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Abstract

Apoptosis is the highly conserved process of cellular suicide that is initiated either via extracellular
(extrinsic apoptosis) or intracellular (intrinsic apoptosis) cues. This form of programmed cell death
plays a crucial role in development and tissue homeostasis in multicellular organisms and its
subversion is an underlying mechanism for many diseases. Intrinsic apoptosis is regulated by
members of B-cell lymphoma-2 (Bcl-2) family, a family that consists of both pro and anti-apoptotic
Bcl-2 genes. Bcl-2 genes are evolutionarily conserved and identified in the genomes of the earliest
metazoans through to man, and pro-survival Bcl-2 genes have been assimilated by viruses. Pox
viruses are one such group of viruses, that infects almost all vertebrates. Viral Bcl-2 proteins are
virulence factors encoded by many pox viruses to aid the evasion of the host immune system. Viral
Bcl-2 proteins mimic the activity of cellular Bcl-2 proteins and are essential for survival of virus
infected cells, but often share very little sequence identity with their cellular counterparts. In this
thesis I investigated the structural biology, interactions, and mechanisms of action of three novel
pox virus-encoded Bcl-2 proteins, Tanapox virus TANV16L, monkeypox virus MPXV C7L and
sheeppox virus SPPV14. I show that these three proteins bind BH3-motif peptides that span a subset
of host pro-apoptotic Bcl-2 proteins, including Bax and Bak, with nanomolar to sub-micromolar
affinities. I then determined the crystal structures of these proteins both in their apo and holo forms
and compared them with known interactors of BH3 motif peptides. The structure I determined
showed that all three proteins interact with BH3 motif peptides using the canonical ligand binding
groove in a similar manner to other Bcl-2 proteins. Interestingly, the topology of these three proteins
are different: sheeppox SPPV14 is monomer in solution, tanapox TANVI6L exists in both a
monomeric and dimeric forms in solution and monkeypox C7L exists as a domain swapped dimer.
My results reveal the structural plasticity of poxvirus Bcl-2 proteins and how they mimic the crucial
interactions found in endogenous host apoptosis pathway to enable the successful infection and

proliferation of the virus inside the host cell.
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Chapter 1A

Paper I: The Bcl-2 Family: Ancient Origins,

Conserved Structures, and Divergent Mechanisms



1A.1 Introduction

Apoptosis is evolutionary well conserved process of cell death from early metazoans to
humans (1, 2) and plays a crucial role in tissue homeostasis, development and immune
responses against pathogen infected cells (3), (4). Cellular apoptosis is triggered by ether
through intrinsic or extrinsic stimuli (3). Intrinsic apoptosis is initiated by cellular stress
conditions such as pathogen infection whilst extrinsic apoptosis is initiated by death
ligands (TNFoa -Tumour Necrosis Factor or Fas ligand) that bind to cell surface death
receptors (TNF receptor or Fas receptor) (5). A group of proteins called Bcl-2 family is
central to the regulation of intrinsic apoptosis (3).

In this thesis, I discuss the papers resulting from my PhD studies. In Chapter 1A
(Review paper) we discuss the structural, functional and evolutionary conservation of Bcl-
2 family proteins and their role into cellular apoptosis regulation. Our review paper entitled
“The Bcl-2 Family: Ancient Origins, Conserved Structures, and Divergent Mechanisms”
was published in Biomolecules, (2020) (2). As our first review discussed more about Bcl-
2 family proteins and their evolutionary conservation whilst the main thrust of this thesis
focused on poxvirus Bcl-2 modulated apoptosis, in Chapter 1B, I discuss the structural and
functional basis of poxvirus encoded Bcl-2 like proteins and their role into host apoptosis

inhibition upon infection.
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Abstract: Intrinsic apoptosis, the response to intracellular cell death stimuli, is regulated by the
interplay of the B-cell lymphoma 2 (Bcl-2) family and their membrane interactions. Bcl-2 proteins
mediate a number of processes including development, homeostasis, autophagy, and innate and
adaptive immune responses and their dysregulation underpins a host of diseases including cancer.
The Bcl-2 family is characterized by the presence of conserved sequence motifs called Bcl-2 homology
motifs, as well as a transmembrane region, which form the interaction sites and intracellular location
mechanism, respectively. Bcl-2 proteins have been recognized in the earliest metazoans including
Porifera (sponges), Placozoans, and Cnidarians (e.g., Hydra). A number of viruses have gained
Bcl-2 homologs and subvert innate immunity and cellular apoptosis for their replication, but they
frequently have very different sequences to their host Bcl-2 analogs. Though most mechanisms of
apoptosis initiation converge on activation of caspases that destroy the cell from within, the numerous
gene insertions, deletions, and duplications during evolution have led to a divergence in mechanisms
of intrinsic apoptosis. Currently, the action of the Bcl-2 family is best understood in vertebrates
and nematodes but new insights are emerging from evolutionarily earlier organisms. This review
focuses on the mechanisms underpinning the activity of Bcl-2 proteins including their structures and
interactions, and how they have changed over the course of evolution.

Keywords: apoptosis; Bcl-2; evolution; mechanism; structure analysis

1. Introduction

Apoptosis or programmed death of cells has played a significant role in metazoan evolution and
prioritizes the organism over individual cells [1,2]. One form of apoptosis, intrinsic or mitochondrial
regulated apoptosis, is initiated by a range of intra- and extracellular stimuli to regulate developmental
and homeostatic processes [3]. The genes most closely associated with intrinsic apoptosis are the B-cell
lymphoma 2 (Bcl-2) family and have been identified in the basal clades of metazoans, including Porifera
(sponges), Cnidaria (anemones, corals, jellyfish), and Placozoa [4]. In mammals, these genes regulate
the integrity of mitochondria where they either initiate the release of apoptogenic factors or prevent
this process from occurring (Figure 1). The threshold for cell fate is mediated by antagonism between
prosurvival and proapoptotic members of the Bcl-2 family [5] and this fundamental interaction is
conserved from sponges [6] to man [7]. Evolutionary gene losses have led to simplification of this
process in some organisms, such as insects and nematodes (Figure 1b). Viruses have also acquired

Biomolecules 2020, 10, 128; d0i:10.3390/biom10010128 www.mdpi.com/journal/biomolecules
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Bcl-2 genes to facilitate replication and counter infected cells” ability to orchestrate intrinsic apoptosis
as part of antiviral defense mechanisms [8]. The molecular basis of the interaction between prosurvival
and proapoptotic proteins relies on their conserved sequences and structures [7].

