
HAL Id: hal-03023201
https://cnrs.hal.science/hal-03023201

Submitted on 25 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Ancient and conserved functional interplay between
Bcl-2 family proteins in the mitochondrial pathway of

apoptosis
Nikolay Popgeorgiev, Jaison D Sa, Lea Jabbour, Suresh Banjara, Trang Thi

Minh Nguyen, Aida Akhavan-E-Sabet, Rudy Gadet, Nikola Ralchev, Stéphen
Manon, Mark G Hinds, et al.

To cite this version:
Nikolay Popgeorgiev, Jaison D Sa, Lea Jabbour, Suresh Banjara, Trang Thi Minh Nguyen, et al..
Ancient and conserved functional interplay between Bcl-2 family proteins in the mitochondrial pathway
of apoptosis. Science Advances , 2020. �hal-03023201�

https://cnrs.hal.science/hal-03023201
https://hal.archives-ouvertes.fr


Popgeorgiev et al., Sci. Adv. 2020; 6 : eabc4149     30 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 13

E V O L U T I O N A R Y  B I O L O G Y

Ancient and conserved functional interplay  
between Bcl-2 family proteins in the mitochondrial 
pathway of apoptosis
Nikolay Popgeorgiev1*†, Jaison D Sa2*, Lea Jabbour1, Suresh Banjara2, Trang Thi Minh Nguyen1, 
Aida Akhavan-E-Sabet2, Rudy Gadet1, Nikola Ralchev1, Stéphen Manon3, Mark G. Hinds4,  
Hans-Jürgen Osigus5, Bernd Schierwater5,6, Patrick O. Humbert2, Ruth Rimokh1,  
Germain Gillet1†, Marc Kvansakul2†

In metazoans, Bcl-2 family proteins are major regulators of mitochondrially mediated apoptosis; however, their 
evolution remains poorly understood. Here, we describe the molecular characterization of the four members of 
the Bcl-2 family in the most primitive metazoan, Trichoplax adhaerens. All four trBcl-2 homologs are multimotif 
Bcl-2 group, with trBcl-2L1 and trBcl-2L2 being highly divergent antiapoptotic Bcl-2 members, whereas trBcl-2L3 
and trBcl-2L4 are homologs of proapoptotic Bax and Bak, respectively. trBax expression permeabilizes the mito-
chondrial outer membrane, while trBak operates as a BH3-only sensitizer repressing antiapoptotic activities of 
trBcl-2L1 and trBcl-2L2. The crystal structure of a trBcl-2L2:trBak BH3 complex reveals that trBcl-2L2 uses the 
canonical Bcl-2 ligand binding groove to sequester trBak BH3, indicating that the structural basis for apoptosis 
control is conserved from T. adhaerens to mammals. Finally, we demonstrate that both trBax and trBak BH3 pep-
tides bind selectively to human Bcl-2 homologs to sensitize cancer cells to chemotherapy treatment.

INTRODUCTION
Apoptosis represents one of the hallmarks of multicellularity in the 
animal kingdom (1). This process shapes the body during embryonic 
development, maintains tissue homeostasis, and eliminates unde-
sirable or potentially harmful cells from the organism (2). Proteins 
belonging to the Bcl-2 family are critical arbiters of apoptosis. 
Found originally in chromosomal translocations in follicular lym-
phomas, Bcl-2 homologs have now been found in almost all meta-
zoans (3). Genetic screening of cell death mutants performed initially 
in nematodes and subsequent studies in cnidarians, arthropods, 
platyhelminthes, and vertebrates uncovered a number of Bcl-2– 
related proteins (4–8). These proteins are characterized by the 
presence of one to four conserved Bcl-2 (BH) motifs, as well as a 
hydrophobic C-terminal transmembrane (TM) motif, allowing 
them to be localized to intracellular membranes (9). Bcl-2 proteins 
are divided into members that either promote or oppose apoptosis. 
Proapoptotic Bcl-2 proteins are further subdivided into multimotif 
Bcl-2 homologs and the phylogenetically separate BH3-only proteins, 
which have only the BH3 motif (10).

It is generally accepted that Bcl-2 family proteins were evolu-
tionarily selected to control cell survival in metazoans (11). However, the 
control of apoptosis differs substantially between roundworms and 

vertebrates. Seminal experiments conducted in Caenorhabditis elegans 
demonstrated that the Bcl-2 protein Ced-9 binds to the caspase- 
activating Apaf-1 homolog Ced-4. Apoptosis ensues when the 
BH3-only protein Egl-1 is up-regulated to competitively bind to 
Ced-9, thus releasing Ced-4 and leading to the activation of the 
caspase Ced-3. In vertebrates, however, Bcl-2 proteins are found to 
control a key step in the induction of apoptosis called mitochondrial 
outer membrane permeabilization (MOMP) (12). Antiapoptotic 
Bcl-2 homologs including Bcl-2, Bcl-w, Bcl-xL, Mcl-1, and A1/Bfl-1 
repress proapoptotic Bax and Bak, which the effect release of cyto-
chrome c and subsequent caspase activation through their oligomer-
ization and perforation of the MOM (13). Proapoptotic BH3-only 
proteins tip the balance toward cell death. At the functional level, 
BH3-only proteins can be divided into activators and sensitizers based 
on whether they bind and directly activate Bax and Bak (“activators”) 
or antagonize antiapoptotic Bcl-2 proteins by binding to their con-
served ligand binding groove (“sensitizers”), respectively (14).

Although highly debated, the origin and the evolution of the 
Bcl-2 protein family remain unresolved (11). Structural studies of 
distantly related Bcl-2 homologs identified a conserved interaction 
between the ligand binding groove of antiapoptotic Bcl-2 and the 
BH3 motif of proapoptotic multimotif proteins in sponges, albeit 
with subtle differences in the detailed mechanism of binding that 
rendered the sponge antiapoptotic Bcl-2 protein exquisitely specific 
for its sponge-encoded proapoptotic counterpart (15). In several 
animals from phylogenetically more basal branches, the repertoire 
of Bcl-2 family members is exclusively composed of multimotif 
Bcl-2 proteins, with BH3-only proteins being absent (6, 16, 17). 
Furthermore, Bcl-2–regulated apoptosis proceeds in the human 
HCT-116 cell line when all BH3-only proteins have been removed 
genetically (18, 19). Combined, these findings raise the possibility 
that the regulation of MOMP in the early stages of the metazoan 
evolution might be dependent solely on homo- and heteroassociation 
between anti and proapoptotic multimotif Bcl-2 proteins.

1Université de Lyon, Centre de recherche en cancérologie de Lyon, U1052 INSERM, 
UMR CNRS 5286, Université Lyon I, Centre Léon Bérard, 28 rue Laennec, 69008 
Lyon, France. 2La Trobe Institute for Molecular Science, La Trobe University, Melbourne, 
VIC 3086, Australia. 3Institut de Biochimie et de Génétique Cellulaires, UMR5095, CNRS 
et Université de Bordeaux, CS61390, 1 Rue Camille Saint-Saëns, 33000 Bordeaux, 
France. 4Bio21 Molecular Science and Biotechnology Institute, The University of 
Melbourne, Melbourne 3050, Australia. 5Institute of Animal Ecology, Division of Mo-
lecular Evolution, University of Veterinary Medicine Hannover, Foundation, Hannover, 
Germany. 6Sackler Institute for Comparative Genomics, American Museum of Nat-
ural History, New York, NY 10024, USA.
*These authors contributed equally to this work as co-first authors.
†Corresponding authors. Email: nikolay.popgeorgiev@univ-lyon1.fr (N.P.); germain.
gillet@univ-lyon1.fr (G.G.); m.kvansakul@latrobe.edu.au (M.K.)

