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Abstract: The B-cell lymphoma-2 (Bcl-2) family is a group of genes regulating intrinsic apoptosis, a
process controlling events such as development, homeostasis and the innate and adaptive immune
responses in metazoans. In higher organisms, Bcl-2 proteins coordinate intrinsic apoptosis through
their regulation of the integrity of the mitochondrial outer membrane; this function appears to have
originated in the basal metazoans. Bcl-2 genes predate the cnidarian-bilaterian split and have been
identified in porifera, placozoans and cnidarians but not ctenophores and some nematodes. The
Bcl-2 family is composed of two groups of proteins, one with an «-helical Bcl-2 fold that has been
identified in porifera, placozoans, cnidarians, and almost all higher bilaterians. The second group
of proteins, the BH3-only group, has little sequence conservation and less well-defined structures
and is found in cnidarians and most bilaterians, but not porifera or placozoans. Here we examine
the evolutionary relationships between Bcl-2 proteins. We show that the structures of the Bel-2-fold
proteins are highly conserved over evolutionary time. Some metazoans such as the urochordate
Oikopleura dioica have lost all Bcl-2 family members. This gene loss indicates that Bcl-2 regulated
apoptosis is not an absolute requirement in metazoans, a finding mirrored in recent gene deletion
studies in mice. Sequence analysis suggests that at least some Bcl-2 proteins lack the ability to bind
BH3-only antagonists and therefore potentially have other non-apoptotic functions. By examining
the foundations of the Bcl-2 regulated apoptosis, functional relationships may be clarified that allow
us to understand the role of specific Bcl-2 proteins in evolution and disease.
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1. Introduction

Intrinsic apoptosis is a form of regulated cell death in metazoans initiated via intra-
cellular stimuli and co-ordinated by B-cell lymphoma-2 (Bcl-2) proteins. Activation of the
Bcl-2 family triggers a proteolytic cascade that dismantles cellular components leading to
phagocytotic clearance [1]. Predating the bilaterian-cnidarian divergence in metazoan evo-
lution [2], the development of apoptosis probably coincided with the necessity to develop
a response to pathogen invasion [3,4]. The critical role of apoptosis in both the innate and
adaptive immune responses make it likely this role arose prior to its adaptation for other
processes such as development, homeostasis, and the removal of damaged or unwanted
cells in higher metazoans which is prerequisite for the development of complex multicel-
lular lifeforms [5]. Bcl-2 genes appear robustly conserved across metazoan genomes and
have been reported in the genomes of the basal metazoans porifera (sponges), placozoans,
and cnidarians (hydra, anemones, jellyfish, corals) [6].
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The origins of the Bcl-2 family are obscure but it has been postulated that acquisition
of the proto-Bcl-2 gene was a unique event during metazoan evolution and likely arose
from horizontal gene transfer from a symbiont [7]. Though it has been speculated that the
Bcl-2 genes were derived from toxins [4], they do not bear significant sequence or structural
resemblance to known toxins. Instead, two phylogenetically separate groups constitute
the tripartite activity of the Bcl-2 family. One group shares an o-helical Bcl-2 fold and have
either pro-survival or pro-apoptotic activity while the other group, the BH3-only proteins,
neutralizes the pro-survival proteins and is intrinsically disordered [8,9]. In mammals, a
network of mutually antagonizing interactions between pro- and anti-survival Bcl-2 family
members [10-12] controls mitochondrial outer membrane permeabilization (MOMP) and
release of apoptosis-initiating factors from mitochondria [8,13]. Distinguishing the Bcl-2
proteins is the presence of conserved sequence motifs, known as Bcl-2 homology (BH)
motifs, that form their interaction sites [8,9].

Bcl-2-fold proteins possess up to four BH motifs (BH1-BH4) arranged in the order
BH4, BH3, BH1, and BH2 and approximately correspond to helices in the «-helical scaffold.
In contrast, the BH3-only proteins bear only the BH3-motif [8,9] and have little sequence
conservation outside this region with other Bcl-2 proteins. Ligand binding of the multimotif
Bcl-2 proteins with its BH3-ligand is mediated by conserved residues in the ligand BH3
motif and those of the BH1-BH3 motifs on the receptor Bcl-2 protein that form a binding
groove [8]. Crucial to the function of Bcl-2 proteins is the presence of a hydrophobic
C-terminal transmembrane (TM) region that directs them to the MOM [14,15]. MOM pore
formation occurs through oligomerization of the pro-apoptotic Bcl-2-fold proteins (Bax, Bak,
or Bok in mammals) [8,13,16]. The basal metazoans including sponges, placozoans, and
cnidarians not only bear multiple Bcl-2 family members, but also recognizable BH motifs
and a TM region while also sharing mechanistic details of their action with mammals [6].

Lineage-specific diversification and gene losses have contributed to numerous differ-
ences in apoptotic programs [17], and combined with differences in network size, specializa-
tion, specificity, intracellular location, expression levels and cell-type expression establish a
complex web of actions for the Bcl-2 proteins. Notwithstanding the conservation of Bcl-2
sequences and structure, evolution has produced mechanistic divergences in their utiliza-
tion as activators of the caspase cascade [18]. Few detailed studies of apoptosis regulation
in invertebrates have been performed. For example, the Ecdysozoans Caenorhabditis elegans
and Drosophila melanogaster have experienced gene loss that has limited the number of
Bcl-2 genes present in these organisms. C. elegans utilizes a simplified apoptosis initiation
mechanism (Figure 1) where the lone Bcl-2 protein (CED-9) binds and inhibits the caspase
initiator CED-4 at the MOM. In C. elegans the caspase cascade is initiated when the CED-
9:CED-4 interaction is antagonized by the BH3-only protein EGL-1 binding CED-9 [19].
This direct scheme of caspase activation is not mirrored in mammals, where nine Bcl-2
proteins and eight BH3-only proteins co-operate in a complex network of interactions to
regulate MOMP, a process that does not arise in C. elegans apoptosis, to activate the cas-
pases [8,13]. In contrast to the Ecdysozoans, teleost fish such as Danio rerio have experienced
gene duplication events in their evolutionary history [20], producing an extended number
of Bcl-2 family members, and the molecular basis of apoptosis appears similar to those
in mammals [21,22]. Recent investigations on the sponge Geodia cydonium [23], cnidarian
Hydra vulgaris [24,25], and the placozoan Trichoplax adhaerens [26] indicate that sequences,
structures, and interactions parallel those in higher organisms. These studies suggest that
not only is there structural conservation, but the mechanism involving interaction of pro-
and anti-survival Bcl-2 proteins is conserved with later metazoans.
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Figure 1. Simplified apoptosis schemes for vertebrates and nematodes. (a) The 17 members of the