(a)  activity vertebrates M. musculus (b) C. elegans
Bim, Bad, Bmf, Bik, f ]
Bak, Hrk, Puma, Noxa g ECL1y

Bcl-2, Bcl-x,, Bel-w,
Mcl-1, A1, Bcl-B

Pro-apoptotic | BH3-only |

Pro-survival Bcl-2

oG

direct

1 ire:
activation?
Pro-apoptotic Bax/Bak/Bok Bax, Bak, Bok

+ MOMP g e

cytochrome ¢
APAF-1 CED-4
|—> apoptosis |—> apoptosis

Figure 1. Mechanisms of Bcl-2 regulated apoptosis. Simplified apoptosis schemes showing the role of

Bcl-2 proteins in apoptosis initiation differ between mammals (a) and nematodes (b). The Bcl-2 family
members are indicated for M. musculus. Nematodes have a simplified activation of apoptosis where the
BH3-only protein EGL-1 binds the sole prosurvival protein in the C. elegans genome CED-9. This event
releases the caspase activating protein CED—4 to initiate the caspase cascade. In mammalian apoptosis,
the BH3-only group of proteins antagonize the prosurvival Bcl-2 proteins releasing Bax, Bak, or Bok to
oligomerize and form pores in mitochondria causing mitochondrial outer membrane permeabilization
(MOMP). Cytochrome c release from the mitochondrion triggers the mammalian equivalent of CED-4,
APAF-1, to oligomerize and initiate the activation of downstream caspases.

Bcl-2 proteins (Table 1) are identified by the presence of up to four conserved linear sequence motifs
or domains comprising about 20 residues and known as Bcl-2 Homology (BH) motifs (Figure 2) [7,9].

Table 1. Summary of Bcl-2-related proteins and their activities.

Name(s) Species Functions References
Bcl-2 H. sapiens Prosurvival [10,11]
Bcl-w H. sapiens Prosurvival [12-14]
Bel-xp, H. sapiens Prosurvival [15,16]
Mcl-1 H. sapiens Prosurvival [17,18]

Bfl-1/A1 H. sapiens Prosurvival [19,20]
Bcl-b H. sapiens Prosurvival [21,22]

Boo/Diva M. musculus Prosurvival [21,23]
NRZ D. rerio Prosurvival [24,25]

Bak H. sapiens Proapoptotic [26,27]
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Table 1. Cont.

30f21

Name(s) Species Functions References
Bax H. sapiens Proapoptotic [28,29]
Bok H. sapiens Proapoptotic [30]
Bad H. sapiens Proapoptotic [31]
Bid H. sapiens Proapoptotic [32]
Bik H. sapiens Proapoptotic [33]
Bim H. sapiens Proapoptotic [34]
Bmf H. sapiens Proapoptotic [35]
Hrk H. sapiens Proapoptotic [36]

Noxa H. sapiens Proapoptotic [37]
Puma H. sapiens Proapoptotic [38]
Beclin H. sapiens Proautophagic [39]

Bcl-wav D. rerio Proapoptotic [40,41]

Buffy D. melanogaster Proapoptotic [42]
DeBcl D. melanogaster Prosurvival [43]
BHRF1 Epstein-Barr virus Prosurvival [44,45]

KsBcl-2 Kaposi Sarcoma herpesvirus Prosurvival [46]

E1B19K Human adenovirus Prosurvival [47]
Mi1 my68 herpesvirus Prosurvival [48,49]

A179L African swine fever virus Prosurvival [50,51]
F1L Vaccina virus, variola virus Prosurvival [52,53]
DPV022 Deer poxvirus Prosurvival [54,55]
M11L Myxomavirus Prosurvival [56,57]

FPV039 Fowl poxvirus Prosurvival [58,59]

CNP058 Canary poxvirus Prosurvival [60,61]

SPPV14 Sheep poxvirus Prosurvival [62]

ORFV125 Orf virus Prosurvival [63]

GIV66 Grouper iridovirus Prosurvival [64,65]

N1 Vaccinia virus Prosurvival, NF-kb [66,67]

A46 Vaccinia virus NF-kb [68,69]

A49 Vaccinia virus NF-«b [70,71]
Ab52 Vaccinia virus NF-kb [72]

B14 Vaccinia virus NF-kb [72,73]

K7 Vaccinia virus NF-kb, IFN signaling [74,75]
LB-Bcl-2 L. baicalensis Prosurvival [76]

LB-Bak-2 L. baicalensis Proapoptotic [6,76]
BHP1 G. cydonium Prosurvival [77]

BHP2 G. cydonium Prosurvival [6,77]
trBcl-2L1 T. adherens Prosurvival [78]
trBcl-21.2 T. adherens Prosurvival [78]
trBcl-2L3/trBax T. adherens Proapoptotic [78]
trBcl-2L4/trBak T. adherens Proapoptotic [78]

EGL-1 C. elegans Proapoptotic [79,80]

CED-9 C. elegans Prosurvival [81,82]

vMIA Cytomegalovirus Prosurvival [83,84]
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Figure 2. Sequence-structure analysis of Bcl-2 family members from sponges to man. (a) Structure-based
sequence alignment of metazoan and viral Bcl-2 family members. Structurally equivalent residues
are aligned. In (a), sequence—structure alignment shows prosurvival and proapoptotic Bcl-2 proteins
share key sequence features. Sequences aligned: H. sapiens Bcl-xp; G. cydonium BHP2; C. elegans
CED-9; Mus musculus Bax; Myxoma virus M11L; Vaccinia virus N1L. Sequence-structure alignment
was performed using Dali [85] and the secondary structure is indicated by the colored bars. The extent
of the Bcl-2 homology (BH) motifs and transmembrane region (TM) is indicated by bars above the
sequence and the helices below the sequences. (b) Table of sequence identities and similarities for the
sequences in (a) given as percentage sequence identity/sequence similarity in each entry. Notably, the
viral Bcl-2 proteins have little recognizable shared sequence identity with mammalian Bcl-2 proteins.
(c) Profiles of BH and TM regions from Bax sequences representing bilaterians (Lepisosteus oculatis,
Strongylocentrotus purpuratus, Ciona intestinalis), cnidarians (H. vulgaris, Acropora digitifera), placozoa
(T. adhaerens), and porifera (A queenslandica). The height of each stack represents the conservation and
the residue frequencies are represented by their height as determined by the program Skylign [86].
These indicate that the BH4 motif is a relatively weak and poorly conserved motif when compared
to the BH1-BH3 motifs. Uniprot sequence and PDB IDs, hsBcl-x; : Q07817, 1R2D; gcBHP2: Q967D2,
5TWA; ceCED-9: P41958, 10HU; mmBax: Q07813, 5W62; Myxoma virus M11L: Q77PA8, 2]JBX; Vaccinia
virus N1L: P21054, 2139.
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The Bcl-2 proteins fold to form a distinct helical bundle structure where the core of the x—helical
bundle is composed of a central hydrophobic helix (helix «5) that forms a scaffold for packing up
to eight x-helices (Figures 2 and 3). In a feature maintained from sponges to man [9], the Bcl-2 fold
brings the BH regions into close proximity to assemble the canonical BH3-binding groove where an
antagonist BH3 motif binds (Figure 3b,c). Whilst this “in-groove” interaction mechanism appears to
be the primary mode of interaction for Bcl-2-mediated control of apoptosis, alternative modes have
been proposed including a site spanning helices «1 and 6 [87] and the BH4 motif [88]. Furthermore,
nonapoptotic roles including modulation of NF-«B signaling are also not mediated via an in-groove
mechanism [89]. BH motifs are recognizable from the earliest metazoan Bcl-2 proteins but may be
absent in viral proteins. The sequence signatures of each of the four BH motifs (BH1-BH4) differ
(Figure 2c) and are found in the order from the N-terminus: BH4, BH3, BH1, BH2 (Figure 2a) and
for prosurvival proteins are normally located on the same exon while the gene structure for the
proapoptotic proteins is more complex. The presence of a BH3 motif is a key feature of the proapoptotic
proteins and required for their proapoptotic activity [9,90], whereas some of the prosurvival proteins
do not feature the BH3 motif. In addition to the presence of the BH motifs, many Bcl-2 proteins bear a
C-terminal transmembrane (TM) region that is located on a separate exon. The TM region targets these
proteins to intracellular membranes including the nuclear envelope, mitochondrial inner and outer
membranes, Golgi apparatus, lysosomes, ER, and peroxisomes [91]. However, it is Bcl-2 family action
at the mitochondrial outer membrane (MOM) that is the most central mechanistic feature for intrinsic
apoptosis. Both the gene structure and synteny of Bcl-2 proteins are well conserved across phyla [92].