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 on O
ctober 5, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Popgeorgiev et al., Sci. Adv. 2020; 6 : eabc4149     30 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 13

Multicellular animals appeared during the late Precambrian 
period around 780 million years ago (20). Placozoans represent one 
of the most basal branches of metazoans, with Trichoplax adhaerens 
being one of three living representatives of this phylum (21). It has 
the simplest animal morphology, is composed of only six cell types, 
rarely undergoes embryonic (sexual) development, and instead di-
vides vegetatively by fission (22, 23). The genome of T. adhaerens 
was sequenced (24), divulging the presence of putative modulators 
of apoptosis including caspases and Bcl-2 family members (25). 
Here, we report the identification and the molecular characteriza-
tion of four T. adhaerens Bcl-2–like (trBcl-2L1 to trBcl-2L4) proteins. 
Our results reveal the existence of ancient and conserved func-
tional interplay of T. adhaerens–encoded members of the Bcl-2 family 
of proteins during MOMP regulation and suggest that BH3-only 
proteins may have originated from Bcl-2 multimotif homologs.

RESULTS
In silico identification and characterization of  
Bcl-2–like proteins
We performed extensive tBlastN screening of the genome of the 
T. adhaerens Grell-BS-1999 strain publicly available on the National 
Center for Biotechnology Information (NCBI). Using the full-
length human Bcl-2 protein and individual BH and TM motifs as 
query sequences, we identified four protein-encoding sequences 
potentially corresponding to Bcl-2 homologs. We named this group 
of proteins T. adhaerens Bcl-2–like proteins or trBcl-2L (Fig. 1A). 
We further confirmed the expression and the sequence of the four 
trbcl-2–like genes in T. adhaerens by performing reverse transcrip-
tase polymerase chain reaction (PCR) using specific primers targeting 
the first exon of each gene (fig. S1A). Sequences were deposited into 
the NCBI databank under the following accession numbers 
KU500586.1, KU500587.1, KU500588.1, and KU500589.1 corre-
sponding to trBcl-2L1, trBcl-2L2, trBcl-2L3, and trBcl-2L4, respectively. 
Multiple alignments coupled with secondary structure prediction 
showed that all four sequences presented the typical multimotif BH 
organization with a TM motif located at the C terminus, as well as 
an all -helical secondary structure (Fig. 1A and fig. S1B). Analysis 
of the primary structure of trBcl-2L3 also highlighted a unique S/T-rich 
region between  helices 1 and 2. This region was predicted to be a 
mucin-like domain, which is often found in secreted proteins. Notably, 
over the course of our survey, we were not able to detect BH3-only 
protein-encoding genes in the T. adhaerens genome.

The four trBcl-2 homologs cluster in two groups at both the 
genomic and protein level. For instance, all four trBcl-2–like genes 
have a unique BH2 splitting intron. However, this intron was rela-
tively long for trbcl-2l1 and trbcl-2l2 with 1991 and 1725 nucleotide 
(nt), respectively, whereas it was substantially shorter in trbcl-2l3 
and trbcl-2l4 with 463 and 280 nt, respectively. Furthermore, trBcl- 
2L1 and trBcl-2L2 proteins displayed similar molecular weights and 
calculated isoelectric points (pI) of 24,766 and 24,282 Da and pI of 
8.65 and 8.85, respectively, whereas trBcl-2L3 and trBcl-2L4 were 
slightly larger, 27,382 and 27,944 Da with lower pI (6.96 and 6.45, 
respectively). Finally, using local alignment matrices and neighbor- 
joining phylogenetic tree generation, we showed that trBcl-2L1 and 
trBcl-2L2 were highly divergent and clustered with the antiapoptotic 
subgroup of the Bcl-2 family, whereas trBcl-2L3 and trBcl-2L4 clus-
tered with Bax and Bak homologs, respectively (Fig. 1, B and C). 
We, hereafter, named these proteins trBax and trBak, respectively.

Subcellular localization of trBcl-2 proteins
In vertebrates, members of the Bcl-2 family can be localized both to 
the mitochondria and the endoplasmic reticulum (ER) (26). To 
analyze the subcellular localization of Trichoplax Bcl-2 homologs, 
we performed a series of immunofluorescence experiments on 
mammalian cells transiently expressing N-terminally Flag-tagged 
trBcl-2–like proteins. Under these conditions, we were able to de-
tect trBcl-2L1 and trBcl-2L2 in mitochondrial and ER membranes 
(Fig. 2A). Notably, cells expressing trBcl-2L2 proteins presented 
clustered perinuclear mitochondria. In addition, intracellular trBcl- 
2L2 localization was more dispersed than trBcl-2L1, suggesting that 
this protein could also be localized in the cytosol. We confirmed 
these observations by performing subcellular fractionation on baby 
mouse kidney (BMK) cells lacking endogenous bax and bak [double 
knockout (DKO)] followed by immunoblotting. We found that 
trBcl-2L1 was exclusively membrane-bound, whereas a fraction of 
trBcl-2L2 was also found in the cytosol (Fig. 2B). When we ex-
pressed trBax and trBak, we detected these proteins primarily at the 
level of the mitochondria, with minor localization in the microsomal 
fraction (Fig. 2, A and B).

We next performed experiments in the budding yeast Saccharomyces 
cerevisiae. Treatment of purified yeast mitochondria with Na2CO3 
revealed that trBcl-2L1 is tightly inserted in the mitochondrial 
membrane, whereas trBcl-2L2 and trBak are more loosely associated 
(fig. S2, A and B). Coexpression of the human Bax mutant P168A, 
which is primarily localized to mitochondria, leads to trBcl-2L2 and 
trBak stabilization at the MOM. Notably, expression of trBax was 
highly cytotoxic to the yeast, hampering the detection of the protein.

Bax localization to the MOM represents a dynamic process 
involving translocation and retrotranslocation that depends on in-
ternal cues not only the hydrophobic 9 helix containing the TM 
motif but also the 1 helix and a proline residue located after the 
BH2 motif (27–30). Expression of enhanced green fluorescent pro-
tein (EGFP)–tagged wild-type (WT) trBax in BMK cells resulted in 
rapid translocation to internal membranes, suggesting that trBax 
does not have the same translocation-retrotranslocation dynamics 
as human Bax (fig. S2C). To understand how trBax localizes to the 
MOM, we generated mutants lacking either helix 1 (∆1), 9 (∆9), 
or both helices 1and 9 (∆1∆9), and two site-directed mutants, 
P212A and N(8)T, in which we replaced the eight threonine resi-
dues located in an S/T-rich region between  helix 1 and  helix 2 
that were predicted to act as a mucin-like motif (fig. S2D). Expres-
sion of trBax mutants lacking the 9 helix but not 1 resulted in 
clear cytosolic localization. However, both the P212A and the N(8)
T mutant did not reveal any change in the subcellular distribution 
compared to WT trBax, suggesting that the 9 helix encompassing 
the TM motif is critical for trBax localization to the MOM (fig. S2E).

Next, we investigated the importance of the TM motif for the sub-
cellular localization of the other three trBcl-2 proteins. To this end, 
we generated mutants lacking the C-terminal hydrophobic  helix 
(∆TM), as predicted in silico. When expressed in Cos-7 cells, 
trBcl-2L1∆TM, trBcl-L2∆TM, and trBak∆TM displayed a mainly 
cytosolic distribution, further emphasizing the role of the TM motif 
in the subcellular localization of trBcl-2 proteins (fig. S2F).

