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ABSTRACT

Apoptosis is a highly conserved form of programmed cell death that is essential
for organismal development and homeostasis. BCL-2 family proteins regulate
mitochondrial apoptosis through homo- and hetero-oligomeric protein interactions. Antiapoptotic proteins inhibit cell death by trapping the critical α-helical BH3 domain of proapoptotic proteins in a surface groove, thereby blocking their conformational activation
and mitochondrial poration. Cancer cells hijack this system by overexpressing antiapoptotic members, resulting in cellular immortality and treatment resistance. Thus,
drugging BCL-2 family anti-apoptotic proteins is a high-priority therapeutic goal.
Venetoclax is a BCL-2 inhibitor that selectively induces apoptosis in BCL-2-dependent
cancers, and it is inspiring the design of next-generation compounds that target
individual, subsets, or all anti-apoptotic proteins. BFL-1/A1 is an anti-apoptotic protein
implicated in the pathogenesis and chemoresistance of melanoma, lymphoma, and
leukemia, but it remains undrugged. As an alternative to small-molecule development,
we applied hydrocarbon stapling to transform natural BH3 sequences into α-helical
peptide probes and prototype therapeutics to respectively dissect and target the BCL-2
family signaling network. Motivated by the natural juxtaposition of two unique cysteines
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at the binding interface between the NOXA BH3 helix and the BFL-1/A1 binding pocket,
we developed stapled BH3 peptides bearing acrylamide warheads to irreversibly inhibit
BFL-1/A1

through

covalent

targeting.

The

cysteine-reactive

stapled

peptides

demonstrate exquisite selectivity for BFL-1/A1 as well as the capacity to trigger more
rapid and potent apoptosis of BFL-1-driven cancers compared to their non-reactive
analogs. Thus, we present design principles and proof-of-concept validation for covalent
stapled peptide inhibitors as a novel therapeutic modality to reactivate apoptosis in
cancer.
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Chapter I
Introduction

BCL-2 Family Regulation of Apoptosis
Programmed Cell Death in Homeostasis and Development
The lifespan of each cell is governed by a complexity of intersecting signaling networks.
These life and death decisions are crucial for maintaining organismal health and
homeostasis. The conserved process of programmed cell death, or apoptosis, regulates
this equilibrium throughout all metazoa1. Apoptosis is genetically-defined, and
morphologically and mechanistically distinct from death by necrosis, the autolytic cell
death that occurs in response to injury. Each day, approximately 60 billion cells in the
average human body die by apoptosis in an effort to counterbalance the 100,000 cells
undergoing mitosis every second1. Apoptosis plays a major role in development, from
sculpting structures in organogenesis, like the interdigital space in vertebrates, to
deleting sex-specific structures, such as the removal of Mullerian ducts in males2,3. In
addition to culling cell numbers, apoptosis is a defensive mechanism, as it eliminates
defective and damaged cells that can pose danger, such as auto-reactive immune
cells4.
The concept of programmed natural cell death was first described in 1842 by
Carl Vogt who observed dying neuronal cells during the development of toad embryos5.
In 1885, Walter Flemming, a pioneer of mitosis research, developed histological
methods to stain tissues, allowing for the first morphological description of apoptosis,
with his drawings depicting cell shrinkage, nuclear fragmentation, and apoptotic body
formation6. Nearly 100 years later in 1974, Kerr and colleagues formally defined
programmed cell death and named it “apoptosis”7. Rooted in the Greek word meaning
“to fall off”, apoptosis is characterized by distinct morphological features, including
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nuclear condensation, membrane blebbing, phagocytosis, and lysosomal degradation.
In this seminal publication, Kerr described the physiological role of apoptosis in tissue
homeostasis and development, and was the first to propose that apoptosis could
become deregulated in tumorigenesis7. In contrast to necrosis, which is cell death
resulting from external injury and culminating in cell lysis and inducing inflammation,
apoptosis does not damage surrounding tissue or cause an immunological response, as
apoptotic bodies are rapidly cleared through phagocytosis8.
The model organism C. elegans proved to be a critical system in shaping our
understanding of apoptosis as a type of cell death that is genetically controlled during
defined stages of development and in response to specific developmental cues. The
Nobel prize-winning work of Robert Horvitz and John Sulston provided pioneering
insights into the precise control of cell death in the nematode. Nematode development
is strictly controlled and highly reproducible, with every individual cell having a
predetermined fate9. Early light microscopy experiments noted that each nematode is
composed of 1090 cells, and exactly 131 cells die by apoptosis over the course of
maturation, mostly during embryogenesis10. This key observation spurred various
forward genetic approaches that resulted in the identification of the cell death genes in
C. elegans, as well as the hierarchy of the genes that regulate this process.
In screening for genes that disrupt normal cell death, ced-4 and ced-3 were
identified as essential to the apoptotic process11. Further screening revealed that ced-9
was involved in protection against cell death, and egl-1 was an activator of apoptosis12.
Studies characterizing the sequence and function of these genes revealed CED-4, the
C. elegans homolog of human APAF1, as an adaptor protein that oligomerizes with
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CED-3, a caspase homolog, to form the apoptosome and execute cell death through the
cleavage of cellular substrates9,11. The anti-apoptotic protein CED-9 contains two BCL-2
homology (BH) domains and negatively regulates CED-3 and CED-413, and is
negatively regulated itself by the BH3-containing protein EGL-112. Thus, a simplified
molecular model of apoptosis in C. elegans involves CED-9 sequestering CED-4 at the
mitochondria and keeping it inactive in the absence of apoptotic stimuli. Developmental
cues for cell death prompt the expression of EGL-1, which can bind CED-9 and release
CED-4, allowing it to bind CED-3, form the apoptosome, and cleave substrates to
execute apoptosis14. Interestingly, the overexpression of the human Bcl-2 gene in C.
elegans

reduces

the

number

of

developmentally

programmed

cell

deaths,

demonstrating that BCL-2 can engage the nematode cell death machinery15. Thus, it
became clear that a core molecular mechanism of cell death was conserved over the
course of 500 million years of evolution, highlighting the critical nature of the apoptotic
process in homeostasis and development.
The apoptotic pathway in mammals is controlled by a more complex signaling
network than in C. elegans, though both culminate in the activation of caspases. The
executioners of apoptosis, caspases are evolutionarily conserved cysteine proteases
that cleave cellular substrates to irreversibly propagate programmed cell death16. The
caspase substrates are incredibly diverse, targeting thousands of proteins ranging from
nuclear lamins to cell cycle regulators, and through these cleavages caspases
systematically ensure cellular demise17,18. Caspases, both initiator and executioner
classes, are kept inactive in the cytosol as zymogens, and require activation through
cleavage in order to drive apoptosis.
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One route of caspase activation is through the extrinsic pathway, in which
apoptosis is triggered by death receptors, such as the FAS or TRAIL receptor.
Corresponding death ligands engage these cell surface receptors, whose intracellular
death domains oligomerize and recruit FADD and pro-caspase-8 to form the deathinduced signaling complex (DISC)19 (Figure 1.1, left). The dimerization of pro-caspase8 causes auto-activation through self-cleavage, allowing it to directly cleave and activate
effector caspases-3, 6, and 7 to execute apoptosis16. This apoptotic signal can be
further amplified through the mitochondria, as caspase-8 can cleave BH3-only protein
BID into tBID, allowing crosstalk with the intrinsic pathway of apoptosis20.
Alternatively, caspases can be activated through the intrinsic pathway of
apoptosis, which is initiated in response to developmental cues or cytotoxic insults, such
as stress, viral infection, DNA damage, or growth factor deprivation. This pathway
culminates in mitochondrial outer membrane permeabilization (MOMP), irreversibly
destroying the integrity of the mitochondrial network and releasing apoptogenic factors
from the intermembrane space into the cytosol, including cytochrome c and
SMAC/DIABLO21 (Figure 1.1, right). Soluble cytochrome c can engage the scaffold
protein APAF-1, which recruits and activates caspase-9 to form the apoptosome and
further cleaves executioner caspases-3 and 722,23. Inhibitors of apoptosis proteins
(IAPs) reside in the cytosol to bind and neutralize caspases, which are in turn
antagonized by SMAC/DIABLO upon its release from the mitochondria during
MOMP24,25. MOMP is highly destructive to a cell and represents the ultimate
commitment to apoptosis. Therefore, it is not surprising that MOMP is the most tightly
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Figure 1.1 The extrinsic and intrinsic pathways of apoptosis.
The extrinsic pathway of apoptosis (left) is driven by the binding of death ligands to cell
surface death receptors, resulting in intracellular clustering of receptor components,
adaptor proteins, and pro-caspase-8 to form the death-inducing signaling complex
(DISC). DISC formation results in the cleavage and activation of initiator caspase-8,
which can further cleave executioner caspases-3/7, allowing them to proteolytically
dismantle their cellular substrates and execute apoptosis. The intrinsic pathway of
apoptosis (right) converges at the mitochondria and is driven by cell stress, including
UV damage, infection, growth factor deprivation, and many others. The BCL-2 family
controls the critical step of mitochondrial outer membrane permeabilization (MOMP),
which

releases

cytochrome

c

and

SMAC/DIABLO

from

the

mitochondrial

intermembrane space into the cytosol. Soluble cytochrome c binds to the adaptor
protein APAF-1, thus forming the apoptosome that cleaves and activates caspase-9.
Inhibitor of apoptosis proteins, such as XIAP, reside in the cytosol to inhibit caspases,
but this inhibition is derepressed upon the mitochondrial release of SMAC/DIABLO,
which inhibits the IAPs. Caspase-9 then cleaves executioner caspases to drive
apoptosis. Although the extrinsic apoptotic pathway can operate independently from the
mitochondria, amplification can occur through crosstalk with the intrinsic pathway via
caspase-8-mediated cleavage of BID to tBID, which then engages BCL-2 family
pathway, resulting in MOMP.
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Figure 1.1 (Continued)
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regulated step in apoptosis and is governed by complex interactions among the BCL-2
family of apoptotic regulators.

BCL-2 Family Regulation of Apoptosis at the Mitochondria
BCL-2 family proteins directly regulate apoptosis at the level of the mitochondria
through protein-protein interaction. The founding member, BCL-2, was first discovered
in 1985 based on cloning of the t(14;18) chromosomal breakpoint in follicular
lymphoma, where fusion to the immunoglobulin gene resulted in its dramatic
overexpression26-28. Initial efforts to functionally characterize this gene revealed that,
unlike known oncogenes at the time, BCL-2 did not contribute to proliferation but rather
protected against cell death in response to numerous stressors29,30. Further efforts
revealed that BCL-2 resides at the mitochondria where it directly blocks cytochrome c
release, thus preventing downstream caspase activation31-33.
The mechanism of mitochondrial regulation of apoptosis slowly unfolded as a
result of the discovery of homologous proteins, now classified as the BCL-2 family of
proteins. BCL-2 family proteins can be subdivided into three groups based on their
structure, namely the presence of BCL-2 Homology (BH) domains, as well as their
function (Figure 1.2A and 1.2B).
The multidomain pro-apoptotic proteins, BAX and BAK, act as the mitochondrial
executioners of cell death by homo-oligomerizing and forming toxic pores in the outer
mitochondrial membrane, resulting in irreversible MOMP21. While BAK is constitutively
localized to the mitochondrial outer membrane, BAX is cytosolic, where it remains
inactive until stimulated by cell stress to undergo a series of conformation changes,

8

Figure 1.2 BCL-2 family regulation of mitochondrial apoptosis.
(A) BCL-2 family proteins share sequence and structural homology as evidenced by a
series of conserved BCL-2 Homology (BH) domains and a transmembrane helix. (B and
C) BCL-2 family protein interactions mediate the induction of apoptosis at the level of
the mitochondria. Upon activation, the multi-domain pro-apoptotic protein BAX (grey)
undergoes a series of conformational changes, resulting in mitochondrial translocation
and the formation of toxic pores that cause MOMP and the release of cytochrome c
from the mitochondria. Anti-apoptotic proteins (blue) can directly bind to and entrap the
exposed BH3 domain of pro-apoptotic proteins in a hydrophobic surface groove,
thereby preventing their activation. BH3-only proteins promote apoptosis through two
distinct mechanisms: (1) direct activation of pro-apoptotic proteins and (2) indirect
activation by targeting the surface groove of anti-apoptotic proteins, which lowers the
apoptotic threshold by releasing pro-apoptotic proteins.
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Figure 1.2 (Continued)
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resulting in exposure of its BH3 domain and transmembrane helix, translocation to the
mitochondria,

oligomerization,

and

poration34,35

(Figure

1.2C).

Although

the

mechanisms underlying BH3-mediated initiation of BAX activation have been elucidated
over the past decade36,37, the membrane-associated structural modifications that lead to
a functional pore remain unknown.
The anti-apoptotic proteins represent a second subgroup of the BCL-2 family,
which includes BCL-2, BCL-XL, BCL-w, MCL-1, BFL-1/A1, and BCL-B. The redundancy
of anti-apoptotic proteins in inhibiting cell death, coupled with their differential tissuespecific expression and unique mouse knockout phenotypes, suggests that individual
proteins could have tailored functions in regulating apoptotic and perhaps non-apoptotic
roles in physiology38-41. Anti-apoptotic proteins directly bind to and neutralize the
activated conformers of BAX and BAK42. Both pro- and anti-apoptotic proteins share
structural similarities, with a globular fold comprised of nine conserved α-helices (α1-9),
centered around a core hairpin (α5-α6)43. Additionally, they share the BH3 ‘LXXXGD’
sequence, the most highly conserved motif of the family44. The NMR structure of BCLXL bound to the BH3 domain of BAK revealed the structural paradigm governing the
regulatory interactions between pro- and anti-apoptotic BCL-2 family members45.
Helices α2-α5 coalesce to form a hydrophobic surface groove that enables antiapoptotic proteins to trap the exposed amphipathic BH3 helices of pro-apoptotic
proteins, enforcing a formidable apoptotic blockade45.
An additional layer of regulation is provided by the BH3-only proteins, which
engage pro- and anti-apoptotic targets to modulate the apoptotic response. The BH3only subclass, so named because they only share a single BH domain, includes
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members such as BIM, BID, NOXA, BAD, and PUMA, and can promote apoptosis
through two mechanisms. Firstly, BH3-only proteins can stably bind and inhibit antiapoptotic proteins at the conserved surface groove, thus liberating pre-bound proapoptotic proteins for activation46. Additionally, BH3-only proteins such as BIM and BID
can directly and transiently bind to BAX, triggering its conformational activation36,37.
Various approaches have been taken to map the binding preferences of BH3-only
proteins for their pro- and anti-apoptotic counterparts, including yeast two-hybrid
analysis, biochemical binding experiments with BH3 peptides, and mitochondrial and
liposomal permeabilization experiments47-49. BH3-only proteins act as sensors and
respond to diverse stress stimuli to induce apoptosis. For example, the expression of
NOXA and PUMA is induced transcriptionally by p53 in response to DNA damage,
whereas growth factor deprivation can activate BIM and BAD through transcriptional
upregulation and post-translational modification, respectively50-53. The dynamic interplay
between the three subclasses of BCL-2 family interactions results in exquisite control
over MOMP, and thus apoptosis induction, during homeostasis and disease.

Deregulation of Apoptosis in Disease
Because apoptosis plays such a critical homeostatic role in balancing cell proliferation
and cell death, disruption of this process can result in a broad spectrum of human
diseases. Tipping the scale in either direction can lead to diseases of pathologic cell
death or unwanted cell survival54. For example, a variety of neurodegenerative
disorders are characterized by premature neuronal apoptosis, such as in Huntington’s,
Alzheimer’s, and Parkinson’s diseases, and in amyotrophic lateral sclerosis (ALS)55.
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Acute tissue hypoxia, such as in ischemic stroke or myocardial infarction, produce
distinct patterns of necrotic and apoptotic cell death55,56. Deregulated apoptosis in
specific cell types can yield hallmark pathologies, such as infertility from aberrant
spermatozoa cell death57 and immunodeficiency from excessive lymphocyte death4.
Conversely, defective apoptosis in the immune system, through failure to destroy autoreactive B and T cells during lymphocyte maturation, can lead to autoimmunity4.
Perhaps the best-characterized pathology due to aberrant apoptotic regulation is
cancer, whereby malignant cells usurp the anti-apoptotic arm of the BCL-2 pathway to
block apoptosis and enforce cellular immortality. Indeed, characterization of deregulated
apoptosis in cancer led to the paradigm shift that cancer not only results from
uncontrolled cell proliferation, but also from evasion of cell death58. Deregulated
apoptosis became known as a hallmark of cancer due to the discovery of Bcl-2 at the
t(14;18) chromosomal translocation in follicular lymphoma, in which the Bcl-2 gene is
fused to the immunoglobulin heavy chain locus, resulting in pathologic overexpression
of BCL-226-28. Anti-apoptotic overexpression promotes oncogenesis by allowing
transformed cells to withstand a diversity of insults, conferring resistance to proliferative
stress, cytotoxic agents, and cancer treatments30,59. Indeed, blockade of apoptotic cell
death is rampant in cancer and can be attributed to the diversity of anti-apoptotic BCL-2
family proteins. For example, analysis of somatic copy number alterations in over 3000
cancer specimens identified Mcl-1 as one of the top ten most amplified genes in human
cancer60. In addition to chromosomal translocations and gene amplifications, antiapoptotic expression in tumors can be increased through alternate mechanisms, such
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as gene hypomethylation and loss of microRNAs that normally suppress pro-survival
protein expression61,62.
Cancers can also evade apoptosis by down-regulating BH3-only proteins. Loss
or silencing of BIM expression contributes to the pathogenesis of renal cell carcinoma
and mantle cell lymphoma, with approximately 20% of cases displaying homozygous
Bim deletions63,64. Though far less common than anti-apoptotic up-regulation, proapoptotic silencing is seen in certain cancer settings as well, such as frameshift
mutations in Bax that attenuate the apoptotic response in colon cancer65. In addition to
ensuring cell survival, deregulation of the BCL-2 family is a major contributor to cancer
chemoresistance. Anti-apoptotic protein overexpression establishes a formidable
roadblock to chemotherapy and radiation treatments66. Since BH3-only proteins, such
as PUMA and NOXA, transmit pro-death signaling in the context of DNA-damage
response, chemoresistance can also arise from loss of BH3-only proteins67. Many
cancers are genetically unstable and “primed for death” and thus rely on anti-apoptotic
addiction to maintain survival and chemoresistance68. Thus, drugs that target antiapoptotic proteins have the potential to resensitize tumors to chemotherapy and
synergize with current treatment regimens. Given their prominent role in the survival
and resistance of human cancers, the BCL-2 family proteins have emerged as major
drug targets for pharmacologic restoration of apoptosis in human cancer.

Structural Paradigm of BCL-2 Family Interactions Provides a Guide for Drug Discovery
Cell survival in cancer is most frequently enforced by upregulation of anti-apoptotic
BCL-2 family members. Thus, one therapeutic strategy is to functionally “inhibit the
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inhibitors” of apoptosis. Initial efforts to reactivate apoptosis in cancer focused on
suppressing the expression of BCL-2 in leukemia through antisense RNA targeting69.
Antisense RNA knockdown of BCL-2 seemed to improve non-Hodgkin lymphoma
patient outcome in a Phase 1 clinical trial70. However, this strategy was abandoned due
to off-target activity. Subsequent drug development efforts instead focused on small
molecule targeting of BCL-2. The path to developing a small molecule BCL-2 inhibitor
was enabled by the NMR structure of BCL-XL in complex with a BAK BH3 peptide45.
The history of BCL-2 inhibitor drug development provides a remarkable example of how
structural insights can guide the discovery and clinical translation of compounds that
target pathologic protein interactions.
By elucidating the BH3-in-groove interaction paradigm, Fesik and colleagues at
Abbott Laboratories created a blueprint for BCL-2 inhibitor design. They applied a
structure-activity relationship (SAR) by NMR approach, which led to the discovery of a
potent small molecule inhibitor of the canonical BCL-2/ BCL-XL groove71. This method
was used to identify multiple molecular fragments that engaged neighboring sites on the
protein target with relatively low affinity. However, when chemically linked together, as
guided by the structural data, the composite molecule displayed strikingly high affinity
due to binding energy additivity72. The lead compound that resulted, ABT-737, bound
with subnanomolar affinity for BCL-2, BCL-XL, and BCL-w73,74. ABT-737 effectively
mimicked a portion of the α-helical BAD BH3 domain (Figure 1.3A), and demonstrated
potent in vivo activity in xenograft models of human cancers driven by BCL-2
expression, including follicular lymphoma, acute myelogenous leukemia, chronic
lymphocytic leukemia, and small cell lung carcinoma73.
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Figure 1.3 Structural mimicry of compounds designed to inhibit the survival functionality
of anti-apoptotic proteins in cancer.
(A) Structure of BCL-XL bound to a BAD BH3 peptide (top, PDB: 1G5J) and ABT-737
(bottom, PDB: 2YXJ). ABT-737 was modeled after the BAD BH3 domain and represents
the first selective small molecule inhibitor of anti-apoptotic BCL-2 family proteins. (B)
Structure of MCL-1 bound to a BIM BH3 peptide (top, PDB: 2PQK) and small molecule
inhibitor S63845 (bottom, PDB: 5LOF). S63845 mimics interactions between BIM BH3
and the MCL-1 hydrophobic groove.
16

