries can be quite high. Therefore, any small molecule 

screening hit should be tested experimentally for aggregation in solution. We conducted a suite 

of experiments that explicitly tested for BIF-44 aggregation. Using two NMR methods, DLS, and 

electron microscopy, we found no evidence of BIF-44 aggregation. Furthermore, two compounds 

that do form aggregates did not affect BAX activation. Taken together, these data validated BIF-

44 as a novel molecular fragment capable of directly binding to BAX and sensitizing BH3-triggered 

BAX activation and poration. This work stimulated our efforts to pursue both the BIF-44 binding 

site and its explicit mechanism of action.  
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Characterization of the BIF-44–BAX Interaction  
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ABSTRACT 

Having identified BIF-44 in a fragment-based screen and validated this compound as a sensitizer 

of BAX activation (Chapter 2), we sought to further characterize the nature of this interaction. 

Using BAX-mediated liposomal release as a functional assay, we determined that BIF-44 dose-

responsively sensitizes the activation of BAX by BIM SAHBA2 and exhibits a similar sensitization 

effect with a variety of other BAX-activating stimuli. Furthermore, BIF-44 sensitized BAX activation 

in a mitochondrial release assay, which reflects the physiologic context for BAX activity. 

Leveraging peptide ligands with known BAX binding sites, we unexpectedly detected competition 

for BIF-44 binding by the inhibitory vMIA/BH4 peptides. We localized the BIF-44 binding site by 

HSQC NMR, which revealed prominent chemical shift changes of residues that form a pocket at 

the junction of the 3–4 and 5–6 hairpins, the very same region occupied by the vMIA peptide. 

Thus, this discrete location on BAX was identified as a critical regulatory center where BIF-44 

binding can sensitize BAX, but occlusion by vMIA/BH4 helices can prevent BAX activation.  
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INTRODUCTION 

BCL-2-associated X protein (BAX) is a 21 kDa globular protein composed of nine -helices and 

functions as a critical effector of the BCL-2 family-regulated mitochondrial apoptotic pathway. An 

5–6 hairpin forms the protein’s hydrophobic core, the juxtaposition of -helices 1 and 6 creates 

a ligand-interaction surface that regulates the initiation of BAX activation, and, at the opposite 

face of the protein, the auto-inhibitory 9 helix resides in a hydrophobic groove, with portions of 

-helices 2, 3 and 4 defining the pocket1. BAX’s central role in apoptosis induction derives from 

its capacity to undergo a major conformational change that results in irreversible mitochondrial 

translocation, intramembrane homo-oligomerization, and mitochondrial outer membrane 

poration2. For such a small protein, a surprisingly large series of regulatory surfaces and complex 

conformational changes have been defined (Figure 3.1). Indeed, the inherent risk to the cell of 

renegade BAX activation may underlie the mechanistic basis for its multifaceted regulation. 

In its conformationally inactive state, BAX is predominantly cytosolic, but in response to 

stress, BH3-only direct activator proteins, such as BIM, BID, and PUMA, can directly engage an 

1/6 binding site, which triggers the initiating conformational changes of BAX activation3-6 

(Figure 3.1, orange). BAM7, the first described BAX-activating compound, mimics the effect of 

BH3 binding at the trigger site7. This first, dynamic activation step may be followed by transient 

BH3-interactions with the canonical hydrophobic groove to propagate BAX homo-oligomerization8 

(Figure 3.1, cyan). Other BAX-activating compounds such as SMBA1 and Compound 106 have 

been suggested to target the canonical site to induce apoptosis9,10. 

Conversely, there are several mechanisms that inhibit BAX and prevent its activation. The 

canonical mechanism involves the sequestration of the BAX BH3 -helix by the surface groove 

of anti-apoptotic BCL-2 family members. In addition, the BCL-2 BH4 -helix has been shown to 

bind BAX at a distinct region defined by the 1, 1–2 loop, and 2–3 and 5–6 hairpins of 

BAX (Figure 3.1, yellow)11. The BH4 helix preserves the inactive state of BAX by preventing its 
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conformational activation by BH3 helices. The third mechanism of inhibition is exemplified by the 

cytomegalovirus viral mitochondria-localized inhibitor of apoptosis (vMIA). The vMIA protein was 

identified based on its ability to block cytochrome c release, thereby preventing cell death in 

infected host cells12. It was later shown that vMIA mediates this anti-apoptotic function by directly 

binding to BAX and, paradoxically, recruiting BAX to the mitochondria13,14. Despite sharing 

functional roles, vMIA has no homology with the BCL-2 family and does not utilize a surface 

groove to sequester BAX. Instead, the BAX-binding domain of vMIA forms a partially -helical 

ligand, which engages BAX at a discrete regulatory site15 (Figure 3.1, purple). This interaction 

allows vMIA to inhibit BAX by stabilizing an inactive conformation at the mitochondrial outer 

membrane, thereby preventing further activation and oligomerization.  

As detailed in Chapter 2, a fragment-based screen and subsequent validation studies 

identified BIF-44 as a BAX-sensitizing compound. Given this novel molecular functionality, we 

sought to further characterize the BIF-44 interaction and specifically determine its site of BAX 

engagement.  
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Figure 3.1 BAX contains a series of surface grooves that regulate its pro-apoptotic activity. 

BH3 interactions at the trigger (orange) and canonical (cyan) sites initiate and propagate BAX 

activation, respectively, whereas engagement at the BCL-2 BH4 domain (yellow) and vMIA 

(purple) sites inhibit BAX activation. PDB:1F16 
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METHODS 

Peptide Synthesis 

Solid-state peptide synthesis using Fmoc chemistry was performed as previously described16. 

The vMIA (131EALKKALRRHRFLWQRRQRA150-CONH2)15, BCL-2 BH4 SAHBA (13EIVBKYIHYKL 

SXRGYXWDA32-CONH2)11, BIM SAHBA2 (145EIWIAQELRXIGDXFNAYY A164-CONH2)5, PUMA 

SAHBA (132EEQWAREIGAQLRXBADXLNAQYERR155-CONH2)3, and BAX SAHBA (56TKKLSECL 

KXIGDXLDSNBE75-CONH2)4 peptides (X, (S)-N-2-(4′-pentenyl)alanine; B, norleucine) were N-

terminally derivatized with either an acetyl group or fluorescein isothiocyanate (FITC)-β-alanine 

for the indicated applications in NMR and biochemical experiments. Peptides were purified by LC-

MS to >95% purity and quantified by amino acid analysis. Lyophilized peptides were reconstituted 

in 100% DMSO or DMSO-d6 and diluted into the indicated aqueous buffers for experimental use. 

 

Expression and Purification of Full-length BAX. 

Recombinant, full-length BAX was expressed in BL21 (DE3) E. coli using the pTYB1 vector1,5. 

Cell pellets were resuspended in 20 mM Tris, 250 mM NaCl, pH 7.2 and lysed by two passes 

through a microfluidizer (Microfluidics) chilled to 4°C. The lysate was clarified by centrifugation at 

20,000 rpm. BAX was purified by batch affinity binding at 4°C using chitin resin (New England 

Biolabs), followed by loading onto gravity flow columns for washing and elution. The intein-chitin 

binding domain tag was cleaved by 36 hour incubation in 50 mM dithiothreitol at 4°C. Pure protein 

was isolated by size exclusion chromatography (Superdex 75 10/300; 20 mM HEPES, 150 mM 

KCl, pH 7.2 or 20 mM potassium phosphate, pH 6.2) using an FPLC system (GE Healthcare Life 

Sciences). 

 

Liposomal Release Assay 

Large unilamellar vesicles (LUVs) were formed by liposome extrusion6,17. Briefly, a lipid mixture 

containing a 48:28:10:10:4 molar ratio of phosphatidylcholine, phosphatidylethanolamine, 
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phosphatidylinositol, dioleoyl phosphatidylserine, and tetraoleolyl cardiolipin (Avanti Polar Lipids) 

was generated in chloroform. Lipid films were formed by evaporation, initially under nitrogen gas 

and then by overnight vacuum. Lipid films were hydrated in 1 mL assay buffer (10 mM HEPES, 

200 mM KCl, 1 mM MgCl2, pH 7.0) and mixed with the fluorophore/quencher pair, 8-

aminonaphthalene-1,3,6-trisulfonic acid (ANTS, 12.5 mM) and p-xylene-bis-pyridinium bromide 

(DPX, 45 mM). Liposomes were formed by 5 freeze/thaw cycles followed by extrusion through a 

100 nm polycarbonate membrane and purified using a Sepharose CL-2B size-exclusion column. 

For measurement of BAX activation, BAX (750 nM) was added to the indicated concentration of 

BIF-44 in the presence of liposomes, followed by the specified BAX-triggering condition. BIF-44 

(4-phenoxyphenol) was ordered commercially (Alfa Aesar, 99% purity). ANTS/DPX release was 

monitored over time at room temperature in a spectrofluorometer (Tecan Infinite M1000) using an 

excitation wavelength of 355 nm, an emission wavelength of 540 nm, and a bandwidth of 20 nm. 

Maximal release was determined by the addition of Triton X-100 to a final concentration of 0.2% 

(v/v). Percent release was calculated as ((F−F0)/(F100−F0)) ×100, where F is the observed 

fluorescence at a given time, and F0 and F100 represent baseline and maximal fluorescence, 

respectively. 

 

Mitochondrial Cytochrome c Release Assay 

Liver mitochondria from AlbCreBaxf/fBak-/- mice were isolated and release assays performed as 

described18. Briefly, mitochondria (0.5 mg/mL) were incubated with 100 nM BAX, 250 nM BIM 

SAHBA2 and/or the indicated concentrations of BIF-44 (Alfa-Aesar, 99% purity) for 45 min at room 

temperature in experimental buffer (200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH [pH 

7.4], 110 mM KCl, 1 mM EDTA, protease inhibitor)19. The pellet and supernatant fractions were 

isolated by centrifugation, and cytochrome c was quantitated using a colorimetric ELISA assay 

(R&D Systems). Percent cytochrome c released into the supernatant (%cyto c release) was 

calculated according to the following equation: %cyto c release = [cyto csup]/ [cyto cmax]*100, where 
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cyto csup and cyto cmax represent the amount of cytochrome c detected in the supernatant of 

compound- or 1% (v/v) Triton X-100-treated samples, respectively. 

 

Competition STD NMR 

Individual fragments (final compound concentration of 300 μM) were added to 5 μM unlabeled, 

full-length human BAX with or without 5 μM competitor peptide in 20 mM potassium phosphate 

buffer, pH 6.2 in 10% (v/v) D2O. STD NMR measurements were acquired at 25°C on a Varian 

Inova 500-MHz spectrometer equipped with a helium-cooled cryoprobe. Low power saturation of 

the protein was achieved with a series of 50 ms Gaussian pulses for a total of 3 seconds; on-

resonance irradiation was performed at 0.8 ppm, and off-resonance irradiation at 30 ppm. 

