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ABSTRACT

Apoptosis is a form of programmed cell death essential to normal development and tissue
homeostasis. BCL-2 family proteins are key regulators of the apoptotic pathway and control the
life-death decision rendered by cells in response to stress. Localized mainly at the outer
mitochondrial membrane, BCL-2 family proteins engage in a variety of heterodimeric and homooligomeric protein interactions, mediated by their conserved BCL-2 Homology (BH) domains, to
determine cell fate. MCL-1 is a member of the BCL-2 family and regulates cell death by exerting
potent anti-apoptotic activity. At the mitochondria, MCL-1 neutralizes pro-apoptotic BCL-2
family members, including NOXA, PUMA, BIM, and BAK, such that its pathologic overexpression contributes to the development and chemoresistance of many human cancers. Emerging
data underscore that MCL-1 has unique attributes among BCL-2 anti-apoptotic proteins with
respect to both amino acid composition and function. For example, unlike its anti-apoptotic
homologues, Mcl-1 deletion has profound physiologic consequences, indicative of a broader role
in organism homeostasis. Thus, to explore novel mechanistic role(s) of MCL-1, we undertook an
exploratory proteomic study to uncover potential targets of the MCL-1 BH3 domain. Here, we
report that MCL-1, and specifically its mitochondrial matrix isoform, directly engages very longchain acyl-CoA dehydrogenase (VLCAD), a key enzyme of the mitochondrial fatty acid βoxidation pathway. The interaction is mediated by the α-helical MCL-1 BH3 domain, which binds
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VLCAD at a surface groove adjacent to the enzyme active site. Deletion of endogenous Mcl-1
impairs fatty acid β-oxidation, resulting in selective accumulation of long-chain fatty
acylcarnitines, as seen in VLCAD-deficient patients. Our identification of a BH3-mediated
interaction between MCL-1 and VLCAD reveals a separable, gain-of-function role for MCL-1 in
the regulation of lipid metabolism.
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CHAPTER 1
Introduction

BCL-2 Family Regulation of Apoptosis
Programmed Cell Death: Physiologic Relevance to Organism Homeostasis
Apoptosis, or programmed cell death, is an essential cellular process, by which cells undergo a
genetically-defined demise. Conserved throughout all metazoa, apoptosis is critical during
development and for homeostatic maintenance of adult tissues1. For example, the prenatal loss of
webbing between digits during human development is the result of predetermined apoptotic
events2. The dynamic process of establishing the neuronal network during development also relies
on apoptosis; neurons unable to form functional synaptic connections are cleared by programmed
cell death3. The development of the hematopoietic system requires apoptosis in order to remove
self-recognizing T-cells4. In human adults, approximately 50 billion cells undergo apoptosis every
day to counterbalance the more than 100,000 cells generated by mitosis every second2.
Furthermore, programmed cell death has evolved as a defense mechanism, where damaged,
infected, or mutated cells succumb to cell death for the well-being of the entire organism2.
The observation that cell death could occur in a regimented fashion was first described by
Carl Vogt in 1842, while studying neuronal development in toad embryos5. With the advent of
tissue staining, Walther Flemming provided the first clear morphological description of this form
of cell death in 18856. It was not until 1972, however, that John F. Kerr and colleagues coined the
term apoptosis – a word of Greek origin meaning “falling off” - and formally defined this form of
cell death based on its morphological characteristics: cell shrinkage, chromatin condensation,
nuclear fragmentation, membrane blebbing, and formation of apoptotic bodies7. It is now known
that apoptosis also results in DNA fragmentation8,9 and externalization of phosphotidylserine10, a
membrane phospholipid normally restricted to the inner leaflet of the plasma membrane. Kerr and
coworkers demonstrated that apoptosis was distinct from necrosis, which is usually caused by
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damage from an external force and results in the swelling and bursting of the cell due to its inability
to control the passage of ions and water across the plasma membrane7. Importantly, while necrotic
cells release their contents into the extracellular matrix and stimulate an immunological response,
apoptosis is immunologically silent7. The small apoptotic bodies are quickly phagocytosed without
causing damage to surrounding tissues7. Elegant genetic studies performed in C. elegans, an
organism in which the same 131 cells invariantly succumb to cell death during development,
ultimately revealed the genes responsible for executing apoptosis11. These findings led to a
mapping of the molecular components of the apoptotic pathway and demonstrated the remarkable
accuracy and control of the system. Sydney Brenner, H. Robert Horvitz, and John E. Sulston were
awarded the 2002 Nobel Prize in Medicine for these seminal discoveries.
Apoptotic cell death culminates with the activation of caspases, a class of cysteine-proteases
that cleaves thousands of intracellular target proteins, leading to the systematic destruction of the
cell12-14. Caspases are synthesized as zymogens, or inactive pro-caspases, and are only activated
when a cell has committed to undergoing apoptosis. In general, caspases can be classified into two
main categories: initiator caspases and executioner caspases. Initiator caspases are auto-activated
when apoptotic triggers lead to the formation of large scaffolding protein complexes that corral
the enzymes. The initiator caspases then activate executioner caspases, which mediate the terminal
phase of apoptotic death.
The caspase activation cascade promotes rapid propagation of the apoptotic signal and is
initiated by either intra- or extra-cellular signals through two distinct, but related, pathways: the
intrinsic and extrinsic pathways (Figure 1.1). During intrinsic apoptosis, or cell death triggered by
an intracellular signal, caspases are activated upon mitochondrial outer membrane
permeabilization (MOMP)15. Caspases are activated within minutes of this loss in mitochondrial
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Figure 1.1. Intrinsic and extrinsic apoptotic pathways. Apoptosis can be initiated by the intrinsic
or extrinsic apoptotic pathways. During intrinsic apoptosis, cellular stress signals converge at the
mitochondria to induce mitochondrial outer membrane permeabilization (MOMP), causing the
cytoplasmic release of various intermembrane space proteins, such as cytochrome c and
SMAC/DIABLO. Cytochrome c binds APAF-1 to form a large protein complex, the apoptosome,
to activate initiator caspase 9. Activated caspase 9 subsequently triggers the activation of
executioner caspases 3/7, leading to the rapid demise of the cell. SMAC/DIABLO inhibits
cytoplasmic caspase inhibitors such as XIAP. Extrinsic apoptosis is triggered upon ligand-induced
trimerization of death receptors at the plasma membrane. Various scaffold proteins are recruited
to form the death inducing signaling complex (DISC) and activate initiator caspase 8, which in
turn activates caspases 3/7 to trigger apoptosis. Activation of the extrinsic pathway can also trigger
MOMP through caspase 8-mediated cleavage of BID, which integrates the extrinsic and intrinsic
pathways and amplifies the apoptotic response.
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Figure 1.1 (Continued)

5

membrane integrity16. MOMP disrupts the mitochondrial transmembrane potential and allows for
the release of resident intermembrane space proteins into the cytosol15. The cytosolic translocation
of cytochrome c and SMAC/DIABLO represents an essential step of the apoptotic pathway. Once
in the cytosol, cytochrome c engages the scaffold protein, APAF-1, to recruit pro-caspase 9 and
initiate the caspase cascade17,18. SMAC/DIABLO functions to inhibit resident cytosolic caspase
inhibitors, such as XIAP, cIAP1, and cIAP219,20. Examples of stimuli that activate the intracellular
apoptotic cascade include radiation, hypoxia, viral infections, and the absence of growth factors21.
In contrast, extrinsic apoptosis is triggered by extracellular cell death signals, such as TRAIL and
FasL, which engage their cognate surface receptors belonging to the tumor necrosis factor (TNF)
receptor superfamily. Ligand engagement induces trimerization of the death receptors, followed
by the recruitment of scaffold proteins and pro-caspase 8 to form the death-inducing signaling
complex (DISC)22,23. Proximity-induced activation of caspase-8 then triggers activation of the
caspase cascade. Activation of the extrinsic cell death pathway can also lead to MOMP24, due to
caspase-8 cleavage of BID, which is then capable of engaging in the mitochondrial apoptotic
pathway through protein interactions with pro- and anti-apoptotic members of the BCL-2 family
(see below). The recruitment of the mitochondrial pathway by the extrinsic signaling system serves
to amplify the caspase cascade.
Strict regulation of apoptosis is critical to maintaining organism homeostasis. MOMP is one
of the most highly regulated steps in the apoptotic pathway, because once the outer mitochondrial
membrane is no longer intact, rapid caspase activation ensues. The decision to undergo MOMP is
regulated by the BCL-2 family of proteins, whose pro- and anti-apoptotic members regulate cell
fate25.
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BCL-2 Family Proteins and their Regulatory Interactions
BCL-2 family proteins are essential regulators of apoptosis and exert their function directly
upstream of MOMP25. The founding member of the family, B cell lymphoma 2 (BCL-2), was
discovered in 1984 at the t(14;18)(q32;q21) chromosomal breakpoint of human follicular
lymphoma26-28. Initial evidence for its role in cell death stemmed from the observation that
overexpression of BCL-2 in cytokine-dependent cells maintained viability despite cytokine
withdrawal29. BCL-2 expression was also found to prevent apoptosis of T-cells subjected to stress
stimuli, such as glucocorticoids and γ-irradiation30. Conversely, Bcl-2-/- mice manifested the
stigmata of premature cell death, including polycystic kidney disease, graying of hair (from
melanocyte cell death), and increased levels of apoptosis in the spleen and thymus31,32. Taken
together, these data established BCL-2 as a critical regulator of apoptotic cell death.
An entire family of BCL-2 proteins has since emerged, with members classified into three
groups based on the presence of conserved BCL-2 Homology (BH) domains and their functional
role in apoptosis regulation (Figure 1.2)25,33. Multi-domain pro-apoptotic family members such as
BAX and BAK contain BH1, 2, and 3 domains and are referred to as the executioners of cell
death34. When activated, BAX and BAK oligomerize to form pores in the outer mitochondrial
membrane, leading to MOMP and the release of apoptotic factors, such as cytochrome c35-37. The
multi-domain anti-apoptotic class of BCL-2 proteins share BH1-4 domains and inhibit the activity
of BAX/BAK, thereby promoting cell survival1. BCL-2 is a member of this subgroup, as are its
homologs MCL-1, BCL-XL, BCL-w, and BFL-1/A1. An additional layer of regulation is provided
by a third and diverse class of BCL-2 proteins that only retain the BH3 domain, and are thus
dubbed “BH3-only” proteins. This subgroup functions as afferent “antennae” that transmit signals
of cellular injury to the multi-domain members21. BH3-only proteins are triggered by death signals
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Figure 1.2. The BCL-2 family regulates mitochondrial apoptosis. (A) BCL-2 family proteins share
regions of homology, termed BCL-2 homology (BH) domains. Anti-apoptotic and multi-domain
pro-apoptotic proteins contain up to four BH domains, while BH3-only proteins, a diverse
subclass, share homology in the BH3 domain only. The BH1-3 domains of anti-apoptotic members
form an inhibitory surface groove that traps pro-apoptotic BH3 domains. TM, trans-membrane
domain. (B-C) Multidomain pro-apoptotic proteins, BAX and BAK, undergo a series of
conformational changes upon activation, resulting in their oligomerization and poration of the
outer mitochondrial membrane. To block unwanted cell death, anti-apoptotic proteins bind and
sequester the BH3 domain helices of pro-apoptotic members. BH3-only proteins relay death
signals to the multi-domain members and function by either inhibiting the anti-apoptotic proteins
or directly activating multi-domain pro-apoptotic proteins.
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Figure 1.2 (Continued)
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through transcriptional and/or post-translational modifications and can be further classified as
either sensitizers or activators, both of which are ultimately pro-apoptotic1. Sensitizer BH3-only
proteins, such as BAD, block anti-apoptotic proteins, thereby repressing anti-apoptotic inhibition
of BAX and BAK38. Activator BH3-only proteins, such as BIM, BID, and PUMA, are also capable
of directly activating BAX and BAK38. Because anti-apoptotic proteins block apoptosis by binding
and sequestering the BH3 domain helices of pro-apoptotic members, the relative abundance of
BH3-only vs. anti-apoptotic proteins dictates whether BH3-only signaling will induce death or be
neutralized. Thus, the relative ratio of pro- and anti-apoptotic BCL-2 family proteins determines
the susceptibility of a cell to undergo MOMP, and forms the basis for the “rheostat” model of
apoptosis regulation39.
Despite their opposing functions, multi-domain pro-apoptotic and anti-apoptotic members
share a high degree of structural homology and fold into highly-α-helical globular proteins, with
two hydrophobic helices forming a core surrounded by six or seven amphipathic helices38,40. In
fact, their overall fold resembles that of pore-forming bacterial toxins40. A hydrophobic binding
cleft, termed the BH3 pocket, is formed by the confluence of the α-helical BH1, 2, and 3 domains
at the protein surface40,41. Additionally, a C-terminal hydrophobic helix serves as a membrane
anchor, mainly localizing these proteins to the outer mitochondrial membrane21. In contrast, the
BH3-only proteins, with the exception of BID42, are intrinsically disordered43.
BCL-2 family protein function is mediated by homo- and hetero-oligomeric interactions, as
revealed by yeast two-hybrid, in vitro binding, crosslinking, FRET, and co-immunoprecipitation
experiments44-48. Anti-apoptotic proteins interact with their pro-apoptotic partners by sequestering
pro-apoptotic BH3 domains in their hydrophobic surface pockets. This conserved mode of
interaction was first revealed by the NMR structure of a BAK BH3 peptide bound to anti-apoptotic
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BCL-XL (Figure 1.3)49. Complex formation is driven by extensive hydrophobic interactions
between the hydrophobic face of the BH3 helix and the base of the BH3 pocket, as well as by a
series of electrostatic interactions along the perimeter of the groove. This interaction paradigm
forms the basis for anti-apoptotic blockade of activated, BH3-exposed forms of BAX and BAK,
and the mutually inhibitory interactions between anti-apoptotic and BH3-only proteins.
Pro-apoptotic BH3 helices display differential binding propensities for the anti-apoptotic
proteins50. BIM, BID and PUMA are the most promiscuous BH3-only proteins and bind to all antiapoptotic targets. BAD, for example, is more selective, displaying affinity to BCL-2, BCL-XL, and
BCL-w, but not MCL-1 or BFL-1/A1. MCL-1 has been shown to have a higher affinity for the
BAK BH3 helix compared to the BAX BH3 helix, whereas BCL-2 demonstrates the opposite
binding preference51-53. These distinct binding propensities derive from structural differences
among the anti-apoptotic grooves. For example, MCL-1 has a more electropositive BH3 pocket
than its homologs, with positively charged residues, including multiple histidines, flanking both
sides of the groove54. In contrast, the BCL-XL groove is lacking in charged groups. Differences in
helix positioning within the anti-apoptotic groove also contributes to binding hierarchies.
Unlike the static inhibitory interactions formed between pro-apoptotic BH3 domains and
anti-apoptotic proteins, BH3 interactions with BAX and BAK are highly dynamic, posing a
challenge to solving the structures of these complexes by traditional means. A specialized NMR
technique, called paramagnetic relaxation enhancement NMR, combined with the use of
structurally-stabilized BH3 peptides, revealed the location of an N-terminal trigger site on BAX,
resolving a longstanding controversy regarding whether or not BAX contained a bona fide “on
switch”55. Building on this discovery, elegant biochemical studies revealed the series of
conformational changes that BAX undergoes upon engagement by direct activator BH3-only
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Figure 1.3. Canonical BH3-in-groove interaction between a pro-apoptotic BH3 domain and an
anti-apoptotic BH3-binding groove. The NMR solution structure of anti-apoptotic BCL-XLΔC
bound to the pro-apoptotic BAK BH3 domain (PDB ID: 1BXL) illustrated, for the first time, the
canonical inhibitory interaction between an anti-apoptotic and pro-apoptotic protein. Pro-apoptotic
α-helical BH3 domains (purple) engage a surface pocket (green) on anti-apoptotic proteins formed
by their BH1-3 domains.
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proteins56,57. BH3-only protein binding to the N-terminal trigger site on BAX, which is located on
the opposite face of the protein from the canonical BH3 groove55, induces a complex array of BAX
conformational changes, which include exposure of an N-terminal epitope, the BAX BH3 domain,
and the C-terminal membrane-anchoring helix56,58,59. These conformational changes drive BAX
oligomerization within the mitochondrial outer membrane to induce MOMP, although the
structure of the BAX pore remains unknown.

Deregulated Apoptosis in Human Disease
Given the central role of apoptosis in organism development and homeostasis, deregulation of the
pathway contributes to a broad spectrum of human diseases. A shift in the delicate balance between
life- and death- inducing proteins can alter homeostatic cell number, causing diseases of unwanted
cell survival or premature cellular demise60.
Perhaps the best understood manifestation of deregulated apoptosis is cancer. Indeed, BCL2 was discovered at the chromosomal breakpoint of follicular B-cell lymphoma, in which
juxtaposition of the immunoglobulin locus with the BCL-2 gene results in pathologic BCL-2
overexpression26,61-64. Whereas unchecked cell proliferation was previously believed to be the
chief mechanistic basis for oncogenesis, the discovery of BCL-2 led to a paradigm shift; loss of
the cell’s ability to die was also a hallmark of cancer65,66. By maintaining cell survival at all costs,
malignant cells can withstand transformation-induced cellular stresses and therapeutic
interventions. Indeed, cancer cells deploy diverse mechanisms to maintain high levels of individual
or subsets of BCL-2 family anti-apoptotic proteins, whether by chromosomal rearrangements, loci
amplifications, or downregulation of inhibitory miRNAs67. For example, BCL-2 overexpression
has been identified in a variety of neoplasms including lymphoid68, lung69, prostate70,71, and
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bladder72 cancers. BCL-2 translocations occur in 90% of follicular lymphomas and in 20% of de
novo diffuse large B cell lymphomas73. Additionally, MYC-induced transformation of lymphoid
cells is enhanced by BCL-2 overexpression62,74,75. Eighty-five percent of mice with induced
overexpression of MCL-1 develop B-cell lymphoma76. Moreover, MCL-1 was recently found to
be one of the top ten most overexpressed proteins across all human cancers77. In addition to
upregulating anti-apoptotic proteins, cancer cells can block the cell death pathway by mutating or
deleting pro-apoptotic members, as has been documented for BAX and BIM in select cancers78,79.
Mutations in BAX are found in ~50% of colorectal and gastric cancers,80,81 whereas loss of
heterozygosity for BIM has been reported in mantle cell lymphoma79,82.
In addition to the relationship between unregulated cell survival and oncogenesis, immune
deregulation and autoimmune and inflammatory diseases have also been linked to the BCL-2
family. Apoptosis is critical in ensuring the removal of auto-reactive lymphocytes during
development, with disruption of these regulatory mechanisms leading to expansion of autoreactive cells and autoimmune phenomena. The pro-apoptotic protein BIM, in particular, has been
implicated in this process, based on studies of Bim-/- mice that manifest accumulation of selfreactive lymphocytes, development of auto-antibodies, and progression to a systemic lupus
erythematosus-like disease state83,84. Similarly, unregulated survival of neutrophils can lead to
heightened inflammation. MCL-1 expression is exquisitely regulated in neutrophils in order to
orchestrate their immunologic response85,86. Upon recruitment to a site of infection, neutrophils
upregulate MCL-1 to prolong their life span86,87. However, once the infection has been cleared,
neutrophils downregulate MCL-1 to induce apoptosis, which allows for the resolution of the
inflammatory process88,89. Failure to downregulate MCL-1 leads to a prolonged inflammatory
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state. For example, MCL-1 overexpression has been detected in neutrophils isolated from patients
with Crohn’s disease90 and rheumatoid arthritis91.
Pathologic cell death is also detrimental to organismal homeostasis and well-being. Increased
BAX activation, for example, has been reported in mice and patients suffering from Parkinson’s
disease92-94, a disorder characterized by the progressive loss of dopaminergic neurons due to
unrepressed apoptosis. In addition, decreased BCL-2 levels have been found in murine models of
Huntington’s disease95,96. Pervasive apoptosis has also been implicated in the loss of terminally
differentiated cardiomyocytes, leading to cardiac failure. Cardiac ischemia/reperfusion injuries
can cause both necrotic and apoptotic cell death; however, overexpression of BCL-2 or deletion
of BAX or PUMA can reduce the extent of induced cell death, confirming apoptosis as a key
mediator of the observed tissue damage97-100. Finally, apoptosis has been implicated in the
hyperglycemia-induced death of pancreatic β-cells in type II diabetes. Cultured human islets have
decreased BCL-XL levels and increased BID expression after prolonged exposure to elevated
glucose levels101.

