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OPEN ACCESS Apoptosis is regulated by evolutionarily conserved signaling pathways to remove
damaged, diseased or unwanted cells. Proteins homologous to the B-cell lymphoma 2

(Bcl-2) family of proteins, the primary arbiters of mitochondrially mediated apoptosis, are
encoded by the cnidarian Hydra vulgaris. We mapped interactions between pro-survival
and pro-apoptotic Bcl-2 proteins of H. vulgaris by affinity measurements between Hy-
Bcl-2-4, the sole confirmed pro-survival Bcl-2 protein, with BH3 motif peptides of two
Bcl-2 proteins from hydra that displayed pro-apoptotic activity, Hy-Bak1 and Hy-BH3-
only-2, and the BH3 motif peptide of the predicted pro-apoptotic protein Hy-Bax. In add-
ition to peptides from hydra encoded pro-apoptotic proteins, Hy-Bcl-2-4 also engaged
BH3 motif peptides from multiple human pro-apoptotic Bcl-2 proteins. Reciprocally,
human pro-survival Bcl-2 proteins Bcl-2, Bcl-x., Bcl-w, Mcl-1 and A1/Bfl-1 bound to
BH3 spanning peptides from hydra encoded pro-apoptotic Hy-Bak1, Hy-BH3-only and
Hy-Bax. The molecular details of the interactions were determined from crystal structures
of Hy-Bcl-2-4 complexes with BH3 motif peptides of Hy-Bak1 and Hy-Bax. Our findings
suggest that the Bcl-2 family in hydra may function in a manner analogous to the Bcl-2
family in humans, and less like the worm Caenorhabditis elegans where evolutionary
gene deletion has simplified the apoptotic program. Combined, our results demonstrate
the powerful conservation of the interaction pattern between hydra and human Bcl-2
family members. Furthermore, our data reveal mechanistic differences in the mode of
binding between hydra and sponges such as Geodia cydonium, with hydra encoded Bcl-
2 resembling the more promiscuous pro-apoptotic Bcl-2 members found in mammals
compared with its sponge counterpart.
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Introduction

The programmed death of cells is controlled by several evolutionarily conserved signaling pathways,
which enable the removal of damaged, diseased or unwanted cells in a controlled manner [1]. One
such pathway is apoptosis [2], a process that is characterized by cell shrinkage, blebbing and fragmen-
tation into apoptotic bodies for subsequent phagocytosis via neighboring cells [3]. At a molecular
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structure, which leads to the release of cytochrome ¢ [6,7]. The BH3-only proteins include Bad, Bid, Bik, Bim,
Bmf, Hrk, Noxa and Puma, and act by either neutralizing the pro-survival Bcl-2 members or by directly acti-
vating Bak and Bax [8].

Although Bcl-2 mediated apoptosis is evolutionarily conserved [9], the detailed mechanisms underlying this
process differ in a species-dependent manner. Mammalian species encode a substantial number of Bcl-2 family
members whose signaling converges on mitochondria. Mitochondrial rupture and cytochrome c release leads to
oligomerization of the adaptor protein APAFI to form the apoptosome that ultimately activates caspases to
execute apoptosis [10]. In the worm Caenorhabditis elegans a much simpler system is in operation, where a
single pro-survival Bcl-2 protein and BH3-only protein co-operate to free CED-4 for apoptosome formation
and activation of downstream caspases without the necessity for mitochondrial disruption [11]. In sponges
(phylum Porifera), both pro-survival Bcl-2 and multi-motif pro-apoptotic Bcl-2 proteins have been identified,
which may co-operate to control apoptosis signaling [12-15]. However, no BH3-only proteins have been identi-
fied in sponges to date.