This prototype BCL-2 protein inhibitor was soon followed by a second generation
inhibitor, ABT-263 or navitoclax, which was optimized to achieve oral bioavailability for
clinical translation75. Although navitoclax showed early efficacy in the treatment of
hematological malignancies and small cell lung cancer, clinical trials were halted due to
dose-limiting thrombocytopenia that derived from targeting BCL-XL, which turned out to
be an essential survival factor of platelets76,77. To overcome this limitation, the structure
of ABT-263 bound to BCL-2 was used to tailor the interaction for BCL-2 over BCL-XL,
yielding the potent and selective BH3-mimetic ABT-199 or venetoclax78. Venetoclax
potently and specifically induced apoptosis of BCL-2-dependent cancers while avoiding
dose-limiting thrombocytopenia. Over thirty years of BCL-2 family research led to FDA
approval of venetoclax in 2016 for the treatment of patients with 17p-deleted CLL.
Venetoclax is currently being tested in AML, non-Hodgkin’s lymphoma, multiple
myeloma, and breast cancer, both as a single agent and in combination with a host of
other chemotherapeutic agents.
Invigorated by the clinical success of venetoclax, scientists in academia and
pharma alike have expanded their screening efforts to target the canonical binding
grooves of other anti-apoptotic targets, including the especially pervasive and malicious
anti-apoptotic protein MCL-179-81 (Figure 1.3B). Most recently, the small molecule
S63845 was shown to potently and selectively target MCL-1, inducing apoptosis of
various MCL-1-dependent cancers in culture and in vivo81. Phase 1 testing of S63845 in
AML and MDS is currently underway. Since cancer cells can express a variety of antiapoptotic proteins to ensure their survival, developing a spectrum of inhibitors that
target individual, subsets, and even all anti-apoptotic targets remains a pressing goal.
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The Anti-Apoptotic Protein BFL-1/A1
Physiological Role and Expression Pattern of BFL-1
The anti-apoptotic BCL-2 family member Bfl-1 is located on human chromosome
15q24.3 and encodes a 175-amino acid protein comprised of nine conserved αhelices82. BFL-1, also known as BCL2A1 or mouse A1, was first discovered in mice as
an early-response gene in hematopoietic cells upon treatment with granulocytemacrophage colony stimulating growth factor (GM-CSF), and was noted to have
sequence similarity to the murine Bcl-2 and Mcl-1 genes83. The human homologue was
subsequently cloned by two groups, and was found to be abundant in fetal liver tissue84
and endothelial cells85, and shares 72% sequence homology with the mouse gene.
Early experiments in mice revealed four gene copies of murine A1 and, like BCL-2, A1
was required for myeloid precursor cell survival upon growth-factor withdrawal86 and
primarily expressed in hematopoietic cells, including B and T cells, neutrophils,
macrophages, and dendritic cells87. BFL-1/A1 contained the hallmark BH1, BH2, and
BH3 domains and its overexpression was shown to be sufficient to suppress p53induced apoptosis88. Mutational analysis of BFL-1 demonstrated that the BH1, BH2, and
C-terminal domains were critical for this anti-apoptotic function89.
Numerous genetic and biochemical studies have demonstrated the pro-survival
functionality of BFL-1 within the mitochondrial pathway of apoptosis. Yeast two-hybrid
experiments revealed that BFL-1 heterodimerizes with BAX and blocks its pro-apoptotic
activity in a manner analogous to BCL-2, and that this interaction is dependent on the
presence of the conserved hydrophobic surface groove on BFL-190. Additionally, BFL-1
localizes to the mitochondria, where it is able to sequester tBID and inhibit tBID-induced
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BAX activation and apoptosis91. Among anti-apoptotic targets, BFL-1’s BH3-binding
spectrum is most similar to that of MCL-1, engaging tBID, BIM, NOXA, and PUMA; in a
cellular context, some studies suggest that BFL-1 displays a binding preference for
BH3-only proteins over the BH3-exposed forms of BAX and BAK82.
With respect to its physiologic function, there are conflicting reports regarding the
specific role of BFL-1 in regulating the immune system. Although BFL-1 expression is
more widespread in human tissues, including lung, small intestine, and smooth muscle,
murine expression is confined to hematopoietic tissues82. Murine A1 expression is
induced during myeloid differentiation83, lymphocyte development92, and lymphocyte
activation83,93, suggesting a role for A1 in immune cell regulation. RNAi and conditional
knockdown of A1 in murine hematopoietic lineages revealed defective T cell
development, impaired B cell proliferation94, and reduced survival of activated B cells95.
Recently, a more comprehensive genetic mouse model has been developed in which
the three functional A1 isoforms were knocked out. This BFL-1/A1 knockout model lacks
any overt phenotype, with mice displaying only minor defects in the hematopoietic
system, including a slight reduction in γδTCR T cell, memory CD4+ T cell, and dendritic
cell counts96. In examining the role of BFL-1 in T cell activation, the A1 triple knockout
mice displayed a normal T cell response upon acute infection, suggesting a nonessential role for BFL-1 in T cell-mediated immunity97. Current efforts are underway to
elucidate the precise roles of BFL-1 in regulating murine hematopoiesis and thereby
resolve the discrepancies between mouse models.
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BFL-1 Regulation and Structure
BFL-1 expression and function are under tight transcriptional and post-translational
control. BFL-1 is induced by GM-CSF and TNF-α, and is a direct transcriptional prosurvival target of NF-κB98,99. Though initial studies were focused on transcriptional
regulation of BFL-1 in the immune system, NF-κB signaling has been found to induce
BFL-1 expression to maintain cell survival in other cellular contexts, such as in response
to etoposide100. These early studies suggested that BFL-1 induction by NF-κB could be
a key factor in tumor resistance to chemotherapy. Induced BFL-1 expression has also
been linked to reactive oxygen species (ROS). For example, low doses of H2O2 can
prompt BFL-1 expression through NF-κB to protect against oxidative stress in T cells101.
BFL-1 is a transcriptional target of PU.1, which is required for the normal function of
granulocytes and macrophages and is transcriptionally active during neutrophil
differentiation102. BFL-1 upregulation by PU.1 may be necessary for cell survival in this
context to protect against the high levels of ROS that occur in these immune cells.
BFL-1 is also controlled at the post-translational level by proteasomal
degradation. BFL-1 is constitutively ubiquitinated and subjected to proteasomemediated turnover, resulting in a relatively short half-life in cells of ~2-3 hours103.
Ubiquitination is believed to occur on lysine residues of the C-terminal tail of BFL-1,
since deletion or mutation of these residues renders BFL-1 resistant to degradation104.
Further regulation is mediated by phosphorylation of serine and threonine residues in
this same region, which contributes to the ubiquitination and degradation of BFL-1103.
However, the E3 ubiquitin ligases, kinases, and phosphatases involved in these posttranslational modifications have not yet been identified.
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X-ray crystallography has demonstrated that BFL-1 exhibits structural homology
to other members of the BCL-2 family. A BFL-1 construct lacking the C-terminal helix
was first crystallized in complex with a BIM BH3 peptide, and this structure confirmed
that truncated BFL-1 is composed of 8 α-helices and shares similar three dimensional
architecture to other anti-apoptotic proteins105. BFL-1 contains BH1, BH2, and BH3
domains that form the canonical surface groove, which is lined with hydrophobic
patches critical for interaction with the highly conserved residues of amphipathic BH3
domains. The structure of BFL-1 has now been solved in complex with various BH3
domains from BID, NOXA, BAK, and PUMA. Most recently, we have reported the
unliganded structure of BFL-1ΔC and, interestingly, the protein demonstrates a unique,
solvent-exposed cysteine within the BH3-binding groove that can potentially be
exploited for covalent targeting106. Of note, existing crystallography efforts have focused
on the truncated form of BFL-1, given the hydrophobic nature of the C-terminal helix
and its contribution to protein instability and insolubility. Though the structure of the Cterminal tail of BFL-1 has not been formally defined, it contains amphipathic character
like most transmembrane helices and contributes to BFL-1 localization to the
mitochondria. Molecular modeling studies suggest that, like its pro-apoptotic counterpart
BAX, BFL-1 can exist in two distinct conformations: one with the C-terminal helix bound
to its own BH3-binding groove, and another with the C-terminal helix inserted into the
mitochondrial outer membrane107. The C-terminal helix-in-groove model suggests a
possible auto-inhibitory mechanism, but the existence of this form and its mode of
regulation have not been determined.
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Role of BFL-1 in Cancer Development, Maintenance, and Chemoresistance
BFL-1 has been convincingly linked to the development and chemoresistance of
numerous solid and hematological malignancies. For example, early studies
documented BFL-1 as a molecular marker of T cell leukemia, with expression correlated
with chemoresistance and associated with high levels of NF-κB signaling99,108. BFL-1
overexpression has been documented in numerous other cancers, including BCLL109,110, DLBCL111,112, and melanoma113-115 (Figure 1.4). In addition to driving cell
survival in cancer, BFL-1 contributes to chemoresistance. BFL-1 upregulation has been
shown to confer resistance to etoposide100 and cisplatin99 in vitro. High levels of BFL-1
also correlate with chemo-refractory disease in CLL110, breast cancer116, and bladder
cancer117. In melanoma, BFL-1 is under direct transcriptional control of MITF and its
overexpression confers resistance to small molecule BRAF inhibitors114. Importantly,
BFL-1 overexpression can arise in numerous blood cancers as a resistance mechanism
to selective BCL-2 inhibition118,119. In both solid and hematologic cancer settings, siRNA
knockdown

of

BFL-1

can

restore

sensitivity

to

chemotherapy-induced

apoptosis110,112,114,118,120, thus establishing BFL-1 as a promising drug target for
numerous malignancies.
Despite the clinical success of selective small molecule targeting of BCL-2 in
cancer, BFL-1 targeting is relatively underdeveloped. Efforts to design peptide-binding
aptamers that target BFL-1 by disrupting its interactions with pro-apoptotic partners
have shown some success in sensitizing malignant B cells to apoptosis121. However,
aptamers have not been deployed in a therapeutic context due to the challenges
associated with the delivery of unmodified oligonucleotides. Although multiple groups
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Figure 1.4 BFL-1 gene expression levels across various cancer types.
RNAseq data reflecting BFL-1 gene expression across human cancer revealed high
level expression in lymphomas, melanoma, and leukemias (Cancer Cell Line
Encyclopedia, Broad Institute).
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have identified small molecules hits that disrupt the interaction between BFL-1 and BH3
peptides in competitive screening assays, none have been optimized for clinical
development to date122,123. Given its roles in oncogenesis and chemoresistance, BFL-1
is a ripe target for therapeutic development.

Stapled Peptides: Unique Tools for Scientific Discovery and Therapeutic
Development
Hydrocarbon Stapling Technology
Across all realms of biology, proteins interact with each other through complex
molecular “handshakes”, and these protein-protein interactions (PPIs) are responsible
for controlling almost every cellular activity in health and disease. PPIs are defined by
precise, complementary topographies and are composed of discrete protein
substructures, such as α-helices, β-sheets, β-turns, random coils, and combinations
thereof. The α-helix is one of the most ubiquitous and versatile shapes in the cell, with
over 30% of protein secondary structure adopting helical conformations. Indeed, αhelical interactions regulate innumerable cellular processes, including infection, immune
response, transcription, and apoptosis124. The human protein interactome is estimated
to be composed of ~650,000 distinct pairwise interactions125, and given the extent of
their deregulation in human disease, many PPIs represent attractive targets for
therapeutic intervention. However, drugging PPIs has proven particularly challenging.
A major component of the difficulty in targeting PPIs stems from the current
landscape of drug classes, which are predominantly comprised of small molecules and
biologics. Small molecules, which are typically composed of fewer than 100 atoms and
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weigh less than 1000 Da, have long been a focus of the pharmaceutical industry owing
to their rapid structure-activity based optimization by medicinal chemistry and the
capacity to effectively scale-up production for the commercial marketplace. Following
Lipinski’s “rule of five” can allow for small molecules to be orally bioavailable126.
Additional favorable qualities of small molecules include cell permeability and
effectiveness at targeting small hydrophobic binding pockets127. However, since PPIs
typically make contact over 800-1100 Å2 of surface area128, small molecules are
typically incapable of blanketing such large and flat protein interfaces. Of the ~20,000
proteins encoded in the human genome, small molecules have been successfully
developed against fewer than 300 proteins, with the majority targeting only ten classes
of proteins129. The relatively narrow protein-targeting spectrum of small molecules has
led to the classification of the remaining large reservoir of intracellular protein targets as
“undruggable”.
On the other end of the spectrum, numerous advances over the past several
decades have yielded successful biologics. Biologics are protein-based bioactive
molecules that are typically over 5000 Da, with prominent examples including antibodies
and growth factors. One advantage of biologics is that technology exists to evolve
proteins to engage almost any extracellular drug target with striking potency and
selectivity127. Unlike small molecules, biologics are capable of binding large, flat
surfaces, and are not limited to binding hydrophobic pockets. Biologics such as insulin
have proved successful in the treatment of diabetes, and engineered antibodies such as
anti-HER2 (trastuzumab) and anti-CD20 (rituximab) have been effective against breast
cancer and non-Hodgkin’s lymphoma, respectively126. The major drawback of biologics
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is the lack of oral bioavailability and cell permeability, restricting them to intravenous
administration for extracellular targets127.
Many pathologic PPIs reside within the cell and cannot be accessed by small
molecules or biologics. Whereas ~12% of proteins encoded by the human genome
contain hydrophobic pockets amenable to small molecule binding, less than 10% of
proteins are secreted or on the cell surface, leaving the majority of protein targets
undruggable based on the two most common and successful drug classes130. Peptide
therapeutics have the potential to bridge the gap between small molecules and
biologics, given their ability to recognize larger protein surface areas and potentially
mimic bioactive structures to disrupt PPIs. However, when taken out of context from the
full length protein, short and otherwise structured peptide motifs can unfold, resulting in
entropic penalties that can preclude refolding to engage a target127. Other major
limitations of synthetic peptides include proteolytic instability and limited cell
penetrance124. Despite these drawbacks, hundreds of peptide therapeutics have gained
FDA approval for diverse indications, with the majority addressing extracellular
targets131.
Given the capacity of peptide therapeutics to effectively disrupt pathological
PPIs, there have been significant efforts in recent years to chemically stabilize bioactive
peptide conformations, with the goal of imparting drug-like properties and enhancing
binding affinity. For example, a series of approaches have been taken to stabilize
peptide α-helices based on crosslinking peptide side chains. A peptide in an α-helical
configuration completes one turn every 3.6 residues124, allowing for the installation of
crosslinkable side chains at distances of i, i+4 to span one turn of the helix and i, i+7 to
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span two turns. Early approaches to constrain peptides in α-helical conformation
included the use of β-lactam bridges to structure hexapeptides132 and the insertion of
glutamine residues in i, i+7 positions to stabilize α-helical structure by alkanediyl-chain
tethering of the side chain nitrogen atoms133. Other strategies included formation of i,
i+4 amide bonds between lysine and glutamic acid residues134, and generating disulfide
bridges between cysteines at i, i+3 positions135. While all of these approaches can
impart α-helical character to synthetic peptides, the crosslinks are polar or
pharmacologically labile, rendering the peptides susceptible to degradation and
precluding cell penetrance.
A major breakthrough in ruthenium-catalyzed carbon-carbon bond formation was
achieved by Dr. Robert Grubbs, earning him the Nobel Prize in Chemistry in 2005.
Grubbs developed novel catalysts that crosslinked olefins by a ring-closing metathesis
reaction. Blackwell and Grubbs applied this chemistry to successfully crosslink i, i+4
positioned O-allyl serine residues, but the resulting peptides were not necessarily
transformed into α-helices in solution136. Verdine and colleagues extended Grubbs’
approach by instead substituting α,α-disubstituted amino acids bearing alkenyl tethers
at i, i+4 or i, i+7 positions, and upon olefin metathesis, the all-hydrocarbon crosslinks
yielded peptides with markedly enriched α-helical structure137. In addition to conferring
helical structure, the crosslinks imparted substantial proteolytic resistance137 (Figure
1.5). Walensky, Verdine, and Korsmeyer applied the peptide stapling technology to
stabilize the BH3 domain of the BCL-2 family protein BID, resulting in helical induction,
protease resistance, enhanced target binding affinity, and most notably, cellular uptake
by an energy-dependent pinocytotic mechanism; this novel class of compounds,
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Figure 1.5 Hydrocarbon staples restore α-helicity to synthetic peptides.
Incorporation of α,α-disubstituted non-natural amino acids bearing olefinic side chains
into synthetic peptides sequences enables peptide stapling by ruthenium-catalyzed
olefin metathesis. The pictured all-hydrocarbon staple, spanning one helical turn of the
peptide, reinforces helical structure and can confer a variety of beneficial properties
including resistance to proteolysis and cell penetrance.

28

dubbed “stapled peptides,” was capable of activating apoptosis in cell culture and in
vivo, providing proof-of-concept for an entirely new approach to studying and targeting
intracellular PPIs138.
Key hallmarks of stapled peptides included in vivo protease resistance and cell
permeability. Because hydrocarbon stapling reinforces helical structure, the otherwise
labile amide bonds are buried at the core of the helix, impairing proteolytic digestion in
vitro and in vivo137,138. In the context of longer peptide constructs, insertion of a second
hydrocarbon staple can further enhance structural stabilization and proteolytic
resistance139. Cellular uptake of fluorescently-labeled stapled peptides has been
documented by confocal imaging138 and immunoelectron microscopy140. In a study of
over 200 hundred stapled peptides with diverse staple positions, compositions, and
overall charge, cell penetrance appeared to correlate with staple type and formal
charge141. However, a systematic and unbiased statistical analysis of stapled peptide
libraries pursued by Walensky and colleagues revealed that primarily hydrophobicity
and secondarily α-helicity were the key drivers of stapled peptide penetrance142. This
work provided validated design principles for generating stapled peptides with optimal
cell penetrance, overcoming prior barriers to effectively targeting PPIs in cells and in
vivo.

Use of Stapled Peptides to Dissect BCL-2 Family Interactions
With the majority of BCL-2 family PPIs mediated by α-helical BH3-in-groove
interactions, stapled peptides have become a powerful tool for dissecting the BCL-2
family interaction network, and even manipulating it for therapeutic reactivation of
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apoptosis in cancer. In 2004, Walensky developed the first Stabilized Alpha-Helix of
BCL-2 domains (SAHB) modeled after the BH3 helix of BID and provided the first
evidence that stapled peptides could modulate the function of physiological PPIs138. The
insertion of an i, i+4 staple in the native BID BH3 sequence rendered the peptide helical,
resistant to proteolysis, and cell penetrant.

1

H-15N heteronuclear single-quantum

correlation (HSQC) NMR and fluorescence polarization assays (FPA) were used to
demonstrate that BID SAHB specifically bound to the canonical BH3-binding groove of
the anti-apoptotic protein BCL-XL. From a functional standpoint, BID SAHB
recapitulated the activity of native BID by inducing cytochrome c release from mouse
liver mitochondria, activating apoptosis in a panel of human leukemia cells, and,
notably, inducing activating apoptosis in vivo to suppress leukemic growth in mice.
Based on this proof-of-concept for transforming a bioactive motif into a stable α-helix for
therapeutic targeting of intracellular PPIs, the stage was set for broad application of this
technology in both basic and translational research.
The original BID SAHB was further employed to interrogate the elusive
interaction between select BH3-only proteins and the pro-apoptotic executioner proteins
BAX and BAK, based on the hypothesis that these pore-forming proteins required direct
activation to transform from inactive monomers into mitochondrial membraneembedded oligomers36.

The application of FITC-BID SAHB and recombinant BAX

titration in FPA assays demonstrated for the first time a direct interaction between a
BH3 helix and BAX, overcoming prior challenges in trying to capture this proposed “hit
and run” interaction36,143. This binding interaction was then directly linked to functional
BAX activation using correlative liposomal and mitochondrial membrane release
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assays, and mutagenesis analyses. The in vitro liposomal assays not only quantified
BH3-triggered and BAX-mediated poration, but also documented that no other
component aside from the BID SAHB interaction was required for BAX activation.
Through this study, stapled peptides demonstrated their utility as chemical tools to
probe fundamental questions in the apoptosis field.
Applying peptide stapling technology to generate SAHBs modeled after the BH3
domain of BIM revealed a host of novel mechanistic insights into the mechanism of
BH3-induced BAX activation. NMR analyses of BAX upon BIM SAHB titration revealed
the site of BH3 interaction, which was distinct from the canonical BH3-binding groove37.
Binding at this novel location, termed the “trigger site”, was then shown to drive a series
of structural rearrangements that comprised the BAX activation process, which
ultimately leads to apoptosis induction37,144. Multidisciplinary studies using BID SAHB to
interrogate direct activation of BAK, the mitochondrial-membrane localized homolog of
BAX, revealed that select SAHBs could also directly bind to and activate BAK, but in
contrast to BAX, the site of interaction localized to the canonical C-terminal face of the
protein, where anti-apoptotics engage BH3 domains145. Taken together, this work
revealed that the unique binding site on BAX mediates its translocation from cytosol to
mitochondria, a step not required for BAK, which is constitutively localized at the
mitochondrial outer membrane. Owing to its capacity to potently activate both BAX and
BAK (an “activate the activators” mechanism), and inhibit the canonical pockets of antiapoptotic proteins (an “inhibit the inhibitors” mechanism), BIM SAHB was tested in
mouse models of refractory AML and demonstrated anti-tumor activity as single agent
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and in combination with the BCL-2/BCL-XL inhibitor ABT-263146, thus reinforcing the
utility of stapled peptides as discovery tools and prototype therapeutics.
Given their ability to faithfully recapitulate native interaction domains and engage
protein targets with high affinity, stapled peptides were also harnessed to create tools
for proteomic discovery (Figure 1.6). Incorporating a non-natural amino acid bearing a
benzophenone moiety into stapled peptide design yielded photoreactive SAHBs
(pSAHBs) capable of covalent capture of interacting targets upon exposure to UV
light147. The application of biotinylated pSAHBs enabled enrichment of covalently bound
proteins by streptavidin pull-down, and then mass spectrometry analysis of cross-linked
peptides identified both the protein targets and the sites of interaction. This platform was
validated with established interaction partners, such as the BAD BH3/BCL-XL helix-ingroove interaction147, and then applied to uncover novel BH3 interactions. For example,
PUMA pSAHBs were used to demonstrate that PUMA BH3 can directly engage BAX at
both canonical and trigger sites, leading to BAX activation and apoptosis148. Coupled
with HSQC NMR and hydrogen-deuterium exchange mass spectrometry (HXMS)
analyses, pSAHBs modeled after the BH4 domain of BCL-2 were used to identify a
novel inhibitory binding site on BAX, revealing an interaction mode distinct from the
BH3-in-groove interaction that BCL-2 harnesses to block BAX149. Based on these and
other examples145,150,151, combining peptide stapling with covalent capture emerged as
a powerful and versatile approach to proteomic discovery.
Structural reinforcement of the MCL-1 BH3 domain sparked numerous
discoveries in basic biology and drug discovery. Screening a stapled peptide library of
all natural BH3 domains, encompassing pro- and anti-apoptotic BCL-2 members,
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Figure 1.6 Design and derivatization of stapled peptides for modulation of protein
interactions and therapeutic targeting.
Diverse libraries of stapled peptides can be generated through the iteration of peptide
sequence composition, including peptide length and overall charge, staple type, and
staple placement. Additionally, numerous derivatizations can be appended to tune the
functionalities of such stapled peptides to suit a broad range of research and
therapeutic applications.
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identified the MCL-1 BH3 domain as the only exclusive inhibitor of MCL-1 in nature152.
Solving the co-crystal structure of MCL-1 SAHB bound to MCL-1 revealed the molecular
basis for its binding specificity and also led to the hypothesis that exposure of the MCL1 BH3 domain could enable gain-of-function protein interactions, as is the case for BAX
and BAK BH3 exposure. To test this hypothesis, MCL-1 SAHB was used as bait to
identify novel interaction partners by mass spectrometry, which led to the identification
of very long chain acyl CoA dehydrogenase (VLCAD) as a target of the MCL-1 BH3
helix; follow up mechanistic analyses in vitro and in vivo revealed that the mitochondrial
matrix form of MCL-1 indeed regulates fatty acid β-oxidation through VLCAD
interaction151. In addition to its use as a proteomic discovery tool, MCL-1 SAHB has
been deployed in competitive small molecule screens to identify candidate selective
inhibitors of the MCL-1 canonical groove153, which in turn led to the discovery of small
molecule inhibitors that indirectly blocked the BH3-pocket by targeting a novel allosteric
binding site on MCL-1154. Taken together, these discoveries highlighted the versatility of
stapled peptides in advancing both basic science inquiries and drug development efforts
focused on BCL-2 family regulation.
Beyond the BCL-2 family, stapled peptides have proven to be valuable tools for
targeting a broad range of pathologic PPIs mediated by α-helical domains. For example,
aberrant activation of the Wnt signaling pathway contributes to the pathogenesis of
multiple myeloma and colorectal cancer155. Stapled peptides modeled after an α-helix of
BCL-9, a transcriptional cofactor in the Wnt pathway, effectively disrupted the
interaction between BCL-9 and β-catenin, reducing Wnt transcriptional activity and
suppressing multiple myeloma and colon cancer growth in culture and in vivo156.
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Stapled peptides have also been employed to modulate epigenetic programs in cancer.
EZH2 and EED are two components of the polycomb repressive complex PRC2, which
catalyzes histone H3K27 methylation to control gene expression; overexpression of the
complex and deregulation of the pathway have been linked to the development and
maintenance of such cancers as leukemia, DLBCL, and rhabdoid tumor157,158. Stapled
peptides were modeled after an α-helical domain of EZH2 that engaged EED, and
functioned to dissociate the PRC2, unexpectedly leading to both inhibition of H3K27
methylation enzymatic activity and proteosomal degradation of the dissociated PRC2
subunits; as a result, MLL-AF9 leukemia cells were observed to differentiate into
monocytes/macrophages and proliferation arrest was observed in a variety of other
PRC2-dependent cancers159. Stapled peptides modeled after an α-helical domain of the
guanine-nucleotide exchange factor SOS1, which enhances KRAS activity through
direct protein interaction, were capable of both disrupting the SOS1/KRAS interaction
and also directly inhibiting wild-type KRAS and its mutant isoforms, presumably by
altering the nucleotide exchange region160. These studies highlight the importance of αhelical domain interactions in cancer pathogenesis and the promise of stapled peptides
to disrupt pathologic PPIs for therapeutic benefit.
Outside of the cancer field, stapled peptides have been used to target protein
interactions that drive viral infection. Efforts to block HIV-1 infection led to the
development of the FDA-approved drug Enfurvitide, a peptide inhibitor of viral fusion;
however, the drug suffered from facile proteolytic degradation in vivo and lack of oral
bioavailability so was quickly replaced by other agents161. Modeled after the HR2
domain of the HIV-1 gp41 envelope protein, Enfuvirtide serves as a helical decoy that