BCL-2 Family Structural Paradigms: Blueprints for Drug Development
Once deregulated BCL-2 family interactions were linked to human disease, solving their structures
and developing targeted therapies to modulate the mitochondrial apoptosis pathway became high
priority goals. The structure of the BAK BH3 helix in complex with anti-apoptotic BCL-XL49
provided the first blueprint for therapeutic targeting of BCL-2 family anti-apoptotic proteins, an
“inhibit the inhibitors” pharmacologic strategy. The ability to inhibit anti-apoptotic proteins, which
are routinely overexpressed by cancer cells, could potentially tip the balance toward cell death. To
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this end, the advancement of a new class of therapeutics, termed BH3 mimetics, became a major
focus of academic and pharma investigators alike.
The development of ABT-737 by Fesik and colleagues at Abbott Laboratories, represented
the first small molecule to effectively mimic a BH3 helix for the purpose of anti-apoptotic
targeting. Discovered by a structure-activity relationship (SAR)-by-NMR approach, in which
molecular fragments identified by NMR screening are then linked together to achieve higher
affinity leads, ABT-737 effectively phenocopied the binding spectrum and inhibitory function of
the BAD BH3 helix, engaging BCL-2, BCL-XL, and BCL-w102 (Figure 1.4A). ABT-737 displayed
potent single-agent pro-apoptotic activity across a wide range of hematologic and solid
malignancies, both in vitro and in vivo. The orally bioavailable analog, ABT-263 (navitoclax), was
subsequently tested in clinical trials. Because BCL-XL turned out to be critical for platelet survival,
patients treated with ABT-263 suffered from dose-limiting thrombocytopenia103 and the trials were
discontinued.
To circumvent this unwanted toxicity, Abbott Laboratories drew upon the insights from the
ABT-263/BCL-2 crystal structure and developed ABT-199 (venetoclax), a BCL-2-specific
compound. ABT-199 displayed sub-nanomolar affinity towards BCL-2, disrupted native BCL2/BIM complexes, and exhibited pro-apoptotic activity in a series of cancers, as demonstrated by
in vitro and in vivo testing104,105. Patients treated with venetoclax have experienced only mild
symptoms with no evidence of thrombocytopenia or organ dysfunction, allowing for dose
escalation and a larger therapeutic window compared to navitoclax104. Tumor lysis syndrome was
observed in some patients, owing to drug efficacy, although careful dose-escalation regimens have
dramatically reduced this risk. Venetoclax was approved by the U.S. Food and Drug
Administration (FDA) in April 2016 for the treatment of refractory 17p-deleted chronic
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Figure 1.4. Small molecule inhibitors of the anti-apoptotic BH3 binding pocket. (A) Structures of
BCL-XLΔC bound to a BAD BH3 peptide (PDB ID: 1G5J) (left) and BCL-XLΔC bound to ABT737 (PDB ID: 2YXJ) (right). ABT-737 was modeled after the BAD BH3 helix when bound to
BCL-XL, BCL-2, and BCL-w, and represents the first example of a validated small molecule BH3
mimetic. (B) Crystal structure of MCL-1ΔNΔC bound to its small molecule inhibitor, S63845
(PDB ID: 5LOF).
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lymphocytic leukemia, making it the first clinically-approved small molecule to directly target an
intra-cellular BCL-2 family protein interaction.
Despite the pre-clinical and clinical successes of ABT-737 and ABT-199, overexpression of
MCL-1 and BFL-1/A1 frequently renders cancer cells resistant to drug activity106-112. Although an
MCL-1 inhibitor has yet to advance to clinical testing, robust drug discovery efforts have been
long underway. Obatoclax, a proposed pan inhibitor of anti-apoptotic targets, was shown to
overcome ABT-737 resistance in cells expressing high levels of MCL-1, and proceeded to Phase
I clinical trials113,114. However, the mechanism of action of obatoclax is debated and only limited
clinical activity was reported in Phase II trials115. A variety of more selective MCL-1 inhibitors
have since been developed, including MCL-1 Inhibitor Molecule 1 (MIM1) and more recently,
S63845 (Figure 1.4B). MIM1 was identified by a competitive binding screen and effectively
blocked MCL-1’s anti-apoptotic activity in vitro and triggered apoptotic cell death in an
experimental model of MCL-1-dependent leukemia116. Using methods similar to the Fesik SARby-NMR approach, Servier Therapeutics recently reported the development of a selective MCL-1
inhibitor, called S63845117. S63845 displays potent MCL-1-specific effects in a broad range of
cancer cells, achieving anti-tumor activity as a single agent in vitro and in vivo.
An alternative approach to triggering the cell death pathway involves direct activation of proapoptotic members, such as BAX and BAK. The discovery of an N-terminal trigger site on BAX
provided a blueprint for the development of direct and selective BAX-activating small molecules.
Given the challenges in generating recombinant BAX in sufficient quantity and stability for direct
screening, an in silico approach was used to identify BAX Activating Molecules (BAMs)118.
BAM7, in particular, was shown to engage the BAX trigger site, induce BAX-mediated pore
formation, and cause BAX-dependent apoptosis in cells.
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MCL-1: A Uniquely Potent and Pervasive Anti-Apoptotic Protein
MCL-1 is a Unique Anti-Apoptotic Protein
Myeloid cell leukemia 1 (MCL-1) was first identified in 1993 in a screen for genes up-regulated
upon 12-O-tetradecanoylphorbol 13-acetate (TPA)-induced differentiation of a human myeloid
leukemia cell line119. MCL-1 expression was found to delay MYC-induced apoptosis in Chinese
hamster ovary (CHO) cells and prevent induction of hematopoietic cell apoptosis by cytotoxic
agents120,121. MCL-1 is broadly expressed in normal tissues, including epithelial, neuroendocrine,
and hematopoietic cells122,123. MCL-1 localizes to the outer mitochondrial membrane where it
binds and sequesters the BH3 domains of pro-apoptotic members via its canonical surface
groove122.
Despite sharing structural and functional homology, MCL-1 is one of the more distinct
members of its anti-apoptotic subclass of BCL-2 family proteins. For example, the N-terminal half
of MCL-1 is notably distinct, unstructured, and functionally uncharacterized124. This region is
responsible for the 10 kDa difference in size between MCL-1 and its homologs, and contains PEST
domains and Arg:Arg motifs thought to be important for regulating its degradation125. In addition,
MCL-1 does not possess a BH4 domain, which is otherwise found in anti-apoptotic proteins125.
MCL-1 is extensively regulated by a variety of mechanisms, making it the most dynamically
controlled anti-apoptotic protein. MCL-1 mRNA expression is induced by various cytokines and
growth factors, including IL-3126, IL-5127, IL-6128, GM-CSF129, EGF130, and VEGF131. The MCL1 promoter contains an array of putative and confirmed transcription factor binding sites, including
STAT response elements, cAMP response elements, and NF-κB binding sites132. The key cell
cycle regulator, E2F1, directly represses the MCL-1 promoter133. MCL-1 expression is also
regulated post-transcriptionally by alternative splicing, which produces two isoforms, MCL-1S
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and MCL-1ES. Both isoforms are believed to function as pro-apoptotic proteins through inhibitory
interaction with full-length MCL-1134,135. MCL-1 mRNA levels are also closely controlled by the
microRNA, mir-29b136. Protein levels are dictated by post-translational modifications - discrete
phosphorylation sites affect protein stability137, whereas proteolytic cleavage of full-length MCL1 produces two additional isoforms138. Perhaps the most striking regulatory difference that sets
MCL-1 apart from its homologs is its rapid turnover and short half-life. Three E3 ubiquitin ligases
target MCL-1 for proteosomal degradation: β-TrCP, FBW7, and the BH3-containing protein,
MULE139-141. The deubiquitnase USP9X opposes the action of these ubiquitin ligases, and thereby
drives MCL-1 stability142. Together, these two classes of proteins determine MCL-1’s short halflife of 1-5 hours87.
Mcl-1 gene ablation studies have revealed unique and unexpected phenotypes. For example,
knockout of Mcl-1 in mice causes embryonic lethality at stage E4.0 due to the inability of the
developing blastocyst to implant in the uterine wall143. Conditional deletion of Mcl-1 in B- and Tcells triggers their rapid loss and immune deregulation144, whereas deletion in hematopoietic stem
cells causes apoptosis and a profound, fatal anemia145. Conditional Mcl-1 deletion in mature
cardiomyocytes leads to loss of contractility, death of myofibrils, and a rapidly-fatal dilated
cardiomyopathy146. Recently, Opferman and colleagues reported that deletion of a novel
mitochondrial matrix isoform of MCL-1 disrupted homeostatic mitochondrial morphology,
mitochondrial fusion, and ATP production138. Additional studies have highlighted MCL-1’s
critical role in the survival of neutrophils85 and neurons147. Interestingly, other anti-apoptotic
proteins are expressed in many of the aforementioned organ systems, yet they are unable to
compensate for the loss of MCL-1148.
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Deregulated MCL-1 Expression in Human Cancer
The first example of MCL-1 contributing to tumor development was described in 2001 by Craig
and colleagues, who discovered that 85% of mice expressing an Mcl-1 transgene within
hematopoietic and lymphoid tissues developed lymphoma76. The majority of lymphomas were of
the diffuse large B cell subtype, and two-thirds of the cases were widely metastatic. Pathologic
MCL-1 overexpression has since been associated with a broad array of human tumors. In fact,
copy number analysis performed on over three thousand cancer specimens, representing more than
26 histological types, identified MCL-1 as one of the top ten most commonly amplified genes
across human cancers, along with other notorious oncogenes such as KRAS, MYC, MDM2, and
ERBB277. Targeted downregulation of MCL-1 in MCL-1-amplified cancer lines resulted in
decreased cell survival and tumor growth, directly linking MCL-1 overexpression to pathologic
cell survival.
The role of MCL-1 in the development, maintenance, and chemoresistance of human cancers
has been thoroughly documented for hematologic malignancies. MCL-1 upregulation is essential
to the growth of acute myeloid leukemia (AML)149, chronic myelogenous leukemia (CML)150,
chronic lymphocytic leukemia (CLL)151, MYC- and BCR-ABL-driven B-cell lymphomas and
leukemias152,153, T-cell lymphomas154,155, multiple myeloma156,157, and mantle cell lymphoma158.
Multiple myeloma (MM) is believed to be especially dependent on MCL-1 due to its critical role
in B-cell terminal differentiation within germinal centers123. The malignant B-cells of MM are
long-lived plasma cells that manifest low rates of proliferation but markedly prolonged cell
survival. MCL-1 overexpression has been identified in nearly all MM cell lines and clinical
isolates159, and specific knockdown of MCL-1, but not BCL-2 or BCL-XL, induced caspase-3
activation and MM cell apoptosis160. MM cells employ environmental cues to maintain high MCL-
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1 expression. For example, tumor cell adherence to bone marrow stromal cells stimulates the
release of IL-6, which binds to its receptor on the surface of MM cells causing activation of the
JAK2/STAT3 pathway and directly upregulating transcription at the MCL-1 promoter128. MCL-1
is also highly expressed in one-third of CLL cases, where its expression correlates with failure to
achieve complete remission after single agent chemotherapy and predicts aggressive disease151.
Specific knockdown of MCL-1 is detrimental to CLL cells even when they express BCL-2161,
highlighting the unique addiction of cancer cells to this potent oncogene.
MCL-1 also drives oncogenesis in solid malignancies, including breast cancer162, non-small
cell lung carcinoma163, pancreatic adenocarcinoma164, hepatocellular carcinoma165, melanoma166,
ovarian cancer167, prostate cancer167, and renal neoplasms167. In human breast cancers, for
example, 80% of MYC-amplified triple negative tumors harbor MCL-1 gene amplifications168. A
study performed on all breast cancer cell lines curated by the Cancer Cell Line Encyclopedia
demonstrated that 27% of samples upregulate MCL-1, while BCL-2 was only aberrantly expressed
in 3% of tumors (Atlas TCG 2014). Moreover, MCL-1 expression correlates with high tumor grade
and a dramatic decrease in patient survival regardless of breast cancer subtype162.
In addition to driving cell survival during oncogenesis, MCL-1 is a key factor in conferring
resistance to conventional chemotherapy. Elevated MCL-1 levels correlate with chemoresistance
in leukemia cells and with failure to achieve complete remission after single agent fludarabine or
chlorambucil treatment151. High levels of MCL-1 protein have also been reported to block cell
death in response to bortezomib, rituximab, etoposide, doxorubicin, and navitoclax treatment113,169171

. MCL-1 expression also underlies relapsed disease after initial treatment, suggesting that

cancer cells can induce its upregulation to neutralize the apoptotic stimuli of cytotoxic agents. A
study of 19 paired bone marrow samples of untreated and relapsed specimens from AML and acute
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lymphoblastic leukemia (ALL) patients demonstrated a more than 2-fold increase in MCL-1 levels
in over 50% of cases during progression to chemo-refractory disease172. MCL-1 amplifications are
also observed in 54% of triple negative breast cancers after treatment with neoadjuvant
chemotherapy168. Downregulation of MCL-1 in these resistant cells can promptly reactive
apoptosis, implicating MCL-1 as a high priority target for developmental cancer therapeutics.
BH3-mimetic MCL-1 inhibitors, as well as compounds that repress the transcriptional pathways
linked to upregulation of MCL-1, have shown preclinical activity in a variety of
malignancies116,117,173.

Probing Protein-Protein Interactions of the BCL-2 Family with Stapled Peptides
Hydrocarbon Stapling Chemistry
Proteins participate in highly organized interaction networks to regulate and propagate signal
transduction throughout the cell. Such protein-protein interactions (PPIs) have been the subject of
intensive scientific inquiry since the discovery of trypsin/antitrypsin regulatory interactions in
1906174. The human protein interactome is estimated to involve 650,000 distinct pairwise
interactions175,176. A majority of these PPIs are mediated by the recognition of secondary structure
elements located at the interface of protein interaction pairs. Thus, the disruption or mimicry of
PPIs by molecular probes can provide new insights into their biological functions and serve as
prototype therapeutics for diseases driven by deregulated PPIs.
The ‘chemical era’ of the 20th century led to the development of many successful small
molecule drugs177, but few have been effective at targeting PPIs. Small molecules tend to be less
than 1000 Da in size, are economical to produce, highly cell-permeable, and even orally
bioavailable177, making them the favored choice for therapeutic targeting. However, due to their
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small size, small molecules have a limited binding surface and can be non-selective, causing
patients to suffer side-effects from off-target interactions177. PPIs in particular are a challenge for
small molecule development due to the shallow and expansive terrain that defines the protein
interaction surface. For example, a competitive PPI inhibitor typically requires that the agent make
surface area contacts spanning 800 – 1100 Å2 178.
The advent of recombinant protein production and modern molecular biology techniques in
the latter half of the 20th century catalyzed the development of biologics as therapeutic agents177,179.
Biologics are macromolecules greater than 5000 Da in size, and include peptides, proteins and
antibodies, which have the potential to be exquisitely selective due to their large interaction
surfaces177,179. Examples of successful biologics currently used in the clinic include human
insulin180, a CD20 antibody (rituximab)181, and recombinant erythropoietin182. Unfortunately,
biologics tend to have poor metabolic stability and are not orally bioavailable, requiring injection
or intranasal administration179. What’s more, they are typically cell impermeable, limiting their
application to extracellular targets179.
The gap in PPI targeting capacity of small molecules and biologics has inspired alternative
approaches to addressing intracellular PPIs, some of which have been deemed “undruggable”. The
peptide α-helix is the most abundant secondary structural motif176,183 and participates in the
binding interface of more than half of known PPIs183-185. Thus, the development of synthetic αhelical peptides has become an attractive alternative in that the evolutionarily honed selectivity of
natural peptides could potentially be harnessed to impart highly selective targeting capability.
Indeed, synthetic peptides maintain the specificity, potency, and safety profile of larger protein
biologics, but are typically cheaper to manufacture and can be readily modified and iterated to
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explore structure-activity relationships177. More than 100 peptide-based drugs have reached the
market177, with six approved in 2012186.
Despite this success, peptide therapeutics have a variety of drawbacks. When taken out of
the context of the full-length protein, synthetic peptides can lose their shape, expose their amide
backbone to proteases, and undergo rapid proteolytic digestion179. The flexible conformations
adopted in solution make it difficult for peptides to penetrate cell membranes because the exposed
amide bonds are solvated in water, impeding diffusion through a hydrophobic medium187. Finally,
the loss of native conformation can debilitate target interaction due to the entropic penalties
associated with the conformational restriction required for binding179,188. Chemical strategies to
lock the α-helical conformation of synthetic peptides in place have thus become an active area of
investigation. Artificially linking non-consecutive amino acids to constrain peptide structure has
proven successful in increasing the pharmacokinetic and pharmacodynamic properties of synthetic
peptides179. Initial chemical approaches to successfully stabilize α-helical structure employed
lactam bridges189 and disulfide bonds190, but the polar crosslinks blocked cellular uptake and were
themselves highly labile to hydrolysis and reduction, respectively. Grubbs and Blackwell
pioneered an all-carbon ring-closing metathesis reaction that covalently crosslinked two O-allyl
serine residues on adjacent turns of an α-helix191. The development of the ruthenium catalyst
employed in this reaction resulted in Grubbs being awarded the 2005 Nobel Prize in Chemistry.
Although the resulting covalent crosslink was no longer labile, the Grubbs approach did not
increase peptide α-helicity191,192. Verdine and colleagues adapted the Grubbs strategy by
performing olefin metathesis on α,α-disubstituted amino acids containing alkyl tethers192, taking
advantage of the known helix-inducing properties of α,α-disubstituted amino acids, such as 2aminoisobutyric acid (AIB). By altering the placement, length, and stereochemistry of the installed
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non-natural residues, the ideal combination to enhance peptide α-helicity and stability was
determined. Specifically, the α,α-disubstitution at the i, i+4 or i, i+7 locations, spanning one or
two turns of the peptide helix respectively, optimally restored the natural α-helical shape. This
technology was later dubbed ‘peptide stapling’193.
Stapled peptides are synthesized on resin and incorporate two S-pentenyl alanine (denotes 5carbon side chain with S stereochemistry) non-natural amino acids to create an i, i+4 staple194. R
or S octenyl-alanine paired with an S or R pentenyl alanine, respectively, such that the
stereochemistry is opposite, are used when installing an i, i+7 staple194. Peptides are then subjected
to a ruthenium-catalyzed ring closing metathesis reaction followed by derivatization of the Nterminus to include an acetyl cap, biotin, FITC, or other moiety194 (Figure 1.5). Stapled peptides
show significantly enhanced α-helical character by circular dichroism (double minima at 208 and
222 nm) when compared to native unmodified peptide sequences, which, when unfolded, display
a random coil contour (single minimum at 195 nm)193,195-197.
The increased α-helical character of stapled peptides imparts greater protease resistance
because the amide bonds are buried in the core of the helix where they participate in a hydrogenbond network with neighboring residues. Amide bonds must adopt an extended conformation to
be ideal substrates for proteolytic enzymes. Thus, reinforcing peptide α-helicity by allhydrocarbon stapling provided the critical pharmacologic “bonus” of protease resistance. The
relative stabilities of peptides can be measured by in vitro trypsin and chymotrypsin degradation
assays as well as ex vivo and in vivo serum stability assays, all of which demonstrated the increased
resistance of stapled peptides toward degradation when compared to their unmodified
analogs192,193,198. Incorporation of two staples into lengthy peptide sequences can maximize
protease stability by enforcing α-helical structure over longer distances199.
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Figure 1.5. All-hydrocarbon peptide stapling restores α-helicity to synthetic peptides. Stapled
peptides are generated through incorporation of two α,α-disubstituted non-natural amino acids
bearing olefinic side chains, followed by ruthenium-catalyzed ring-closing metathesis. Compared
to unmodified peptides, stapled peptides can display enhanced α-helicity, protease-resistance, and
cell permeability.
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A major hurdle in the development of peptide therapeutics is their limited cell permeability
due to charged amino acid side-chains and polar backbones. When appropriately designed, stapled
peptides with reinforced α-helical structure can penetrate the cell membrane, as demonstrated by
FACS analysis and confocal microscopy of live cells treated with FITC-labeled peptides193,194.
Stapled peptides enter cells by fluid-phase micropinocytosis, with uptake found to be time-,
temperature-, and ATP-dependent193. Immuno-electron microscopy studies revealed that stapled
peptides reach their intracellular targets without disrupting the plasma membrane200. Factors that
influence the cellular uptake potential of stapled peptides include α-helicity, hydrophobicity,
overall charge, peptide sequence, and staple composition and location197,201-203. Walenksy and
colleagues recently utilized an unbiased statistical approach to determine the biophysical
characteristics that drive cellular penetrance and established principles to guide the design of
stapled peptides for optimal cell uptake, revealing hydrophobicity and α-helicity as key drivers204.

Generation of Stapled Peptides to Dissect BCL-2 Family Signaling Pathways
BCL-2 family proteins regulate apoptosis through protein interactions mediated by α-helical
domains. Thus, stapled peptide technology has been applied to mechanistically explore the
structure and function of these critical protein interactions. The first example of a stapled peptide
designed based on the BH3 domain of a BCL-2 family protein was published in 2004, when
Walensky bridged the stapled peptide expertise of Verdine with that of world-renowned apoptosis
researcher, Stan Korsmeyer. In this initial study, a Stabilized Alpha-Helix of BCL-2 domain
(SAHB) designed based on the sequence of the BID BH3 domain demonstrated the ability of
stapled peptides to model physiologic interactions193. Two-dimensional
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N-1H heteronuclear

single-quantum correlation (HSQC) spectra of 15N-labeled BCL-XL performed in the presence and

28

absence of BID SAHB demonstrated chemical shift changes indicative of a discrete binding
interaction at the canonical BCL-XL surface groove. Fluorescence polarization (FP) assays further
confirmed the binding interaction, and revealed a 7-fold increase in affinity of BID SAHB
compared to the unmodified BID BH3 peptide. BID SAHB was then shown to dose-responsively
trigger cytochrome c release from murine mitochondria, induce apoptosis in a panel of leukemia
cells, and suppress leukemic growth in vivo, confirming the ability of a stapled peptide to
functionally recapitulate native PPIs.
After this initial study, BID stapled peptides were dispatched to confront the controversy
surrounding the existence of activator BH3-only proteins205. BID SAHB was shown to engage
recombinant BAX protein by FP assays and endogenous BAX through pull-downs of SAHBtreated cells. This was the first time a direct interaction between BAX and a BH3 domain was
quantitatively measured. BID SAHB was also able to trigger BAX-mediated poration of murine
mitochondria and cause release of cytochrome c. To interrogate whether BID SAHB could activate
BAX in the absence of other mitochondrial factors, BAX and BID SAHB were incubated with
model-membrane liposomes with encapsulated fluorophore. Although BAX or BID SAHB alone
were unable to porate the membrane, the combination resulted in robust release of the fluorophore,
indicative of a ligand-triggered, BAX-mediated poration event. Stapled peptide technology made
it possible to probe the BID/BAX interaction, which had previously been challenging to study due
to its transient nature.
Since these initial discoveries, Walensky and colleagues have pioneered the application of
hydrocarbon stapling to dissect and pharmacologically modulate BCL-2 family protein
interactions. In two seminal publications, BIM SAHB was used to identify a long-elusive trigger
site on BAX and define the step-by-step conformational changes that occur upon BAX
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activation55,56. The development of a PUMA SAHB revealed PUMA’s ability to engage with and
directly activate BAX through its BH3 domain206, confirming that BID, BIM, and PUMA are
uniquely capable among the BH3-only proteins of directly activating BAX. Stapled peptide
technology has also been instrumental in defining the distinct activation mechanism of
mitochondrial BAK207, and in uncovering a role of the anti-apoptotic BH4 domain in directly
inhibiting BAX at a novel interaction site208.
Stapled peptides have been functionalized to act as covalent capture moieties in order to
identify BH3-binding partners and their explicit sites of interaction. A benzophenone-containing
non-natural amino acid is placed within the peptide sequence, transforming the peptide into a
photo-crosslinkable reagent (pSAHB)209. When incubated with their protein targets under UV
light, pSAHBs covalently attach to protein residues proximal to the benzophenone at the
interacting surface. Using peptide mass spectrometry, the modified residues on the protein are
identified and then mapped onto the structure to localize the binding interface. This technique has
proven indispensable in locating the binding sites of BID SAHB on BAK207, PUMA SAHB on
BAX206, BCL-2 BH4 SAHB on BAX208, and phospho-BAD SAHB on glucokinase210.

