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Summary

Anti-apoptotic BCL-2 family proteins block cell death by trapping the critical α-helical BH3 

domains of pro-apoptotic members in a surface groove. Cancer cells hijack this survival 

mechanism by overexpressing a spectrum of anti-apoptotic members, mounting formidable 

apoptotic blockades that resist chemotherapeutic treatment. Drugging the BH3-binding pockets of 

anti-apoptotic proteins has become a highest priority goal, fueled by the clinical success of 

ABT-199, a selective BCL-2 inhibitor, in reactivating apoptosis in BCL-2 dependent cancers. 

BFL-1 is a BCL-2 homologue implicated in melanoma, lymphoma, and other cancers, and 

remains undrugged. A natural juxtaposition of two unique cysteines at the binding interface of the 

NOXA BH3 helix and BFL-1 pocket informed the development of stapled BH3 peptides bearing 

acrylamide warheads to irreversibly inhibit BFL-1 by covalent targeting. Given the frequent 

proximity of native cysteines to regulatory binding surfaces, covalent stapled peptide inhibitors 

provide a new therapeutic strategy for targeting pathologic protein interactions.

eTOC Blurb

Huhn et al. report the development of stapled peptides that covalently react with a discrete cysteine 

at the BH3-binding interface of anti-apoptotic BFL-1, representing a new strategy for selective 

covalent targeting of pathologic proteins in cancer and other diseases.
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Introduction

Anti-apoptotic BCL-2 family members have emerged as ripe targets for therapeutic 

development, especially in human cancers that overexpress these proteins to enforce cellular 

immortality. The canonical mechanism for apoptotic suppression involves sequestration of 

the BH3 killer domain helices of pro-apoptotic members in a binding pocket composed of 

the BH1, BH2, and BH3 domains of the anti-apoptotic BCL-2, BCL-XL, BCL-w, MCL-1, 

BFL-1, and BCL-B proteins(Sattler et al., 1997). Thus, structural mimicry of pro-apoptotic 

BH3 helices has been pursued to pharmacologically “inhibit the inhibitors” of apoptosis. For 

example, small molecule BH3 mimetics, such as ABT-737(Oltersdorf et al., 2005) and 

ABT-263(Tse et al., 2008), were initially designed to target the BH3-binding pockets of both 

BCL-2 and BCL-XL, and the next-generation clinical agent, ABT-199(Souers et al., 2013), 

was refined for selective BCL-2 inhibition at least in part to avoid the adverse effect of BCL-

XL inhibition on platelet survival(Mason et al., 2007; Souers et al., 2013). Given the 

diversity of anti-apoptotic BCL-2 family proteins at the cancer cell’s disposal, developing 

inhibitors for each of these oncogenic proteins, including compounds active against subsets 

or all of the targets, is a priority. To that end, the race is on for advancing the first, selective, 

small-molecule inhibitor of MCL-1 to the clinic(Leverson et al., 2015; Pelz et al., 2016), 

given the prominence of this protein as one of the top ten most expressed pathologic proteins 

across all subtypes of human cancers(Beroukhim et al., 2010).

We have taken an alternative approach to BCL-2 family targeting by transforming the 

spectrum of natural BH3 domain sequences into structurally-reinforced α-helices that resist 

proteolysis in vivo and, when appropriately designed, achieve intracellular access through 

macropinosomal import(Walensky and Bird, 2014; Walensky et al., 2004). Our earliest 

classes of all-hydrocarbon stapled peptides were modeled after the BH3 domains of 

BID(Walensky et al., 2004; Walensky et al., 2006) and BIM(Gavathiotis et al., 2010; 

Gavathiotis et al., 2008; LaBelle et al., 2012), two pro-apoptotic BCL-2 family members of 
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the “BH3-only” subclass that can directly bind and activate the executioner proteins BAX 

and BAK, and also inhibit the entire spectrum of anti-apoptotic pockets. We have since 

identified the MCL-1 BH3 domain as the only exclusive inhibitor of MCL-1 across natural 

BH3 sequences and solved the structure of a stapled MCL-1 BH3 peptide in complex with 

MCL-1 to characterize the binding and selectivity determinants(Stewart et al., 2010). Here, 

we sought to apply our stapling technology to develop a selective inhibitor of anti-apoptotic 

BFL-1, a relatively understudied anti-apoptotic BCL-2 family protein that has been 

implicated in the development, maintenance, and chemoresistance of human cancers.

The pathologic expression of BFL-1 has been reported as an oncogenic driver of melanoma, 

lymphoma, and leukemia(Fan et al., 2010; Haq et al., 2013; Mahadevan et al., 2005; Placzek 

et al., 2010; Yecies et al., 2010). In melanoma, for example, BFL-1 overexpression 

correlates with chemoresistance and metastasis(Hind et al., 2015; Riker et al., 2008), and is 

directly regulated by the microphthalmia-associated transcription factor (MITF), which has 

proven essential to melanomagenesis(Haq et al., 2013). In lymphoma, upregulation of 

BFL-1 underlies the resistance to selective inhibition of BCL-2 and BCL-XL, underscoring 

the importance of developing BFL-1 inhibitors in the era of ABT-199(Yecies et al., 2010). 

Likewise, BFL-1 overexpression in the context of BRAF V600E mutation, which is found in 

~80% of BRAF-mutant melanomas, blunts the pharmacologic benefit of small molecule 

BRAF inhibitors, whereas siRNA knockdown of BFL-1 sensitized the cells to apoptosis 

induction(Davies et al., 2002; Haq et al., 2013). Taken together, there is a compelling 

rationale for developing a targeted inhibitor of anti-apoptotic BFL-1 for cancer treatment.

In planning a strategy for selective BFL-1 inhibition, we noted the unique juxtaposition of 

cysteines at the binding interface of BFL-1 and the BH3 domain of pro-apoptotic NOXA. 