An early metazoan that has been shown to encode apoptosis regulatory proteins is Hydra vulgaris, a member
of the phylum Cnidaria. An initial report described seven pro-survival Bcl-2 homologs as well as two Bak-like
proteins and four putative BH3-only proteins [16], although more recent data has identified additional
members [17]. Functional analysis revealed that six out of the seven pro-survival Bcl-2 like proteins provided
some protection against cell death initiation when expressed in human HEK293T cells, with HyBcl-2-4 the
most potent pro-survival protein [16]. In contrast, only HyBakl, HyBak2 and HyBH3-only-2 displayed
pro-apoptotic activity [16]. Yeast-two-hybrid assays suggested that despite the individual activities of the hydra
encoded Bcl-2 proteins, interactions could only be identified between HyBcl-2-4 with HyBakl and
HyBH3-only-2, suggesting that these three molecules constitute a putative core signaling pathway. Here, we
report a structural and functional investigation into HyBcl-2-4 and its interaction with BH3 motifs from
HyBax, HyBakl and HyBH3-only-2. HyBaxBH3 binds with relatively lower affinity than HyBak1BH3 or the
BH3 region of the BH3-only protein HyBH3-only-2 to HyBcl-2-4. Structural analysis showed that HyBcl-2 has
a Bcl-2 fold and that BH3-peptides from pro-apoptotic hydra Bcl-2 proteins bind in the canonical binding
groove. We further observe that many of the intermolecular contacts between the BH3-ligand and HyBcl-2-4
are also conserved between hydra and man. The conservation of the interactions was shown by the ability of
HyBcl-2-4 to bind human BH3-peptide sequences and reciprocally human Bcl-2 members bound the
BH3-regions of hydra Bcl-2 proteins. These results point to the highly evolutionarily conserved nature of the
Bcl-2 family and its interactions in basal metazoans such as cnidarians and mammals retaining the molecular
interfaces of BH3-Bcl-2 interaction. Moreover, our structural studies confirm that the Bcl-2 family is extant in
cnidarians and together with our earlier studies on the poriferan, G. cydonium Bcl-2 homolog BHP2 [12] show
that the Bcl-2 family was well-established in the earliest metazoans.

Experimental (materials and methods)

Protein expression and purification

Synthetic cDNA encoding for codon-optimized HyBcl-2-4 (Uniprot Accession number A7LM80) lacking 30
C-terminal residues (referred to as GST-HyBcl-2-4) was cloned into the bacterial expression vector pGEX-6P3
(Bioneer, Melbourne, Australia) using BamHI at the 5" end and EcoRI at the 3’ end. A second synthetic cDNA
encoding for codon-optimized HyBcl-2-4pMAL residues 2-160 (referred to as MBP-HyBcl-2-4) was cloned
into the bacterial expression vector pMAL c4x-1-M(RBS) using Sacl at the 5’ end and EcoRI at the 3’ end
(Genscript, Nanjing, China), resulting in HyBcl-2-4 being fused to MBP via the sequence NSSS. Recombinant
GST-HyBcl-2-4 was expressed in BL21 DE3 Codon Plus RIPL cells using the auto-induction method [18] for
24 h at 30°C with shaking. The cells were harvested by centrifugation at 6000 rev min~" (JLA 9.1000 rotor,
Beckman Coulter Avanti J-E, Beckman, Brea, California, US) for 20 min and bacterial pellets were resuspended
in 50 ml lysis buffer 50 mM Tris pH 8.5, 300 mM NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA).
The cells were lysed via sonication (Model 705 Sonic Dismembrator, Fisher Scientific, Hampton, New
Hampshire, US), and the resultant lysate transferred into SS34 tubes for further centrifugation at 16 000 rev
min~"' (JA-25.50 rotor, Beckman Coulter Avanti J-E) for 20 min. The supernatant was filtered and loaded onto
a 5 ml Glutathione Sepharose 4B resin column (GE Healthcare, Chicago, Illinois, US) equilibrated with lysis
buffer. After sample application, the column was washed with five column volumes of lysis buffer followed by
HRV 3C protease cleavage on column overnight at 4°C.
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The column was washed with five column volumes of lysis buffer to remove the liberated target protein and
concentrated to a volume of 1 ml. Concentrated GST-HyBcl-2-4 was subjected to size-exclusion chromatog-
raphy using a Superdex $200 10/300 column mounted on an AKTApure system (GE Healthcare, Chicago,
Mlinois, US) equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl, where it eluted as a single peak. The final
sample purity was assessed using SDS-PAGE.