Bcl-2 family of M. musculus are indicated in the three classes. (b) The Ecdysozoan C. elegans apoptosis
scheme is much simplified compared to that in mammals bearing a single Bcl-2 protein CED-9 and
BH3-only protein EGI-1. The result of either signalling pathway is the activation of caspases that
dismantle the cell.

The foundations of Bcl-2 regulated apoptosis were laid early in metazoan evolution
and have largely been maintained throughout their 700-million-year emergence and evolu-
tion [27]. Sponges [23], placozoans [26], and cnidarians [24] all preserve the interactions
between pro-survival and pro-apoptotic Bcl-2 proteins. BH3-only proteins have been iden-
tified in hydra [24] but not in placozoa or porifera. Here we identified Bcl-2 proteins in
the genomes of basal metazoans and a surprising complexity in the Bcl-2 family exists in
these organisms, for example the sponge Amphimedon queenslandica has 7 Bcl-2 proteins [28],
the cnidarian Hydra vulgaris has at least 11 Bcl-2 family members [29] and the placozoan
Trichoplax adhaerens has 4 such proteins [30]. In contrast, ctenophores appear to have lost
the Bcl-2 family and related intrinsic apoptosis genes, as have a number of other early
metazoans. We did not identify any higher organism lacking Bcl-2 family genes, though
it is known that certain nematodes lack these genes [31]; a definitive answer is likely to
require sampling a broader range of basal metazoan genomes [32]. Understanding the
emergence and evolutionary basis of their action may provide insight into the roles of Bcl-2
proteins normal function and disease.

2. Results

Database searches for Bcl-2 proteins were performed using sequences of known Bcl-2
folded proteins as seeds. Confirmed Bcl-2 sequences were obtained from Homio sapiens,
Mus musculus, Gallus gallus, Danio rerio, C. elegans, G. cydonium, H. vulgaris, and T. ad-
haerens (Supplementary Materials). A combination of BLAST [33] and HMM [34] based
searches with known Bcl-2 protein as seed sequences were performed to find analogues.
Sequences identified as Bcl-2 proteins were subsequently used as seed sequences in an
iterative search strategy. In the absence of functional data, in addition to sequence data,
naming the homolog was not straightforward where there is low shared sequence identity.
We constructed phylogenetic trees performing a bootstrap analysis with 1000 steps as
implemented in MEGA?7 [35] using the human Bcl-2 proteins. Gene structure and synteny
was validated using the NCBI database. The presence of a Bcl-2 fold and the BH motifs
were identified by their sequence signatures in the conserved domain database NCBI [36].
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2.1. Bcl-2 Structures

The structures of Bcl-2 family proteins from basal metazoans were aligned on their
common backbone atoms as determined by distance matrix alignment using DALI [37]
(Figure 2a) and the structure-based sequence alignment is shown in Figure 2b and sequence
identity and similarity in Table 1. The topology of the Bcl-2-fold has been well-maintained
over evolutionary timescales with strikingly similar structures (Figure 2a) but with rela-
tively low shared sequence identities (Table 1). However, there are clear differences too. A
structure-guided analysis showed that BHP2 from G. cydonium did not cluster with pro-
survival Bcl-2 proteins and there were differences in how the BH3 motif was engaged [23].
Structure-based phylogenetic analysis showed the hydra and trichoplax Bcl-2 structures to
be the most closely related, while G. cydonium BHP2 clustered with those from bilaterians
zebra fish and human Bcl-2 while C. elegans CED-9 is an outlier (Figure 2c). All Bcl-2 pro-
teins form extensive hydrophobic contacts in the core of the molecule and the BH3 binding
groove provided by helices «2-x5 and «8 presents the conserved residues in the BH1-BH3
motifs as a binding surface, as is well-known [8]. Importantly, while there are differences in
intermolecular contacts, no structures have provided an alternate binding site for the BH3-
ligand. While the structures solved so far provide a limited pool of sequences, it is clear that
the overall 3D architecture of the helical bundle is well-preserved from sponge to man with
relatively small differences in the core [23]. The major structural differences arise from the
presence of unstructured interhelical loops that do not substantially alter the framework of
the Bcl-2 helical core. Thus, despite the relatively weak sequence conservation, the core
Bcl-2-fold has been well-maintained from the earliest metazoans.

Figure 2. Cont.
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Figure 2. Structural similarity of Bcl-2 proteins derived from early metazoans and bilaterians. The
structure of the Bcl-2 fold has been conserved over evolutionary time frames. (a) Structurally aligned
Bcl-2 proteins. There are relatively minor differences in structure between simple and complex
metazoans. Protein data bank (pdb) entries: 5TWA, G. cydonium BHP2 (gcBHP2); 6YLD T adhaerens
Bcl-2L4 (taBcl-2); 6WHO H. vulgaris Bcl-2 (hvBcl2); 1TY4, C. elegans CED-9 (ceCED-9); 6FBX D. rerio
NRZ (drNRZ); 2XA0 H. Sapiens Bcl-2 (hsBcl-2). The BH3 ligand of these complexes was removed.
Helices are colored: «l1 (blue), x2 (deep pink), a3 (brown), «4 (salmon), «5 (green), a6 (purple),
«7 (cyan), «8 (orange). Helices are indicated in color according to the alignment. The N and C termini
are indicated on gcBHP?2 (b) Structure based sequence alignment performed using DALI [38] and the
PDB files given in (a). The helices are indicated by the colored bars (c) Dendrogram depicting the
relationship between structures based on the structure-sequence alignment of (b). The phylogenetic
tree was calculated in MEGA?7 using the maximum likelihood method and details are provided in the
methods and the percentage of trees in which the associated taxa clustered together is shown next to
the branches.