Stapled Peptides as Prototype Therapeutics for Targeting PPIs
The utility of stapled peptides in discovering protein targets and novel sites of interaction
suggested that they could likewise serve as prototype therapeutics for modulating PPIs. For
example, Walensky and colleagues showcased the therapeutic potential of BID SAHB in their
original study of stapled BH3 peptides193. Immunodeficient mice bearing human leukemia
xenografts were treated intravenously with either vehicle, BID SAHB, or a BID SAHB mutant
shown to abrogate anti-apoptotic interaction. BID SAHB-treated mice displayed a reduction in
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leukemic burden and decreased leukemic infiltrates of the spleen and liver. The median time to
death of BID SAHB-treated mice was significantly increased compared to control cohorts and,
importantly, histologic examination of BID SAHB-treated animals showed no peptide toxicity. A
BIM stapled peptide has also shown therapeutic promise in cancer models196. BIM SAHB
treatment of a panel of normal and malignant hematologic cells showed caspase 3/7-dependent
apoptotic cell death only in the cancer cells, suggesting the potential for a therapeutic window.
BIM SAHB treatments of an AML xenograft model resulted in decreased tumor burden, with no
evidence of weight loss or cytopenias in treated mice.
Stapled peptides have also been applied in small molecule drug discovery. Walensky and
colleagues employed a potent and selective SAHB in a competitive small molecule screen in an
effort to identify correspondingly potent and selective small molecule inhibitors of MCL-1. MCL1 Inhibiting Molecule 1 (MIM1) was identified as a compound capable of dissociating the MCL1/BAK interaction and inducing apoptosis in MCL-1-dependent murine leukemia cells116. The
screen also identified a class of covalent compounds that allosterically disrupted BH3 interaction
at the canonical MCL-1 groove. MCL-1 structural modulation via molecular engagement at this
novel allosteric site (C286) disrupted the MCL-1/BAX interaction. MCL-1 C286W mutagenic
mimicry lowered the apoptotic threshold of cells in response to a series of stress stimuli211.
Most recently, stapled peptide technology has been applied to generate selective covalent
peptide inhibitors of BFL-1/A1, an established oncogenic driver of melanoma, lymphoma, and
leukemia167,212-215. A non-conserved cysteine in the BH3 binding pocket of BFL-1/A1 was
exploited for specific targeting by an acrylamide-bearing BIM SAHB peptide216. Treatment of
BFL-1/A1-driven melanoma cells with the cysteine-reactive BIM SAHB triggered more rapid and
robust apoptotic cell death compared to treatment with the corresponding non-covalent analog.
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The development of stapled peptides for dissecting and targeting pathologic protein
interactions has greatly expanded, and the technology has been applied to diverse targets spanning
multiple disease areas. A stapled peptide designed based on the α-helical p53 transactivation
domain blocked the interaction between p53 and its negative regulators, HDM2 and HMDX, which
are commonly overexpressed in cancer cells that retain wild-type p53198 (Figure 1.6A). Treatment
with the prototype compound, SAH-p53-8, was effective at targeting both HDM2 and HDMX, derepressing p53, and reactivating the p53 transcriptional pathway in vitro and in vivo, suppressing
tumor growth of a mouse xenograft model of choriocarcinoma198,217.
Stapled peptides have now been developed to (1) disrupt the EZH2-EED complex and
thereby reactivate the expression of tumor suppressor genes silenced by the PRC2 complex,
causing growth arrest of leukemia cells218, (2) mimic the SOS1 protein and inhibit KRAS, blocking
nucleotide association and causing cytotoxicity to cancer cells219, and (3) block the association of
β-catenin and its co-activator, BCL-9, suppressing transcription of WNT and tumor growth and
metastasis in xenograft mouse models220,221 (Figure 1.6B). Peptide stapling has also been applied
to develop anti-viral agents. A stapled peptide based on the immunogenic region of the HIV GP41
protein bound effectively to broadly neutralizing anti-HIV antibodies and holds promise for use as
a structured immunogen for HIV vaccine development222 (Figure 1.6C). In another study, Bird et
al. synthesized a stapled peptide based on the α-helical fusion domain of an RSV protein that
normally self-associates to form a six-helix bundle, a required step for viral penetration of the host
cell223. The stapled peptide acted as a dominant negative subunit of the six-helix bundle, blocking
its formation and inhibiting RSV infectivity in clinical isolates and murine models of RSV
infection. Recent efforts have also focused on the development of phospho-BAD SAHBs as a
therapeutic strategy for diabetes based on their capacity to activate glucokinase (GK) and restore
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Figure 1.6. Structures of stapled peptide complexes with their protein targets. (A) A p53 stapled
peptide bearing an i, i+7 staple bound to MDM2 (PDB ID: 3V3B). (B) An axin stapled peptide
bearing an i, i+4 staple bound to β-catenin (PDB ID: 4DJS). (C) An HIV-1 GP41 MPER stapled
peptide bearing an i, i+4 staple bound to 10E8 Fab (PDB ID: 4U6G). (D) An MCL-1 BH3 stapled
peptide bearing an i, i+4 staple bound to MCL-1ΔNΔC (PDB ID: 3MK8). Proteins are shown in
gray, stapled peptides in teal, and the non-natural amino acids that comprise the staple in purple.
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insulin secretion in BAD-deficient islets. Phospho-BAD SAHB increases the catalytic rate of GK
and augments glucose-stimulated insulin secretion in human islets, biological activities that could
be beneficial in treating type II diabetes210. In addition, such phospho-BAD mimetics enhance
engraftment, viability, and insulin secretion of donor islets, making them attractive adjuvants for
β-cell replacement in type I diabetes224.
The therapeutic potential of stapled peptides led to the founding of Aileron Therapeutics in
2005, a company focused on the clinical translation of stapled peptide technologies. In May 2013,
Aileron concluded the first-in-human stapled peptide Phase I clinical trial of a GHRH agonist used
to treat orphan endocrine disorders (NCT01775358). This stapled peptide drug candidate
demonstrated a favorable pharmacokinetic profile with no serious adverse effects197. Phase I and
II clinical trials (NCT02264613) are currently underway for ALRN-6924, a stapled p53 dual
inhibitor of HDM2/HDMX, inspired by the foundational work of Bernal et al198,217. Since their
development more than 15 years ago, stapled peptides have proven to be effective tools for
mechanistic dissection of biological pathways and pharmacologic modulation of PPIs. The
ongoing clinical trials are the first to evaluate the capacity of stapled peptides to disrupt
intracellular PPIs in human cancer, and highlight their potential as a new drug modality for
targeting previously undruggable protein interactions in human disease.

Role of Stapled MCL-1 BH3 Helices in Driving New Insights into MCL-1 Biology
Each BH3-only protein has a unique set of anti-apoptotic binding partners. Whereas BID, BIM,
and PUMA are promiscuous binders and engage all anti-apoptotic BH3 surface grooves and
directly activate BAX/BAK, others display a restricted binding pattern. For example, BAD only
binds to BCL-2, BCL-XL, and BCL-w, whereas NOXA targets MCL-1 and BFL-1/A150.
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Dissecting the molecular basis for the binding specificities of the BH3-only proteins would allow
for the generation of tailored reagents to probe functional differences among anti-apoptotic
proteins. Given the critical role of MCL-1 in oncogeneis and the inability of the BCL-2-targeted
Abbot drugs to bind MCL-1, Walensky and colleagues sought to uncover the binding and
specificity determinants for targeting MCL-1. Based on the premise that nature may already have
generated a BH3 domain with exclusive MCL-1 binding activity, Walensky and colleagues
conducted an anti-apoptotic protein binding screen of all natural BH3 sequences, generated as
stapled peptides195. Ironically, the MCL-1 BH3 domain, previously known only for its structural
contribution to the canonical BH3-binding groove, was itself the most potent and exclusive ligand
for MCL-1 interaction to emerge from the screen. By performing alanine mutagenesis and staple
‘scans’ of MCL-1 SAHB, in addition to solving the crystal structure of the MCL-1 SAHB/MCL1 complex (Figure 1.6D), the critical BH3 residues that confer MCL-1 binding specificity were
identified195. MCL-1 SAHB was shown to target MCL-1 in situ, disrupt the inhibitory MCL1/BAK interaction, and sensitize Jurkat T-cell leukemia and OPM2 myeloma cells to caspase3/7dependent apoptosis. Thus, MCL-1 SAHB could effectively target anti-apoptotic MCL-1, making
it an effective reagent to gain mechanistic insights into MCL-1 biology and to treat MCL-1dependent cancers. These data also suggested that, in addition to serving as a structural component
of the MCL-1 groove, the MCL-1 BH3 helix, if exposed, could itself mediate protein interaction.
Indeed, this was the first example of an anti-apoptotic BH3 helix serving as a ligand and prompted
the intriguing question: could MCL-1 engage and regulate non-canonical targets through
interaction with its BH3 helix?
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CHAPTER 2

Stapled Peptide-Based Affinity Capture Identifies VLCAD as a
Novel MCL-1 Interacting Protein

ABSTRACT
BCL-2 family proteins regulate mitochondrial apoptosis through protein interactions mediated by
their conserved BCL-2 homology (BH) domains. MCL-1 is a potent BCL-2 family anti-apoptotic
protein that binds to and inhibits pro-apoptotic members, thereby driving cellular immortality.
Previously, Walensky and colleagues demonstrated that the MCL-1 BH3 domain, formerly known
only for its structural contribution to a surface groove on MCL-1, was an exclusive MCL-1
inhibitor and could engage its protein target as a gain-of-function ligand. Unlike its anti-apoptotic
homologues, Mcl-1 deletion has profound physiologic consequences, indicative of a broader role
in organism homeostasis. Given the unique and striking phenotypes upon Mcl-1 deletion and the
discovery that the MCL-1 BH3 domain could itself directly engage a protein target, we undertook
an exploratory proteomic study to uncover novel interactions involving the MCL-1 BH3 helix.
Here, we describe the development of a stapled peptide-based affinity capture and proteomic
analysis that revealed VLCAD as a novel binding partner of MCL-1.
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INTRODUCTION
Mitochondrial apoptosis is essential to normal development and tissue homeostasis1. BCL-2
family proteins regulate this process through heterodimeric and homo-oligomeric protein
interactions, which ultimately dictate whether a cell will live or die2. Since the discovery of BCL23, over 20 homologs have been identified and sub-classified based on their structure and
function1,2. Engagement of multi-domain pro-apoptotic members BAX and BAK by select BH3only proteins, such as BID, BIM and PUMA, conformationally activates BAX and BAK,
transforming them from monomeric proteins into oligomeric pores that pierce the mitochondrial
outer membrane, resulting in apoptosis induction4. Anti-apoptotic proteins, such as BCL-2 and
MCL-1, bind and block BH3-only and multi-domain pro-apoptotic members to prevent
mitochondrial apoptosis5. Cancer cells overexpress BCL-2 family anti-apoptotic proteins to
exploit this mechanism and enforce cell survival, prompting the development of selective BCL-2
and MCL-1 inhibitors such as the FDA-approved drug venetoclax6 and the prototype agent
S638457, respectively.
In addition to their canonical roles in regulating apoptosis, select BCL-2 family proteins have
been shown to have essential functions in homeostatic pathways, including mitochondrial
morphogenesis (BAX/BAK)8, glucose-stimulated insulin secretion (BAD)9, and the DNA damage
response (BID)10. The striking phenotypes of mice with global and tissue-specific Mcl-1 deletion
also points to broader physiologic roles for MCL-1. For example, Mcl-1-/- mice exhibit embryonic
lethality due to failed uterine implantation, a defect not compensated for by other BCL-2 family
homologs11. Conditional deletion of Mcl-1 in lymphocytes or in hematopoietic stem cells (HSCs)
results in immune deregulation12 and in exhaustion of the HSC compartment13, respectively. Loss
of a novel mitochondrial matrix isoform of MCL-1 was recently found to disrupt mitochondrial
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morphology, mitochondrial fusion, and ATP production14. Conditional Mcl-1 deletion in
cardiomyocytes leads to a rapidly-fatal dilated cardiomyopathy15. Strikingly, the mitochondrial
abnormalities observed in cardiomyocytes were not fully rescued by deletion of the pro-apoptotic
effectors BAX and BAK, indicative of a potential non-apoptotic role for MCL-1 in mitochondrial
physiology. However, the mechanistic basis for such MCL-1-related phenomena remain unknown.
Anti-apoptotic BCL-2 family proteins manifest differential binding specificities for their proapoptotic targets, with MCL-1 having a distinct interaction profile from its homologs BCL-2,
BCL-XL, and BCL-w16. To elucidate the molecular determinants for MCL-1 selectivity, Walensky
and colleagues previously undertook a screening analysis of the MCL-1 binding propensities of
all natural BH3 domain helices. These helices were generated as stapled peptides termed Stabilized
Alpha-Helices of BCL-2 domains (SAHBs). Stewart et al. discovered that the MCL-1 BH3 helix,
previously known only for its structural, hydrophobic contribution to the surface groove that traps
the BH3 domain helices of pro-apoptotic members, was itself the only exclusive inhibitor of MCL117. This unexpected result suggested that a conformationally exposed MCL-1 BH3 helix could
potentially serve as a mediator of protein interaction, perhaps similar to how exposure of the BAX
and BAK BH3 helices upon apoptosis induction makes these critical domains accessible for either
auto-interaction or anti-apoptotic entrapment4,18.
Given (1) the unique and unexplained phenotypes of Mcl-1-deficient cells and tissues, (2)
the role of pro-apoptotic BH3 domains as critical BCL-2 family interaction motifs, and (3) the
discovery that the BH3 domain of anti-apoptotic MCL-1 is capable of binding as a ligand via its
hydrophobic surface, we undertook an exploratory proteomic analysis to uncover potential targets
of the MCL-1 BH3 helix.
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METHODS
Stapled Peptide Synthesis
Stapled peptides were synthesized, derivatized, purified by LC/MS to > 95% homogeneity, and
quantified by amino acid analysis as previously described19.

Cell Culture
SV40-transformed wild-type mouse embryonic fibroblasts (MEFs) have been described
previously12 and were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin/streptomycin, and 2 mM
glutamine following standard culture conditions and procedures. Cells were confirmed to be
mycoplasma-free using the MycoAlertTM mycoplasma detection kit (Lonza Biologics Inc).

SAHB Streptavidin Capture
Wild-type MEFs were trypsinized, washed once with cold PBS, and lysed on ice with NP-40 lysis
buffer (1 mL/106 cells; 50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% (v/v) NP-40, complete protease
inhibitor pellet [Roche]). Cellular debris was pelleted at 14,000 xg for 10 minutes at 4°C, and the
protein concentration of the supernatant was quantified using the BCA Protein Assay Kit (Thermo
Fisher Scientific). Lysates (2 mg/pull-down) were pre-cleared by exposure to 50 µL of preequilibrated high-capacity streptavidin agarose beads (Thermo Fisher Scientific), and then
incubated with biotinylated MCL-1 SAHBD (15 nmol) or vehicle (1.5% [v/v] DMSO) overnight
at 4°C, followed by addition of 50 µL of pre-equilibrated streptavidin agarose beads for 2 hours at
4°C. The beads were then pelleted and washed with NP-40 lysis buffer three times before eluting
the protein sample by heating at 70°C for 10 minutes in 1x SDS loading buffer containing 250 mM
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DTT. Samples were subjected to SDS-PAGE electrophoresis, coomassie staining (SimplyBlue
Safe Stain, Thermo Fisher Scientific) for proteomic analysis (see below), and/or western blotting
using the following antibodies: MCL-1 (Rockland 600-401-394; 1:1000 in 3% BSA), VLCAD
(Thermo Fisher Scientific PA5-29959; 1:1000 in 1% milk/0.1% Tween-20), MCAD (Thermo
Fisher Scientific PA5-27201; 1:1000 in 3% BSA), and SCAD (Abcam ab154823; 1:1000 in 3%
BSA).

Mass Spectrometry Analysis of SAHB Interactors
Each lane of coomassie-stained gel from the MEF lysate streptavidin captures was divided into
eight sections and further cut into 1 mm x 1 mm cubes. Gel pieces were fully de-stained in 50%
acetonitrile/50 mM ammonium bicarbonate at 37°C (~30 minutes) and dehydrated by 3 sequential
5-minute soaks in acetonitrile at room temperature. In-gel trypsin digests of the proteins were
performed by submerging the gel pieces in a sequencing-grade trypsin (Promega) solution at 12.5
ng/µL in 50 mM ammonium bicarbonate for 45 minutes on ice followed by 37°C overnight.
Tryptic peptides were extracted from the gel matrix by submerging the gel pieces in a 50%
acetonitrile/5% formic acid solution twice for 15 minutes per soak. The resulting extracts were
dried by speed vacuum, purified through OMIX tips according to manufacturer instructions
(Agilent Technologies), and dried again. Samples were reconstituted in 4 µL of a 5%
acetonitrile/5% formic acid solution and analyzed by liquid chromatrography followed by tandem
mass spectrometry (LC-MS/MS) on a Thermo Orbitrap Discovery, as described20. Peptides were
identified using both Thermo Protein Discoverer and Xtandem! algorithms and processed using
Scaffold (Proteome Software) with precursor and fragment ion mass tolerances of ± 10.0 ppm and
0.8 Da, respectively. Carbamido-methyl cysteine, oxidized methionine, and phosphorylated serine
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and tyrosine were set as variable modifications. Protein and peptide thresholds were set to 99%
and 95%, respectively. A minimum of two spectral counts and a CRAPome21 frequency of less
than 10% was used as a threshold for protein hits22. To identify significant interactions, foldenrichment and p-values over three biological replicates were calculated after normalizing spectral
counts to the number of peptides identified per run23. As a correction for multiple testing, a
Benjamin-Hochberg FDR < 0.05 was determined24.