Recombinant MBP-HyBcl-2-4 was expressed in BL21 DE3 Codon Plus RIPL cells using the auto-induction
method [18] for 24 h at 30°C with shaking, and expressed as previously described [19]. Purified protein was
concentrated (Amicon ® Ultra 15, 30 kDa, Merck, Burlington, Massachusetts, US) to a final concentration of
10 mg/ml. Synthetic ¢cDNA encoding for human pro-survival proteins Bcl-2 (residues 10-203, Uniprot
P10415), Bcl-x; (residues 1-209Aloop45-84, Uniprot Q07817), Bcl-w (residues 9-152, Uniprot Q92843), Mcl-1
(residues 171-320, Uniprot Q07820) and A1/Bfl-1 (residues 1-151, Uniprot Q16548) were cloned into the
PGEX-6P1 bacterial expression vector (GenScript, Nanjing, China). Bcl-w and Mcl-1 were expressed under con-
ditions as described above using BL21STAR cells, whereas Bcl-2, Bcl-x;, and Al were expressed as described
above for GST-hyBcl-2-4. All proteins were purified as described for GST-hyBcl-2-4 and concentrated in
25 mM Hepes pH 7.0, 150 mM NaCl to a concentration of 5 mg/ml for binding affinity measurement.

Sequence analysis

Structure-based sequence alignment of Figure la was performed using Dali pairwise alignment [20] with
HyBcl-2-4 and each of the other three structures as a pair. Output sequences alignments were manually
merged to generate a single alignment. The limits of the BH motifs are from [5]. Sequences in Figure 1b where
aligned using MUSCLE [21].

Measurement of dissociation constants

Binding affinities were measured by isothermal calorimetry (ITC) using a MicroCal iTC200 system (GE
Healthcare, Chicago, Illinois, US) at 25°C as previously described [22]. Recombinant fusion tag-free HyBcl-2-4
prepared in 25 mM Hepes pH 7.5, 150 mM NaCl was used to measure binding. Human pro-survival Bcl-2,
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Figure 1. Sequence and structure alignment of hydra, human and sponge Bcl-2 proteins.

(a) Structure-based sequence alignment of HyBcl-2-4 with pro-survival Bcl-2 family members human Bcl-x_ (PDB ID 4QNQ), human Bcl-2 (PDB ID
6G18) and G. cydonium BHP2 (PDB ID 5TWA). H denotes helical secondary structure based on HyBcl-2-4. The extent of the BH motifs are marked
in color for hsBcl-x, and hsBcl-2 based on those defined in [5]; BH4, khaki; BH3, green; BH2, red; BH1, magenta. The structure-based sequence
alignment was performed using Dali [20]. (b) Sequence alignment of BH3 motifs of Hy-BH3-only-2 (Genebank hma2.221399), HyBak1 (Uniprot
T2MD83) and HyBax (Uniprot T2MDZ0) with human pro-apoptotic Bcl-2 proteins Bim (Uniprot 043521), Bak (Uniprot Q16611) and Bax (Uniprot
QO07812). The four conserved hydrophobic residues are shaded in khaki, and the conserved aspartic acid in red. Sequence position numbers are
given for each sequence.
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Bcl-x, Bcl-w, Mcl-1 and A1/Bfl-1 were prepared in 25 mM Hepes pH 7.0, 150 mM NaCl. The BH3 motif pep-
tides used were commercially synthesized and purified to a final purity of 95% (GenScript, Nanjing, China).
The sequences of the H. vulgaris BH3 motif peptides used were: HyBakl BH3 SNGETENLGRVLASFGDEIND
KYRQV (Uniprot T2MD83; residues 67-92) [16], HyBH3-only-2 BH3 SMRRLRAIGACLRAIGDDIQSRSEKS
(Genebank hma2.221399; residues 40-66) [16] and HyBaxl (SRNGTVNKEVAHCLKRIGDDLVNNHQLN)
(Uniprot T2MDZ0 residues 90-117). All other peptides employed were described previously [23]. Affinities
(Kp, dissociation constant) are tabulated in Figure 2.