Table 1. Sequence identity and similarity analysis of Bcl-2 proteins from representative metazoans
from early to late evolution. Sequence identities and similarity determined for the structure sequences
using the sequence manipulation suite [39] reported as percentage identity /similarity.

Bcl-2 Protein

taBcl214 18.0/30.5

hvBcl2 16.6/32.0 36.5/50.3

ceCED9 10.7/25.3 13.5/28.1 10.5/25.4

drNRZ 15.6/27.5 17.7/26.8 18.6/33.5 10.7/23.0

hsBcl2 16.0/28.6 24.2/39.8 24.9/40.0 11.8/27.7 17.8/28.8
gcBHP2 taBcl24 hvBcl2 ceCED9 drNRZ

2.2. Bcl-2 Genes in Basal Metazoans

The genomes of basal metazoans placozoa (T. adhaerens) [30], porifera (the sponges; for
example, Amphimedon queenslandica [28], G. cydonium [40], Lubomirskia baicalensis [41]), and
cnidaria (for example H. vulgaris [29], corals Acropora millepora [42], A. digitifera [43], sea
anemone Nematostella vectensis [44], and jellyfish Aurelia aurita [45,46]), confirm that these
organisms contain Bcl-2 genes (Supplementary Materials). Multiple Bcl-2 paralogs are
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present in each of these species, with typically two or more multi-motif Bcl-2 genes present.
Recognizable Bcl-2 protein sequences were not found in genomes of the ctenophores
Mnemiopsis leidyi [47] or Pleurobrachia bachei [48], however a caspase 7 gene was found in
both M. leidyi and P. bachei indicating apoptosis in these organisms may be initiated by
other means. A Blast search of Myxozoans Thelohanellus kitaue and Kudoa iwatai using the
Bcl-2 sequences from H. vulgaris did not find related proteins in these organisms, a finding
consistent with Panchin et al. [49]. Thus, in both ctenophores and myxozoans the Bcl-2
genes are absent.

A phylogenetic analysis was performed on Bcl-2 sequences from genomes of basal
metazoans that are currently available: the sponge A. queenslandica, placozoan T. adhaerens,
cnidarians H. vulgaris, A. digifera, Orbicella faveolata, Stylophora pistillata, and the bilaterians
Lepisosteus oculatus (garfish) and M. musculus. As expected, the garfish Bcl-2 family closely
matches the mouse Bcl-2 family. Representatives of Bak appeared in all species compared
while a Bax homolog appeared absent from A. queenslandica. Bok homologs are absent from
both the placozaon and A. queenslandica genomes. Four multimotif Bcl-2 proteins exist in
T. adhaerens, Bcl-2L1, Bcl-2L2, Bcl-2L3, and Bcl-2L4 [26,30] in the analysis presented here, Bcl-
2L1 and Bcl-2L2 cluster with mouse pro-survival proteins while Bcl-2L3 and Bcl-214 cluster
with mouse pro-apoptotic proteins Bax and Bak, respectively (Figure 3). Though the results
of our analysis vary slightly from those of [26], the conclusion is the same: Bcl-2L1 and
Bcl-2L2 cluster with pro-survival proteins. The defining feature of pro-apoptotic proteins,
the BH3-motif, is present in Bcl-2L3 and Bcl-2L4, suggesting that, like in mammals, there is
a BH3-in-groove interaction for these Bcl-2 proteins. Of note in T. adhaerens Bcl-2L4, several
residues in the BH1 region are present that would make it unlikely to have a functional
BH3-binding groove, as the BH1 motif, RLFISWRRIVTLMAFG, lacks the conserved Gly
(NWGR), though other features, BH1, BH3, and BH4, are conserved and the Gly to Arg
change potentially signifies an alternative functionality for this protein. The presence of
Ser in the equivalent position in the mouse Bcl-2 protein Boo substantially alters the BH3-
selectivity compared with the other pro-survival proteins [50]. While sequences from most
species cluster well with the pro-apoptotic mouse Bax, Bak, and Bok and the closely related
pro-survival proteins Bcl-2, Bel-xp, and Bcl-w, only hydra and garfish have sequences that
cluster with the Mcl-1, A1, Bcl-B group. Figure 3 also indicates there is a substantial group
of proteins that do not cluster readily with either the pro-survival or pro-apoptotic proteins
of bilaterians, including T. adhaerens Bcl-2-L1. Though structural and BH3 binding data
exist for G. cydonium [23], T. adhaerens [26], and H. vulgaris [25], such data on proteins from
other species is limited, however, their conserved sequence features, such as the presence of
BH-motifs, conforms to Bcl-2-fold proteins. Nevertheless, further investigations are required
to confirm whether members of this cluster perform roles in apoptosis.