Standard excitation sculpting was used for solvent suppression. Fragments that were competed 

by peptide showed a decrease in STD difference spectra intensity in the presence of peptide, 

relative to no peptide. 

 

Fluorescence Polarization Assay 

FITC-peptide (25 nM) was incubated with a serial dilution of recombinant, full-length BAX in 

binding buffer (20 mM potassium phosphate, pH 6.2). For competitive FP, FITC-peptide (25 nM) 

was mixed with a fixed concentration of BAX (250 nM) and incubated with a serial dilution of 

acetylated peptide or molecular fragment. Fluorescence polarization was measured at equilibrium 

using a SpectraMax M5 microplate reader. Nonlinear regression analysis of dose-response 

curves was performed using Prism software 7 (GraphPad). 

 

HSQC NMR 

Uniformly 15N-labeled recombinant BAX (50 μM) was generated as previously described1,5. 

Protein samples with the indicated molar ratio of fragment were prepared in 25 mM sodium 

phosphate, 50 mM NaCl solution at pH 6.0 in 10% (v/v) D2O. Correlation 1H-15N HSQC spectra 
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were acquired at 25°C on a Bruker 600 MHz NMR spectrometer equipped with a cryogenic probe, 

processed in Topspin (Bruker) and analyzed using CcpNmr Analysis20. The weighted average 

chemical shift difference was calculated as Δ= 1/2 × ( ∆H 2 + ∆N/5 2) 21, where ΔH and ΔN are 

the respective changes in p.p.m. of 1H or 15N chemical shift for the indicated crosspeak. The 

absence of a bar indicates no chemical shift difference, or the presence of a proline or residue 

that is overlapped or not assigned. BAX cross-peak assignments were applied as previously 

reported1. The significance threshold for the chemical shift changes was calculated based on the 

average chemical shift across all residues plus the standard deviation, in accordance with 

standard methods4,5.  

 

Binding Site Analysis 

The FTsite and FTdyn web servers (ftsite.bu.edu; ftdyn.bu.edu) were used for binding site 

prediction and dynamic ensemble mapping, respectively22. All site prediction analyses were run 

using default parameters. 
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RESULTS 

BIF-44 Dose-responsively Sensitizes BAX Activation by Multiple Stimuli  

The functional effect of BIF-44 on BAX was identified in a single-dose functional screen. To further 

confirm the sensitization activity, we tested BIF-44 across a broad range of concentrations from 

10–175:1 molar ratio of BIF-44 to BAX. While BIF-44 demonstrated little to no independent 

triggering effect on BAX-mediated liposomal release (Figure. 3.2a), in the presence of BIM 

SAHBA2, BIF-44 dose-responsively enhanced both the kinetics and maximum level of BAX-

mediated liposomal release (Figure. 3.2b, Appendix: Table S.3). We also found that the 

maximum level of liposomal release achieved upon BIF-44 sensitization was independent of the 

order of addition of the BIF-44 and BIM SAHBA2 ligands (Figure. 3.3). This suggests that BIF-44 

can cooperate with BIM SAHBA2 and support the activation a population of BAX that cannot be 

readily triggered by BIM SAHBA2 alone.  

To determine if the observed sensitization effect is generalizable and not specific to BIM 

SAHBA2-induced activation, we tested the ability of BIF-44 to sensitize other BAX-activation 

stimuli. Stapled peptides corresponding to the BH3 helix of the direct activator PUMA (PUMA 

SAHBA)3 and BAX itself (BAX SAHBA)4 can trigger BAX activation in an analogous manner to BIM 

SAHBA2. When BIF-44 is added to these SAHBs, both the rate and maximal amount of liposomal 

release increase (Figure. 3.4 a,b). Beyond BH3-based activators, BIF-44 sensitized BAX to 

activation by heat23 and recombinant BIML protein24 (Figure. 3.4, c,d). These experiments 

demonstrated that BIF-44 can bolster the effect of a wide range of BAX activators, suggesting 

that BIF-44 acts by directly modulating BAX and rendering it more sensitive to activation. Finally, 

to link these findings to a physiologic context, we tested the capacity of BIF-44 to sensitize BAX-

mediated release of cytochrome c from mitochondria. Purified mouse liver mitochondria were 

treated with BIF-44 and BIM SAHBA2, both singly and in combination, and the level cytochrome c 

in the supernatant was quantified using a sandwich ELISA assay. BIF-44 alone had no effect on 

the release of cytochrome c. However, consistent with the synergy in observed in liposomal  
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Figure 3.2  BIF-44 dose-responsively sensitizes BAX activation. 

 (a) Liposomal release assays demonstrate little to no direct, BAX-activating effect of BIF-44 

across a broad dose range, but dose-responsively sensitizes BH3-triggered direct BAX 

activation upon co-incubation with BIM SAHBA2 (b). Error bars are mean ± SD for experiments 

performed in technical triplicate and repeated twice more with similar results using 

independent liposomal and protein preparations. BAX, 0.75 μM; BIM SAHBA2 0.75 μM; BIF-

44, 7.5 μM–131 μM (10x–175x) 
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Figure 3.3 BIF-44 sensitization of BAX is independent of the order of addition. 

In the BAX-mediated liposomal release assay induced by BIF-44 and BIM SAHBA2, the same 

maximal level of release is achieved whether BIF-44 is added simultaneously (a), before (b) or 

after (c) the addition of BIM SAHBA2. Control conditions are shown in (d–e). BAX, 0.75 μM; BIM 

SAHBA2 0.75 μM; BIF-44, 113 μM (150x). Error bars for are mean ± SD for experiments 

performed in technical triplicate and repeated with similar results using independent liposomal 

and protein preparations. 
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Figure 3.4 BIF-44 sensitizes BAX activation in response to diverse stimuli. 

BIF-44 sensitizes BAX-mediated liposomal release to the indicated BAX activation stimulus 

(a) BAX SAHBA, 0.75 μM (1x) (b) PUMA SAHBA 1.5 μM (2x) (c) heat, 37°C (d) BIML, 20 nM 

(0.03x) (d–e) BAX, 0.75 μM; BIF-44, 113 μM (150x). Error bars are mean ± SD for experiments 

performed in technical triplicate and repeated with similar results using independent liposomal 

and protein preparations. 
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Figure 3.5  BIF-44 sensitizes BIM SAHBA2-triggered cytochrome c release. 

BIF-44 dose-responsively sensitizes BIM SAHBA2-triggered, BAX-mediated cytochrome c 

release from isolated AlbCreBaxf/fBak–/– mouse liver mitochondria. Levels of cytochrome c in 

the supernatant were quantified by sandwich ELISA. Error bars are mean ± SD for 

experiments performed in technical triplicate, and repeated twice more with similar results 

using independent preparations and treatments of mitochondria. 100 nM BAX, 250 nM BIM 

SAHBA2, BIF-44, 5–15 μM; *, p < 0.001, as calculated by one-way ANOVA analysis.  
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assays, BIF-44 dose-responsively sensitized BIM SAHBA2-induced triggering of BAX-mediated 

cytochrome c release from mitochondria (Figure 3.5).   

 

Identification of the BIF-44 Binding Site on BAX 

In the characterizing the direct BAX activator molecules (BAMs), BAMs were shown to directly 

compete with BIM SAHBA2 for binding at the BH3-trigger site of BAX7. To further evaluate the 

newly-identified BAX-sensitization activity, we sought to determine the BIF-44 binding site on 

BAX. We first tested whether BIM SAHBA2 could compete with BIF-44 for BAX ineraction using a 

competitive STD NMR approach. If the addition of a competitive peptide binds to the same site 

and displaces BIF-44, this appears as a decrease in the magnitude of the peak STD difference 

spectrum25. Surprisingly, we found that BIM SAHBA2 had no effect on the STD signal of BIF-44 

(Figure 3.6). We confirmed the absence of BIM SAHBA2 competition for BIF-44 engagement of 

BAX using the alternative method of competitive fluorescence polarization assay. For this 

experiment, we employed the direct interaction between fluorescein isothiocyanate (FITC)-BIM 

SAHBA2 and BAX (Figure 3.7a) as the basis for comparative competition by N-terminal acetylated 

BIM SAHBA2 and BIF-44. Whereas Ac-BIM SAHBA2 dose-responsively competed with FITC-BIM 

SAHBA2 for BAX binding, BIF-44 had little to no effect (Figure 3.7b). These data raised the 

intriguing possibility of an alternative mechanism, beyond engagement of the BH3 trigger site,  for 

BIF-44-mediated sensitization of BAX.  

As part of our workflow to screen for compounds that might bind to and inhibit BAX, we 

also tested whether the identified BIFs could compete with the inhibitory vMIA peptide for BAX 

interaction. vMIA is a cytomegalovirus protein implicated in blocking BAX-mediated apoptosis, 

which ensures host cell survival during viral infection and replication13,14. Mutational analysis 

revealed a BAX-binding domain within the vMIA protein and this region is essential to modulate 

the vMIA-BAX binding interaction and its inhibitory function13,14. A synthetic peptide corresponding 

to this domain was shown to bind BAX at a discrete pocket formed by the flexible loops between  
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Figure 3.6 BIF-44 does not compete with BIM SAHBA2 by competitive STD NMR. 

STD NMR difference spectra of BIF-44/BAX in the presence (blue) or absence (red) BIM 

SAHBA2. NMR data are representative of two independent experiments; BAX, 5 μM; BIM 

SAHBA2, 5 μM; BIF-44, 300 μM. 
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Figure 3.7 BIF-44 does not compete with BIM SAHBA2 by competitive FP.  

(a) Fluorescence polarization (FP) assay demonstrates direct interaction between BAX and 

the FITC-BIM SAHBA2 (b) Competitive FP analysis of the FITC-BIM SAHBA2/BAX interaction 

in the presence of Ac-BIM SAHBA2 (blue) or BIF-44 (red). Error bars are mean ± SD for 

experiments performed in technical quadruplicate and repeated with similar results using 

independent reagent preparations. FITC- BIM SAHBA2, 25 nM; BAX, 250 nM. 
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Figure 3.8 BIF-44 competes with vMIA and BCL-2 BH4 by competitive STD NMR. 

Competitive STD NMR demonstrates a decreased BIF-44 STD signal in the presence of (a) 

vMIA peptide or (b) BCL-2 BH4 SAHBA. (a-b) STD NMR difference spectra of BIF-44/BAX in 

the presence of vMIA peptide (purple) or BCL-2 BH4 SAHBA (yellow). or absence of either 

competitor (red). BAX, 5 μM; vMIA or BCL-2 BH4 SAHBA, 5 μM; BIF-44, 300 μM. 