We reasoned that combining the high-affinity noncovalent interactions of a natural BH3 

domain helix with the irreversible blockade afforded by covalent reaction could yield a high 

fidelity BFL-1 inhibitor, a strategy that could also be applied to a broad spectrum of helix-in-

groove interactions containing native cysteines within or near the protein binding surface. 

Indeed, the development of small molecule covalent inhibitors of more focal binding sites on 

kinases has seen recent, remarkable success. For example, ibrutinib, which covalently targets 

C426 of Bruton’s tyrosine kinase (BTK), is FDA approved for the treatment of 

Waldenstrom’s macroglobulinemia, chronic lymphocytic leukemias, and mantle cell 

lymphoma(Burger et al., 2015; Dreyling et al., 2016; Treon et al., 2015). Afatinib is an 

irreversible covalent inhibitor that selectively targets the receptor tyrosine kinases EGFR and 

HER2, and has been approved by the FDA for treatment of metastatic, EGFR T790M-

mutant non-small cell lung cancer(Li et al., 2008; Miller et al., 2012; Solca et al., 2012; Wu 

et al., 2014). Motivated by this resurgence of covalent inhibitor drugs and our identification 

of a uniquely-positioned cysteine residue in the BH3-binding pocket of BFL-1, we designed, 

characterized, and validated a new class of stapled peptide inhibitors with highly-selective 

covalent reactivity.
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Results

Covalent Reaction Between Cysteines at the Binding Interface of NOXA BH3 and BFL-1

The BH3-only protein NOXA exhibits natural, dual selectivity for interaction with anti-

apoptotic MCL-1 and BFL-1(Rooswinkel et al., 2012; Stewart et al., 2010), and therefore, 

its BH3 sequence was selected as a starting point for developing a BFL-1 inhibitor. In 

examining the crystal structure of human BFL-1ΔC in complex with NOXA BH3 (PDB ID 

3MQP), we observed the proximity of NOXA C25 to BFL-1ΔC C55 at a distance of 3.9 Å, 

compatible with disulfide bond formation (Figure 1A). As no other anti-apoptotic BCL-2 

family member contains a cysteine in its BH3-binding pocket, we reasoned that C55-

targeting by a stapled BH3 peptide could yield a BFL-1 inhibitor with selective covalent 

reactivity. To test our hypothesis, we first generated stapled NOXA BH3 peptides and 

recombinant BFL-1ΔC constructs bearing their native cysteines (NOXA: C25, BFL-1: C4, 

C19, C55) and a series of serine mutants (NOXA: C25S, BFL-1: C4S/C19S, C4S/C19S/

C55S) for binding studies. For the stabilized alpha-helices of BCL-2 domains (SAHBs) 

modeled after NOXA BH3 (aa 19–43), we positioned the i, i+4 all-hydrocarbon staple at our 

classic “A” position(Walensky et al., 2004) (substitution of R31 and K35) and derivatized 

the N-termini with PEG-biotin for biolayer interferometry analyses. We found that the 

peptide/protein pairs all demonstrated dissociation constants within a 46–165 nM range 

(Figures 1B, S1). Thus, serine mutagenesis, in and of itself, appeared to have no detrimental 

effect on binding affinity and, if anything, somewhat enhanced BFL-1 interaction by up to 

3.5-fold.

We then sought to determine if disulfide bond formation between NOXA C25 and BFL-1ΔC 

C55 was biochemically feasible. Indeed, upon DTT (10 mM) reduction followed by GSSG 

oxidation (12 mM), we observed a shift in the molecular weight of wild-type BFL-1ΔC 

when incubated with NOXA SAHBA but not its C25S mutant, as assessed by gel 

electrophoresis under denaturing and nonreducing conditions and Coomassie staining 

(Figure 1C, top). Our use of FITC-NOXA SAHBA peptides provided confirmation that the 

BFL-1 protein was labeled by the wild-type but not C25S mutant peptide, as detected by 

FITC scan (Figure 1C, bottom). We likewise determined that NOXA C25 formed a disulfide 

bond with BFL-1ΔC C55, as demonstrated both by the molecular weight shift (Coomassie 

stain) and FITC-labeling of the BFL-1ΔC C4S/C19S construct (in which only C55 is 

present), but no adduct with the BFL-1ΔC C4S/C19S/C55S construct that lacks C55 (Figure 

1C). As a measure of cysteine specificity, we repeated the experiment using MCL-1ΔNΔC 

and BCL-XLΔC, both of which contain cysteines (MCL-1 C286, BCL-XL C151), and 

observed no molecular weight shift or FITC labeling upon incubation with NOXA SAHBA 

under oxidizing conditions (Figure 1D). These data confirm that the juxtaposed cysteines at 

the NOXA BH3/BFL-1 interface can indeed form a disulfide bond and, what’s more, in a 

selective fashion.

Selective BFL-1 Reactivity of Stapled BH3 Peptides Bearing Electrophilic Warheads

The capacity of NOXA SAHBA and BFL-1ΔC to engage through disulfide bond formation 

suggested a novel opportunity to develop stapled peptides for covalent targeting of cysteines 

localized to key regulatory surfaces, such as the BH3-binding pocket of BFL-1. Because 
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relying on intracellular disulfide bond formation as a basis for protein target inhibition is not 

a tractable pharmacologic strategy, we instead examined possible sites for insertion of non-

natural amino acids bearing reactive acrylamide moieties, and identified NOXA L21 as 

having even closer proximity to BFL-1 C55 than NOXA C25 (3.3 vs. 3.9 Å, respectively) 

based on the crystal structure of the NOXA BH3/BFL-1ΔC complex (PDB ID 3MQP) 

(Figure 2A). In the case of the more promiscuous BIM BH3 sequence, W147 manifests 

optimal adjacency to BFL-1 C55 (3.6 Å) based on the crystal structure of the BIM BH3/

BFL-1ΔC complex (PDB ID 2VM6) (Figure 2A). Thus, we capped NOXA SAHBA(Stewart 

et al., 2010) and BIM SAHBA(Walensky et al., 2006) at positions L21 and W147, 

respectively, with a series of non-natural amino acids bearing distinct acrylamide species 