In addition to the conservation of sequence motifs Bcl-2 gene structure is also con-
served. The genome of the cnidarian H. vulgaris contains as many as 11 Bcl-2 family
members (9 Bcl-2-like and 2 Bak-like) [28] (Supplementary Materials) and the gene in-
tron/exon structure, at least for the Bak and Bcl-2 members is similar to that for the human
genes and indicates they are likely true orthologues of vertebrate Bcl-2 genes [24]. A search
of the transcriptome of Acropora millepora (Staghorn coral) determined 11 multi-domain Bcl-
2 proteins, with a number clustering with specific vertebrate multidomain Bcl-2 proteins,
while others were of less certain orthology [51]. Three were assigned to Bok, four assigned
to Bcl-w, the other four to Bax, Bak, Mcl-1, and the unrelated Bcl-rambo [51]. The related
coral A. digitifera has two proteins that cluster with Bok (Figure 3), in addition to single
sequences that cluster with mouse Bak, Bax, and Bcl-2, and 4 that are unclassified but are
likely pro-survival (Figure 3). In contrast, the sponge A. queenslandica has two proteins that
cluster with mouse Bak, two with Bcl-2, and 3 unclassified pro-survival proteins (Figure 3).
The prevalence of Bok homologues, a relatively poorly studied pro-apoptotic Bcl-2 paralog
in mammals, in species as early as cnidarians is striking. Like their mammalian coun-
terparts, the A. millepora Bcl-2 proteins were associated with mitochondria through their
C-terminal residues, and in the case of Bok, with the ER and Golgi membranes [51].
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Figure 3. Phylogenetic analysis of Bcl-2 proteins from basal metazoans, garfish and mouse. Evolutionary
analyses were conducted in MEGA? [35] and molecular phylogenetic analysis was performed using
the maximum likelihood method as described in the methods section. The analysis involved 66 protein
sequences. All positions containing gaps and missing data were eliminated. There were a total of
114 positions in the final dataset and the percentage of trees in which the associated taxa clustered together
is shown next to the branches. The mouse Bcl-2 family members are indicated in large letters along with
their apoptotic activity. Species abbreviations: Aq, A. queenslandica; Mm, M. musculus; Hv, H. vulgaris; Ta
T. adhaerens; Ad, A. digitifera; Of, Obicella faveolata; Sp, Stylophora pistillata; Lo, Lepisosteus oculatus. Species
indicated in colour: T. adhaerens, magenta; H. vulgaris, blue; M. musculus, orange.

Conserved intron/exon boundaries exist for the mouse pro-survival Bcl-2 proteins
Bcl-2, Bel-xg, Bel-w, Mcl-1, Bcl-B, and Al and they generally have a three-exon structure
with the first exon untranslated and the coding region formed by splicing exons 2 and 3 [52].
The C-terminal TM region on exon 3 is separate from exon 2 bearing the BH3, BH1 and
BH2 motifs (in that order) (Figure 2b). The exon 2/exon 3 boundary is highly conserved
with exon 2 ending at a conserved tryptophan in the BH2 motif, GGW. The coding region
of A. queenslandica Bcl-2-like proteins [28] and T. adhaerens [30] Bcl-2L1 are also constructed
from two exons with the exon boundary of the first coding exon occurring at the BH2
(GGW) motif. In contrast to the pro-survival Bcl-2 proteins the pro-apoptotic Bax, Bak,
and Bok generally have a more complex gene structure consisting of 4-6 exons [52,53].
A. queenslandica Bak analogs have four coding exons and the exon boundary at the BH2
GGW motif and TM region is maintained. A key difference of Bok compared to other Bcl-2
proteins in mammals is that the BH3 motif is split between two exons in mammals.
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2.3. Bilaterian Bcl-2

The Xenocoelomorphs are a basal bilaterian phylum considered the sister group to
bilaterians (Figure 4a). The genome of the Xenacoelomorph Hofstenia miamia [51], an acoel,
lacks identifiable Bcl-2 proteins. In comparison, analysis of genomes from the two main
clades of Bilaterians, Protostomia and Deuterostomia [54], show that they too contain
multiple Bcl-2 genes. As pointed out above, Protostomes such as the Ecdysozoans, for
example C. elegans and D. melanogaster, have reduced numbers of Bcl-2 family genes
compared to basal metazoans, as demonstrated by Nematodes, bearing only a single Bcl-2
protein, while flies have two Bcl-2 genes. However, other Ecdysozoans have multiple
Bcl-2 family genes, for example, Priapulus caudatus, a priapulid worm in the phylum
Scalidophora, contains 5 such proteins (Mcl-1, A1, Bok, Bax, Bcl-2R1, Supporting Data).
The lophotrochozoans (Schmidtea mediterranea, S. japonicum, S. mansoni) have multiple Bcl-2-
like genes and an apparently tripartite (pro-survival Bcl-2, pro-apoptotic Bcl-2, and BH3-
only components) system for apoptosis signalling [55,56] comparable to that in mammals.
Similarly, the Lophotrochozoans, Adineta vaga (Rotifer, 3 Bcl-2 proteins), Lingula anatina
(Brachiopoda) [57], Capitella teleta [58], Helobdella robusta [59] (Annelida) all contain multiple
Bcl-2 proteins.

In the Deuterostome clade, like the protostomes, some members have undergone
extensive gene loss. The tunicates (Urochordates) present a more complex picture. This
group forms a sister group to the chordates [59]. The tunicates Ciona intestinalis [60]
and Botryllus schlosseri [61] contain multi-motif Bcl-2 proteins. On the other hand, the
Appendicularian Oikopleura dioica [62] from the sister group to all other tunicates [63] has
lost all Bcl-2 members. The sister group to chordates Echinodermata (Figure 4a) have
multiple Bcl-2 proteins present in their genomes, for example, the genome of echinoderms
Strongylcentrotus purpuratus [64] may contain as many as 8 Bcl-2 proteins, Crown of thorns
star fish, Acanthaster planci 7 Bcl-2 proteins, and Sea cucumber Apostichopus japonicum 6 Bcl-2
proteins. While the Hemichordate Saccoglossus kowalevskii (Bax, Bak, Bcl-2R1L, Mcl-1L) and
Cephalochordate Branchiostoma belcheri (Bcl-2L1, NR13, Bak, Bok-LB) feature multiple Bcl-2
proteins, none cluster with Mcl-1, Bcl-2A1 or Bcl-2L10, (Figure 4b) and S. kowalevskii has no
Bak or Bok clustering Bcl-2 protein. Interestingly, many of these organisms have multiple
sequences that cluster with Bok. Thus, like the Protostomes, some Deuterostomes have
undergone gene loss events that have simplified or removed the Bcl-2 family. Broadly, the
Bcl-2 proteins from the basal bilaterians cluster with the mammalian Bcl-2 family members
with the exception of Mcl-1/A1/Bcl-B, whilst featuring a gene structure that is maintained.