Mouse Liver Proteomic Analysis
Self-complementary adeno-associated virus serotype 8 (scAAV8) vectors expressing Cre
recombinase (to delete endogenous Mcl-1), GFP, or MCL-1 expressing an internal FLAG epitope
tag (FLAG-MCL-1) under the control of the LP1 liver-specific promoter25 were packaged by the
St. Jude Children’s Research Hospital (SJCRH) Vector Production Core laboratory. Mcl-1conditional mice (Mcl-1fl/fl)12 were intravenously injected via tail vein with scAAV-LP1-Cre
(2x1011 genome copies per mouse) and scAAV-LP1-GFP or scAAV-LP1-FLAG-MCL-1 vectors
(5x1010 genome copies per mouse). All mice were bred and utilized in accordance with SJCRH
animal care and use committee approved protocols. Two weeks after viral infection, livers were
isolated from euthanized mice and subjected to mitochondrial purification by differential
centrifugation as previously described14. To assess endogenous Mcl-1 deletion and expression of
reconstituted MCL-1, immunoblots were performed from lysed liver mitochondria. Frozen
isolated mitochondria were subjected to immunoprecipitation with M2 anti-FLAG-agarose beads
(Sigma) in immunoprecipitation buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% (v/v) NP-40,
complete protease inhibitor pellet [Roche]) for 90 minutes and washed 3 times with the same buffer
prior to overnight elution with 200 mg/ml FLAG-peptide. Eluted immunoprecipitated samples
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were run on an SDS-PAGE gel and subjected to tandem mass spectrometry at the SJCRH
Proteomics Core Facility. The proteins in the gel bands were reduced with DTT to break disulfide
bonds and the cysteine (Cys) residues were alkylated by iodoacetamide to allow for the recovery
of Cys-containing peptides. The gel bands were washed, dried down by speed vacuum, and
rehydrated with trypsin-containing buffer. Digested samples were acidified and the peptides were
extracted and loaded onto a nanoscale capillary reverse-phase C18 column and eluted by a gradient
using an HPLC system (Thermo EASY-nLC 1000). The eluted peptides were ionized, and detected
by an inline mass spectrometer (LTQ Orbitrap Elite). The MS spectra were collected first (in ~0.5
seconds) and the top 20 abundant ions were sequentially isolated for MS/MS analysis (each in ~0.1
seconds, totaling ~2 seconds). This process (~2.5 seconds) was cycled over the entire liquid
chromatography gradient, acquiring more than 14,000 MS/MS spectra during a 50-minute elution.
Database searches were performed using the Sequest search engine. All matched MS/MS spectra
were filtered by mass accuracy and matching scores to reduce protein false discovery rate (~1%).
Each immunoprecipitation was performed from 3 pooled mouse liver preparations and mass
spectrometry was performed in duplicate.
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RESULTS
Validation and Optimization of Biotin-SAHB Pull-downs
Because BH3 domains are critical mediators of BCL-2 family interactions, we advanced an affinity
capture and proteomic analysis using the MCL-1 BH3 helix. An N-terminally biotinylated SAHB
modeled after the MCL-1 BH3 sequence (Btn-MCL-1 SAHBD) (Table 2.1), or vehicle, was
applied as bait in a proteomic workflow employing wild-type (WT) MEF lysates followed by high
stringency streptavidin capture. SAHB-interacting proteins were then eluted and subjected to gel
electrophoresis (Figure 2.1). Since MCL-1 SAHBD was previously shown to engage truncated,
recombinant MCL-1 protein in vitro17, we first tested the ability of the peptide to bind to
endogenous MCL-1 in lysates. Anti-MCL-1 western analysis of peptide pull-down eluates
confirmed the presence of endogenous MCL-1 protein (Figure 2.2) and demonstrated that MCL1 SAHBD could be used to robustly and specifically engage protein interactors in cell lysates.
We next sought to optimize the pull-down conditions in order to develop a high fidelity
system that could be translated into a proteomic workflow. Using the association of endogenous
MCL-1 to the biotinylated peptide as a read-out, we optimized the stringency of the wash buffer
and the amount of SAHB needed to saturate the beads. Compared to PBS, lysis buffer washes
reduced the amount of non-specific binding to the agarose beads, while retaining equivalent levels
of specific binding between native MCL-1 and Btn-MCL-1 SAHBD (Figure 2.3A). The ideal
SAHB-to-bead ratio was then determined by titrating MCL-1 SAHB in pull-down samples, while
keeping constant amounts of lysate and beads. The quantity of MCL-1 in the pull-down eluates
correlated with increasing amounts of peptide until samples contained at least 15 nmol of MCL-1
SAHB (Figure 2.3B). Taken together, these data informed the use of lysis buffer washes and 15
nmol of bait in subsequent pull-downs for mass spectrometry analysis.
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Table 2.1. Composition of BH3 peptides employed in affinity capture and biochemical analyses of
the MCL-1 BH3/VLCAD interaction.
Name

N-terminus

Sequence*

MW

(M+3)/3

MCL-1 SAHBD

Biotin-βAla

RKALETLRRVGDGVXRNHXTAF

2842

948

BIM SAHBA

Biotin-βAla

IWIAQELRXIGDXFNAYYARR

2901

968

BID SAHBA

Biotin-βAla

DIIRNIARHLAXVGDXBDRSI

2693

899

BAD SAHBA

Biotin-βAla

NLWAAQRYGRELRXBSDXFVDSFKK

3360

1121

MCL-1 SAHBB

Biotin-PEG-βAla

RKALXTLRXVGDGVQRNHETAF

3131

1045

MCL-1 SAHBD

Biotin-PEG-βAla

RKALETLRRVGDGVXRNHXTAF

3159

1054

MCL-1 SAHBA

Biotin-PEG-βAla

RKALETLRXVGDXVQRNHETAF

3203

1069

BIM SAHBF

Biotin-PEG-βAla

IWIAQELRRIGDEFXAYYXRR

3318

1107

X, stapling amino acid; B, norleucine; *Peptide C-termini are CONH2
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Figure 2.1. Affinity capture and proteomic analysis workflow for identification of MCL-1 SAHBD
protein interactors. Our proteomics workflow involved incubation of N-terminally biotinylated
MCL-1 SAHBD, or vehicle, with wild-type mouse embryonic fibroblast lysates, followed by high
stringency streptavidin capture and analysis of eluates by tandem mass spectrometry.
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Figure 2.2. Validation of Btn-MCL-1 SAHBD as an efficient ligand for protein capture. MCL-1
SAHBD, or vehicle, was incubated with wild-type mouse embryonic fibroblast lysates, followed
by high stringency streptavidin capture. Eluates were subjected to gel electrophoresis and antiMCL-1 western analysis to assess the ability of biotinylated MCL-1 SAHBD to engage protein
interactors in cell lysates. Input lane represents 3% of pull-down input.
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Figure 2.3. Optimization of MCL-1 SAHBD pull-downs. (A) MCL-1 SAHBD, or vehicle, was
incubated with WT MEF lysates followed by high stringency streptavidin capture. Prior to elution,
streptavidin beads were washed three times with either PBS or lysis buffer. The higher stringency
of the lysis buffer (higher salt and presence of detergent) resulted in decreased non-specific binding
to the beads, while retaining equal amounts of specific binding between MCL-1 and the MCL-1
BH3 peptide. (B) A dose-escalation of MCL-1 SAHBD was evaluated by incubation with WT MEF
lysates followed by high stringency streptavidin capture. Electrophoresis and anti-MCL-1 western
analysis of eluates revealed that 15 nmol of peptide input resulted in the most efficient capture of
endogenous MCL-1. Input lanes represent 3% of pull-down inputs.
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Once the pull-down experimental conditions were optimized, we next determined the ideal
sample preparation method for analysis by mass spectrometry. Eluted samples were either injected
directly onto the instrument after a trichloroacetic acid (TCA) protein precipitation, or
electrophoresed followed by excision of gel slices. Although TCA precipitations minimized
sample loss, fractionation of the sample by gel electrophoresis resulted in the identification of a
greater number of proteins per pull-down.

Discovery of MCL-1 SAHBD Interacting Proteins by Mass Spectrometry
Using optimized peptide input and wash conditions, we performed pull-downs, using MCL-1
SAHBD or vehicle, in biological triplicates and subjected the eluates to gel electrophoresis and
LC-MS/MS analysis (Figure 2.4A). An average of 1576 versus 384 proteins were identified in
Btn-MCL-1 SAHBD and vehicle eluates, respectively (Figure 2.4B). To merit further
consideration, peptide-bound proteins were required to have at least 2 spectral counts and a
CRAPome21 frequency of less than 10%. Fold-enrichment in Btn-MCL-1 SAHBD versus vehicle
eluates and p-value analysis of the data over the three biological replicates, identified high
confidence MCL-1 BH3 interactors with a Benjamin-Hochber FDR of < 0.05 and a foldenrichment of > 5 (Figure 2.4C). Given the recent identification of a mitochondrial matrix isoform
of MCL-1 (MCL-1Matrix) and its potential role in mitochondrial metabolism14, we were especially
intrigued by the repeat emergence of very long chain acyl co-A dehydrogenase (VLCAD), a key
matrix-localized enzyme of the mitochondrial fatty acid β-oxidation pathway, as a high stringency
hit. VLCAD demonstrated an average spectral count of 27 in MCL-1 SAHBD pull-downs
(compared to 0 for the corresponding vehicle control samples), and 49% sequence coverage
(Figure 2.4D).
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Figure 2.4. Mass spectrometry identification of very long chain acyl-CoA dehydrogenase
(VLCAD) as an MCL-1 BH3 interactor. (A) Coomassie stain of electrophoresed proteins isolated
by streptavidin pull-down of vehicle- or Btn-MCL-1 SAHBD-treated MEF lysates, demonstrating
enrichment of proteins in the peptide pull-down compared to vehicle control. M, molecular weight
markers. (B) The respective number of proteins identified by mass spectrometry in the eluates
from vehicle and Btn-MCL-1 SAHBD pull-downs. Error bars are mean ± S.D. for experiments
performed in biological triplicate. ***, p < 0.0005. (C) Volcano plot demonstrating the distribution
of identified proteins and high-confidence MCL-1 SAHBD interactors (blue), including VLCAD
(red). (D) VLCAD was identified as a high stringency hit with 49% sequence coverage (red) by
mass spectrometry.
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Justification for Prioritization of VLCAD as a Putative MCL-1 SAHB Interactor for Follow-Up
Our stapled peptide-based affinity capture and mass spectrometry method identified a series of
high confidence MCL-1 BH3 interacting proteins (Figure 2.4). Given MCL1’s mitochondrial
localization, mitochondrial proteins were of particular interest, especially those of known
structure, which would facilitate interaction site analysis. VLCAD proved to be one of the most
notable hits to fulfill these criteria. VLCAD is a mitochondrial matrix-localized metabolic enzyme
involved in the β-oxidation of long-chain fatty acids, providing a source of ATP. In 2012, a novel
matrix-localized MCL-1 isoform was implicated in the regulation of mitochondrial respiration and
ATP production14. Given the overlap in subcellular localization and energy-producing
functionality, a potential regulatory association between VLCAD and MCL-1 was especially
intriguing. Additionally, patients born with VLCAD deficiency often suffer from a fatal dilated
cardiomyopathy26, which is also observed upon conditional of Mcl-1 in murine cardiomyocytes15.

Confirmation of VLCAD as a Target of the MCL-1 BH3 Helix
To validate VLCAD as a specific hit, we repeated the streptavidin pull-down experiments using
MEF lysates and performed anti-VLCAD western blot analysis. VLCAD was detected in the
MCL-1 SAHBD pull-down eluate, but not in the vehicle control, confirming the mass spectrometry
result (Figure 2.5A). The pull-downs were then repeated using a series of SAHBs representing the
diverse sequence compositions of BIM, BID, and BAD BH3 domains (Table 2.1). Whereas the
SAHB panel faithfully recapitulated the physiologic binding selectivities of BH3 domains for
MCL-1 interaction, only MCL-1 SAHBD pulled down endogenous VLCAD. (Figure 2.5A). To
rule out a sequence-independent role for the MCL-1 SAHBD pull-down based on its distinct staple
location, we confirmed that an MCL-1 SAHB bearing the “A” staple position found in the BIM,
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Figure 2.5. Specificity and selectivity of the MCL-1 SAHBD / VLCAD interaction. (A) Interaction
profiles of MCL-1, BIM, BID, and BAD BH3 stapled peptide helices with native MCL-1 and
VLCAD, as demonstrated by streptavidin pull-down from MEF lysates followed by MCL-1 and
VLCAD western analyses. (B) Relative locations of MCL-1 and BIM SAHB staples, as mapped
onto an MCL-1 BH3 helical wheel. (C) Interaction profiles of MCL-1 and BIM SAHBs bearing
distinct staple positions with native MCL-1 and VLCAD, as demonstrated by streptavidin pulldown from MEF lysates, and MCL-1 and VLCAD western analyses. (D) Selective interaction of
MCL-1 SAHBD with native VLCAD but not other members of the acyl CoA dehydrogenase
family, such as MCAD and SCAD, as assessed by streptavidin pull-down from MEF lysates, and
VLCAD, MCAD, and SCAD western analyses. Input lanes represent 3% of pull-down inputs.
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BID, and BAD constructs also engaged VLCAD, whereas a BIM SAHB bearing a staple in the
same position as MCL-1 SAHBD (BIM SAHBF) did not (Figures 2.5B-C, Table 2.1). We further
found that MCL-1 SAHBD selectively bound to VLCAD but not to other members of the acyl CoA
dehydrogenase family, such as MCAD and SCAD (Figure 2.5D).
Finally, in advance of drilling down on the binding determinants of the interaction and its
mechanistic role, we sought to confirm by proteomic analysis whether full-length MCL-1 protein
also engaged native VLCAD. To accomplish this goal, Mcl-1fl/fl mice12 were injected with an
adeno-associated virus (AAV) expressing Cre-recombinase under the control of the liver specific
LP1 promoter25. Concurrently, mice were also injected with an AAV vector expressing LP1FLAG-MCL-1 (or LP1-GFP as a negative control) to reconstitute expression. Two weeks after
injection, isolated mitochondrial lysates from the liver were subjected to immunoprecipitation with
anti-FLAG (or anti-GFP) agarose beads. LC-MS/MS analysis of the eluates demonstrated that full
length MCL-1 protein bound to VLCAD, as well as its established interactors, BIM and PUMA
(Table 2.2). However, analogous to MCL-1 SAHBD, FLAG-MCL-1 protein was unable to engage
MCAD or SCAD. The proteomic results using using full-length protein supported the
physiological relevance of the MCL-1 SAHB/VLCAD interaction discovered by affinity capture,
and further validated the fidelity of stapled peptide helices as new proteomic discovery tools.
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Table 2.2. Mass spectrometry identification of full-length FLAG-MCL-1 protein interactors.
Enrichment for native, full-length BIM, PUMA, and VLCAD proteins, but not MCAD or SCAD,
in FLAG-MCL-1 immunoprecipitations from mouse liver mitochondria. Mitochondria were
isolated from Mcl-1fl/fl mice co-injected with AAV-LP1-Cre and either AAV-LP1-FLAG-MCL-1
or AAV-LP1-GFP, and analyzed by mass spectrometry. Each immunoprecipitation represents the
pooled mitochondria from 3 independent mice and the mass spectrometry analysis was performed
in duplicate.
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DISCUSSION
BCL-2 family BH3 motifs are evolutionarily conserved protein interaction modules with
potentially diverse targets beyond their canonical pro- and anti-apoptotic binding partners at the
mitochondria27. Identification of non-canonical interactions is important to expanding our
understanding of BCL-2 family proteins’ role in maintaining cell homeostasis. Since mass
spectrometry (MS) is the method of choice for proteomic discovery28, we developed a stapled
peptide affinity capture technique to identify non-canonical interaction partners of the MCL-1 BH3
helix by MS. Indeed, unanticipated MCL-1 binding partners could explain the distinctive
phenotypes observed upon deletion of Mcl-1 in a variety of cell and tissue types11-15. Incubation
of an N-terminally biotinylated MCL-1 stapled peptide with cellular lysates, followed by highcapacity streptavidin capture and LC-MS/MS analysis, identified 1192 proteins in the MCL-1
SAHBD eluates that were not present in vehicle control samples. Using additional stringency cutoffs, the initial list of proteins was reduced to 30 high-confidence MCL-1 BH3 interactors.
Very long chain acyl-CoA dehydrogenase (VLCAD) proved to be one of the most
biologically and clinically interesting hits identified. As an enzyme involved in the β-oxidation of
long-chain fatty acids, this mitochondrial matrix-localized protein contributes to the generation of
ATP from fatty acid catabolism. In 2012, a novel MCL-1 isoform was reported to localize to the
mitochondrial matrix (MCL-1Matrix) rather than the outer mitochondrial membrane (MCL-1OMM)14.
In contrast to full-length MCL-1, the novel isoform did not display anti-apoptotic activity, and
appeared to regulate homeostatic levels of ATP production and mitochondrial respiration. Since
MCL-1Matrix and VLCAD localize to the same subcellular compartment and are both functionally
implicated in ATP generation, VLCAD emerged as a high-priority hit for further study.
Furthermore, conditional Mcl-1 knockout in murine cardiomyocytes induced a fatal
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cardiomyopathy15, strikingly analogous to the clinical manifestations observed in infants born with
the severe form of VLCAD deficiency26.
A series of biochemical analyses were performed to vet the reproducibility and specificity of
the MCL-1 BH3 helix/VLCAD interaction. In contrast to MCL-1 SAHBD, stapled peptides
corresponding to the BH3 domains of BIM, BID, and BAD were unable to engage native VLCAD
in lysates. In addition, MCL-1 SAHBD was incapable of binding to other members of the acylCoA dehydrogenase family. In advance of pursuing the functional consequences of the MCL-1
BH3/VLCAD complex, we confirmed the novel protein interaction using full-length MCL-1
protein. Mass spectrometry analysis of MCL-1 co-immunoprecipitation eluates from murine livers
also identified VLCAD as a high stringency interactor, along with established MCL-1 binding
partners, including BIM and PUMA. Consistent with the MCL-1 SAHB pull-down results, MCAD
and SCAD were not identified in the full-length protein pull-downs. Taken together, these data
confirm a novel, non-canonical protein interaction between MCL-1 and VLCAD, which appeared
to be specifically mediated by the MCL-1 BH3 helix. The parallel results obtained for MCL-1
SAHB affinity capture from cellular lysates and anti-MCL-1 co-IP from liver lysates highlighted
the capacity of SAHBs to faithfully recapitulate native binding motifs implicated in protein
interaction.
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CHAPTER 3

Biochemical Characterization of the MCL-1 BH3/VLCAD
Interaction

ABSTRACT
The conserved BCL-2 homology 3 (BH3) domains of BCL-2 family proteins are critical
interaction motifs. Having uncovered VLCAD as a high-confidence protein interaction partner of
MCL-1, and specifically of the MCL-1 BH3 helix, we sought to further characterize the interaction
using a series of structure-function analyses. Peptide stapling technology was applied to the MCL1 BH3 domain to biochemically probe its engagement with VLCAD. Applying alanine mutational
analysis and multidisciplinary binding assays, we determined that the MCL-1 BH3 helix engages
VLCAD directly and specifically via a hydrophobic binding interface that overlaps with, but is
distinct from, the interaction surface defined for its interaction with MCL-1. Using photocrosslinkable peptide mimetics of the MCL-1 BH3 helix, we localized the MCL-1 BH3 binding
region on VLCAD to a discrete surface groove proximal to the substrate binding site. Reminiscent
of the dual roles of pro-apoptotic BAD in regulating cell death and glucose-stimulated insulin
secretion by direct interaction with BCL-2/BCL-XL and glucokinase, respectively, our data
support a novel BH3 interaction between MCL-1 and a metabolic enzyme critical to β-oxidation
of fatty acids.
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INTRODUCTION
As detailed in Chapter 2, MCL-1 SAHBD affinity capture and proteomic analysis identified very
long chain acyl CoA dehydrogenase (VLCAD), a key enzyme of the mitochondrial β-oxidation
pathway, as a high-confidence MCL-1 BH3 interacting protein. β-oxidation is the catabolic
process by which fatty acids are broken down to generate ATP, and represents one of the main
energy-yielding metabolic pathways of the cell1. Under resting and fed conditions, β-oxidation of
fatty acids is the preferred method of ATP generation in the heart, skeletal muscle and liver,
providing as much as 80% of tissue energy1. During fasting, prolonged exercise, or stress,
however, other organs also become reliant on β-oxidation1. During such times of heightened
energy demand, lipolysis is triggered in adipose tissue to release fatty acids into the circulation.
Since carbons atoms in fatty acids have lower oxidation states compared to glucose, catabolism of
fats generates more than twice as much energy as an equal mass of carbohydrates2, making fat the
most efficient fuel for oxidative metabolism.
β-oxidation is a four step process that results in the shortening of fatty acyl-CoA chains by
two carbons and the production of one acetyl-CoA molecule3. The acetyl-CoA generated after each
round of the β-oxidation cycle can either be shuttled into the Kreb’s cycle for further oxidation, or
used by the liver to generate ketone bodies, an energy source for glucose-dependent tissues, such
as the brain, during fasting1,3. The NADH and FADH2 reducing equivalents produced during βoxidation donate their electrons to the electron transport chain for ATP synthesis3. Before
undergoing β-oxidation, free fatty acids must be converted into their corresponding acyl-CoA
thioesters and transported into the mitochondrial matrix, where the pathway’s enzymes are located.
Short- and medium-length fatty acyl-CoAs can readily diffuse through the mitochondrial
membranes, but long fatty acyl-CoAs require the action of an active carnitine-shuttle transport
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mechanism3. Each of the four steps of the β-oxidation pathway is catalyzed by a group of related
enzymes, each with affinity toward a specific range of fatty acyl-CoA chain lengths.
VLCAD catalyzes the first and rate-limiting step of β-oxidation and is specific for chain
lengths of 14-20 carbons, demonstrating maximum activity toward substrates of 16 carbons4,5.
VLCAD is a nuclear encoded gene and is synthesized with an N-terminal leader peptide that
localizes it to the mitochondrial matrix6. High levels of VLCAD expression occur in the heart,
liver, and skeletal muscle5. In contrast to the other acyl-CoA dehydrogenase (CAD) family
members that form homotetramers, VLCAD is a homodimeric enzyme composed of 70 kDa
subunits5. Unlike the other CAD enzymes, VLCAD contains a C-terminal stretch of 180 amino
acids implicated in association of the enzyme to the inner mitochondrial membrane7. VLCAD’s
enzymatic action results in the dehydration of the bond between the α and β carbons of an acylCoA substrate by an E2 elimination8. An FAD co-factor, bound to each of the two protein subunits,
is reduced to FADH2 upon oxidation of VLCAD’s substrate. Electron transfer protein (ETF) then
accepts the reducing equivalents from FADH2 and donates them to the electron transport chain for
ATP production7.
Having confirmed that MCL-1 binds to VLCAD via its α-helical BH3 domain (Chapter 2),
we next sought to biochemically characterize the interaction. Using an array of in vitro binding
assays, including comparative pull-downs of an alanine mutagenesis library,

19

F-NMR

spectroscopy, biolayer interferometry, and isothermal calorimetry, we established that the
interaction is direct and BH3 sequence-dependent. Alanine scanning binding analyses were
especially useful in defining the critical BH3-interaction surface and photo-crosslinkable analogs
of the MCL-1 BH3 helix localized the region of interaction on VLCAD.
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METHODS
Protein Expression
Human VLCAD lacking its cleavable leader sequence (aa 40-655; NP_000009.1) was subcloned
into the pET19b vector (Novagen) using NdeI and XhoI restriction sites. The His-tagged VLCAD
construct was expressed in BL21(DE3) E.coli at 37°C and, upon reaching an optical density (OD)
of 0.8, bacteria were induced with 0.5 mM isopropylthio-β-galactosidase (IPTG) (Gold
Biotechnology I2481C) for 4 hours. Bacterial pellets were resuspended in lysis buffer (50 mM
HEPES, pH 7.5, 500 mM NaCl, 5% glycerol, complete protease inhibitor tablet [Roche]) and lysed
by microfluidization (M-110L; Microfluidics). Lysates were cleared by centrifugation at 20,000
rpm for 45 minutes (Beckman Avanti J-E, rotor type JA-20), subjected to Ni-NTA (Qiagen)
affinity chromatography, followed by elution with 300 mM imidazole (Sigma-Aldrich I2399) and
overnight dialysis at 4°C. Dialyzed VLCAD was concentrated and subjected to size exclusion
chromatography (GE Healthcare Life Sciences; Superdex 200 10/300 GL) at 4°C using VLCAD
chromatography buffer (50 mM Tris, pH 8.0, 150 mM NaCl). Protein identification and purity was
confirmed by intact mass spectrometry, SDS-PAGE, and VLCAD western analysis (Thermo
Fisher Scientific PA5-29959; 1:1000 in 1% milk /0.1% Tween-20).
The human MCL-1ΔNΔC construct was expressed in E. coli as previously described9.
Briefly, transformed BL21(DE3) E. coli were grown at 37°C to an OD of 0.8, induced with 0.5
mM IPTG, and bacterial pellets isolated, resuspended in lysis buffer (PBS with 1% [v/v] Triton
X-100, complete protease inhibitor tablet [Roche]) and lysed by microfluidization. Lysates were
cleared by centrifugation at 20,000 rpm for 45 minutes as above and subjected to glutathione
sepharose (GE Healthcare) affinity chromatography. For glutathione S-trasnferase (GST)-tagged
MCL-1ΔNΔC, protein was eluted from the resin using 10 mM reduced glutathione, whereas the
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tagless construct was generated by overnight cleavage with thrombin in PBS. Recombinant MCL1ΔNΔC was concentrated and subjected to size exclusion chromatography (GE Healthcare Life
Sciences; Superdex 75 10/300 GL) at 4°C using MCL-1 FPLC buffer (50 mM Tris, pH 7.4, 150
mM NaCl). Protein identification and purity was confirmed by intact mass spectrometry, SDSPAGE, coomassie staining (SimplyBlue Safe Stain, Thermo Fisher Scientific) and GST western
analysis (GE Healthcare Life Sciences 27-4577-01; 1:1000 in 3% BSA).

