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Abstract

Bcl-2 and Bax share a similar structural fold in solution, yet function oppositely in the 

mitochondrial outer membrane (MOM) during apoptosis. The proapoptotic Bax forms pores 

in the MOM to trigger cell death, whereas Bcl-2 inhibits the Bax pore formation to prevent 

cell death. Intriguingly both proteins can switch to a similar conformation after activation by 

BH3-only proteins, with multiple regions embedded in the MOM. Here we tested a hypothesis 

that destabilization of the Bcl-2 structure might convert Bcl-2 to a Bax-like perforator. We 

discovered that mutations of glutamate 152 which eliminate hydrogen bonds in the protein core 

and thereby reduce the Bcl-2 structural stability. These Bcl-2 mutants induced apoptosis by 
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releasing cytochrome c from the mitochondria in the cells that lack Bax and Bak, the other 

proapoptotic perforator. Using liposomal membranes made with typical mitochondrial lipids and 

reconstituted with purified proteins we revealed this perforation activity was intrinsic to Bcl-2 

and could be unleashed by a BH3-only protein, similar to the perforation activity of Bax. Our 

study thus demonstrated a structural conversion of antiapoptotic Bcl-2 to a proapoptotic perforator 

through a simple molecular manipulation or interaction that is worthy to explore further for 

eradicating cancer cells that are resistant to a current Bcl-2-targeting drug.
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1. Introduction

Bcl-2 family proteins are evolutionarily conserved molecules that play a pivotal role in 

control of apoptotic protein release from mitochondria.1–5 They share Bcl-2 homology 

(BH) domains that are defined by sequence and structural homology and important for 

their interactions and functions. Antiapoptotic members such as Bcl-2, Bcl-XL and Mcl-1 

contain four BH domains (BH1 to 4). Proapoptotic multi-BH members such as Bax, 

Bak and Bok also contain four BH domains, whereas BH3-only members such as Bid 

and Bim contain only the BH3 domain. Some BH3-only proteins (termed as activators) 

directly activate Bax and Bak, inducing their homo-oligomerization and pore formation in 

the MOM. Other BH3-only proteins (termed as de-repressors or sensitizers) do not bind 

Bax and Bak. Instead, they bind antiapoptotic proteins to prevent them from binding to 

and inhibiting the BH3-only activators or the activated Bax and Bak. In contrast, Bok is 

mainly regulated by ER associated degradation (ERAD) that limits Bok concentration in 

normal cells. In cells experiencing ER stress that overwhelms the ERAD, Bok concentration 

increases and accumulates in the mitochondria where it forms pores independent of other 

Bcl-2 family proteins.6,7 Surprisingly, structures of multi-BH anti and proapoptotic proteins 

show remarkable similarity, despite their opposing functions.8–12 These proteins fold into 

a helical bundle with a hydrophobic helix (helix 5 in Bcl-2 and Bax) wrapped by multiple 

amphipathic helices. This structural fold is common among the pore-forming domains of 

diphtheria toxin and Escherichia coli colicins.13,14 Thus, these proteins and domains may 

originate from a common ancestor that evolved divergently in sequences, yet, convergently 

in structures.15 This structural fold formed by the multi-BH proteins is also formed by 

Bid,16,17 a historically named BH3-only protein due to the absence of other BH sequences. 

Unsurprisingly, Bid was recently shown as the fourth pore-forming protein in the Bcl-2 

family, permeabilizing the MOM in cells lacking all the other known proteins of the Bcl-2 

family that could potentially activate Bid.18 Instead, Bid is activated by a proteolysis in the 

unstructured loop between the first and second helices, an event which was originally found 

downstream of death receptor activation and carried out by a caspase.19,20

Structural similarity implies functional similarity. As an example, Bax and Bcl-2 are 

structurally similar and both form pores in membranes. During apoptosis initiation soluble 

Bax is activated by BH3-only activators such as the caspase-cleaved or truncated Bid (cBid 
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or tBid)21,22 or the intact Bim.23 The active Bax integrates into the MOM by embedding 

helices 5 and 6 partially, and helix 9 fully into the membrane.24 The integrated Bax forms 

large oligomeric, perhaps proteolipidic pores that release cytochrome c and other larger 

mitochondrial intermembrane space proteins to the cytosol.25–33 Bcl-2, which is anchored 

in the MOM via the C-terminal helix 9 in normal cells, also changes conformation by 

embedding helix 5 into the membrane after interaction with tBid, Bim or activated Bax.34–37 

While this “activated” Bcl-2 inhibits the large pore formation by Bax, it forms pores in the 

membrane that are usually smaller than the Bax pore but can be enlarged to accommodate 

cytochrome c.36–38 We therefore postulated the Embedded Together model to emphasize 

that the conformational alteration of Bcl-2 family proteins after their interactions at the 

MOM is a common feature which dictates their pro or antiapoptotic function.39,40

One unexpected, yet not surprising, aspect of Bcl-2 family proteins is their interchangeable 

function in apoptosis regulation. The Bcl-2 homologs in Drosophila melanogaster (Debcl/

Drob-1) and Caenorhabditis elegans (Ced-9) either promote or prevent apoptosis depending 

on tissue types, apoptotic cues and conformational alterations.41–45 Mammalian Bcl-2 

promotes apoptosis after a caspase cleavage releases the autoinhibition imposed by the N-

terminal region.46 Nur77 interacts with an intrinsically unstructured region of antiapoptotic 

Bcl-2, converting it to a proapoptotic BH3-only molecule that inhibits Bcl-XL to kill cancer 

cells via a Bax or Bak dependent mechanism.47,48 A point mutation in helix 5 of Bcl-XL 

converts it from a cell protector into a cell killer that may function through a mitochondrial 

potassium channel.49 We previously took a chemical biology approach and identified several 

compounds that can induce cytochrome c release and apoptosis in Bax and Bak deficient 

cells.37 In particular, a diterpenoid compound elevates the Bim level and its interaction 

with Bcl-2 converting Bcl-2 to Bax-like oligomers that induce cytochrome c release and 

apoptosis.37 Also, gossypol interacts with Bcl-2 and triggers conformational changes in 

Bcl-2 that induce apoptosis independent of Bax and Bak.50

Given the structural similarity and the functional plasticity, we hypothesize that alterations 

of key structural elements that maintain the stereotypical fold of antiapoptotic Bcl-2 could 

result in a functional conversion of Bcl-2 to a proapoptotic perforator in the mitochondrial 

membrane. To test this hypothesis we carried out a systematic site-directed mutagenesis of 

the Bcl-2 fold that is anchored in the MOM by the helix 9 in normal cells but partially 

embedded into the MOM upon apoptotic induction after a conformational change critical 

to its antiapoptotic function.34–36 We identified point mutations that reduce the structural 

stability of the Bcl-2 fold and convert the antiapoptotic protein to a large pore-forming 

molecule that releases cytochrome c from the mitochondria and induced caspase-dependent 

apoptosis in Bax and Bak deficient cells. This perforation activity is intrinsic to Bcl-2 

as it can be induced by a BH3-only protein in liposomal membranes lacking other 

cellular proteins. Our study indicates a new anticancer strategy that would kill the Bcl-2 

overexpressing cancer cells even if they have eliminated or inactivated both Bax and 