2.4. BH3-Only Proteins

Employing the BH3-only protein sequence from C. elegans, EGL-1, and the schis-
tosomes S. japonicum and S. mansoni as seeds using an orthogonal search strategy, we
performed a search for analogues in the branches of protostomes (for example the Lophotro-
chozoan branch was searched with an Ecdysozoan BH3 sequence, EGL-1). This strategy
proved unsuccessful in discovery of BH3-only proteins in the alternate branches of proto-
stomes and suggests that either the BH3-only proteins in these organisms are phylogeneti-
cally unrelated or arose independently in convergent evolution, diverged significantly over
evolutionary timespans, or are simply absent.

Recognizable BH3-only proteins could not be identified in sponge (A. queenslandica) or
Trichoplax genomes using either the BH3-only protein sequences from C. elegans (Egl-1) and
S. japonicum (sJC) [55] or mammalian BH3-only proteins as seeds. The finding that BH3-only
proteins are apparently absent from T. adhaerens is consistent with others [26]. Representatives
of the Bcl-2 family, including BH3-only proteins, were not identified in ctenophores. The
evolutionarily earliest BH3-only proteins identified so far occur in the cnidarian H. vulgaris [24]
but our search of the related myxozoans, Thelohanellus kitaue and Kudoa iwatai, did not find
identifiable multi-motif Bcl-2 proteins or their BH3-only protein relatives.
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Figure 4. Simplified consensus phylogeny of bilaterians. (a) Current bilaterian phylogeny. The
branches are indicated: B, Bilaterian; D, Deuterostomia; A, Ambulacraria; C, Chordata; P, Protostomia;
L, Lophochotrozoa; E, Ecdysozoa. (b) Molecular Phylogenetic analysis by maximum likelihood
method of selected metazoans. The mouse Bcl-2 proteins are indicated on the right and the colours
signify the phylum; yellow, urochordata C. intestinalis (Ci); echinodermata, red, A. planci, (Ap);
S. purpuratus (Sp); blue hemichordata, S. kowalevskii (Sk); green Cephalochordata, Bp, B. belcheri;
orange Vertebrata, M. musculus, L. oculatus. The evolutionary history was inferred using MEGA?7 [34]
by the maximum likelihood method and performed on 40 protein sequences having 131 positions in
the final dataset. Sequences were aligned in MEGA?7 using Muscle and the evolutionary history was
inferred by using the maximum likelihood method calculating 1000 replicates and the tree with the
highest log likelihood (—10,217.45) is shown. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. (c) A simplified phylogenetic tree for Bilateria and
the basal metazoans indicating the presence or absence of key apoptosis genes. A v'indicates genes(s)
are present in the phylum while an xindicates the absence of gene(s).
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Using the human BH3-only proteins Bim, Bad, and Bm(f as seed sequences in a BLAST
search of the NCBI database, probable BH3-only proteins were found in Deuterostomes
but not Urochordates, and are potentially present in Lophotrochozoa. Potential BH3-only
proteins were revealed in Echinoderms using the seed sequences of human Bim, Bad and
Bmf (Figure 5a). Possible BH3-only proteins were found in the genomes of the Echinoderms,
S. japonicus, S. purpuratus, and A. planci. The S. japonica sequence is 118 residues in length but
the sequences identified as potential BH3-only proteins in S. purpuratus and A. planci have
much longer sequences than mammalian or cnidarian BH3-only proteins, of 373 residues
and 350 residues, respectively. The BH3 region occurs on a single exon in all cases. All three
sequences are predicted to be substantially unstructured (Figure 5b), consistent with these
proteins as IDPs and ‘hub proteins’. While these proteins fit the pattern of BH3-only proteins,
confirmatory experimental evidence is required to place them as Bcl-2 family members.

Homologs of many mammalian BH3-only proteins were identified in fish. A Bad
homolog was identified in Actinista (Coelacanths), while Bim and Bmf are absent. Bid
does not appear until Chondrichthyes (sharks and rays) or in Holostei (Lepisosteus oculatus,
spotted garfish [65]) and has clear homologues in D. rerio. Bik-like, Puma-like, and Noxa-
like sequences could be found in fish, but Hrk appears absent. Bid and other BH3-only
proteins appear absent from hagfish (Eptatretus burgeri) and lamprey (Petromyzon marinus).

Evidence was sought for the intrinsically disordered nature of the BH3-only proteins,
a key feature of this class of Bcl-2 protein [66,67], using a computational approach based
on averaging the per residue IDP predictors [68] with the programs Predictors of Natural
Disorder (PONDR) [69] and IUPred [70] and averaging the per residue IDP parameters.
Figure 5b shows the plots of averaged IDP indices; indices greater than 0.5 are indicative
of unstructured regions. Potential BH3-only proteins in cnidarians and echinoderms had
protein sequences predicted to be substantially disordered consistent with their BH3-only
potential (Figure 5b).

BH3
RRLRATGACLRAIGDDIQSRSEKSE
RRLRVIGACLRAIGDDIQSRNEKSD
RKIRELAACLQIMGDEMETKRLSGA Cnidaria
RDAIKIAMELRRASDLFNTNYLSSP
RDAIKIAMELRRASDLFNTNYLSSP
TEAVKVAKELRRVSDIFSQEKRWPV

PAQRQCAEELRRISDEFDRFYHSMD
RTESEIGQELRRISDEFHLSYRSEY
EHIRAIGQELRRISDEYYQNRHHSH
QQEQAVGRELRRISDEFHDATITRQ
QQRLDVGRELRRIGDEFHFELASAP
QQEQAVGRELRRISDEFHEAFTTPL
QRELENVGRELRRLSDEFNTSYSRGR

Lophochotrozoa Eumetazoa

RPEIENVGRELRRISDEFHHSYQECR Bilateria

RPEIRVGRQLRRISDEFHLSYHDHQ
APEIATGRELRRIGDEFVALFEGQR
QSAIEVGRELRRISDEFESTFYQGE — '
SPEELIVARELRRISDEFDSLMFGPS Deuterostomia
SPEELIVARELRRISDEFDSLVFSPT