(Figure 2B). In comparing the reactivity of the electrophilic “warhead”-bearing NOXA (aa 

21–43) and BIM SAHBA (aa 147–166) panels, we observed efficient conversion of 

BFL-1ΔC to the heavier, conjugated adduct for SAHBs bearing warheads 1, 3, 5, and 8, as 

assessed by reducing and denaturing gel electrophoresis and Coomassie staining (Figure 

2C). We advanced NOXA and BIM SAHBs bearing one of the most effective warheads, D-

nipecotic acid (3), to specificity testing. First, we tested the selectivity of NOXA SAHBA-3 

and BIM SAHBA-3 for BFL-1 C55. Upon incubation of SAHBA-3 compounds with 

BFL-1ΔC constructs bearing all native cysteines (BFL-1 WT), C55-only (BFL-1 C4S/

C19S), C4 and C19-only (BFL-1 C55S), or no cysteines (BFL-1 C4S/C19S/C55S), we 

observed exclusive reactivity with the WT and BFL-1 C4S/C19S constructs, underscoring 

the cysteine-selectivity of NOXA SAHBA-3 and BIM SAHBA-3 for C55 of the BH3-

binding pocket (Figure 2D). As a further measure of compound specificity, we repeated the 

experiment using MCL-1ΔNΔC and BCL-XLΔC and observed no nonspecific reactivity, 

despite the presence of cysteines in these anti-apoptotic BCL-2 family proteins (Figure 2E). 

Thus, we found that installing a cysteine-reactive warhead in stapled NOXA and BIM BH3 

peptides results in efficient and selective covalent-targeting of the BFL-1 BH3-binding 

groove.

We next explored how conversion of NOXA and BIM SAHBs to BFL-1 C55-reactive agents 

influenced the balance between noncovalent and covalent SAHB interactions in the context 

of an anti-apoptotic protein mixture. First, we generated recombinant MCL-1ΔNΔC, BCL-

XLΔC and BFL-1ΔC proteins with differential N-terminal tags (GST, tagless, and His, 

respectively) so that each could be readily identified upon gel electrophoresis and silver stain 

(Figure 3A–B). Upon incubation of the anti-apoptotic mixture with biotinylated NOXA 

SAHBA or NOXA SAHBA-3 (1:1:1:1 for each component), we only see a shift in the 

molecular weight of BFL-1ΔC, corresponding to the selective covalent reaction (Figure 3A, 

left). Streptavidin (SA) pull-down revealed prominent non-covalent capture of MCL-1ΔNΔC 

by NOXA SAHBA, but a notable shift in the interaction propensity of NOXA SAHBA-3, 

with relatively less MCL-1ΔNΔC and notably more BFL-1ΔC engagement as a result of 

covalent BFL-1ΔC conjugation (Figure 3A, right). Consistent with the broader anti-

apoptotic binding spectrum of BIM BH3, the corresponding BIM SAHBs engaged BCL-

XLΔC in addition to MCL-1ΔNΔC and BFL-1ΔC, but an increased BFL-1ΔC targeting 

propensity was again observed for BIM SAHBA-3 relative to BIM SAHBA as a consequence 

of covalent conjugation (Figure 3B). Thus, the capacity for selective covalent reaction with 

BFL-1ΔC can shift the competitive balance of SAHB interactions toward BFL-1.
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Targeted Blockade of BFL-1 in Liposomes, Lysates and Cells

To determine the functional consequences of covalent targeting of the BFL-1 BH3-binding 

pocket, we performed liposomal release assays designed to monitor the influence of BFL-1 

on direct BAX activation. We generated ANTS/DPX-encapsulated large unilamellar vesicles 

(LUV) and monitored liposomal release of fluorophore upon BAX-mediated membrane 

poration. Whereas BAX alone had no effect on the liposomes, the addition of direct activator 

BH3-only protein tBID, triggered time-responsive, BAX-mediated release, a process that 

was suppressed by BFL-1ΔC (Figure 3C–E). However, upon addition of either NOXA 

SAHBA-3 or BIM SAHBA-3 conjugated BFL-1ΔC (Figure 3C), the inhibitory function of 

BFL-1 was lost (Figures 3D–E). These data highlight that covalently “plugging” the BH3-

binding pocket of BFL-1 with NOXA SAHBA-3 or BIM SAHBA-3 irreversibly neutralizes 

its anti-apoptotic function.

We next sought to test whether our covalent stapled peptide inhibitors could selectively react 

with BFL-1 in more complex protein mixtures. To specifically track C55 derivatization, we 

transiently expressed HA-BFL-1ΔC C4S/C19S in 293T cells and, after 24 hours, harvested 

cell lysates for crosslinking analyses with C-terminal Lys-biotin derivatized SAHB 

constructs that either did or did not contain the electrophilic warhead. Anti-HA western 

analyses revealed prominent molecular weight shifts only for warhead-bearing SAHBs, 

consistent with covalent incorporation of both NOXA SAHBA-3 and BIM SAHBA-3 into 

the BFL-1 protein at C55 (Figure 4A, top). To confirm that the observed molecular weight 

shifts reflected NOXA SAHBA-3 and BIM SAHBA-3 incorporation, we performed biotin 

western analyses. We found that the shifted HA-BFL-1ΔC bands were indeed biotin-

immunoreactive and, importantly, there was little to no non-specific reactivity with other 

electrophoresed proteins from the 293T lysates (Figure 4A, bottom).

To advance our strategy to cellular testing, we first evaluated the cellular uptake potential of 

our biotinylated NOXA SAHBA-3 and BIM SAHBA-3 constructs. We incubated 293T cells 

with the compounds at 20 μM dosing for 24 hours, trypsinized and washed the cells to 

remove any adherent peptide, and then generated lysates for anti-biotin western analyses. We 

found that cellular uptake of NOXA SAHBA-3 was relatively limited and therefore 

proceeded with BIM SAHBA-3 for cellular testing (Figure S2A). We further confirmed that 

the transfection conditions themselves did not independently influence the cellular uptake of 

BIM SAHBA-3 (Figure S2B). 293T cells transiently overexpressing HA-BFL-1ΔC C4S/

C19S were treated with biotinylated BIM SAHBA (aa 148–166) or BIM SAHBA-3 (20 μM, 

6 h) and then lysates, generated as above, were subjected to anti-HA immunoprecipitation. 