 



99 
 

  

  
 

 

Figure 3.9 BIF-44 competes with vMIA by competitive FP. 

a) Fluorescence polarization (FP) assay demonstrates direct interaction between BAX and the 

FITC-vMIA peptide (b) Competitive FP analysis of the FITC-BIM SAHBA2/BAX interaction in 

the presence of Ac-vMIA peptide (purple) or BIF-44 (red). Error bars are mean ± SD for 

experiments performed in technical quadruplicate and repeated with similar results using 

independent reagent preparations. FITC-vMIA, 25 nM; BAX, 250 nM. 
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helices 1/2, 3/4, and 5/6 and a portion of the C-terminal 9 helix (Figure 3.1)15. By 

stabilizing the 3–4 and 5–6 hairpins, vMIA prevents BAX-activating conformational changes 

from occurring15. Much to our surprise, we observed a reduction in the BIF-44 STD signal upon 

co-incubation with vMIA peptide (Figure 3.8a). A BCL-2 BH4 domain helix, which suppresses 

BAX activation by engaging a groove formed by 1, 1–2 loop, and 2–3 and 5–6 hairpins 

in the immediate vicinity of the vMIA binding site11 (Figure 3.1), also competes with BIF-44 for 

BAX interaction, as assessed by STD NMR (Figure 3.8b). To confirm that the vMIA peptide 

competes with BIF-44 for BAX binding, we applied the competitive fluorescence polarization 

assay, which revealed the dose-responsive displacement of the FITC-vMIA/BAX interaction by 

BIF-44 (Figure 3.9).  

As the vMIA binding site had not been previously characterized to bind small molecules, 

we wanted to test the likelihood of any small molecule binding at this location. Binding sites can 

be predicted computationally by docking a panel of small organic molecules with different shapes 

and polarity22. The clustering of these probes in the same region of the protein can be used to 

identify protein “hot-spots”, regions that significantly contribute to the ligand binding free energy26. 

Overall, this method reveals the most important binding surfaces on a protein and can determine 

the relative “druggability” of any given site. Intriguingly, the vMIA binding pocket emerges as a 

ligand-binding “hot spot” based on analyses of the BAX structure (PDB ID 1F16) using the FTsite 

and FTdyn algorithms22 (Figure 3.10). This analysis further supports the plausibility of BIF-44 

binding to a site that overlaps with that of vMIA.  

Given the surprising finding that BIF-44, a BAX sensitizer, engages an “inhibitory” binding 

site, we sought to more definitively define the BIF-44 interaction site on BAX. One powerful 

technique for binding site identification is 1H-15N heteronuclear single quantum coherence (HSQC) 

NMR spectroscopy. Since ligand engagement alters the local chemical environment, changes in 

amide chemical shift can be measured and then mapped back to the structure of the protein. We  
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Figure 3.10 BIF-44 binding site coincides with ligand binding “hot spot” on BAX. 

(a) The region of the predicted BIF-44 binding site was identified as a ligand binding “hot spot” 

(green, pink) using the FTsite algorithm. (b) Dynamic ensemble mapping (FTdyn), which 

incorporates all twenty structures of the BAX ensemble (PDB ID 1F16), identified this same 

region as a likely ligand-binding site. The color gradient (red) and thickness of the ribbon 

structure are proportional to the average number of interactions for each amino acid residue 

with the small molecule probes used in the analysis.   
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performed HSQC NMR of 15N-BAX upon BIF-44 titration and identified a series of focal, dose-

responsive chemical shift changes that colocalized to the vMIA binding site on BAX (Figure 3.11, 

Figure 3.12). The most prominent changes (2 SD) localized to the junction of the 3–4 and 5–

6 hairpins, which juxtapose to form a binding interface (Figure 3.11). Especially intriguing are 

more subtle changes (1 SD) that become amplified with increasing BIF-44 dosage and localize 

both to the internal helical regions of 5 and 6 (BAX’s hydrophobic core), and the neighboring 

internal interaction surfaces between 1 and 2 (Figure 3.11 and Figure 3.12), the latter helix 

being the critical BH3 motif that must become exposed for BAX activation and oligomerization to 

ensue. Thus, these NMR data not only corroborated our STD and FP data with respect to BIF-44 

competition with vMIA at a strikingly similar interaction site, but also suggested that BIF-44 

interaction induces structural changes transmitted through the 5–6 hydrophobic core to the 

internal surfaces of 1 and 2, a region implicated in BIM BH3-mediated direct activation of BAX 

at its N-terminal surface4,5. 
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Figure 3.11 BIF-44 targets the vMIA-binding region of BAX. 

(a) Measured chemical shift changes of 15N-BAX (50 μM) upon addition of BIF-44 (6:1, 

BIF:BAX), plotted as a function of BAX residue number. Chemical shift changes above the 2 

SD cutoff (≥ 0.018 ppm significance threshold) are colored red and localize to the junction of 

the 3/4 and 5/6 hairpins. Significant changes at the 1 SD cutoff (≥ 0.012 ppm significance 

threshold) are colored orange and encompass internal residues of the 5 and 6 core and 

discrete, juxtaposed residues of 1 and 2. (b) Residues represented as red and orange bars 

in (a) are mapped onto the ribbon diagrams of BAX (PDB ID 2LR1).   
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Figure 3.12 HSQC analysis of 15N-BAX upon BIF-44 titration. 

(a) Measured chemical shift changes of 15N-BAX upon addition of BIF-44 at ratios of 4:1, 6:1, 

and 8:1 (BIF:BAX), plotted as a function of BAX residue number. Significant changes at a 1 

SD cutoff threshold for each dosing ratio (≥ 0.012, 0.018, and 0.022 ppm significance 

thresholds) are colored black, blue, and red, respectively. (b–c) Two exemplary regions of the 

HSQC spectra showing specific, dose-dependent peak shifts. The direction of significant shifts 

is indicated by a black arrow. 
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DISCUSSION 

The discovery by Gavathiotis et al. that small molecules, such as BAM7, can bind to BAX and 

trigger its activation, suggested that BAX is amenable to targeting by small molecules7. Using an 

NMR-based fragment screening approach, we identified BIF-44 as a molecule that can bind to 

BAX and sensitize BH3-mediated activation (Chapter 2). Using dose-responsive liposomal and 

mitochondrial release assays, we confirmed a robust, reproducible BAX sensitization effect that 

is independent of the order of component addition. Furthermore, this effect extended to activation 

by other stimuli including PUMA SAHBA, BAX SAHBA, BIML protein, and heat. Together, these 

results suggested that BIF-44 induces changes in BAX binding that render it more amenable to 

activation by a variety of stimuli.   

A critical step in the characterization of a small molecule is the identification of its binding 

site on the protein target. BAX has four regulatory binding sites that have been identified to date. 

As small molecule sensitization of BAX has not been previously described, we sought to 

determine if any of these sites could be the location of BIF-44 interaction. To localize the binding 

site, we employed a series of assays, including competitive STD NMR, competitive FP, and 1H-

15N HSQC NMR. Paradoxically, the binding site for this molecule was not at one of the established 

BH3 interaction sites5,6, but instead at a discrete region previously reported to mediate BAX 

inhibition by the cytomegalovirus vMIA protein15. NMR analysis suggested that this molecular 

interaction transmitted chemical shift changes through the protein core to the N-terminal region 

of the protein that includes the BH3 helix, suggesting a possible allosteric effect.  

The process of BAX activation is dynamic, requiring dramatic structural rearrangements 

that transform inactive, cytosolic BAX into a homo-oligomeric mitochondrial pore. The results 

presented here suggest that the BIF-44 binding region could be a site of structural vulnerability 

for BAX. A distinct BAX activator molecule, OICR766A, was recently identified by a liposomal 

release assay screen27. While the exact binding site is unknown, the BAX binding and activating 

activity of OICR766A are dependent on cysteine 126, a residue located within the 5–6 hairpin. 



106 
 

This suggests that OICR766A may engage BAX at a site proximal to that of BIF-44. Thus, 

molecule-induced perturbations in this region may be especially capable of promoting BAX 

sensitization or activation.  

To avoid renegade BAX activation and oligomerization in cells, several mechanisms have 

arisen to prevent or block BAX-activating conformational changes. The most established 

mechanism is that of the entrapment of the activated, BH3-exposed form of BAX by the canonical 

surface groove of anti-apoptotic BCL-2 family proteins. By engaging BAX at the confluence of the 

3–4 and 5–6 hairpins, vMIA can stabilize BAX in a conformation at the mitochondria that 

prevents its terminal activation15. BCL-2 BH4 engages BAX at an adjacent, yet distinct binding 

site (defined by the 1, 1–2 loop, and 2–3 and 5–6 hairpins) and preserves the inactive 

state of BAX by preventing the N-terminal rearrangements linked to BH3 initiation of BAX 

activation. These three mechanisms represent a spectrum of BAX inhibition based on the 

conformational state of the protein at the point of interdiction. Interestingly, it is the occlusion of 

the BIF-44 site by the BAX-inhibitory BCL-2 BH4 domain or cytomegalovirus vMIA peptide that 

specifically prevents the sensitization effect of BIF-44 on BH3-mediated BAX activation. 

During tumorigenesis, cancer cells must develop mechanisms to evade apoptotic cell 

death signaling and ensure survival28,29. Frequently, an apoptotic blockade is achieved by 

upregulating anti-apoptotic proteins. Strategies that remove this blockade by inhibiting anti-

apoptotic proteins have proven effective at reactivating apoptosis for therapeutic benefit in 

patients30. An emerging alternative strategy is to overwhelm the anti-apoptotic reserve or bypass 

the blockade through the direct activation of BAX7,9,10,27,31. A potential risk of activating BAX, either 

directly or indirectly, is the induction of apoptotic cell death in normal tissues, although a 

therapeutic window has been achieved for venetoclax in humans32 and for a direct BAX activator 

in mice31. By pharmacologically sensitizing rather than activating BAX, the initial trigger remains 
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reliant on the expression of BH3-only proteins, which is typically higher in cancer cells, than in 

normal tissues, potentially providing a therapeutic window.  

Our results suggest that the identified BIF-44 binding site, formed by the intersection of 

the 3–4 and 5–6 hairpins, represents a hot spot for sensitizing BAX. Targeting and 

perturbing the hydrophobic core of the BAX protein in this manner provides both an opportunity 

to develop novel sensitizers of BAX-mediated apoptosis and a physiologic rationale for direct 

blockade of this region by BAX-inhibitory motifs such as vMIA and BCL-2 BH4.  
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Chapter 4 

BIF-44 Sensitizes BAX through an Allosteric Mechanism  
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Things of this World are in so constant a Flux, 
 that nothing remains long in the same State. 