Role of trBcl-2 proteins in the control of MOMP
To gain further mechanistic insight into the molecular activity of 
trBcl-2–like proteins, we performed apoptosis assays in HeLa cells 
by analyzing the activation of Caspase 3 using a specific antibody. 
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Transient expression of trBcl-2L1 (2.2  ±  1.3%) and trBcl-2L2 
(2.4 ± 1.2%) for 24 hours did not lead to a significant increase in 
Caspase 3 activation compared to control cells expressing ER-targeted 
EGFP (6.3 ± 5.2%). Conversely, expression of trBax (89.5 ± 4.5%) 
and trBak (88.7 ± 4.5%) led to substantial Caspase 3 activation 
(Fig. 3A and fig. S3A), similar to the expression of the zebrafish Bax 
ortholog (zBax) (87.0 ± 4.7%), suggesting that both trBak and trBax 

are bona fide proapoptotic Bcl-2 proteins (Fig. 3A and fig. S3A). We 
further analyzed the antiapoptotic activity of trBcl-2L1 and trBcl-2L2 
proteins using HeLa cells treated with three apoptosis-inducing 
agents: thapsigargin, etoposide, and staurosporine. Expression of 
trBcl-2L1 and trBcl-2L2 led to a decreased percentage of Caspase 
3–positive cells compared to control cells transfected with empty 
vector, demonstrating that these two proteins are indeed antiapoptotic 

Fig. 1. Sequence and expression analysis of Bcl-2 homologs found in T. adhaerens. (A) Schematic representation of the domain structures of four multimotif 
T. adhaerens Bcl-2–like (trBcl-2L1 to trBcl-2L4) proteins. The positions of conserved BH1-BH4 motifs and the C-terminal TM motif and the locations of the predicted  
helices are indicated with colored boxes and orange cylinders, respectively. The white triangles represent the positions of the conserved BH2 splitting intron. The hydro-
phobic profile for each protein is presented below. An amino acid scale bar is presented above. The mucin-like site is indicated on trBcl-2L3. (B) In silico hybridization 
matrix representing the alignment of four trBcl-2–like proteins versus Bcl-2–related multimotif proteins found in Danio rerio [zebrafish (z)], Gallus gallus (chicken, 
c), Xenopus tropicalis (xenopus, x), and Homo sapiens (human, h). Colored boxes refer to the total alignment score [blue, poor alignment; red, good alignment (>60)]. The 
trBcl-2L1 and trBcl-2L2 cluster with antiapoptotic Bcl-2 members, whereas trBcl-2L3 and trBcl-2L4 cluster with the proapoptotic Bax and Bak, respectively. (C) Phylogenetic 
tree using the neighbor-joining clustering method. trBcl-2L1 and trBcl-2L2 cluster with the Bcl-2–like subgroup whereas trBcl-2L3 and trBcl-2L4 cluster with Bax and Bak 
orthologs, respectively.
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Bcl-2 members (Fig. 3B). We next used zebrafish embryos as a 
model system for studying the activity of trBcl-2 homologs. During 
zebrafish development, embryos are resistant to apoptotic stimuli 
before the gastrulation stage, which starts approximately 6 hours 
post fertilization (hpf). The forced expression of proapoptotic Bcl-2 
proteins has been shown to induce apoptosis in these embryos 
before this stage (7, 31). We thus injected at the one cell stage in vitro–
transcribed mRNA encoding for each T. adhaerens Bcl-2 homolog. 
Expression of the red fluorescent protein mCherry, trBcl-2L1, and 
trBcl-2L2 modestly increased embryo mortality. In contrast, ex-
pression of trBax and trBak was highly lethal, with embryo death 
reaching almost 100% at 6 hpf (Fig. 3C). Coexpression of trBcl-2L1 
and trBcl-2L2  in combination with either trBax or trBak proteins 
led to the complete inhibition of trBax or trBak proapoptotic activity. 
These results suggest that trBax and trBak are proapoptotic Bcl-2 

members whose activity may be antagonized by either trBcl-2L1 or 
trBcl-2L2.

We then evaluated the capacity of trBax to induce apoptosis in-
dependently of the presence of endogenous Bax and Bak by per-
forming a series of apoptosis assays using BMK Bax/Bak DKO cells 
(fig. S3B). trBax expressed in these cells rapidly translocated to the 
mitochondria, where it oligomerized and induced mitochondrial 
fragmentation and cytochrome c release (fig. S3, C to E). Further-
more, most of the trBax-expressing cells were Caspase 3–positive 
(86.8 ± 3.1%) in comparison to the control cells (0.5 ± 0.45%), 
demonstrating that trBax is a bona fide Bax-like protein (Fig. 3D). 
Notably, the mitochondrial localization of trBax was tightly cor-
related with its capacity to induce Caspase 3 activation, since 
mutants lacking the TM motif displayed a reduced capacity to induce 
cell death in BMK DKO cells (fig. S3F). Furthermore, coexpression 

Fig. 2. Subcellular localization of trBcl-2–like proteins. (A) Representative confocal images of Cos-7 cells expressing trBcl-2–like proteins. Subcellular localization of 
each protein was analyzed using ER-targeted enhanced green fluorescent protein (EGFP) for staining ER membranes, anti-Tom20 for labeling mitochondria, and the 
anti-Flag antibody for detection of Flag-tagged Bcl-2–like proteins. Merged channels between Flag and ER-GFP and between Flag and mitochondria are shown on the 
right. White boxes represent the enlarged area of each merged image. Scale bars, 20 m. (B) Subcellular fractionation of BMK DKO cells expressing Flag-tagged trBcl-2–like 
proteins. trBcl-2L1 and trBcl-2L2 proteins were found in crude mitochondrial and microsomal fractions. Full-length trBcl-2L2 was also detected in the cytosolic fraction. 
trBax and trBak were found mostly in the crude mitochondrial fraction. Anti-F1F0 ATPase (adenosine triphosphatase), calnexin, and vinculin antibodies were used as mi-
tochondrial, ER, and cytosolic markers, respectively. P35 cotransfection with trBax was used to delay cell detachment.

 on O
ctober 5, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Popgeorgiev et al., Sci. Adv. 2020; 6 : eabc4149     30 September 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 13

of trBcl-2L1 (24.8  ±  3.8%) and, to a lesser extent, trBcl-2L2 
(54.9 ± 3.1%) counteracted trBax proapoptotic activity (Fig. 3D).

Expression of trBak on its own in BMK DKO cells did not result 
in cytochrome c release or significant Caspase 3 activation (Fig. 3D, and 
fig. S3, C to E). Instead, trBak expression inhibited the antiapoptotic 
activity of trBcl-2L1 and trBcl-2L2 against trBax, without increasing 

its proapoptotic potential, suggesting that trBak may act as a 
BH3-only sensitizer (Fig. 3, D and E).