35

disrupts formation of the 6-helix bundle, which is critical to viral fusion with the host cell
membrane161. Double-stapling of the gp41 HR2 domain reinforced its α-helical
structure, conferred proteolytic resistance, and enhanced target engagement, resulting
in an optimized peptide with improved pharmacologic properties and the capacity to
overcome Enfuvirtide resistance139. Double-stapling the membrane-proximal region of
gp41, a region of the protein that gave rise to neutralizing antibodies in long-term nonprogressing patients infected with HIV-1, was also pursued as an HIV-1 vaccine
development strategy162. Stapled peptides have also been deployed to develop fusion
inhibitors of the respiratory syncytial virus (RSV), which shares the 6-helix bundle fusion
mechanism with HIV-1. Double-stapled peptides of the RSV-F fusion protein potently
inhibited RSV infectivity in vitro and both mitigated nasal RSV infection in vivo and
blocked the spread of nasal infection to the lungs upon intranasal and intratracheal
administration, respectively163.

Stapled Peptides as Therapeutics
Given the prevalence of α-helices in mediating PPIs, and the urgent need to bridge the
gap between therapeutic molecules and biologics, stapled peptides are actively being
explored as a new drug modality. The most vetted example of stapled peptides as
prototype therapeutics involves reactivation of the p53 tumor suppressor pathway by
dual targeting of HDM2 and HDMX. The tumor suppressor protein p53, commonly
referred to as the “guardian of the genome”, is the most frequently altered protein in
human cancer, with aberrant expression or inactivating mutations found in
approximately 50% of human cancers164. Though the activities of p53 are wide-ranging
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and complex, its most basic function is to promote cell cycle arrest, leading to apoptosis
or senescence, in response to cell stress such as DNA damage and oncogene-induced
replicative stress164. p53 maintains the integrity of the genome by allowing for the repair
or elimination of damaged cells, thereby preventing the propagation of deleterious
mutations164. p53 is a sequence-specific DNA-binding protein, which exerts its tumor
suppressor activity through the regulation of transcription165. p53 is composed of two Nterminal activation domains, followed by a proline-rich region, the critical DNA-binding
domain, which is most frequently mutated in cancer, and a C-terminal domain
responsible for its oligomerization and nuclear localization164.
p53 function is further regulated by numerous post-translational modifications,
many of which become deregulated in cancer166. A key mode of p53 regulation involves
its ubiquitylation by the E3 ligase HDM2. p53 levels are typically maintained at a low
level as a result of HDM2 activity and proteosomal degradation167. HDM2 is blocked in
response to cell stress, resulting in p53 stabilization, which in turn upregulates HDM2 as
a negative feedback loop167. HDM2 amplification and overexpression is found in ~7% of
human tumors, eliminating the need for mutational inactivation of p53 in this context168.
Thus, inhibiting the p53/HDM2 interaction to reactivate p53 is a potential route to cell
cycle arrest and apoptosis induction in cancer cells that retain wild-type p53.
The crystal structure of the complex between the p53 transactivation domain and
HDM2 revealed a single α-helix at the binding interface, with protein interaction primarily
mediated by three hydrophobic residues169. In 2004, Vassilev and colleagues from
Hoffman-La Roche advanced Nutlin-3a as a low nanomolar inhibitor of HDM2, and
demonstrated potent reactivation of wild-type p53 in cancer cells resulting in
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suppression of osteosarcoma growth in culture and in vivo170. Nutlin-3a was further
optimized by medicinal chemistry, leading to RG7112, a clinical candidate with
increased potency and more favorable pharmacologic properties171. Phase 1 testing of
orally-administered RG7112 resulted in partial responses and stable disease in select
liposarcoma patients172. However, all enrolled patients experienced at least one adverse
event, which typically involved hematologic toxicity172. Despite the early promising
results of small molecule HDM2 inhibitors developed by several groups, dose-limiting
toxicity has been a persistent challenge and none of the compounds have achieved
FDA approval to date.
Given the helix-in-groove nature of the p53/HDM2 interaction, stapled p53
peptides proved to be an alternative approach to reactivating p53 in cancer. In 2007,
Bernal and colleagues designed i, i+7 stapled peptides modeled after the α-helical
transactivation domain of p53; the lead compound, SAH-p53-8, exhibited low nanomolar
affinity for HDM2, reactivated p53 in cultured cells, and induced apoptosis173.
Mechanistic studies employing SAH-p53-8 revealed HDMX expression as a key
resistance factor for small molecule HDM2 inhibitors, and since the p53/HDMX
interaction is mediated by the same p53 helix, dual targeting of HDM2/HDMX emerged
as an especially valuable property to overcome p53 suppression in vitro and in vivo174
(Figure 1.7). Whereas HDM2 binds and destroys p53, HDMX binds and sequesters
p53. Thus, small molecule HDM2 inhibitors meet resistance when HDMX, which is not
targeted by the small molecules, is present to capture and neutralize the drug-induced
surge of p53.
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Figure 1.7 Dual-targeting feature of stapled peptides to reactivate p53 as a therapeutic
strategy in human cancers.
In an effort to reactivate p53 in cancer, small molecule inhibitors, such as Nutlin-3a,
have been designed to block the antagonistic interaction of HDM2 and p53 (top, PDB:
4HG7), however p53 is still susceptible to degradation by HDMX, which could
potentially result in chemoresistance. In comparison, stapled peptides modeled after the
transactivation domain of p53 display dual binding affinity for both HDM2 (left, PDB:
3V3B) and HDMX (right, PDB: 4N5T), thus demonstrating an advantage of stapled
peptide therapeutics in overcoming specificity limitations of small molecule inhibitors.
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Based on these mechanistic and in vivo findings, Aileron Therapeutics developed
and optimized SAH-p53-8, preserving the original i, i+7 staple position but incorporating
several binding-enhancement mutations from peptide phage display175. The resultant
lead peptide, ATSP-7041, demonstrated potent dual affinity for HDM2 and HDMX,
reduced serum binding, efficient cellular uptake, and efficacy in a series of cancer
xenograft models176. The crystal structure of the ATSP-7041/HDM2 complex
demonstrated recapitulation of the three key hydrophobic contacts at the binding
interface, in addition to adjunct interactions between the hydrophobic binding surface
and the staple itself176. Aileron then advanced their lead stapled p53 peptide analog,
ALRN-6924, to clinical testing, which has included a Phase 1 trial in advanced solid
tumors

(NCT02264613),

a

Phase

2A

study

in

peripheral

T-cell

lymphoma

(NCT02264613), and a Phase 1 trial in acute myeloid lymphoma and myelodysplastic
syndrome (NCT02909972). Results from the first Phase 1 study demonstrated that
ALRN-6924 was well tolerated from a safety standpoint; of the 41 study participants,
there were 2 complete responses, 2 partial responses, and 20 patients with stable
disease, and numerous patients continue to receive the treatment for well over a
year177. These results represent the first example of the clinical translation of a stapled
peptide for targeting an intracellular PPI. With over 3000 PPIs mediated by α-helices178,
stapled peptides could provide a new opportunity for addressing “undruggable” targets,
transforming bioactive peptides into structurally-stabilized α-helices that penetrate intact
cells and modulate their native protein targets.
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Chapter II
Selective Covalent Targeting of Anti-Apoptotic BFL-1
by Cysteine-Reactive Stapled Peptide Inhibitors

ABSTRACT
Anti-apoptotic BCL-2 family proteins block cell death by trapping the critical α-helical
BH3 domains of pro-apoptotic members in a surface groove. Cancer cells hijack this
survival mechanism by overexpressing a spectrum of anti-apoptotic members, mounting
formidable apoptotic blockades that resist chemotherapeutic treatment. Drugging the
BH3-binding pockets of anti-apoptotic proteins has become a highest-priority goal,
fueled by the clinical success of venetoclax, a selective BCL-2 inhibitor, in reactivating
apoptosis in BCL-2-dependent cancers. BFL-1/A1 is a BCL-2 family protein implicated
in the progression and chemoresistance of melanoma, lymphoma, and other cancers,
yet it remains undrugged. A natural juxtaposition of two unique cysteines at the binding
interface of the NOXA BH3 helix and BFL-1/A1 pocket informed the development of
stapled BH3 peptides bearing acrylamide warheads to irreversibly inhibit BFL-1/A1 by
covalent targeting. Here, we describe the development and application of cysteinereactive stapled peptides that, compared to their non-covalent analogs, trigger more
rapid mitochondrial cytochrome c release, caspase-3/7 activation, and apoptosis
induction of BFL-1/A1-driven cancers such as melanoma. Mechanism of action studies
demonstrated the exquisite BFL-1/A1 selectivity and mitochondrial localization of the in
situ covalent reaction. Given the frequent proximity of native cysteines to regulatory
binding surfaces, covalent stapled peptide inhibitors provide a new therapeutic strategy
for targeting oncogenic protein interactions.
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INTRODUCTION
BCL-2 family proteins are key regulators of the apoptotic pathway and control the lifedeath decision made by cells in response to stress1,2. However, when left unchecked,
deregulation of apoptosis can result in a host of human diseases3. Overexpression of
the founding member of this family, BCL-2, promotes cell survival in follicular
lymphoma4-8. The anti-apoptotic BCL-2 family members have emerged as ripe targets
for therapeutic development as they are often overexpressed to enforce cellular
immortality, representing a classic hallmark of cancer9. The canonical mechanism for
apoptotic suppression involves sequestration of the BH3 killer domain helices of proapoptotic members in a binding pocket composed of the BH1, BH2, and BH3 domains
of the anti-apoptotic BCL-2 family proteins10. Thus, structural mimicry of pro-apoptotic
BH3 helices has been pursued to pharmacologically ‘‘inhibit the inhibitors’’ of apoptosis.
For example, small-molecule BH3 mimetics, such as ABT-73711 and ABT-26312, were
initially designed to target the BH3-binding pockets of both BCL-2 and BCL-XL, and the
next-generation clinical agent, ABT-19913 was refined for selective BCL-2 inhibition at
least in part to avoid the adverse effect of BCL-XL inhibition on platelet survival13,14.
Given the diversity of anti- apoptotic BCL-2 family proteins at the cancer cell’s disposal,
developing inhibitors for each of these oncogenic proteins, including compounds active
against subsets or all of the targets, is a priority. For example, because MCL-1 has
emerged as one of the top ten most expressed pathologic proteins across all subtypes
of human cancers15, there has been significant interest in developing a selective small
molecule inhibitor of MCL-116,17, with the first agents entering Phase 1 clinical testing in
201718.
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The Walensky laboratory has taken an alternative approach to BCL-2 family
targeting by transforming the spectrum of natural BH3 domain sequences into
structurally reinforced α-helices that resist proteolysis in vivo and, when appropriately
designed, achieve intracellular access through macropinosomal import19,20. The earliest
classes of all-hydrocarbon-stapled peptides derived in the Walensky lab were modeled
after the BH3 domains of BID20,21 and BIM22-24, two pro-apoptotic BCL-2 family
members of the “BH3-only” subclass that can directly bind and activate the executioner
proteins BAX and BAK, and also inhibit the entire spectrum of anti-apoptotic pockets.
These stapled peptide helices, termed Stabilized Alpha-Helices of BCL-2 domains
(SAHBs), have been used to dissect the molecular interactions of the BCL-2 family
signaling network, discover novel interacting partners, and as prototype therapeutics
themselves to reactivate apoptosis in cancer. Here, we sought to apply our stapling
technology to develop a selective inhibitor of anti-apoptotic BFL-1, a relatively
understudied anti-apoptotic BCL-2 family protein that has been implicated in the
development, maintenance, and chemoresistance of select human cancers.
The pathologic expression of BFL-1 has been reported as an oncogenic driver of
melanoma, lymphoma, and leukemia25-29. In melanoma, for example, BFL-1
overexpression correlates with chemoresistance and metastasis30,31, and is directly
regulated by the microphthalmia-associated transcription factor (MITF), which is
essential to melanomagenesis26. In lymphoma, upregulation of BFL-1 accounts for
resistance to selective inhibition of BCL-2 and BCL-XL, underscoring the importance of
developing BFL-1 inhibitors in the era of venetoclax29. Likewise, BFL-1 overexpression
in the context of BRAF V600E mutation, which is found in 80% of BRAF-mutant
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melanomas, blunts the pharmacologic benefit of small-molecule BRAF inhibitors,
whereas small interfering RNA knockdown of BFL-1 sensitized the cells to apoptosis
induction26,32. Taken together, there is a compelling rationale for developing a targeted
inhibitor of anti-apoptotic BFL-1 for cancer treatment.
In planning a strategy for selective BFL-1 inhibition, we noted the unique
juxtaposition of cysteines at the binding interface of BFL-1 and the BH3 domain of proapoptotic NOXA, as defined by X-ray crystallography of the complex (PDB: 3MQP). We
reasoned that combining the high-affinity non-covalent interactions of a natural BH3
domain helix with the irreversible blockade afforded by covalent reaction could yield a
high-fidelity BFL-1 inhibitor, a strategy that could also be applied to a broad spectrum of
helix-in-groove interactions containing native cysteines within or near the proteinbinding surface. Indeed, the development of small-molecule covalent inhibitors of more
focal binding sites on kinases has seen remarkable success in recent years. For
example, ibrutinib, which covalently targets C426 of Bruton’s tyrosine kinase, is
approved by the Food and Drug Administration (FDA) for the treatment of
Waldenstrom’s macroglobulinemia, chronic lymphocytic leukemias, and mantle cell
lymphoma33-35. Afatinib is an irreversible covalent inhibitor that selectively targets the
receptor tyrosine kinases epidermal growth factor receptor (EGFR) and HER2, and has
been approved by the FDA for the treatment of metastatic, EGFR T790M-mutant nonsmall cell lung cancer36-39. Motivated by this resurgence of covalent inhibitor drugs and
our identification of a uniquely positioned cysteine residue in the BH3-binding pocket of
BFL-1, we designed, characterized, and validated a new class of stapled peptide
inhibitors with highly selective covalent reactivity.
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METHODS
Stapled Peptide Synthesis. Hydrocarbon-stapled peptides corresponding to the BH3
domains of BCL-2 family proteins, and either N-terminally derivatized with acetyl, FITCβAla, biotin-PEG, or electrophilic warheads, or C-terminally derivatized with Lys-biotin,
were synthesized, purified, and quantitated using our previously reported methods40,41.
Acrylamide-bearing peptides were synthesized by either coupling acrylic acid or transcrotonic acid to the peptide N-terminus, or by first coupling the Fmoc protected cyclic
amino acids (Chem-Impex International) followed by Fmoc deprotection and acylation
with acrylic acid, using standard Fmoc coupling and deprotection methods. Stapled
peptide compositions, and their observed masses and use by figure, are listed in
Appendix: Table S1.

FITC

Derivatization

of

Acrylamide-Bearing

Stapled

Peptides.

Cystamine

dihydrochloride (1 eq) was dissolved in 10 mL DMSO, accompanied by 270 µL DIEA (3
eq), and then 400 mg (2 eq) of FITC was added. The reaction was monitored by LC/MS
and, after overnight stirring and completion of the reaction, 2 eq TCEP in 1 mL of water
was added. The reduced product was purified on an Isco CombiFlash purification
system equipped with a 40 g C18 reversed phase column using a water-acetonitrile
gradient. The fractions containing product were lyophilized to afford 385 mg of FITClabeled cysteamine. The subsequent conjugation reaction with acrylamide-containing
stapled peptide was found to be pH dependent as expected, with no reaction occurring
at pH 6 or pH 8, whereas the reaction in pH 10 borate buffer went to completion after
overnight incubation in a 1:1:3 solution of 1 mM DMSO peptide stock, 5 mM DMSO
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stock of FITC-cysteamine, and 0.05 M borate buffer. The FITC-labeled peptide product,
FITC-BIM SAHBA-3, was then purified by HPLC.

Recombinant Protein Expression and Purification. The recombinant anti-apoptotic
proteins were expressed in Escherichia coli BL21(DE3), and purified by sequential
affinity and size-exclusion chromatography as described42. cDNA encoding BFL-1ΔC
(aa 1-153) was cloned into the pET19b expression vector (Novagen) followed by DNA
sequencing to verify the construct. Constructs bearing cysteine to serine mutations were
created by PCR-based site-directed mutagenesis (QuikChange Mutagenesis Kit,
Stratagene). Transformed Escherichia coli BL21(DE3) LOBSTR43 (#EC1001, Kerafast)
were cultured in ampicillin-containing Luria broth (LB) and protein expression induced
with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at 16 °C. Bacterial
pellets were resuspended in 20 mM Tris pH 7.5, 250 mM NaCl, and two complete
protease inhibitor tablets (Roche), and then microfluidized (M-110L, Microfluidics) and
centrifuged at 45,000 x g for 1 h. The supernatant was passed over a Ni-NTA (Qiagen)
column equilibrated with 50 mM Tris pH 7.5, 250 mM NaCl. The column was
sequentially washed with 25 mL of equilibration buffer containing 5 mM, 10 mM and 20
mM imidazole, and then His-BFL-1ΔC was eluted in equilibration buffer containing 300
mM imidazole. The fraction containing His-BFL-1ΔC was dialyzed against 50 mM Tris
pH 8, 100 mM NaCl at 4 °C and then concentrated and loaded onto a Superdex S-75
(GE Healthcare) gel filtration column equilibrated with 50 mM Tris pH 8.0, 100 mM
NaCl. The column was washed with 30 mL equilibration buffer and fractions containing
His-BFL-1ΔC

were

pooled

and

analyzed
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both

by

SDS-PAGE

electrophoresis/Coomassie stain and anti-BFL-1 (Abcam, #125259) and anti-His
(Abcam, #18184) western blotting. Purified protein was then concentrated, flash frozen
using liquid nitrogen, and stored at -80 °C until use.
MCL-1ΔNΔC (aa 170-327) and BCL-XLΔC (aa 1-212) constructs were cloned into
pGEX-4T-1 (GE Healthcare) followed by DNA sequencing to verify the constructs.
Transformed Escherichia coli BL21(DE3) (Sigma-Aldrich) were cultured in ampicillincontaining LB, and protein expression induced with 0.5 mM IPTG and grown for 4 h at
37°C. Bacterial pellets were resuspended in phosphate-buffered saline (PBS), 0.1%
Triton X-100, and complete protease inhibitor tablet (Roche), and then microfluidized
and centrifuged at 45,000 x g for 1 h. Supernatants were passed over a glutathione
sepharose (GE Healthcare) column equilibrated with PBS containing 0.1% Triton X-100.
The column was sequentially washed with 25 mL of PBS containing 0.1% Triton X-100
and PBS, and then GST cleaved on-resin with thrombin (Sigma) overnight at 25 °C. The
GST-free protein was eluted with PBS, concentrated, and loaded onto a Superdex S-75
(GE Healthcare) gel filtration column equilibrated with 50 mM Tris pH 7.4, 150 mM
NaCl. The column was washed with 30 mL equilibration buffer and fractions containing
MCL-1ΔNΔC or BCL-XLΔC were pooled and analyzed by SDS-PAGE electrophoresis
and Coomassie staining. Purified protein was then concentrated, flash frozen using
liquid nitrogen, and stored at -80 °C.