HsBad WAAQRYGRELRRMSDEFVDSFKKGL
HsBim RPEIWIAQELRRIGDEFNAYYARRV
HSBMF QAEVQIARKLQCIADQFHRLHVQQH

* * % *

Figure 5. Cont.
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Figure 5. Potential BH3-only proteins from selected early metazoans (a) multiple protein sequence
alignment of gene structures protein sequences of the BH3 region only are shown. Cnidarian BH3-
only genes lack introns. The key conserved leucine and aspartate of the BH3 region are highlighted.
(b) The disordered nature of BH3-only proteins is conserved. Plots of averaged predicted IDP indices
versus sequence position for human and hypothesised Cnidarian BH3-only proteins. Analysis of
potential BH3-only proteins and comparison with known BH3-only proteins from humans. Human
Bim (HsBim), human Bad (HsBad), human Bmf (HsBmf). The extent of the BH3 region is demarked
by the box and the key hydrophobic positions are indicated by *. The IDP indices were calculated by
averaging the IDP indices from PONDR (VL-XT, VSL2, VL3), PONDR-Fit and IUPred2A. Abbreviations
Cnidarians: Hv, Hydra vulgaris; Ho, Hydra oligactis; Am, Ch, Clytia hemisphaerica, Acropora millepora;
Ad, Acropora digitifera; Nv, Nematostella vectensis; Lophochorozoa: Ct, Capitella teleta; La, Lingula anatine;
Ob, Octopus bimaculoides; Cv, Crassostrea virginica; My, Mizuhopecten yessoensis; Cg, Crassostrea gigas; Lg,
Lottia gigantea; Deuterstomia: Sk, Saccoglossus kowalevskii; Ap, Acanthaster planci; Sp, Strongylocentrotus
purpuratus; Sj, Stichopus japonicus; Bb, Branchiostoma belcheri; Bf, Branchiostoma floridae; Hs, Homo sapiens.

2.5. Other Genes Associated with Intrinsic Apoptosis

The apoptotic genes downstream of Bcl-2 family members include apical caspase
activators such as Apaf-1 and executioner caspases, and are required for cell component
destruction of intrinsic apoptosis. In addition to the absence of discernible Bcl-2 pro-
teins in myxozoans T. kitaue and K. iwatai, Apaf-1 like genes were not found in either
genome using the sequences of H. vulgaris as a search seed, a finding that is consistent with
Panchin et al. [49]. Thus, in both ctenophores and myxozoans, the genes related to MOMP
initiated apoptosis appear to have been lost. Other Bilaterians have also lost Bcl-2 family
members such as H. miamia, and Clade IV nematode species Meloidogyne, Globodera, and
Ditylenchus [31]; in the case of H. miamia, caspase-7 and caspase-8 genes are present [53].

The lophotrochozoans (Schmidtea mediterranea, S. japonicum, S. mansoni) have an Apaf-1
gene that initiates the caspase cascade [55,56]. However, the presence of Apaf-1 may not
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necessarily indicate MOMP as an activator of the caspase cascade. Activation of apoptosis
in echinoderms (ambulacraria) may not involve cytochrome c release from mitochondria,
cytochrome c is not apparently necessary for Apaf-1 activated apoptosis in the starfish
Asterina pectinifera [71]. The presence of Apaf-1 therefore may not be definitive for an
intrinsic apoptotic mechanism dependent on mitochondrial cytochrome c release. Tunicates
(Urochordates) lack an obvious Apaf-1 candidate but possess several CED4 like caspases
indicating cytochrome c-initiated apoptosis either does not occur or is highly modified in
these organisms. Figure 4 summarizes the presence of these apoptotic genes.

3. Discussion

Remarkably, the key sequence features of the Bcl-2 family, the BH1, BH2, and BH3
motifs have remained stable throughout metazoan history and are clearly visible in the
Bcl-2 proteins from the demosponge G. cydonium, [23,40], placozoan, T. adhaerens [26,30]
and cnidarian H. vulgaris [25,29], and bilaterians [6] (Figures 1 and 2). Database searches
of representative genomes from the five basal metazoan clades porifera, ctenophora, pla-
cozoa, cnidaria, and bilateria identified Bcl-2 genes in all clades with the exception of
ctenophora. Significantly, our sequence and structure-based database searches did not
identify non-Bcl-2 proteins bearing the sequence signature of BH motifs within the same
organisms. In contrast to genomes of other basal metazoans, Bcl-2 family proteins were
not identified in the genomes of the ctenophores (sea jellies) M. leidyi [47] or P. bachei [48],
or in myxozoans, obligate parasites closely related to cnidarians. Furthermore, database
searches reported here and by others [17] did not identify Bcl-2 proteins in pre-metazoans,
such as the choanozoans and its sister clade filastereans (e.g., Monosiga brevicollis [72]
and Capsapora owczarzaki [73], a choanaflagellate and a filasterean, respectively) a group of
single-celled organisms postulated to be a sister group to the metazoans [74]. Although
some viral genomes contain examples of Bcl-2 proteins [75], the Bcl-2 family appears to be
a uniquely metazoan set of genes.

Many genomes of basal metazoans contain multiple Bcl-2-like genes that cluster
with mammalian Bcl-2 genes (Figure 3) and points to the establishment of complex Bcl-2
initiated signalling early in metazoan evolution (Figures 3 and 4c). For example, porifera,
organisms considered the sister group to all metazoans [76,77], contain representatives
such as the sponge A. queenslandica [28], an organism of approximately 40,122 genes [78]
of which 6 are putative multi-motif Bcl-2 genes, including those that cluster with Bak
and Bcl-2. In contrast to A. queenslandica, the sponge G. cydonium bears only two Bcl-2
proteins (BHP1, BHP?2) in its genome [40]. The placozoan T. adhaerens, an organism with
only 11,514 genes [30] and six somatic cell types [79] includes four Bcl-2 homologs [26,30].
11 Bcl-2 proteins were identified in the 24,450 genes [80] of the cnidarian H. vulgaris [24]
(Figure 2). While ctenophores do not harbour Bcl-2 family genes, we detected them in the
tunicate C. intestinalis [60], including Bok, Bax, and Bcl-2 homologues; however, we were
unable to detect them in the tunicate Oikopleura dioica. Early Bilaterians generally have genes
that cluster with the mammalian Bcl-2 family (Figure 4b). The absence of Bcl-2 genes in
ctenophores, myxozoans, some tunicates, and certain nematodes [31] suggests Bcl-2 gene loss
is not critical to survival, homeostasis, development and multicellularity in these organisms.