Biotin western analysis of the input revealed a single, prominent protein band only in the 

denatured and reduced electrophoresed lysate of cells treated with BIM SAHBA-3 (Figure 

4B, left). Subjecting the immunoprecipitate to anti-HA western analysis revealed the BFL-1 

doublet, and biotin western analysis confirmed that the upper band indeed corresponded to 

biotinylated HA-BFL-1ΔC (Figure 4B, right).

Having documented the feasibility of specific labeling of intracellular BFL-1 upon treating 

cells with biotinylated BIM SAHBA-3, we then examined the relative influence of covalent 

vs. non-covalent engagement on the capacity of BIM SAHBs to disrupt BFL-1 complexes. 

For this experiment, we added tBID to the lysates from 293T cells transiently transfected 
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with HA-BFL-1ΔC C4S/C19S, incubated the mixture with biotinylated BIM SAHBA or 

BIM SAHBA-3, performed anti-HA immunoprecipitation and blotted for HA and tBID. 

Strikingly, BIM SAHBA was incapable of competing with tBID for HA-BFL-1 binding, 

whereas the warhead-bearing BIM SAHBA-3 construct covalently trapped HA-BFL-1, as 

exemplified by complete protein conversion to the higher molecular weight species and near 

total inhibition of tBID co-immunoprecipitation (Figure 4C). When the experiment was 

repeated using lysates from 293T cells transiently expressing FLAG-MCL-1, which bears no 

cysteine in its BH3-binding pocket, both BIM SAHBA peptides were equally effective as 

non-covalent disruptors of tBID/FLAG-MCL-1 co-immunoprecipitation (Figure 4D). Thus, 

by installing the warhead and enabling stapled peptide covalent reaction, we can selectively 

enhance the BFL-1 targeting efficacy of BIM SAHBA.

Finally, in anticipation of cancer cell treatment studies, we turned to the corresponding non-

biotinylated BIM SAHBA constructs to probe the kinetics and efficiency of covalent 

targeting of BFL-1 in cells. Comparing BIM SAHBA- and BIM SAHBA-3-treated 293T 

cells transiently overexpressing HA-BFL-1ΔC C4S/C19S, we observed a discrete molecular 

weight shift in BFL-1 by anti-HA western analysis within 2 hours of BIM SAHBA-3 

exposure, with a progressive increase in the crosslinked species over the 12 hour evaluation 

period (Figure 4E). Taken together, these data highlight the capacity of a stapled peptide 

bearing an electrophilic warhead to covalently target BFL-1 in treated lysates and cells.

Preferential Activation of Apoptosis by a Cysteine-Reactive BIM SAHBA in BFL-1-
Expressing Melanoma

BFL-1 has recently been implicated as a lineage-specific driver of human melanoma, with 

gene amplification observed in ~30% of cases and BFL-1 overexpression mediated by the 

MITF transcription factor, a melanoma oncogene(Haq et al., 2013). Thus, to explore the 

functional impact of covalent BFL-1 targeting in cancer cells driven by BFL-1 expression, 

we tested the comparative effect of BIM SAHBA-3 with our lead noncovalent stapled 

peptide modulator of BCL-2 family proteins, BIM SAHBA1(LaBelle et al., 2012) in A375P 

melanoma cells(Haq et al., 2013). We first confirmed that BIM SAHBA1 and BIM 

SAHBA-3 have equivalent cellular uptake, as quantified by ImageXpress Micro (IXM) high 

content epifluorescence microscopy of treated A375P cells and mouse embryonic fibroblasts 

(MEFs), which we have used previously to benchmark the comparative cell penetrance of 

FITC-labeled stapled peptides(Bird et al., 2016) (Figure S3A–B). The mechanism of uptake 

for BIM SAHBs is consistent with macropinocytosis, as previously reported(Edwards et al., 

2015; Walensky et al., 2004) and evidenced here by the epifluorescence microscopy pattern 

of treated A375P and MEF cells at 4 hours (Figure S3C–D).

Upon exposure of A375P cells to BIM SAHBs, we observed significant enhancement in 

cytotoxicity over time for the warhead-bearing BIM SAHBA-3 compared to BIM SAHBA1 

(Figure 5A). We confirmed by LDH release assay that BIM SAHBs had no membranolytic 

effect on the cells (Figure 5B). The observed cytotoxicity was instead consistent with 

mitochondrial apoptosis induction, as reflected by time-responsive caspase 3/7 activation 

(Figure 5C) and mitochondrial cytochrome c release (Figure 5D). In accordance with its 

more pronounced impairment of cell viability, BIM SAHBA-3 treatment induced higher 
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levels of caspase 3/7 activation and cytochrome c release compared to that observed for BIM 

SAHBA1 (Figure 5C–D). To mechanistically link the enhanced susceptibility of A375P cells 

to preferential BIM SAHBA-3 engagement of BFL-1, we incubated A375P lysates with the 

corresponding biotinylated BIM SAHBs, followed by SA pull-down and anti-BFL-1 and 

MCL-1 western analyses. Whereas BIM SAHBA and BIM SAHBA-3 demonstrated 

equivalent binding to anti-apoptotic MCL-1, as previously observed in the context of 

competitive interaction with recombinant anti-apoptotic proteins (Figure 3B), the warhead-

bearing construct again showed markedly increased engagement of BFL-1 (Figure 6A). To 

verify that BIM SAHBA-3 can indeed label native mitochondrial BFL-1(Hind et al., 2015), 

we incubated mitochondria purified from A375P cells with biotinylated BIM SAHBs and 

observed BIM SAHBA-3-selective biotinylation of mitochondrial protein at the identical 

molecular weight as immunoreactive BFL-1 (Figure 6B). Live confocal microscopy imaging 

of A375P cells treated with FITC-BIM SAHBA-3 further revealed the stapled peptide’s 

striking intracellular localization at the mitochondria, the physiologic site of BFL-1 activity, 

in both morphologically normal A375P cells (Figure 6C) and those undergoing apoptosis 

induction, as reflected by cell shrinkage, nuclear condensation, and membrane blebbing 

(Figure 6D).