Biolayer Interferometry. Binding analyses of NOXA peptide interactions with BFL-1ΔC
were performed on an Octet RED384 system (Fortebio, Menlo Park, CA) at 30 °C.
Super streptavidin (SSA) tips were prewetted in 1x kinetics buffer (PBS, pH 7.4, 0.01%
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BSA, 0.002% Tween-20) and then conjugated to NOXA SAHBs bearing an N-terminal
biotin-PEG linker (10 µg/mL). Excess streptavidin was quenched by incubation with 2
µg/mL biocytin. The tips were then washed with kinetics buffer and soaked in a serial
dilution of BFL-1ΔC for 10 min to measure association rate, followed by a 15 min
incubation in kinetics buffer to measure dissociation rate. Dissociation constants were
calculated using Octet Data Analysis version 9.0.

In Vitro Covalent Conjugation Assay. BFL-1ΔC constructs (40 µM) were combined
with NOXA SAHBA or NOXA SAHBA C25S (120 µM) and 10 mM DTT in 50 mM Tris pH
8.0, 100 mM NaCl (final volume, 5 µL), and then incubated in the dark for 1 h at room
temperature. After this incubation in a reducing environment, the mixture was diluted 5fold into 50 mM Tris pH 8.0, 100 mM NaCl, 12 mM GSSG and incubated in the dark for
an additional 30 min at room temperature. The samples were then boiled in 4x loading
buffer lacking DTT and electrophoresed on 12% Bis-Tris gel. The gel was rinsed with
water, subjected to FITC scan (Typhoon FLA 9500, GE Healthcare) and then
Coomassie staining.
For warhead-bearing SAHBs, His-BFL-1ΔC C4S/C19S protein was pretreated
with 10 mM DTT in 50 mM Tris pH 8.0, 100 mM NaCl for 30 min at room temperature
(final volume, 9.5 µL), and then combined with a 10:1 molar ratio of NOXA SAHBA or
BIM SAHBA peptides bearing warheads 1-8 (final volume, 10 µL) for an additional 2 h
incubation at room temperature. Processing for gel electrophoresis and Coomassie
staining was performed as above.
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Streptavidin Pull-Down. Recombinant His-BFL-1ΔC, BCL-XLΔC (tagless), and GSTMCL-1ΔNΔC (1 µM each) were combined and reduced with 3 mM DTT in PBS for 30
min at room temperature, and incubated with 1 µM biotinylated SAHBA, SAHBA-3, or
vehicle for 4 hr at room temperature. The mixtures were then combined with PBSwashed high-capacity SA agarose (Thermo Fisher Pierce) and incubated with rotation
for 2 hr at room temperature. The beads were centrifuged at 3,000 rpm, washed twice
with NP-40 lysis buffer (1% NP-40, 50 mM Tris [pH 8.0], 100 mM NaCl, 2.5 mM MgCl2),
once with PBS, and the bound protein was eluted by boiling in 10% SDS containing 10
mg/mL biotin. Inputs (10%) and eluates were electrophoresed on a 12% Bis-Tris gel
and then subjected to silver staining and imaging.

Liposomal Release Assay. Large unilamellar vesicles (LUVs) with encapsulated ANTS
and DPX were generated and purified as described44,45. The indicated combinations of
BAX (400 nM), tBID (40 nM), and BFL-1ΔC or SAHBA-3/BFL-1ΔC conjugates (1.5 µM),
were added to liposomes (5 µL) in 384 well plates (final volume, 30 µL), and released
fluorophore was measured over 120 min using an M1000 Infinite plate reader (Tecan)
with excitation and emission wavelengths of 355 nm and 520 nm, respectively. SAHBA3/BFL-1ΔC conjugates were prepared by treating BFL-1ΔC (10 µM) with DTT (20 mM)
for 30 min at 4 °C, followed by sequential incubation with NOXA SAHBA-3 or BIM
SAHBA-3 peptides at peptide:protein molar ratios of 1.2x, 0.75x, and 0.5x for 1 hr each
at 4 °C. Conjugation efficiency was confirmed by 12% Bis-Tris gel electrophoresis and
Coomassie staining. The protein conjugate was then concentrated to 75 µM, loaded
onto a Superdex S-75 (GE Healthcare) gel filtration column equilibrated with 20 mM

69

HEPES pH 7.5, 300 mM NaCl, 1 mM DTT, washed with 30 mL equilibration buffer, and
fractions collected, analyzed by SDS-PAGE electrophoresis, and used fresh in
liposomal assays. Percent ANTS/DPX release was calculated as [(F-F0)/(F100-F0)] x
100, where F0 is baseline fluorescence at time 0, F is the fluorescence recorded for
each time point, and F100 is the maximum amount of ANTS/DPX release based on
liposomal treatment with 1% Triton X-100.

BFL-1 Targeting in Lysates and Cells. 293T cells were maintained in DMEM
containing 10% FBS and penicillin/streptomycin, and transfections performed with 2 µg
pCMV plasmid containing HA-BFL-1ΔC C4S/C19S using X-tremeGENE 9 (Roche). For
lysate experiments, cells were trypsinized 24 hr post-transfection, washed with PBS,
and lysed by incubation with 1% CHAPS lysis buffer (150 mM NaCl, 50 mM Tris pH 7.4,
100 mM DTT). Protein concentration of the soluble fraction was measured using a BCA
kit according to manufacturer’s instructions (Thermo Scientific). Biotinylated NOXA
SAHBA-3 or BIM SAHBA-3 (10 µM) was added to 100 µg of lysate and incubated at RT
for 2 hr. Samples were then boiled in LDS buffer and subjected to western analysis
using 1:1000 dilutions of HA (Sigma-Aldrich, #12CA5) and biotin (Abcam, #53494)
antibodies. To evaluate the capacity of biotinylated SAHBs to compete with tBID for
interactions with BFL-1 and MCL-1, 293T cells were transfected with either HA-BFL1ΔC C4S/C19S or FLAG-MCL-1 in the p3XFLAG-CMV-10 vector (Sigma) as above.
After 24 hr, cells were trypsinized, washed with PBS, lysed in 1% CHAPS buffer, and
the supernatant collected for protein concentration determination by BCA kit. Lysate
samples (0.5 mg) were incubated with 0.25 µM recombinant tBID (R&D Systems) and 5
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µM biotinylated BIM SAHBA or BIM SAHBA-3 for 6 h at RT. The mixtures were then
subjected to HA or FLAG (Sigma-Aldrich, F7425) immunoprecipitation, followed by
western analysis using 1:1000 dilutions of HA, FLAG, and BID (Santa Cruz sc-11423)
antibodies. For HA-immunoprecipitation from 293T cells treated with biotinylated
peptides, cells were transfected with HA-BFL-1ΔC C4S/C19S as above and, after 24 hr,
incubated with 20 µM biotinylated BIM SAHBA or BIM SAHBA-3 in DMEM containing 5%
FBS for 6 hr. Cells were harvested and lysed as above, and incubated overnight with
anti-HA agarose beads (Pierce). The beads were washed 3 times with lysis buffer,
eluted by boiling in LDS buffer, and subjected to western analysis with HA and biotin
antibodies. For 293T treatment with non-biotinylated SAHBs, cells were transfected with
HA-BFL-1ΔC C4S/C19S as above, incubated with 20 µM BIM SAHBA or BIM SAHBA-3
in DMEM containing 5% FBS, and lysates harvested as above at the indicated time
points for western analysis using the HA and actin antibodies. For A375P melanoma
studies,

cells

were

maintained

in

DMEM

containing

10%

FBS

and

penicillin/streptomycin, and biotinylated NOXA SAHBA-3 or BIM SAHBA-3 (30 µM) was
added to 1 mg of lysate, followed by overnight incubation in CHAPS lysis buffer at 4 °C.
Biotin capture was accomplished by incubating the mixture with high-capacity SA
agarose (Thermo Scientific) for 2 hr at 4 °C, followed by centrifugation and washing the
pelleted beads with 3 x 1 mL lysis buffer. Bead-bound proteins were eluted by boiling in
10% SDS containing 10 mg/mL biotin for 10 min and then subjected to electrophoresis
and western blotting using BFL-1 (Abcam, #125259) and MCL-1 (Rockland, #600-401394S) antibodies.
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Cellular Uptake of Stapled Peptides. To evaluate cellular uptake of biotinylated
SAHBs by biotin western analysis of electrophoresed lysates from treated cells, 293T
cells were plated in 6-well Corning plates (2 x 105 cells/well) in DMEM containing 10%
FBS and penicillin/streptomycin. After 24 h, biotinylated NOXA SAHBA-3 or BIM SAHBA3 peptides (20 µM) were added to the cells in DMEM containing 5% FBS for an
additional 24 h incubation. The cells were then trypsinized to remove any surface-bound
peptide, washed with PBS, lysed as above in 1% CHAPS lysis buffer, and the
supernatant collected for protein concentration determination by BCA kit according to
manufacturer’s instructions (Thermo Scientific). Cellular lysate samples (50 µg) were
boiled in LDS buffer and subjected to western analysis using a 1:1000 dilution of antibiotin (Abcam, #53494) and 1:2000 dilution of anti-actin (Sigma-Aldrich, #A1978)
antibodies. To evaluate the potential effect of transfection conditions on stapled peptide
uptake, 293T cells were plated in 6-well Corning plates (2 x 105 cells/well) and cultured
as above. After 24 h, a mock transfection was performed with X-tremeGENE 9 (Roche)
and no plasmid alongside control cells that were not transfected. After an additional 24
hour incubation, 20 µM biotinylated BIM SAHBA-3 peptide was added to the cells in
DMEM containing 5% FBS and incubated for 4 h. Cells were then washed, trypsinized,
and lysed as above, and lysates subjected to biotin and actin western analyses.
For cellular uptake analysis by ImageXpress high-content epifluorescence
microscopy, the indicated cell lines were plated in black, clear bottom 96-well plates
overnight at a density of 1.5 x 104 cells per well for MEFs or 1 x 104 cells per well for
A375P cells in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1%
glutamine. The following day, cells were treated with the FITC-labeled peptides or the

72

equivalent amount of vehicle (0.1% DMSO) for 4 hr in DMEM supplemented with 5%
FBS, and then stained with Hoechst 33342 and CellMask Deep Red (CMDR, Invitrogen)
for 10 min. The media was then aspirated and cells fixed with 4% (wt/vol)
paraformaldehyde for 10 min, followed by washing three times with PBS and imaging by
ImageXpress Microscopy (Molecular Devices). Data were collected for five sites per
well at 20x magnification, with each treatment performed in triplicate, and then analyzed
and quantified using MetaXpress software. The CMDR stain was used to visualize the
boundaries of the cell and to create a mask for measuring FITC-peptide inside the cell,
thereby excluding fluorescent debris from the analysis. A custom module in MetaXpress
was applied to incrementally recede the CMDR image mask from the cellular border,
further restricting the analyzed FITC signal to internalized peptide. The measurement of
Total Internalized Fluorescence Intensity (TIFI) represents the level of absolute
fluorescence detected per cell, per peptide construct. Maximum and minimum
thresholding was utilized to exclude FITC and Cy5 outliers that were much larger and
brighter than average, and total intensity and average intensity per cell thresholds were
set such that vehicle-treated cells scored negative by the analysis.

Cell Viability, LDH Release, and Caspase-3/7 Activation Assays. Cancer cells were
cultured using their standard culture medium containing 10% fetal bovine serum (FBS)
and penicillin-streptomycin (A375P: DMEM; SK-MEL-2, SK-MEL-28, and MCF-7:
EMEM; A549 and H929: RPMI). Cells were plated in 96-well plates (5 x 103 cells per
well) and, after overnight incubation, treated with the indicated concentrations of BIM
SAHBA1 or BIM SAHBA-3 in the corresponding medium supplemented with 5% FBS for
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the indicated durations. Cell viability and caspase-3/7 activation was measured using
CellTiter-Glo

and

Caspase-Glo

3/7

chemiluminescence

reagents

(Promega),

respectively, and luminescence was detected by a microplate reader (Spectramax M5,
Molecular Devices). LDH release was quantified after 30 min of peptide incubation by
plate centrifugation at 1,500 rpm for 5 min at 4 °C, transfer of 100 mL of cell-culture
medium to a clear plate (Corning), incubation with 100 mL of LDH reagent (Roche) for
30 min while shaking, and measurement of absorbance at 490 nm on a Spectramax M5
microplate reader.

Mitochondrial Cytochrome c Release and Biotinylation Assays. A375P cells were
plated in 6-well Corning plates (3 x 105 cells/well) and cultured as described above.
After 24 hr, the cells were treated with BIM SAHBA1 or BIM SAHBA-3 (40 µM) in DMEM
containing 5% FBS for the indicated durations and then trypsinized and washed with
PBS. The cytosol (supernatant) and mitochondrial (pellet) fractions were then isolated
as described46. In brief, pelleted cells were resuspended at 1 x 107 cells/mL in
permeabilization buffer (20 mM HEPES/KOH [pH 7.5], 250 mM sucrose, 50 mM KCl,
2.5 mM MgCl2) supplemented with 0.025% digitonin and protease inhibitors, followed by
incubation on ice for 10 min and centrifugation at 13,000 x g. The resultant supernatant
and pellet fractions were boiled in LDS buffer and subjected to western analysis using a
1:1,000 dilution of cytochrome c antibody (BD Pharmingen #556433). For biotinylation
studies, A375P mitochondria were isolated as described above, resuspended in
permeabilization buffer, and treated with biotinylated BIM SAHBA or BIM SAHBA-3 (50
µM) for 4 hr at room temperature. Samples were then boiled in LDS buffer and
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subjected to western analysis using 1:1,000 dilutions of BFL-1 (Abcam #125259), biotin
(Abcam, #53494), and VDAC1 (Abcam #14734) antibodies.

Confocal Microscopy. A375P cells were plated in chambered coverglass (1.5 x 104
cells/well) and cultured as described above. After 24 hr, cells were treated with FITCBIM SAHBA1 or BIM SAHBA-3 (1 µM) for 4 hr in phenol red-free DMEM containing 5%
FBS. Cells were washed, stained with MitoTracker Red (Thermo) and Hoechst 33342,
and imaged live. Confocal images were collected with a Yokogawa CSU-X1 spinningdisk confocal (Andor Technology) mounted on a Nikon Ti-E inverted microscope (Nikon
Instruments). Images were acquired using a 1003 1.4 NA Plan Apo objective lens with
an Orca ER CCD camera (Hamamatsu Photonics) and 488-nm laser. Acquisition
parameters, shutters, filter positions, and focus were controlled by Andor iQ software
(Andor Technology).

75

RESULTS
Covalent Reaction between Cysteines at the Binding Interface of NOXA BH3 and BFL-1
The BH3-only protein NOXA exhibits natural, dual selectivity for interaction with antiapoptotic MCL-1 and BFL-147,48, and therefore its BH3 sequence was selected as a
starting point for developing a BFL-1 inhibitor. In examining the crystal structure of
human BFL-1ΔC in complex with NOXA BH3 (PDB: 3MQP), we observed the proximity
of NOXA C25 to BFL-1ΔC C55 at a distance of 3.9 Å, compatible with disulfide bond
formation (Figure 2.1). As no other anti-apoptotic BCL-2 family member contains a
cysteine in its BH3-binding pocket, we reasoned that C55 targeting by a stapled BH3
peptide could yield a BFL-1 inhibitor with selective covalent reactivity. To test our
hypothesis, we first generated stapled NOXA BH3 peptides and recombinant BFL-1ΔC
constructs bearing their native cysteines (NOXA: C25; BFL-1: C4, C19, C55) and a
series of serine mutants (NOXA: C25S; BFL-1: C4S/C19S, C4S/C19S/C55S) for
binding studies. For the stabilized α helices of BCL-2 domains (SAHBs) modeled after
NOXA BH3 (amino acids [aa] 19–43), we positioned the i, i + 4 all-hydrocarbon staple at
our classic ‘‘A’’ position20 (substitution of R31 and K35) and derivatized the N-termini
with polyethylene glycol (PEG)-biotin for biolayer interferometry analyses. We found that
the peptide/protein pairs all demonstrated dissociation constants within a range of 46–
165 nM (Figure 2.2). Thus, serine mutagenesis, in and of itself, appeared to have no
detrimental effect on binding affinity and, if anything, somewhat enhanced BFL-1
interaction by up to 3.5-fold.
We then sought to determine whether disulfide bond formation between NOXA
C25 and BFL-1ΔC C55 was biochemically feasible. Indeed, upon DTT (10 mM)
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Figure 2.1 BFL-1 contains a unique cysteine in its BH3-binding surface groove.
Structure of the NOXA BH3 (cyan) and BFL-1ΔC (gray) complex, highlighting the
juxtaposition between NOXA C25 and BFL-1 C55 (orange). PDB: 3MQP
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Figure 2.2 Biolayer interferometry analysis of NOXA SAHB binding interactions with
BFL-1ΔC.
The association and dissociation binding interactions between BFL-1ΔC constructs and
biotin-PEG-NOXA SAHBA peptides bearing the indicated native cysteines and cysteineto-serine mutations were measured by biolayer interferometry. Experiments were
performed in technical and biological duplicate, with exemplary associations and
dissociation profiles shown.
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Figure 2.2 (Continued)
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reduction followed by glutathione disulfide (GSSG) oxidation (12 mM), we observed a
shift in the molecular weight of wild-type BFL-1ΔC when incubated with NOXA SAHBA
but not its C25S mutant, as assessed by gel electrophoresis under denaturing and nonreducing conditions and Coomassie staining (Figure 2.3A, top). Our use of fluorescein
isothiocyanate (FITC)-NOXA SAHBA peptides provided confirmation that the BFL-1
protein was labeled by the wild-type but not C25S mutant peptide, as detected by FITC
scan (Figure 2.3A, bottom). We likewise determined that NOXA C25 formed a disulfide
bond with BFL-1ΔC C55, as demonstrated both by the molecular weight shift
(Coomassie stain) and FITC labeling of the BFL-1ΔC C4S/C19S construct (in which
only C55 is present), but no adduct with the BFL-1ΔC C4S/C19S/C55S construct that
lacks C55 (Figure 2.3A). As a measure of cysteine specificity, we repeated the
experiment using MCL-1ΔNΔC and BCL-XLΔC, both of which contain cysteines (MCL-1
C286, BCL-XL C151), and observed no molecular weight shift or FITC labeling upon
incubation with NOXA SAHBA under oxidizing conditions (Figure 2.3B). These data
confirm that the juxtaposed cysteines at the NOXA BH3/BFL-1 interface can indeed
form a disulfide bond and, moreover, in a selective fashion.