Bak. Development of a such strategy is increasingly necessary since many leukemia and 

lymphoma patients who have been treated by Venetoclax, the first Bcl-2-specific inhibitor 

approved by Food and Drug Administration of United States, National Medical Products 

Administration of China and equivalent authorities of other countries, have experienced 
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relapse due to mutations of bcl-2, bax and/or bak genes, or increased expression of mcl-1 
and/or bcl-xl genes51–56 (reviewed in57,58).

2. Results

2.1. Point mutations of Glu152 in helix 5 convert antiapoptotic Bcl-2 to a proapoptotic 
molecule in bax−/−/bak−/− cells

To test the hypothesis that mutations in the core region of the stereotypical Bcl-2 fold 

that dictates its antiapoptotic function could lead to a functional conversion of Bcl-2 to a 

proapoptotic molecule, we compared the Bcl-2 sequences from four species. The sequence 

alignment in Fig. 1A shows that the sequences of helix 5 are identical except one conserved 

change of a valine to an isoleucine in the Drosophila sequence. Thus, we carried out 

alanine-scanning mutagenesis of the extremely conserved helix 5 in the protein core. We 

tested the apoptotic activity of the resulting Bcl-2 mutants in HeLa cells. Following the 

ectopic expression of the wild-type or mutant Bcl-2, Hoechst staining was used to measure 

the nuclear condensation, an apoptotic phenotype. Interestingly, the E152A mutant induced 

apoptosis in more cells compared to the wild-type and the other mutant Bcl-2 (Fig. 1B). 

We thus investigated the mechanism underlying the ability of the E152 mutant to induce 

apoptosis.

A key issue is to distinguish whether the Bcl-2 E152 mutant has gained a proapoptotic 

function or just lost the antiapoptotic function. We reasoned that if it gained a proapoptotic 

function, the mutant could function as a Bax-like molecule which would induce apoptosis 

in the absence of Bax and Bak. We thus investigated whether the E152A mutant and other 

two E152 mutants (E152C and E152S) could induce apoptosis in the absence of Bax and 

Bak using Bax−/−/Bak−/− mouse embryonic fibroblast (MEF) cells. Since previous studies 

show that another Bcl-2 helix 5 mutant (G145A) losses the antiapoptotic function,35,59 we 

used this mutant, and the wild-type Bcl-2 as controls. Clearly, cell death was observed in all 

of the E152 mutant-transfected Bax−/−/Bak−/− cells at a similar level as the Bax-transfected 

cells, while under the same experimental conditions, wild-type Bcl-2 and the G145A mutant 

had no advert effect on the transfected cells compared to the vector control (Fig. 2A).

We next directly assessed the ability of the Bcl-2 E152 mutants to induce apoptosis in Bax−/

−/Bak−/− MEF cells by expression of these proteins with a N-terminal GFP-tag. Hoechst 

labeling was used to identify pyknotic nuclei, a standard indicator of apoptosis, in the 

transfected cells identified by GFP fluorescence. The identification of pyknotic nuclei is 

not affected by differences in the efficiency of transient transfections, because cells were 

observed at single cell resolution and equal numbers of transfected GFP-positive cells are 

counted for each group. The cells transfected with the vector that only expresses GFP served 

as a control to determine the basal rate of death due to the cell culture, transfection, and 

protein overexpression. As shown in Fig. 2B, the GFP-Bcl-2 E152 mutant-expressing cells 

displayed condensed and fragmented nuclei, similar to the GFP-Bax-expressing dead cells. 

These morphological features are distinctly different from the cells expressing the wide-type 

Bcl-2 or the G145A mutant that maintain intact nuclei, indicative of healthy cells (Fig. 

2B). Quantification of apoptotic nuclei revealed that expression of each E152 mutant, like 

expression of Bax, caused a dramatic increase of apoptotic cells (~15%) compared with 
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expression of wide-type Bcl-2 or GFP only (~4%) (Fig. 2C). The G145A mutant induced 

more apoptosis (~7%) than wide-type Bcl-2 but at a significantly lower level than the E152 

mutants.

To ascertain that the E152 mutants induced the apoptotic cell death, we measured PARP 

cleavage by caspases after the cells were transfected with the mutants. The PARP cleavage 

was detected in the cells expressing the E152 mutants, and to a less extent in those 

expressing the G145A mutant, but not in those expressing the wild-type Bcl-2 (Fig. 

2D). Together with the other apoptotic markers measured above, these measurements 

clearly demonstrated that the E152 mutants induced typical apoptosis with characteristic 

morphological and biochemical hallmarks.

To rule out the possibility that the E152 mutant-induced apoptosis was due to nonspecific 

effect of overexpression of foreign proteins in Bax−/−/Bak−/− cells, we sorted the cells 

according to the level of GFP whose expression indicated the expression of wild-type or 

mutant Bcl-2 or Bax. Cells that expressed comparable levels of wild-type or mutant Bcl-2 or 

Bax as measured by the GFP expression (P3 region in FACS) were collected and assayed for 

colony formation. Compared to expression of the wild-type Bcl-2 or the G145A mutant or 

GFP only, expression of the E152 mutants reduced the colony formation of the Bax−/−/Bak−/

− cells similar to expression of Bax (Fig. 2E). As expected, the quantitative data from the 

clonogenic assay (Fig. 2F) inversely correlated with that from the cell morphology-based 

apoptosis assay (Fig. 2C). These results demonstrated that the Bcl-2 E152 mutants were 

proapoptotic in the Bax−/−/Bak−/− cells.

2.2. Bcl-2 Glu152 mutants release cytochrome c from the mitochondria in bax−/−/bak−/− 

cells

Since the Bcl-2 E152 mutants have gained a proapoptotic function in the Bax−/−/Bak−/− 

cells, they may act like Bax and Bak to release cytochrome c from the mitochondria. We 

thus immunostained the Bax−/−/Bak−/− MEF cells with a cytochrome c-specific antibody 

after transfection with the plasmid that expresses GFP-tagged wild-type or mutant Bcl-2. 