 

―John Locke 

Second Treatise, 1689 
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ABSTRACT 

In order to form toxic pores in the mitochondrial outer membrane, inactive BAX must undergo a 

series of conformational changes including the displacement of the 1–2 loop upon BH3 

engagement of the trigger site, the release of 9 to promote mitochondrial translocation and 

membrane insertion, and the exposure of the BAX BH3 helix to propagate the BAX activation and 

oligomerization signal. We identified a molecule that sensitizes BAX activation by binding to a 

region previously linked to BAX inhibition by the BAX-binding domain of the vMIA protein and the 

BH4 helix of BCL-2 (Chapter 3). Given this intriguing paradox, we sought to mechanistically 

determine how BIF-44 alters BAX to induce a functional sensitization effect. Computational 

dynamics experiments with BIF-44 docked into the binding site suggested an allosteric 

mechanism, whereby BIF-44 induces changes in the 1–2 loop on the opposite side of the BAX 

protein. This allosteric model of sensitization was confirmed by a series of hydrogen-deuterium 

exchange mass spectrometry (HXMS) experiments, in which BIF-44 binding drives deprotection 

of the 1–2 loop/BAX BH3 regions and synergized with BIM SAHBA2-induced deprotection of 

the N-terminal 1 helix. By engaging a region of core hydrophobic interactions that otherwise 

preserve the BAX inactive state, BIF-44 informs fundamental mechanisms for conformational 

regulation of BAX and provides a new opportunity to reduce the apoptotic threshold for potential 

therapeutic benefit by allosterically sensitizing BAX.  
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INTRODUCTION 

The activation of BAX is a dynamic process, transforming from an inactive, cytosolic monomer 

into a deadly, mitochondrially-embedded oligomeric pore (Figure 4.1). The cytosol to 

mitochondrial translocation is driven by BH3 engagement of the BAX trigger site, which results in 

a series of conformational changes including the displacement of the 1–2 loop, exposure of 

the 6A7 activation epitope, release of the BAX BH3 helix, and mobilization of the 9 

transmembrane domain1,2. 

The binding of a BH3 helix to the 1/6 trigger site directly induces structural 

rearrangements in the N-terminal region of BAX. In the inactive form of BAX, the trigger site is 

partially obstructed by the 1–2 loop, which folds back onto the surface, interacting with residues 

of the 6 helix3. Binding of a BH3 helix such as BIM SAHBA2 to the trigger site induces the 

displacement of this loop, resulting in a switch to an “open” conformation (Figure 4.1, Step 1)1. 

The opening of this loop is a key step in BAX activation, as locking the loop into the “closed” 

conformation by a covalent tether renders BAX incapable of translocating or oligomerizing to form 

a mitochondrial pore1. Furthermore, displacement of the loop is associated with exposure of an 

established “activation” epitope (amino acids 13–19) recognized by the 6A7 conformation-specific 

antibody (Figure 4.1, Step 1)4,5. The 6A7 epitope is occluded in the structure of inactive BAX and 

only becomes accessible following N-terminal rearrangement during the initiation of BAX 

activation. Activation of BAX at the trigger site induces exposure of the 6A7 epitope, but covalent 

tethering of the 1–2 loop blocks this conformational change1.  

The displacement of the 1–2 loop is followed by allosteric mobilization of the BAX 9 

transmembrane and BH3 helices (Figure 4.1, Step 2)1. BIM SAHBA2 engagement of the trigger 

site induces NMR chemical shifts in 9 on the opposite side of the protein1. Covalent tethering to 

lock 9 into the canonical groove, where it resides in inactive BAX, abrogates these changes and 

renders BAX deficient in translocation and mitochondrial outer membrane permeabilization 
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(MOMP)1. Furthermore, HSQC NMR analysis of this 9-tethered BAX revealed chemical shift 

perturbations in the resonances corresponding to the BAX BH3 following induction by the BIM 

SAHBA2 activator1. This trigger site-induced BH3 exposure was further supported by the ability of 

a BAX BH3-specific antibody to immunoprecipitate BAX only upon transient BAX BH3 exposure 

following trigger site activation1. Exposure of the BAX BH3 is an important step as its hydrophobic 

surface is believed to mediate BAX oligomerization6 and it can propagate the death signal by 

autoactivating additional inactive units of BAX by deploying the BH3 as a trigger site ligand1,7.  

Together, this evidence suggests that trigger site engagement by a BH3 helix represents 

the initial driving step in BAX activation and without these conformational rearrangements, BAX 

cannot become physiologically active. Following trigger site activation, BAX translocates to the 

mitochondria and stably inserts into the mitochondrial outer membrane (Figure 4.1, Step 3). At 

this stage, BAX closely resembles BAK, which is constitutively membrane-inserted. BAX and BAK 

are believed to require transient BH3 helix engagement at the canonical site to induce the final 

events that culminate in BAX/BAK homo-oligomerization and poration of the mitochondrial outer 

membrane.  

This model of BAX activation was recently validated using hydrogen-deuterium exchange 

mass spectrometry (HXMS), a method to measure protein conformational dynamics. HXMS 

probes protein structure by measuring the deuterium incorporation of backbone amide 

hydrogens8. When diluted into deuterium buffer, backbone hydrogens of flexible and/or exposed 

protein regions rapidly exchange with deuterium, whereas buried domains and/or those regions 

that contain hydrogen-bonding involving backbone amide hydrogens (such as in -helices) 

demonstrate slowed or suppressed deuterium exchange9-11. The amount of deuterium uptake in 

any given region can be quantified by digesting the protein and measuring the change in mass of 

the corresponding peptide fragments by mass spectrometry. Therefore, by comparing the relative 

difference in deuterium uptake between two experimental states, changes in protein conformation 
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can be detected. By applying HXMS in this manner, BIM SAHBA2-triggered changes in BAX 

conformation were measured in a liposomal membrane environment12. In agreement with the 

biochemical data, the most prominent changes occurred at the N-terminal region, where the 

trigger site and 6A7 epitope are located12. At higher doses of BIM SAHBA2, the BAX BH3 became 

significantly more solvent exposed. Finally, the addition of the BCL-2 BH4 SAHB neutralized all 

of these activating changes, supporting a model in which the BCL-2 BH4 helix functions by 

preserving BAX in a stable, inactive conformational state.  

We identified BIF-44 as a small molecule sensitizer of BAX (Chapter 2) and determined 

that it engages the vMIA binding region (Chapter 3). Here, we sought to probe the mechanism of 

BIF-44-induced sensitization to determine how binding at an “inhibitory” site on BAX can enhance 

the effect of BH3-mediated activation. Through the combination of computational and 

experimental protein dynamics studies, including HXMS, we demonstrate that BIF-44 induces 

allosteric modulation of a region on the opposite face of the protein, specifically the 1–2 loop 

and BAX BH3, to promote the sensitization of BH3-triggered BAX activation. 
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Figure 4.1 Direct activation of BAX/BAK.  

Direct activator BH3-only proteins such as BIM, tBID, and PUMA facilitate the activation of 

BAX/BAK through engagement of the BAX trigger site and/or the BAX/BAK canonical site. BH3 

binding at both the trigger and canonical sites are transient, “hit and run” interactions and the 

activating BH3 is subsequently released. 1. BAX is a cytosolic protein and BH3 binding at the 

BAX trigger site displaces the 1–2 loop and exposes the 6A7 epitope. 2. These conformational 

changes are followed by the release of the BAX BH3 and the 9 transmembrane domain from 

the body of the protein. 3. Following conformational activation, BAX translocates to the 

mitochondrial outer membrane. Translocation exposes the canonical site, which is normally 

occluded by the 9 helix. Mitochondrial BAX resembles BAK, which is constitutively localized to 

the mitochondria. The homo-oligomerization of BAX/BAK is believed to involve transient 

engagement by the BAX/BAK BH3 helix at the canonical site. This event leads to homo-

oligomerization and poration of the mitochondrial outer membrane, releasing cytochrome c and 

other apoptogenic factors into the cytosol.  
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   Figure 4.1 (Continued) 
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METHODS 

Peptide Synthesis 

Solid-state peptide synthesis using Fmoc chemistry was performed as previously described13. 

BIM SAHBA2 (145EIWIAQELRXIGDXFNAYYA164-CONH2)2 peptides (X, stapling amino acid (S)-N-

2-(4′-pentenyl)alanine) was N-terminally derivatized with an acetyl group. BIM SAHBA2 was 

purified by LC-MS to >95% purity and quantified by amino acid analysis. Lyophilized peptide was 

reconstituted in 100% DMSO and diluted into the indicated aqueous buffer for experimental use. 

 

Expression and Purification of Full-length BAX 

Recombinant, full-length BAX was expressed in BL21 (DE3) E. coli using the pTYB1 vector2,3. 

Cell pellets were resuspended in 20 mM Tris, 250 mM NaCl, pH 7.2 and lysed by two passes 

through a microfluidizer (Microfluidics) chilled to 4°C. The lysate was clarified by centrifugation at 

20,000 rpm. BAX was purified by batch affinity binding at 4°C using chitin resin (New England 

Biolabs), followed by loading onto gravity flow columns for washing and elution. The intein-chitin 

binding domain tag was cleaved by 36 hour incubation in 50 mM dithiothreitol at 4°C. Pure protein 

was isolated by size exclusion chromatography (Superdex 75 10/300; 20 mM HEPES, 150 mM 

KCl, pH 7.2 or 20 mM potassium phosphate, pH 6.2) using an FPLC system (GE Healthcare Life 

Sciences). 

 

Molecular Docking 

The Schrodinger software suite (Version 2016-2) was used for docking calculations. 

Conformations of molecule BIF-44 were generated in MacroModel using the OPLS3 forcefield14. 

Each of the 20 NMR conformations of BAX (PDB:1F16) was separately prepared using the default 

parameters in the PrepWiz wizard in Maestro. The docking receptor grid (radius 1 nm) was 

defined at the center of Ala124, the amino acid with the greatest HSQC shift. BIF-44 was then 

docked onto all 20 structures using Glide Extra Precision (XP) mode15. The top-scoring poses 
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were then manually inspected for consistency with experimentally-determined HSQC shifts for 

the complex. 

 

Molecular Dynamics Simulation 

Starting structures for MD calculations included the first NMR structure of BAX from PDB ID 1F16 

and the BIF-44/BAX complex generated by molecular docking. The protein was prepared using 

the default parameters of the Protein Preparation Workflow in Maestro16. Protonation states were 

those predicted to occur at pH 7.0 using the Epik module17. Protein was pre-soaked in a cubic 

box of TIP3P water molecules using the System Builder workflow in Desmond18. The box was 

sized such that all peptide atoms were at least 1 nm from the boundaries. All overlapping solvent 

molecules were removed, the system was charge neutralized with appropriate counterions, and 

150 mM NaCl was added to simulate buffer conditions. All MD simulations were performed using 

the Desmond package, with the OPLS3 forcefield applied to model all interactions. Periodic 

boundary conditions were maintained throughout. Long-range electrostatic interactions were 

calculated using the particle-mesh Ewald method19, and van der Waals and short-range 

electrostatic interactions were smoothly truncated at 0.9 nm. Constant system temperature of 300 

K was maintained using Nose-Hoover thermostats20, and system pressure was maintained at 1 

atm using the Martina-Tobias-Klein method21. The equations of motion were integrated using the 

RESPA integrator22, with a 2.0 fs timestep for bonded and short-range interactions and a 6.0 fs 

timestep for non-bonded interactions beyond the 0.9 nm cutoff. The default parameters in 

Desmond were used to relax the system prior to simulation23. Following this procedure, a 100 ns 

production simulation was run and configurations saved at 4 ps intervals. All simulations were 

judged to have converged on the basis of radius of gyration calculations and RMSD. Principal 

component analysis was conducted using the Bio3D package24,25. All-atom elastic network model 

normal mode analysis (aaNMA) was performed using the Bio3D package24,26 and the aaenm2 
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forcefield. The first three non-trivial normal modes were analyzed as both trajectories and per-

residue fluctuations.  