Our current understanding of intrinsic apoptosis is mainly derived from investigations of mouse,
human, nematode (Caenorhabditis elegans), and fly (Drosophila melanogaster) apoptosis. These studies
have shown the Bcl-2 family consists of two phylogenetically distinct groups of proteins: those that
share the Bcl-2 fold [90,93] that are either prosurvival or proapoptotic and the proapoptotic intrinsically
disordered ‘BH3-only’ proteins, that bear only the BH3 motif [9]. The BH3-only proteins are upregulated
in response to diverse apoptotic stimuli [94] and their principal role is to antagonize the prosurvival
proteins [9], but apoptosis also occurs in their absence [95]. Notwithstanding the conservation in the
Bcl-2 family, there are substantial differences in Bcl-2-regulated apoptosis mechanisms. In mammals,
there are nine multimotif Bcl-2 paralogs (six prosurvival Bcl-2, Bel-x, Bcl-w, Mcl-1, Al, Bcl-B, and three
proapoptotic Bax, Bak, and Bok) and eight BH3-only proteins (Bim, Bad, Bmf, Bid, Bik, Noxa, Puma,
Hrk) (Table 1) that regulate intrinsic apoptosis through a network of specific binding interactions
that control the integrity of the MOM [7] (Figure 1). A key step is Bax, Bak, or Bok oligomerization
at the mitochondrial membrane that results in formation of membrane pores releasing cytochrome
¢ to activate the caspase cascade. In contrast to mammals, MOM permeabilization (MOMP) and
cytochrome ¢ do not play a role in initiation of apoptosis in ecdysozoans C. elegans (Figure 1) or D.
melanogaster [7,42,96] (Figure 1). Combined, these results indicate the interactions of the Bcl-2 proteins
have been maintained over the course of evolution.

The role of prosurvival Bcl-2 proteins is not limited to regulation of apoptosis; other functions
have been proposed in processes as divergent as autophagy, calcium homeostasis regulation, and
metabolism [97-99]. The most well-understood process at a molecular level of these nonapoptotic
roles is that of autophagy. Both Bcl-2 and Bcl-x;, are able to bind the autophagy regulator Beclin-1 via a
mechanism closely mimicking the canonical in-groove interaction with BH3-only proteins [49,100,101].
Beclin-1 has significant differences from the BH3-only proteins. In addition to being much longer (450
residues) than a typical BH3-only protein (54-198 residues for human BH3-only proteins), Beclin-1 has
its BH3-like motif located in an unstructured N-terminal region [102] with the BH3 motif spread over
the junction of two exons. In addition to its unstructured N-terminal region Beclin-1 bears a coiled
coil domain and a folded evolutionary conserved domain [103]. The spread of the BH3 motif over
two exons differentiates Beclin-1 from the BH3-only proteins where apart from Bid the BH3 occurs in
the second-to-last exon. The molecular basis of Bcl-2 proteins in nonapoptotic functions remains to
be delineated.
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Figure 3. Evolutionary structure conservation in the Bcl-2 family and their complexes. Ribbon
representation of the 3D structures of prosurvival and proapoptotic Bcl-2 family members and their
complexes are shown. The helical bundle Bcl-2 structure occurred early in evolution and changed little
over evolutionary time scales. (a) H. sapiens Bel-x;, (PDB 1R2D) with BH1-4 motifs colored in orange,
green, cyan, and red as shown in the sequence-structure alignment of Figure 2a, (b) H. sapiens Bel—xp,
(PDB 1R2D) shown as grey surface with canonical ligand-binding groove shaded in magenta, (c) BHP2
from the sponge G. cydonium Bcl-2, BHP2 (PDB 5TWA) magenta, LB-Bak sky blue. The canonical
ionic interaction between the conserved Arg from prosurvival Bcl-2 and conserved Asp from the BH3
motif of prodeath Bcl-2 as well as the four conserved hydrophobic residues from the Bak BH3 motif
are shown as sticks. (d) M. musculus Bax (PDB 5W62) yellow, (e) H. sapiens Bcl-b:Bim complex (PDB
4B4S), (f) C. elegans CED-9: EGL-1 complex, CED-9 (navy) with EGL-1 (sand) in the binding groove
(PDB 1TY4). (g) Myxoma virus Bcl-2 M11L (PDB 2JBX) cyan, (h) Vaccinia virus N1L (PDB 2139) salmon.
Monomeric N1 is shown in the same orientation as in (a), and the functionally relevant dimer is shown
rotated by 90° around the vertical axis. In (a), the extent of the BH motifs is indicated as ribbon colored
as in Figure 2a and the helices o1-8 are also indicated. The structures were aligned on human Bel-x,
and the orientation for all structures is the same as that in (a). The N and C termini are indicated.

Dysfunctional apoptosis is one of the hallmarks of disease like cancer [104] and metazoans have
coevolved with this disease [105]. While neoplasms in many vertebrates are well known [105], they
have also been discovered in the early metazoans H. vulgaris [106], coral Acropora palmata [107], and
molluscs [108], and in the case of hydra, occur as a result of dysregulation of apoptosis [106]. While some
cancers are unique to a species, others occur across multiple species [109] and resistance to apoptosis
is likely to be a central feature. There is strong interest in developing a molecular understanding in
Bcl-2 function, interactions, and structures [7] but currently there is only a limited number of studies
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on early metazoan Bcl-2-regulated apoptosis [6,110]. However, these initial studies strongly suggest
conservation of structures and mechanisms across metazoan history. Exactly how intrinsic apoptosis
is manifested at a molecular level varies according to the organism, but all mechanisms rely on loss
of prosurvival activity to initiate apoptosis. Consequently, there has been a drive to explore the
interactions of this family and elucidate the network of functions they regulate.