Importantly, we observed comparative enhancement in cytotoxicity and caspase 3/7 

activation for BIM SAHBA-3 in two additional BFL-1 expressing melanoma cell lines (SK-

MEL-2, SK-MEL-28)(Haq et al., 2013; Hind et al., 2015) (Figure S4), but no evidence of 

this phenomenon in non-melanoma lines that either lack or maintain BFL-1 expression, but 

are driven by alternate oncogenic mechanisms (e.g. A549, MCF7, H929)(Acquaviva et al., 

2012; Haq et al., 2013; Leverson et al., 2015) (Figure S5). Taken together, these data 

highlight the mechanistic advantage of the warhead-bearing BIM SAHBA-3 in the context of 

BFL-1-dependent cancer, as reflected by more effective engagement of native BFL-1 and 

greater efficacy in triggering apoptosis. Thus, in addition to harnessing a cysteine-reactive 

targeting strategy to selectively trap BFL-1, heightened susceptibility to covalent BFL-1 

inhibitors such as BIM SAHBA-3 may provide a diagnostic approach for identifying BFL-1 

dependency in human cancers.

Discussion

BFL-1, like its homologues BCL-2, BCL-XL, and MCL-1, has emerged as an oncogenic 

protein that drives discrete subtypes of human cancer, and promotes chemoresistance and 

metastasis(Fan et al., 2010; Haq et al., 2013; Hind et al., 2015; Mahadevan et al., 2005; 

Placzek et al., 2010; Riker et al., 2008; Yecies et al., 2010). Whereas selective small 

molecule targeting of BCL-2 with ABT-199 has shown remarkable success in BCL-2 

dependent cancers, including relapsed chronic lymphocytic leukemia(Roberts et al., 2016), 

recapitulating this achievement for the diversity of anti-apoptotic targets remains a 

formidable challenge. The capacity to harness the natural selectivity of BH3 domain 

sequences for targeting individual, subsets, and all anti-apoptotic targets is an attractive 

feature of hydrocarbon-stapled BH3 peptides(Edwards et al., 2013; LaBelle et al., 2012; 

Stewart et al., 2010). Here, we identified the first example of a BH3-only and anti-apoptotic 

protein pair that juxtapose cysteines at their binding interface in a manner that could support 

disulfide bond formation. We translated this insight into the first proof-of-concept for 
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generating covalent stapled peptide inhibitors that can selectively derivatize an intracellular 

protein target to obstruct its key regulatory binding surface.

The development of covalent inhibitors for intracellular protein targets has seen a recent 

resurgence, owing to the breakthrough success of such agents as ibrutinib and 

afitinib(Burger et al., 2015; Miller et al., 2012; Treon et al., 2015; Wu et al., 2014). An 

important hurdle for covalent drugs is balancing reactivity with selectivity, since nonspecific 

protein derivatization can lead to off-target activities and unwanted toxicities(Singh et al., 

2011). Combining the natural selectivity and relatively large noncovalent binding interface 

of bioactive alpha-helices with embedded, focally-reactive electrophilic warheads could 

provide a new opportunity to engage otherwise intractable protein targets. Given the 

presence of native cysteines either within or immediately adjacent to the regulatory “helix-

in-groove” binding surfaces of a host of therapeutic targets (Figure S6)(Allen and Taatjes, 

2015; Kise et al., 2004; Kitagawa et al., 2006; Margarit et al., 2003; Scott et al., 2009), we 

envision that our covalent stapled peptide inhibitor approach could be broadly applied.

Tuning the specificity of alpha-helical domains by installing electrophilic warheads provides 

a new dimension to stapled peptide design. In the case of BFL-1, we demonstrate that a 

semi-selective NOXA BH3 peptide and an otherwise pan-interacting BIM BH3 sequence 

can be fashioned to react with C55 at the critical BH3-binding groove, yet not form 

analogous covalent bonds with alternative cysteines within BFL-1, its homologues MCL-1 

or BCL-XL, or other cellular proteins. The enhanced BFL-1 targeting capacity of warhead-

bearing stapled BH3 peptides, as compared to the corresponding constructs capable of 

noncovalent interaction alone, translated into enhanced apoptosis induction of BFL-1-

dependent melanoma cells. This selective reactivity feature, coupled with the general 

proteolytic resistance of stapled peptides, their capacity for cellular uptake and recent 

advancement to Phase I testing (NCT02264613), suggests that incorporation of electrophilic 

warheads could yield a new class of chimeric molecules that combine the advantages of 

stapled peptides and covalent inhibitors for preclinical and clinical development.

Experimental Procedures

Stapled Peptide Synthesis

Hydrocarbon-stapled peptides corresponding to the BH3 domains of BCL-2 family proteins, 

and either N-terminally derivatized with acetyl, FITC-βAla, biotin-PEG, or electrophilic 

warheads, or C-terminally derivatized with Lys-biotin, were synthesized, purified, and 

quantitated using our previously reported methods(Bird et al., 2008; Bird et al., 2011). 

Acrylamide-bearing peptides were synthesized by either coupling acrylic acid or trans-

crotonic acid to the peptide N-terminus, or by first coupling the Fmoc protected cyclic 

amino acids (Chem-Impex International) followed by Fmoc deprotection and acylation with 

acrylic acid, using standard Fmoc coupling and deprotection methods. FITC derivatization 

of acrylamide-bearing peptides is detailed in the Supplemental Information. Stapled peptide 

compositions, and their observed masses and use by figure, are listed in Table S1.
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Recombinant Protein Expression and Purification

The recombinant anti-apoptotic proteins, BFL-1ΔC (aa 1–153), MCL-1ΔNΔC (aa 170–327) 

and BCL-XLΔC (aa 1–212) were cloned into the pET19b (Novagen; BFL-1ΔC) or 

pGEX-4T-1 (GE Healthcare; MCL-1ΔNΔC, BCL-XLΔC) expression vectors, expressed in 

Escherichia coli BL21(DE3), and purified by sequential affinity and size exclusion 

chromatography as described(Pitter et al., 2008) and detailed in the Supplemental 

Information.