The key feature of pro-apoptotic proteins is the BH3-motif and it appears in the
Bax/Bak-like proteins of porifera but we were unable to identify clear candidates for BH3-
only proteins in either porifera or placozoa. Consistent with Lasi et al. in their investigation
of hydra [24], we identified BH3-only candidates in cnidarian genomes (Figure 5). We
also observed that BH3-only proteins were not found where the multi-motif Bcl-2 genes
have been deleted, such as the myxozoans. In the bilaterians, BH3-only proteins have
been identified in some but not all Ecdysozoa (C. elegans [81], but not other branches of
the nematodes [31] or insects, D. melanogaster). The nematodes that lack a Bcl-2 protein
also lack a homolog of the BH3-only gene eg/1. The platyhelminth genomes Schistosoma
japonicum and Schistosoma mansoni bear BH3-only proteins and these Lophotrochozoans
mimic the tripartite Bcl-2 function in mammals [55]. Performing sequence searches based
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on either the schistosome or nematode BH3-only protein sequences in an orthogonal search
strategy, we failed to identify homologues in the alternate organisms; this suggests that
BH3-only proteins from schistosomes and nematodes are not phylogenetically closely
related and may have arisen by convergent evolution in the nematodes. In deuterostomes,
we identified potential BH3-only proteins in Echinoderms, Hemichordates (i.e., the Ambu-
lacraria arm of deuterostomes), the Chordates Cephalochordata and vertebrates, but not
in Urochordate O. doica as expected. Bid and other BH3-only proteins appear absent from
hagfish (E. burgeri) and lamprey (P. marinus); however, several multi-motif Bcl-2 proteins
are present in these cases. Using mammalian Bad as a seed, a homologue was identified
in Actinista (Coelacanths) while Bim and Bmf are absent. Bim, Bmf and Bid appear in
Chondrichthyes (sharks and rays) and these are accompanied by Puma in Holostei (L. oculata,
garfish). Homologues of Bik-like, Puma-like, and Noxa-like as well as Bim, Bad, Bmf, and Bid
are present in the zebrafish D. rerio, but Hrk appears absent. In combination, these findings
imply the BH3-only proteins arose later in evolution than the multi-motif Bcl-2 family.

Structural comparisons on the G. cydonium, T. adhaerens, and H. vulgaris Bcl-2 proteins
with those from higher organisms demonstrate that the 3D structure of Bcl-2 proteins is
essentially topologically invariant over evolutionary history (Figure 2). The uniqueness
of the Bcl-2 fold is suggestive of a monophyletic origin and derivation from a common
ancestor [82], though such an ancestor has yet to be identified. Moreover, the sequence
and structure conservation suggest that the Bax—Bcl-2 interaction is preserved from early
metazoans. Sequence analysis predicts that the BH3-only proteins are IDPs and is consistent
with the known BH3-only proteins [67]. The occurrence of Bim, Bad, and Bmf prior to
Bid infers that intrinsic disorder of BH3-only proteins is fundamental to their action.
Structural studies indicate that similar to their mammalian counterparts, the BH3-in-groove
mechanism is likely to be the basis of Bcl-2 protein action in early metazoans [23,25,26]
and the BH3-in-groove interaction mechanism between pro-apoptotic and pro-survival
proteins is conserved from sponges to man. Combined, these data point to the presence of
a sophisticated network of Bcl-2 protein activity in early metazoans.

The question arises as to when the mechanism of activation of apoptosis by cytochrome
c occurred [4]. Currently there is little functional data available for the early metazoans.
Certain placozoan Bcl-2 homologs localize to mitochondria in mammalian cells and ex-
pression of Bax/Bak homologs lead to cytochrome c release and caspase 3 activation, the
hallmarks of apoptosis [26]. The hydra Bcl-2 protein, HyBcl-2-4, localizes to mitochondria
and prevents apoptosis [83] and hydra Bcl-2 proteins interact [24,25]. The structural basis of
apoptosis of Bcl-2 mediated apoptosis in placozoan [26] and hydra [25] revealed that they
rely on the BH3-in-groove mechanism observed in higher organisms [25] and indicate that
mitochondrially signalled apoptosis is possible in placozoans and cnidarians. Experiments
on cytosolic extracts from Echinoderms Strongylocentrotus purpuratus (purple sea urchin)
and Dendraster excentricus (sand dollar) indicated caspase activation was induced with cy-
tochrome ¢ [56]. However, investigation of the nematodes Trichuris suis and Plectus sambesii
showed their Bcl-2 homologs localized to the MOM but neither interaction with BH3 mo-
tifs nor cytochrome c release were observed [31]. In contrast, Bak and Bcl-2 homologs
appear the basis of cytochrome c release and apoptosis in platyhelminths (S. mediterranea
and Dugesia dorotocephala) [56] and potential BH3-only proteins occur in the genomes of
platyhelminths S. japonicum and S. mansoni [55]. Together, the current data from phyla
Lophotrochozoa and Echinodermata indicate that in contrast to the Ecdysozoans intrinsic
apoptosis occurs via cytochrome c triggered MOMP (Figure 4c). While homologs of modu-
lators of apoptosis such as caspases and Bcl-2 family members exist in T. adhaerens [4,26],
their exact functions are yet to be verified, though structural biochemical and functional
studies indicate functional conservation between this basal metazoan [26] with bilaterian
intrinsic apoptosis.
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4. Materials and Methods

Bcl-2 orthologues were sought initially in the OrthoDB database (https://www.
orthodb.org) [84] accessed on 29 July 2020. Sequence searches were performed using
the NCBI databases and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) [33] accessed
on 29 July 2020 using sequences of known Bcl-2 proteins from human (Bcl-2, Bcl-xp,, Bcl-w,
Mcl-1, A1, Bcl-B, Bax, Bak, Bok, Bim Bad Bmf, Bid, Bik, Puma, Hrk, Noxa), G. gallus (Bcl-2,
Bcl-211, Bcl-2A1, Baxb, NR13, Bok, Ml-1, Bak1) nematode (C. elegans CED9, Egl-1), zebrafish
(D. rerio Bcl-2a, Bcl-2b, Bcl-211, Bcl-216, Boka, Bokb, Bcl-2110, Mcl-1a, Mcl-1b, Baxa, Baxb),
sponge (G. cydonium BHP1, BHP2) and H. vulgaris [24] as seeds.