2. Virus-Encoded Bcl-2 Homologs

The importance of the Bcl-2 family in homeostatic regulation has been exploited by viruses with
many viral genomes containing a Bcl-2 protein, and in some instances, multiple Bcl-2 proteins [8].
Sequence, structural, and functional homologs of Bcl-2 are found in Herpesviridae as well as
Nucleocytoplasmic Large DNA Viruses (NCLDVs) such as Asfarviridae and Iridoviridae [8]. Many of
these virus-encoded Bcl-2 family members display substantial differences with regards to their sequence
(Figure 2a,b) and interaction profiles to their mammalian proapoptotic Bcl-2 family counterparts as well
as their overall structure, owing to the more rapid pace at which these proteins have evolved as part of
a host—pathogen interface [8,111]. The first viral Bcl-2 homologs were identified in adenovirus [112]
and the y-herpesvirus Epstein-Barr virus (EBV) [44]. Adenoviral E1B19K was shown to be a potent
inhibitor of apoptosis and could be interchanged with Bcl-2 during cellular transformation [112]. Whilst
the vast majority of virus-encoded apoptosis regulatory Bcl-2 proteins act by utilizing the canonical
ligand-binding groove to sequester proapoptotic Bcl-2 family members, it has become apparent that
this is not the sole mechanism utilized. In addition to binding proapoptotic proteins, viruses may
target host prosurvival Bcl-2 proteins through the BH3-binding groove in a manner similar to but not
identical to a BH3 motif, and Hepatitis B virus X protein was shown to engage the groove of Bcl-x,
allowing viral replication to proceed [113].

2.1. Bcl-2 Homologs Encoded by Herpesviridae

Numerous Herpesviridae encode Bcl-2-like proteins such as BHRF1 from EBV, one of the earliest
identified viral Bcl-2 homologs. BHRF1 adopts the classical Bcl-2 fold and utilizes the canonical
ligand-binding groove to engage proapoptotic BH3 motif ligands [45,114]. BHRF1 was shown to
prolong survival of cells [44,115], which is linked to its ability to engage proapoptotic Bcl-2 members
Bim [116] and Bak [114]. An unusual herpesviral Bcl-2 homolog is found in murine y-herpesvirus
68, M11 [117]. M11 is a potent inhibitor of TNFx and Fas-induced apoptosis, and was shown to bind
multiple proapoptotic Bcl-2 proteins including Bim, Bak, and Bax [101]. However, M11 also binds the
autophagy regulator Beclin-1, which bears a BH3-like motif, with nanomolar affinity (Kp = 40 nM),
which is bound via the canonical ligand-binding groove [101]. Indeed, functional studies suggest that
autophagy may be the primary cell death pathway targeted by M11 [49]. Although the majority of
herpesvirus-encoded Bcl-2 proteins target intrinsic apoptosis, y68-encoded M11 clearly shows that
other cell death pathways such as autophagy can also be viable targets. Indeed, M11 is not an exception,
and adenoviral EIB19K was shown to be an autophagy inhibitor via engagement of Beclin-1 [118], as
was the asfarvirus African swine fever virus (ASFV) A179L (see below).

2.2. Poxvirus Bcl-2 Homologs

The Poxviridae are a large superfamily of viruses amongst the NCLDVs comprising numerous
families that are characterized by their relatively large genomes (130-360 kb) that frequently encode
functional and structural homologs of Bcl-2. Most notable for human disease among the pox viruses
are Variola virus, the causative agent of smallpox, and Vaccinia virus, which provides the basis for
smallpox vaccine. Vaccinia virus (VACV) is the prototypical member of the Orthopoxviridae and
encodes for prosurvival FIL. VACV F1L is a potent inhibitor of intrinsic apoptosis, but displays
no detectable sequence identity with mammalian Bcl-2 [119,120]. Nevertheless, structural studies
revealed that VACV F1L adopts a Bcl-2 fold, albeit with a previously not observed domain-swapped
topology that rendered VACV F1L a constitutive dimer [53,121]. This unusual topology is paired
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with a remarkably restricted ligand-binding profile, with VACV F1L only engaging Bim, Bak, and
Bax. Interestingly, similar domain swapping was subsequently also observed during Bax and Bak
oligomerization [122], suggesting that the structural plasticity observed amongst the virus-encoded
Bcl-2 proteins is also pivotal for the function of metazoan family members. In the context of a live
viral infection, F1L inhibits Bim to prevent premature host cell apoptosis [121] and replaces Mcl-1
activity [123]. An extended unstructured N-terminal section prior to the Bcl-2 fold [124] may be
involved in apoptosis regulation but results are conflicting [124-126]. Despite being closely related
to VACV F1L, the Variola virus (VAR) F1L homolog does not bind Bim; instead it binds Bid, Bak,
and Bax [127], and only counters Bax-mediated apoptosis. The domain-swapped Bcl-2 topology
is not restricted to the Orthopoxviridae, with deerpoxvirus-encoded DPV022 [55] also adopting this
unusual fold [54]. Amongst the Leoporipoxviridae, myxomavirus encodes for antiapoptotic M11L
(Figure 3d), a potent inhibitor of intrinsic apoptosis [128]. Despite lacking detectable sequence
identity to cellular Bcl-2 or Bcl-x;, M11L adopts a Bcl-2 fold [57,129] (Figure 2a,b and Figure 3g,h)
and sequesters Bax and Bak to prevent apoptosis [57], unlike VACV F1L which operates via Bim
neutralization [121]. Other poxvirus-encoded vBcl-2 members include fowlpox FPV039 [58,59] and
canarypox virus (CNPV058) [61], sheep poxvirus [62], and orf virus ORFV125 [63]. Outside the herpes
and poxviridae, ASFV encodes A179L [130], a Bcl-2 homolog that uses the canonical ligand-binding
groove to engage all major host proapoptotic Bcl-2 members [51] as well as Beclin-1 [131], thus acting
as a dual apoptosis/autophagy inhibitor [50,132]. Amongst the Iridoviridae, grouper iridovirus (GIV)
harbors prosurvival GIV66 [65] that only binds Bim [64], and forms a novel noncovalent dimeric
Bcl-2 architecture which leads to an occluded ligand-binding groove [64] and dimer dissociation upon
Bim binding.

While numerous Poxviridae encode Bcl-2 homologs that inhibit apoptosis, it has become apparent
that another subset of poxviral Bcl-2 proteins exists that also modulate other functions. This group
includes VACV N1 which, like M11L, has little shared sequence identity with mammalian Bcl-2
proteins (Figure 2b) but is a structural homolog (Figure 3g). N1 is a dual inhibitor of intrinsic apoptosis
that adopts a dimeric Bcl-2 fold (Figure 3h) [67,133] where an additional interaction site enables
modulation of NF-«B signaling that is regulated independently of the canonical Bcl-2 groove [89].
Other VACV-encoded NF-kB modulatory Bcl-2 proteins include A46 [68,134], A49 [70], A52, B14 [72],
and K7 [75]. Despite targeting NF-«B signaling, substantial structural and mechanistic differences are
evident across this group of Bcl-2 proteins. Although A52 and B14 utilize helices «1 and o6 to form a
similar interface [72] as N1, the angle of orientation between the constituent monomers varies between
the three proteins.