VLCAD Enzymatic Activity Assay
VLCAD enzymatic activity was assessed as previously described10,11. Briefly, ferrocenium
hexafluorophosphate (Sigma-Aldrich) was dissolved in 10 mM HCl to a concentration of 1 mM,
and further diluted to a final concentration of 150 µM in 100 mM potassium phosphate buffer pH
7.2 containing 0.1 mM EDTA and palmitoyl-CoA or hexanoyl-CoA (final concentration ranging
from 15 µM to 600 µM) (Sigma-Aldrich). The reaction was initiated by addition of purified
recombinant VLCAD protein (final concentration of 0.75 µM). A decrease in ferrocenium
absorbance as a function of time at 300 nm was recorded and the initial velocity (V0) was
calculated in units of U/mg using the molar absorptivity of ferrocenium (ε = 4.3 mM-1cm-1 at 300
nm). Ten concentrations of substrate were used to determine the apparent Vmax and KM of VLCAD
in each experimental condition, using the Michaelis-Menten non-linear regression with leastsquares fit in Prism 6.0 (GraphPad).

Stapled Peptide Synthesis
Stapled peptides, and their photoreactive analogs, were synthesized, derivatized, purified by
LC/MS to > 95% homogeneity, and quantified by amino acid analysis as previously described12,13.
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Cell Culture
SV40-transformed wild-type mouse embryonic fibroblasts (WT MEFs) have been described
previously14 and were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin/streptomycin, and 2 mM
glutamine following standard culture conditions and procedures. Cells were confirmed to be
mycoplasma-free using the MycoAlertTM mycoplasma detection kit (Lonza Biologics Inc).

Streptavidin Capture
Wild-type MEFs were trypsinized, washed once with cold PBS, and lysed on ice with NP-40 lysis
buffer (1 mL/106 cells; 50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% (v/v) NP-40, complete protease
inhibitor pellet [Roche]). Cellular debris was pelleted at 14,000 xg for 10 minutes at 4°C, and
protein concentration of the supernatant quantified using the BCA Protein Assay Kit (Thermo
Fisher Scientific). Lysates (2 mg/pull-down) were pre-cleared by exposure to 50 µL of preequilibrated high-capacity streptavidin agarose beads (Thermo Fisher Scientific), and then
incubated with biotinylated SAHBs (15 nmol) or vehicle (1.5% [v/v] DMSO) overnight at 4°C,
followed by addition of 50 µL of pre-equilibrated streptavidin agarose beads for 2 hours at 4°C.
The beads were pelleted and washed with NP-40 lysis buffer three times before eluting the protein
sample by heating at 70°C for 10 minutes in SDS loading buffer. Samples were subjected to
electrophoresis followed by MCL-1 (Rockland 600-401-394; 1:1000 in 3% BSA) and VLCAD
(see above) western blot analyses. Streptavidin capture using recombinant proteins was performed
using 5 nmol of SAHB and 10 pmol of protein in a volume of 500 µL. Densitometry analyses were
performed using ImageJ software.
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19

F NMR Spectroscopy

Fluorinated SAHB (25 µM) and VLCAD (0-125 µM) were mixed in VLCAD FPLC buffer
containing 10% D2O to a final volume of 500 µL. Samples were run on a Bruker Avance-III NMR
spectrometer operating at 500 MHz using a room temperature fluorine inner-coil probe, and a pulse
sequence that allows for direct observation of 19F resonances in the presence of 1H decoupling.
Fluorine resonances were typically in the -60 to -65 ppm range. Quantification of binding was
determined by measuring the peak width at half height (ν1/2) of the peptide
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F signal. For the

corresponding MCL-1ΔNΔC binding analyses, fluorinated SAHB (25 µM) and MCL-1ΔNΔC (045 µM) were used in the above-described method. As MCL-1ΔNΔC interaction induced a
chemical shift of the 19F peptide signal, binding was quantified by measuring the relative heights
of the unbound and bound peptide peaks.

Biolayer Interferometry
Binding analysis by biolayer interferometry (BLI)15 was performed using an Octet Red384 System
(ForteBio Inc.). Super streptavidin (SSA) sensors were pre-soaked in VLCAD FPLC buffer for at
least 10 minutes prior to use, loaded with 5 µg/mL Btn-PEG-MCL-1 SAHBs for 400 seconds,
quenched with 0.1 mg/mL biocytin (Sigma-Aldrich) for 120 seconds, and washed with VLCAD
FPLC buffer for 120 seconds. The sensors were then transferred into serial dilutions (starting at 30
µM) of VLCAD for 1800 seconds. To measure binding to MCL-1∆N∆C, SSA sensors were presoaked in MCL-1 FPLC buffer for at least 10 minutes prior to use, loaded with 5 µg/mL Btn-PEGMCL-1 SAHBs for 400 seconds, quenched with 0.1 mg/mL biocytin (Sigma-Aldrich) for 120
seconds, and washed with kinetics buffer (Forte Bio) for 120 seconds. The sensors were then
transferred into serial dilutions (starting at 20 µM) of MCL-1∆N∆C for 600 seconds. Negative
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control runs were performed in parallel using sensors lacking Btn-PEG peptide and used as a
reference for calculating the BLI baseline.

Isothermal Calorimetry
A peptide enthalpy screen was performed by adding 80 µM of recombinant VLCAD to the cell in
analysis buffer (20 mM HEPES, pH 7.5, 150mM NaCl, 1mM TCEP, and 1% DMSO), followed
by injection of 2.0 µL of 100 µM peptide by syringe, using an Affinity ITC (TA instruments) at
25°C. Injections were performed in technical triplicate for each peptide. Binding affinity of BtnMCL-1 SAHBD V220A was measured by adding 15 µM of recombinant VLCAD to the cell in
analysis buffer (as above, except that 2% DMSO was employed), followed by injection of 2.0 µL
of 200 µM peptide by syringe for a total of 24 injections. Data were analyzed with the
NanoAnalyze software package (TA instruments) using a single binding site model and
thermodynamic parameters calculated as follows: ΔG = ΔH – TΔS = –RTlnKB, where ΔG, ΔH,
and ΔS are the changes in free energy, enthalpy and entropy of binding, respectively.

Affinity Labeling and Binding Site Analysis
Recombinant VLCAD protein (10 µM) and biotinylated MCL-1 pSAHB (40 µM) were mixed in
3 mL of VLCAD FPLC buffer, incubated at 4°C overnight, and irradiated (365 nm, Spectroline
Handheld UV Lamp Model En280L, Spectronics) for 2 hours on ice, as previously described13.
Unreacted peptide was removed by overnight dialysis at 4°C using 10 kDa molecular-weight cutoff
Slide-A-LyzerTM dialysis cassettes (Thermo Fisher). Biotinylated species were captured by
incubating the reaction mixture with high-capacity streptavidin agarose beads for 2 hours at 4°C.
On-bead trypsin digestion was performed by incubating the beads at 60°C for 30 minutes in 100
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µL of 50 mM ammonium bicarbonate, 5 mM DTT, and 0.1% Rapigest (Waters), followed by the
addition of trypsin (0.1 µg) for overnight treatment at 37°C. To remove uncrosslinked VLCAD
peptides, the beads were then washed at room temperature three times each in 1% SDS in PBS, 1
M NaCl in PBS, and 10% ethanol in PBS. Biotinylated species were eluted by incubating the beads
in a 50% acetonitrile/0.1% TFA solution for 2 minutes at 65°C. MCL-1 pSAHBD3-crosslinked
samples were captured on streptavidin beads, washed and eluted as above, and then subjected to
in-solution digestion. Samples were then purified through OMIX tips and analyzed using a Thermo
Orbitrap Discovery mass spectrometer, as described13. To ensure efficient covalent capture by the
biotinylated pSAHBs, samples were subjected to electrophoresis and anti-biotin western analysis
(Abcam 53494; 1:1000 in 3% BSA).

Molecular Docking
The stapled peptide sequence RKALUTLRRVGDGVXRNHXTAF, where X is a stapling residue
and U is 4-benzoyl-L-phenylalanine, was built using Maestro (Schrödinger, LLC) as an idealized
α-helix. The sequence was docked to the crystal structure of VLCAD (PDB ID: 3B96) using the
HADDOCK 2.2 webserver default parameters16. Based on the crosslinking results, residues S32,
F38, T240, F242, R246, G250, V292, M294, and S478 were defined as active residues in the
docking calculations, with passive residues defined automatically. All stapled peptide residues
were treated as active. Top-scoring clusters were analysed visually using Pymol (Schrödinger,
LLC) for consistency with the experimentally-determined crosslinking data. Select clusters were
then refined using molecular mechanics minimization in the Schrodinger software suite (Version
2016-2). The H bond network of the protein was optimized and the protein/peptide complex was
minimized using the OPLS3 force field17.
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RESULTS
Expression and Purification of Human Recombinant VLCAD
VLCAD was initially identified as a target of the MCL-1 BH3 helix by affinity capture from
cellular lysates. To determine if the interaction was direct and specific, we conducted a series of
in vitro binding assays using stapled BH3 helices and recombinant VLCAD protein. We generated
His-tagged human recombinant VLCAD, which was purified by two steps using nickel affinity
and size exclusion chromatography. The peak corresponding to the elution of the obligate dimer
was collected (Figure 3.1A). The identity of the generated VLCAD protein was confirmed by
electrophoresis followed by coomassie staining and VLCAD western analysis (Figure 3.1B). Of
note, denaturing gels disrupt the VLCAD dimer such that the protein band is detected as a 70 kDa
monomeric species. We also utilized a previously established in vitro enzymatic activity assay10,11
to confirm that the recombinant VLCAD generated was functional. Recombinant VLCAD was
incubated with an acyl-CoA substrate and ferrocenium hexafluorophosphate, a strong electrophile.
Upon oxidization of the substrate by VLCAD, the ferrocenium hexafluorophosphate becomes
reduced, causing a change in absorbance. Addition of palmitoyl-CoA, but not a short fatty acylCoA (hexanoyl-CoA), produced a robust signal (Figure 3.1C). Taken together, these data validate
the production of pure and functional human VLCAD protein.

MCL-1 SAHBD Directly and Selectively Binds to VLCAD
With recombinant VLCAD protein in hand, we repeated the MCL-1 SAHBD affinity capture
experiments to compare the results obtained from lysates. MCL-1, BIM, BID, and BAD stapled
peptides (Table 3.1) were incubated with either recombinant VLCAD or GST-MCL-1ΔNΔC,
followed by streptavidin capture and VLCAD or GST western analysis. Whereas the Btn-MCL-1
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Figure 3.1. Expression and purification of human recombinant VLCAD. (A) Expression and
purification of recombinant VLCAD, as reflected by the size exclusion chromatography profile.
The collected peak corresponding to the obligate dimer is shaded in gray. (B) Purified protein was
subjected to electrophoresis followed by coomassie staining and VLCAD western analysis to
confirm successful production of recombinant VLCAD. (C) Recombinant VLCAD has functional
and selective enzymatic activity, as demonstrated by robust activity toward its substrate, palmitoylCoA, but not for a short fatty acyl-CoA, hexanoyl-CoA.
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Table 3.1. Composition of BH3 peptides employed in binding analyses of the MCL-1 BH3/VLCAD
interaction.

Name

N-terminus

MW

(M+3)/3

RKALETLRRVGDGVXRNHXTAF

2842

948

IWIAQELRXIGDXFNAYYARR

2901

968

DIIRNIARHLAXVGDXBDRSI

2693

899

NLWAAQRYGRELRXBSDXFVDSFKK

3360

1121

RKALXTLRXVGDGVQRNHETAZ

2627

877

Ac

RKALETLRRVGDGVXRNHXTAZ

2655

886

MCL-1 SAHBB

Biotin-PEG-βAla

RKALXTLRXVGDGVQRNHETAF

3131

1045

MCL-1 SAHBD

Biotin-PEG-βAla

RKALETLRRVGDGVXRNHXTAF

3159

1054

MCL-1 SAHBD R207A

Biotin-βAla

AKALETLRRVGDGVXRNHXTAF

2757

920

MCL-1 SAHBD K208A

Biotin-βAla

RAALETLRRVGDGVXRNHXTAF

2785

929

MCL-1 SAHBD L210A

Biotin-βAla

RKAAETLRRVGDGVXRNHXTAF

2800

934

MCL-1 SAHBD E211A

Biotin-βAla

RKALATLRRVGDGVXRNHXTAF

2784

929

MCL-1 SAHBD T212A

Biotin-βAla

RKALEALRRVGDGVXRNHXTAF

2812

938

MCL-1 SAHBD L213A

Biotin-βAla

RKALETARRVGDGVXRNHXTAF

2800

934

MCL-1 SAHBD R214A

Biotin-βAla

RKALETLARVGDGVXRNHXTAF

2757

920

MCL-1 SAHBD R215A

Biotin-βAla

RKALETLRAVGDGVXRNHXTAF

2757

920

MCL-1 SAHBD V216A

Biotin-βAla

RKALETLRRAGDGVXRNHXTAF

2814

939

MCL-1 SAHBD G217A

Biotin-βAla

RKALETLRRVADGVXRNHXTAF

2856

953

MCL-1 SAHBD D218A

Biotin-βAla

RKALETLRRVGAGVXRNHXTAF

2798

934

MCL-1 SAHBD G219A

Biotin-βAla

RKALETLRRVGDAVXRNHXTAF

2856

953

MCL-1 SAHBD V220A

Biotin-βAla

RKALETLRRVGDGAXRNHXTAF

2814

939

MCL-1 SAHBD H224A

Biotin-βAla

RKALETLRRVGDGVXRNAXTAF

2776

926

MCL-1 SAHBD T226A

Biotin-βAla

RKALETLRRVGDGVXRNHXAAF

2812

938

MCL-1 SAHBD F228A

Biotin-βAla

RKALETLRRVGDGVXRNHXTAA

2766

923

MCL-1 pSAHBD1

Biotin-βAla

ULETLRRVGDGVXRNHXTAF

2738

914

MCL-1 pSAHBD2

Biotin-βAla

ALUTLRRVGDGVXRNHXTAF

2680

894

MCL-1 pSAHBD3

Biotin-βAla

RKALUTLRRVGDGVXRNHXTAF

2964

989

MCL-1 SAHBD

Biotin-βAla

BIM SAHBA

Biotin-βAla

BID SAHBA

Biotin-βAla

BAD SAHBA

Biotin-βAla

MCL-1 SAHBB

Ac

MCL-1 SAHBD

Sequence*

X, stapling amino acid; B, norleucine; Z, Phe-CF3; U, benzophenone; *Peptide C-termini are CONH2
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SAHBD pull-down yielded robust signals for VLCAD and MCL-1, BIM, BID, and BAD SAHBs
showed little to no pull-down of VLCAD but recapitulated their MCL-1 binding selectivities
(Figure 3.2).
A direct binding interaction between MCL-1 SAHBD and recombinant VLCAD was further
confirmed by two additional methods,
19

19

F-NMR spectroscopy and biolayer interferometry. For

F-NMR spectroscopy, we synthesized an MCL-1 SAHBD analog bearing a trifluoromethyl

phenylalanine in place of its native C-terminal phenylalanine (Table 3.1). When examined by
NMR, the fluorinated MCL-1 SAHBD appeared as a single sharp peak in the range of -60 to -65
ppm. Since the relaxation time of spin labels decreases with increasing mass, the broadening of
the peak observed upon titration of recombinant VLCAD was indicative of a direct binding event
(Figure 3.3A top). The width at half-height (ν1/2) of the resulting peak was measured and plotted
versus protein concentration to obtain a binding curve (Figure 3.3C). Due to its smaller size,
titration of MCL-1ΔNΔC caused the peak to shift rather than broaden (Figure 3.3B top). In this
case, the relative heights of the peptide peaks reflecting the unbound and bound forms were
quantified and plotted to generate a binding curve (Figure 3.3D). An MCL-1 SAHB bearing a “B”
staple, previously found to associate with MCL-1, but not VLCAD (Chapter 2), recapitulated this
selective binding profile in the NMR assay (Figure 3.3A bottom, 3.3B bottom, C-D).
Next, we assayed the MCL-1 SAHBD/VLCAD interaction by biolayer interferometry
(BLI)15, which measures binding to immobilized ligands on a surface rather than in solution.
Streptavidin biosensor tips were coated with biotin-PEG derivatives of MCL-1 SAHBs B and D
(Table 3.1), and then exposed to serial dilutions of recombinant VLCAD or MCL-1ΔNΔC. A
direct binding interaction between the protein and immobilized peptide causes a shift in the
interference pattern of white light reflected within the sensor, which can then be analyzed and de-
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Figure 3.2. Btn-MCL-1 SAHBD pulls down recombinant VLCAD. Interaction profiles of MCL-1,
BIM, BID, and BAD BH3 stapled peptide helices with recombinant VLCAD and GST-MCL1ΔNΔC, as demonstrated by streptavidin pull-down, and VLCAD and GST western analysis.
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Figure 3.3. 19F-NMR analysis of MCL-1 SAHB interactions with VLCAD and MCL-1ΔNΔC. (A)
VLCAD demonstrates dose-responsive interaction with fluorinated MCL-1 SAHBD (top), as
evidenced by progressive line broadening of the peptide signal. No such effect is observed upon
VLCAD incubation with MCL-1 SAHBB (bottom). (B) Both MCL-1 SAHBD (top) and MCL-1
SAHBB (bottom) bind to MCL-1ΔNΔC, as reflected by dose-responsive shifts in the respective
peptide peaks. (C-D) 19F-NMR binding analyses demonstrate selective interaction of recombinant
VLCAD with MCL-1 SAHBD (blue), but not MCL-1 SAHBB (pink) (C), whereas MCL-1ΔNΔC
engaged with both SAHB constructs similarly (D). Data are mean ± S.D. for experiments
performed in biological triplicate.
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Figure 3.3 (Continued)
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convoluted in real-time to measure the thickness of the macromolecular layer at the biosensor
surface. Using this technique, we again observed robust binding of recombinant VLCAD to MCL1 SAHBD (Figure 3.4A top), but no interaction with MCL-1 SAHBB (Figure 3.4A bottom). In
contrast, both peptides bound tightly to MCL-1ΔNΔC (Figure 3.4B). Thus, the selective binding
profile of MCL-1 SAHBD for VLCAD, first observed by affinity capture, was recapitulated by
both 19F-NMR and BLI analyses.

Sequence Determinants for MCL-1 SAHBD Interaction with VLCAD
We next investigated the binding determinants for the MCL-1 BH3/VLCAD interaction by
generating a series of Btn-MCL-1 SAHBD alanine point mutants (Table 3.1) and performing
streptavidin pull-downs from MEF lysates, followed by VLCAD and MCL-1 western analysis of
the resulting eluates. In comparing the binding activities toward native VLCAD and MCL-1, we
observed a series of alanine mutants that disrupted both binding interactions, but also identified
residues that revealed selectivity for each of the targets (Figure 3.5 A-B left). For example,
mutagenesis of L213 − a conserved residue across all BH3 domains − disrupted Btn-MCL1SAHBD interaction with VLCAD and MCL-1, whereas alanine mutation of L210 or the previously
identified MCL-1 selectivity determinant, V2209, were uniquely disruptive to VLCAD and MCl1, respectively. Most striking, the series of disruptive mutations for each target defined partially
overlapping binding interfaces that were shifted from one another by approximately 90 degrees
(Figure 3.5 A-B right), revealing a distinct mode for MCL-1 BH3 interaction with VLCAD.
The alanine mutant peptide panel was then utilized in an isothermal calorimetry (ITC)- based
enthalpy screen to assess the relative binding capabilities of the different peptides to recombinant
VLCAD protein. Although some differences in binding hierarchy were observed between the pull-
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Figure 3.4. Biolayer interferometry analysis of MCL-1 SAHB interactions with VLCAD and MCL1ΔNΔC. (A-B) Comparative binding of MCL-1 SAHBD (top) and MCL-1 SAHBB (bottom) to
recombinant VLCAD (A) and MCL-1ΔNΔC (B), as measured by biolayer interferometry (BLI).
Representative traces are shown for BLI experiments performed in biological triplicate.
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Figure 3.5. Binding determinants of MCL-1 SAHBD interaction with VLCAD. (A-B) Differential
influence of alanine mutagenesis on the interactions between Btn-MCL-1 SAHBD and native
VLCAD (A) or MCL-1 (B), as assessed by streptavidin pull-down from MEF lysates and
densitometric analysis. Alanine mutations that reduced the wild-type interaction by more than 50%
(dotted line) are colored magenta on the helical wheels, whereas those constructs demonstrating
less of a negative influence, no effect, or a binding enhancement are colored blue. Native alanines
and residues not mutated are colored grey. The dotted semicircles highlight the distinctive MCL1 BH3 binding interfaces for VLCAD versus MCL-1 engagement, as defined by the differential
sensitivities to alanine mutagenesis. The pull-downs were performed twice with similar results.
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down and ITC methods, those peptides displaying the strongest and weakest binding activity for
VLCAD were similar between the two analyses (Figure 3.6A). For example, MCL-1 SAHBs
D218A and V220A showed robust binding in both assays, whereas R207A, L213A, R214A,
R215A, and F228A consistently displayed weak VLCAD association. ITC analysis of the strongest
binder, MCL-1 SAHBD V220A, revealed a dissociation constant for recombinant VLCAD
interaction of 1.7 µM (Figure 3.6B).