Structural insights into trBcl-2 interactions
The above results suggested the existence of a regulatory network 
controlled by interactions between T. adhaerens–encoded Bcl-2 

Fig. 3. Control of MOMP by trBcl-2–like proteins. (A) Quantification of Caspase 3 activation in HeLa cells transiently expressing trBcl-2–like proteins (means ± SD; three 
independent experiments; one-way ANOVA statistical analysis; n.s., not significant). (B) Histogram showing the antiapoptotic effect of trBcl-2L1 and trBcl-L2 proteins on 
HeLa cells treated with thapsigargin (10 M), etoposide (25 M), or staurosporine (0.25 M) for 24 hours. Activated Caspase 3 was used as a marker for monitoring apoptosis 
(means ± SD; three independent experiments, two-way ANOVA statistical analysis). DMSO, dimethyl sulfoxide. (C) Graph presenting the effect of trBcl-2–like protein expression 
on the mortality of zebrafish embryos. In contrast to trBcl-2L1 and trBcl-2L2, which had no effect, mRNA injection (100 ng/l) of trBax and trBak into one cell–stage embryos 
induced early mortality during gastrulation (means ± SD; three independent experiments). (D) Histogram showing the effect of trBcl-2–like protein expression on Caspase 
3 activation in BMK DKO cells. In comparison to HeLa cells, trBak protein is unable to induce Caspase 3 activation in BMK DKO cells (means ± SD; three independent exper-
iments; one-way ANOVA statistical analysis). (E) Histogram showing the effect of the expression of trBak protein on the proapoptotic activity of trBax in BMK DKO cells. 
Cells were transfected with increasing amounts of trBax expressing vector (50, 100, and 200 ng) in the presence of a constant amount of pCS2+ empty vector or pCS2 + 
trBak. trBak coexpression did not lead to an increase of the percentage of Caspase 3–positive cells compared to transfection with a trBax-expressing vector and empty 
vector (means ± SD; three independent experiments, two-way ANOVA statistical analysis. The spread of the data is indicated by black dots and squares.
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proteins that regulate MOMP. To test this hypothesis, we per-
formed fluorescence resonance energy transfer (FRET)–based in-
teraction analyses using an EGFP donor and an Alexa Fluor 568 
acceptor in BMK DKO cells. We expressed EGFP-tagged trBax and 
trBak in combination with Flag-tagged trBcl-2L1 and trBcl-2L2 and 
performed immunofluorescence imaging using anti-Flag and sec-
ondary antibodies coupled with the Alexa Fluor 568 fluorophore. 
Interactions between trBcl-2–like proteins were detected by mea-
suring the dequenching of EGFP emissions induced by Alexa Fluor 
568 photobleaching. As shown in fig. S4, FRET efficacy between 
EGFP-trBax/Flag–trBcl-2L1 (5.84%) and EGFP-trBak/Flag–trBcl-2L2 
(5.45%) was similar to control cells expressing EGFP fused to 
human Bax and to Flag-tagged human Bcl-2 (4.92%). FRET efficacy 
between EGFP-trBak/Flag–trBcl-2L1 (11.18%) was close to the positive- 
control NeonGreen-Flag-Nrh (11.20%), whereas EGFP-trBax and 
Flag–trBcl-2L2 interacted only weakly (2.81%) (fig. S4, A and B). 
These observations were further confirmed by performing co-
immunoprecipitation experiments between Flag-tagged trBcl-2L1 
and trBcl-2L2, and EGFP-tagged trBax and trBak proteins. Under 
these conditions, trBcl-2L1 and trBcl-L2 proteins interacted with 
trBax and trBak (fig. S4C). Notably, interactions between antiapoptotic 
trBcl-2 proteins and trBax were disrupted in the presence of a trBak 
protein, supporting the notion that trBak is acting as a sensitizer 
BH3-only protein (fig. S4D).

We next examined the ability of recombinant trBcl-2L1 and 
trBcl-2L2 to engage peptides spanning the BH3 motif of trBak and 
trBax using isothermal titration calorimetry (ITC) (Fig. 4A). Our 
analysis revealed that trBcl-2L1 only engaged trBax with nanomolar 
affinity (KD of 426 nM), while trBak was bound with micromolar 
affinity (KD of 1.43 M). In contrast, trBcl-2L2 bound both trBak 
and trBax with nanomolar affinities (KD of 563 and 728 nM, respec-
tively). We then established the structural basis of apoptosis inhibi-
tion by determining the crystal structure of a trBcl-2L2:trBak BH3 
complex. The structure was refined to a resolution of 1.6 Å, with clear 
and continuous electron density obtained for trBcl-2L2 residues 34 
to 182 and trBak BH3 103 to 127 (table S1). trBcl-2L2 adopts the 
classical Bcl-2 globular helical bundle fold comprising eight 
-helices, which is also found in human and sponge Bcl-2 homologs 
(Fig. 4, B to D). trBcl-2L2 uses the canonical Bcl-2 ligand binding 
groove formed by helices 2 to 5 to engage BH3 motif ligands 
(Fig. 4B). In the trBcl-2L2:trBak BH3 complex (Fig. 4E), trBak resi-
dues I109, L113, L116, and Y120 protrude into four hydrophobic 
pockets of trBcl-2L2. In addition, the hallmark ionic interaction 
observed across the Bcl-2 family is formed between trBcl-2L2 R97 
and trBak D118. Two additional ionic interactions are found be-
tween trBcl-2L2 R69 and trBak E108 and trBcl-2L2 E54 and trBak 
R123. These three ionic interactions are supplemented by an addi-
tional two hydrogen bonds between the trBcl-2L1 E54 carboxyl 
group and the trBak Y120 hydroxyl group and trBcl-2L2 N94 aspartate 
group and trBak D118 carboxyl group.

A DALI protein similarity analysis indicated that rat Bcl-xL 
[Protein Data Bank (PDB) ID 4QNQ] is the closest structural 
homolog to trBcl-2L2 with a root mean square deviation value of 
1.3 Å over 142 C atoms. We thus determined the crystal structure 
of human (hs) Bcl-xL bound to the BH3 motif of trBak. Although 
the trBak BH3 motif binds in the conserved ligand binding groove 
of hsBcl-xL formed by helices 2 to 5, a detailed comparison of the 
interactions between trBcl-2L2 and hsBcl-xL with trBak revealed 
that only the canonical interactions are conserved, including the 

ionic interaction of the trBak Asp118 residue with the conserved Arg 
in trBcl-2–L2 and hsBcl-xL and engagement of the four hydrophobic 
trBak residues I109, l113, L116, and Y120 by the four pockets in the 
grooves of trBcl-2L2 and hsBcl-xL (Fig. 4, E and F).

Interplay between trBcl-2 proteins and human  
Bcl-2 homologs
The existence of a conserved ligand binding groove that binds BH3 
motif ligands in a trBcl-2 homolog suggested the possibility of con-
servation of interactions between T. adhaerens–encoded Bcl-2 pro-
teins and their mammalian counterparts. To examine the interaction 
network between T. adhaerens and human Bcl-2 proteins, we per-
formed a series of ITC measurements. Both trBcl-2L1 and trBcl-L2 
bound to hsBax BH3 peptide (7 and 15 nM, respectively) and to the 
BH3-only proteins hsPuma (5 and 81 nM), hsBim (83 and 41 nM), 
and hsBid (124 and 170 nM) with high affinity. Conversely, using 
recombinant human Bcl-2, Bcl-w, Bcl-xL, Mcl-1, and A1/Bfl-1 with 
BH3-motif peptides from trBak, we showed that all five human 
antiapoptotic proteins displayed nanomolar affinity for trBak BH3 
peptide, with hsA1/Bfl-1, hsBcl-2, and hsBcl-xL, the tightest binders 
with KD values of 13, 45, and 197 nM, respectively (Fig. 5A).