Crystallization and data collection

A complex of MBP-HyBcl-2-4 with HyBakl BH3 peptide was prepared as previously described [24].
MBP-HyBcl-2-4 was incubated with HyBakl BH3 motif in a molar ratio of 1:1.2 (protein: peptide). The
mixture was left on ice for 10 min followed by the addition of 4 mM of Maltose and further incubating for 10
more minutes. High-throughput sparse matrix screening was carried out using 96-well sitting-drop trays
(Swissci, Neuheim, Switzerland) and the vapour-diffusion method at 20°C. Crystals of MBP-HyBcl-2-4:HyBak1
BH3 were obtained at 87 mg ml~" using the sitting-drop method at 20°C in 0.2 M magnesium acetate and 20%
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Figure 2. Interactions of HyBcl-2-4 with BH3 domain peptides of hydra encoded pro-apoptotic Bcl-2 proteins.

(@) ITC thermograms of the interaction between HyBcl-2-4 for BH3 domain peptides from hydra and human BH3 peptides (26-mers, except for a
Bid 34-mer and Bax 28-mers). (b) Interactions of HyBcl-2-4 with BH3 domain peptides of human pro-apoptotic Bcl-2 proteins as well as
interactions of human Bcl-2, Bcl-x, Bcl-w, Mcl-1 and A1 with BH3 domain peptides of hydra encoded pro-apoptotic Bcl-2 proteins. All affinities
were measured using ITC. Tabulation of affinity (KD) values (nM) are the means of 3 experiments + SD. NB: no binding detected.
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PEG3350. The crystals were flash-cooled at —173°C in mother liquor. The MBP-HyBcl-2-4:HyBakl BH3
complex formed plate-like crystals belonging to space group P2;2;2; in the orthorhombic crystal system. Native
diffraction data for MBP-HyBcl-2-4:HyBakl BH3 were collected on the MX2 beamline at the Australian
Synchrotron using an EIGER 16 M detector (Dectris, Baden-Daetwil, Switzerland) with an oscillation range of
0.1° per frame and a wavelength of 0.9537 A. Diffraction data were integrated using XDS [25] and scaled using
AIMLESS [26]. The structure was phased by molecular replacement using PHASER [27] with the structures of
MBP (PDB ID 6TZC) and a modified PDB of human Bcl-x; (PDB ID 3PL7) [28] as search models. The struc-
ture was rebuilt manually using Coot [29] and refined using PHENIX [30]. MBP-HyBcl-2-4:HyBakl BH3 crys-
tals contained one chain of MBP—HyBcl—2—4 and one chain of HyBakl BH3 in the asymmetric unit, with a
calculated solvent content of 45.2%, and the final model was refined to an R,,o/Reee Of 22.2/25.1 with 98.3%
of residues in the favored region of the Ramachandran plot and no outliers. Crystals of MBP-HyBcl-2-4:HyBax
BH3 were obtained at 114 mg ml™" using the sitting-drop method at 20°C in 0.2 M magnesium chloride hexa-
hydrate, 25% PEG3350 and 0.1 M Bis-Tris pH 5.5. The crystals were flash-cooled at —173°C in mother liquor.
The MBP-HyBcl-2-4:HyBax BH3 complex formed plate like crystals belonging to space group P2; in the
monoclinic crystal system. Data collection, phasing and refinement were performed as described for the MBP—
HyBcl—2—4:HyBakl BH3 complex. Details of the data collection and refinement statistics are summarized in