An analysis of confocal fluorescence microscopy images revealed that cytochrome c was 

exclusively localized in the mitochondria in most of the cells expressing GFP-Bcl-2 wild-

type, similar to most of the control cells expressing GFP-Bcl-2 G145A or GFP only (Fig. 

3A–B). In contrast, most of the cytochrome c was released from the mitochondria and 

diffused into the cytosol in more than half of the cells expressing GFP-Bcl-2 E152 mutants 

approaching the other control cells expressing GFP-Bax (Fig. 3A–B). The E152 mutants 

were mainly localized at the mitochondria as wild-type Bcl-2 and the G145A mutant, 

suggesting that their effects on cytochrome c localization and apoptosis are unlikely due 

to their nonspecific accumulation elsewhere in the cells that may indirectly damage the 

mitochondria and kill the cells.

2.3. The E152 mutations destabilize Bcl-2 structure causing conformational changes to 
result in Bcl-2 insertion and oligomerization in the mitochondrial membrane

It has been reported that various apoptotic stimuli can elicit conformational changes of 

Bcl-2 in cells and in membranes.34–37 Since the Bcl-2 E152 mutants induced apoptosis 
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and cytochrome c release in the absence of Bax and Bak, the mutations might alter the 

conformation of Bcl-2 resulting in self-association into a cytochrome c-releasing pore in 

the MOM, as we previously reported for the Bim-activated Bcl-2 37. To test this possibility, 

we used flow cytometry with a specific antibody that recognizes the exposed BH3 motif 

of Bcl-2 as previously reported37 to detect this conformational change of Bcl-2 in the Bax−/

−/Bak−/− MEF cells. The results showed a drastic increase of the BH3 motif-exposure in 

the cells expressing the HA-tagged Bcl-2 E152 mutants compared to those expressing the 

HA-tagged Bcl-2 wild-type or G145A mutant (Fig. 4A).

A previous report has shown that heat alone can activate Bax and Bak to permeabilize the 

MOM likely by inducing conformational changes of these proapoptotic proteins that lead 

to their oligomerization and pore formation.60 We thus measured the thermal stability of 

recombinant wild-type and mutant Bcl-2 proteins using SYPRO orange dye that fluoresces 

upon binding to hydrophobic patches in the heat-denatured proteins. Under the same 

condition in this ThermoFluor assay, different Bcl-2 proteins exhibited different thermal 

stability (Fig. 4B) as indicated by the melting temperature (Tm). The Tm of wild-type Bcl-2 

is 56.8 °C while the Tm of the E152S mutant shifts significantly to a lower value of 50.3 

°C. The Tm shifts of the E152A and E152C mutants are less but nevertheless to lower 

values. The downward shift of the melting temperature suggests that the E152 mutations 

destabilize the Bcl-2 structure. In contrast, the Tm of 56.5 °C for the G145A mutant is very 

similar to that of the wide-type, suggesting this mutation does not destabilize the Bcl-2 

structure. Taken together, these results corroborate that the E152 mutations generate more 

conformation-altered Bcl-2 proteins in cells by reducing their structural stability.

We next tested whether the Bcl-2 E152 mutants were able to form oligomers in the 

mitochondria isolated from Bax−/−/Bak−/− cells by incubating the mitochondria with 

the recombinant wild-type and mutant Bcl-2 proteins whose C-terminal transmembrane 

sequence was replaced by a hexa-histidine tag (Bcl-2ΔTM-His6), and then treating 

the samples with a membrane-permeable amine-reactive crosslinker DSS. After 

immunoprecipitation of the mitochondrial fraction from the E152 mutant samples with 

an anti-Bcl-2 monoclonal antibody, multiple DSS-crosslinked products were detected by 

immunoblotting with anti-Bcl-2 polyclonal antibodies. The molecular weights of three 

Bcl-2 immuno-reactive products are approximately 50, 70 and 100 kDa, corresponding 

to Bcl-2ΔTM-His6 homodimer, trimer and tetramer or its heterocomplexes with other 

mitochondrial proteins (Fig. 4C). These Bcl-2ΔTM-His6 complexes were not detected in the 

wild-type sample, and only one of them was barely detected in the G145A mutant sample. 

Thus, the capacity of Bcl-2 to form homotypic or heterotypic complexes in the mitochondria 

is correlated with its cytochrome c release activity in the cells (Fig. 3).

We then examined whether the wild-type and mutant Bcl-2ΔTM-His6 proteins that were 

detected in the mitochondrial fraction were inserted into the mitochondrial membranes. The 

recombinant wild-type Bcl-2 protein was fully extracted from the mitochondria isolated 

from Bax−/−/Bak−/− cells by an alkaline buffer that extracts the proteins which fail to insert 

into the membranes (Fig. 4D). In contrast, most of the E152A and E152S mutants were 

resistant to the alkaline extraction and thereby inserted into the membranes. However, most 

of the E152C mutant, like the G145A mutant, was extracted and thereby not inserted. As 
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expected, the integral mitochondrial membrane proteins COX IV and VADC were fully 

resistant to the extraction. Since all the recombinant Bcl-2 proteins lack the C-terminal 

transmembrane domain, the integration of some of them into the membranes would be 

mediated by other regions. Of note, our previous works have shown that the base of helix 

5 of Bcl-2 inserts into the mitochondrial membranes during apoptosis after binding to 

proapoptotic proteins.34–37

Taken the data in this section together, we suggest that the structurally destabilized Bcl-2 

E152 mutants are able to change conformation, insert into the mitochondrial membrane and 

form oligomers to promote cytochrome c release in the Bax−/−/Bak−/− cells.

2.4. Elimination of a hydrogen bonding network among E152, K22 and S105 that 
potentially stabilizes the Bcl-2 structural fold unleashes the proapoptotic potential of Bcl-2 
in bax−/−/bak−/− cells

Because the E152 mutations reduced the structural stability of Bcl-2, we analyzed a Bcl-2 

structure that was previously determined by NMR in solution (PDB entry: 1G5M).10 As 

shown in Fig. 5A, the E152 in helix 5 can potentially form two hydrogen bonds; one with 

the K22 in helix 1 between the hydrogen donor atom NZ of K22 and the hydrogen acceptor 

atom OE2 of E152, and the other with the S105 in helix 2 between the hydrogen donor atom 

OG of S105 and the hydrogen acceptor atom OE1 of E152. These hydrogen bonds between 

the core helix 5 and the peripheral helices 1 and 2 would contribute to the structural stability 

of Bcl-2 protein. Our thermal stability data from the E152 mutants in comparison with the 

wild-type support this postulate since the mutations may eliminate these hydrogen bonds, 

thereby destabilize the protein structure (Fig. 5A).