We next performed ITC experiments using the trBax BH3 pep-
tide and human Bcl-2 homologs. We observed that only hsMcl-1 
and hsA1/Bfl-1 displayed high affinity (KD of 67 and 135 nM, re-
spectively), whereas hsBcl-w, hsBcl-xL, and hsBcl-2 bound to trBax 
were more weakly (KD of 767, 877, and 3060 nM, respectively) 
(Fig. 5A). Coimmunoprecipitation assays confirmed that trBax binds 
more efficiently to hsMcl-1 compared to hsBcl-2 or hsBcl-xL (fig. S5A). 
Considering the putative sensitizer activity of trBak, we next exam-
ined whether trBak BH3 was able to displace trBax BH3 from human 
antiapoptotic Bcl-2 proteins using a competition ITC approach. 
Consistent with our measured affinities (Fig. 5A), we observed that 
trBak BH3 is able to displace trBax from existing complexes with 
Bcl-2, Bcl-xL, Bcl-w, and A1/Bfl-1 but not with Mcl-1 (fig. S6).

To test whether the observed interactions correlated with a func-
tional interplay between these distantly related homologs, we per-
formed cell death assays in BMK DKO cells expressing human Bcl-2 
antiapoptotic proteins in combination with trBax. We detected a 
significant decrease in the number of Caspase 3–positive cells when 
coexpressing trBax with Mcl-1, A1/Bfl-1, Nrh, and Bcl-w, whereas 
coexpression of Bcl-2 and Bcl-xL had no effect on trBax proapoptotic 
activity (Fig. 5B and fig. S5B). This prompted us to examine wheth-
er peptides corresponding to the BH3 motif of trBax or trBak may 
discriminate between human Bcl-2 homologs in a cell-based assay. 
To this end, we expressed EGFP-tagged trBax or trBak BH3 pep-
tides in HeLa cells alone or in combination with hsMcl, hsBcl-xL, or 
hsBcl-2 and treated them with the topoisomerase II inhibitor etopo-
side. Overexpression of EGFP-trBax BH3 alone or in combination 
with hsMcl-1 but not with hsBcl-xL sensitizes cells toward etoposide 
treatment, suggesting that this peptide is indeed specific to hsMcl-1 
overexpression (Fig. 5C). In contrast, trBak BH3 peptide was able to 
sensitize cells overexpressing hsBcl-2 but not hsMcl-1 (Fig. 5D).

DISCUSSION
We report the identification and characterization of four T. adhaerens– 
encoded Bcl-2 homologs. All four genes harbor a single conserved 
BH2 splitting intron, which is located specifically after the TGG codon 
encoding a tryptophan residue. This specific intron is not restricted 
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to placozoans but has also been found in almost all bcl-2 homolo-
gous genes in multicellular animals (32). This observation suggests 
that Bcl-2 multimotif members arose from a common bcl-2 ancestral 
gene, which already had this intron. However, it remains unclear 
whether this ancestral gene harbored pro- and/or antiapoptotic 
function or functions unrelated to the regulation of MOMP or, in-
deed, apoptosis regulation. All four trBcl-2 proteins contain a 
C-terminal TM motif that allows trBcl-2L1 and trBcl-L2 to localize 
not only to the MOM but also to the ER.

Our results show that trBax is a bona fide proapoptotic Bax-like 
protein that is primarily localized to the MOM, where it induces 
MOMP and cytochrome c release in cells lacking endogenous Bax 

and Bak. Unlike its human counterpart that dynamically shuttles 
between the cytosol and the MOM via translocation and retrotrans-
location (28), trBax appears to directly target the mitochondrion. 
This mitochondrial localization is dependent on the C-terminal TM 
motif since mutants lacking the C-terminal hydrophobic helix 
mainly displayed a cytosolic distribution and decreased proapop-
totic activity.

In mining the Trichoplax genome, we did not detect a gene 
encoding a BH3-only protein. One possibility is that Trichoplax 
encodes for a highly divergent BH3-only protein, which remains 
elusive and not detectable using sequence-based searches. Alterna-
tively, it is possible that trBak, although structurally related to multimotif 

Fig. 4. Molecular interplay of T. adhaerens Bcl-2 proteins. (A) trBcl-2L1 and trBcl-2L2 bind peptides spanning the BH3 motif of trBak and trBax. Affinities were measured 
using ITC, and KD values (in nM) are the means of three experiments ± SD. (B) trBcl-2L2 (slate) in complex with the trBak BH3 motif peptide (orange). trBcl-2L2 helices are 
labeled 1 to 8. The view is into the hydrophobic binding groove formed by helices 2 to 5. (C) Human Bcl-xL (cyan) bound to Bim BH3 (magenta) (PDB ID 1PQ1) (49). 
The view is as in (B). (D) Geodia cydonium BHP2 (green) bound to LB-Bak BH3 (gray) (PDB ID 5TWA) (15). The view is as in (B). (E) Detailed view of the trBcl-2L2:trBak BH3 
complex. The trBcl-2L2 surface, backbone, and floor of the binding groove are shown in gray, slate, and magenta, respectively, while trBak BH3 is shown as an orange 
ribbon with sticks. The four key hydrophobic residues of trBak BH3 (I109, L113, L116, and Y120) are protruding into the binding groove, and key ionic interactions and 
hydrogen bonds are labeled and shown as black dotted lines. (F) Detailed view of the human Bcl-xL:trBak BH3 complex. The Bcl-xL surface, backbone, and floor of the 
binding groove are shown in gray, cyan, and magenta, respectively, while trBak BH3 is shown as an orange ribbon with sticks. The four key hydrophobic residues of trBak 
BH3 (I109, L113, L116, and Y120) are protruding into the binding groove, and key ionic interactions and hydrogen bonds are labeled and shown as black dotted lines.
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Bcl-2 proteins, adopts the role of a functional BH3-only protein. 
When expressed in BMK DKO cells, trBak failed to induce cyto-
chrome c release and Caspase 3 activation in comparison to trBax, 
which promoted MOMP independent of the presence of endoge-
nous Bax and Bak. Furthermore, trBak binds to both antiapoptotic 
trBcl-2L1 and trBcl-2L2 and represses heterodimer formation be-
tween antiapoptotic trBcl-2 proteins and trBax, thus acting as a 
BH3-only sensitizer that neutralizes antiapoptotic Bcl-2 activity. 
BH3-only proteins represent a diverse subgroup of the Bcl-2 pro-
tein family, with both convergent and divergent evolutionary ori-
gins. The BH3-only protein Bid represents a good example for 
divergent evolution since it clusters with multimotif Bcl-2 family 
members such as Bcl-rambo, Bcl-G, and Bfk and adopts the canoni-
cal Bcl-2 fold (33–35). Our observations argue that at least some 
BH3-only proteins may have arisen from an ancestral Bak-like pro-
tein, which lost its MOMP activity during the early steps of metazoan 
evolution.