Intriguingly, while apoptosis inhibitory Bcl-2 members are found in Herpes, Pox, Asfar, and
Iridoviridae, more specialist functions are not widely found. Although several herpesviruses as well as
ASFV harbor Bcl-2 homologs with autophagy inhibitory activity, no poxvirus has been shown to inhibit
autophagy via a Bcl-2 homolog. Conversely, the NF-«B inhibitory activity found in poxvirus-encoded
Bcl-2 homologs is not found outside the Poxviridae. Whether or not these differences are attributable
to the unique and fundamentally different life cycles and primary sites of infection remains to be
established. These findings differentiate the viral Bcl-2 proteins from those in metazoans but indicate
the diversity of interactions possible with the Bcl-2 fold.

3. The Nonmammalian Bcl-2 Family

Of the four nonbilaterian basal clades of metazoans, Porifera, Placozoa, Cnidaria, and Ctenophora,
multiple orthologous and paralogous Bcl-2 family members have been discovered in the genomes of
organisms from Porifera, Placozoa and Cnidaria, but have not yet been identified in ctenophores. In
contrast to higher organisms and viruses, experimental evidence for the function of the Bcl-2 family in
basal metazoans is relatively sparse. Recent sequence, structural, and biochemical evidence gained
from poriferan [6], placozoan [78], and cnidarian [110] Bcl-2 family members are elucidating the
mechanisms of apoptosis in basal metazoans. Furthermore, these results strongly suggest the molecular
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basis of intrinsic apoptosis determined by the structures, interactions, and intracellular localization of
Bcl-2 proteins was foundational in metazoan evolution.

Sponges are currently considered the sister group to metazoans [135,136] and multiple Bcl-2 family
proteins have been discovered in members of this phylum; for example, the genome of Amphimedon
queenslandica contains seven potential Bcl-2 proteins [137], though little is known of their function. The
demosponge Lubormirskia baicalensis harbors putative prosurvival and proapoptotic Bcl-2 proteins
LB-Bcl-2 and LB-Bak-2 [76], and two Bcl-2 proteins, BHP1 and BHP2, have been identified in the sponge
Geodium cydonium [77]. Structural and biochemical studies on BHP2 showed that a BH3 peptide derived
from the BH3 region of L. baicalensis Bak-2 bound in the groove of BHP2 and many of the molecular
features elucidated in mammalian Bcl-2 interactions were maintained [6]. Though the topology of
BHP2 closely resembles those of other Bcl-2 proteins (Figures 2 and 3), a structure—phylogenetic
analysis showed there were relatively subtle differences suggesting BHP2 has unique binding features
when compared to mammalian and viral Bcl-2 proteins [6]. These findings not only indicate the
structure conservation but the evolutionary conservation of the intermolecular interactions of the BH3
motif:Bcl-2-in-groove interaction between prosurvival and proapoptotic Bcl-2 proteins from sponges
to man.

The placozoan Trichoplax adhaerens has four putative Bcl-2 fold proteins in its genome [138]
including two putative proapoptotic proteins, Bax (trBcl-2L3 or trBax) and Bak (trBcl-2L4 or trBak), and
two prosurvival proteins, trBcl-2L1 and trBcl-2L2 [78]. TrBax is inhibited by human Bcl-2, suggesting
the BH3-in-groove interaction is conserved. The putative role of trBak in T. adhaerens is somewhat
different from that in humans, where it antagonizes the prosurvival activity of trBcl-2L1 and trBcl-2L.2
rather than inducing cytochrome c loss from mitochondria, and thus it has been hypothesized that
trBak effectively adopts the role of a BH3-only protein in mammals; however, further investigation
is required to establish this proposal as no detailed interaction studies were undertaken. As for the
case of G. cydonium, the underlying conservation of the Bcl-2:Bax interaction was demonstrated by the
inhibition of trBax by human prosurvival proteins.

The BH3-only proteins play a key role in mammalian apoptosis where they antagonize the action
of prosurvival proteins (Figure 1), but their presence has not been detected in the genomes of Porifera
or Placozoa. However, candidates for BH3-only proteins have been detected in the cnidarian H.
vulgaris [139,140] in addition to Bcl-2 fold sharing prosurvival proapoptotic Bcl-2 proteins. Potential
BH3-only proteins have been identified in H. vulgaris using a yeast two-hybrid screen [110]. The
relatively short sequence of the BH3-only motif with essentially only a highly conserved Leu and
absolutely conserved Asp four residues downstream has made it difficult to identify bona fide BH3-only
sequences by sequence alone, making it necessary for biochemical verification [9,141]. In addition
to the four proposed BH3-only proteins in H. vulgaris, there are nine putative Bcl-2 family members
including two Bak-like and seven Bcl-2 like sequences [110]. Although further studies are required to
establish the exact functional relationships for these proteins, the findings of Lasi et al. [110] point to a
complex signaling network for the Bcl-2 proteins even in the earliest of metazoans.

The genetic [96] and molecular and structural [79,142] foundations of Bcl-2-regulated apoptosis
were established in the ecdysozoan C. elegans (Figures 1, 2a and 3f). Since these discoveries, the basis
of prosurvival, proapoptotic, and BH3-only protein interaction has been verified in other organisms.
The genomes of the lophotrochozoans Schmidtea mediterranea, S. japonicum, and S. mansoni bear
multiple Bcl-2-like proteins including BH3-only components [143,144]. Investigation of apoptosis
in platyhelminths (S. mediterranea and Dugesia dorotocephala) identified Bak and Bcl-2 orthologs
and experimental data mitochondrial cytochrome c release is associated with MOMP and caspase
activation [144]. Binding between the Bcl-2 proteins and BH3-only proteins in S. japonicum was
established using immunoprecipitation experiments [143]. Mutational, structural, and biochemical
studies defined the binding mode as similar to other Bcl-2:BH3 interactions and cytochrome c release
on treatment with a BH3 motif peptide [143]. Combined, these studies on lophotrochozoans indicate
that, in contrast to ecdysozoans, a tripartite mechanism exists with prosurvival, proapoptotic, and
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BH3-only proteins triggering MOMP and cytochrome c release to initiate intrinsic apoptosis in these
organisms. The conclusion from these studies is that intrinsic apoptosis signaling in the protostomes
has been modified by gene loss in some organisms but the underlying tripartite mechanism leading to
MOMP is preserved in others and the MOM interaction remains central.