 

Liposome Preparation 

Large unilamellar vesicles (LUVs) with a lipid composition similar to the outer mitochondrial 

membrane were formed by liposome extrusion as previously described27. Briefly, a lipid mixture 

containing a 48:28:10:10:4 molar ratio of phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylinositol, dioleoyl phosphatidylserine, and tetraoleolyl cardiolipin (Avanti Polar Lipids) 

was generated in chloroform. Lipid films were formed by evaporation of solvent, initially under 

nitrogen gas and then by overnight vacuum, followed by storage at –80 °C under nitrogen. Lipid 

films were hydrated in 1 mL assay buffer (10 mM HEPES, 200 mM KCl, 1 mM MgCl2, pH 7.0). 

Liposomes were formed by 5 freeze/thaw cycles followed by extrusion through a 100 nm 

polycarbonate membrane and purified using a Sepharose CL-2B size-exclusion column. 

 

Hydrogen-Deuterium Exchange Mass Spectrometry (HXMS) 

HXMS experiments were performed as described12,28. Deuterium labeling was initiated with an 

18-fold dilution into D2O buffer (10 mM HEPES, 200 mM KCl, 1 mM MgCl2, pD 6.6) of a pre-

equilibrated (15 min, room temperature) aliquot of each BAX protein (30 M), BIF-44 (Alfa-Aesar, 

99% purity), peptide, and/or antibody (BAX BH3, Abgent AP1302a; BAX 6A7, Santa Cruz 

Biotechnology sc-23959) mixture. At the indicated time points, the labeling reaction was quenched 

with the addition of an equal volume of quench buffer (0.8 M guanidinium chloride, 0.8% formic 

acid [v/v]). Each deuterium labeling experiment was performed in at least duplicate. Proteolysis 

was performed by incubation on ice with 40 g pepsin and 20 g factor XIII (both at 10 mg/mL in 

water) for 5 min. Digested samples were then processed and analyzed as described previously12. 

Briefly, the peptides were trapped and desalted on a VanGuard Pre-Column trap (2.1 x 5 mm, 
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ACQUITY UPLC BEH C18, 1.7 m) for 3 min, eluted from the trap using a 5–35% gradient of 

acetonitrile over 6 min at a flow rate of 65 L/min, and then separated using an ACQUITY UPLC 

HSS T3, 1.8 m, 1.0 x 50 mm column. Peptides from an unlabeled protein were identified using 

ProteinLynx Global Server (PLGS) searches of a protein database including analyte protein. All 

mass spectra were acquired using a Waters SYNAPT G2 or G2Si mass spectrometer. The 

relative deuterium levels of identified peptides common to all evaluated conditions are shown. 

The error of determining the average deuterium incorporation for each peptide was at or below ± 

0.25 Da. Relative deuterium levels for each peptide were calculated by subtracting the average 

mass of the undeuterated control sample from that of the deuterium-labeled sample. All mass 

spectra were processed using DynamX 3.0 (Waters Corporation). Deuterium levels were not 

corrected for back exchange and thus reported as relative.  
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RESULTS 

Molecular Dynamics Predict a BIF-44 Allosteric Effect on BAX Conformation 

To develop a mechanistic hypothesis for the sensitization activity of BIF-44, we used the HSQC 

NMR results (Chapter 3) to calculate docked structures of the BIF-44/BAX complex. Centering 

the receptor grid on the amino acid with the greatest HSQC shift (alanine 124), BIF-44 was docked 

to all 20 NMR solution structures of BAX using an ensemble docking protocol in Glide3 (PDB ID 

1F16). Eighteen of twenty dockings position BIF-44 at a deep pocket formed by the core 

hydrophobic 5 and 6 helices and the loop between 3 and 4 (Figure 4.2), in full agreement 

with the previous HSQC experimental data (Chapter 3). 

Applying the computational docking results, we then performed molecular dynamics (MD) 

simulations that assessed the movement of BAX in the presence or absence of BIF-44 at the 

docked site. The MD trajectories were first analyzed by calculating the root-mean-square 

fluctuations (RMSF) for each residue over the course of the 100 ns simulation (Figure 4.3a). 

Predictably, the labile N- and C-terminal residues, display the greatest RMSF and were excluded 

from further analyses. When the difference in RMSF values between the two conditions were 

calculated, a clear increase in the conformational flexibility of the 1–2 region of BAX (aa 36–

53) was observed (Figure 4.3a–b). As this location is distant from the BIF-44 docking site, the 

MD data suggested that BIF-44 may induce allosteric changes in this region. The predicted 

allosteric increase in 1–2 loop flexibility was further supported by principal component analysis 

(PCA), a second method of MD trajectory analysis. PCA revealed that BIF-44 binding increased 

the contribution of the principle component that corresponded to motion of the 1–2 loop (Figure 

4.3c–d).  

An independent computational method to calculate protein flexibility is normal mode 

analysis (NMA). NMA calculations were performed to evaluate and compare the large-scale 

motions of the BAX protein in the presence and absence of BIF-44 interaction. Consistent with  
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Figure 4.2 Molecular docking of BIF-44 coincides with a ligand binding “hot spot” on BAX.  

(a–b) Guided by the HSQC NMR results, docked structures of the BIF-44/BAX complex were 

calculated using an ensemble docking protocol incorporating all 20 NMR solution structures 

(PDB ID 1F16). Eighteen of twenty dockings position BIF-44 at a deep pocket formed by the 

core hydrophobic 5 and 6 helices and the loop between 3 and 4 (a). The pose 

corresponding to the top Glide score for each model (b) is shown superimposed on the first 

NMR solution structure (a).  (c) The top scoring pose for BIF-44 docked into the pocket, with 

observed chemical shift changes colored orange (1 SD) and red (2 SD) on surface (left) and 

ribbon (middle, right) views of BAX. 
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Figure 4.3 Molecular dynamics simulations of the BIF-44/BAX interaction. 

(a) RMSF values for the C of each BAX residue over the course of the 100 ns molecular dynamics 

simulation for BAX in the presence (red) or absence (black) of BIF-44.  (b) The difference in RMSF 

(ΔRMSF) between unliganded and liganded forms of BAX. Residues above one SD threshold are 

shown in red, indicate increased mobility upon BIF-44 binding, and localize to the 1–2 region 

of BAX. Residues from the unstructured portions at the N- and C-termini (residues 1–15 and 188–

192, respectively) are excluded from the plot. (c–d) Principal component analysis (PCA) of the 

MD trajectory in the absence (c) or presence (d) of BIF-44 indicated an increased contribution of 

the principle component corresponding to motion of the 1–2 loop upon BIF-44 binding. (e–f) 

Normal mode analysis was performed to compare the large-scale motions of BAX in the absence 

(e) or presence (f) of BIF-44 interaction and likewise indicated greater flexibility of the 1–2 

region for the BIF-44/BAX complex compared to BAX alone. 
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  Figure 4.3 (Continued) 		
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the difference in root mean square fluctuation (ΔRMSF) and PCA results (Figure 4.3a–d), the 

NMA also indicates greater flexibility of the 1–2 region for the BIF-44/BAX complex compared 

to BAX alone (Figure 4.3e–f). The results of these calculations led us to hypothesize that BIF-44 

engagement at the vMIA binding region could sensitize BH3-mediated BAX activation through 

allosteric mobilization of the distinct 1–2 region, which has been implicated in the initiation of 

BAX activation1.  

 

HXMS Reveals BAX Sensitization by an Allosteric Mechanism 

To evaluate whether the BIF-44 sensitization mechanism indeed derives from allosteric 

mobilization of the 1–2 region, which is implicated in BH3-mediated initiation of BAX activation 

via an N-terminal trigger site, we performed comparative HXMS analyses. To capture the specific 

BIF-44-induced conformational changes in BAX, we measured hydrogen-deuterium exchange in 

a mixture of BAX and liposomes in the presence or absence of BIF-44. Here, we use our liposomal 

system to explicitly correlate functional activation of BAX, as measured by BAX-mediated 

liposomal release assay, with conformational modulation in a membrane environment that 

simulates the physiologic context for regulated BAX activation and poration.  

First, we demonstrated that the deuterium exchange profile of our recombinant, full-length, 

monomeric BAX preparation is consistent with the NMR structure (PDB ID 1F16), such that 

exposed regions are progressively labeled and buried regions are shielded from exchange, and 

remains similarly stable over time (10 sec, 1 min, 100 min) in the presence or absence of 

liposomes (Figure 4.4). Upon incubating BAX with BIF-44 in the liposomal context that supports 

functional activation of BAX, we reproducibly observe focal deprotection of peptide fragments 

corresponding to amino acids 46–62, the very region that encompasses the distal portion of the 

1–2 loop and proximal half of the 2 BH3 helix (Figure 4.5a–b). To further validate the 

specificity of this finding, we tested the influence of two antibodies, which bind to discrete regions  
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Figure 4.4 Deuterium exchange profiles of recombinant, full-length BAX over time in the absence 

and presence of liposomes.  

(a–b) The relative fractional deuterium uptake for BAX (30 M) in the absence (a) or presence 

(b) of liposomes at 10 sec, 1 min, and 100 min demonstrates a range of deuterium uptake across 

the protein sequence, reflecting the differences in flexibility and solvent exposure of the discrete 

regions of BAX. As evidenced by the consistent contour and stability of the plots, the 

conformational disposition of inactive monomeric BAX is similar among the two conditions. (c) 

The spectral envelopes of representative BAX peptides demonstrate the deuterium exchange at 

10 sec, 1 min, and 100 min in the presence of liposomes, highlighting the purity and stability of 

these species over time. 
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  Figure 4.4 (Continued) 
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Figure 4.5 Allosteric deprotection of the 1–2 loop and BAX BH3 domain upon BIF-44 binding. 