Notwithstanding the question of a role for trBak as a BH3-only-
like sensitizer or more executioner-like proapoptotic protein, our 
results demonstrate the existence of a conserved interplay between 
Trichoplax and mammalian Bcl-2 homologs. Trichoplax-encoded 
antiapoptotic proteins are able to directly bind and inhibit both 
Trichoplax and human proapoptotic Bax and Bak. Furthermore, it 
is not only the ability to directly bind Bak and Bax that is conserved, 
with conservation of both mode of engagement and specific atomic 
interactions. This suggests that a Bcl-2 family–mediated network of 
protein-protein interactions that controls MOMP arose early in 
metazoan evolution and that key features including interaction pat-
terns, mode of engagement, and detailed atomic interactions car-
ried through to the modern Bcl-2–mediated signaling pathways 
seen in mammals. While the mode of engagement is also conserved 
for another ancient metazoan organism, the sponge, subtle but sig-
nificant differences were observed at the level of atomic interac-
tions, which allowed for exquisite specificity of sponge-encoded 

Fig. 5. Interplay between trBcl-2 proteins and human Bcl-2 homologs. (A) Human and T. adhaerens antiapoptotic Bcl-2 proteins bind peptides spanning the BH3 
motif of proapoptotic Bcl-2 proteins. Affinities were measured using ITC, and KD values (in nM) are the means of three experiments ± SD. NB, no binding detected. 
(B) Histogram showing the effect of the expression of human antiapoptotic Bcl-2 homologs on the proapoptotic activity of trBax in BMK DKO cells. Proteins belonging to 
the Mcl-1 subgroup and Bcl-w antagonize trBax proapoptotic activity, whereas Bcl-2 and Bcl-xL have no effect (means ± SD; three independent experiments; one-way 
ANOVA statistical analysis). (C) Histogram showing the effect of the expression of EGFP or EGFP-tagged trBax BH3 peptide alone (empty vector) or in combination with 
hsMcl-1 or hsBcl-xL in HeLa cells treated with etoposide (25 M) for 24 hours. trBax BH3 peptide increases apoptosis in HeLa cells, overexpressing hsMcl-1 but not hsBcl-xL 
(means ± SD; three independent experiments, two-way ANOVA statistical analysis). (D) Histogram showing the effect of the expression of EGFP or EGFP-tagged trBak BH3 
peptide alone (empty vector) or in combination with hsBcl-2 or hsMcl-1 in HeLa cells treated with etoposide (25 M) for 24 hours. trBak BH3 peptide increases apoptosis 
in HeLa cells, overexpressing hsBcl-2 but not hsMcl-1 (means ± SD; three independent experiments, two-way ANOVA statistical analysis). The spread of the data is indicated 
by black squares.
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Bcl-2 proteins for each other over their modern human counter-
parts (15). In the cnidarian Hydra vulgaris, a number of Bcl-2 family 
proteins have been identified, including several putative BH3-only 
proteins. While most of these proteins did not display a clear apop-
tosis regulatory function, antiapoptotic hyBcl-2-4 was identified, 
which together with proapoptotic hyBH3-only-2 and hyBak may 
constitute a core Bcl-2 machinery to control MOMP (6). However, 
affinity measurements and structural studies remain to be per-
formed to establish how closely such a hydra encoded Bcl-2 pathway 
mimics the mechanics of more modern mammalian Bcl-2–regulated 
apoptosis machineries.

In our hands, BH3 peptides generated from trBax and trBak 
were able to bind with high affinity and specificity to mammalian 
Bcl-2 antiapoptotic proteins. The analysis of the crystal structure of 
an hsBcl-xL:trBak BH3 complex revealed that except for five core 
binding sites, no other interactions are conserved. This suggests 
that except for these fixed anchor points, the remainder of the inter-
action surface can be used flexibly to tune the required affinity and 
specificity. These binding sites have been conserved down to the 
level of intermolecular interactions from the basal metazoans 
Placozoa and Porifera (sponges), to Cnidaria and Bilateria (includ-
ing the higher or “modern” animals). The importance of these Bcl-
2:BH3 interactions in cancer has recently been demonstrated by the 
discovery of venetoclax, a member of a new class of drug, the BH3 
mimetics, which directly targets the binding groove of antiapoptot-
ic Bcl-2 and is now being used as an anticancer treatment (36). In 
the case of trBax, its BH3 motif was able to discriminate between 
hsBcl-xL and hsMcl-1. HeLa cells overexpressing hsMcl-1 but not 
hsBcl-xL were sensitized by this peptide for treatment with the chemo-
therapeutic drug etoposide. Mcl-1 is frequently overexpressed in a 
number of human malignancies and represents a potential thera-
peutic target (37–40). Current efforts are directed toward the devel-
opment of BH3 mimetic drugs that can specifically target Mcl-1, 
sparing platelet cytotoxicity because of concomitant Bcl-xL inhi-
bition (41).

Together, our results support the hypothesis that Bcl-2 proteins 
acquired the ability to control MOMP early in metazoan evolution 
and point to the existence of functional interplay between distantly 
related Bcl-2 proteins. Consequently, the mining and molecular 
characterization of ancient Bcl-2 homologs may represent a valu-
able avenue for the generation of new molecules with antitumor 
activity.

MATERIALS AND METHODS
trBcl-2 ORF cloning and expression analysis
Approximately 100 randomly picked animals of T. adhaerens “Grell” 
were used for total RNA isolation [for animal culture conditions, 
see (42)]. The animals were initially transferred into a clean glass 
petri dish, washed three times with 3.5% artificial seawater (ASW), 
and subsequently starved overnight to prevent algae contamina-
tion. The animals were transferred into a 1.5-ml Eppendorf tube, 
and the ASW was removed after a short centrifugation. Animals 
were lysed in 500 l of prewarmed homogenization buffer [HOM-I: 
100 mM tris-HCl, 10 mM EDTA, 100 mM NaCl, 2.5 mM dithioth-
reitol (DTT), 0.5% SDS, and 0.1% diethyl pyrocarbonate (DEPC) in 
ultrapure water at pH 8.0 and 65°C]. Proteins were digested with 25 l 
of DEPC-treated proteinase K (10 mg/ml) for 20 min at 65°C. The 
lysate was further homogenized by 2× suction through a hypodermic 

needle connected to a 2.5-ml syringe. Nucleic acids were isolated 
from the lysate via a standard phenol/chloroform/isoamyl alcohol 
(25:24:1) extraction and a subsequent precipitation with isopropa-
nol. Subsequent DNA digestion with deoxyribonuclease I (Thermo 
Fisher Scientific) was conducted according to the manufacturer’s 
recommendations. The quality and purity of total RNA were exam-
ined using agarose gel electrophoresis. First-strand complementary 
DNA (cDNA) synthesis with oligo(dT) primers was conducted 
using the SuperScript II Reverse Transcriptase (Thermo Fisher 
Scientific) following the manufacturer’s protocol.

The open reading frames of the four Bcl-2 homologs in Trichoplax 
were cloned using cDNA from the T. adhaerens Grell clone. PCR 
amplicons were cloned into the pJET1.2/blunt cloning vector (Thermo 
Fisher Scientific) and verified by sequencing. Verified sequences 
were deposited in the NCBI databank using the following accession 
numbers: KU500586.1 (trBcl-2L1), KU500587.1 (trBcl-2L2), KU500588.1 
(trBcl-2L3), and KU500589.1 (trBcl-2L4). For expression analysis, 
internal primers targeting exon 1 of each bcl-2 homolog were used 
for PCR amplification.

Flag-tagged sequences were manufactured using gBlocks syn-
thesis (IDT) and cloned into the pCS2+ expression vector using 
Bam HI/Xho I restriction sites. The trBax (trBcl-2L3) sequence was 
codon optimized (trBax-opt) for expression in eukaryote cell sys-
tem, and synthetic cDNA was used. Hemagglutinin (HA)–tagged 
trBcl-2L1, trBcl-2L2, trBak ∆TM mutants, and 3×Flag-tagged 
trBax sequences were cloned into the pCS2+ expression vector using 
Bam HI/Xho I and Eco RI/Xho I restriction sites, respectively. trBax 
and associated mutants and BH3 trBax and BH3 trBak sequences 
were cloned into the pEGFP-C1 vector using Bgl II/Eco RI restric-
tion sites. trBaxN8T mutant cDNA was obtained using gBlock syn-
thesis and cloned into pEGFP-C1 using Bgl II/Eco RI restriction 
sites. Primers used for cloning were summarized into table S2.