Experiments on the cytosolic extracts from the echinoderms Strongylocentrotus purpuratus (purple
sea urchin) and Dendraster excentricus (sand dollar) indicate caspase activation could be induced
with cytochrome ¢, suggesting mitochondrial-regulated apoptosis occurs in the deuterostomes in a
similar way to that in the protostomes [144]. However, others have suggested that apoptosis activation
in echinoderms may not involve cytochrome c release from mitochondria as cytochrome c is not
apparently necessary for Apaf-1-activated apoptosis in the starfish Asterina pectinifera [145]. In the
nonmammalian vertebrates, the molecular basis of apoptosis is probably best defined in zebrafish,
Danio rerio, where all three groups of the tripartite Bcl-2 family have been identified [146]. D. rerio has
an extensive network of Bcl-2 proteins, but as yet there are relatively few details on the mechanism of
action even in this well-studied model organism [147]. Genome duplication events in teleost fish [148]
have given rise to many Bcl-2 paralogs in D. rerio [97], but the molecular basis of apoptosis is likely
similar to that in mammals [25]. Structural studies on D. rerio NRZ show the structure and mode of
BH3 interaction is near identical to other organisms [25]. These studies establish Bcl-2 signaling in
deuterostomes share many aspects with those from the protostomes and establish the basis for intrinsic
apoptosis in the bilaterians.

4. The Role of Mitochondrial Membrane Interactions

The defining event of intrinsic apoptosis in mammals is release of cytochrome c¢ from the
mitochondrial intermembrane space through supramolecular pores formed by Bax, Bak, or Bok
oligomerization on the MOM [149] (Figure 1). Crucial to this action is the presence of a TM anchor
and most members of the Bcl-2 family bear tail anchors, including BH3-only proteins, [150] necessary
both for their localization at the MOM [5] and apoptotic activity [151]. TM anchor deletion mutants of
Bax and Bak lose their apoptotic abilities [152], suggesting the MOM as an activator of Bax/Bak [153].
Similarly, deletion of the TM region of prosurvival Bcl-x;, decreases its prosurvival activity [151]. The
most striking feature of the TM regions is their poor sequence conservation [154]. Figure 2c illustrates
the relatively weak conservation of the TM region compared to the BH motifs in Bax sequences. In
mammalian apoptosis, cofactors such as the (3-barrel Voltage Dependent Anion Channel-2 (VDAC2)
may be important in Bax/Bak membrane recruitment [155], but this has not yet been demonstrated
in basal metazoan apoptosis. While most investigations have focused on apoptosis in the mouse or
humans, MOM association has also been observed for Bcl-2 proteins from placozoans, hydra, and viral
proteins, indicating the fundamental nature of this activity to Bcl-2 action.

The structures of the proapoptotic proteins Bax, [29] Bak, [27] and Bok [156,157] have an essentially
identical core that suggests a common mode of action; however, their subcellular localization and
dynamics differ significantly [91]. The crystal structure of mouse Bax shows that the TM region is
helical and packed in the equivalent site as occupied by EGL-1-binding CED-9 (Figure 3d,f). Prior to
apoptotic stimuli, Bax is largely cytosolic [158], with a fraction being shuttled to the mitochondrion
surface [159], but subsequent to apoptotic stimuli, Bax accumulates at the MOM [160,161] via a process
that is dependent on its TM residues [162]. In contrast to Bax, Bak is constitutively membrane-bound
and Bok is only fractionally colocalized with mitochondria [163]. The prosurvival protein Bcl-xg,
translocates Bax from the MOM to the cytosol, and this process is dependent on the BH3-binding
groove [159] and TM region of Bcl-xp, [164]. Thus, the proapoptotic proteins have complex membrane
interactions and dynamics and emerging data supports a similar view in basal metazoans.

Experimental details on the localization and dynamics of Bcl-2 proteins are now emerging for
the placozoan T. adhaerens, and a similar picture of complex dynamic behavior to mammalian Bcl-2
family proteins is emerging [78]. T. adhaerens Bcl-2 proteins are differentially partitioned between
mitochondria, ER, and the cytosol, and the TM region is necessary for its membrane localization [78].
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TrBcl2L1 is tightly associated with the MOM, while trBcl-2L2 (trMcl-1) and trBcl-2L4 (trBak) are
cytosolic and only loosely associated with intracellular membranes [78] in a manner that mirrors
the mammalian Bcl-2 proteins. Mammalian prosurvival proteins like the proapoptotic proteins are
differentially partitioned between cytosol and membranes. For example, Bcl-2 is membrane integrated
and Bcl-xp, partitioned between cytosol and membranes. Like its mammalian counterpart, Trichoplax
Bax (Bcl-2L3) translocates to the mitochondria and induces cytochrome c release [78]. However, one
caveat of these discoveries is that they have been performed in heterologous systems using expression
of Trichoplax proteins in mammalian cells and have yet to be confirmed in homologous systems. The
studies on T. adhaerens Bcl-2 proteins and their membrane interactions point to the fundamental nature
of membrane interactions in their mechanism of action.

Although not all viral Bcl-2 proteins bear an obvious TM region, many do [165], and membrane
interactions are necessary for their prosurvival activity. This trend closely mirrors what has been
observed for mammalian proteins like Bcl-x; . Similarly for the viral Bcl-2 protein F1L, association with
mitochondpria is necessary for its prosurvival behavior [52], and M11L localizes at the mitochondria [128]
and colocalizes with Bak at the MOM [166]. ASFV A179L localizes to mitochondria and ER [132].
Although C-terminal anchoring of Bcl-2 proteins is often maintained, there are exceptions; for example,
vMIA targets the MOM through its N-terminal region [167]. It appears likely that the interaction of
Bcl-2 proteins with membranes is fundamental to Bcl-2 function and has been conserved from the
earliest metazoans and maintained in viral Bcl-2 proteins.

While MOM localization of Bcl-2 proteins may be conserved, MOMP is not necessarily maintained
as a mechanism of activating apoptosis. Ecdysozoans have undergone extensive gene loss [168] and
have fewer Bcl-2 genes and mechanistic differences from mammalian apoptosis (Figure 1) [169]. For
example, the sole Bcl-2 protein CED-9 in the nematode C. elegans is TM-anchored to mitochondria like
its mammalian counterpart Bcl-2 and although they have closely related structures (Figures 2 and 3)
and bind BH3-only proteins in their respective binding grooves, their role in apoptosis mechanisms
is not identical [7]. CED-9 binds and antagonizes the apical caspase CED-4 and once released from
its inhibition by the translationally upregulated BH3-only protein EGL-1 binding CED-9, CED-4
activates the caspase CED-3 [7,96]. In comparison, Bcl-2 is also localized to the MOM amongst other
intracellular membranes [91] and binds BH3-only proteins but it does not bind Apaf-1, the mammalian
caspase-activating protein corresponding to CED-4. Distinct from the nematode, the role of Bcl-2
proteins in the fly D. melanogaster is less well understood [170]. BH3-only proteins have not been found
in the genome of D. melanogaster but two Bcl-2 proteins, Debcl and Buffy, have been recognized and
it has been shown they interact [42] and both localize to the MOM with Buffy additionally found at
the ER [171]. Thus, although the sequences, structure, and membrane binding may all be conserved
elements in the Bcl-2 family, there are key differences in how they are manifested in the activation
of caspases.