Table 1. X-ray data collection and refinement statistics

HyBcl-2-4:HyBak1 BH3 HyBcl-2-4:HyBax BH3
Data collection
Space group P2,2:24 P2,
Cell dimensions
a, b, c (A 54.07, 73.63, 140.39 51.25, 70.23, 72.36
a, By () 90.00 90.00 90.00 90.00 97.10 90.00
Wavelength (A) 0.9537 0.9537
Resolution (A) 50.93-2.20 (2.20-2.26) 71.80-2.00 (2.00-2.05)
Rsym OF Rmerge 0.137 (1.56) 0.148 (1.25)
I/ol 8.6 (1.4) 3.7(1.1)
Completeness (%) 99.1 (94.4) 99.9 (99.9)
CCise 0.99 (0.94) 0.99 (0.448)
Redundancy 10.8 (10.3) 3.4 (3.5)
Refinement
No. reflections 29183 34338
Ruwork/Riree 0.222/251 0.231/268
Clashscore 1.67 1.63
No. atoms
Protein 2867 4302
Ligand/water 3/128 1/192
B-factors
Protein 52.84 41.92
Ligand/ion 62.50 35.46
Water 49.18 37.5
R.m.s. deviations
Bond lengths (A) 0.003 0.007
Bond angles (°) 0.62 0.99

Numbers in parentheses are for the highest resolution shell.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC- 3291
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Table 1. MBP-HyBcl-2-4:HyBax BH3 crystals contained one chain of MBP-HyBcl-2-4 and one chain of HyBax
BH3 in the asymmetric unit, with a calculated solvent content of 42.5%, and the final model was refined to an
Ryork/ Riree Of 23.1/26.8 with 98.5% of residues in the favored region of the Ramachandran plot and no outliers.
All images were generated using the PyMOL Molecular Graphics System, Version 1.8 Schrddinger, LLC. All
software were accessed using the SBGrid suite [31]. All raw diffraction images were deposited on the SBGrid
Data Bank [32] using their PDB accession numbers.

Results

In Figure 1, we compare the protein sequences of hydra, human and sponge Bcl-2 proteins and BH3 motifs of
human and hydra Bcl-2 proteins, it is clear the hydra proteins share the key features of the BH motifs with
human Bcl-2 proteins. To understand the interplay of hydra encoded Bcl-2 family members we recombinantly
expressed the most potent pro-survival member HyBcl-2-4. Using a HyBcl-2-4 construct lacking the
C-terminal 30 residues that encode a putative membrane anchoring sequence we examined the ability of
HyBcl-2-4 to interact with BH3 motif peptides from hydra pro-apoptotic Bcl-2 proteins. Isothermal titration
calorimetry (ITC) was performed to determine the affinity of these interactions. HyBcl-2-4 bound a peptide
spanning the BH3 motif of HyBakl with a Kp of 310 nM, and a BH3 motif peptide of HyBH3-only-2 with a
Kp of 149 nM, whereas the BH3 motif of HyBax bound with a more modest K, of 2290 nM (Figure 2a). To
determine the structural basis for HyBcl-2-4 mediated inhibition of apoptosis we next determined the crystal
structures of the HyBcl-2-4:HyBakl BH3 and HyBcl-2-4:HyBax BH3 complexes. Crystallization of HyBcl-2-4
complexes was initially unsuccessful, and in order to facilitate crystallization we employed a strategy where
Maltose-binding protein (MBP) was fused via a short linker sequence to the N-terminus of HyBcl-2-4 to
provide additional opportunities for crystal contact formation [19]. The resulting MBP-HyBcl-2-4:HyBakl BH3
crystals diffracted to a resolution of 2.2 A (Table 1). Clear and continuous density was observed for MBP resi-
dues 28-392 as well as HyBcl-2-4 residues 7-158 and HyBakl BH3 residues 71-92. Similarly, MBP-HyBcl-2-4:
HyBax BH3 complex crystals diffracted to a resolution of 2.0 A (Table 1). Clear and continuous density was
observed for MBP residues 26-392 as well as HyBcl-2-4 residues 1-160 and HyBax BH3 residues 92-117.
HyBcl-2-4 adopts the classical Bcl-2 fold comprising eight a-helices, with seven amphipathic helices arranged
around the core hydrophobic helix 5 (Figure 3). A Dali structural similarity analysis [20] revealed that human
Bcl-x; (PDB ID 4QNQ) is the closest structural homolog, with an rmsd of 1.7 A over 144 Ca atoms. The pro-
survival Bcl-2 protein BHP2 from the sponge G. Cydonium [12] superimposes with an rmsd of 2.3 A over 158
Co. atoms. A structure-based sequence alignment is provided in Figure la comparing HyBcl-2-4 with the
sequences of human Bcl-x; and Bcl-2 and the sponge G. cydonium BHP2 structures. This alignment shows
that structurally equivalent residues have been conserved over evolutionary time spans between these organ-
isms. Moreover, the conservation of the key residues in the BH3-only protein HyBH3-only-2 with other hydra
Bcl-2 family proteins and human Bax (Figure 1b) also indicates that the key intermolecular contacts would be
expected to be conserved in BH3-only protein-pro-survival Bcl-2 interactions.