To provide further support to this postulate and the implication to the protein function, 

we tested whether the K22A or S105A mutation that would eliminate one of the two 

hydrogen bonds could also covert Bcl-2 to a proapoptotic molecule in the Bax−/−/Bak−/− 

MEF cells. Indeed, compared to the cells expressing with GFP-Bcl-2 wild-type protein, 

more of the cells expressing GFP-Bcl-2 K22A or GFP-Bcl-2 S105A mutant displayed 

nuclear fragmentation, chromatin condensation, loss of mitochondrial cytochrome c, and/or 

cell shrinkage, similar to the cells expressing GFP-Bcl-2 E152A mutant (Fig. 5B–C). 

Moreover, similar to the E152A mutant, the K22A and S105A mutants induced PARP 

cleavage whereas the wild-type Bcl-2 did not (Fig. 5D). These data thus provide further 

evidence for the importance of a hydrogen bonding network among K22, S105 and E152 in 

maintaining the Bcl-2 structural fold, destabilization of which can unleash the proapoptotic 

activity of Bcl-2.

2.5. Bcl-2 has an intrinsic large pore-forming activity that can be induced by BH3-only 
proteins

Our previous study has revealed an intrinsic small pore-forming activity for the recombinant 

Bcl-2 tethered to liposomal membranes that can be induced by a BH3-only protein tBid 

to release fluorescent molecules of 0.5 kDa.36 To determine whether this activity can be 

enhanced to release larger molecules from liposomes, we improved the purification protocol 

for the recombinant Bcl-2 protein. We used a high-resolution size exclusion chromatography 
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that increased the purity of the protein preparation so that we could eliminate the ion 

exchange chromatography that was used previously in order to achieve the same purity 

(Fig. 6A–B). This significantly shortened the preparation time and likely enhanced the 

protein activity. We assayed the pore-forming activity of the resulting Bcl-2 protein using 

the liposomes that have not only the mitochondrial characteristic phospholipids but also a 

Ni2+--chelating lipid analog in their membranes. Thus, the recombinant Bcl-2 protein that 

has a His6 tag instead of the hydrophobic helix 9 at the C-terminus can be tethered to 

the membranes via the Ni2+-chelating lipid. The liposomes have fluorescent Cascade Blue 

dye-conjugated dextran molecules of 10 kDa in their lumen to mimic the cytochrome c that 

has a slightly less hydrodynamic size than the fluorescent dextran molecules.37 The release 

of the fluorescent molecules from the liposomal lumen through the pore in the membrane 

was monitored by antibodies located outside of the liposomes that can bind to the released 

fluorescent molecules and quench their fluorescence. As shown in Fig. 6C, the fluorescent 

molecules were gradually released during a time course by the purified recombinant Bcl-2 

protein in the presence of the purified tBid protein, and ~40% of the molecules were 

released by the end of the time course. In comparison, the same concentration of the purified 

recombinant Bax protein in the presence of the same concentration of the tBid protein 

released ~65% of the molecules by the end of the time course. In the absence of tBid, 

neither protein released any molecules during the time course, demonstrating that their large 

pore-forming activity is induced by this BH3-only protein that binds both proteins to change 

their conformations and increase their oligomerization.32,36,38

Since the E152 mutations in Bcl-2 induced the mitochondrial cytochrome c release in the 

Bax−/−/Bak−/− cells (Fig. 3), we tested if the mutations could induce the large pore formation 

by the recombinant Bcl-2 protein that can release the fluorescent molecules about the size 

of cytochrome c from the liposomes. Using the purified recombinant E152S mutant protein 

that was prepared to the same purity as the wild-type protein (Fig. 6A–B), we found that the 

E152S mutation did not induce the pore formation by Bcl-2 in the absence of tBid (Fig. 6C). 

In the presence of tBid, the mutant displayed the same pore-forming activity as the wild-type 

protein. This unexpected result suggests that the liposomes with the truncated Bcl-2 tethered 

to the membranes via a lipid analog cannot recapitulate what happen to the mitochondria 

with the full-length Bcl-2 anchored in the membranes by the helix 9. But nevertheless, 

the liposomal experiments with purified proteins revealed a Bax-like large pore-forming 

capacity that is intrinsic to Bcl-2 and that can be induced by tBid in the absence of any other 

cellular proteins.

Since it is well established that Bcl-2 inhibits the large pore formation by Bax,35,36 we tested 

whether the recombinant Bcl-2 protein that by itself is capable to form large pores in the 

liposomal membranes still retains this antiapoptotic activity. Thus, we prepared a liposome 

sample with both purified Bcl-2 and Bax proteins, each at the same concentration as the 

samples that were used to assay the pore formation by either protein. As shown in Fig. 6D, 

the tBid-induced pore-forming activity of both Bcl-2 and Bax is less than the sum of the 

activities of the individual proteins. This result suggests that the interaction between Bcl-2 

and Bax inhibits each other’s pore-forming activity. A similar result was obtained when the 

E152S mutant was combined with Bax, suggesting that the mutation does not affect the 

Bcl-2 interaction with Bax.
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3. Discussion

Bcl-2 is well known for its antiapoptotic function, which in part prevents the homo-

oligomeric Bax or Bak pore formation by forming heterodimers with these proapoptotic 

proteins (Fig. 7A). Unlike the homo-oligomers, the heterodimers do not form pores in the 

MOM. However, the data we presented here reveal a proapoptotic function for Bcl-2. In 

cells lacking both Bax and Bak, this proapoptotic function of Bcl-2 can be induced by the 

E152 mutations that destabilize the Bcl-2 structural fold likely by eliminating a hydrogen 

bonding network. Like Bax and Bak the unstable Bcl-2 mutants change conformation and 

form homo-oligomeric pores that release cytochrome c from the mitochondria, turning 

the cells to the apoptotic path (Fig. 7B). This proapoptotic function is rooted in an 

intrinsic pore-forming activity of Bcl-2 that like Bax and Bak shares a structural fold 

with the α-helical pore-forming bacterial toxins. This intrinsic activity is in display when 

BH3-only protein tBid interacts the purified recombinant Bcl-2 protein that is tethered 

the liposomal membrane with a typical mitochondrial lipid composition. Thus, a large, 

likely oligomeric pore is formed by conformation-changed Bcl-2 proteins, which releases 

fluorescent molecules of the cytochrome c size from the liposome (Fig. 7C). Intriguingly, the 

E152S mutation that can induce the Bcl-2 pore formation in the mitochondrial membrane 

within the bax and bak knockout cell cannot induce the Bcl-2 pore formation in the 

liposomal membrane, suggesting that the threshold to unleash the pore-forming activity 

is higher when the Bcl-2 protein lacks the C-terminal transmembrane sequence and the 

liposomal system lacks other cellular factors.