In Vitro Covalent Conjugation Assay

BFL-1ΔC constructs (40 μM) were combined with NOXA SAHBA or NOXA SAHBA C25S 

(120 μM) and 10 mM DTT in 50 mM Tris pH 8.0, 100 mM NaCl (final volume, 5 μL), and 

then incubated in the dark for 1 h at room temperature (RT). After this incubation in a 

reducing environment, the mixture was diluted 5-fold into 50 mM Tris pH 8.0, 100 mM 

NaCl, 12 mM GSSG and incubated in the dark for an additional 30 min at RT. The samples 

were then boiled in 4x loading buffer lacking DTT and electrophoresed on 12% Bis-Tris gel. 

The gel was rinsed with water, subjected to FITC scan (Typhoon FLA 9500, GE Healthcare) 

and then Coomassie staining.

For warhead-bearing SAHBs, His-BFL-1ΔC C4S/C19S protein was pretreated with 10 mM 

DTT in 50 mM Tris pH 8.0, 100 mM NaCl for 30 min at RT (final volume, 9.5 μL), and then 

combined with a 10:1 molar ratio of NOXA SAHBA or BIM SAHBA peptides bearing 

warheads 1–8 (final volume, 10 μL) for an additional 2 h incubation at RT. Processing for 

gel electrophoresis and Coomassie staining was performed as above.

Streptavidin Pull-down

Recombinant His-BFL-1ΔC, BCL-XLΔC (tagless) and GST-MCL-1ΔNΔC (1 μM each) were 

combined and reduced with 3 mM DTT in PBS for 30 min at RT, and then incubated with 1 

μM biotinylated SAHBA, SAHBA-3 or vehicle for 4h at RT. The mixtures were then 

combined with PBS-washed high-capacity SA agarose (Thermo Fisher Pierce) and 

incubated with rotation for 2 h at RT. The beads were centrifuged at 3000 rpm, washed twice 

with NP-40 lysis buffer (1% NP40, 50 mM Tris pH 8.0, 100 mM NaCl, 2.5 mM MgCl2), 

once with PBS, and then bound protein eluted by boiling in 10% SDS containing 10 mg/mL 

biotin. Inputs (10%) and eluates were electrophoresed on a 12% Bis-Tris gel and then 

subjected to silver stain and imaging.

Liposomal Release Assay

Liposomal release assays were performed as detailed in the Supplemental Information, with 

SAHBA-3/BFL-1ΔC conjugates prepared by treating BFL-1ΔC (10 μM) with DTT (20 mM) 

for 30 min at 4°C, followed by seq uential incubation with NOXA SAHBA-3 or BIM 

SAHBA-3 peptides at peptide:protein molar ratios of 1.2x, 0.75x, and 0.5x for 1h each at 

4°C.
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BFL-1 Targeting in Lysates and Cells

A series of NOXA and BIM SAHB constructs, with and without installed biotin handles 

and/or acrylamide warheads, were employed in comparative BFL-1 targeting assays in 

lysates containing or intact cells expressing HA-BFL-1ΔC C4S/C19S (transfected 293T 

cells) or native BFL-1 (A375P), performed as described in detail in the Supplemental 

Information.

Cell Viability, LDH Release, and Caspase-3/7 Activation Assays

Cancer cells were cultured using their standard culture media containing 10% FBS and 

penicillin/streptomycin (A375P: DMEM; SK-MEL-2, SK-MEL-28 and MCF-7: EMEM; 

A549, H929: RPMI). Cells were plated in 96-well plates (5 × 103 cells per well) and, after 

overnight incubation, treated with the indicated concentrations of BIM SAHBA1 or BIM 

SAHBA-3 in the corresponding media supplemented with 5% FBS for the indicated 

durations. Cell viability and caspase 3/7 activation was measured using CellTiter-Glo and 

Caspase-Glo 3/7 chemiluminescence reagents (Promega), respectively, and luminescence 

detected by a microplate reader (Spectramax M5, Molecular Devices). LDH release was 

quantified after 30 min peptide incubation by plate centrifugation at 1500 rpm for 5 min at 

4°C, transfer of 100 μL cell culture media to a clear plate (Corning), incubation with 100 μL 

LDH reagent (Roche) for 30 min while shaking, and measurement of absorbance at 490 nm 

on a Spectramax M5 microplate reader.

Mitochondrial Cytochrome c Release and Biotinylation Assays

A375P cells were plated in 6-well Corning plates (3 × 105 cells/well) and cultured as above. 

After 24 h, the cells were treated with BIM SAHBA1 or BIM SAHBA-3 (40 μM) in DMEM 

containing 5% FBS for the indicated durations, and then trypsinized, washed with PBS, and 

cytosol (supernatant) and mitochondrial (pellet) fractions isolated as described(Dewson, 

2015). Briefly, pelleted cells were resuspended at 1×107 cells/mL in permeabilization buffer 

(20 mM HEPES/KOH pH 7.5, 250 mM sucrose, 50 mM KCl, 2.5 mM MgCl2) 

supplemented with 0.025% digitonin and protease inhibitors, followed by incubation on ice 

for 10 min and centrifugation at 13,000g. The resultant supernatant and pellet fractions were 

boiled in LDS buffer and subjected to western analysis using a 1:1000 dilution of 

cytochrome c antibody (BD Pharmingen #556433). For biotinylation studies, A375P 

mitochondria were isolated as above, resuspended in permeabilization buffer, and then 

treated with biotinylated BIM SAHBA or BIM SAHBA-3 (50 μM) for 4 h at RT. Samples 

were then boiled in LDS buffer and subjected to western analysis using 1:1000 dilutions of 

BFL1 (Abcam #125259), biotin (Abcam, #53494), and VDAC1 (Abcam #14734) antibodies.