Similar to other pro-survival Bcl-2 family members, HyBcl-2-4 features the canonical hydrophobic ligand-
binding groove that is formed by helices 02-a5 that engages the HyBakl and HyBax BH3 peptides (Figure 3).
The overall mode of engagement of BH3 motif peptides by HyBcl-2-4 is identical with that previously
observed for other pro-survival Bcl-2:BH3 peptide complexes, including human Bcl-x;:Bim [33], C. elegans
CED-9:EGL-1 [34] and sponge BHP2:LB-Bak2 [12] as well as vaccinia virus encoded F1L:Bak [35] (Figure 3).
In the MBP-HyBcl-2-4:HyBakl BH3 complex, the four conserved hydrophobic HyBakl residues L74, L78,
F81, 185 protrude into four hydrophobic pockets in HyBcl-2-4 (Figure 4a). The canonical ionic interaction
formed by an Asp from a BH3 motif and an Arg from a pro-survival Bcl-2 protein is present and formed by
HyBcl-2-4 R99 and HyBakl D83 (Figure 4a). In addition to this, a second salt-bridge is present between
HyBcl-2-4 E89 and HyBakl R76 (Figure 4b). These conserved interactions are supplemented by an additional
three hydrogen bonds, including HyBcl-2-4 N96:HyBakl D83, HyBcl-2-4 G98:HyBakl N86 and HyBcl-2-4
E56:HyBakl Y89. In the HyBcl-2-4:HyBax BH3 complex (Figure 4b), HyBax residues V99, L103, 1106 and
L110 protrude into four hydrophobic pockets in HyBcl-2-4. Furthermore, the canonical ionic interaction is
formed by D108 from HyBax BH3 motif and R99 from HyBcl-2-4 (Figure 4b). These conserved interactions
are supplemented by an additional two salt bridges that includes HyBcl-2-4 E89:HyBax K97 and H101 and
HyBcl-2-4 E56:HyBax H114. Two hydrogen bonds, including HyBcl-2-4 N96:HyBax D108, HyBcl-2-4 I155:
HyBax N117 (Figure 4b).
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Figure 3. Ribbon representation of HyBcl-2-4 bound to HyBak1 BH3 and HyBax BH3 domain.