We can only speculate how Bcl-2 forms pores in the mitochondrial membrane by drawing 

parallels with Bax and Bak that we have more knowledge about how they form pores. 

For example, Bax changes conformations after interaction with BH3-only proteins Bim and 

tBid.61,62 Like Bax, Bcl-2 also changes conformations after interaction with these BH3-only 

proteins as we demonstrated previously35,36 or after destabilizing the Bcl-2 structure as we 

documented here. Some of the conformational changes are the same among these proteins 

such as exposure of their BH3 domain (Fig. 4A).37,61 The conformation-changed Bcl-2 

is more embedded in the membranes like the conformation-changed Bax.24,32,34–36 Also 

like Bax, Bcl-2 is capable of forming homo-oligomers (Fig. 4C).28,32,38,63 Since the homo-

oligomers of Bax are capable to form pores in the mitochondrial membrane,32,33 we suggest 

that the homo-oligomers of Bcl-2 can do the same thing. However, only further experiments 

can determine whether this suggestion is true, and one of the critical experiments is to 

determine how Bcl-2 forms the oligomers and how the oligomers engage the mitochondrial 

membrane.

Bcl-2 is overexpressed in most human cancers, including breast, colon, lung and blood 

cancers. Elevated Bcl-2 levels correlate with resistance of these cancers to chemotherapeutic 

drugs.64–67 Inhibition of Bcl-2 by small molecule compounds has resulted in an anticancer 

drug, Venetoclax that was approved for leukemia patients.68,69 Unfortunately, Bcl-2 

mutations have emerged in some of the leukemia patients, which reduce the drug binding 

to Bcl-2, conferring drug resistance and causing relapse.52,54,70 For example, the affinity for 

the drug was reduced 180-fold by G101V mutation, whereas the affinity for the BH3 motif 

of Bim and Bax was only reduced 3 and 8-fold, respectively.52 Thus, by preferentially 
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reducing the affinity to drug, this Bcl-2 mutation provided resistance to the therapy. 

Therefore, new avenues to treat leukemia and other cancers must be explored. We suggest 

that unleashing the intrinsic pore-forming activity of Bcl-2 by mimicking the effect of E152 

mutations on Bcl-2 structural stability or the effect of tBid on Bcl-2 conformation should 

be high on the list of explorations. Of note, adding E152A mutation to the G101V mutant 

restored the affinity for Venetoclax, and E152A single mutant had comparable drug binding 

to the wild-type protein.70 Thus, the E152A mutation not only retains or restores the drug 

binding that inhibits the antiapoptotic activity of Bcl-2, it may also unleash the proapoptotic 

activity of Bcl-2. Therefore, by mimicking this and other E152 mutations one may create a 

double-edged sword that can eradicate the drug resistant cancer cells more effectively.

4. Materials and methods

4.1. Cell lines and reagents

Bax−/−/Bak−/− MEF cells were transformed by K-Ras-V12 and E1A. Bax−/−/Bak−/− MEF 

cells, and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco 

BRL, Paisley, United Kingdom) supplemented with 10% heat-inactivated fetal bovine serum 

(Hyclone, Logan, UT, USA), and 100 U/ml penicillin, 100 μg/ml streptomycin. Cells were 

maintained in a humidified 5% CO2 atmosphere at 37 °C.

We purchased anti-actin antibody from Sigma (St Louis, MO, USA), anti-Bcl-2, anti-

cytochrome c, and anti-PARP antibodies from BD Transduction Labs (Lexington, KY, 

USA), anti-VDAC1 antibody from Abcam (Cambridge, MA, USA), secondary antibodies 

from Pharmingen (San Diego, CA, USA), enhanced chemiluminescence (ECL) reagents and 

cross-linker disuccinimidyl suberate (DSS) from Pierce (Rockford, IL, USA), and all other 

chemicals from Sigma unless otherwise specified.

4.2. Cell fractionation

As described previously,71 cells were broken with a Dounce homogenizer and the lysate 

was centrifuged at 1000 g for 5 min to remove unbroken cells and nuclei. A further 

centrifugation at 100,000 g for 30 min was used to separate the cytosol from the 

mitochondria-enriched heavy membranes.

4.3. Immunofluorescence microscopy

Cells grown on glass coverslips were stained with 50 nM Mito-Tracker Red CMXRos 

and 1 μg/mL Hoescht for 15 min at 37 °C. After washed with PBS and fixed in 3.7% 

formaldehyde-PBS solution, the cells were permeabilized with 0.1% Triton X-100 in PBS 

for 10 min. After washed with PBS for 3 times, primary antibodies were diluted 100-fold 

in 1% BSA in PBS and incubated with the permeable cells at 4 °C for overnight. Then, 

the cells were washed with PBS three times. The FITC-conjugated secondary antibodies 

were diluted 200-fold in 1% BSA in PBS and incubated with the permeable cells at 

room temperature for 2 h. The resulting cells were washed with PBS three times. The 

coverslips were mounted with mounting medium and then imaged by confocal fluorescence 

microscopy using Zeiss LSM 510 META microscope with excitation/emission wavelengths 
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of 561/599, 355/460, 488/518 and 488/507 nm to image Mito-Tracker Red, Hoescht, FITC, 

and GFP, respectively.

4.4. Immunoblotting

Cells were washed and lysed in a buffer containing 150 mM NaCl, 25 mM HEPES, pH 7.4, 

1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EGTA, 1 mM dithiothreitol (DTT), 

50 μg/ml trypsin inhibitor, 1 mM phenylmethylsulfonyl (PMSF), 10 μg/mL aprotinin, 10 

μg/mL leupeptin, and 10 μg/mL pepstatin. Cell lysates were resolved by using 12% or 15% 

SDS-PAGE and transferred to nitrocellulose membranes. The membranes were then blocked 

with PBS containing 5% nonfat dry milk and 0.1% Tween 20 at room temperature for 2 h 

and probed with indicated antibodies at 4 °C for overnight. The resulting immune complexes 

were detected with an HRP-conjugated secondary antibody and ECL.

4.5. ThermoFluor protein stability assay

The Thermofluor stability assay was performed using the Rotor-Gene 6600 PCR 

Thermocycler (Corbett Research, Australia). Each sample had a volume of 50 μl with 0.1 

mg/ml of purified recombinant wild type or mutant Bcl-2 protein in a buffer (100 mM 

NaCl, 50 mM Na2HPO4, 3.8 mM citric acid, pH 7.4). The control sample contained the 

buffer only. SYPRO orange dye (ThermoFisher Scientific, S6650) was the fluorescent probe 

and used at 1 × concentration (diluted from the 5000 × stock from the manufacture). The 

temperature was increased from 25 to 95 °C by 1 °C increment and sustained at each °C for 

60 s. The fluorescence signal was recorded using the green channel of the instrument. The 

midpoint of the protein unfolding transition is defined as the melting temperature (Tm).