Selective BFL-1 Reactivity of Stapled BH3 Peptides Bearing Electrophilic Warheads
The capacity of NOXA SAHBA and BFL-1ΔC to engage through disulfide bond formation
suggested a novel opportunity to develop stapled peptides for covalent targeting of
cysteines localized to key regulatory surfaces, such as the BH3-binding pocket of BFL1. Because relying on intracellular disulfide bond formation as a basis for protein target
inhibition is not a tractable pharmacologic strategy, we instead examined possible sites
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Figure 2.3 Disulfide bond formation between NOXA BH3 and BFL-1.
(A) Exposure of BFL-1ΔC and FITC-NOXA SAHBA constructs to oxidizing conditions
yielded a molecular weight shift only for peptide/protein pairs that retained native NOXA
C25 and BFL-1 C55, as detected by Coomassie staining (top). Disulfide bond formation
between BFL-1ΔC bearing C55 and wild-type NOXA SAHBA was confirmed by FITC
scan (bottom). (B) Incubation of FITC-NOXA SAHBA peptides with alternative antiapoptotic BCL-2 family proteins, such as MCL-1ΔNΔC or BCL-XLΔC, under oxidizing
conditions caused no molecular weight shift, as evaluated by Coomassie staining (top),
or FITC-peptide labeling of protein, as assessed by FITC scan (bottom).
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for insertion of non-natural amino acids bearing reactive acrylamide moieties, and
identified NOXA L21 as having even closer proximity to BFL-1 C55 than NOXA C25 (3.3
versus 3.9 Å, respectively) based on the crystal structure of the NOXA BH3/BFL-1ΔC
complex (PDB: 3MQP) (Figure 2.4A, top). In the case of the more promiscuous BIM
BH3 sequence, W147 manifests optimal adjacency to BFL-1 C55 (3.6 Å) based on the
crystal structure of the BIM BH3/BFL-1ΔC complex (PDB: 2VM6) (Figure 2.4A,
bottom). Thus, we capped NOXA SAHBA48 and BIM SAHBA21 at positions L21 and
W147, respectively, with a series of non-natural amino acids bearing distinct acrylamide
species (Figure 2.4B). In comparing the reactivity of the electrophilic ‘‘warhead’’bearing NOXA (aa 21–43) and BIM SAHBA (aa 147–166) panels, we observed efficient
conversion of BFL-1ΔC to the heavier, conjugated adduct for SAHBs bearing warheads
1, 3, 5, and 8, as assessed by reducing and denaturing gel electrophoresis and
Coomassie staining (Figure 2.4C). We advanced NOXA and BIM SAHBs bearing one
of the most effective warheads, D-nipecotic acid acrylamide (3), to specificity testing.
First, we tested the selectivity of NOXA SAHBA-3 and BIM SAHBA-3 for BFL-1 C55.
Upon incubation of SAHBA-3 compounds with BFL-1ΔC constructs bearing all native
cysteines (BFL-1 wild-type), C55 only (BFL-1 C4S/C19S), C4 and C19 only (BFL-1
C55S), or no cysteines (BFL-1 C4S/C19S/C55S), we observed exclusive reactivity with
the wild-type and BFL-1 C4S/C19S constructs, underscoring the cysteine selectivity of
NOXA SAHBA-3 and BIM SAHBA-3 for C55 of the BH3-binding pocket (Figure 2.4D). As
a further measure of compound specificity, we repeated the experiment using MCL1ΔNΔC and BCL-XLΔC and observed no non-specific reactivity, despite the presence of
cysteines in these anti-apoptotic BCL-2 family proteins (Figure 2.4E). Thus, we found
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Figure 2.4 Incorporation of electrophilic warheads into stapled NOXA and BIM BH3
helices for covalent targeting of BFL-1 C55.
(A) The structures of the NOXA BH3/BFL-1ΔC (top, PDB: 3MQP) and BIM BH3/BFL1ΔC (bottom, PDB: 2VM6) complexes demonstrate the proximity of discrete BH3
residues to C55 for replacement with electrophilic warheads. (B) Chemical structures of
the reactive acrylamide moieties installed at the N termini of NOXA and BIM SAHB
peptides. (C) Reactivity of BIM and NOXA SAHBs bearing warheads 1–8 with BFL-1ΔC
C4S/C19S, which only retains the native C55. (D) BIM and NOXA SAHBA-3 peptides
selectively reacted with BFL-1ΔC protein bearing C55. (E) BIM and NOXA SAHBA-3
peptides did not react with MCL-1ΔNΔC or BCL-XLΔC, despite the presence of
cysteines in these anti-apoptotic targets.
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that installing a cysteine-reactive warhead in stapled NOXA and BIM BH3 peptides
results in efficient and selective covalent targeting of the BFL-1 BH3-binding groove.
We next explored how conversion of NOXA and BIM SAHBs to BFL-1 C55reactive agents influenced the balance between non-covalent and covalent SAHB
interactions in the context of an anti-apoptotic protein mixture. First, we generated
recombinant MCL-1ΔNΔC, BCL-XLΔC, and BFL-1ΔC proteins with differential N-terminal
tags (glutathione S-transferase [GST], tagless, and His, respectively) so that each could
be readily identified upon gel electrophoresis and silver staining (Figures 2.5A and
2.5B). Upon incubation of the anti-apoptotic mixture with biotinylated NOXA SAHBA or
NOXA SAHBA-3 (1:1:1:1 for each component), we only see a shift in the molecular
weight of BFL-1ΔC, corresponding to the selective covalent reaction (Figure 2.5A, left).
Streptavidin (SA) pull-down revealed prominent non-covalent capture of MCL-1ΔNΔC by
NOXA SAHBA but a notable shift in the interaction propensity of NOXA SAHBA-3, with
relatively less MCL-1ΔNΔC and notably more BFL-1ΔC engagement as a result of
covalent BFL-1ΔC conjugation (Figure 2.5A, right). Consistent with the broader antiapoptotic binding spectrum of BIM BH3, the corresponding BIM SAHBs engaged BCLXLΔC in addition to MCL-1ΔNΔC and BFL-1ΔC, but an increased BFL-1ΔC targeting
propensity was again observed for BIM SAHBA-3 relative to BIM SAHBA as a
consequence of covalent conjugation (Figure 2.5B). Thus, the capacity for selective
covalent reaction with BFL-1ΔC shifted the competitive balance of SAHB interactions
toward BFL-1.
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Figure 2.5 Covalent conjugation to the BH3-binding pocket enhances BFL-1 targeting.
(A and B) Incorporation of an acrylamide moiety into NOXA and BIM SAHBs provided a
competitive advantage for BFL-1 targeting, as demonstrated by streptavidin pulldown of
a 1:1:1:1 mixture (1 µM each) of biotinylated NOXA (A) or BIM (B) SAHBs with
recombinant His-BFL-1ΔC, BCL-XLΔC (tagless), and GST-MCL-1ΔNΔC.
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Targeted Blockade of BFL-1 in Liposomes, Lysates, and Cells
To determine the functional consequences of covalent targeting of the BFL-1 BH3binding pocket, we performed liposomal release assays designed to monitor the
influence of BFL-1 on direct BAX activation. We generated ANTS/DPX-encapsulated
large unilamellar vesicles and monitored liposomal release of fluorophore upon BAXmediated membrane poration. Whereas BAX alone had no effect on the liposomes, the
addition of the direct activator BH3-only protein tBID triggered time-responsive, BAXmediated release, a process that was suppressed by BFL-1ΔC (Figures 2.6B and
2.6C). However, upon addition of either NOXA SAHBA-3 or BIM SAHBA-3 conjugated
BFL-1ΔC (Figure 2.6A), the inhibitory function of BFL-1 was lost (Figures 2.6B and
2.6C). These data highlight that covalently ‘‘plugging’’ the BH3-binding pocket of BFL-1
with NOXA SAHBA-3 or BIM SAHBA-3 irreversibly neutralized its anti-apoptotic function.
We next sought to test whether our covalent stapled peptide inhibitors could
selectively react with BFL-1 in more complex protein mixtures. To specifically track C55
derivatization, we transiently expressed HA-BFL-1ΔC C4S/C19S in 293T cells and, after
24 hr, harvested cell lysates for crosslinking analyses with C-terminal Lys-biotin
derivatized SAHB constructs that either did or did not contain the electrophilic warhead.
Anti-HA western analyses revealed prominent molecular weight shifts only for warheadbearing SAHBs, consistent with covalent incorporation of both NOXA SAHBA-3 and BIM
SAHBA-3 into the BFL-1 protein at C55 (Figure 2.7A, top). To confirm that the observed
molecular weight shifts reflected NOXA SAHBA-3 and BIM SAHBA-3 incorporation, we
performed biotin western analyses. We found that the shifted HA-BFL-1ΔC bands were
indeed biotin immunoreactive and, importantly, there was little to no non-specific
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Figure 2.6 Covalent targeting of the BFL-1 BH3-binding pocket neutralizes antiapoptotic activity.
(A) Coomassie stain of recombinant BFL-1ΔC and its NOXA SAHBA-3 and BIM SAHBA3 conjugates employed in liposomal release assays. (B and C) BH3-only protein tBID
directly activated BAX-mediated liposomal poration, as monitored by ANTS/DPX
release. Whereas BFL-1ΔC completely blocked tBID-triggered BAX poration, covalent
engagement of BFL-1ΔC by either NOXA SAHBA-3 (B) or BIM SAHBA-3 (C) effectively
inhibited the functional activity of BFL-1ΔC. Liposomal experiments were performed in
triplicate with exemplary release profiles shown. BAX, 400 nM; tBID, 40 nM, BFL-1ΔC or
SAHBA-3/BFL-1ΔC conjugates, 1.5 µM.
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Figure 2.7 Covalent targeting of BFL-1 C55 in lysates and cells.
(A) Biotinylated NOXA and BIM SAHBA-3 peptides crosslinked to HA-BFL-1ΔC
C4S/C19S in lysates from transfected 293T cells, as evidenced by the shift in molecular
weight of BFL-1ΔC observed upon anti-HA western analysis. Anti-biotin blotting
confirmed the selective incorporation of biotin into the HA-BFL-1ΔC band, with little to
no cross-reactivity with other proteins in the cellular lysate. (B) Treatment of transfected
293T

cells

with

biotinylated

BIM

SAHBA-3

followed

by

cellular

lysis,

HA

immunoprecipitation (IP), and biotin western analysis demonstrated the capacity of a
warhead-bearing BIM SAHB to gain intracellular access and covalently target
expressed HA-BFL-1ΔC C4S/C19S containing the native C55. (C) Covalent
modification of HA-BFL-1ΔC C4S/C19S by cellular treatment with BIM SAHBA-3, but not
the corresponding construct lacking the acrylamide-based warhead. Crosslinked BFL1ΔC was observed by 2 hr and levels continued to increase in a time-dependent fashion
throughout the 12-hr treatment period, as monitored by HA western analysis.
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reactivity with other electrophoresed proteins from the 293T lysates (Figure 2.7A,
bottom).
To advance our strategy to cellular testing, we first evaluated the cellular uptake
potential of our biotinylated NOXA SAHBA-3 and BIM SAHBA-3 constructs. We
incubated 293T cells with the compounds at 20 µM dosing for 24 hr, trypsinized and
washed the cells to remove any adherent peptide, and generated lysates for anti-biotin
western analyses. We found that cellular uptake of NOXA SAHBA-3 was relatively
limited, and therefore proceeded with BIM SAHBA-3 for cellular testing (Figure 2.8A).
We further confirmed that the transfection conditions themselves did not independently
influence the cellular uptake of BIM SAHBA-3 (Figure 2.8B). 293T cells transiently
overexpressing HA-BFL-1ΔC C4S/C19S were treated with biotinylated BIM SAHBA (aa
148–166) or BIM SAHBA-3 (20 µM, 6 hr) and then lysates, generated as above, were
subjected to anti-HA immunoprecipitation. Biotin western analysis of the input revealed
a single, prominent protein band only in the denatured and reduced electrophoresed
lysate of cells treated with BIM SAHBA-3 (Figure 2.7B, left). Subjecting the
immunoprecipitate to anti-HA western analysis revealed the BFL-1 doublet, and biotin
western analysis confirmed that the upper band indeed corresponded to biotinylated
HA-BFL-1ΔC (Figure 2.7B, right). In anticipation of cancer cell treatment studies, we
turned to the corresponding non-biotinylated BIM SAHBA constructs to probe the
kinetics and efficiency of covalent targeting of BFL-1 in cells. Comparing BIM SAHBAand BIM SAHBA-3-treated 293T cells transiently overexpressing HA-BFL-1ΔC
C4S/C19S, we observed a discrete molecular weight shift in BFL-1 by anti-HA western
analysis within 2 hr of BIM SAHBA-3 exposure, with a progressive increase in the
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Figure 2.8 Cellular uptake of NOXA and BIM SAHBA-3 peptides.
(A) 293T cells were treated with biotinylated NOXA SAHBA-3 or BIM SAHBA-3 (20 µM)
for 24 hr followed by washing, trypsinizing, rewashing and lysing the cells. Comparative
stapled peptide uptake was assessed by electrophoresis of the cellular lysates and
biotin western analysis. (B) 293T cells were either mock transfected or not, and then 24
hr later treated with biotinylated BIM SAHBA-3 (20 µM) for an additional 4 hr, and then
processed as above for comparative biotin blotting of cellular lysates. (C and D) TIFI
values for A375P (1 x 104 cells/well) and MEF (1.5 x 104 cells/well) cells treated with the
indicated doses of BIM SAHB peptides and measured by IXM (20x) after 4 hr. Data are
mean ± SD for experiments performed in triplicate wells with 5 image acquisitions per
well. Two biological replicates (independent cell cultures and platings) were performed
with similar results. (E and F) Representative IXM images of A375P (E) and MEF (F)
cells treated with the indicated BIM SAHBs at 1 µM dosing. Blue, DAPI; red, CellMask;
green, FITC-peptide.
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crosslinked species over the 12-hr evaluation period (Figure 2.7C). Taken together,
these data highlight the capacity of a stapled peptide bearing an electrophilic warhead
to covalently target BFL-1 in treated lysates and cells.
Having documented the feasibility of specific labeling of intracellular BFL-1 upon
treating cells with biotinylated BIM SAHBA-3, we then examined the relative influence of
covalent versus non-covalent engagement on the capacity of BIM SAHBs to disrupt
BFL-1 complexes. For this experiment, we added tBID to the lysates from 293T cells
transiently transfected with HA-BFL-1ΔC C4S/C19S, incubated the mixture with
biotinylated BIM SAHBA or BIM SAHBA-3, performed anti-HA immunoprecipitation, and
blotted for HA and tBID. Strikingly, BIM SAHBA was incapable of competing with tBID
for HA-BFL-1 binding, whereas the warhead-bearing BIM SAHBA-3 construct covalently
trapped HA-BFL-1, as exemplified by complete protein conversion to the higher
molecular weight species and near total inhibition of tBID co-immunoprecipitation
(Figure 2.9A). When the experiment was repeated using lysates from 293T cells
transiently expressing FLAG-MCL-1, which bears no cysteine in its BH3-binding pocket,
both BIM SAHBA peptides were equally effective as non-covalent disruptors of
tBID/FLAG-MCL-1 co-immunoprecipitation (Figure 2.9B). Thus, by installing the
warhead and enabling stapled peptide covalent reaction, we can selectively enhance
the BFL-1 targeting efficacy of BIM SAHBA.

Preferential Activation of Apoptosis by a Cysteine-Reactive BIM SAHBA in BFL-1Expressing Melanoma
BFL-1 has recently been implicated as a lineage-specific driver of human melanoma,
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Figure 2.9 Covalent binding of BIM SAHBA-3 to BFL-1 blocks the inhibitory interaction
with BH3-only protein tBID.
(A and B) BIM SAHBA-3, but not BIM SAHBA, effectively competed with tBID for HABFL-1ΔC C4S/C19S interaction in 293T lysates, achieving robust covalent conjugation
(A), whereas in the context of exclusive non-covalent FLAG-MCL-1 interaction, the
compounds were equally effective at competing with tBID (B), as measured by the
indicated immunoprecipitation and western analyses.
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with gene amplification observed in 30% of cases and BFL-1 overexpression mediated
by the MITF transcription factor, a melanoma oncogene26. Thus, to explore the
functional impact of covalent BFL-1 targeting in cancer cells driven by BFL-1
expression, we tested the comparative effect of BIM SAHBA-3 with our lead noncovalent stapled peptide modulator of BCL-2 family proteins, BIM SAHBA124 in A375P
melanoma cells26. We first confirmed that BIM SAHBA1 and BIM SAHBA-3 have
equivalent cellular uptake, as quantified by ImageXpress Micro high-content
epifluorescence microscopy of treated A375P cells and mouse embryonic fibroblasts
(MEFs), which we have used previously to benchmark the comparative cell penetrance
of FITC-labeled stapled peptides49 (Figures 2.8C and 2.8D). The mechanism of uptake
for BIM SAHBs is consistent with macropinocytosis, as previously reported20,50, and
evidenced here by the epifluorescence microscopy pattern of treated A375P and MEF
cells at 4 hr (Figures 2.8E and 2.8F).
Upon exposure of A375P cells to BIM SAHBs, we observed significant
enhancement in cytotoxicity over time for the warhead-bearing BIM SAHBA-3 compared
with BIM SAHBA1 (Figure 2.10A). We confirmed by lactate dehydrogenase (LDH)release assay that BIM SAHBs had no membranolytic effect on the cells (Figure
2.10B). The observed cytotoxicity was instead consistent with mitochondrial apoptosis
induction, as reflected by time-responsive caspase-3/7 activation (Figure 2.10C) and
mitochondrial cytochrome c release (Figure 2.10D). In accordance with its more
pronounced impairment of cell viability, BIM SAHBA-3 treatment induced higher levels of
caspase-3/7 activation and cytochrome c release compared with that observed for BIM
SAHBA1 (Figures

2.10C

and

2.10D). Importantly, we observed comparative

96

Figure 2.10 Enhanced apoptotic response of BFL-1-driven melanoma cells upon
treatment with a cysteine-reactive BIM SAHB.
(A) A375P cells were treated with BIM SAHBA1 or BIM SAHBA-3 (40 µM) and viability
measured by CellTiter-Glo assay at the indicated time points. Data are mean ± SD for
experiments performed in technical sextuplicate. (B) Quantitation of LDH release upon
treatment of A375P cells with BIM SAHBA1 or BIM SAHBA-3 (40 µM) for 30 min. Data
are mean ± SD for experiments performed in technical triplicate. (C) A375P cells were
treated with BIM SAHBA1 or BIM SAHBA-3 (40 µM) and caspase-3/7 activation
measured by CaspaseGlo assay at the indicated time points. Data are mean ± SD for
experiments performed in technical sextuplicate. (D) Mitochondrial cytochrome c
release in A375P cells treated with BIM SAHBA1 or BIM SAHBA-3 (40 µM), as detected
by cytochrome c western analysis of cytosolic and mitochondrial fractions. *p < 0.001
by two-tailed Student’s t test.
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enhancement in cytotoxicity and caspase-3/7 activation for BIM SAHBA-3 in two
additional BFL-1-expressing melanoma cell lines (SK-MEL-2 and SK-MEL-28)26,30
(Figure 2.11), but no evidence of this phenomenon in non-melanoma lines that either
lack BFL-1 or maintain BFL-1 expression but are driven by alternative oncogenic
mechanisms (e.g., A549, MCF7, H929)16,26,51 (Figure 2.12).
To mechanistically link the enhanced susceptibility of A375P cells to preferential
BIM SAHBA-3 engagement of BFL-1, we incubated A375P lysates with the
corresponding biotinylated BIM SAHBs, followed by SA pull-down and anti-BFL-1 and
MCL-1 western analyses. Whereas BIM SAHBA and BIM SAHBA-3 demonstrated
equivalent binding to anti-apoptotic MCL-1, as previously observed in the context of
competitive interaction with recombinant anti-apoptotic proteins (Figure 2.5), the
warhead-bearing construct again showed markedly increased engagement of BFL-1
(Figure 2.13A). To verify that BIM SAHBA-3 can indeed label native mitochondrial BFL130, we incubated mitochondria purified from A375P cells with biotinylated BIM SAHBs
and observed BIM SAHBA-3-selective biotinylation of mitochondrial protein at the
identical molecular weight as immunoreactive BFL-1 (Figure 2.13B). Live confocal
microscopy imaging of A375P cells treated with FITC-BIM SAHBA-3 further revealed the
stapled peptide’s striking intracellular localization at the mitochondria, the physiologic
site of BFL-1 activity, in both morphologically normal A375P cells (Figure 2.13C) and
those undergoing apoptosis induction, as reflected by cell shrinkage, nuclear
condensation, and membrane blebbing (Figure 2.13D). Taken together, these data
highlight the mechanistic advantage of the warhead-bearing BIM SAHBA-3 in the
context of BFL-1-dependent cancer, as reflected by more effective engagement of
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Figure 2.11 Cell viability and caspase-3/7 activation of BFL-1-expressing melanoma
cells treated with BIM SAHBs.
(A and B) Cell viability of SK-MEL-2 and SK-MEL-28 cells treated with BIM SAHBA1 or
BIM SAHBA-3 (40 µM), as measured by CellTiter-Glo assay at the indicated time points.
(C and D) Caspase-3/7 activation in SK-MEL-2 and SK-MEL-28 cells treated with BIM
SAHBA1 or BIM SAHBA-3 (40 µM), as monitored by CaspaseGlo at the indicated time
points. Data are mean ± SD for experiments performed in technical sextuplicate. (E)
BFL-1 western analysis of electrophoresed lysates from A375P, SK-MEL-2, and SKMEL-28 cells. *, p < 0.001 by two-tailed Student’s t test.
99

Figure 2.12 Cell viability of BIM SAHB-treated non-melanoma cancer cells that either
lack BFL-1 expression or are driven by alternate oncogenic mechanisms.
(A-C) Cell viability of A549 (A), MCF7 (B), and H929 (C) cells treated with BIM SAHBA1
or BIM SAHBA-3 (40 µM for A549 and MCF7, 10 µM for H929), as measured by
CellTiter-Glo assay at the indicated time points. Data are mean ± SD for experiments
performed in technical sextuplet for A549 and MCF7 cells, and technical triplicate for
H929 cells. (D) BFL-1 western analysis of electrophoresed lysates from A375P, A549,
MCF7, and H929 cells.
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Figure 2.13 Endogenous BFL-1 targeting and mitochondrial localization of a warheadbearing BIM SAHB in A375P melanoma cells.
(A) Enhanced targeting of native BFL-1 by biotinylated BIM SAHBA-3, compared with
BIM SAHBA, in A375P lysates, as monitored by SA pull-down and BFL-1 western
analysis (top). In contrast, both compounds are equally effective at engaging MCL-1,
which bears no cysteine in its BH3-binding groove and thus provides no competitive
advantage for BIM SAHBA-3 (bottom). (B) BIM SAHBA-3, but not BIM SAHBA,
biotinylates mitochondrial protein that migrates at the same molecular weight as
immunoreactive BFL-1. (C) Live confocal microscopy of A375P cells treated with FITCBIM SAHBA-3 reveals its localization at the mitochondria, the intracellular site of native
BFL-1. Blue, Hoechst; green, FITC-BIM SAHBA-3; red, MitoTracker; yellow, colocalization of FITC-BIM SAHBA-3 and MitoTracker. Scale bar, 10 µm. (D) A FITC-BIM
SAHBA-3-treated A375P cell is observed to undergo apoptosis induction, as manifested
by cell shrinkage, nuclear condensation, and membrane blebbing. The co-localization of
FITC-BIM SAHBA-3 and MitoTracker is also evident, as described in (C). Scale bar, 10
µm.
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Figure 2.13 (Continued)
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native BFL-1 and greater efficacy in triggering apoptosis. Thus, in addition to harnessing
a cysteine-reactive targeting strategy to selectively trap BFL-1, heightened susceptibility
to covalent BFL-1 inhibitors such as BIM SAHBA-3 may provide a diagnostic approach
for identifying BFL-1 dependency in human cancers.
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DISCUSSION
BFL-1, like its homologs BCL-2, BCL-XL, and MCL-1, has emerged as an oncogenic
protein that drives discrete subtypes of human cancer and promotes chemoresistance
and metastasis25-31. Whereas selective small-molecule targeting of BCL-2 with
venetoclax has shown remarkable success in BCL-2-dependent cancers, including
relapsed chronic lymphocytic leukemia52, recapitulating this achievement for the
diversity of anti-apoptotic targets remains a formidable challenge. The capacity to
harness the natural selectivity of BH3 domain sequences for targeting individual,
subsets, and all anti-apoptotic targets is an attractive feature of hydrocarbon-stapled
BH3 peptides24,48,53. Here, we identified the first example of a BH3-only and antiapoptotic protein pair that juxtapose cysteines at their binding interface in a manner that
could support disulfide bond formation. We translated this insight into the first proof of
concept for generating covalent stapled peptide inhibitors that can selectively derivatize
an intracellular protein target to obstruct its key regulatory binding surface.
The development of covalent inhibitors for intracellular protein targets has seen a
recent resurgence, owing to the breakthrough success of such agents as ibrutinib and
afitinib33,35,37,39. An important hurdle for covalent drugs is balancing reactivity with
selectivity, since non-specific protein derivatization can lead to off-target activities and
unwanted toxicities54. Combining the natural selectivity and relatively large non-covalent
binding interface of bioactive α helices with embedded, focally-reactive electrophilic
warheads could provide a new opportunity to engage otherwise intractable protein
targets. Given the presence of native cysteines either within or immediately adjacent to
the regulatory ‘‘helix-in-groove’’ binding surfaces of a host of therapeutic targets55-59, we
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envision that our covalent stapled peptide inhibitor approach could be broadly applied.
Tuning the specificity of α-helical domains by installing electrophilic warheads
provides a new dimension to stapled peptide design. In the case of BFL-1, we
demonstrate that a semi-selective NOXA BH3 peptide and an otherwise pan-interacting
BIM BH3 sequence can be fashioned to react with C55 at the critical BH3-binding
groove, yet not form analogous covalent bonds with alternative cysteines within BFL-1,
its homologs MCL-1 or BCL-XL, or other cellular proteins. The enhanced BFL-1
targeting capacity of warhead-bearing stapled BH3 peptides, when compared with the
corresponding constructs capable of non-covalent interaction alone, translated into
enhanced apoptosis induction of BFL-1-dependent melanoma cells. This selective
reactivity feature, coupled with the general proteolytic resistance of stapled peptides,
their capacity for cellular uptake, and recent advancement to Phase 2 testing in human
cancer, suggests that incorporation of electrophilic warheads could yield a new class of
chimeric molecules that combine the advantages of stapled peptides and covalent
inhibitors for preclinical and clinical development.
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Chapter III
Precision Targeting of BFL-1/A1 and an ATM Co-Dependency
to Reactivate Apoptosis in Human Cancer

ABSTRACT
BCL-2 family proteins are critical regulators of mitochondrial apoptosis during health
and disease. Anti-apoptotic members, such as BCL-2, MCL-1 and BFL-1/A1, suppress
apoptosis by trapping the critical BCL-2 homology 3 (BH3) domain helix of pro-apoptotic
members in a surface groove, preventing the activation and mitochondrial poration of
the executioner proteins, BAX and BAK. Cancer cells can overexpress anti-apoptotic
BCL-2 family proteins to enforce cellular immortality and cause treatment resistance,
prompting drug development efforts to target these oncogenic proteins. Whereas a
selective BCL-2 inhibitor molecule has now been FDA-approved and several small
molecule inhibitors of MCL-1 have recently entered Phase 1 clinical testing, BFL-1/A1
remains undrugged. We have developed and applied hydrocarbon-stapled BH3 peptide
α-helices as an alternative strategy for targeting individual, subsets, and all BCL-2
family proteins, to reactivate apoptosis in cancer. Here, we experimented with a series
of stapled peptide design principles to engineer a functionally-selective and cellpermeable BFL-1/A1 inhibitor that was specifically cytotoxic to BFL-1/A1-dependent
human cancer cells. Because cancers harbor a diversity of resistance mechanisms, and
thus typically require multi-agent treatment in the clinic, we further investigated BFL1/A1 co-dependencies based on genome-scale CRISPR-Cas9 screening. We identified
an oncogenic co-dependency of BFL-1/A1 and ataxia-telangiectasia mutated (ATM)
kinase in acute myeloid leukemia (AML), and achieved synergistic killing by combining
our selective BFL-1/A1 inhibitor with a clinical-grade ATM kinase inhibitor. Thus, we
discovered new stapled peptide compositions with precise BFL-1/A1 targeting capability
for development as next-generation drug prototypes for BFL-1/A1-dependent cancers.
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INTRODUCTION
BCL-2 family proteins are essential regulators of apoptosis, and the protein interactions
among pro-survival and pro-death members dictate cellular life-and-death decisions
during homeostasis and disease. Anti-apoptotic members, such as BCL-2, BCL-XL,
MCL-1, and BFL-1/A1, suppress apoptosis by trapping the BCL-2 homology 3 (BH3)
helix of pro-apoptotic proteins in a surface groove1. This “BH3 blockade” involves two
distinct mechanisms of action2.