(@) HyBcl-2-4 (slate) in complex with the HyBak1 BH3 domain (sand). HyBcl-2-4 helices are labeled o1-08. The view in (a) is
into the hydrophobic binding groove formed by helices a2—a5. The view is directed towards the hydrophobic binding groove
formed by helices a2—a5. (b) HyBcl-2-4 (slate) in complex with the HyBax BH3 domain (orange). HyBcl-2-4 helices are labeled
a1-08. (c) BHP2 (pink) in complex with the LB-Bak-2 BH3 domain (green) [12] (PDB ID 5TWA). (d) CED9 (yellow) in complex
with the EGL1 BH3 domain (light blue) (PDB ID 1TY4) [34]. The view is as in (a). (e) Bcl-x,_ (teal) in complex with the Bim BH3
domain (chocolate) (PDB ID 1PQ1) [33] (a). (f) Vaccinia virus F1L (olive) in complex with the Bak BH3 domain (cyan) (PDB ID
4D2L) [35]. All views are as in (a).
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Figure 4. Detailed interactions of HyBcl-2-4 with HyBak1 and HyBax.

(a) Detailed view of the HyBcl-2-4:HyBak1 BH3 interface. The HyBcl-2-4 surface, backbone and floor of the binding groove are
shown in gray, and magenta respectively, while HyBak1 BH3 is shown in sand. The four key hydrophobic residues of HyBak1
(L74, L78, F81, 185) are protruding into the binding groove, and the conserved salt-bridge formed by HyBak1 D83 and
HyBcl-2-4 R99 are labeled, as well as residues involved in hydrogen bonds. (b) Detailed view of the HyBcl-2-4:HyBax BH3
interface depicted as in (a) but with HyBak1 BH3 shown in orange. The four key hydrophobic residues of HyBak1 (V99, L103,
1106, L110) protrude into the binding groove and the conserved salt-bridge formed by HyBax D108 and HyBcl-2-4 R99 are
labeled, in addition to the residues involved in hydrogen bonds.

To gain biochemical insight into the conservation of engagement of pro-apoptotic interactors we examined
the ability of HyBcl-2-4 to bind to BH3 motif peptides from mammalian pro-apoptotic Bcl-2. Indeed,
HyBcl-2-4 was able to engage BH3 motif peptides of all human pro-apoptotic Bcl-2 proteins except Bok, with
high-affinity interactions with Puma (Kp 16 nM), Bim (Kp 48 nM) and Bid (Kp 64 nM) (Figure 2b).
Interestingly, HyBcl-2-4 was also able to bind a BH3 motif peptide from the sponge LB-Bak-2 with a Kp of
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77 nM. We then examined the ability of human pro-survival Bcl-2 proteins to bind BH3 motif peptides from
pro-apoptotic HyBH3-only-4, HyBakl and HyBax. All human pro-survival Bcl-2 proteins were able to bind all
three hydra-derived pro-apoptotic BH3 motif peptides, with Mcl-1 displaying the tightest binding with Kp
values of 50, 67 and 41 nM for HyBH3-only-2, HyBakl and HyBax, respectively (Figure 2b).

Discussion

Bcl-2 mediated apoptosis is an evolutionarily conserved signaling pathway that regulates processes as diverse as
homeostasis, tissue architecture and immune defence [10]. Although apoptosis is best understood in higher
organisms, it has become increasingly clear that it also plays an important role in simpler and evolutionary
ancient metazoans, including sponges [13], placozoans [36] and hydra [16,37]. Although our understanding of
apoptosis signaling in sponges is rudimentary [13-15], several sponges have been shown to encode for Bcl-2
proteins but not BH3-only proteins. These studies indicate putative Bcl-2 regulated signaling pathways are
present in sponges, the sister group to all other metazoans, but our mechanistic understanding how Bcl-2
family members co-operate is limited in these organisms [13-15]. In contrast with sponges, a full complement
of Bcl-2 proteins including pro-survival, pro-apoptotic and BH3-only proteins has been identified in hydra,
including nine pro-survival Bcl-2 like proteins, two pro-apoptotic Bak-like proteins as well as Bax and four
pro-apoptotic BH3-only like proteins [16,17]. However, despite the presence of a substantial number of putative
Bcl-2 family members, only three members interacted in a manner that would reconstitute a simple tripartite
apoptosis signaling pathway, comprising pro-survival HyBcl-2-4 as well as pro-apoptotic HyBakl and
HyBH3-only-2 [16]. We now show that one of the four pro-survival Bcl-2 homologs, HyBcl-2-4, adopts a
Bcl-2 fold and binds the BH3 motifs of HyBakl and Hy-BH3-only-2 tightly with nanomolar affinities as well
as HyBax with micromolar affinity. Furthermore, these interactions are mediated via binding to the canonical
ligand-binding groove in the same manner that mammalian pro-survival Bcl-2 proteins engage their
pro-apoptotic counterparts (Figures 3 and 4) and many of the structural and sequence features are maintained
over the evolutionary time spans separating hydra and man (Figure 1). In agreement with this, a mutation of a
key conserved leucine located 5 residues N-terminal to the conserved aspartate (Figure 1b) in the BH3 motif of
HyBakl1, L78E, abolished its binding to HyBcl-2-4 [16] (Figure 4). Mutation of the corresponding residue, or
all four hydrophobic residues in the mammalian BH3-only protein BimBH3 abrogated interaction with its pro-
survival Bcl-2 partners [38].