4.6. Preparation of recombinant Bcl-2 proteins

Recombinant human Bcl-2 protein with the C-terminal 22 residues replaced by Leu-Gln-

His6 and with or without the E152S mutation was expressed and purified as described72 

with the following modifications. The lysate from a 1-L culture of E. coli cells that express 

the Bcl-2 protein was incubated with 2 ml of 50% (v/v) of Ni2+-NTA agarose at 4 °C for 

overnight. The resins were packed in a column and washed with ~50 ml of buffer A (50 mM 

Tris-HCl, pH 8.5, 200 mM NaCl, 1% (v/v) glycerol, 0.2 mM PMSF, 0.15 μg/ml aprotinin, 

0.1 μg/ml pepstatin, 0.1 μg/ml leupeptin, 5 mM β-mercaptoethanol) and 20 mM imidazole 

until A280 < 0.05. The Bcl-2 protein was eluted by a series of 2 ml of buffer A with either 

40, 60, 80, 100, 200 or 400 mM imidazole, and collected in tubes that already had EDTA 

so that each of the 2-ml collections will have a final [EDTA] of 10 mM. The collections 

with A280 > 0.1 and Bcl-2 purity >90% as determined by Coomassie Blue staining of 

SDS-PAGE gels were pooled, and concentrated to A280 ~ 6–10 using Centricon centrifugal 

filter units with a nominal molecular weight limit of 10 kDa. The Bcl-2 protein was further 

purified by size exclusion chromatography with buffer B (50 mM Tris-HCl, pH 8.5, 200 

mM NaCl, 0.5% (v/v) glycerol, 10 mM EDTA) ran through a Superdex 200 Increase 10/300 

GL column (GE Healthcare) at a flow rate of 0.8 ml/min. The peak eluted between 16 

and 19 ml was collected as 500-μl fractions. The fractions with Bcl-2 purity >95% were 

combined, concentrated to A280 ~ 3–6, and dialyzed against buffer C (50 mM Tris-HCl, pH 

8.5, 140 mM NaCl, 2 mM EDTA, 0.5% (v/v) glycerol) at 4 °C for overnight. After removal 

of protein aggregates by centrifugation at 10,000 g and 4 °C for 5 min, the Bcl-2 protein 
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concentration was determined from the A280 value using a molar extinction coefficient of 

43,430 M−1cm−1. DTT and glycerol were added to the solution so that the purified Bcl-2 

protein was in buffer C with 5 mM DTT and 10% (v/v) glycerol before aliquoting, freezing 

in liquid nitrogen, and storing at —80 °C.

4.7. Liposomal membrane permeabilization by recombinant Bcl-2 proteins

Using an extrusion method as described,73 liposomes were prepared with chicken 

egg phosphatidylcholine, chicken trans phosphatidyleth-anolamine, porcine brain 

phosphatidylserine, soy phosphatidylinositol, and bovine heart cardiolipin (Avanti Polar 

Lipids) of 46, 28, 9, 9, and 7 mol%, a lipid composition found in Xenopus 

oocyte mitochondria,25 plus 1 mol% of 1,2-dioleoyl-sn-glycerol-3-{[N(5-amino-1--

carboxypentyl)iminodiacetic acid]-succinyl}(nickel salt) (Avanti Polar Lipids), a Ni2+-

chelating lipid analog that tethers the His6-tagged recombinant Bcl-2 protein to the 

liposomal membranes. Fluorescent dye Cascade blue (CB)-labeled dextrans of 10 kDa 

(ThermoFisher Scientific) were encapsulated in the liposomes. The liposomal membrane 

permeabilization by the recombinant Bcl-2, Bax and/or tBid proteins was monitored by 

using a method we recently described.33

4.8. Statistical analysis

Statistical analysis of the data presented in Figs. 2, 3 and 5 was performed using GraphPad 

Prism 5. Statistical significance of the difference between the means of any two data sets 

specified in these figures was determined by one-way ANOVA analysis followed by Tukey’s 

multiple-comparisons test. A difference was considered significant when the P value < 0.05. 

In the figures, a difference between two means with a P value < 0.05, 0.01 or 0.001 is 

denoted by an *, ** or *** above a line over the corresponding data sets, respectively. A 

difference between two means with a P value > 0.05 was considered non-significant and 

denoted by a NS above a line over the corresponding data sets.

Statistical analysis of the data presented in Fig. 6 was performed using GraphPad Prism 9. 

Statistical significance between the data sets specified in the figure legend was determined 

by multiple unpaired t-test. A difference between the means in the two data sets was 

considered significant when a P value ≤ 0.05.
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Fig. 1. Alanine scanning mutagenesis suggests that E152 in α5-helix of Bcl-2 plays a role in 
apoptosis regulation by Bcl-2 in HeLa cells.
(A) Amino acid sequence alignment of Bcl-2 from human (two isoforms), mouse (two 

isoforms), rat, and Drosophila (denoted by Bcl-2_DROME). The residues that are identical 

and highly conserved are highlighted in red and yellow, respectively. The α-helical 

regions (α1, α2, etc.) are indicated above the alignment with cylinders. The C-terminal 

transmembrane regions are enclosed in a dashed box. The three amino acid residues that 

form a potential hydrogen bonding network in the Bcl-2 structure (illustrated in Fig. 5A) 

are indicated below the alignment with triangles. (B) Apoptosis of HeLa cells expressing 

Bcl-2. Alanine mutagenesis was carried out with human Bcl-2 gene inserted in pSG5 

vector. The resulting plasmids were used to transiently transfected HeLa cells for 48 h 

to express HA-tagged Bcl-2 wide-type (WT) or the mutants that are indicated by the 

sequence number of the residue that was changed to an alanine. The cells were then 

stained with anti-HA antibody and FITC-conjugated secondary antibody, Hoechst 33342, 

and MitoTracker, and subjected to confocal microscopy analysis. Representative confocal 

images from three independent experiments are shown with green, blue and red colors 

assigned to the three fluorescent dyes, respectively. The numbers of apoptotic cells were 

determined by propidium iodide and Annexin V-FITC staining using flow cytometry, and the 
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average percentages of the apoptotic cells from three independent experiments are shown in 

the lower right corner of the images. Scale bar corresponds to 20 μm.
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Fig. 2. Bcl-2 E152 mutants induced apoptosis in Bax−/−/Bak−/− cells.
(A) The plasmid that expresses GFP-tagged wide-type (WT) or the indicated mutant Bcl-2, 

or Bax, or the control vector that expresses GFP only was used to transfect Bax−/−/Bak−/− 

MEF cells. After 48 h, the morphology of the cells was examined by light field microscopy. 