Cell lines and transfection
BMK WT or bax/bak DKO (provided by the Eileen White lab, 
Rutgers Cancer Institute of New Jersey), HeLa, and Cos-7 cell lines 
were grown under standard cell culture conditions (37°C, 5% CO2) 
in Dulbecco’s modified Eagle’s medium high-glucose medium 
(Gibco) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 
penicillin (100 U/ml), and streptomycin (100 g/ml) (Gibco). Cell 
transfection was performed using X-tremeGENE HP DNA Trans-
fection Reagent (Roche) according to the manufacturer’s protocol. 
Six hours after transfection, cell medium was removed, and cells 
were incubated for 24 hours with a new medium. When required, 
cell detachment was prevented using Z-VAD-FMK (10 to 20 M; 
Sigma-Aldrich) and Q-VD-Oph (10 M; Sigma-Aldrich), which 
was added before the transfection or 6 hours after transfection. 
Alternatively and when stated, trBax cells were cotransfected with 
baculovirus caspase inhibitor p35.

Subcellular fractionation
All steps were carried out at 4°C. Transfected BMK DKO cells were 
placed into two 15-cm-diameter plates, washed twice in phosphate- 
buffered saline (PBS), and topped up to 1.5 ml using ice-cold MB 
buffer [210 mM mannitol, 70 mM sucrose, 1 mM EDTA, and 10 mM 
Hepes (pH 7.5) containing protease inhibitors; Roche]. Cells were 
disrupted by shearing with a dounce homogenizer 20 to 30 times. 
The disrupted cells were then centrifuged twice at 600g for 5 min to 
remove nuclei and centrifuged at 7000g to harvest crude mitochondria. 
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The resultant pellet was washed twice with fresh MB buffer and cen-
trifuged at 10,000g. Mitochondria were resuspended in an appro-
priate volume of MB buffer for further analyses. The supernatant 
was centrifuged at 100,000g for 1 hour, and the pellet containing the 
microsomal fraction was suspended in radioimmunoprecipitation 
assay buffer [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
0.1% SDS, and 50 mM tris-HCl (pH 7.4) containing protease inhib-
itors]. Fifteen micrograms of each subcellular fraction and 50 g of 
the total fraction were analyzed by Western blot.

Western blot analysis and antibodies
Western blot analysis was performed, as previously described (43). 
The following antibodies were used: F1F0 ATPase (adenosine tri-
phosphatase) (1:1000; BD, 612518), vinculin (1:2000; Santa Cruz 
Biotechnology, sc-55465), calnexin (1:1000; Cell Signaling Technology, 
2679), Flag M2 (1/1000; Sigma-Aldrich, F3165), and HA (1:1000; 
Ozyme, BLE901501), cytochrome c (1:1000; BD Bioscience, 556433). 
Horseradish peroxidase–conjugated goat anti-mouse, rabbit anti- 
mouse, and goat anti-rabbit secondary antibodies (DAKO) were 
used as secondary antibodies. Western blot analysis was performed 
according to standard procedures.

Immunofluorescence staining, FRET measurements, 
cytochrome c release, and apoptosis detection
Cells were placed on a glass coverslip in 12-well plates at 50% con-
fluence and left to attach overnight. Cells were then transfected with 
trBcl-2–like encoding vectors in combination or with pCS2 + EGFP- 
CytB5 (ER-localized EGFP) for ER staining. For trBax and trBak 
subcellular localization, 20 M zVAD-FMK (Sigma-Aldrich) was 
added 6 hours after transfection to delay cell detachment. Cells were 
then fixed with a 4% paraformaldehyde solution for 20 min, fol-
lowed by three washes with PBS. Following cell permeabilization 
using 0.1% PBS Triton X-100 supplemented with 3% bovine serum 
albumin, cells were incubated with the primary antibodies Flag M2 
(1:2500; Sigma-Aldrich, F3165), cytochrome c (1:1000; BD Biosci-
ence, 556432), or Tom20 (1:500; Santa Cruz Biotechnology, sc-11415). 
Goat anti-mouse or goat anti-rabbit immunoglobulin G Alexa Fluor 
488 (green fluorescent) or 568 (red fluorescent) were used as sec-
ondary antibodies (Molecular Probes) at 1:1000 dilution for 1 hour. 
Nuclei were visualized using Hoechst 33342 dye (Invitrogen H3570) 
at 10 g/ml.

For FRET-based interaction analyses, BMK DKO cells were 
transfected with Flag-tagged trBcl-2L1 and trBcl-L2 in combination 
with EGFP-tagged trBax and trBak. Twenty-four hours later, cells 
were fixed and immunostained using mouse anti-Flag M2 antibody 
coupled to an anti-mouse Alexa Fluor 568 secondary antibody. 
FRET was measured, as previously described (44). Briefly, EGFP 
fluorescent intensities were measured before and after photobleach-
ing with the Alexa Fluor 568 fluorophore. FRET efficacy was calcu-
lated using the following formula:    (  1 −   EGFPpre _ EGFPpost  )   × 100  

For apoptosis detection, HeLa and BMK DKO cells at 80 to 90% 
confluence were transiently transfected for 24 hours with the Flag-
tagged or EGFP-tagged trBcl-2, hsBcl-2, or BH3 proteins. For treat-
ment with apoptosis-inducing agents, cells were incubated for an 
additional 24  hours with etoposide (25 M; Sigma-Aldrich), 
thapsigargin (10 M; Sigma-Aldrich), or staurosporine (0.25 M; 
Sigma-Aldrich). Cells were fixed and permeabilized, as described 
above, and incubated with anti-activated Caspase 3 antibody (1:500; 

BD Bioscience). Nuclei were labeled using Hoechst 33342 dye. Cells 
were observed under a fluorescent microscope, and the percentage 
of Caspase 3– and Hoechst-positive cells was determined.