Confocal Microscopy

A375P cells were plated in chambered coverglass (1.5 × 104 cells/well) and cultured as 

above. After 24 h, cells were treated with FITC-BIM SAHBA1 or BIM SAHBA-3 (1 μM) for 

4 h in phenol-free DMEM containing 5% FBS. Cells were washed, stained with MitoTracker 

Red (Thermo) and Hoechst 33342, and imaged live. Confocal images were collected with a 

Yokogawa CSU-X1 spinning disk confocal (Andor Technology) mounted on a Nikon Ti-E 

inverted microscope (Nikon Instruments). Images were acquired using a 100× 1.4 NA Plan 
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Apo objective lens with an Orca ER CCD camera (Hamamatsu Photonics) and 488 nm laser. 

Acquisition parameters, shutters, filter positions and focus were controlled by Andor iQ 

software (Andor Technology).

Statistical Analysis

Datasets were analyzed by two-tailed Student’s t test, with p < 0.05 considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Selective targeting of intracellular proteins implicated in disease pathogenesis remains a 

high priority goal for the chemical biology and drug development fields. We combined 

the advantages of stapling peptide alpha-helices modeled after natural pro-apoptotic 

domains with the cysteine-targeting efficiency of electrophilic warheads to provide proof-

of-concept for specific, covalent inhibition of anti-apoptotic BFL-1, a BCL-2 family 

protein linked to the development and chemoresistance of select human cancers. Covalent 

stapled peptide inhibitors modeled after the NOXA and BIM BH3 domains irreversibly 

“plugged” the critical BH3-binding pocket of BFL-1 by reacting with a unique cysteine 

residue embedded within its canonical BH3-binding pocket. Strikingly, no cross-

reactivity to alternate cysteines in BFL-1, its close homologues MCL-1 or BCL-XL, or 

other cellular proteins was observed, highlighting the ideal partnership between the 

relatively expansive non-covalent binding interface of stapled alpha-helices and focally-

reactive, acrylamide-bearing warheads. Whereas renewed interest in small molecule 

covalent inhibitors has successfully led to a series of new drugs to block the deep 

hydrophobic “holes” that typify kinase targets, covalent stapled peptide inhibitors have 

the potential to address a series of larger and previously undruggable protein interfaces 

with strikingly selective reactivity, as exemplified here for electrophilic warhead-bearing 

SAHBs and anti-apoptotic BFL-1.
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Highlights

• A unique juxtaposition of cysteines occurs in the NOXA BH3/BFL-1 

interaction.

• Oxidizing conditions yields a disulfide bond between NOXA BH3 and 

BFL-1.

• Stapled BH3 peptides bearing electrophilic warheads selectively react 

with BFL-1.

• Covalent stapled peptide inhibitors represent a new class of protein 

modulators.
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Figure 1. Disulfide Bond Formation Between NOXA BH3 and BFL-1
(A) Structure of the NOXA BH3/BFL-1ΔC complex (PDB ID 3MQP) highlighting the 

juxtaposition between NOXA C25 and BFL-1 C55.

(B) Dissociation constants for the binding interactions between BFL-1ΔC constructs and 

NOXA SAHBA peptides bearing the indicated native cysteines and cysteine-to-serine 

mutations. Binding experiments were performed in technical and biological duplicate.

(C) Exposure of BFL-1ΔC and FITC-NOXA SAHBA constructs to oxidizing conditions 

yielded a molecular weight shift only for peptide/protein pairs that retain native NOXA C25 

and BFL-1 C55, as detected by Coomassie staining (top). Disulfide bond formation between 

BFL-1ΔC bearing C55 and wild-type NOXA SAHBA was confirmed by FITC scan 

(bottom).

(D) Incubation of FITC-NOXA SAHBA peptides with alternate anti-apoptotic BCL-2 family 

proteins, such as MCL-1ΔNΔC or BCL-XLΔC, under oxidizing conditions caused no 

molecular weight shift, as evaluated by Coomassie staining (top), or FITC-peptide labeling 

of protein, as assessed by FITC scan (bottom).

See also Figure S1.
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Figure 2. Incorporation of Electrophilic Warheads into Stapled NOXA and BIM BH3 Helices for 
Covalent Targeting of BFL-1 C55
(A) The structures of the NOXA BH3/BFL-1ΔC (top, PDB ID 3MQP) and BIM BH3/

BFL-1ΔC (bottom, PDB ID 2VM6) complexes demonstrate the proximity of discrete BH3 

residues to C55 for replacement with electrophilic warheads.

(B) Chemical structures of the reactive acrylamide moieties installed at the N-termini of 

NOXA and BIM SAHB peptides.

(C) Reactivity of BIM and NOXA SAHBs bearing warheads 1–8 with BFL-1ΔC C4S/C19S, 

which only retains the native C55.
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(D) BIM and NOXA SAHBA-3 peptides selectively reacted with BFL-1ΔC protein bearing 

C55.

(E) BIM and NOXA SAHBA-3 peptides did not react with MCL-1ΔNΔC or BCL-XLΔC, 

despite the presence of cysteines in these anti-apoptotic targets.
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Figure 3. Covalent Conjugation to the BH3-binding Pocket Enhances BFL-1 Targeting and 
Neutralizes Anti-Apoptotic Activity
(A–B) Incorporation of an acrylamide moiety into NOXA and BIM SAHBs provided a 

competitive advantage for BFL-1 targeting, as demonstrated by SA pull-down of a 1:1:1:1 

mixture (1 μM each) of biotinylated NOXA (A) or BIM (B) SAHBs with recombinant His-

BFL-1ΔC, BCL-XLΔC (tagless), and GST-MCL-1ΔNΔC.