Representative images from one of three independent experiments are shown. Scale bar 

corresponds to 200 μm. (B) The Bax−/−/Bak−/− MEF cells were transfected with the plasmid 

that expresses GFP-tagged wide-type or the indicated mutant Bcl-2, or Bax, or the control 

vector that expresses GFP only. After 48 h, the cells were stained with Hoechst 33342, 

Gao et al. Page 19

Mitochondrial Commun. Author manuscript; available in PMC 2024 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and fluorescence images were collected by confocal microscopy. Representative images 

from one of three independent experiments are shown. Scale bar represents 20 μm. (C) 

Three-hundred cells from each of the indicated groups that displayed GFP fluorescence in 

an independent experiment described in (B) were examined for nuclear condensation. The 

percentage of the cells that were apoptotic was calculated and shown as mean ± SD for 

that group from three independent experiments. (D) The Bax−/−/Bak−/− MEF cells were 

transfected with the plasmid that expresses HA-tagged wide-type or the indicated mutant 

Bcl-2, or the control vector. After 48 h, full-length PARP and caspase-cleaved PARP were 

detected by immunoblotting with an anti-PARP antibody. The total intensity of the PARP 

band(s) indicates the protein loading from each sample. The levels of different HA-Bcl-2 

proteins in these samples were determined by immunoblotting with the anti-HA antibody. 

The data shown were from one of three independent experiments. Similar data were 

obtained from the other experiments. (E) The Bax−/−/Bak−/− MEF cells were transfected the 

plasmid that expresses GFP-tagged wide-type or the indicated mutant Bcl-2, or Bax, or the 

control vector that expresses GFP only. After 48 h, the cells were sorted by FACS and the 

histogram is shown on the left side. The cells through P3 gate were collected and seeded on 

six-well plates. Colonies of cells formed after 5-day culture were visualized by crystal violet 

staining. Representative images from three independent experiments are shown on the right 

side. (F) The numbers of cell colonies from the experiments described in (E) were scored. 

The means ± SD from three independent experiments are shown. Statistical significance of 

a difference between the means of the data sets that are indicated by a line above them was 

determined using one-way ANOVA followed by Tukey’s multiple-comparisons test, and *, 

** or *** above the line indicates the resulting P value < 0.05, 0.01 or 0.001, respectively. 

NS above the line indicates a non-significant difference between the means of the indicated 

data sets with a P value > 0.05.
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Fig. 3. Bcl-2 E152 mutants released cytochrome c from the mitochondria in Bax−/−/Bak−/− cells.
(A) The Bax−/−/Bak−/− MEF cells were transfected with the plasmid that expresses GFP-

tagged wide-type or the indicated mutant Bcl-2, or Bax, or the control vector that expresses 

GFP only. After 48 h, the cells were stained with an anti-cytochrome c antibody, PE-

conjugated secondary antibody and Hoechst 33342. Fluorescence images were collected 

by confocal microscopy. Representative images from one of three independent experiments 

are shown. Scale bar represents 20 μm. (B) Two-hundred cells from each of the indicated 

groups that displayed GFP fluorescence in an independent experiment described in (A) 
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were examined for the cytochrome c that were released from the mitochondria and diffused 

throughout the cells. The percentage of the cells that released cytochrome c was calculated 

and shown as mean ± SD for that group from three independent experiments. Statistical 

significance of a difference between the means of the data sets that are indicated by a 

line above them was determined using one-way ANOVA followed by Tukey’s multiple-

comparisons test, and ** above the line indicates the resulting P value < 0.01. NS above the 

line indicates a non-significant difference between the means of the indicated data sets with 

a P value > 0.05.
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Fig. 4. Structure-destabilized and conformation-changed Bcl-2 E152 mutants form membrane-
inserted oligomers in Bax−/−/Bak−/− mitochondria.
(A) The Bax−/−/Bak−/− MEF cells were transfected with the plasmid that expresses HA-

tagged wide-type or the indicated mutant Bcl-2, or the control vector that expresses HA 

only. After 48 h, the cells were immunostained with a Bcl-2 BH3 domain specific antibody 

and a FITC-conjugated secondary antibody, and analyzed by flow cytometry. The cell 

counts versus the FITC fluorescence intensity histograms obtained from the cells that were 

side-by-side transfected with the vector or the indicated Bcl-2 plasmid in one of the three 

independent experiments are shown in black or red, respectively. The mean percentage 

± SD of each Bcl-2 plasmid-transfected cells that displayed Bcl-2 immunofluorescence 

over the background fluorescence from three independent experiments is indicated in the 

respective histogram. (B) Thermal stability of purified recombinant wild-type and mutant 

Bcl-2 proteins. The curves are the first derivatives of the fluorescence variations of SYPRO 

orange dye against temperature at different temperatures, and color-coded for the indicated 

Bcl-2 proteins and the buffer control. The temperature corresponding to the peak of each 

curve is the melting temperature of each Bcl-2 protein, and listed beside its color code. 
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(C) One-hundred nM of purified recombinant wide-type or mutant Bcl-2 proteins were 

incubated with the mitochondria isolated from the Bax−/−/Bak−/− MEF cells at 30 °C for 

30 min. For the control, no Bcl-2 protein was incubated with the mitochondria. After 

centrifugation, the mitochondrial fraction from each incubation was split to two with one 

treated with the crosslinker DSS and the other with the vehicle DMSO for 30 min. All the 

samples were immunoprecipitated with an anti-Bcl-2 monoclonal antibody and analyzed by 

immunoblotting with anti-Bcl-2 polyclonal antibodies. The asterisks on right side of the 

blot indicate the three crosslinking products with the approximate molecular weights in kDa 

indicated. The immunoblot for VDAC in each sample serves as the loading control. (D) The 

indicated purified recombinant Bcl-2 proteins were incubated with the isolated mitochondria 

at 30 °C for 30 min. The mitochondria were then pelleted and treated with 0.1 M Na2CO3 

(pH 11.5) for 20 min. The samples were centrifuged to separate the alkaline extracted 

(S) and non-extracted (P) fractions. Bcl-2 proteins in these fractions were detected by the 

immunoblotting and the results are shown in the top panel. The PVDF membrane used in the 

Bcl-2 immunoblotting was then stripped and re-immunoblotting for VDAC and Cox IV, and 

the results are shown in the bottom panels, serving as the mitochondrial integral membrane 

protein and the loading controls.