Sequence database searches were performed using the following: Ensembl, GeneDB,
Broad Institute, Joint Genome Institute (JGI), National Human Genome Research Institute
(NHGRI), National Center for Biotechnology Information (NCBI). The OIST Genome browser
(http:/ /marinegenomics.oist.,jp/gallery/) (accessed on 29 July 2020) database was used for
searches of the genomes of the Cnidarians, M. virulenta, [46], A. aurita [46] using the H. vulgaris
Bcl-2 protein sequences as seeds. Genomes of Echinoderms: Strongylcentrotus purpuratus [64]
(NCBI), Crown of thorns star fish, Acanthaster planci [85], and Apostichopus japonicum
were searched using the OIST Genome browser. Tunicate Bcl-2 proteins in O. dioica were
sought using OikoBase (http://oikoarrays.biology.uiowa.edu/Oiko/) [86] accessed on
29 July 2019 and those present in B. schlosseri (http:/ /octopus.obs-vlfr.fr/public/botryllus/
blast_botryllus.php) [87] accessed on 29 July 2019 using BLAST searches. Early branching
metazoa Oscarella carmela, (homoscleromorpha), Sycon ciliatum (Calcarea) were obtained
from Blast searches of Compagen (http:/ /www.compagen.org) accessed on 29 July 2019.

Hidden Markov Model (HMM) [34,88] searches were performed either on the MPI
site https:/ /toolkit.tuebingen.mpg.de (accessed on 29 July 2019) against the standard non-
redundant databases 0, 30, 50, and 90% [89] or the EBI https://www.ebi.ac.uk/Tools/
hmmer/ [90] (accessed on 29 July 2019) using full-length Bcl-2 proteins. Iterative HMM
searches were performed on the EBI site using JACKHMMER using seed sequences of
known or predicted Bcl-2 proteins. Sequence alignments were performed in MEGA?7 [35]
using Muscle with the standard parameters provided. Phylogenetic trees were calculated in
MEGA?7 [35] with 1000 steps bootstrap, maximum likelihood method. Structural similarity
searches of the PDB database were performed with DALI (http://ekhidna2.biocenter.
helsinki.fi/dali/) [37] (accessed on 29 July 2019).

Bcl-2 fold and BH regions were confirmed using the NCBI Conserved Domain Database
(CDD,) https:/ /www.ncbinlm.nih.gov/Structure/cdd /wrpsb.cgi [36] accessed on 29 July 2019.

Structure based phylogenetic trees were generated from the structure-based align-
ment produced in DALI [37].The intrinsically disordered status of the predicted BH3-
only proteins were determined using the averaged per residue outputs from the IDP
predictors from the Predictor Of Natural Disorder Regions (PONDR) family (PONDR:
VLXT, VSL2, VL3) (http://www.pondr.com/) [68] (accessed on 29 July 2019), PONDR-FIT
(http:/ /original.disprot.org/pondr-fit.php) [91] (accessed on 29 July 2019) and IUPred
(https:/ /iupred2a.elte.hu/) [70] (accessed on 29 July 2019). This method improves the
predictive performance of the IDP prediction [92].

5. Conclusions

A generally accepted consensus on the phylogeny of metazoans has yet to emerge, in
part due to the difficulty in identifying and differentiating orthologous and paralogous
proteins [93] (Figure 4a), and this seems particularly true in the Bcl-2 family, where there
are multiple members and a complex network of interactions. However, the advent of gene
sequencing and structural biology initiatives and searchable databases has made it possible
to compare sequences and structures across evolutionary timeframes. While it is unlikely
that a single gene family, such as the Bcl-2 family, can resolve the conflicts in evolutionary
paths that have arisen in metazoan lineages [94], the conservation of the Bcl-2 family
in metazoans makes them a model candidate for aiding the delineation of evolutionary
relationships. The question of the ultimate metazoan ancestor, the ‘Ur’ metazoan, remains
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unresolved, but the Bcl-2 proteins appear early in metazoan evolution. The absence of Bcl-2
genes in some metazoans indicates that mitochondrial activated apoptosis is not an obligate
feature of metazoans and the absence of the BH3-only group in the earliest metazoans, but
not all metazoans, also indicates they are non-obligatory in intrinsic apoptosis. This finding
is consistent with the observation that mitochondria-based apoptosis can be triggered in
the absence of BH3-only proteins [95]. Furthermore, knockout of Bak, Bax, and Bok, the
key genes in mitochondria-signalled apoptosis in mice, showed this pathway is not strictly
necessary, at least for developmental apoptosis [96]. Ecdysozoans appear to have lost
most Bcl-2 proteins and in some cases in their entirety [31]. There are clearly differences in
Bcl-2 mechanisms, for example, hydra appear to have the mammal-like tripartite apoptosis
signalling (pro-survival, pro-apoptotic and BH3-only members) but in placozoans Bak-like
protein may substitute for the BH3-only proteins. The nematodes have a much-reduced
dependence on their Bcl-2 proteins and like some earlier metazoans have gene loss that
has eliminated the family altogether. Many early metazoans have greatly expanded Bcl-2
families when compared to later metazoans and the contraction in the number of Bcl-2 genes
higher metazoans corresponds to the advent of adaptive immune responses. Examining the
foundations of Bcl-2 regulated apoptosis functional relationships may clarify and deepen
the role this family in evolution and disease [97].
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