MCL-1 SAHBD Engages a Surface Groove Near the Active Site of VLCAD
To localize the region of MCL-1 BH3 interaction on VLCAD, we applied a photoaffinity labeling
mass spectrometry approach previously established by the Walensky laboratory13. We first
synthesized a panel of biotinylated photoreactive SAHB (pSAHB) peptides bearing a
benzophenone moiety in discrete locations (Table 3.1). pSAHBs were then incubated with
recombinant VLCAD and exposed to UV light, which results in the benzophenone covalently
attaching to VLCAD residues in the vicinity of the binding site. pSAHBs were then subjected to
streptavidin capture and high-stringency washes to remove uncrosslinked protein. Electrophoresis
of crosslinked VLCAD samples revealed a discrete shift in molecular weight compared to
uncrosslinked protein and immunoreactivity toward a biotin antibody by western analysis,
confirming covalent attachment of the biotinylated pSAHB to VLCAD (Figure 3.7A).
Trypsinization of the crosslinked samples and analysis by mass spectrometry then identified the
residues on VLCAD that were covalently linked to the pSAHBs (Figure 3.7B). Whereas MCL-1
pSAHBs D1 and D2 both crosslinked to VLCAD residues V292 and M294, MCL-1 pSAHBD2
also captured amino acids T240, F242, R246, and G250, and MCL-1 pSAHBD3 crosslinked to S32,
F38, and S445. Intriguingly, the series of identified crosslinks all localized to a discrete surface

102

Figure 3.6. Isothermal calorimetry analysis of the interactions between MCL-1 SAHBD alanine
mutants and VLCAD. (A) An enthalpy screen was performed to assess the differential binding
activities of an MCL-1 SAHBD alanine scanning mutagenesis library and recombinant VLCAD.
A VLCAD substrate, palmitoyl-CoA, was utilized as a positive control. Data are mean ± S.D. for
experiments performed in technical triplicate. (B) Measurement of the dissociation constant of the
MCL-1 SAHBD V220A/VLCAD interaction. A single binding site model was utilized to fit the
data, revealing a Kd of 1.7 µM.
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Figure 3.6 (Continued)
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Figure 3.7. Localization of the MCL-1 BH3 binding site on VLCAD. (A) Photoaffinity labeling of
VLCAD by biotinylated MCL-1 pSAHBs that incorporate a benzophenone-containing residue
(U). Electrophoresis of crosslinked samples on a 7% tris-acetate gel resolves the molecular weight
difference between a crosslinked and uncrosslinked sample (left). The crosslinking of BtnpSAHBs to VLCAD, followed by streptavidin capture, electrophoresis and biotin western analysis,
demonstrates the biotin immunoreactivity of recombinant VLCAD upon pSAHB exposure (right).
(B) Representation of the frequency and location of Btn-pSAHB/VLCAD crosslinks, as
determined by LC-MS/MS analysis of biotinylated, streptavidin-captured, and trypsinized
VLCAD protein. (C) Mapping of the pSAHB-crosslinked residues (pink, green, blue) onto the
VLCAD structure (PDB ID: 3B96) revealed their localization to a surface groove, where molecular
docking calculations placed the MCL-1 BH3 helix (yellow cylinder). Intriguingly, fatty acid
substrate (cyan) and the co-factor FAD (orange) lie adjacent to the putative helix-in-groove
interaction.
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Figure 3.7 (Continued)
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groove formed by the confluence of the β-sheet and α-helical-3 motifs7, which lie just proximal to
the binding sites of the FAD co-factor and the enzyme substrate itself (Figure 3.7C). Using the
identified crosslinks as constraints for computational docking, the MCL-1 BH3 domain is
predicted to engage VLCAD by a helix-in-groove interaction that is analogous to the established
interaction paradigm for BH3 helices with BCL-2 family anti-apoptotic surface grooves9,18.
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DISCUSSION
The discovery by Stewart et al. that the MCL-1 BH3 helix was a potent and specific binding partner
of MCL-19, suggested that the MCL-1 BH3 domain could itself serve as a ligand for protein
interaction. Using an affinity capture and mass-spectrometry approach, we identified VLCAD as
a high-confidence MCL-1 interacting partner (Chapter 2). Using an array of binding assays,
including peptide pull-downs,

19

F-NMR, BLI, and ITC, we documented a direct interaction

between the MCL-1 BH3 helix and VLCAD. Alanine scanning mutagenesis of the MCL-1 BH3
domain determined that the critical residues for VLCAD interaction localize to a portion of the
hydrophobic face that overlaps with, but is distinct from, the MCL-1 BH3-binding interface
implicated in auto-interaction. Finally, application of a photo-affinity labeling mass spectrometry
approach using photo-reactive MCL-1 SAHBs, localized the region of MCL-1 BH3 interaction on
VLCAD to a discrete surface groove proximal to the substrate binding site.
These data demonstrate the first example of an anti-apoptotic BH3 domain serving as a ligand
for interaction with a non-canonical target, reminiscent of the interaction between pro-apoptotic
BAD and glucokinase (GK). When phosphorylated at Ser118 of its BH3 domain, BAD binds to
and regulates GK, a key component of the mammalian glucose-sensing machinery19. Using BAD
SAHBs as probes for protein interaction, Danial, Walensky and colleagues found that direct
interaction between BAD and GK was mediated by the BAD BH3 helix20. Moreover, the BAD
BH3 domain binding site was also localized to the region of the active site on GK21. Taken
together, these findings point to an emerging theme of BCL-2 family proteins functioning at the
crossroads of metabolic and apoptotic pathways.
Alternative splicing and post-translational proteolytic cleavage gives rise to distinct MCL-1
isoforms, including a novel isoform recently localized to the mitochondrial matrix22. We
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hypothesize that VLCAD interacts with the MCL-1Matrix isoform, based on their location in the
same mitochondrial subcompartment. In the established, outer mitochondrial membrane form of
MCL-1 (MCL-1OMM), the hydrophobic face of the BH3 helix forms a portion of the canonical
surface groove and is thus not exposed for protein interaction. However, the structure of the MCL1Matrix form is unknown and, at least for the pro-apoptotic arm of the BCL-2 family, there is
precedent for a conformational reorganization that exposes the hydrophobic face of the BH3 helix.
For example, BAX and BAK undergo a series of induced conformational changes that includes
exposure of the BH3 helix to propagate the death signal23,24. Since pro- and anti-apoptotic proteins
share a high degree of structural homology, it is plausible that a comparable mechanism could
expose the MCL-1 BH3 domain under certain conditions. Alternatively, the MCL-1 BH3 helix
could be constitutively exposed in the mitochondrial matrix form of MCL-1, rather than
participating in forming a surface pocket. Intriguingly, MCL-1Matrix does not possess anti-apoptotic
activity. When Mcl-1-/- MEFs were reconstituted with the MCL-1OMM isoform, protection from
cytotoxic agents was restored. The analogous reconstitution experiments performed with MCL1Matrix showed no such effects22. In addition, mutagenesis that would otherwise ablate the antiapoptotic functionality of the BH3-binding pocket had no disruptive effect on the biological
activities attributed to MCL-1Matrix. These data suggest that MCL-1Matrix could indeed have a
distinct structure from MCL-1OMM, accounting for its distinctive cellular activities.
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CHAPTER 4

A Novel Role for MCL-1 in Regulating Long-Chain Fatty Acid
β−oxidation

ABSTRACT
Fatty acid oxidation disorders (FAODs) are a group of inborn errors of metabolism that affect the
efficiency of fatty acid catabolism in generating ATP. VLCAD deficiency is an FAOD
characterized by impaired long-chain fatty oxidation, resulting in adverse consequences for the
three organs that rely most on β-oxidation for energy: the heart, the liver, and skeletal muscle.
VLCAD deficiency is diagnosed by mass spectrometry-based quantification of the long-chain
acylcarnitine intermediates that accumulate in the blood. Having discovered that MCL-1 directly
and specifically binds to VLCAD, we sought to characterize the functional consequences of the
interaction. We found that acute or chronic deletion of Mcl-1 in cells resulted in the accumulation
of long-chain acylcarnitines, mirroring the defect observed in patients with VLCAD deficiency.
The cellular effect of Mcl-1 deletion was specifically attributed to the mitochondrial matrixlocalized form of MCL-1 based on isoform-specific MCL-1 pull-down of VLCAD from murine
liver lysates. Importantly, ablation of Mcl-1 in murine livers, likewise, caused a β-oxidation defect
in long-chain fatty acids. Taken together, our results highlight a novel and separable function of
MCL-1 in directly regulating the β-oxidation of long-chain fatty acids.
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INTRODUCTION
Fatty acids are an important source of energy for various tissues and become critical during periods
of catabolic stress due to fasting, increased muscular activity, or illness1,2. Neonates are exquisitely
reliant on fatty acids due to their high metabolic rate and limited capacity to store glycogen3. The
transport and breakdown of fatty acids through β-oxidation requires the concerted effort of at least
25 different enzymes, with defects in 22 linked to human disease1. This heterogeneous group of
inborn errors of metabolism are collectively known as fatty acid oxidation disorders (FAODs).
The first reported case of a FAOD was described in 1973, when a patient with presumed
carnitine

palmitoyltransferase

1

(CPT1)

deficiency

presented

with

exercise-induced

rhabdomyolysis and myoglobinuria4,5. Deficiencies at each step of the mitochondrial fatty acid
oxidation pathway have since been clinically defined1. β-oxidation disorders present with a wide
range of symptoms1 and are believed to cause 1-3% of unexplained sudden infant deaths6. FAODs
are inherited in an autosomal recessive fashion, although some heterozygotes display intermediate
levels of enzymatic activity1.
VLCAD deficiency is a FAOD with an estimated prevalence of 1:30,000 people in the United
States7. It is associated with either a cardiac, hepatic, or skeletal muscle phenotype8. The severe,
early-onset, cardiac form of VLCAD deficiency presents in the first few months of life and is
associated with a serious, and sometimes fatal, dilated cardiomyopathy. Patients also present with
cardiac arrhythmias, pericardial effusion, hepatomegaly, and intermittent hypoglycemia. The
milder hepatic form of the disease presents during early childhood with hypoketotic hypoglycemia
and hepatomegaly, but without cardiomyopathy. The late-onset myopathic form of VLCAD
deficiency presents in adulthood with muscle weakness, intermittent rhabdomyolysis, muscle
cramps, and exercise intolerance. Symptoms can be attributed to energetic deficiencies in β-
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oxidation-dependent tissues, and to the toxic properties of accumulated intermediates of the
defective β-oxidation pathway6. Symptoms can be triggered by prolonged fasting, infection,
exposure to cold, exercise, or fat-rich diets6. The mutational landscape underlying VLCAD
deficiency is extremely heterogeneous, with over 100 missense, nonsense, and splice mutations
reported1,6. In general, there is a strong genotype-phenotype correlation, in which the most severe
phenotypes are often associated with null mutations6,8.
β-oxidation disorders, including VLCAD deficiency, are diagnosed by newborn screening,
which includes LC-MS/MS-based analyses of acylcarnitine species in newborn blood9.
Cytoplasmic, long-chain acyl-CoAs are converted into their acylcarnitine analogs for
mitochondrial transport, returned to their acyl-CoA form in the mitochondrial matrix, and then
subjected to dehydrogenation by VLCAD10. Therefore, a blockade in β-oxidation at the VLCADcatalyzed step leads to an accumulation of acyl-CoAs, which are quickly converted back into the
less toxic acylcarnitine form. The accumulated acylcarnitine species most commonly associated
with VLCAD deficiency are C14:1, C14:2, C14, and C12:1 (nomenclature denotes length of
carbon chain and the number of unsaturated bonds)7. Although blood acylcarnitine profiling is the
most direct and specific diagnostic approach, detection of accumulated intermediates can prove
challenging if metabolic crises are intermittent6. When acylcarnitine testing is inconclusive,
VLCAD deficiency is analyzed by assessment of β-oxidation flux, VLCAD enzymatic activity,
VLCAD expression, and VLCAD DNA sequence8.
Management of VLCAD-deficient patients focuses on preemptively limiting lipolysis and
the dependence on β-oxidation6, with patients counseled to avoid fasting, prolonged exercise, and
high fat diets. Dietary fat intake is restricted to 25% of total calories and some patients are
supplemented with medium-chain triglycerides1, although the efficacy of this treatment option is

117

debated. When a metabolic crisis occurs, patients are treated with intravenous glucose as an energy
source and any associated cardiac arrhythmias are managed medically6. Acute rhabdomyolysis is
treated with hydration and alkalization of the urine to protect the kidneys11.
Interestingly, conditional deletion of Mcl-1 in murine cardiomyocytes causes a rapidly-fatal
dilated cardiomyopathy12 that is similar to the cardiac consequences of VLCAD deficiency. Given
the striking phenotypic similarities shared by VLCAD deficiency and cardiomyocyte deletion of
Mcl-1, we sought to investigate the mechanistic relationship between MCL-1 and VLCAD.
Acylcarnitine quantification and β-oxidation analyses of cells and murine livers revealed that the
absence of MCL-1, and specifically its matrix form, disrupted the β-oxidation of long-chain fatty
acids.
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METHODS
Cell Culture
SV40-transformed wild-type, Mcl-1-/-, Mcl-1+/+CreERT2, Mcl-1fl/flCreERT2, Mcl-1fl/flCreERT2 +
MCL-1OMM, and Mcl-1fl/flCreERT2 + MCL-1Matrix mouse embryonic fibroblasts (MEFs) have been
described previously13,14 and were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin/streptomycin,
and 2 mM glutamine following standard culture conditions and procedures. To induce Cre
expression, cells were treated with 100 nM (4-hydroxy)-tamoxifen (Sigma-Aldrich) in media for
at least 48 hours. Successful deletion of Mcl-1 was confirmed by anti-MCL-1 (Rockland 600-401394, 1:1000 in 3% BSA) western analysis with anti-β-actin (Sigma A1978, 1:1500 in 3% BSA) as
a loading control. Densitometry analyses were performed using ImageJ software. All cell lines
were confirmed to be mycoplasma-free using the MycoAlertTM mycoplasma detection kit (Lonza
Biologics Inc).

Acylcarnitine Analysis
MEFs were plated in Minimum Essential medium (MEM; Invitrogen) containing 200 µM palmitic
acid (Sigma-Aldrich), 50 µM fatty-acid-free bovine serum albumin (BSA) (Sigma-Aldrich) and
400 µM L-carnitine (Sigma-Aldrich) for 96 hours. Palmitic acid-containing media was generated
as previously described15. Briefly, a stock solution of palmitic acid was prepared in ethanol,
pipetted into a bottle, and dried under nitrogen. BSA was then dissolved in MEM by brief
sonication and gentle shaking at 37°C for 1 hour. The media was added to the dry palmitic acid,
sonicated briefly, and allowed to shake gently overnight at 37°C, followed by addition of Lcarnitine, FBS, and glutamine. For tamoxifen-induced deletion of Mcl-1, cells were treated with
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tamoxifen or vehicle prior to the above incubation in palmitic acid-containing media. Cells were
then trypsinized, washed with cold PBS, and flash frozen in liquid nitrogen. Frozen pellets were
thawed in 1 ml of a 3:1 acetonitrile:methanol solution containing 0.1 µM 13C-palmitic acid (SigmaAldrich) as an internal standard. Once thawed, cells were thoroughly resuspended by two rounds
of vortexing and sonication for 30 seconds each. Debris was pelleted at 12,000 xg for 10 minutes,
after which the supernatant was transferred to a clean tube and dried by speed vacuum.
Acylcarnitine species were butylated by the addition of 100 µL acetyl chloride (Sigma-Aldrich)
and 400 µL 1-butanol (Sigma-Aldrich) for 15 minutes at 60°C16. Samples were then dried again
by speed vacuum, resuspended in 100% acetonitrile, and run on a q-Exactive Plus coupled to a
Thermo Ultimate 3000 uHPLC16. Data were analyzed using the Xcalibur Qual Browser (Thermo
v3.0.63).
For acylcarnitine analysis in livers, frozen tissue was thawed in 750 µL of a 3:1
acetonitrile:methanol solution containing 0.1 µM 13C-palmitic acid (Sigma-Aldrich) as an internal
standard. Once thawed, tissue was homogenized thoroughly with an IKA T10 Basic homogenizer.
Cellular debris was then pelleted at 12,000 xg for 10 minutes and further processed and analyzed
as described above.

Mouse Liver Proteomic Analysis
Self-complementary adeno-associated virus serotype 8 (scAAV8) vectors expressing Cre
recombinase (to delete endogenous Mcl-1), or MCL-1 mutants expressing an internal FLAG
epitope tag (FLAG-MCL-1) under the control of the LP1 liver-specific promoter17 were packaged
by the St. Jude Children’s Research Hospital (SJCRH) Vector Production Core laboratory. Mcl-1conditional mice (Mcl-1fl/fl)13 were intravenously injected via tail vein with scAAV-LP1-Cre
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(2x1011 genome copies per mouse) and scAAV-LP1-FLAG-MCL-1 vectors (5x1010 genome
copies per mouse). All mice were bred and utilized in accordance with SJCRH animal care and
use committee approved protocols. Two weeks after viral infection, livers were isolated from
euthanized mice and subjected to mitochondrial purification by differential centrifugation as
previously described14. To assess endogenous Mcl-1 deletion and expression of reconstituted
MCL-1, immunoblots were performed from lysed liver mitochondria. Frozen isolated
mitochondria were subjected to immunoprecipitation with M2 anti-FLAG-agarose beads (Sigma)
in immunoprecipitation buffer (50mM Tris, pH 7.5, 150mM NaCl, 0.5% (v/v) NP-40, complete
protease inhibitor pellet [Roche]) for 90 minutes and washed 3 times with the same buffer prior to
overnight elution with 200 mg/ml FLAG-peptide. Eluted immunoprecipitated samples were run
on an SDS-PAGE gel and subjected to tandem mass spectrometry at the SJCRH Proteomics Core
Facility. The proteins in the gel bands were reduced with DTT to break disulfide bonds and the
cysteine (Cys) residues were alkylated by iodoacetamide to allow for the recovery of Cyscontaining peptides. The gel bands were washed, dried down by speed vacuum, and rehydrated
with trypsin-containing buffer. Digested samples were acidified and the peptides were extracted
and loaded onto a nanoscale capillary reverse phase C18 column and eluted by a gradient using an
HPLC system (Thermo EASY-nLC 1000). The eluted peptides were ionized, and detected by an
inline mass spectrometer (LTQ Orbitrap Elite). The MS spectra were collected first (in ~0.5
seconds) and the top 20 abundant ions were sequentially isolated for MS/MS analysis (each in ~0.1
seconds, totaling ~2 seconds). This process (~2.5 seconds) was cycled over the entire liquid
chromatography gradient, acquiring more than 14,000 MS/MS spectra during a 50-minute elution.
Database searches were performed using the Sequest search engine. All matched MS/MS spectra
were filtered by mass accuracy and matching scores to reduce protein false discovery rate (~1%).
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Each immunoprecipitation was performed from 3 pooled mouse liver preparations and mass
spectrometry was performed in duplicate.