5. Conclusions

It is not clear how the Bcl-2 family arose; one hypothesis is that it occurred through horizontal
gene transfer from a symbiont [172], but multiple Bcl-2 genes occurred early in metazoan evolution.
Even in the sponges, a phylum considered to be the sister group of all metazoans [135], multiple
Bcl-2 fold proteins have been identified in genomes, such as that of A. queenslandica [137] where seven
such proteins were recognized. In contrast to the early appearance of Bcl-2 fold proteins, BH3-only
proteins have not yet been identified in Porifera or Placozoa. Ctenophores appear to have lost the
genes required for Bcl-2-regulated apoptosis altogether (Figure 4a). Emerging results from biophysical
and biochemical measurements performed on the nonmammalian Bcl-2 family including those from
sponges [6], placozoans [78] and cnidarians [110] indicate that the basic architecture of intrinsic
apoptosis is maintained for these basal metazoans. Structural studies have shown that the molecular
details of interactions have been conserved from sponges to man [6] and viruses have assimilated Bcl-2
proteins [111]. A key difference between sponges, placozoans, and cnidarians is an apparent absence
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of BH3-only proteins in sponges and placozoans. The essential role of the BH3-only proteins, at least in
mammals, is to neutralize the prosurvival proteins to allow the MOM to activate the proapoptotic Bcl-2
proteins [153]. Based on these results, a hypothesis for a simple model for intrinsic apoptosis in the
absence of BH3-ony proteins could be envisaged as the prosurvival proteins keeping the proapoptotic
proteins in check. Alternately, as recently proposed, the Bak-like protein may partially fulfill the role of
BH3-only proteins [78] (Figure 4b). The investigation of the more evolutionary distant members of the
Bcl-2 family has exposed the substantial complexity in Bcl-2-mediated signaling at the foundation of
metazoan evolution and underscores the pivotal role these proteins play in biology. Functional and
mechanistic studies to date have only just begun to unravel the role Bcl-2 has played during the early
stages of metazoan life, and future studies are likely to discover new twists to Bcl-2 signaling.

Bak-Like

Bcl-2-Like BH3-only | ?

Bilateria v v 3

B e Pro-survival
Cnidaria v v s
Placozoa v x N -
Ctenophora X X Pro-apoptotic
Porifera v X

¥ MOMP? 2

/—_\ /‘\
cytochrome ¢
APAF-1

apoptosis

Figure 4. Bcl-2-like proteins in basal metazoan clades and potential apoptosis model. (a) Metazoan
phylogenetic relationships and the presence or absence of Bcl-2 proteins. The presence or absence of
Bcl-2 family members is indicated. (b) A simple model for intrinsic apoptosis in Porifera and Placozoa
where BH3-only proteins have not been identified. Experiments have yet to delineate the roles of
MOMP and adaptor protein initiation of caspases in their entirety.
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Chapter 1B

Poxvirus Bcl-2 Modulated Apoptosis Inhibition
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1B.1 Introduction

Apoptosis playing a pivotal role in development and tissue homeostasis in multicellular
organisms apoptosis selectively removes unwanted, damaged or pathogen infected cells
(3) (4). Initially, apoptosis probably arose as a defence mechanism against pathogens and
subsequently was modified for tissue morphogenesis during development (1, 6). While
necessary for homeostasis and other regulatory roles, subversion of apoptosis underlies
several diseases, such as cancers and autoimmune diseases (7). Their importance in
regulating cell death and immune responses has seen many apoptotic regulatory genes
assimilated by viruses. Poxviruses, in particular, have captured various genes for
manipulating apoptosis such as viral Bcl-2 homologs, serpin protease inhibitors, dSRNA
inhibitors, NF-«kB inhibitors (8, 9).

The mechanism underlying apoptosis is evolutionarily a well conserved process
and has been conserved from the earliest metazoans to humans (2, 10). Metazoans share
homologous genes that regulate both intrinsic and extrinsic apoptosis such as Bcl-2
proteins, caspases and adaptor genes (1). Both intrinsic and extrinsic apoptosis initiation
is governed by activation of the caspase cascade, cysteine aspartyl proteases that degrade
intracellular targets (11). However, there are significant differences in how the caspase
cascade is initiated in intrinsic apoptosis compared with extrinsic apoptosis.

Intrinsic apoptosis is initiated by intracellular signals and primarily regulated by
Bcl-2 family genes (3, 7). Bcl-2 proteins play crucial roles not only in apoptosis regulation
but also have functions in autophagy (12, 13) and cytosolic Ca?* regulation in higher
organisms (14). The Bcl-2 family consists of both pro- and anti-apoptotic Bcl-2 members
(2, 15) and share up to four conserved regions or Bcl-2 homology motifs (BH1-BH4) that
are central to Bcl-2 action as either pro-survival or pro-apoptotic function. The pro-

apoptotic Bcl-2 proteins are subdivided into two groups, either multi-motif pro-apoptotic
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Bcl-2 (whose members include Bax, Bak and Bok) or BH3-only proteins (Bad, Bid, Bim,
Bik, Bmf, Hrk, Noxa and Puma). Controversially, the BH3-only proteins have been further
divided into two groups either activator BH3-only proteins (Bim and Bid) or sensitizer
BH3-only proteins (Bad, Noxa, Bik, Bmf and Hrk). However, Puma has been characterised
as either activator (16-18) or sensitizer (19, 20) in different studies. Other studies have
questioned these findings as there does not appear to be a strong preference for Bax or Bak
binding by BH3-motifs (21). So, Bax/Bak mediated apoptosis is maintained in the absence
of all BH3-only proteins (22, 23), leading to the conclusion that BH3-only Proteins sole
function is to inhibit the pro-survival Bcl-2 members (24). However they are classified,
BH3-only proteins are major apoptosis inducers which are activated in response to various
cellular damaging conditions and upregulate the cell death process initiating Bak and Bax
oligomerization and mitochondria outer membrane permeabilization (MOMP) (25).
MOMP leads to release of cytochrome c and other apoptosis inducing factors from
mitochondria into the cytoplasm from the mitochondria inter membrane space to activate
the subsequent caspase cascade and cell death (26).

The pro-survival Bcl-2 proteins exist as a globular helical bundle with 7 or 8 alpha
helices and helices a2-a5 form the canonical hydrophobic ligand binding groove which
provides the interaction site for BH3 motif of pro-apoptotic Bcl-2 proteins (4). Similarly,
cellular pro-apoptotic proteins Bax, Bak and Bok have essentially the same structure as the
pro-survival proteins (15), but their cellular localization differs, Bak is primarily resident
in the mitochondria outer membrane or endoplasmic reticulum (ER) membrane (27), Bax
is localized to the cytosol and translocates to mitochondria during apoptosis induction (28)
and Bok is primarily localized to the ER (29).