First, entrapment of the exposed BH3-helices of

activated BAX and BAK proteins can arrest the dynamic process of self-association and
mitochondrial outer membrane poration that triggers apoptosis. Second, sequestering
the BH3 motifs of “direct-activator” BH3-only proteins (e.g. BIM, BID, PUMA), which
serve as upstream sensors of cell stress, can prevent their direct triggering of BAX/BAK;
this binding mode can also block the indirect activation of BAX/BAK, which ensues upon
“sensitizer” BH3-only protein (e.g. NOXA, BAD) dissociation of the inhibitory complexes
between anti-apoptotic proteins and activated monomers of BAX and BAK3. Pathologic
overexpression of anti-apoptotic proteins establishes formidable BH3 blockades that
drive the development, maintenance, and chemoresistance of many human cancers.
Thus, pharmacologic targeting of anti-apoptotic protein grooves has emerged as a
validated therapeutic strategy for reactivating apoptosis in human cancer.
Decades of research into the structure and function of anti-apoptotic proteins,
coupled with Herculean medicinal chemistry efforts to construct selective anti-apoptotic
inhibitors, are now bearing fruit. Venetoclax is an FDA-approved BCL-2 inhibitor that is
demonstrating clinical efficacy in triggering apoptosis in BCL-2 dependent cancers by
harnessing the indirect mechanism for activating BAX/BAK4,5. Within the last year, a
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series of selective small molecule MCL-1 inhibitors have entered Phase 1 clinical
testing6. We have pursued an alternative structured-peptide based strategy in which the
evolutionary-honed BH3 sequences themselves are chemically stabilized by insertion of
an all-hydrocarbon “staple” to generate Stabilized Alpha-Helices of BCL-2 domains
(SAHBs) for basic research and clinical translation7. Applying this approach to the
transactivation α-helix of p53 has led to the advancement of stapled peptide dual
inhibitors of HDM2/HDMX to Phase 1 and 2 clinical testing in human cancer8-10.
Because cancer cells can harbor dependencies on individual and subsets of BCL-2
family anti-apoptotic proteins, developing both selective and multimodal inhibitors is a
high priority goal, particular for those members that remain undrugged, such as BFL1/A1.
The previous chapter describes our discovery of a selectivity factor for targeting
BFL-1/A1 based on the presence of a unique cysteine in its BH3-binding groove11,12. By
incorporating acrylamide moieties into stapled BH3 peptides, we demonstrated efficient
and specific covalent targeting of BFL-1/A1 and its inhibitory complexes in lysates and
cells, which resulted in selective apoptosis induction of BFL-1-driven melanoma cells.
Whereas cysteine-reactive BIM and NOXA SAHBs covalently targeted BFL-1/A1 and
retained non-covalent binding to MCL-1, yielding dual BFL-1/MCL-1 inhibitors, only the
BIM constructs were found to be cell permeable and biologically-active in cells11. Here,
we pursued a series of new design principles to transform cysteine-reactive NOXA
SAHBs into cell permeable constructs with precision selectivity for BFL-1/A1, revealing
a powerful and reliable workflow for optimizing stapled peptides. Given the importance
of combination therapies in overcoming the apoptotic blockades of human cancer, we
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further explored BFL-1/A1 co-dependencies based on CRISPR/Cas9 screening, and
identified an unanticipated synergy between our selective BFL-1/A1 inhibitor and
molecular targeting of the ATM kinase in BFL-1-driven AML.
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METHODS
Stapled Peptide Synthesis. Hydrocarbon-stapled peptides corresponding to the BH3
domains of BCL-2 family proteins, and either N-terminally derivatized with acetyl, FITCβ-Ala, or electrophilic warheads, or C-terminally derivatized with Lys-biotin, were
synthesized, purified, and quantitated using our previously reported methods11,13,14.
Stapled peptide compositions, and their observed masses and use by figure, are listed
in Appendix: Table S2.

Recombinant Protein Expression and Purification.

Recombinant anti-apoptotic

BFL-1ΔC (aa 1-151) and its cysteine to serine mutants were cloned into pET17b
(Novagen, N-terminal hexahistidine tag), expressed in Escherichia coli LOBSTR
BL21(DE3) (Kerafast), and purified by sequential Ni-affinity and size-exclusion
chromatography as described11,15. Recombinant anti-apoptotic BCL-XLΔC (aa 1-212)
and MCL-1ΔNΔC (aa 172-329) were cloned into the pGEX-4T-1 (GE Healthcare, Nterminal GST tag) expression vector, expressed in BL21(DE3) Escherichia coli (Sigma
Aldrich), and purified as described previously11,15. In purifying BCL-XLΔC, the GST tag
was cleaved using thrombin (12-15 units) to provide a size difference between BCLXLΔC and GST-MCL-1ΔNΔC for facile protein identification by silver stain in streptavidin
pull-down experiments.

In Vitro Covalent Conjugation Assay. His-BFL-1ΔC C4S/C19S protein (5 µM) was
pre-treated with 10 mM DTT in 50 mM Tris (pH 8.0) and 100 mM NaCl for 30 min at
room temperature (final volume 9.5 µL) and then combined with a 10:1 molar ratio of
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warhead-bearing NOXA SAHB for an additional 1 hr incubation at room temperature.
The samples were then boiled in 3X loading buffer with DTT, electrophoresed on a 12%
Bis-Tris gel, and subjected to Coomassie staining.

Covalent BFL-1 Targeting Assay. 293T cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) and penicillinstreptomycin, and transfected with 2 µg pCMV plasmid containing HA-BFL-1ΔC
C4S/C19S using Lipofectamine LTX Plus (Thermo Scientific). After 24 hr, the
transfected cells were treated with 20 µM of the indicated peptides in DMEM containing
5% FBS for 8 hr. Treated cells were washed with PBS, harvested, and then lysed by
incubation with 1% CHAPS lysis buffer (150 mM NaCl, 50 mM Tris pH 7.4, 100 mM
DTT). Protein concentration of the isolated supernatant fraction was measured using a
BCA kit according to manufacturer’s instructions (Thermo Scientific). Samples were
then boiled in LDS buffer and subjected to western analysis using 1:1000 dilutions of
HA (Sigma-Aldrich, #12CA5) and actin (Sigma-Aldrich, #A1978) antibodies.

LDH Release Assay. A375P melanoma cells were cultured in DMEM containing 10%
fetal bovine serum (FBS) and penicillin-streptomycin, and plated in 96-well plates (5 x
103 cells per well). After overnight incubation, the cells were treated with the indicated
concentrations of cysteine-reactive NOXA SAHBs in DMEM supplemented with 5% FBS
for 30 min. After plate centrifugation at 1,500 rpm (Thermo Scientific Sorvall Four-Place
Swinging Bucket Rotor [75006445]; 478 x g) for 5 min at 4 °C, LDH release was
quantified by transferring 100 µL of cell-culture medium to a clear plate (Corning),
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incubating with 100 µL of LDH reagent (Roche) for 30 min while shaking, and then
measuring absorbance at 490 nm on a microplate reader (Spectramax M5, Molecular
Devices).

Recombinant Anti-Apoptotic Protein Pulldown Assay. WT His-BFL-1ΔC, BCL-XLΔC
(tagless), and GST-MCL-1ΔNΔC (1 µM each) were combined and incubated with 3 mM
DTT in PBS for 30 min at room temperature. Mixtures were treated with vehicle (0.1%
DMSO) or the indicated C-terminally biotinylated NOXA SAHB (1 µM) for 4 hr, and then
added to 30 µL PBS-washed high-capacity streptavidin agarose (Thermo Fisher Pierce)
beads, followed by incubation with rotation at room temperature for 2 hr. The beads
were washed 3 times with NP-40 lysis buffer (1% NP-40, 50 mM Tris pH 8, 100 mM
NaCl, 2.5 mM MgCl2) and then 3 times with PBS. To elute bound protein, the beads
were boiled for 10 min in 10% SDS containing 10 mg/mL biotin. After elution, samples
were boiled in 3x LDS and 2 M DTT for twenty minutes. Inputs (2%) and eluates (5 µL)
were subjected to gel electrophoresis using a 12% Bis-Tris gel and proteins detected by
silver staining (Pierce Silver Staining Kit, Thermo Fisher).

Native Anti-Apoptotic Protein Pulldown Assay.

Cultured A375P cells were

trypsinized, washing with PBS, and lysed by incubating with 1% CHAPS lysis buffer
(150 mM NaCl, 50 mM Tris pH 7.4, 100 mM DTT). Protein concentration of the isolated
supernatant was measured using a BCA kit according to the manufacturer’s instructions
(Thermo Scientific). Lysate samples (1 mg) were incubated with vehicle (3% DMSO) or
C-terminally biotinylated NOXA SAHBs (30 µM) overnight in 1% CHAPS lysis buffer at
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4 ºC. Biotin capture was accomplished by incubating the mixture with high-capacity
streptavidin agarose (Thermo Scientific) for 2 hr at 4 ºC, followed by centrifugation and
washing the pelleted beads three times with lysis buffer (1 mL). Bead-bound proteins
were eluted by boiling in 10% SDS containing 10 mg/mL biotin for 10 min and then
subjected to electrophoresis and western blotting using BFL-1 (Abcam, #125259) and
MCL-1 (Rockland, #600-401-394S) antibodies.

tBID/Anti-Apoptotic Complex Disruption Assay. To evaluate the capacity of
biotinylated NOXA SAHBs to compete with tBID for interactions with BFL-1 and MCL-1,
293T cells were transfected with either HA-BFL-1ΔC C4S/C19S or FLAG-MCL-1 in the
p3XFLAG-CMV-10 vector (Sigma) as described above. After 24 hr, the transfected cells
were trypsinized, washed with PBS, lysed in 1% CHAPS buffer, and the supernatant
collected for protein concentration determination by BCA kit. Lysate samples (0.5 mg)
were incubated with 0.25 µM recombinant tBID (R&D Systems) and 5 µM biotinylated
NOXA SAHBs for 6 hr at room temperature. The mixtures were then subjected to HA or
FLAG immunoprecipitation, followed by western analysis using 1:1000 dilutions of HA
(Sigma-Aldrich, #12CA5), FLAG (Sigma-Aldrich, #F7425), and BID (Santa Cruz, #sc11423) antibodies.

Competitive Fluorescence Polarization Binding Assay. Fluorescence polarization
(FP) assays were performed as previously described. Briefly, direct binding curves were
first generated by FITC-BID BH3 (25 nM) with serial dilutions of anti-apoptotic protein,
and FP was measured at 5 min on a SpectraMax M5 microplate reader (Molecular
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Devices). For competition assays, a serial dilution of acetylated or cysteine-reactive
NOXA SAHB was added to the indicated recombinant protein at ~EC75 concentration,
as determined by the direct binding assay. FITC-BID BH3 (25 nM) was then added and
fluorescence polarization measured at 30 min. Nonlinear regression analysis of
competitive binding curves was performed using Prism software (GraphPad).

BFL-1 Dependency and Co-Dependency Analysis. BFL-1 dependency analyses
were performed using the reported genome-scale CRISPR-Cas9 loss-of-function
screening dataset16. We defined 2,027 genes as likely pan-essential genes, whose
dependency scores fall in the bottom 23% of gene scores in at least 90% of the cell
lines evaluated. In addition to the published gene dependency scores, relative
dependency Z-scores were calculated for each gene across all evaluated cancer cell
lines using the median dependency score for each gene and the median average
deviation. Pearson and Spearman correlation coefficients to BCL2A1 dependency were
calculated using the R programming language across the gene dependencies within the
8 AML lines screened (MOLM13, MV411, NB4, NOMO1, P31FUJ, TF1, THP1, U937).
Gene dependencies were selected for further consideration if at least 2 AML cell lines
(1) showed evidence of dependency with scores of < -0.1, (2) the gene was expressed
in at least 2 AML cell lines in the Cancer Cell Line Encyclopedia (CCLE:
https://portals.broadinstitute.org/ccle) with transcripts per million (TPM) > 1, (3) the gene
was not predicted to be one of the pan-essential genes noted above, and (4) the gene
dependency was strongly correlated with coefficient > 0.9 by Pearson and Spearman
correlations.
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Cell Viability and Caspase-3/7 Activation Assays. U937 and MV4;11 AML cells
cultured in RPMI containing 10% FBS and penicillin-streptomycin were plated in 96-well
plates (5 x 103 cells per well) and, after overnight incubation, treated with the indicated
concentrations of cysteine-reactive NOXA SAHBs and/or AZD0156 (Selleck Chemicals)
in RPMI supplemented with 5% FBS for the indicated durations. Cell viability and
caspase-3/7 activation was measured using CellTiter-Glo and Caspase-Glo 3/7
chemiluminescence reagents (Promega), respectively, and luminescence was detected
by a Spectramax M5 microplate reader.

Phospho-signaling Analysis. U937 cells cultured in RPMI containing 10% FBS and
penicillin-streptomycin were plated in 6-well plates (2 x 106 cells per well) and treated
with the indicated concentrations of AZD0156 for 2 hr. Cells were then washed with
PBS, lysed in 1% CHAPS buffer, and the supernatant collected for protein concentration
determination by BCA kit. Samples were subjected to electrophoresis and western
analysis using 1:1000 dilutions of phospho-ATM (S1981, Cell Signaling, #4526), ATM
(Abcam, #ab78), phospho-CHK2 (Ser33/35, Cell Signaling, #2665), CHK2 (Cell
Signaling, #2662), and actin (Sigma #A1978) antibodies.
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RESULTS
Defining Sequence Composition and Optimal Staple Location
We used the NOXA BH3 sequence as our starting template for developing a BFL-1
selective inhibitor due to its relatively narrow anti-apoptotic binding spectrum compared
to other BH3 domains. As a first step toward optimization, we shortened the NOXA
BH3 sequence by eliminating N- and C-terminal residues that lacked critical interface
contacts based on our review of the reported BFL-1/NOXA BH3 structure (PDB: 3MQP)
(Figures 3.1A and 3.1B). We then conducted an i, i+4 and i, i+7 “staple scan” of the
15-amino acid sequence (NOXA BH3 amino acids 26-40), whereby all-hydrocarbon
staples spanning one or two turns of the α-helix were sequentially substituted along the
length of the peptide (Figure 3.2). For each construct, the N-terminus was capped with
(R)-1

acryloylpiperidine-3-carboxamide,

an

acrylamide-bearing

D-nipecotic

acid

derivative (D-NA) that we previously found to be optimally reactive with BFL-1/A1 C55
when incorporated into stapled BIM and NOXA BH3 helices11.
We tested our library of D-NA-NOXA SAHBs for covalent reactivity with BFL-1
C55 by incubating each peptide with recombinant BFL-1ΔC C4S/C19S for 1 hour,
followed by reducing and denaturing gel electrophoresis and Coomassie staining to
monitor the change in the molecular weight of BFL-1 upon NOXA SAHB crosslinking.
Strikingly, 14 of 20 constructs demonstrated complete (1-3, 6, 10-13, 15, 18-20) or nearcomplete (7, 9) conversion of BFL-1 to the covalent adduct, whereas NOXA SAHBs 4,
5, 8, 14, 16, and 17 exhibited impaired covalent reaction, consistent with replacement of
amino acid residues critical to the BFL-1-binding interface (i.e. L29, R30, G33, and D34)
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A

B

L29

F32
Hydrophobic

NOXA BH3

Hydrophilic
Positive Charge
Negative Charge

A19

L36

L43

BFL-1ΔC

Figure 3.1 Structural considerations in designing an optimized stapled NOXA BH3
peptide to covalently target BFL-1.
(A) Structure of the NOXA BH3/BFL-1ΔC complex (PDB: 3MQP). The peptide region
highlighted in dark blue was selected for staple scanning. (B) A view of the BH3-binding
interface of the NOXA BH3/BFL-1ΔC complex demonstrates the hydrophilic and
hydrophobic residues of the NOXA BH3 amphipathic helix that make critical contacts
with the BFL-1 groove.
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Figure 3.2 Acrylamide-bearing shortened NOXA SAHB staple scan library.
Helical wheel depiction and amino acid sequences of a NOXA BH3 staple scanning
library. The stapled peptides were generated by inserting all-hydrocarbon i, i+4 or i, i+7
staples sequentially along the length of the NOXA BH3 peptide (amino acids 26-40) and
the N-terminus capped with an acrylamide-derivatized D-nipecotic acid (D-NA) moiety.
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with the bulky staple (Figure 3.3A). We then advanced a subset of the most reactive
NOXA SAHB constructs to treatment (20 µM) of 293T cells expressing HA-BFL-1ΔC
C4S/C19S.

After a 6-hour exposure in serum-containing medium, the cells were

washed, lysed, and protein supernatants analyzed by reducing and denaturing gel
electrophoresis, followed by anti-HA western blotting. The appearance of a doublet is
indicative of NOXA SAHB access to and covalent crosslinking of intracellular HA-BFL1ΔC C4S/C19S at C55. Compared to BIM SAHBA-3, the positive control and lead
compound from our prior study11 described in Chapter II, D-NA-NOXA SAHB-15
exhibited markedly enhanced activity (Figure 3.3B).

Because select amphipathic

peptides can disrupt cellular membranes, we screened D-NA-NOXA SAHB-15 in LDH
release assays in advance of functional testing in cancer cells, and observed doseresponsive lysis of A375P melanoma cells cultured in 5% FBS after 30 minute treatment
(Figure 3.3C). Thus, we sought a redesign strategy that would retain the favorable
BFL-1-reactivity of D-NA-NOXA SAHB-15 yet enable intracellular access without cell
membrane lysis.

Alternative Strategies for Eliminating Membrane Lysis and Preserving Bioactivity
We recently applied a stapled peptide library and unbiased statistical approach to
discern the biophysical determinants for cellular uptake of stapled peptides and the risk
factors in amino acid sequence composition for membrane lysis17. We observed that the
combination of relatively high hydrophobic content and positive charge was the key
determinant for nonspecific membrane disruption by amphipathic α-helices. In the case
of a BIM SAHB library, for example, mutagenesis of a single glutamic acid to a
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Figure 3.3 Discovery of optimally-stapled NOXA BH3 peptides for covalent targeting of
BFL-1.
(A) Covalent reactivity of D-NA-NOXA SAHBs with C55 of BFL-1ΔC C4S/C19S, as
detected by the shift in BFL-1 molecular weight following peptide/protein incubation,
reducing and denaturing gel electrophoresis, and Coomassie staining. (B) Covalent
reactivity of D-NA-NOXA SAHBs with HA-BFL-1ΔC C4S/C19S expressed in 293T cells,
as detected by the shift in HA-BFL-1 molecular weight following cell treatment with
NOXA SAHBs (20 µM) for 6 hours, lysate preparation, reducing and denaturing gel
electrophoresis, and anti-HA western analysis. (C) Quantification of dose-responsive
LDH release upon treatment of A375P cells with D-NA-NOXA SAHB-15 for 30 min.
Data are mean ± SD for experiments performed in triplicate.
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hydrophobic

residue,

such

as

leucine,

selectively

induced

peptide-mediated

membranolysis17. Based on these observations, we took a new two-pronged approach
to mitigating the cellular lysis of D-NA-NOXA SAHB-15. First, we generated an alanine
scanning library to assess the relative impact of point mutagenesis at each native
residue of D-NA-NOXA SAHB-15.

Of the thirteen constructs, three of the alanine

mutations, L29A, F32A, and L36A, eliminated treatment-induced LDH release from
A375P melanoma cells (Figure 3.4A). Interestingly, in each of these constructs, alanine
mutagenesis resulted in decreasing the relative hydrophobicity of the mutated position.
As a second strategy, we mutated discrete arginine residues to glutamic acid to lower
the overall positive charge from +2 to 0, which likewise produced D-NA-NOXA SAHB-15
constructs with little to no LDH release activity (Figure 3.5A). Whereas the L/F to A
mutations localized to the hydrophobic interaction face of the amphipathic NOXA BH3
helix, the R to E mutations resided on the hydrophilic surface (Figures 3.4B and 3.5B).
To determine whether the constructs with point mutations that resolved the undesirable
LDH release activity retained robust covalent BFL-1 reactivity, we incubated each
mutant with BFL-1ΔC C4S/C19S as above, and monitored conversion of BFL-1 to the
crosslinked species by Coomassie staining of electrophoresed samples.