Mouse Liver 14C-Palmitate Oxidation Assay
Fatty acid β-oxidation was assayed in liver extracts as previously described18. Briefly, fresh liver
extracts from control or Mcl-1fl/fl mice (2 weeks post scAAV8-LP1-Cre infection) were incubated
at room temperature for 1 hour with unlabeled palmitic acid (50, 100, 200, and 300 µM) mixed
with radioactive tracers ([1-14C]palmitate; PerkinElmer Life Sciences). CO2 was released by
adding perchloric acid and captured by hyamine hydroxide, and short-chain metabolites (≤ C6,
acid-soluble metabolites) retained in perchloric acid. Fatty acid oxidation rates are represented as
the production rates of acid-soluble metabolites and captured CO2.
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RESULTS
Loss of Mcl-1 Results in Selective Accumulation of Long-Chain Acylcarnitines in MEFs
To examine the functional relevance of the identified MCL-1 BH3/VLCAD interaction, we tested
the impact of chronic and acute loss of Mcl-1 on long-chain fatty acid β-oxidation via massspectrometry-based acylcarnitine quantification. Intracellular acylcarnitine levels are a direct
measure of β-oxidation flux and are routinely measured in newborn screens to diagnose VLCAD
deficiency9. The experiment was performed on WT and Mcl-1-/- MEFs, which were first plated in
media containing high levels of palmitic acid for 96 hours to stimulate β-oxidation15 (Figure
4.1A). Cells were then homogenized in an acetonitrile:methanol mixture to extract lipid species16.
Since butyl ester acylcarnitine analogs ionize more efficiently in the mass spectrometer, extracts
were subsequently butylated by exposure to 1-butanol and acetyl chloride16. Analysis of the
processed extracts revealed a striking accumulation of long-chain acylcarnitines in Mcl-1-/- cells
compared to WT (Figure 4.1B), suggestive of a blockade in the β-oxidation pathway of long-chain
fatty acids upon loss of MCL-1 protein.
We repeated the analysis using a conditional Mcl-1 knockout model, in which Mcl-1 deletion
is achieved upon treating Mcl-1fl/flCreERT2 MEFs14 with tamoxifen (100 nM) for 48 hours (Figure
4.2A). Tamoxifen-treated Mcl-1+/+CreERT2 MEFs served to control for off-target tamoxifen
effects. After 48 hours of tamoxifen (or vehicle) treatment of Mcl-1fl/flCreERT2 MEFs, the cells
were exposed to palmitic acid-containing media, followed by extraction as described above
(Figure 4.2B). Conditional ablation of Mcl-1 also resulted in the accumulation of long-chain
acylcarnitines, indicative of a blockade in the β-oxidation pathway (Figure 4.2C). In contrast,
Mcl-1+/+CreERT2 cells showed no change in lipid profile upon tamoxifen treatment, confirming
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Figure 4.1. Selective accumulation of long-chain fatty acylcarnitines in Mcl-1-deficient cells. (A)
Experimental timeline. (B) Chronic deletion of Mcl-1 leads to accumulation of intracellular longchain acylcarnitines, as quantified by mass spectrometry and compared to the corresponding wildtype MEF controls. Error bars are mean ± S.D. for experiments performed in technical triplicate.
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Figure 4.2. Acute deletion of Mcl-1 results in selective accumulation of long-chain fatty
acylcarnitines. (A) Treatment of Mcl-1fl/flCreERT2 MEFs with 100 nM tamoxifen results in
complete elimination of MCL-1 by 48 hours, as detected by MCL-1 western analysis. Tamoxifen
treatment has no such effect on Mcl-1+/+CreERT2 MEFs. (B) Experimental timeline. (C) Massspectrometry-based quantification of intracellular acylcarnitines demonstrates an accumulation of
long-chain species in Mcl-1fl/flCreERT2 cells treated with tamoxifen as compared to vehicle,
reflecting a blockade in long-chain fatty acid β-oxidation. Error bars are mean ± S.D. for
experiments performed in technical quadruplicate. (D) In contrast, treatment of Mcl-1+/+CreERT2
cells with tamoxifen has no independent effect on the level of acylcarnitines. Error bars are mean
± S.D. for experiments performed in technical triplicate.
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that the observed accumulation of acylcarnitines upon conditional Mcl-1 deletion was not due to
tamoxifen but rather the loss of MCL-1 protein (Figure 4.2D).

The Regulatory Role of MCL-1 in Fatty Acid Metabolism is Isoform Specific
Alternative splicing19,20 and post-translational proteolytic cleavage14 produce a series of distinct
MCL-1 isoforms, each with diverse cellular functions. Most recently, Opferman and colleagues
identified a matrix-localized MCL-1 isoform generated by post-translational cleavage at leucine
3314. Unlike the well-known anti-apoptotic MCL-1 isoform that localizes to the outer
mitochondrial membrane (MCL-1OMM), the matrix-localized isoform (MCL-1Matrix) lacks antiapoptotic functionality. Whereas reconstitution of Mcl-1-/- MEFs with MCL-1OMM restored a
survival advantage in the face of staurosporine or etoposide treatment, reconstitution with MCL1Matrix had no such effect14. Instead, the function of MCL-1Matrix was linked to ATP homeostasis
and maintenance of proper mitochondrial morphology14.
Given the mitochondrial matrix localization and bioenergetic function of VLCAD, we
hypothesized that MCL-1Matrix mediated the observed effects on β-oxidation upon deletion of Mcl1. To test this hypothesis, we performed comparative acylcarnitine quantification on a series of
MEFs expressing differential levels of outer mitochondrial membrane (OMM) and matrix forms
of MCL-114. Mcl-1fl/flCreERT2 MEFs were transfected with constructs that either produced MCL1OMM or MCL-1Matrix. To restrict MCL-1 expression to the outer mitochondrial membrane, Mcl-1
cDNA sequence was mutated at the cleavage site that yields MCL-1Matrix. Conversely, an MCL-1
construct that resides solely in the matrix was generated by adding the mitochondrial targeting
sequence of matrix-localized ATP synthase to an N-terminally truncated form of MCL-1 at
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glutamic acid 67. Upon tamoxifen treatment of the generated lines, endogenous Mcl-1 was deleted
and the site-specific isoforms of MCL-1 remained14 (Figure 4.3A).
Mcl-1fl/flCreERT2 + MCL-1OMM and Mcl-1fl/flCreERT2 + MCL-1Matrix MEFs were treated with
tamoxifen or vehicle for 48 hours and then subjected to palmitic acid-containing media for 96
hours, followed by lipid extraction. Extracts were analyzed by mass spectrometry to quantify
cellular acylcarnitine levels. Interestingly, the levels of observed long-chain fatty acylcarnitines
were inversely correlated to the cumulative amount of native and/or reconstituted MCL-1Matrix, but
were unaffected by the presence or absence of MCL-1OMM, implicating MCL-1Matrix in the
regulation of long-chain fatty acids (Figure 4.3 B-C).
To link the isoform-specific effect of MCL-1Matrix to direct VLCAD interaction, we
performed co-immunoprecipitation and mass spectrometry experiments using liver extracts from
isoform-specific reconstituted Mcl-1-/- livers. Mcl-1fl/fl mice13 were co-injected with two different
adenovirus constructs: one to induce deletion of endogenous Mcl-1 in the liver (AAV-LP1-Cre)
and the other to re-express the corresponding FLAG-tagged MCL-1 isoforms (AAV-LP1FLAG_MCL-1OMM or AAV-LP1-FLAG_MCLMatrix). Two weeks after the mice were injected with
adenovirus, livers were harvested and the mitochondria purified. Isolated mitochondria were then
subjected to immunoprecipitation using anti-FLAG agarose beads, and eluates were analyzed by
LC-MS/MS. In comparison with the FLAG-MCL-1 wild-type pull-down (both forms present)
(Chapter 2), we observed selective enrichment for VLCAD in the FLAG-MCL-1Matrix pull-down,
and the BH3-only protein targets, BIM and PUMA, in the FLAG-MCL-1OMM pull-down,
consistent with a specific role for MCL-1Matrix in promoting fatty acid β-oxidation through direct
VLCAD interaction (Table 4.1).
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Figure 4.3. Acylcarnitine quantification links the functional effect of Mcl-1 on β-oxidation to
MCL-1Matrix. (A) MCL-1 western analysis of cellular lysates from Mcl-1fl/flCreERT2 + MCL-1OMM
and Mcl-1fl/flCreERT2 + MCL-1Matrix MEFs at the indicated experimental time points (see Figure
4.2B) demonstrates the various levels of native and reconstituted MCL-1 protein isoforms. Of note,
reconstituted MCL-1Matrix protein is composed of the mitochondrial localization sequence of N.
crassa ATP synthase (amino acids 1-58) fused to an N-terminally truncated MCL-1 (at glutamic
acid 67), accounting for the lower molecular weight compared to native MCL-1Matrix. (B) Relative
levels of native and reconstituted MCL-1OMM and MCL-1Matrix proteins, as quantified by
densitometry of the western blot in Figure 4.3A. (C) Extracts were prepared from the indicated
MEFs on experimental day 8 and subjected to acylcarnitine quantification. The amount of longchain fatty acylcarnitine accumulation inversely correlates with the level of MCL-1Matrix protein,
rather than that of MCL-1OMM, as reflected by the color sequence (black > grey > magenta > pink).
Error bars are mean ± S.D. for experiments performed in technical quadruplicate.
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Figure 4.3 (Continued)
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Table 4.1. Mass spectrometry identification of VLCAD as a specific MCL-1Matrix interacting
protein. Selective enrichment for BIM and PUMA by FLAG-MCL-1OMM, and VLCAD by FLAGMCL-1Matrix, as evaluated by mass spectrometry of isoform-specific FLAG-MCL-1
immunoprecipitations from mouse liver mitochondria. Mitochondria were isolated from Mcl-1fl/fl
mice co-injected with scAAV-LP1-Cre and either scAAV-LP1-FLAG-MCL-1OMM or scAAVLP1-FLAG-MCL-1Matrix. Each immunoprecipitation represents the pooled mitochondria from 3
independent mice and the mass spectrometry analysis was performed in duplicate.
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Loss of Mcl-1 Disrupts the β-oxidation Pathway in Vivo
To explore the physiologic relevance of the MCL-1/VLCAD interaction in vivo, we performed
mass spectrometry-based acylcarnitine quantification on WT versus Mcl-1-deleted murine livers.
The liver relies on the oxidation of fatty acids for energy10, and is therefore one of the major tissues
adversely affected in VLCAD-deficient patients11,21. Mcl-1fl/fl mice were injected with AAV-LP1Cre viral constructs to delete Mcl-1 in a liver-specific fashion. The mice were then injected with
either AAV-LP1-MCL-1 to reconstitute MCL-1 in livers, or with AAV-LP1-GFP as a negative
control. Harvested livers were flash frozen, homogenized in acetonitrile and methanol to extract
lipids, and extracts were then butylated and analyzed by LC-MS/MS. Consistent with our findings
in MEFs, we observed a marked accumulation of long-chain acylcarnitines in livers lacking MCL1 (Figure 4.4).
To determine if the observed long-chain acylcarnitine accumulation was the direct result of
defective β-oxidation, we compared the oxidation rate of 14C-palmitate in WT and Mcl-1-deleted
livers. Liver mitochondria isolated from Mcl-1WT and Mcl-1fl/fl mice injected with an AAV-LP1Cre adenoviral construct were incubated with 14C-palmitate. The respired CO2 was then analyzed
by scintillation counting to determine the extent of label incorporation, and thus, the efficiency of
palmitate oxidation. We observed a significant decrease in the β-oxidation rate of 14C-palmitate in
Mcl-1-deleted versus WT murine livers (Figure 4.5), linking MCL-1 expression to the
maintenance of homeostatic β-oxidation of long-chain fatty acids.
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Figure 4.4. Selective accumulation of long-chain fatty acylcarnitines in Mcl-1-deficient murine
livers. Livers from Mcl-1fl/fl mice co-injected with scAAV-LP1-Cre and either scAAV-LP1-GFP
or scAAV-LP1-MCL-1 were homogenized and subjected to lipid extraction and acylcarnitine
butylation. Mass spectrometry quantification of intracellular acylcarnitine species revealed the
accumulation of long-chain acylcarnitines upon deletion of Mcl-1 compared to WT MCL-1
reconstituted controls. Error bars are mean ± S.D. for experiments performed in biological
triplicate.
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Figure 4.5. Decreased

14

C-palmitate oxidation in Mcl-1-deficient murine livers. Decreased

complete oxidation rate of

14

C-palmitate in livers isolated from Mcl-1fl/fl mice injected with

scAAV-LP1-Cre (Mcl-1del) as compared to scAAV-infected wildtype (Mcl-1WT) mice. The
complete oxidation rates are normalized to total hepatic protein. Error bars are mean ± S.D. for
experiments performed in technical and biological triplicate.
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DISCUSSION
Our discovery that the MCL-1 BH3 helix binds to VLCAD, a key enzyme of the β-oxidation
pathway of long-chain fatty acids, represents the first example of an anti-apoptotic BH3 domain
serving as a ligand for protein interaction, and to a non-BLC-2 family target (Chapter 2). Having
characterized the MCL-1/VLCAD interaction in vitro (Chapter 3), we next sought to determine its
functional and physiological consequences. Acylcarnitine quantification upon acute and chronic
Mcl-1 deletion, and isoform-specific reconstitution in MEFs and murine livers, consistently
demonstrated a gain-of-function role for MCL-1 in regulating the efficiency of long-chain fatty
acid β-oxidation.
MS-based acylcarnitine quantification is routinely used clinically to diagnose VLCAD
deficiency11. Humans do not express long-chain acyl-CoA dehydrogenase (LCAD), the VLCADrelated enzyme with substrate specificity towards 8-14-carbon acyl-CoAs21, and therefore,
VLCAD-deficient patients display elevated C12 and C14 acylcarnitine species7,11. Since mice
express LCAD, loss of VLCAD results in the accumulation of the slightly larger intermediates,
C16 and C18 acylcarnitines22. Our analyses, performed on murine fibroblasts and livers, indeed
revealed elevated levels of the C16:0, C16:1, C18:0, and C18:1 species upon Mcl-1 deletion.
A novel mitochondrial matrix-localized isoform of MCL-1 was first reported in 201214, and
is derived from full-length MCL-1 upon proteolytic cleavage at leucine 33, followed by TOM- and
TIM-dependent mitochondrial import. Whereas MCL-1Matrix demonstrated no anti-apoptotic
activity, it was required for normal inner mitochondrial membrane structure, efficient
mitochondrial fusion, homeostatic mitochondrial respiration, and adequate ATP production14.
Based on the functional and subcellular overlap between MCL-1Matrix and VLCAD, we
hypothesized that MCL-1Matrix was the specific isoform responsible for the observed effects on β-
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oxidation of long-chain fatty acids. Isoform-specific reconstitution experiments in MEFs, in
addition to isoform-specific pull-downs in murine livers, indeed implicated MCL-1Matrix in binding
to VLCAD and regulating β-oxidation. Accumulation of acylcarnitines inversely correlated with
the level of expressed MCL-1Matrix, whereas MCL-1OMM levels had no effect on lipid profiles.
Likewise, only MCL-1Matrix demonstrated enrichment for VLCAD interaction when compared to
pull-downs of WT MCL-1. In contrast to MCL-1OMM, pull-downs of MCL-1Matrix were notably
lacking in BH3-only proteins, such as BIM and PUMA, which interact with WT MCL-1 via the
canonical surface groove. These data suggest that the structure of MCL-1Matrix is distinct from
MCL-1OMM, specifically with respect to the absence of a functional BH3-binding groove. Indeed,
an alternatively structured MCL-1Matrix isoform could display an exposed BH3 helix for noncanonical protein interaction, as discussed in Chapter 3.
The unexpected link between MCL-1 and VLCAD provides a unifying mechanism for
phenotypic outcomes shared by the two proteins. For example, conditional deletion of Mcl-1 or
Acadvl (VLCAD) in murine cardiomyocytes leads to a dilated cardiomyopathy12,23, which is also
seen in children with the severe form of VLCAD deficiency24. VLCAD is bound to the inner
mitochondrial membrane and catalyzes the first of four steps of fatty acid β-oxidation,
dehydrogenating the C2-C3 bond of fatty acyl-CoA chains containing 14-20 carbons. The pathway
is critical to converting the energy stored in fats into ATP, with the heart relying on fatty acids as
the preferred substrate for ATP production. The cardiac damage sustained as a result of VLCAD
deficiency derives both from energy depletion and toxicity from the accumulated long-chain fatty
acids and carnitine derivatives25. Lipotoxicity can induce mitochondrial dysfunction that manifests
as altered mitochondrial morphology, bioenergetic imbalance, and decreased mitochondrial
membrane potential. In the absence of the mitochondrial matrix isoform of MCL-1, mitochondrial
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morphology, ATP production, and mitochondrial membrane potential are disrupted14. This striking
phenotypic overlap in mitochondrial dysfunction and cardiac pathology is consistent with our
identification of a direct role for MCL-1 in regulating the functional activity of VLCAD.
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CHAPTER 5

Discussion and Future Directions

Sections from this chapter are based on:
Lee, S., Wales, T.E., Escudero, S., Cohen, D.T., Luccarelli, J., Gallagher, C.G., Cohen, N.A.,
Huhn, A.J., Bird, G.H., Engen, J.R. & Walensky, L.D. Allosteric inhibition of antiapoptotic MCL1. Nat Struct Mol Biol 23, 600-607 (2016).

OVERVIEW OF RESULTS
MCL-1 is an anti-apoptotic BCL-2 family protein implicated in the development and
chemoresistance of human cancer. Deletion of Mcl-1 leads to an array of profound deleterious
effects1-5, suggestive of a broader role in maintaining homeostasis. Here, we describe that MCL1, and specifically its mitochondrial matrix isoform (MCL-1Matrix), directly engages very longchain acyl-CoA dehydrogenase (VLCAD), a key enzyme of the mitochondrial fatty acid βoxidation pathway. We show that the interaction is mediated by the MCL-1 α-helical BCL-2
homology 3 (BH3) domain and localize the binding site on VLCAD. Furthermore, we show that
ablation of Mcl-1 in cells and murine livers results in a blockade of β-oxidation, demonstrated by
an accumulation of long-chain acylcarnitines and a decrease in palmitic acid oxidation. Our
identification of a BH3-mediated interaction between MCL-1 and VLCAD reveals a novel
functional role of MCL-1 in regulating lipid metabolism.

DISCUSSION
Rationale for the Use of Stapled Peptide Helices
The insertion of an all-hydrocarbon crosslink spanning one or two turns of a naturally-helical
peptide restores and stabilizes its secondary structure6. Such “stapled” peptides serve as ideal
reagents to dissect the structure and function of proteins bearing α-helical interacting domains6.
Stabilized Alpha-Helices of BCL-2 domains (SAHBs) have been utilized in a series of studies that
yielded high-impact insights such as the discovery of (1) an unanticipated function for proapoptotic BAD in metabolism7, (2) the elusive trigger site on pro-apoptotic BAX8, (3) the series
of conformational changes along the BAX activation pathway9, and (4) the binding determinants
for selective engagement of anti-apoptotic MCL-110.
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Stapled peptide mimetics of the MCL-1 BH3 domain proved to be invaluable in uncovering
and dissecting the MCL-1/VLCAD interaction. The complex was identified using a biotinylated
MCL-1 SAHB, and may otherwise have not been revealed if proteomic efforts had focused on
full-length MCL-1 protein, which buries the hydrophobic face of the BH3 domain. Since the MCL1Matrix isoform has not been produced as a recombinant protein, thus far, due to protein expression
challenges, stapled peptides have allowed us to characterize the MCL-1 BH3/VLCAD complex in
vitro. Studies utilizing MCL-1 SAHBs demonstrated that the MCL-1/VLCAD interaction was
direct, revealed the binding determinants for VLCAD engagement, and elucidated the MCL-1 BH3
binding site on VLCAD. The relative ease with which SAHBs can be iterated and functionalized
allowed for the efficient deployment of diverse peptides for a broad array of experimental
applications, including biotinylated constructs for pull-downs, fluorinated peptides for NMR
binding studies, and photo-crosslinkable analogs for binding site identification.

Phenotypic Overlap Between Loss of Mcl-1 and Defective β-Oxidation
The novel link between MCL-1 and VLCAD provides a mechanistic explanation for the analogous
phenotypes observed upon ablation of either protein. Perhaps the most striking, as discussed in
Chapter 4, is the development of dilated cardiomyopathy upon conditional deletion of either Mcl15 or Acadvl (VLCAD)11 in murine cardiomyocytes. Echocardiography in both mouse models
detected an increase in the interior dimension of the left ventricle, a decrease in the posterior wall
thickness of the left ventricle, and a decrease in both the ejection and shortening fractions5,11. These
findings reflect an enlarged ventricle, a thinning ventricular wall, and a loss of heart contractility.
The loss of Mcl-1 or Acadvl also leads to dramatic collagen deposition in cardiac tissue5,11. The
rapidly-fatal dilated cardiomyopathy in cardiac-specific Mcl-1-/- mice can be rescued by
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simultaneous deletion of Bax and Bak, implicating apoptotic cell death as a contributing factor to
the observed cardiac failure. However, the triple Bax/Bak/Mcl-1 knockout mouse continues to
display altered mitochondrial respiration and defective mitochondrial ultrastructure, providing
evidence of a role for MCL-1 beyond regulating apoptosis5.
The most severe phenotype associated with deletion of Mcl-1 is embryonic lethality.
Rinkenberger et al. reported that Mcl-1-/- embryos could not be isolated from Mcl-1 heterozygous
crosses after developmental stage E4.01. Histological examination of uteruses at stages E5.5 – 7.5
revealed no evidence of embryo resorption or of empty decidua, indicating that the Mcl-1-/embryos were unable to trigger maternal decidualization due to a severe implantation defect.
When cultured in vitro, Mcl-1-/- embryos were incapable of developing into blastocysts.
Surprisingly, TUNEL staining revealed no differences in the percentage of cells undergoing
apoptosis in Mcl-1-/- embryos compared to Mcl-1+/- and Mcl-1+/+ littermates. Interestingly, defects
in long-chain β-oxidation are also detrimental to oocyte and embryo development in mice. For
example, knockout of Acadl (LCAD: an acyl Co-A dehydrogenase closely related to VLCAD)
resulted in gestational loss of 40% of Acadl-/- embryos12. In addition, Acadl-/- embryos maintained
in culture were unable to develop from the morula to the blastocyst stage13, reminiscent of Mcl-1/-

embryos1. Deletion of Cpt1a or Cpt1b, two isoforms of the enzyme responsible for converting

acyl-CoA chains into acylcarnitines, is also embryonically lethal prior to stage E1014,15.