(a,b) The addition of BIF-44 to BAX (30 M, 10:1 BIF:BAX, 15 min incubation/10 sec deuteration) 

in a liposomal environment triggered a regiospecific increase in deuterium incorporation 

compared to unliganded BAX, as measured by HXMS (a). The difference in deuterium uptake 

plot reflects the relative deuterium incorporation of BIF-44/BAX minus the relative deuterium 

incorporation of BAX. Dark gray shading, changes below significance threshold of 0.5 Da; light 

gray shading and white region, changes above significance thresholds of 0.5 Da and 0.8 Da, 

respectively. Data are representative of two independent experiments. (b) The region of BIF-44-

induced deprotection encompasses peptide fragments corresponding to amino acids 46–62, 

which are highlighted in red on the ribbon diagram (left, PDB ID 1F16) and amino acid sequence 

(right), and map to the critical 1–2 loop and BH3 regions of BAX. (c, d) The deprotection 

induced by BIF-44 is suppressed by co-incubation with an anti-BAX BH3 antibody (30 M BAX, 

1:10:0.5 BAX:BIF-44:antibody) (c), but not the BAX 6A7 antibody (d), which binds to N-terminal 

residues of conformationally-activated BAX. The BAX amino acid sequences recognized by the 

BAX BH3 and 6A7 antibodies are underlined in tan and brown, respectively (b). The difference in 

deuterium uptake plots reflect the relative deuterium incorporation of BIF-44/BAX/BH3 Ab (c) and 

BIF-44/BAX/6A7 Ab (d) minus the relative deuterium incorporation of BAX, as measured at 10 

sec. Data are representative of two independent experiments. 
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Figure 4.5 (Continued) 
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of BAX, on the observed BIF-44-induced deprotection. We reasoned that if BIF-44 was specifically 

mobilizing or exposing the BH3 region of BAX, a BAX-BH3-specific antibody would promptly bind 

and suppress access of this region to deuterium exchange. Conversely, an antibody such as 6A7 

that binds to an alternate region of the protein, which becomes exposed upon BH3-triggered BAX 

activation (aa 12–24)2,4, would serve as a negative control. Indeed, we found that the BH3 

antibody selectively suppressed the observed deuterium exchange promoted by BIF-44 in the 

BAX BH3 region (Figure 4.5c), whereas the 6A7 antibody had no inhibitory effect on BIF-44 

mediated-deprotection (Figure 4.5d). Taken together, the NMR, computational, and HXMS 

results, are consistent in linking BIF-44 binding at a noncanonical interaction site to allosteric 

mobilization of the 1–2 region, where BH3-induced conformational changes initiate BAX 

activation. 

To examine how BIF-44 and BIM SAHBA2 engagement at distinct sites synergize to trigger 

BAX activation, we performed HXMS analyses of BAX in the presence of BIF-44, BIM SAHBA2, 

or the combination. The hydrogen-deuterium exchange profiles of BIM SAHBA2 and BIF-44 are 

notably distinct, consistent with their different sites of engagement and distinct mechanisms of 

action. BIM SAHBA2 directly binds to the N- terminal trigger site formed by surface residues of -

helices 1 and 6 and displaces the 1–2 loop leading to 6A7 epitope exposure1,12. These 

conformational changes are observed as significant deprotection in the N-terminal and distal 1–

2 loop region (Figure 4.6a, blue). In contrast, BIF-44 engages a distant site, causing focal 

allosteric changes localized to the distal 1–2 loop and proximal 2 BH3 helix, as reflected by 

a significant deprotection peak (Figure 4.6a, red). Combined treatment amplified deprotection of 

both the N-terminal and the 1–loop–2 regions (Figure 4.6, green), with a deuterium exchange 

profile that is stable over time (Figure 4.7). These results are consistent with the ability of BIF-44 

to effectively sensitize BIM SAHBA2-mediated conformational activation of BAX and enhance the 

potency of this activating peptide. Thus, the BAX sensitizer molecule BIF-44 facilitates the  
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Figure 4.6 BIF-44 sensitizes BH3-triggered conformational activation of BAX. 

 (a) Comparative HXMS profiles of BAX in the presence of liposomes upon exposure to BIF-

44 (red), BIM SAHBA2 (blue), or both ligands (green). The difference in deuterium uptake plots 

reflect the relative deuterium incorporation of BIF-44/BAX (red), BIM SAHBA2/BAX (blue), and 

BIF-44/BIM SAHBA2/BAX (green) minus the relative deuterium incorporation of BAX, as 

measured at 10 sec (BAX 30 M, 10x BIF-44, 1x peptide). Dark gray shading represents 

changes in the plot that are below the significance threshold of 0.5 Da, whereas light gray 

shading and the white region highlight changes above the baseline significance threshold of 

0.5 Da and the more stringent threshold of 0.8 Da, respectively. (b) Region of significant 

deprotection from (a) is mapped the structure and sequence of BAX. PDB:1F16. Data are 

representative of two independent experiments. 
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Figure 4.7 HXMS analysis of BAX in the presence of BIF-44 and the BIF-44/BIM SAHBA2 

combination. 

 (a) The addition of BIF-44 to BAX (30 M, 10:1 BIF:BAX, 10 sec) in a liposomal environment 

reproducibly triggers a regiospecific increase in deuterium incorporation compared to 

unliganded BAX, in the region of the 1–2 loop and BH3 domain (2). (b–c) The relative 

fractional deuterium uptake for BAX in the presence of BIF-44 (b) or the BIF-44/BIM SAHBA2 

combination (c) demonstrates the consistency of deuterium exchange across the protein 

sequence at exemplary 10 and 20 sec time points.  
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initiation of BH3-mediated direct BAX activation by engagement of the vMIA region, which 

produces a novel allosteric mobilization of the 1–2 loop/2 BH3 helix. These allosteric changes 

enhance the efficacy of BH3-mediated conformational changes in BAX, sensitizing the protein to 

functional activation.  

 

DISCUSSION 

Allostery has emerged as a key feature of BCL-2 family protein regulation, influencing both 

the apoptotic response and opportunities to pharmacologically manipulate the apoptotic 

mediators. For example, BH3-only triggering of BAX at the 1/6 interaction site on the N-terminal 

face of the protein drives release of 9 at the C-terminal face for mitochondrial translocation1,29, 

BCL-2 BH4 and vMIA engagement restricts the conformational activation of BAX12,30, PUMA 

induces partial unfolding of BCL-XL to release sequestered p53 from a distal site31, and covalent 

modification or mutagenesis of an 6 cysteine of MCL-1 influences the functional activity of its 

canonical anti-apoptotic binding pocket at the opposite face of the protein28. Indeed, one of the 

cardinal features and mechanistic requirements for activation and homo-oligomerization of the 

essential executioner proteins of mitochondrial apoptosis, BAX and BAK, involves exposure of 

their respective BH3 helices, which can either be trapped by the canonical pockets of anti-

apoptotic members32 or remain free to mediate formation of toxic mitochondrial pores6. Thus, 

pharmacologic approaches that induce the release or sequestration of the BAX and BAK BH3 

domains stand to directly influence cell fate in a host of diseases. 

An allosteric mechanism of BIF-44 sensitization was suggested by RMSF analysis of 

computational MD simulations, which pointed to enhanced conformational flexibility of the 1–2 

region upon BIF-44 binding. This initial observation was further supported by PCA of MD 

trajectories and by NMA analyses, which identified a similar increase in the mobility of this region 

in the presence of BIF-44. Indeed, HXMS experimental studies confirmed that BIF-44 induces 
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deprotection of a portion of the 1–2 loop and the BAX BH3 helix. This focal increase in 

deuterium exchange was selectively blocked by a BH3-specific antibody, but not by the 6A7 

antibody, which neutralized the BIF-44-induced BAX conformational changes. Finally, in 

agreement with a sensitizing effect, BIF-44 increased the deprotection of the N-terminal region. 

Overall, the allosteric consequences of BIF-44 interaction, namely the synergistic mobilization of 

the 1–2 loop and BH3 domain of BAX, underscores the mechanistic importance of the N-

terminal conformational change to BH3-mediated initiation of BAX activation.  

Compounds that bind to the BIF-44 site and induce this subset of BAX-sensitizing 

changes, could provide a novel pharmacologic approach for lowering the threshold for BH3-

triggered BAX activation. A BAX sensitizer, delivered in combination with an anti-apoptotic 

inhibitor or standard chemotherapy, has the potential to robustly induce cancer cell apoptosis and 

thus serve as a highly effective therapeutic strategy across many diverse tumor types.   
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DISCUSSION OF RESULTS 

Rationale for Targeting BAX 

In order to maintain tissue homeostasis within an organism, the rate of mitotic cellular division is 

balanced by a predetermined proportion of apoptotic cell death. The proper regulation of 

apoptosis is essential to maintain this balance and prevent diseases of pathologic cell survival or 

cell death. As the regulators of mitochondrial apoptosis, BCL-2 family proteins are responsible for 

sensing cellular stress and transmitting the death signal to apoptotic effectors at the mitochondria. 

Cellular stress leads to the upregulation of the BH3-only proteins, which, in turn, influence the 

anti-apoptotic reserve and the activation of BAX and BAK. Conformational activation of BAX/BAK 

and subsequent oligomerization produces large pores in the mitochondrial outer membrane, 

releasing cytochrome c and other factors that activate the caspase cascade, driving apoptosis to 

completion.  

The BCL-2 family proteins represent prime drugs targets for the pharmacologic 

manipulation of cell fate. To avoid apoptotic death, cancer cells frequently upregulate the 

expression of anti-apoptotic proteins, which inactivate BAX and the BH3-only proteins through 

sequestration1-3. By “inhibiting the inhibitors” of apoptosis, compounds targeting the anti-apoptotic 

proteins BCL-2, BCL-XL, BCL-w, and/or MCL-1 have shown promising anti-tumor potential4-9.  

However, a distinct, but complementary approach to reactivating apoptosis is to directly target the 

pro-apoptotic proteins that serve as effectors of the death pathway. Pharmacologic mechanisms 

to directly activate BAX would overwhelm the anti-apoptotic reserve and effectively bypass the 

inhibitory regulatory network allowing for efficient induction of cell death in tumor cells. Unlike the 

anti-apoptotic proteins that display tissue-specific expression, BAX is expressed across all tissue 

types, including normal tissue10 (proteinatlas.org) and cancer cells11 (portals.broadinstitute.org 

/ccle). Additionally, BAX is rarely mutated in human cancers, with only 65 out of 10,188 specimens 

(0.6%) in the Genomic Data Commons database with a reported non-synonymous mutation in 

the BAX locus (release 9.0; portal.gdc.cancer.gov). Given the prevalence of wild type BAX 



 
143 

 

expression across human cancers, pharmacologic strategies that can activate this protein have 

the potential to lower the apoptotic threshold in cancer and thus serve as a novel anti-cancer 

therapy.  