Whereas

alanine mutagenesis of the highly conserved BH3 domain residues L29 and D34A led to
incomplete reactivity toward BFL-1, all other mutants achieved complete conversion to
the crosslinked species after a 1 hour incubation (Figures 3.4C and 3.5C). When
applied to 293T cells expressing HA-BFL-1ΔC C4S/C19S, D-NA-NOXA SAHB-15 L29A
showed no crosslinking, consistent with its impaired BFL-1 reactivity in vitro.
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In

Figure 3.4 Site-specific reduction of peptide hydrophobicity eliminates membrane lysis
and maintains effective covalent targeting of intracellular BFL-1.
(A) LDH release from A375P cells upon treatment with an alanine scanning library of DNA-NOXA SAHB-15 (40 µM peptide, 30 min). Data are mean ± SD for experiments
performed in triplicate. (B) Structure of the NOXA BH3/BFL-1ΔC complex (PDB ID
3MQP), highlighting the (i, i+7) staple position #15 (red), and the alanine point mutants
(green) that eliminated cellular lysis. (C) Covalent reactivity of an alanine scanning
library of D-NA-NOXA SAHB-15 with C55 of BFL-1ΔC C4S/C19S, as detected by the
shift in BFL-1 molecular weight following peptide/protein incubation, reducing and
denaturing gel electrophoresis, and Coomassie staining. (D) Covalent reactivity of nonlytic alanine constructs of D-NA-NOXA SAHB-15 with HA-BFL-1ΔC C4S/C19S
expressed in 293T cells, as detected by the shift in HA-BFL-1 molecular weight
following cell treatment with NOXA SAHBs (20 µM) for 8 hr, lysate preparation, reducing
and denaturing gel electrophoresis, and anti-HA western analysis.
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Figure 3.4 (Continued)
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Figure 3.5 Site-specific reduction of peptide positive charge as an alternative strategy
to eliminating membrane lysis by covalent NOXA SAHBs.
(A) LDH release from A375P cells upon treatment with Arg to Glu point mutants of DNA-NOXA SAHB-15 (40 µM peptide, 30 min). Data are mean ± SD for experiments
performed in triplicate. (B) Structure of the NOXA BH3/BFL-1ΔC complex (PDB ID
3MQP), highlighting the (i, i+7) staple position #15 (red), and the Arg to Glu point
mutants (green) that eliminated cellular lysis. (C) Covalent reactivity of Arg to Glu point
mutants of D-NA-NOXA SAHB-15 with C55 of BFL-1ΔC C4S/C19S, as detected by the
shift in BFL-1 molecular weight following peptide/protein incubation, reducing and
denaturing gel electrophoresis, and Coomassie staining. (D) Covalent reactivity of nonlytic Arg to Glu point mutant constructs of D-NA-NOXA SAHB-15 with HA-BFL-1ΔC
C4S/C19S expressed in 293T cells, as detected by the shift in HA-BFL-1 molecular
weight following cell treatment with NOXA SAHBs (20 µM) for 8 hr, lysate preparation,
reducing and denaturing gel electrophoresis, and anti-HA western analysis.
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Figure 3.5 (Continued)
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contrast, the F32A, L36A, R31E, and R39E mutants of D-NA-NOXA SAHB-15 achieved
high level BFL-1 crosslinking that exceeded the performance of our previous lead
compound, BIM SAHBA-3, with D-NA-NOXA SAHB-15 F32A and D-NA-NOXA SAHB-15
R31E emerging as the most reactive constructs (Figures 3.4D and 3.5D). Thus, by
reducing the hydrophobicity or overall positive charge of D-NA-NOXA SAHB-15, we
effectively eliminated membrane lytic activity and achieved superior covalent targeting
of BFL-1 in a cellular context.

Selectivity of Lead D-NA-NOXA SAHB-15 Peptides
Having generated lead cysteine-reactive NOXA SAHB constructs with an optimal staple
location and non-lytic intracellular BFL-1 targeting activity, we next sought to assess
their anti-apoptotic protein selectivity. We compared the competitive binding activity of
C-terminally biotinylated D-NA-NOXA SAHB-15 F32A and R31E constructs, with and
without the N-terminal D-nipecotic acid acrylamide (D-NA), in a 1:1:1 mixture of
recombinant MCL-1ΔNΔC, BCL-XLΔC, and BFL-1ΔC (all of which contain cysteines) by
streptavidin pull-down assay. The Ac-NOXA SAHB-15 and D-NA-NOXA SAHB-15
peptides showed no interaction with BCL-XL, little to no interaction with MCL-1, and
robust crosslinking (input lanes) and pull-down of BFL-1 for the D-NA-derivatized NOXA
SAHB-15 peptides only (Figures 3.6A and 3.6B). In the context of A375P cellular
lysates, we observed enhanced native BFL-1 pull down by the cysteine-reactive NOXA
SAHB-15 peptides as compared to the acetylated constructs, highlighting the benefit of
covalent BFL-1 reactivity. We also detected a similar level of residual non-covalent
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Figure 3.6 The cysteine-reactive moiety of NOXA SAHB constructs enhances BFL-1
targeting in a mixture of recombinant anti-apoptotic proteins.
(A-B) Incubation of C-terminally biotinylated NOXA SAHB-15 F32A (A) and NOXA
SAHB-15 R31E (B) peptides bearing a D-NA or acetyl N-terminal caps with a mixture of
recombinant MCL-1, BCL-XL, and BFL-1 proteins demonstrates robust and selective
covalent interaction of D-NA-NOXA SAHBs with BFL-1, as detected by silver stain of
electrophoresed streptavidin pulldowns. No interaction between NOXA SAHBs and
BCL-XL, and little to no engagement of MCL-1, was observed.
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interaction with native MCL-1 for both the Ac- and D-NA derivatized constructs (Figures
3.7A and 3.7B), which we sought to characterize further.
Since disruption of inhibitory heterodimeric complexes of anti-apoptotic and proapoptotic members underlies the functional activity of anti-apoptotic inhibitors18, we
compared the activity of Ac- and D-NA-derivatized NOXA SAHB-15 peptides in
dissociating the complexes between pro-apoptotic tBID and anti-apoptotic HA-BFL-1 or
FLAG-MCL-1, as assessed by co-immunoprecipitation and western analyses. D-NANOXA SAHB-15 F32A and R31E peptides effectively converted HA-BFL-1 to the
crosslinked species, resulting in a marked decrease in tBID/HA-BFL-1 co-precipitation,
whereas the corresponding acetylated constructs had no such effect (Figures 3.8A and
3.8B). Whereas we observed little to no non-covalent interaction between the NOXA
SAHB-15 F32A and R31E constructs and recombinant MCL-1 protein (Figure 3.6A and
3.6B), and residual non-covalent interaction with native MCL-1 protein (Figure 3.7A
and 3.7B), we found that neither the Ac- nor D-NA-derivatized NOXA SAHB-15
peptides were capable of dissociating the complex between tBID and FLAG-MCL-1
(Figure 3.8C and 3.8D). This result stands in contrast to the capacity of cysteinereactive BIM SAHBA-3 to disrupt both the tBID/HA-BFL-1 and tBID/FLAG-MCL-1
complexes by covalent and non-covalent targeting, respectively11. Thus, the novel DNA-NOXA SAHB-15 compositions display a more precise BFL-1-selective functionality
with respect to dissociating inhibitory anti-apoptotic complexes, which is the requisite
pharmacologic feature of therapeutic inhibitors.
To verify this finding at the biochemical level, we conducted competitive
fluorescence polarization binding analyses, comparing the ability of Ac- and D-NA-
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Figure 3.7 Enhanced BFL-1 targeting in cell lysates upon incorporation of a cysteinereactive moiety into NOXA SAHBs.
(A-B) Cysteine-reactive NOXA SAHB-15 F32A (A) and NOXA SAHB-15 R31E (B)
peptides display enhanced targeting of native BFL-1 compared to the corresponding
acetylated derivatives, as assessed by streptavidin pulldown of treated A375P lysates
and BFL-1 western analysis of electrophoresed eluates. Residual non-covalent
interaction with MCL-1 is observed for both sets of NOXA SAHB-15 mutant constructs,
as assessed by MCL-1 western analysis.
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Figure 3.8 Cysteine-reactive NOXA SAHBs selectively compete with tBID for BFL-1 but
not MCL-1 interaction.
(A-D) Cysteine-reactive, but not the acetylated, NOXA SAHB-15 F32A (A) and NOXA
SAHB-15 R31E (B) peptides effectively targeted and dissociated the tBID/HA-BFL-1
complex and achieved robust covalent conjugation, whereas none of the NOXA SAHB15 constructs dissociated the tBID/FLAG-MCL-1 complex (C-D).
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derivatized NOXA SAHB-15 R31E peptides to disrupt anti-apoptotic interactions with
the pro-apoptotic BID BH3 domain. Whereas Ac-NOXA SAHB-15 R31E showed
essentially no capacity to compete with FITC-BID BH3 for BFL-1ΔC C4S/C19S
interaction, the corresponding cysteine-reactive analog demonstrated dose-responsive
and ultimately complete disruption of the complex (Figure 3.9A). Importantly, C55S
mutagenesis of BFL-1 abrogated the competitive binding activity of D-NA-NOXA SAHB15 R31E (Figure 3.9B). The corresponding Ac- and D-NA NOXA SAHB-15 R31E
competition experiments using MCL-1 and BCL-XL, anti-apoptotic proteins that contain
cysteine residues but not in their BH3-binding grooves, showed little to no effect,
respectively (Figures 3.9C and 3.9D). These data further confirmed that D-NA NOXA
SAHB-15 peptides are especially effective at covalent targeting of BFL-1 and are finely
tuned to selectively target the inhibitory complexes of BFL-1. Interestingly, competitive
binding experiments performed with our original NOXA SAHB peptides of longer length
(aa 19-43)11 demonstrated significant non-covalent targeting of MCL-1 (Figure 3.10),
indicating that shortening the NOXA SAHB-15 sequence contributed to narrowing its
competitive binding spectrum to BFL-1.

Covalent Targeting of BFL-1 Synergizes with ATM Inhibition in AML
Cancer cells typically rely on the expression of one or more anti-apoptotic BCL-2
proteins to prevent mitochondrial apoptosis. To determine which cancers may be
especially susceptible to targeted-inhibition of BFL-1, we queried the Dependency Map
cancer cell line dependency database generated by screening the Avana CRISPR-Cas9
genome-scale library19 and identified a spectrum of BFL-1 dependencies across human
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Figure 3.9 A competitive fluorescence polarization binding assay confirmed selectivity
of a cysteine-reactive NOXA SAHB for BFL-1.
(A-D) Fluorescence polarization assays evaluating the capacity of D-NA- and Ac-NOXA
SAHB-15 R31E peptides to compete with FITC-BID BH3 for interaction with BFL-1ΔC
C4S/C19S (A), BFL-1ΔC C4S/C19S/C55S (B), MCL-1ΔNΔC (C), and BCL-XLΔC (D).
Data are mean ± SD for experiments performed in triplicate.
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Figure 3.10 Competitive BFL-1 and MCL-1 binding selectivities of D-NA-NOXA SAHBs.
(A-B) Comparative competitive binding activities of Ac- and D-NA-derivatized NOXA
SAHB variants for the interaction between FITC-BID BH3 and BFL-1ΔC C4S/C19S (A)
or MCL-1ΔNΔC (B), as assessed by fluorescence polarization assay. Data are mean ±
SD for experiments performed in triplicate.
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AML cell lines (Figure 3.11A). Cell lines with positive Z-score values exhibit little-to-no
dependency on BFL-1 (e.g. MV4-11), whereas progressively negative Z-scores
(especially < -2) reflect increasing dependency on BFL-1 (e.g. U937). Because resistant
cancer cells harness multiple signaling pathways to reinforce their immortality, we
further evaluated co-dependencies of BFL-1 in AML. Unexpectedly, the Ataxia
Telangiectasia mutated (ATM) serine/threonine kinase, which is activated by DNA
double-strand breaks, emerged as the most highly BFL-1 co-dependent gene in AML
(Figure 3.11B, Table 3.1). The availability of small molecule ATM inhibitors such as
AZD0156, which is currently being tested in Phase 1 clinical trials for patients with
advanced malignancies (NCT02588105), enabled us to examine whether the genetic
findings of BFL-1 dependency and ATM co-dependency in AML could inform an
effective combination treatment.
We treated the U937 AML cell line that demonstrated the strongest BFL-1
dependency score with serial dilutions of D-NA-NOXA SAHB-15 R31E and AZD015620,
as single agents and in combination, and performed CalcuSyn analysis21 to monitor for
synergy.

Whereas

each

compound

demonstrated

dose-responsive,

moderate

impairment of U937 cell viability, the combination was strongly synergistic, as reflected
by a log(CI) value of < -0.22 (Figures 3.12A and 3.12B). Monitoring caspase-3/7
activation over time likewise revealed prominent synergistic activity of the D-NA-NOXA
SAHB-15 R31E/AZD0156 combination (Figure 3.12C). To confirm that AZD0156 was
effectively targeting ATM at the applied doses, we treated U937 cells with the ATM
inhibitor for 2 hr and monitored ATM auto-phosphorylation at Ser1981 and
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Figure 3.11 CRISPR-Cas9 screening reveals oncogenic dependencies in human AML
cell lines.
(A) A scatter plot demonstrates the variable, relative dependency on BFL-1 among
cancer cell lines subjected to genome-scale CRISPR-Cas9 screening.

Among the

human AML cell lines (red), U937 and MV4;11 cells demonstrate the highest and lowest
BFL-1 dependency scores, respectively. For each cell line, the gene’s dependency rank
and dependency score are plotted on the y and x axis, respectively. (B) A plot depicting
the strong correlation between BFL-1 and ATM dependencies in the human AML cell
lines (Pearson and Spearman correlation coefficients of 0.94 and 0.98, respectively).
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Table 3.1 BFL-1 co-dependencies in human AML cell lines.
Pearson and Spearman correlations for BFL-1 co-dependencies in AML cell lines
subjected to a genome-scale CRISPR-Cas9 screen and identified based on the
following criteria: (1) gene scored as a potential dependency in at least 2 AML cell lines
(score < -0.1), (2) gene is expressed in at least 2 AML cell lines (TPM >1), (3) gene is
not predicted to be a pan-lethal gene, and (4) Pearson and Spearman correlations are
both > 0.9.
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Figure 3.12 BFL-1-dependent cytotoxicity of cysteine-reactive NOXA SAHB-15 mutants
and synergy with ATM inhibition in human AML cells.
(A-F) Cell viability, Calcusyn dose-effect plots, and caspase-3/7 activation for U937 (AC) and MV4;11 (D-F) cells treated with D-NA-NOXA SAHB-15 R31E, ATM inhibitor
AZD0156, or the combination at the indicated doses. Data are mean ± SD for
experiments performed in triplicate, normalized to vehicle control (0.4% DMSO), and
repeated twice with independent cell cultures with similar results. CI, combination index.
*, p<0.01 by two-tailed Student’s t test.
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Figure 3.12 (Continued)
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downstream CHK2 phosphorylation at Ser33/35 by western blot. Indeed, we observed
dose-responsive inhibition of S1981 auto-phosphorylation, which was otherwise
constitutively elevated in U937 cells, and potent blockade of CHK2 phosphorylation
even at the lowest treatment dose (Figure 3.13). As a further measure of the specificity
of observed BFL-1/ATM inhibitory synergy, we repeated the analysis using the MV4;11
AML cell line, which showed no evidence of BFL-1 dependency in the CRISPR-Cas9
screen (Figure 3.11A). In this cellular context, D-NA-NOXA SAHB-15 R31E had no
cytotoxic activity, AZD0156 impaired viability with similar potency as observed in U937
cells, and no synergistic activity was evident for the combination in viability or caspase3/7 activation assays (Figures 3.12D, 3.12E, and 3.12F).

Thus, the selective

cytotoxicity of D-NA-NOXA SAHB-15 R31E in U937 vs. MV4;11 AML cells corresponds
to the differential BFL-1 dependencies observed by CRISPR-Cas9 screen (Figure
3.11A, 3.12A and 3.12B). In addition, the genetic co-dependency of BFL-1 and ATM in
AML informed a new, synergistic combination treatment.
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Figure 3.13 AZD0156 inhibition of ATM kinase activity in U937 cells.
U937 cells were treated with the indicated doses of AZD0156 for 2 hr and the
phosphorylation status of ATM S1981 and CHK2 S33/35 monitored by western blot.
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DISCUSSION
The therapeutic efficacy of targeted inhibition of BCL-2 by venetoclax in human cancer
has triggered renewed interest in pharmacologic modulation of BCL-2 family proteins for
clinical benefit in cancer and potentially other diseases of pathologic cell survival.
Whereas venetoclax is now FDA-approved for 17p-deleted CLL and a series of small
molecule MCL-1 inhibitors have recently entered Phase 1 testing, BFL-1 remains
undrugged, motivating our efforts to develop selective and multimodal compounds that
include BFL-1 in their binding spectrum. The principle of small molecule discovery for
targeted inhibition of BCL-2 family proteins is based on mimicry of the BH3 α-helix6,22.
We have taken the alternative approach of harnessing the natural binding spectra and
biological activities of native BH3 domain α-helices to advance modulators of individual,
subsets, and all BCL-2 family proteins7,11,23,24. That is, we use the natural amino acid
composition of diverse BH3 sequences but insert all-hydrocarbon, structurally-stabilizing
staples to remedy the traditional liabilities of peptide therapeutics, including loss of
bioactive shape, proteolytic instability, and limited cell penetrance25. Our analyses of the
biophysical, structural, and biological properties of stapled peptide libraries have
revealed several guiding principles in designing constructs that optimally recapitulate
bioactive structure, avoid the membrane-lytic risk factor associated with select
amphipathic peptides, and achieve on-mechanism activity in cells and tissues17,25.
Among the benefits of designing stapled peptides for targeting protein-protein
interactions is the capacity to arrive at a lead peptide composition relatively rapidly
based on harnessing natural peptide sequences as the synthetic starting point. The
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clinical potential of stapled peptides as a new drug modality is currently being evaluated
in Phase 1 and 2 clinical trials, with encouraging early results10.
Because cancer cells rarely rely on one survival factor to achieve immortality, the
benefits of targeting individual anti-apoptotic proteins could be fleeting, as evidenced by
the capacity of cancer cells to rewire their anti-apoptotic dependence on BCL-2 proteins
that lie outside the binding spectrum of selective molecular inhibitors26. However, the
concern that anti-apoptotic inhibitors with broader targeting spectra could increase the
potential for unwanted side-effects, such as the on-mechanism thrombocytopenia
observed for the dual BCL-2/BCL-XL inhibitor ABT-73727, has led to prioritization of
selective anti-apoptotic inhibitors6,24,28. In seeking a strategy for precision-targeting of
BFL-1, we discovered a unique cysteine in its BH3-binding pocket, allowing for selective
covalent targeting of BFL-1 by stapled BH3 peptides bearing an acrylamide moiety11.
Whereas our lead compound BIM SAHBA-3 manifested dual features of covalent BFL-1
and non-covalent MCL-1 inhibition, resulting in apoptosis induction of BFL-1 and MCL-1
co-expressing melanoma cells (Chapter 2, Figure 2.11 and Figure 2.12), here we
sought to tune the binding specificity to BFL-1 only based on optimizing the design of
NOXA BH3-based stapled peptides. To achieve this goal, we synthesized a staple
scanning library of a NOXA BH3 template that was shortened to emphasize the
predominant α-helical binding interface. Then, our peptide characterization workflow
identified a lead construct based on optimal biochemical reactivity with BFL-1 C55, but
also key liabilities, including lack of cell penetrance and membrane-lytic activity. We
effectively overcame these drawbacks by alanine scanning mutagenesis, which
revealed an opportunity to maximize cell uptake and abrogate cell membrane lysis by
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lowering the relative hydrophobicity of specific amino acid positions.