BCL-2 Family Proteins as Regulators of Mitochondrial Metabolism
Over the last 30 years, BCL-2 family proteins have emerged as critical regulators of the protein
interactions and signaling pathways that regulate apoptotic cell death. More recently, a series of
studies have also attributed non-canonical functions to select members of the BCL-2 family. For
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example, BAX and BAK promote mitochondrial fission and co-localize with the fission-inducing
protein, DRP1, at sites of mitochondrial scission16. BCL-2, via its BH4 domain, binds to and
inhibits IP3R, the ER-resident, IP3-gated calcium channel17. The pro-apoptotic protein, BOK, has
been implicated in the regulation of the unfolded protein response during ER stress18.
Emerging metabolic functions for BCL-2 family proteins suggest that the role of the
mitochondria as a hub for both cell metabolism and apoptosis regulation may be more than a
coincidence. Perhaps the earliest evidence for molecular crosstalk between apoptosis and
metabolism was the provocative discovery that cytochrome c, a key component of the electron
transport chain, was released from the mitochondria upon apoptosis induction to activate the
caspase cascade19. A seminal discovery by Danial and colleagues revealed that the pro-apoptotic
BH3-only protein BAD resides in a glucokinase (GK)- containing protein complex to regulate
glucose metabolism7,20, the first example of a BCL-2 protein with dual roles in apoptosis and
metabolic regulation (Figure 5.1A). Danial and colleagues demonstrated that, upon
phosphorylation of its BH3 domain, BAD binds to GK and regulates its enzymatic activity21. In
pancreatic β-cells, the BAD/GK complex couples glucose oxidation to insulin secretion, thereby
functioning as the cell’s glucose sensor7. In the liver, BAD and GK play a central role in
maintaining the proper balance between hepatic glucose oxidation, synthesis, and storage22.
Together, they ensure that glycolysis is increased in the fed state and excess glucose is stored as
glycogen. Upon fasting, the BAD/GK complex is responsible for inhibiting glycolysis and fatty
acid oxidation, and promoting gluconeogenesis.
Other BCL-2 family proteins have also been associated with metabolic processes. For
example, anti-apoptotic BCL-XL was reported to localize to the inner mitochondrial membrane,
where it bound the β-subunit of F1F0 ATP synthase23. In vitro and cellular experiments indicated
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Figure 5.1. Parallel modulation of apoptosis and cellular metabolism by BAD and MCL-1. (A)
Phosphorylation of BAD’s BH3 domain transforms it from a BCL-XL-targeting protein into a
glucokinase (GK) modulator. When bound to BCL-XL at the outer mitochondrial membrane, BAD
promotes apoptotic cell death by blocking BCL-XL’s anti-apoptotic activity. When
phosphorylated, BAD binds to GK to enhance its enzymatic activity. Together, they regulate
glucose-stimulated insulin secretion and the hepatic balance between glucose consumption and
synthesis. (B) MCL-1OMM resides on the outer mitochondrial membrane, where its BH3 domain
contributes to the formation of the BH3 binding groove. By binding to pro-apoptotic members of
the BCL-2 family, such as BIM, MCL-1OMM drives cellular immortality. Post-translational
proteolytic cleavage at leucine 33 generates a mitochondrial matrix-localized isoform (MCL1Matrix) implicated in the maintenance of proper mitochondrial respiration and ATP production.
Our data support a model where MCL-1Matrix binds directly to VLCAD via its BH3 domain to
promote homeostatic levels of long-chain β-oxidation.
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that BCL-XL reduces proton leak within the ATP synthase complex, and thereby enhances ATP
production. Gross and colleagues have shown that pro-apoptotic BID binds to the mitochondrial
protein, MTCH224, and relieves its inhibition of oxidative phosphorylation25. While the
mechanistic details of the MTCH2 pathway remain to be fully elucidated, this signaling axis is
believed to play a critical role in the maintenance of quiescent hematopoietic stems cells, whose
differentiation requires a metabolic switch26. Finally, like BAD, phosphorylation of the BH3-only
protein, NOXA, has been shown to abrogate its pro-apoptotic activity and promote its involvement
in glucose metabolism. The CDK5-dependent phosphorylation event of the NOXA protein leads
to rerouting of glucose-derived carbons from glycolysis to the pentose phosphate pathway27.
Taken together, a new theme of BCL-2 family proteins having “day jobs,” such as in
metabolic regulation, and “night jobs” in dictating cell fate, has expanded the regulatory network
of this critical protein family in biology28. Our discovery of a novel role for MCL-1 in the
regulation of β-oxidation through VLCAD interaction provides a new piece to the puzzle of the
critical intersection between apoptosis and metabolism. Intriguingly, the switch between apoptotic
and metabolic regulation by BCL-2 family proteins, such as BAD and MCL-1, appears to be
mediated by post-translational modification, such as phosphorylation and proteolytic cleavage,
respectively4,20,27. Indeed, having the critical arbiters of cell fate embedded in homeostatic
processes provides a safety valve for cellular dysfunction.

FUTURE DIRECTIONS
Determining the Crystal Structure of the MCL-1 SAHB/VLCAD Complex
In collaboration with Sirano Dhe-Paganon and Hyuk-Soo Seo of the Dana-Farber Cancer Institute,
MCL-1 SAHB/VLCAD complexes are currently being evaluated for structural elucidation by X-
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ray crystallography. A detailed structural characterization of the MCL-1/VLCAD complex would
define the binding interface and inform mutagenesis studies for further mechanistic dissection of
the metabolic pathway, including the potential development of prototype therapeutics to modulate
fatty acid oxidation. Specifically, crystal screens of recombinant VLCAD protein and a series of
high affinity MCL-1 SAHBs, as identified by the enthalpy screen (Chapter 3), are being advanced
using Hampton Research Index, Hampton Research PEG/Ion HT, Qiagen Classics Suite, and
Microlytic Top96 conditions.

Mechanistic Dissection of the MCL-1/VLCAD Interaction
Using an array of proteomic and biochemical studies, we have shown that MCL-1, and specifically
its matrix-localized isoform, binds to VLCAD via the α-helical BH3 domain of MCL-1. To further
clarify the mechanistic link between the interaction itself and the β-oxidation defect observed upon
loss of MCL-1, we are reconstituting Mcl-1fl/flCreERT2 MEFs with a series of MCL-1 mutants (e.g.
R207A, L210A, L213A, R214A, and R215A) found to disrupt VLCAD interaction, based on the
results of alanine mutant SAHB pull-downs (Chapter 3). The resultant cell lines will be evaluated
by acylcarnitine quantification and 14C-palmitate oxidation assays. Whereas reconstitution of Mcl1-deleted cells with WT MCL-1 rescues their β-oxidation defect (Chapter 4), we anticipate that
certain mutant forms will be unable to do so as a result of disruption of the MCL-1/VLCAD
interface. To distinguish between the apoptotic and metabolic functionalities of MCL-1, we will
confirm experimentally that mutants disrupting the VLCAD interaction do not abrogate BH3binding capacity. Recombinant MCL-1 proteins bearing mutations that interfere with VLCAD
interaction will be generated and screened by fluorescence polarization binding assays for BIM
BH3 peptide binding activity, in accordance with our reported methods10.
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The discovery of an MCL-1/VLCAD interaction in the mitochondrial matrix represents a
starting point for examining the potential role of a larger VLCAD complex in regulating the βoxidation of long-chain fatty acids. The proteomic BioPlex initiative spearheaded by Gygi, Harper,
and colleagues, evaluated MCL-1 as part of its interactome network analyses, and CPT2, the
enzyme directly upstream of VLCAD, is listed as a putative MCL-1 binding partner29. In a separate
study, loss of MCL-1Matrix resulted in the aberrant assembly of electron transport chain (ETC)
supercomplexes4. Taken together, these data suggest that MCL-1Matrix may function as a
scaffolding protein to stabilize a multi-membered, VLCAD-containing complex, similar to how
BAD is required for the maintenance of the GK-containing complex20. Disruption of a putative
VLCAD complex would lower the efficiencies by which (1) CPT2 transfers its product to VLCAD
and (2) VLCAD’s FADH2 cofactor donates its electrons to the ETC, causing an accumulation of
acylcarnitines and a decrease in ATP production, both of which are observed upon Mcl-1 deletion4
(Chapter 4). To investigate such complexes and their potential functionalities, ongoing work
employs biochemical fractionation and immunoprecipitation techniques to track the participation
of MCL-1 and VLCAD in high molecular weight complexes, and the physiologic consequences
of their elimination by genetic or pharmacologic means.

Investigating the Effect of MCL-1 on VLCAD Enzymatic Activity
Current efforts are focused on exploring if and how MCL-1 interaction influences the
enzymatic activity of VLCAD in vitro and in cells, with our experimental workflow modeled after
the BAD/GK analyses that revealed the direct regulatory effect of BAD, and specifically the
phosphorylated BAD BH3 domain, on enhancing the maximal enzymatic rate (Vmax) of GK21
(Figure 5.1). Since loss of Mcl-1 reduces β-oxidation of long-chain fatty acids (Chapter 4), we
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hypothesized that MCL-1 binding would enhance VLCAD activity. To investigate this hypothesis,
stapled peptide analogs of the MCL-1 BH3 domain are being tested for their capacity to modulate
the MCL-1/VLCAD interaction in cellulo and thereby influence β-oxidation activity.

In

preliminary experiments, we found that MCL-1 SAHBD treatment of MCL-1-expressing MEFs
phenocopied the effect of Mcl-1 deletion, with accumulation of long-chain acylcarnitines relative
to vehicle-treated controls (Figure 5.2A). In contrast, MCL-1 SAHBD treatment had no effect on
the already elevated levels of acylcarnitines observed in Mcl-1-deleted cells (Figure 5.2B). These
data suggest that MCL-1 SAHBD induces a loss-of-function effect on the MCL-1/VLCADregulated fatty acid oxidation pathway, potentially through disruption of the MCL-1/VLCAD
complex. Correspondingly, in the absence of MCL-1, MCL-1 SAHBD had no apparent gain-offunction influence on the enzymatic activity of VLCAD. The latter result is consistent with
preliminary testing of MCL-1 SAHBD in an in vitro VLCAD activity assay. We monitored the
enzymatic activity of recombinant VLCAD in the presence or absence of MCL-1 SAHBD by
tracking reduction of ferrocenium hexafluorophosphate, which occurs upon oxidation of the added
palmitoyl-CoA substrate and causes a measurable decrease in absorbance. Preliminary data
suggest that overnight incubation of MCL-1 SAHBD with VLCAD had not effect on enzymatic
activity (Figure 5.2C), suggesting that an intact MCL-1 protein, potentially in the context of a
larger multisubunit complex, mediates the physiologic regulation of VLCAD. Future studies will
track the formation of the MCL-1/VLCAD complex in situ, the capacity of MCL-1 BH3 ligands
to disrupt it, and the differential effects of MCL-1 SAHBD alanine mutants, which display
relatively more or less binding activity than the parent compound, on native and recombinant
VLCAD activity.

149

Figure 5.2. Effect of MCL-1 SAHB on VLCAD Enzymatic Activity. (A) Mcl-1fl/flCreERT2 MEFs
(not exposed to tamoxifen) were treated with MCL-1 SAHBD (10 µM) or vehicle for 48 hours and
then harvested for acylcarnitine quantitation. MCL-1 SAHBD treatment caused an increase in
intracellular acylcarnitines, indicative of a blockade in β-oxidation. Error bars are mean ± S.D. for
experiments performed in technical triplicate. (B) In contrast, MCL-1 SAHBD treatment had no
effect on the levels of acylcarnitines in Mcl-1fl/flCreERT2 MEFs subjected to tamoxifen. Error bars
are mean ± S.D. for experiments performed in technical triplicate. (C) In preliminary studies,
MCL-1 SAHBD had no effect on the enzymatic activity of recombinant VLCAD, as demonstrated
by the inability of MCL-1 SAHBD to alter the observed decrease in absorbance of ferrocenium
hexafluorophosphate upon VCLAD oxidation of the palmitoyl CoA substrate. Error bars are mean
± S.E.M. for experiments performed in technical triplicate.
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Targeting the MCL-1/VLCAD Interaction
Our discovery that MCL-1 regulates long-chain fatty acid β-oxidation provides a new opportunity
to advance pharmacologic strategies to modulate this metabolic pathway. Targeted disruption of
the MCL-1/VLCAD interaction, by either small molecules or peptide-based drugs, could prove to
be an effective therapeutic strategy, for example, in cancer treatment. Recent data suggest that,
like cardiomyocytes, cancer cells can also be highly reliant on β-oxidation of fatty acids, but in
this case for survival, proliferation, and metastasis30-32. Although the pathologic metabolic
reprogramming of cancer cells is typically attributed to the Warburg effect and glutamine
addiction33,34, fatty acid β-oxidation has recently been shown to promote leukemic growth, with
pharmacologic blockade of the pathway especially cytotoxic in vitro and in vivo31,35. A subset of
diffuse large B-cell lymphomas (DLBCL) that manifest an oxidative phosphorylation (OXPHOS)
gene expression signature oxidize fatty acids at higher rates than other DLBCL subtypes, and
depend on β-oxidation for survival and growth30. In human oral carcinomas, a robust lipid
metabolism gene signature has been linked to high metastatic potential32. Intriguingly, MCL-1 is
the most common anti-apoptotic driver across all human cancers36, yet this preference for MCL-1
among BCL-2 family homologs is unexplained. Dual roles for MCL-1 in apoptotic suppression by
the outer mitochondrial membrane isoform (MCL-1OMM) and promotion of fatty acid β-oxidation
by the matrix form (MCL-1Matrix) could underlie the oncogenic supremacy of MCL-1 (Figure 5.3).
Indeed, blocking cell death and maximizing energy production to support cancer cell proliferation
and metastasis would represent a formidable combination. Therefore, targeting the interaction
between MCL-1Matrix and VLCAD could provide a novel therapeutic opportunity to deprive cancer
of a preferred energy source by disrupting fatty acid β-oxidation.
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Figure 5.3. Dual functionality of MCL-1. MCLOMM resides on the outer mitochondrial membrane
where it binds to and inhibits pro-apoptotic members of the BCL-2 family by direct engagement
of their BH3 domains into the MCL-1 BH3 binding groove. A matrix-localized MCL-1 isoform
(MCL-1Matrix) is generated by proteolytic cleave of full-length MCL-1 at leucine 33, followed by
TOM- and TIM- dependent mitochondrial import. Our data suggests that MCL-1Matrix binds to
VLCAD via its BH3 domain and enhances long-chain fatty acid β-oxidation. The FADH2 reducing
equivalent produced by VLCAD’s enzymatic oxidation of its acyl-CoA substrate donates its
electrons to the electron transport chain (ETC) for ATP production. MCL-1’s dual functionality
could, indeed, underlie MCL-1’s oncogenic supremacy.
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Targeted disruption of the MCL-1Matrix/VLCAD interaction to interfere with β-oxidation of
long-chain fatty acids in cancer could complement, and potentially synergize with, ongoing
pharmacologic strategies to inhibit the anti-apoptotic function of MCL-1. MCL-1 is an established
driver of cancer and treatment resistance, motivating the development of MCL-1 inhibitors by
academia and pharma alike. Various small molecule MCL-1 inhibitors have been described that
target the canonical BH3-binding groove on MCL-1 to disrupt its capacity to neutralize proapoptotic BCL-2 family proteins, and thereby lower the threshold for apoptotic cancer cell death.
For example, Servier Therapeutics reported the development of a high affinity/highly selective
small molecule MCL-1 inhibitor, S63845, using an NMR-based fragment screen coupled to
structure-guided drug design37. S63845 was shown to have potent pro-apoptotic activity in a wide
range of cancer cells and exhibited single-agent, anti-tumor activity in vivo37.
Using another strategy, Walensky and colleagues performed a competitive small molecule
screen against a high affinity/high specificity MCL-1 SAHB inhibitor, and identified a series of
compounds with MCL-1 specific binding activity, as validated by a counter-screen against the
BAD BH3/BCL-XL complex (Figure 5.4)38. A lead compound, called MCL-1 Inhibitor Molecule
1 (MIM1) effectively disrupted MCL-1’s capacity to restrain activated BAX in vitro and promoted
apoptosis in MCL-1-dependent leukemia cells38. Whereas molecules like MIM1 appeared to
function through noncovalent interaction, as assessed by dilution binding assays, others were
found to react covalently with MCL-139. Using a battery of multidisciplinary analyses, spanning
fluorescence polarization binding assays, liposomal release studies, hydrogen-deuterium exchange
mass spectrometry, and computational structure modeling, we found that covalent engagement of
a small molecule at cysteine 286 (C286), allosterically suppressed the BH3 binding capacity of
MCL-1 at the canonical groove. The compound, named MCL-1 Allosteric Inhibitor Molecule 1
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Figure 5.4. Harnessing the selectivity of MCL-1 SAHB for drug discovery. Taking advantage of
its potency and selectivity for MCL-1 binding, FITC-MCL-1 SAHBA was employed in a high
throughput competitive fluorescence polarization (FP) binding assay to discover small molecule
inhibitors of MCL-1. A BCL-XL counter-screen ensured the identification of MCL-1-specific
compounds. Subsequent binding, selectivity, and functional analyses led to the development of
MCL-1 Inhibitor Molecules (MIMs).
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(MAIM1), provided an intriguing example of how a cysteine-reactive compound could disrupt the
anti-apoptotic activity by a non-canonical mechanism. Although the compound was not suitable
for mechanistic studies in cells owing to its highly reactive nature, we sought to mimic its
functional activity by C286W mutagenesis. First, we demonstrated that MCL-1 C286W
phenocopied the activity of MAIM1-derivatized MCL-1 in the above-described analytical
workflow (Figure 5.5). Then, we reconstituted Mcl-1-/- mouse embryonic fibroblasts (MEFs) with
MCL-1C286W and observed a decreased survival advantage upon serum withdrawal or treatment
with cytochalasin D, as compared to MEFs reconstituted with MCL-1WT or MCL-1C286S (Figure
5.6). Mcl-1-/- MEFs reconstituted with MCL-1C286W also demonstrated increased caspase 3/7
activation compared to cells reconstituted with MCL-1WT, consistent with a heightened apoptotic
response to stress stimuli (Figure 5.6). Taken together, our cellular data corroborated our in vitro
findings and suggested that specific alteration of the C286 region of MCL-1 could allosterically
impair the BH3-binding capacity of MCL-1. Thus, approaches to modulating the structure of
MCL-1 could serve as an alternative strategy to disrupting the activity of MCL-1OMM, and even
MCL-1Matrix, in human cancer.
Finally, prototype therapeutics that bind and enhance the activity of VLCAD through MCL1 BH3 mimicry could provide a new treatment approach to VLCAD deficiency, an inborn error of
metabolism that impairs the capacity to oxidize long-chain fatty acids40. Affected patients present
with a spectrum of symptoms, ranging from exercise-induced rhabdomyolysis in the mildest of
cases, to a rapidly-fatal dilated cardiomyopathy in the most severe forms41. Although many
patients harbor detrimental nonsense mutations that abolish expression of the VLCAD protein4143

, missense mutations that either alter VLCAD stability or its activity are also common. In the
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Figure 5.6. Allosteric inhibition of anti-apoptotic MCL-1 by C286W mutagenesis. (A) Cell
viability (48 h) (left) and caspase 3/7 activation (8 h) (right) for the indicated MEFs subjected to
serum withdrawal. Data are normalized to the corresponding MEFs maintained in complete media.
Data are shown as mean ± S.D. (n=3 technical replicates for cell viability; n=12 technical replicates
for caspase 3/7 activation). (B) Cell viability (48 h) for the indicated MEFs subjected to serum
withdrawal. Data are normalized to the corresponding MEFs maintained in complete media. Data
are shown as mean ± S.D. (n=3 technical replicates for cell viability). n.s., not statistically
significant. (C) Cell viability (48 h) (left) and caspase 3/7 activation (12 h) (right) for the indicated
MEFs treated with a serial dilution of cytochalasin D. Data are normalized to the corresponding
MEFs treated with vehicle. Data are shown as mean ± S.D. (n=3 technical replicates for cell
viability; n=6 technical replicates for caspase activation). *, p < 0.01 by two-tailed Student’s t test.
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latter cases, an MCL-1 BH3 mimetic that enhances β-oxidation of long-chain fatty acids could
serve to alleviate the blockade associated with the disease.

CONCLUSIONS
In summary, we transformed stapled BH3 peptides into affinity capture tools for proteomic
discovery. In this case, a stapled MCL-1 BH3 helix identified VLCAD as a candidate protein
interactor and a series of biochemical, structural, cellular, and in vivo studies were performed to
validate the selectivity and functionality of the protein interaction. These results suggest that MCL1 has a dual function in regulating both apoptosis and metabolism, and specifically the β-oxidation
of long-chain fatty acids. Ongoing work will drill down on the structural biology and mechanistic
details of this new regulatory pathway, and ideally inform novel therapeutic strategies to treat
MCL-1-dependent cancer and VLCAD deficiency (Figure 5.7).
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Figure 5.7. Schematic of the mitochondrial fatty acid β-oxidation pathway and the MCL-1 control
point for VLCAD modulation. To support the energetic needs of tissues, fatty acids undergo
mitochondrial β-oxidation. Fatty acids are first charged by ACSL1 to generate the corresponding
acyl-CoA species. Because long-chain acyl-CoAs cannot reach the mitochondrial matrix by
passive diffusion, they are first converted to acylcarnitines and then transported via CACT. Once
in the mitochondrial matrix, acylcarnitines are converted back to acyl-CoAs by CPT2, enabling
entry into the β-oxidation pathway. VLCAD catalyzes the first of four steps that ultimately reduces
the length of long-chain acyl-CoAs by two carbons, sequentially releasing acetyl-CoA. Here, we
find that the MCL-1 BH3 helix directly and selectively engages VLCAD, suggesting a novel role
for MCL-1 in regulating fatty acid β-oxidation through VLCAD interaction. Future work aims to
inform novel therapeutic strategies directed at modulating the MCL-1/VLCAD interaction to treat
MCL-1-dependent cancer and VLCAD deficiency.
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