Despite the shared ability to engage a Bak-like pro-apoptotic Bcl-2 protein, a comparison between the Bak
BH3 binders from sponge (G. cydonium BHP2) and hydra (HyBcl-2-4) reveals several intriguing differences.
The mode of engagement of HyBakl with HyBcl-2-4 is highly conserved when compared with similar com-
plexes in humans [33] or C. elegans [34], with all four canonical hydrophobic residues from the Hy-Bakl BH3
motif (Figures 1b and 4a) protruding into their corresponding pockets in the Hy-Bcl-2-4 ligand-binding
groove. In contrast, G. cydonium BHP2 [12] only accommodated three of the four hydrophobic residues from
Bak, thus allowing for high selectivity and specificity for Bak over effectively all other tested BH3 motif peptides
of human origin. No such highly selective behavior was observed for HyBcl-2-4, which was able to bind nearly
all human encoded pro-apoptotic Bcl-2 proteins including Bim, Bid and Puma as well as Bak and Bax, and
also bound to demosponge Lubomirskia baicalensis LB-Bak-2 (Figure 2b). Furthermore, human pro-survival
Bcl-2 proteins were also able to bind to hydra encoded pro-apoptotic Bcl-2 family members, with Mcl-1
binding all hydra BH3 motif peptides with high nanomolar affinities. These findings suggest powerful conserva-
tion of the interplay of pro-survival and pro-apoptotic Bcl-2 proteins from hydra to mammals.

Here we have shown that components of the hydra Bcl-2 family function in a manner similar to their mam-
malian counterparts. The finding that BH3-motifs from hydra Bcl-2 homologs engage Bcl-2-fold proteins in a
near-identical manner to their mammalian counterparts provides a structural basis for understanding Bcl-2
mediated signaling in hydra. Considering the significant number of Bcl-2 genes, including BH3-only family
proteins, identified in hydra it is tempting to speculate that the classical mode of molecular interaction between
the BH3-bearing protein and the pro-survival protein evolved to enable interactions with a broad range of
pro-apoptotic partners in a manner reminiscent of the Bcl-2 interaction network in mammals rather than the
simplified signaling observed in C. elegans [11] where Bak/Bax like molecules are absent. Although the role of
hydra Bcl-2 proteins play in homologous cells is yet to be clarified biologically, the structural and biochemical
evidence is at least for Hy-Bcl-2-4, consistent with a pro-survival function in vivo [37]. Furthermore, HyBax
and HyBcl-2 not only interact but are localized to the mitochondrial outer membrane like their mammalian
counterparts [16,39]. While the exact role of Bcl-2 regulation in the early metazoans such as hydra has yet to
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be fully defined, in conjunction with previous findings from sponges [12,15] our data suggest that amongst
ancient Bcl-2 homologs the mechanism of action is conserved in their modern counterparts despite the sub-
stantial increase in organismal complexity over evolutionary time. Combined, our findings suggest that hydra is
a suitable model organism for investigating dysregulation of apoptosis.
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