 

Rationale for Fragment-based Screening 

 Fragment-based screening is an efficient method for identifying compounds that bind to a 

target protein of interest. In contrast to traditional high-throughput screening of drug-like 

molecules, fragment-based screening leverages the power of small, relatively simple compounds 

(<300 Da) to identify binders from a relatively small library of compounds. The affinity of these 

fragments for the target is typically low, but can be readily detected using a variety of sensitive 

NMR techniques. Given the ability of fragments to bind to proteins that are difficult to screen by 

conventional methods, fragment-based screening is often used to identify chemical starting points 

for drug development. There are dozens of molecules currently in clinical development that are 

derived from a fragment screening hit12. Vemurafenib, a BRAF V600E inhibitor, was the first 

fragment-derived molecule to become FDA approved13. Another notable success story is ABT-

737, a potent inhibitor of BCL-2/BCL-xL/BCL-w4. In an effort to develop an inhibitor of BCL-XL, 

scientists at Abbott laboratories employed the SAR by NMR fragment-based screening approach 

to identify and elaborate on  chemical matter that bound to the target14. Subsequent optimization 

of the screening hits, led to the development of ABT-737 and, eventually, the BCL-2 specific 

inhibitor venetoclax4,14,15.  

Due to the challenge of producing recombinant BAX in sufficient quantities, purity, and 

stability for direct screening, in vitro screening methods have not been previously implemented. 

Instead, in silico screening approaches have been applied to identify molecules that could bind to 

either the canonical groove or the trigger site on BAX16-18. However, the regulation of BAX activity 

is complex and, by implementing a biased screening strategy, novel modes of interaction and 

protein modulation could be missed. In order to discover novel BAX-binding compounds to inform 
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drug discovery and probe BAX’s complex biology, we overcame these hurdles and performed an 

NMR-based fragment screen against full length BAX. Indeed, by applying this unbiased screening 

approach, we identified a molecule, BIF-44 (Chapter 2), which bound to an unexpected site on 

BAX (Chapter 3) and functioned to modulate BAX activity by a novel, allosteric, sensitization 

mechanism (Chapter 4) (Figure 5.1). 

 

Allosteric Mechanism of BAX Sensitization  

Given its importance in controlling cell fate, the regulation of BAX activation is biologically 

complex and remains an active area of scientific research. The transition of BAX from an inactive 

monomer to a membrane-embedded pore is achieved through sequential engagement of two 

BH3-binding sites. Initial binding at the trigger site induces a series of conformational changes, 

including opening of the 1–2 loop, exposure of the 6A7 epitope, mobilization of the BAX BH3 

helix, and release of the 9 transmembrane domain19,20. These changes facilitate the 

translocation of BAX to the mitochondria, where subsequent canonical site engagement drives 

BAX oligomerization and mitochondrial outer membrane permeabilization. These activating 

conformational changes can be inhibited by anti-apoptotic binding and sequestration of the BAX 

BH3 or by the binding of an anti-apoptotic BH4 helix to stabilize the inactive BAX conformation1,21. 

In addition, the BAX-binding domain of the cytomegalovirus vMIA protein binds to BAX and 

induces its translocation to the mitochondria, thereby preventing subsequent BAX activation22,23. 

Using a ligand-detected STD NMR screening approach, we successfully screened a 940-

compound fragment library against pure, recombinant, monomeric, full-length BAX. We identified 

53 BAX-interacting fragments (BIFs) and functionally characterized these hits using a BAX-

mediated liposomal release assay. This revealed a novel BAX sensitization effect, which was best 

exemplified by BIF-44. Intriguingly, in both competitive STD NMR and fluorescence polarization 

approaches, BIF-44 was not competed by BIM SAHBA2, a stapled BH3 peptide that binds to the 
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activating sites on BAX. Instead, a peptide corresponding to the BAX-binding domain of vMIA 

competed with BIF-44 in these assays. This curious observation of BIF-44 engagement at an 

“inhibitory” site was confirmed by HSQC NMR chemical shift mapping, which localized the BIF-

44 binding site to the region of vMIA interaction.  

These results presented an intriguing paradox: how could a molecular fragment that 

sensitizes BH3-triggered BAX activation do so by engaging BAX in a region that mediates BAX 

inhibition? A series of BIF-44-induced HSQC chemical shifts localized to the core of BAX, hinting 

at the possibility of an allosteric conformational change. To further probe the mechanism of action, 

we undertook a series of experiments to monitor for the BIF-44-induced changes in BAX 

conformational dynamics. Computational molecular dynamics calculations suggested that BIF-44 

engagement resulted in increased mobility of the 1–2 loop on the opposite side of BAX from 

the BIF-44 binding site. This allosteric effect was subsequently detected experimentally by 

hydrogen-deuterium exchange mass spectrometry (HXMS). In the presence of BIF-44, the 1–

2 loop and the BH3 motif of BAX (2) showed increased solvent exposure (deprotection). 

Furthermore, in agreement with the observed sensitization of BAX to BIM SAHBA2 activation in 

the liposomal and mitochondrial release assays, BIF-44 increased the magnitude of BIM SAHBA2-

induced conformational changes as measured by HXMS. Together, these results support an 

allosteric model of sensitization through the engagement of the vMIA binding region, an apparent 

site of structural vulnerability (Figure 5.1). The development of compounds that engage this site 

and sensitize BAX to activation represents a novel strategy to lower the threshold for apoptosis 

in cancer.  
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Figure 5.1 Model of BIF-44-induced allosteric sensitization of pro-apoptotic BAX. 	

Binding of BIF-44 to BAX (red) initiates allosteric mobilization of the 1–2 loop and BH3 region on 

the opposite side of the BAX protein (green), sensitizing BAX to direct activation by BH3 activators, 

such as BIM SAHBA2 
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FUTURE DIRECTIONS 

BIF-44 provides a molecular prototype for allosterically sensitizing BAX to pro-apoptotic stimuli. 

However, since BIF-44 emerged as a relatively small BAX-binding fragment with a micromolar  

KD, BIF-44 is presumed to lack the necessary potency and specificity to validate on-target efficacy 

of this novel mechanism in a cellular context. Thus, the goal of the future directions proposed 

below is to develop a potent and selective sensitizer of BAX activation for cellular and, ultimately, 

translational studies. Such studies would necessarily begin with a robust medicinal chemistry 

effort designed to generate and test an expansive library of BIF-44 like compounds.  

While a purpose of small molecule optimization efforts is to improve binding potency, in 

the case of BAX, the affinity required may not be especially high due to the mechanism of BAX 

activation. Anti-apoptotic inhibitors, such as venetoclax, function by stably engaging the canonical 

groove of anti-apoptotic proteins and competing with native BH3-only and BAX BH3 helices for 

binding at the same groove8. In order to disrupt these critical protein-protein interactions and 

effectively reactivate apoptosis in vivo, anti-apoptotic inhibitors require picomolar target affinity 

and, in some cases, stoichiometric binding to induce apoptosis4-6,9. In contrast, the activation of 

BAX occurs through a transient, “hit-and-run” mechanism, whereby activating BH3 helices bind 

to BAX, induce conformational changes, and then are released from BAX24,25. Importantly, 

activated BAX can then activate another BAX unit, resulting in an auto-catalytic increase in BAX 

activity19,26. Given this important mechanistic distinction between anti- and pro-apoptotic targeting, 

BAX-activating compounds are not expected to require an exquisite level of affinity to induce a 

potent biological effect. In support of this hypothesis, the BAX trigger site activator molecule 

(BTSA1) induces apoptosis in cancer cells and in xenograft animal models, with an in vitro IC50 of 

250 nM27. Therefore, the development of BIF-44 into a drug-like BAX sensitizer may be quite 

tractable. 
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Optimization through SAR by NMR 

An effective approach to fragment optimization is SAR by NMR14,28 (Figure 5.2a). In this method, 

the potency of the fragment initially identified by 1H-15N HSQC NMR is improved by SAR studies 

of a focused library of chemically-expanded molecules, followed by “joining” hits from sequential  

screening. A second fragment screen searches for other ligands that can to bind an adjacent site 

from the first binding location by HSQC. Following optimization of this second fragment hit, the 

two fragments are linked together and optimized a third time to maximize potency. Given the 

requirement of a large quantity of 15N-labeled BAX to conduct SAR by NMR optimization, this 

particular approach is not especially compatible with the development of BAX modulators. 

Nevertheless, there are several aspects of SAR by NMR that can be leveraged for BIF-44 

optimization. First, a larger SAR panel of BIF-44 homologs can be synthesized and tested for 

improved BAX-binding potency. While we tested some BIF-44 homologs to ensure specificity of 

the BIF-44-BAX interaction (Chapter 2), a more expansive medicinal chemistry effort would be 

required to maximize the opportunity to identify more potent binders. By altering the chemical 

substituents of the BIF-44 core, including the location and composition of the functional groups, 

as well as, the aryl linker length and composition, a large panel of homologous compounds could 

be assembled. Initial screening of the library would be accomplished using Glide to 

computationally dock the compounds into the BIF-44 site, as accomplished for BIF-44 (Chapter 

4)29. By comparing binding scores of the BIF-44 derivatives to that of BIF-44, this in silico 

approach could enrich the library for those compounds most likely to have improved binding 

activity. The panel could then be tested in the liposomal release assay to determine if any of the 

compounds enhance the potency of the BIM SAHBA2-induced BAX sensitization effect. The 

binding site of the most potent derivatives would be validated by 15N-BAX HSQC NMR. 

With the optimized BIF fragment (opti-BIF) in hand, the same STD NMR screening 

approach as implemented in Chapter 2 could be used to rescreen the library for a fragment that 

can bind in the presence of opti-BIF (Figure 5.2). This method allows for the identification of BAX- 
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Figure 5.2 Overview of fragment optimization strategies.  

The goal of these two strategies is to identify fragments with low binding affinity that bind next 

to each other at a site of interest. Chemical linkage of these fragments results in a molecule 

that is significantly more potent than the starting fragments. (a) SAR by NMR involves two 

rounds of screening by 1H-15N HSQC NMR to identify fragments that bind proximal to one 

another. These fragments are individually optimized to maximize their potency. Co-structures 

of the fragments bound to the protein of interest are used to inform the chemical linkage 

process. (b) SAR by ILOE uses interligand NOE measurements (trNOE) to identify two 

fragments that bind to adjacent surfaces. As this technique reveals the relative orientation of 

the two fragments, additional structural information is not required to link the fragments 

together.  
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sensitizing fragments that engage BAX, but at distinct sites. The hits from this screen would be 

tested in the liposomal release assay in the presence of opti-BIF. This assay would determine if 

any of the newly identified fragments further increase the potency of opti-BIF-induced BAX 

sensitization. Fragments that display improved potency in combination with BIF-44 would then be 

tested by HSQC to determine if they bind proximally to the BIF-44 binding site.  