Protein expression and purification
Synthetic cDNA encoding for codon-optimized WT trBcl-2L1 
(Uniprot accession number A0A369S2N9) lacking the 33 N-terminal 
and 29 C-terminal residues, as well as trBcl-2L2 (Uniprot A0A369SIM9) 
lacking the 7 N-terminal and 34 C-terminal residues, was cloned 
into the bacterial expression vector pGEX-6P-1 (GenScript). Re-
combinant trBcl-2L1 and trBcl-2L2 were expressed in C41(DE3) 
cells in 2YT medium supplemented with ampicillin (1 mg/ml) at 
37°C in a shaking incubator until an OD600 (optical density at 600 nm) 
of 0.6 was reached. The protein expression was induced using the 
autoinduction method (45) for 18 hours at 22°C. Bacterial cells 
were harvested by centrifugation at 5000 rpm (JLA 9.1000 rotor; 
Beckman Coulter Avanti J-E) for 20 min and resuspended in lysis 
buffer A [50 mM tris (pH 8.0), 300 mM NaCl, 1 mM EDTA, and 
5 mM -mercaptoethanol]. The cells were homogenized using an 
Avestin EmulsiFlex homogenizer and lysed using sonication (Fisher 
Scientific Model 705 Sonic Dismembrator). Bacterial lysates were 
transferred into SS34 tubes and centrifuged at 18,000 rpm (JA-25.50 
rotor; Beckman Coulter Avanti J-E) for 30 min. The supernatant 
was filtered using a 0.45 M syringe filter, loaded onto 5 ml of glu-
tathione Sepharose 4B (GE Healthcare) equilibrated with buffer A, 
and the column was washed with 150 ml of buffer A. Target pro-
teins were liberated from the fusion tag on-column by adding HRV 
3C protease overnight at 4°C. Cleaved proteins were eluted using 
buffer A and concentrated using a centrifugal concentrator with 
3-kDa molecular weight cutoff (Amicon Ultra 15). Concentrated 
target proteins were subjected to size-exclusion chromatography 
using a Superdex S200 increase 10/300 column mounted on an 
ÄKTA pure system (GE Healthcare) and equilibrated in 25 mM 
Hepes (pH 7.0), 150 mM NaCl, and 5 mM DTT for trBcl-2L2 and 
25 mM sodium acetate (pH 5.0) and 200 mM NaCl for trBcl-2L1. 
Fractions were analyzed using SDS–polyacrylamide gel electropho-
resis, with the final sample purity estimated to be higher than 95%. 
Appropriate fractions were pooled and concentrated using a cen-
trifugal concentrator with 3-kDa molecular weight cutoff (Amicon 
Ultra 15). Synthetic cDNA encoding for human Bcl-2 (residues 10 to 
203; Uniprot P10415), Bcl-xL (residues 1 to 209 loop45 to 84; Un-
iprot Q07817), Bcl-w (residues 9 to 152; Uniprot Q92843), Mcl-1 
(residues 171 to 320; Uniprot Q07820), and A1/Bfl-1 (residues 1 to 
151; Uniprot Q16548) were cloned into the expression vector 
PGEX-6P1. Bcl-w and Mcl-1 were expressed using BL21 Star cells 
under conditions as described above, whereas Bcl-2, Bcl-xL and A1 
were expressed as described above for trBcl-2L1 and trBcl-L2. All 
proteins were purified as described above and concentrated in 25 mM 
Hepes (pH 7.0) and 150 mM NaCl to a concentration of 5 mg/ml for 
measurement of dissociation constants.

Measurement of dissociation constants
Binding affinities were measured by ITC using a MicroCal iTC200 
system (GE Healthcare) at 25°C using WT trBcl-2L1, trBcl-2L2, 
Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1/Bfl-1 in 25 mM Hepes (pH 7.5), 
150 mM NaCl, and 5 mM TCEP [tris(2-carboxyethyl)phosphine] at a 
final concentration of 30 M. BH3 motif peptide ligands were used at 
a concentration of 300 M and titrated using 19 injections of 2.0 l 
of ligand. All affinity measurements were performed in triplicate, 
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with affinities calculated using a one-site binding model using the 
Origin software package. Protein concentrations were measured using 
a NanoDrop UV-Vis spectrophotometer (Thermo Scientific) at a wave-
length of 280 nm. Peptide concentrations were calculated on the basis 
of the dry peptide weight after synthesis. Human BH3-motif peptides 
used were commercially synthesized and purified to a final purity of 
95% (GenScript) and previously described (46). T. adhaerens BH3 
peptides, trBak BH3 peptide (Uniprot A0A369S334; residues 102 
to 128, PSSPTSEIGRHLAQLGDSYSVRFQNE) and trBax BH3 peptide 
(Uniprot A0A369RYN3; residues 70 to 98, IEPTSPTIQVARTIRQI-
GDELDSDPHLN), were commercially synthesized and purified to 
a final purity of 95% (GenScript).

Competition ITC measurements were performed by titrating 
trBax BH3 peptide into Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1/Bfl-1 in 
25 mM Hepes (pH 7.5), 150 mM NaCl, and 5 mM TCEP, followed 
by a second titration of trBak BH3 into the same reaction chamber. 
The apparent affinity of trBak BH3 (Kapp) was calculated using the 
competitive binding model using the Origin software package.

Crystallization and structure determination
Crystals for the trBcl-2L2:trBak BH3 and hsBcl-xL:trBak BH3 com-
plexes were obtained by mixing trBcl-2L2 or hsBcl-xL with trBak 
BH3 26-nucleotide oligomer peptide using a 1:1.25 molar ratio, as 
described previously (15), and concentrated using a centrifugal 
concentrator with 3 kDa-molecular weight cutoff (Amicon Ultra 0.5). 
Initial high-throughput -sparse matrix screening was performed 
using 96-well sitting-drop trays (Swissic, Neuheim, Switzerland).

trBcl-2L2:trBak BH3 complex crystals were grown using the 
sitting-drop vapor diffusion method at 20°C in 0.2 M ammonium 
sulfate, 0.1 M sodium citrate (pH 5.8), and 29% (w/v) of PEG-4000 
(polyethylene glycol, molecular weight 4000) using a protein con-
centration of 15 mg/ml. The crystals were flash cooled at −173°C in 
mother liquor supplemented with 20% ethylene glycol. The trBcl- 
2L2:trBak BH3 complex formed single rectangular-shaped crystals 
belonging to space group P1 with a = 34.30 Å, b = 40.86 Å, c = 56.72 Å, 
 = 97.30 Å,  = 90.09 Å, and  = 101.09 Å in the triclinic crystal system.

Diffraction data were collected at the Australian Synchrotron 
MX2 beamline using an Eiger detector with an oscillation range 
0.1° per frame with a wavelength of 0.9537 Å, integrated using x-ray 
detector software (XDS) (47), and scaled using AIMLESS. Molecular 
replacement was carried out using PHASER (48) with the previously 
solved structure of Bcl-xL [PDB ID, 1PQ1 (49)] as a search model. 
trBcl-2L2:trBak BH3 crystals contained two molecules of trBcl-2L2 
and two trBak BH3 peptides in the asymmetric unit, with 33.56% 
solvent content and final TFZ and LLG values of 23.9 and 598, respec-
tively. The trBcl-2L2:trBak BH3 model was built manually over sev-
eral cycles using Coot (50) and refined using PHENIX (51).

HsBcl-xL:trBak BH3 complex crystals were grown using the 
sitting-drop vapor diffusion method at 20°C in 0.2 M ammonium 
sulfate and 30% (w/v) of PEG 8000 using a protein concentration of 
13.4 mg/ml. The crystals were flash cooled at −173°C in mother li-
quor supplemented with 30% MPD (2-methyl-2,4-pentanediol), and 
diffraction data were collected and processed, as described above. 
Molecular replacement was carried out using PHASER (48) with 
the previously solved structure of Bcl-xL [PDB ID, 1PQ1 (49)] as 
a search model. HsBcl- xL:trBak BH3 complex crystals contained two 
molecules of hsBcl-xL and two trBak BH3 peptides in the asymmetric 
unit, with 35.55% solvent content and final TFZ and LLG values of 
20.9 and 448, respectively. The hsBcl-xL:trBak BH3 model was built 

manually over several cycles using Coot (50) and refined using 
PHENIX (51). All images were generated using the PyMOL Molec-
ular Graphics System, version 1.8, Schrödinger LLC. All softwares 
were accessed using the SBGrid suite (52).

Statistical analysis
Error bars displayed on graphs represent the means ± SD of three 
independent experiments. Statistical significance was analyzed us-
ing the one-way analysis of variance (ANOVA) and two-way ANOVA 
tests. P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabc4149/DC1

View/request a protocol for this paper from Bio-protocol.
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