Alternatively,

reducing the overall peptide positive charge by converting select arginine residues to
glutamic acid residues, achieved the same goal. Ultimately, we developed cysteinereactive NOXA SAHBs capable of robust covalent reaction with BFL-1, cell penetrance
in the absence of membrane lysis, selective disruption of inhibitory BFL-1 complexes,
and specific, BFL-1-dependent cytotoxicity in human AML cells.
Although cancer cells can indeed demonstrate preferred dependencies on
individual anti-apoptotic proteins29,30, the potential for resistance based on expression of
alternate BCL-2 proteins motivated us to explore BFL-1 co-dependencies in human
cancer. Analysis of a cancer cell dependency database derived from CRISPR/Cas9
screening19 revealed both a spectrum of BFL-1 dependency in human AML and a
striking and unexpected co-dependency on the ATM kinase, which can promote cancer
cell survival by mitigating DNA replicative stress31,32. We tested the fidelity of these
genetic results against our precision BFL-1 inhibitor and the clinical-grade ATM kinase
inhibitor AZD0156, both as single agents and in combination. We found that D-NANOXA SAHB R31E was selectively cytotoxic as a single agent, and synergized with
ATM inhibition, exclusively in the context of BFL-1 dependence. Taken together, our
stapled peptide design and characterization workflow provide novel compositions with
tailored BFL-1 targeting capability and inform an unanticipated combination treatment
for BFL-1-dependent human AML.
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CHAPTER IV
Conclusions and Future Directions

Discussion of Results
Rationale for Covalent Stapled Peptide Inhibition of BFL-1
BFL-1 is an anti-apoptotic protein that has emerged as a contributory factor to the
development, maintenance, and chemoresistance of human melanoma, lymphoma, and
leukemia, yet it remains undrugged1-4. With the small molecule BCL-2 inhibitor
venetoclax having gained FDA approval in 2016 for the treatment of 17p-deleted CLL, it
remains a high priority goal to develop inhibitors of individual members or subsets of
BCL-2 family anti-apoptotic proteins. This is particularly important because cancer cells
can upregulate anti-apoptotic proteins such as BFL-1 and MCL-1 as a resistance
mechanism to selective BCL-2 inhibition2,5-7. Here, we discovered and exploited a
unique cysteine in the BH3-binding groove of BFL-1 to develop selective covalent
inhibitors by combining the high-affinity non-covalent interactions of a structurallyreinforced BH3 helix with the irreversible blockade afforded by covalent reaction.
By installing an all-hydrocarbon crosslink spanning one or two helical turns of the
naturally-occurring BH3 sequence, peptide stapling technology stabilizes helical
structure and imparts beneficial pharmacological properties including protease
resistance and cellular uptake8. These Stabilized Alpha-Helices of BCL-2 domains
(SAHBs) are ideal tools to modulate and dissect protein-protein interaction networks
involving α-helical interacting domains, including the BCL-2 family and beyond9.
Furthermore, stapled peptides have emerged as prototype therapeutics, with the
stapled p53 helix ALRN-6924 advancing to Phase 2 clinical trials for the treatment of
relapsed solid and hematological cancers bearing wild-type p53 (NCT02264613)10,11.
Since α-helices mediate numerous pathologic protein-protein interactions throughout
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biology, stapled peptides represent a promising approach to targeting otherwise
“undruggable” protein targets in human disease12. Key benefits of stapled peptides
include their ability to engage large and shallow binding surfaces, mimic bioactive
structures, and achieve cellular uptake, thus bridging the gap between small molecules
and biologics13.
To expand the arsenal of drug modalities for protein targeting, we combined
focally-reactive warhead moieties with BCL-2 family-targeting SAHBs to create novel
chimeric stapled peptides to reactivate apoptosis in BFL-1-dependent cancer. Covalent
inhibition has historically been avoided in drug discovery due to safety and off-target
concerns, however there has been a resurgence of interest in covalent strategies in
recent years. Many commonly used drugs, such as acetaminophen and certain proton
pump inhibitors, are covalent inhibitors, yet their molecular mechanisms were not
uncovered until long after their clinical utility was established14. Traditional drug
discovery platforms were designed to avoid covalent inhibitors, due to concerns about
non-specific reactivity and toxic drug metabolites15. Nevertheless, covalent inhibitors
have several advantages that specifically derive from the irreversible nature of their
binding interaction, including the ability to compete with high levels of endogenous
substrate, prolonged duration of action, and the potential to target shallow binding
sites15. These attractive properties have been leveraged in recent years to develop
covalent inhibitors of kinases implicated in oncogenesis. The success of this approach
is exemplified by the FDA approval of such covalent inhibitors as ibrutinib to inhibit
Bruton’s tyrosine kinase in leukemias and lymphomas, and afatinib to target EGFR in
certain non-small cell lung cancers16,17.
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While a major concern of covalent inhibitors is potential off-target reactivity,
which could result in unwanted toxicity, optimized non-covalent affinity of a drug for its
target can efficiently and selectively template the covalent reaction, whose efficiency is
then dictated by the reactivity of the electrophile and proximity to a nucleophile on the
protein surface18. Thus, it is possible to fine-tune the selectivity and reactivity of a
covalent inhibitor by modulating its non-covalent interaction with a target and selecting
an optimal electrophile. Given their large non-covalent binding surface as compared to
small molecules, stapled peptides represent an ideal starting point to develop covalent
inhibitors with reduced off-target reactivity. Indeed, we demonstrated that acrylamidebearing stapled peptides target Cys55 in BFL-1 with exquisite selectivity, and display no
reactivity with structurally-similar BCL-2 family proteins. What’s more, we observe little
to no non-specific reactivity with other members of the proteome (Chapter II).
Given the frequency with which α-helices mediate PPIs, particularly in the
context of human disease, cysteine-reactive stapled peptide inhibitors represent a
potentially widely applicable drug development strategy for clinically-relevant, helixmediated PPIs whose targets contain a cysteine in or around the critical binding site.
Indeed, there are many examples of native cysteines adjacent to the regulatory helix-ingroove

binding

surfaces

of

therapeutic

targets,

including

the

FAS/FADD,

RASSF1C/DAXX, and tryptophanyl-tRNA synthetase homodimer interactions19-21
(Figure 4.1). Additionally, acquired cysteine mutations in cancer have been exploited as
covalent handles for mutant-selective drugs, increasing their selectivity for the mutant
over wild-type form of the protein22. One notable example is KRASG12C, which is located
in close proximity to the protein’s regulatory interface with an α-helix of the
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Figure 4.1 Exemplary Helix-in-Groove Interactions Bearing Native Cysteines for
Covalent Stapled Peptide Targeting.
(A-E) A diversity of regulatory binding surfaces that involve α-helical ligands inserting
into surface grooves contain targetable cysteines, as exemplified by the (A)
SOS1/KRAS G12C (PDB: 1NVU), (B) Mediator of RNA Polymerase II transcription
subunit 11/Mediator of RNA polymerase II transcription subunit 22 (PDB: 4H62), (C)
Tryptophanyl-tRNA synthetase homodimer (PDB: 1ULH), (D) FAS/FADD (PDB: 3EZQ),
and (E) RASSF1C/ DAXX (PDB: 2KZU) interactions (α-helical ligand, cyan; cysteineproximal residue on α-helix, orange sticks; protein target, grey; cysteine on protein
target, orange surface).
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Figure 4.1 (Continued)
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guanine-nucleotide exchange factor SOS123 (Figure 4.1A). Stapled peptides modeled
after the SOS1 helix have been shown to directly bind wild-type and mutant KRAS, and
inhibit nucleotide exchange and downstream signaling24. Given the increased interest in
developing covalent inhibitors of KRASG12C, transforming SOS1 stapled peptides into
covalent inhibitors could represent an alternative approach to neutralizing oncogenic
KRASG12C.

Molecular Strategy for BFL-1 Targeting at Cys55
The BH3-binding groove is a highly conserved structural feature of BCL-2 family
proteins, yet the unique cysteine residue in the BFL-1 hydrophobic pocket proved to be
a selectivity factor and molecular handle for covalent targeting with acrylamide-bearing
stapled BH3 peptides. Since our initial discovery, additional groups have pursued
similar strategies to covalently target BFL-1 Cys55 with peptide inhibitors25,26. Though
stapled peptides display therapeutic potential and are currently being evaluated in
clinical trials, small molecules remain the most widely adopted drug class. The recent
success of venetoclax has fueled efforts to develop small molecule inhibitors of other
anti-apoptotic targets, with new MCL-1-selective compounds recently advanced to
Phase 1 testing in cancer27,28. The mechanistic and targeting insights that derived from
our covalent stapled peptide inhibitor studies suggest that BFL-1 may also be
selectively targeted by small molecule covalent inhibitors.

NMR-based fragment

screening was effectively applied to discover small molecule inhibitors of BCL-2, BCLXL, and BCL-w, and later MCL-1, however the application of this methodology to
develop BFL-1 inhibitors has not been reported to date28-30. Fluorescence polarization-
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based high-throughput screening approaches have yielded compounds with only
modest potency and selectivity for BFL-17,31. The unique cysteine in the BH3-binding
groove of BFL-1 could provide a new opportunity to address this target by covalent drug
discovery.
We have adopted disulfide-fragment-based screening in an effort to identify
molecular inhibitors that specifically target Cys55. This disulfide tethering-based
screening methodology was pioneered by Dr. James Wells, and relies on the formation
of a disulfide bond between a thiol-containing fragment and the protein target32. The
cysteine-containing protein of interest is screened against a library of fragments under
partially reducing conditions, and if any fragment has even weak affinity for the protein,
binding will be stabilized by disulfide bond formation, allowing for subsequent mass
spectrometry-based hit identification32. This strategy was successfully applied to
oncogenic KRASG12C, and medicinal chemistry optimization of the original hits yielded
drug candidates with potent in vivo efficacy33-36. Having validated covalent targeting of
BFL-1 Cys55 as an effective strategy, we have undertaken a tethering screen approach
to identify small molecule fragments that might similarly engage and inhibit BFL-1.
In addition to potentially identifying small molecule covalent inhibitors of BFL-1,
the tethering approach could allow us to investigate the minimal essential drug size
required to functionally block the BH3-binding groove of BFL-1. Indeed, significant
truncation of our lead cysteine-reactive NOXA SAHB did not reduce covalent affinity or
inhibitory activity (Chapter III). As another example, the Aileron stapled p53 peptide
currently being tested in clinical trials, primarily engages HDMX via three critical
residues at the helical surface37. Likewise, X-ray crystallography has shown that the
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small molecule BCL-2/BCL-XL inhibitor, ABT-737, mimics the BCL-XL-binding of three
key residues of the α-helical BAK BH3 domain29. Cysteine-reactive small molecules
identified by a tethering-based screen for BFL-1 inhibitors could be compared to our
covalent stapled peptides to provide insight into the key determinants for BFL-1
interaction. We anticipate that these ongoing efforts will inform our understanding of the
molecular binding components that are sufficient for effective BFL-1 inhibition, and how
target engagement is influenced by covalent reaction.

Future Directions
In vivo Efficacy Testing of Covalent Stapled Peptide Inhibitors of BFL-1
The clinical success of venetoclax has catalyzed efforts to develop inhibitors to
target the spectrum of anti-apoptotic proteins, and thereby subvert apoptotic resistance
in cancer. We have pursued an alternative approach to targeting these proteins by
taking nature’s blueprint for BCL-2 family inhibition and transforming endogenous
interacting helical domains into structurally-reinforced peptides with promising
pharmacological properties. In addition to providing proof-of-concept for selective
covalent targeting of a BCL-2 family protein using chimeric stapled peptides, our studies
provide a springboard for developing cysteine-reactive SAHBs as a therapeutic strategy
to inhibit BFL-1 and reactivate apoptosis in cancer. This work has yielded two
constructs with distinct properties that could be leveraged as therapeutic agents in
different disease contexts: BIM SAHBA-3, which displays covalent reactivity towards
BFL-1 and retains non-covalent affinity for MCL-1 (Chapter II), and D-NA-NOXA SAHB15 R31E, which demonstrates exclusive, covalent selectivity for BFL-1 (Chapter III).
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These stapled peptide inhibitors expand the chemical toolbox for modulating BCL-2
family proteins for therapeutic benefit in cancer by targeting individual or multiple family
members.
Given the striking increase in melanoma cell apoptosis observed in response to a
cysteine-reactive versus non-covalent BIM SAHB (Chapter II), we plan to compare the
efficacy of BIM SAHBA-3 to BIM SAHBA1 in an A375P xenograft model. Although BIM
and BID SAHBs have demonstrated anti-tumor activity in various mouse xenograft
models of hematologic cancer38,39, the efficacy of BCL-2 family-targeting stapled
peptides has not been evaluated in solid tumors to date. Indeed, the evaluation of
single-agent activity of BIM SAHBA-3 versus BIM SAHBA1 in inhibiting melanoma tumor
progression could provide compelling evidence in support of further preclinical
development of the chimeric stapled peptide strategy. An in vivo study that includes
toxicology analysis would also serve to validate the specificity of cysteine-reactive BIM
SAHBA-3, which showed little off-target activity in cultured cells. Comparing the
pharmacokinetics and biodistribution of BIM SAHBA-3 to BIM SAHBA1 would also
provide insight into the relative pharmacologic benefits and liabilities of non-covalent
versus covalent targeting in vivo.

We envision extending these studies to assess

stapled peptide combinations with other anti-melanoma agents such as the BRAF
inhibitor vemurafanib, since BFL-1 upregulation has been implicated as the mechanism
underyling chemoresistance to BRAF inhibition in BRAFV600E-mutant melanoma cells1.
Based on our discovery of a BFL-1/ATM co-dependency in AML (Chapter III), we
also plan to test our lead covalent stapled peptide inhibitors of BFL-1 in combination
with a small molecule ATM inhibitor to assess for synergy in AML xenograft models. For
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example, an initial in vivo experiment could involve measuring the anti-tumor activity of
D-NA-NOXA SAHB-15 R31E and the ATM inhibitor AZD015640 in a U937 xenograft
model, both singly and in combination. Given the increasing use of venetoclax to target
BCL-2 in cancer, it is prudent to anticipate chemoresistance by upregulation of MCL-1
and/or BFL-1, which is frequently observed in cell culture upon prolonged treatment with
ABT-7372,5. Thus, studies that evaluate our new BFL-1 inhibitors as single agents and
in combination in mouse cancer models will be important to address potential
venetoclax resistance. Such studies would also serve to validate cancer target codependencies, as informed by genome-wide CRISPR-Cas9 dependency screening41,
and determine if drug synergies predicted by the Cancer Dependency Map and
observed in cell culture co-treatments extend to the in vivo context. Thus, advancing
covalent SAHBs to in vivo testing marks the critical next step in evaluating the clinical
translation potential of covalent stapled peptide inhibitors for cancer treatment.

Physiological Role of BFL-1 Cys55 as a Redox Sensor
The presence of a unique cysteine in the canonical BH3-binding groove of BFL-1
provided a selectivity factor for precision covalent targeting by acrylamide-bearing
stapled peptide inhibitors. However, the biological significance of this fortuitous
juxtaposition between cysteines in NOXA and BFL-1 remains unknown. The proximity of
BFL-1 Cys55 to Cys25 of the NOXA BH3 domain, as well as the ability of a NOXA
SAHB to form a disulfide bond with BFL-1 in vitro (Chapter II), raises the question of
whether this disulfide interaction can form under physiological conditions and whether it
serves a regulatory function. Although a disulfide bond was not observed in the crystal

166

structure of the BFL-1/NOXA BH3 complex (PDB: 3MQP), the experimental conditions
included a reducing agent, which would preclude disulfide bond formation. Our results
prompted us to hypothesize that reactive oxygen species (ROS) could potentially induce
apoptosis by enforcing disulfide bond formation between NOXA and BFL-1, thereby
inhibiting the anti-apoptotic activity of a key BCL-2 family protein. Indeed, this
mechanism could provide a link between ROS sensing and apoptosis at the level of the
mitochondria.
Reactive oxygen species (ROS) can serve as second messengers in diverse
cellular contexts and can influence the apoptotic response42. For example, hydrogen
peroxide (H2O2) is generated as a normal byproduct of aerobic respiration, and is also
produced by exogenous insults, such as radiation and chemical exposure43. H2O2
signaling can trigger seemingly contradictory outcomes depending on its concentration
and biological context; whereas low levels of H2O2 have been shown to stimulate antioxidants to protect against DNA damage, high levels of H2O2 trigger the expression of
pro-oxidants, leading to apoptosis induction44. On a molecular level, H2O2 acts as a
secondary messenger through chemical modification of free cysteine residues,
promoting either direct oxidation or inducing disulfide bond formation, which in turn
alters protein function45.
The influence of ROS on apoptotic regulation and cellular responses has been
examined across a broad range of ROS levels42,45. For example, ROS can exert a proapoptotic effect through the oxidation of cardiolipin, resulting in dissociation of
cytochrome c and disulfide bond formation between APAF-1 and pro-caspase-9, which
in turn leads to auto-activation and cleavage42,43. High levels of ROS can activate
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signaling pathways upstream of the BCL-2 family, such as the JNK, ATM, and AMPK
pathways, which can upregulate pro-apoptotic proteins like NOXA, PUMA, and BAX,
and also directly phosphorylate and thereby modulate BCL-2 family proteins42,45.
Whether or not ROS can directly regulate BCL-2 family proteins through oxidation has
not been fully explored.
A number of findings point to a link between ROS and BFL-1 regulation. Sublethal doses of H2O2 have been shown to upregulate BFL-1 mRNA and protein levels in
Jurkat cells via the NF-κB pathway, protecting against Fas-mediated apoptosis46. This
signaling response could represent a physiological defensive mechanism in T cells,
which are often exposed to ROS through granulocyte-derived H2O2 in the inflammatory
microenvironment47. Nevertheless, cells succumb to apoptosis in response to higher
doses of H2O2 even though elevated BFL-1 expression is sustained, suggesting that
once a certain threshold of oxidative stress is breached, BFL-1 can no longer maintain
cell survival. Whereas elevated ROS levels can induce the expression of pro-apoptotic
proteins48, it is plausible that oxidative stress could also promote disulfide bond
formation between NOXA BH3 Cys25 and BFL-1 Cys55, resulting in a stably-inhibited
complex. Intriguingly, NOXA expression is induced by hypoxia and ROS, and NOXA is
required for H2O2-induced apoptotic cell death49,50.
Although we observe disulfide bond formation between recombinant BFL-1 and
NOXA SAHBs, capturing a covalent complex between NOXA and BFL-1 in situ requires
exploration. One experimental approach could involve expressing HA-tagged full-length
BFL-1, bearing either the wild-type C55 or a C55S mutation, in Jurkat T cells, followed
by treatment with low and high doses of H2O2 to simulate a range of oxidative stress
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conditions. The cells could then be harvested, lysed, and subjected to HAimmunoprecipitation followed by Western blotting for NOXA under non-reducing and
non-denaturing conditions. If present, a disulfide bond between BFL-1 and NOXA would
remain intact, and Western blotting would reveal an additional NOXA-reactive band at a
higher molecular weight due to the covalent complex with BFL-1. As a measure of
specificity, such findings would not be expected for the HA-BFL-1 C55S condition.
Capturing the native complex using immunoprecipitation and mass spectrometry
methods, in diverse cell types and stress conditions, would also be important to confirm
physiologic relevance. If proven correct, an ROS-induced and disulfide-based
mechanism for BFL-1 inhibition would represent a novel mode of BCL-2 family
regulation under conditions of oxidative stress.
In addition to intermolecular disulfide bond formation between BFL-1 and NOXA
BH3, it is conceivable that BFL-1 could be further regulated by an intramolecular
disulfide bond between C55 and a cysteine residue within its C-terminal helix. The Cterminal α9 helix of BFL-1 has not been fully characterized, although it displays
significant amphipathic character and appears critical for BFL-1 localization to the
mitochondria51. In pro-apoptotic BAX and anti-apoptotic BCL-w and BCL-XL, the Cterminal helices can be sequestered in the canonical BH3-binding groove, enforcing a
cytosolic localization52-54. Indeed, BFL-1 has been reported to toggle between cytosolic
and mitochondrial localizations; the mechanistic basis for these findings may derive
from alternate BFL-1 conformations, one with the C-terminal helix occupying the
hydrophobic groove (cytosol) and the other with the helix released and inserted into the
mitochondrial outer membrane (mitochondria)51. The full-length structure of BFL-1 has
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yet to be solved but HADDOCK55 protein docking of the C-terminal helix modeled by
FlexPep56 into the apo BFL-1ΔC crystal structure (PDB: 5WHI) aligns the α9 helix in the
BH3-binding groove and predicts a juxtaposition between Cys175 and Cys55 at a
distance of 5.6 Å, which could support disulfide bond formation (Figure 4.2). Of note,
the C-terminal helix binds in the opposite N-to-C terminus orientation in the groove
compared to the observed BH3 domain interactions. Although mostly amphipathic, the
BFL-1 α9 helix contains numerous hydrophilic residues that may interrupt its proposed
hydrophobic interaction surface, potentially lowering interaction affinity compared to
BH3 domain binding and allowing for toggling between cytosolic and mitochondrial
conformations.
To determine whether such an auto-inhibitory mechanism for BFL-1 regulation
exists, biochemical and cellular experiments will be geared toward determining whether
intramolecular disulfide bond formation is chemically feasible, and if so, whether
covalent interaction regulates BFL-1 localization and/or anti-apoptotic activity. By
analogy to the development of NOXA SAHBs to examine intermolecular disulfide bond
formation with BFL-1 (Chapter II), stapled peptides modeled after the C-terminal helix of
BFL-1, containing C175 or a C175S mutation, can be synthesized to evaluate disulfide
bond formation in vitro. If in vitro disulfide bond formation indeed occurs, the hypothesis
could then be explored in a cellular context using GFP-BFL-1 constructs bearing C55,
C55S, C175S, or C55S/C175S residues. Fluorescence microscopy analysis could be
used to compare the intracellular localization of the distinct GFP-BFL-1 constructs at
baseline and upon exposure to oxidative stress. In this manner, a potential role of
intramolecular disulfide bond formation between α9 and the BH3-binding groove in
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Figure 4.2 Disposition of the BFL-1 α9 helix upon computational docking into the
canonical BH3-binding groove of BFL-1.
HADDOCK and FlexPep docking of the C-terminal α9 helix of BFL-1 into the crystal
structure of BFL-1ΔC (PDB: 5WHI) predicts an alignment of C175 with C55 that may be
amenable to intramolecular disulfide bond formation.
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regulating BFL-1 localization could be explored. In addition, the relative capacity of the
individual constructs to protect against oxidative stress-induced apoptosis could
potentially link intracellular localization with anti-apoptotic activity. Whereas expression
of cysteine-mutant BFL-1 would be expected to confer a survival advantage, BFL-1
auto-inhibition through oxidative stress-induced intramolecular disulfide bond formation
would be expected to impair anti-apoptotic activity. Thus, investigating the potential
physiologic significance of inter- and intra-molecular disulfide bond formation involving
C55 could reveal a new dimension of anti-apoptotic regulation by BFL-1 (Figure 4.3).

Conclusions
In summary, we have taken a novel approach to selective targeting of BFL-1, a BCL-2
family protein linked to the pathogenesis and chemoresistance of melanoma, leukemia,
and lymphoma. Given the clinical success of BCL-2 targeting in cancer, advancing
therapeutic strategies to block BFL-1 remains a high priority. By combining the
advantages of stapled peptide α-helices modeled after natural pro-apoptotic domains
with the cysteine-targeting efficiency of electrophilic warheads, we developed the first
exquisitely selective, covalent inhibitors of BFL-1. Using multidisciplinary approaches,
we demonstrated the selective targeting, cellular penetrance, and pro-apoptotic activity
of our novel constructs in BFL-1-driven melanoma and AML. In uncovering a novel BFL1/ATM co-dependency in AML, we further informed the potential utility of combining
BFL-1 and ATM inhibitors to synergistically subvert apoptotic resistance in AML.
Whereas renewed interest in small-molecule covalent inhibitors has successfully led to
a series of new drugs to block the deep hydrophobic pockets of oncogenic kinases,
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Figure 4.3 Model of BFL-1 regulation by oxidative stress.
BFL-1 localization and anti-apoptotic activity could be regulated by inter- and
intramolecular disulfide bond formation in response to oxidative stress. Under normoxic
conditions, BFL-1 may toggle between cytosolic and mitochondrial localizations based
on the disposition of its C-terminal helical domain. Under conditions of oxidative stress,
BFL-1 could potentially be inhibited by two mechanisms: (1) intermolecular disulfide
bond formation between BFL-1 C55 and NOXA C25 at the mitochondria and (2)
intramolecular disulfide bond formation between BFL-1 C55 and C175 in the cytosol.
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covalent stapled peptide inhibitors have the potential to address a series of large and
previously undruggable protein interfaces with strikingly selective reactivity, as
exemplified here by covalent inhibition of anti-apoptotic BFL-1 by electrophilic warheadbearing stapled BH3 peptides.
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