(C) Coomassie stain of recombinant BFL-1ΔC and its NOXA SAHBA-3 and BIM SAHBA-3 

conjugates employed in liposomal release assays.

(D–E) BH3-only protein tBID directly activated BAX-mediated liposomal poration, as 

monitored by ANTS/DPX release. Whereas BFL-1ΔC completely blocked tBID-triggered 

BAX poration, covalent engagement of BFL-1ΔC by either NOXA SAHBA-3 (D) or BIM 

SAHBA-3 (E) effectively inhibited the functional activity of BFL-1ΔC. Liposomal 

experiments were performed in triplicate with exemplary release profiles shown.
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Figure 4. Covalent Targeting of BFL-1 C55 in Lysates and Cells
(A) Biotinylated NOXA and BIM SAHBA-3 peptides crosslinked to HA-BFL-1ΔC C4S/

C19S in lysates from transfected 293T lysates, as evidenced by the shift in molecular weight 

of BFL-1ΔC observed upon anti-HA western analysis. Anti-biotin blotting confirmed the 

selective incorporation of biotin into the HA-BFL-1ΔC band, with little to no crossreactivity 

with other proteins in the cellular lysate.

(B) Treatment of transfected 293T cells with biotinylated BIM SAHBA-3 followed by 

cellular lysis, HA immunoprecipitation, and biotin western analysis demonstrated the 

capacity of a warhead-bearing BIM SAHB to gain intracellular access and covalently target 

expressed HA-BFL-1ΔC C4S/C19S containing the native C55.

(C–D) BIM SAHBA-3, but not BIM SAHBA, effectively competed with tBID for HA-

BFL-1ΔC C4S/C19S interaction in 293T lysates, achieving robust covalent conjugation (C), 

whereas in the context of exclusive non-covalent FLAG-MCL-1 interaction, the compounds 

were equally effective at competing with tBID (D), as measured by the indicated 

immunoprecipitation and western analyses.

(E) Covalent modification of HA-BFL-1ΔC C4S/C19S by cellular treatment with BIM 

SAHBA-3, but not the corresponding construct lacking the acrylamide-based warhead. 

Crosslinked BFL-1ΔC was observed by 2 hours and levels continued to increase in a time-

dependent fashion throughout the 12 hour treatment period, as monitored by HA western 

analysis.
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See also Figure S2.
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Figure 5. Enhanced Apoptotic Response of BFL1-driven Melanoma Cells upon Treatment with a 
Cysteine-reactive BIM SAHB
(A) A375P cells were treated with BIM SAHBA1 or BIM SAHBA-3 (40 μM) and viability 

measure by CellTiter-Glo assay at the indicated time points. Data are mean ± s.d. for 

experiments performed in technical sextuplicate, and repeated twice using independent cell 

cultures with similar results.

(B) Quantitation of LDH release upon treatment of A375P cells BIM SAHBA1 or BIM 

SAHBA-3 (40 μM) for 30 min. Data are mean ± s.d. for experiments performed in technical 

triplicate.

(C) A375P cells were treated with BIM SAHBA1 or BIM SAHBA-3 (40 μM) and caspase 

3/7 activation measured by CaspaseGlo assay at the indicated time points. Data are mean ± 

s.d. for experiments performed in technical sextuplicate, and repeated twice using 

independent cell cultures with similar results.

(D) Mitochondrial cytochrome c release in A375P cells treated with BIM SAHBA1 or BIM 

SAHBA-3 (40 μM), as detected by cytochrome c western analysis of cytosolic and 

mitochondrial fractions harvested at the indicated time points.

*, p < 0.001 by two-tailed Student’s t test.

See also Figures S3–S5.
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Figure 6. Endogenous BFL-1 Targeting and Mitochondrial Localization of a Warhead-bearing 
BIM SAHB in A375P melanoma cells
(A) Enhanced targeting of native BFL-1 by biotinylated BIM SAHBA-3, as compared to 

BIM SAHBA, in A375P lysates, as monitored by SA pull-down and BFL-1 western analysis 

(top). In contrast, both compounds are equally effective at engaging MCL-1, which bears no 

cysteine in its BH3-binding groove and thus provides no competitive advantage for BIM 

SAHBA-3 (bottom).

(B) BIM SAHBA-3, but not BIM SAHBA, biotinylates mitochondrial protein that migrates 

at the same molecular weight as immunoreactive BFL-1.

(C) Live confocal microscopy of A375P cells treated with FITC-BIM SAHBA-3 reveals its 

localization at the mitochondria, the intracellular site of native BFL-1. Blue, Hoechst; green, 

FITC-BIM SAHBA-3; red, MitoTracker; yellow, colocalization of FITC-BIM SAHBA-3 and 

MitoTracker. Bar, 10 μm.

(D) A FITC-BIM SAHBA-3-treated A375P cell is observed to undergo apoptosis induction, 

as manifested by cell shrinkage, nuclear condensation, and membrane blebbing. The 

colocalization FITC-BIM SAHBA-3 and MitoTracker is also evident, as described above. 

Bar, 10 μm.

Huhn et al. Page 24

Cell Chem Biol. Author manuscript; available in PMC 2017 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Summary
	eTOC Blurb
	Introduction
	Results
	Covalent Reaction Between Cysteines at the Binding Interface of NOXA BH3 and BFL-1
	Selective BFL-1 Reactivity of Stapled BH3 Peptides Bearing Electrophilic Warheads
	Targeted Blockade of BFL-1 in Liposomes, Lysates and Cells
	Preferential Activation of Apoptosis by a Cysteine-Reactive BIM SAHBA in BFL-1-Expressing Melanoma

	Discussion
	Experimental Procedures
	Stapled Peptide Synthesis
	Recombinant Protein Expression and Purification
	In Vitro Covalent Conjugation Assay
	Streptavidin Pull-down
	Liposomal Release Assay
	BFL-1 Targeting in Lysates and Cells
	Cell Viability, LDH Release, and Caspase-3/7 Activation Assays
	Mitochondrial Cytochrome c Release and Biotinylation Assays
	Confocal Microscopy
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