 The next phase of development is to covalently link the two hits together to produce an 

even more potent BAX-sensitizing molecule. Since the dissociation constant of the linked small 

molecule, is approximately the product of dissociations constants of the two individual fragment 

components, combining two adjacent fragments can lead to a significant enhancement of binding 

potency30. This process, however, is a challenging task that is usually informed by a structure of 

the fragment/protein interaction. Fortunately, an X-ray crystal structure of full-length, dimeric BAX 

was recently reported by making one of two inactivating point mutations to prevent BAX 

oligomerization in solution27. Applying these methods, BAX-fragment co-crystal structures could 

be generated by soaking the fragments into the BAX dimer crystals. Indeed, the inhibitory 

interactions within the dimer may serve to be beneficial, effectively stabilizing the BAX-fragment 

interaction and preventing conformational rearrangements from occurring.  

 

Alternative Methods of Optimization 

In the absence of structural data, additional NMR experiments can be used to gather information 

about the binding mode of a fragment. Since proteins tumble more slowly in solution than small 

molecules, the interaction of a ligand with a protein can be measured in a standard nuclear 

Overhauser effect (NOE) spectroscopy experiment (NOESY)29,31. The transferred NOE (trNOE) 

between the protein and ligand results in the appearance of strong negative NOE peaks in the 

presence of the protein. This approach can be used to identify ligands that bind to proteins and 

more accurately determine the orientation of the ligand within the binding site. Therefore, trNOE 
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data can be used to accurately dock BIF-44 into the binding site and determine which atoms within 

BIF-44 may be amenable to modification.  

Furthermore, an extension of the trNOE experiment can be used to detect two fragments 

that bind simultaneously at proximal sites on a protein through the formation of an inter-ligand 

NOE (ILOE) (Figure 5.2b). The formation of ILOEs only occurs when two ligands bind sufficiently 

close to one another to allow for ligand-ligand magnetization transfer32. As the ILOE occurs 

between specific protons on the ligands, this approach can determine the relative orientation of 

these two fragments to each other. This information is useful for determining strategies to link the 

fragments together, independently of a solved structure of the complex29,30. This so-called SAR 

by ILOE method has been implemented successfully to develop inhibitors of BID and MCL-1/BCL-

XL 33,34.  

Our NMR-based fragment screen identified 53 BAX-interacting fragments (BIFs), 12 of 

which exerted a functional effect (Chapter 2). Therefore, the first step in implementing an SAR by 

ILOE approach would be to test whether any of these fragments can interact with BAX at an 

adjacent site to that of BIF-44. This could be accomplished by collecting NOESY spectra with 

pairs of BIF-44 and each of the other BIFs in the presence of BAX and looking for the appearance 

of ILOEs. The functional activity of potential hits can be verified by (1) adding vMIA as a competitor 

to the NOESY experiment and (2) determining the binding site of the second BIF by 1H-15N HSQC 

NMR. Similarly, the 53 previously characterized BIFs can be added alongside BIF-44 in the 

liposomal release assay to screen for compounds that enhance the sensitization activity beyond 

that of BIF-44 alone. If none of the characterized BIFs form ILOEs with BIF-44, this technique 

could be used to rescreen a fragment library specifically looking for fragments that bind proximally 

to BIF-44.  

If a promising fragment pair emerges, in silico methods could be used to design a library 

of linked compounds. To enrich for molecules with optimal binding activities, libraries of molecules 

bearing multiple linkers lengths and chemistries can be docked into the BIF-44 site using the Glide 
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program. The top scoring compounds would be synthesized and tested by liposomal release 

assay and HSQC NMR to detect potent BAX sensitization activity through engagement of the BIF-

44 binding region.  

 

BAX Sensitization as a Therapeutic Approach 

In 2001, the approval of imatinib, an inhibitor of the ABL kinase, ushered in a new era of targeted 

anti-cancer therapies35. As opposed to the classic cytotoxic chemotherapeutic agents, such 

therapies target the specific vulnerabilities of cancer cells. As a result, targeted therapies can 

potentially broaden the therapeutic window and reduce off-target side effects36. Over the years, 

dozens of other targeted anti-cancer agents have emerged. However, the use of these targeted 

therapies as a single agent often leads to the development of resistance either through the 

upregulation of compensatory pathways or through the selection of cells containing specific 

mutations that render the drug ineffective37,38. A potential solution to this problem is the 

combination of multiple therapies, a strategy that has proven effective for the pharmacologic 

control of human immunodeficiency virus (HIV) and hepatitis c virus (HCV) infections39. By 

targeting multiple essential targets and pathways, the opportunity for cancer cells to survive and 

generate escape mutations is diminished37,38. 

 To effectively treat cancer using combination therapies, it is critical to understand the 

molecular drivers of a given tumor subtype. To achieve this goal, large scale efforts, such as The 

Cancer Genome Atlas, have been underway to sequence tumors across cancer subtypes40. As a 

result, it has become apparent that an incredible diversity of molecular lesions contributes to the 

pathogenesis of cancer. Instead of treating patients based on their tumor’s tissue of origin, current 

and future cancer treatments focus on the development of drug regimens tailored to disrupt the 

specific oncogenic drivers of each individual disease41. Given the large number of cancer drivers, 

creating specific therapies against each target may not be achievable. Instead, combination 

therapies targeting the most essential cancer pathways is likely to have the greatest impact.  
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The modulation of apoptosis will be a critical part of almost any combination therapy 

regimen. As all tumors must shut down cell death pathways to survive and proliferate, 

mechanisms that push a cancer cell toward apoptotic death have the potential for broad efficacy 

across cancer types. Therefore, the pharmacologic reactivation of apoptosis by inhibiting the anti-

apoptotic proteins and/or directly activating pro-apoptotic BAX represents a central goal for anti-

cancer drug development.  

The first and only FDA-approved drug to target BCL-2 family regulated apoptosis in human 

cancer is the selective BCL-2 inhibitor, venetoclax. This therapy is currently bring used to treat 

chronic lymphocytic leukemia (CLL) with a 17p deletion15 and is undergoing testing in other 

malignances such as multiple myeloma, acute myeloid leukemia (AML), and mantle cell 

lymphoma3. Combinations of venetoclax with rituximab, an anti-CD20 antibody, or ibrutinib, a 

Bruton’s tyrosine kinase (BTK) inhibitor, are showing increased efficacy in refractory CLL42,43. Not 

surprisingly, a potential mechanism of resistance to single agent venetoclax is upregulation of 

alternate anti-apoptotic proteins, such as BCL-XL, MCL-1, and BFL-1/A1, which lie outside the 

binding spectrum of venetoclax44,45. Inhibitors of MCL-1, for example, are currently in development 

to expand the arsenal of anti-apoptotic inhibitors for treating a broader range of cancer subtypes 

and potentially addressing the development of venetoclax resistance8,9,46. 

 A second strategy for activating apoptosis in cancer involves directly activating BAX itself. 

The BAX activator molecule, BAM7, binds to the BAX trigger site and thereby mimics the function 

of an activating BH3 helix. Thus, BAM7 induces the conformational activation of BAX, leading to 

oligomerization and mitochondrial poration16. BTSA1, a more potent drug-like derivative of BAM7, 

was recently reported to induce on-target killing of a variety of AML cancer cell lines and primary 

patient-derived AML cells. Additionally, BTSA1 produced an anti-tumor response in xenograft 

mouse models of AML, while sparing normal tissue27. Together, these studies suggest that direct 

induction of BAX activity is a viable strategy for the treatment of cancer. Interestingly, BTSA1 
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strongly synergized with venetoclax, suggesting that simultaneous targeting of direct and indirect 

mechanism of BAX activation can maximize anti-tumor activity.  

 The sensitization of BAX activation represents a novel and promising therapeutic strategy 

to lower the threshold of apoptosis activation for the treatment of cancer. While the efficacy of this 

mechanism remains to be tested in vivo, the success of other BAX-activating molecules suggests 

this alternative and complementary mode of BAX modulation could be a viable anti-cancer 

strategy16-18,27,47. As a BAX sensitizer, BIF-44-like compounds would be expected to have to little 

no effect as a single agent. Instead, the benefit of a BAX sensitizer would derive from its ability to 

synergize with therapies that activate BAX. Pairing a BAX sensitizer with any chemotherapeutic 

agent that induces BH3-only expression is likely to enhance the potency of that drug. This could 

allow for the dose of chemotherapy to be reduced, potentially decreasing chemotherapy-

associated side effects. The therapeutic window for such an approach would be determined by 

the expression level and BH3-occupancy of anti-apoptotic proteins to counterbalance 

pharmacologic BAX activation. That is, as tumor cells use their anti-apoptotic reserve to bind and 

sequester BAX and BH3-only proteins, these primed cells are much more sensitive to changes in 

the balance of activated BAX48. In contrast, unstressed normal cells maintain an anti-apoptotic 

reserve that can bind and trap activated BAX, and thereby prevent terminal activation and 

apoptosis induction.  

 Combining a BAX sensitizer molecule with a second drug that targets the apoptotic 

pathway may achieve the most robust anti-cancer effect. For example, administering a BAX 

sensitizer in combination with an anti-apoptotic inhibitor, such as venetoclax, is likely to be more 

effective at killing cancer cells than venetoclax alone, as suggested by the synergy observed for 

the BTSA1-venetoclax combination described above27. In fact, the most exciting results may 

result from combining a BAX sensitizer molecule with a direct BAX activator molecule like BTSA1. 

Since both molecules target BAX in distinct ways, simultaneous delivery is predicted to produce 

a strong synergistic effect, as observed in this study when BIF-44 was combined with BIM 
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SAHBA2. The level of inhibitory BAX dimer, in the cytosol has been reported as a biomarker for 

resistance to BTSA127,49. However, it is plausible that by combining BTSA1 with a BAX sensitizer 

molecule, this inhibitory mechanism may be overcome, resulting in apoptosis activation in these 

otherwise resistant cancer cell populations 

 Overall, strategies designed to reactivate BAX-mediated apoptosis, whether by “inhibiting 

the inhibitors”, “activating the activators”, or sensitizing BAX activation, represent a new-

generation of pharmacologic opportunities to modulate the mitochondrial apoptosis pathway for 

therapeutic benefit in cancer. Indeed, the combination of these distinct targeting strategies could 

be highly synergistic and, when paired with agents that target other key control components of 

oncogenesis and chemoresistance, new and more effective anti-cancer drug cocktails may 

emerge.  
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All things must pass 
All things must pass away 

 
All things must pass 

None of life's strings can last 
So, I must be on my way 

And face another day 
 

Now the darkness only stays at nighttime, 
In the morning, it will fade away  

Daylight is good at arriving at the right time  
It's not always going to be this grey 

 
All things must pass 

All things must pass away 
 
 

George Harrison 
“All Things Must Pass", 1970 
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Figure S.1 Analysis of peptide purity. HPLC traces (left) and mass spectrometry analysis 

(right) for to document the purity of vMIA, BIM SAHBA2, and BCL-2 BH4 SAHBA peptides. 
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  Table S.1 Biochemical Activities of BIFs 
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  Table S.2 Molecular structures of BAX-interacting fragments (BIFs) 
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  Table S.2 (Continued) 
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 Table S.3 Maximal values of BAX-mediated liposomal release by condition 
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