Gao et al. Page 24

Mitochondrial Commun. Author manuscript; available in PMC 2024 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Disruption of a hydrogen bonding network formed by the E152, K22 and S105 in the 
Bcl-2 structure unleashes its proapoptotic activity.
(A) Potential hydrogen bonds between the sidechain atoms of K22, S105, and E152 in 

a Bcl-2 structure (PDB entry: 1G5M). In the wild-type structure created in PyMOL, the 

three residues in stick form are projected from the α-helices 1, 2 and 5 (α1, α2, and α5) 

in ribbon form. The hydrogen bonding atoms are link by dashed lines with the distance 

between them indicated in Å. The mutant structures were generated in PyMOL using the 

Mutagenesis wizard for protein. While the alanine mutation of each of the three residues 

eliminates the hydrogen donor or acceptor atom, the serine mutation of E152 keeps a 

potential hydrogen acceptor OG; however, the distance between the S152 OG and the 
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potential hydrogen donor of the K22 NZ or S105 OG is too long to form a hydrogen bond. 

(B) The Bax−/−/Bak−/− MEF cells were transfected with the plasmid that expresses either 

GFP-Bcl-2 wide-type or the indicated mutant. After 48 h, the cells were stained with an 

anti-cytochrome c primary antibody, PE conjugated secondary antibody and Hoechst 33342, 

and their fluorescent images were collected by confocal microscopy. Representative images 

from one of three independent experiments are shown. Scale bar represents 20 μm. (C) 

Three-hundred cells from each of the indicated groups that displayed GFP fluorescence 

in an independent experiment described in (B) were examined for nuclear condensation. 

The percentage of the cells that were apoptotic was calculated and shown as mean ± 

SD for that group from three independent experiments. (D) The Bax−/−/Bak−/− MEF cells 

were transiently transfected with HA-Bcl-2 wide-type, K22A, S105A, E152 mutants, and 

control vector. After 48h, full-length PARP and caspase-cleaved PARP were detected by 

immunoblotting with the specific antibody. The levels of PARP served as the protein loading 

control for the experiment. The expression levels of Bcl-2 and its mutants were detected by 

immunoblotting with a Bcl-2 specific antibody. Results shown are representative of three 

independent experiments with very similar results. Statistical significance of a difference 

between the means of the data sets that are indicated by a line above them was determined 

using one-way ANOVA followed by Tukey’s multiple-comparisons test, and ** above the 

line indicates the resulting P value < 0.01.
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Fig. 6. Large pore formation by purified recombinant Bcl-2 proteins in liposomal membranes 
can be induced by a BH3-only protein.
(A) Size-exclusion chromatograms of recombinant Bcl-2 proteins. The indicated 

recombinant Bcl-2 proteins with the C-terminal hydrophobic helix 9 replaced by a His6 

tag were purified by their affinity to Ni-NTA agarose resins, and then further purified by 

size-exclusion chromatography. The eluted proteins were detected by their absorbance at 

280 nm (A280). Since the peak fractions eluted between 16 and 19 ml were expected to 

contain monomeric Bcl-2 proteins based on the elution volumes of the protein markers 

whose molecular weights in kDa are indicated on the top of the chromatograms, the 
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proteins in these fractions were analyzed by SDS-PAGE and Coomassie Blue staining. The 

fractions with 95% or more Bcl-2 proteins were pooled. (B) 135 pmole of the indicated 

recombinant Bcl-2 proteins pooled from the peak fractions described in (A) were analyzed 

by SDS-PAGE and Coomassie Blue staining alongside with the purified Bax protein of 

135 or 270 pmole (indicated by 2x Bax), and the PageRuler prestained protein ladder 

(ThermoFisher Scientific) with the molecular weights (MW) in kDa indicated. (C–D) The 

release of the fluorescent dye-conjugated dextran molecules from the liposomes containing 

12.5 μM of mitochondrial lipids and 0.125 μM of Ni2+-chelating lipid analog by 50 nM of 

His6-tagged Bcl-2 wild-type (WT) or E152S mutant protein, or 50 nM of Bax protein in 

the absence or presence of 15 nM of tBid protein was monitored during a 122-min time 

course by dye-specific antibodies that quenches the fluorescence of the released molecules. 

The fraction of the dye release was determined by the fluorescence reduction caused by 

the protein(s) and normalized to that caused by 0.1% of Triton X-100 that solubilized all 

the liposomes and released all the fluorescent molecules. The data shown are means and 

ranges from three replicates with the “Bcl-2 WT + Bid” sample and two replicates with 

other samples. The data from the “Bcl-2 WT or E152S + tBid” and “Bax + tBid” samples 

shown in (C) are also shown in (D) to compared with the data from the “Bcl-2 WT or 

E152S + Bax + tBid” samples. Multiple unpaired t tests were performed with the following 

data sets to determine whether the difference between the means is significant as indicated 

by the P values ≤ 0.05. The fractions of the dye release are significantly different between 

Bcl-2 WT, Bcl-2 E152S or Bax + and − tBid samples after 22, 12 or 22 min, respectively, 

demonstrating that the pore-forming activity of each is induced by tBid. The fractions of 

the dye release are not significantly different between Bcl-2 WT and Bcl-2 E152S samples 

through the entire time course, no matter whether tBid is present, demonstrating that the 

mutation does not induce or enhance Bcl-2 pore formation in the liposomal membrane.
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Fig. 7. A model for functional conversion of antiapoptotic Bcl-2 to a Bax-like proapoptotic 
pore-forming molecule.
(A) In cells that have Bax, Bcl-2 functions as an antiapoptotic protein. In these cells, a 

BH3-only protein such as tBid interacts with Bax changing it from an inactive soluble 

conformation to an active conformation that inserts into the mitochondrial outer membrane 

(step i) The active Bax proteins associate with one another, and form an oligomeric pore 

(step ii) that releases cytochrome c to the cytoplasm (step ii), initiating apoptotic cell 

death. The antiapoptotic Bcl-2 binds the active Bax (step iv) to prevent it from forming the 

oligomeric pore with the other Bax (step v), thereby inhibiting the cytochrome c release and 
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apoptosis. (B) In cells lacking Bax (and Bak), a mutation such as E152S can destabilize 

the antiapoptotic Bcl-2 structure converting it to a proapoptotic molecule (step vi). The 

proapoptotic Bcl-2 acts like the active Bax forming an oligomeric pore in the mitochondrial 

membrane (step vii) that releases cytochrome c (step viii) and initiates apoptosis. (C) For a 

recombinant Bcl-2 protein that lacks the C-terminal transmembrane sequence but is tethered 

to the liposomal membrane of a typical mitochondrial lipid composition, its pore-forming 

potential can be unleashed by tBid. Thus, tBid activates the Bcl-2 proteins by inducing 

conformational changes (step ix) so that they can assemble an oligomeric pore (step x) that 

releases fluorescent molecules of the size of cytochrome c from the liposome (step xi). 
BioRender was used to create the schematics of mitochondria.
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