As apoptosis plays an important front-line defence mechanism against invading

pathogens (3, 15), viruses have evolved multiple strategies to block host apoptosis
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mechanisms (9, 30) to enable successful infection and viral replication in the host-cell (31).
Most large DNA viruses, including the poxviruses, utilize protective responses during
infection to keep the host cells alive by molecular mimicry. During the infection of these
viruses produce structural, functional and sequence homologs of cellular pro-survival
proteins including Bcl-2 proteins to overturn host cell apoptosis. Pro-survival genes,
including those of the Bcl-2 family have been assimilated by viruses (2, 4). While Bcl-2
genes are not the only pro-survival factors in viral genomes, they are probably the most
well understood at a molecular level (32). Not all Bel-2 mimics share significant sequence
similarity with mammalian Bcl-2 proteins, some shared low sequence identity (< 10%)
making them difficult to identify from their sequence alone (33-35). Thus, for example,
the Bel-2 homolog of Epstein Barr Virus (EBV) BHRF1 has 17.5% shared identity with
human Bcl-xi, with poor sequence homology between BH regions and the myxoma virus
homolog MI11L shares only 9.6% and displays no detectable BH regions, yet both viral
Bcl-2 (vBcl-2) homologs obstruct premature host cell death and are critical for successful
infection and proliferation (36).

The earliest identified vBcl-2 homologs were those identified in several virus
families by the presence of their characteristic BH sequence motifs and these regions were
confirmed to be vital for their function (37). Viral Bcl-2 members that were included in
this group are E1B19K from adenovirus (38, 39), BHRF1 from Herpesviridaec EBV (40,
41). Other easily recognizable Bcl-2 proteins are those from Kaposi sarcoma virus, KsBcl2
(42), turkey herpes virus vNR13 (a viral Bcl-B ortholog) (43), Herpesvirus saimiri ORF16
(44), murine y-herpes virus 68/ M11 (45), African swine fever virus (asfarviridae) A179L
(46, 47), Grouper Iridovirus (iridiviridae) GIV66 (48) and several members of poxvirus

(poxviridae) family, such as well-known member of pox family, vaccinia virus FI1L
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(VACV F1L) (34, 49). The structures of a number of the virus Bcl-2 proteins either in apo
form or as complexes with their potential cellular targets have been determined (Figure 1).
Viral Bcl-2 subversion of host cell apoptosis employs the interactions between pro-
survival viral Bcl-2 proteins and cellular pro-apoptotic Bax and Bak and BH3-only
proteins similar to cellular Bcl-2 proteins (50) (Figure 1). These interactions have been
widely studied and affinity measurements reported, and the major finding is that there are
significant variations in the BH3 binding profile of the vBcl-2 proteins. For instance,
A179L (African swine fever virus (ASFV) Bcl-2 homolog) and FPV039 (Fowl pox virus
(FPV) encoded Bcl-2) bound to almost all peptides derived from the BH3 motif of BH3-
only proteins with wide range of affinities spanning from nanomolar to the sub-micromolar
range. Most of the other vBcl2 proteins show selectivity towards BH3 motif peptides and
bind relatively few of them (15). GIV66 (Grouper iridovirus (GIV) Bcl-2) on the other
hand showed a highly specific binding profile and bound Bim BH3 peptide alone (48).
Bim is a universal Bcl-2 interactor, that binds to all cellular pro-survival proteins with
significantly high affinity (51). However, in the context of vBcl-2 proteins Bim does not
bind to all vBcl-2 proteins, for example no Bim binding was detected with variola virus
(VARV) F1L (35). Combined, these findings suggested that viruses selectively mimic and
agonise the action of particular pro-survival Bcl-2 proteins which are important during
viral infection and proliferation.

Pox viruses have relatively large and complex genomes when compared to other
viruses and utilize multiple strategies for modulating host-cell apoptosis. Frequently
poxviruses contain multiple Bcl-2 mimics (eg VACV NI1L and F1L have structures that
are Bcl-2 mimics) that interfere with Bax-Bak regulated apoptosis that attests to the
importance of manipulating this pathway. Other strategies employed by poxviruses include

tumour necrosis factor (TNF) receptor homologs such as Cytokine response modifier
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(CrmB, CrmC, CrmD and CrmE) (52), Serine protease inhibitors (cowpox virus (CPXV)
CrmA, VACV B13) (53, 54), Golgi anti- apoptotic protein (GAAP) (55), double stranded

RNA (dsRNA) induced apoptosis (eg VACV E3, MYXV M029, shope fibroma virus,

VACV F1L: Bak BH3 MYXV M11L: Bak BH3 DPV022: Bak BH3

Figure 1: Cartoon representation of crystal structures of poxviral encoded Bcl-2 proteins
and comparison with cellular Bel-xr and other viral Bcl-2 structures. a) human Bel-xp (light
blue) in complex with Bax BH3 (tv orange) (PDB 3PL7) (56). All the helices are labelled
as a1-a7/8 and the view is of the canonical ligand binding groove formed by helices a.2-
a5. b) EBV BHRF1 (split pea) in complex with Bim BH3 (blue) (PDB 2V6Q) (40), c)
ASFV A179L (dirty violet) in complex with Bax BH3 (PDB 5UAS5) (47) (tv orange), d)
VACYV FIL (slate) bound to Bak BH3 (yellow) (PDB 4D2L) (49), €) myxoma virus
(MYXV) MI1L (red) bound to Bak BH3 (yellow) (PDB 2JBY) (33) and f) deerpox virus
(DPV) DPV022 (wheat) in complex with Bak BH3 (yellow) (PDB 4UF1) (57). All views
(b-f) are as in a).
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SFV032) (58-60) and Cu-Zn-Superoxide dismutase (SOD) induced apoptosis inhibition
(M131, S131) (61). These strategies are summarized in Figure 2. However, there is
significantly less structural and binding data available on these non-Bcl-2 mimics. Due to
from potential health risk from pox viruses such as poxviral infections can be transmitted
to human by infected animals (tanapox virus, ORF virus) or not having specific vaccine or
treatments other than vaccination against smallpox virus would be a problem. Thus, current
research is focusing on various immunomodulatory strategies encoded by various
poxviruses against host immune system (9, 62). In this review we discuss details of the
poxvirus Bcl-2 modulated host apoptosis inhibitory strategies to overcome the cellular

apoptosis response.

1B.2 Pox virus inhibition of host intrinsic activated apoptosis with Bcl-2 homologs
Poxviridae are a numerous and diverse group of viruses that infect both vertebrates and
invertebrates and subdivided into the entomopoxviridae, those that infect invertebrates
such as insects, and chordopoxviridae, that infect vertebrates (63). Ten genera of
poxviridae are currently identified and classified under chordopoxviridae (63). They are
orthopoxvirus,  capripoxvirus,  cervidpoxvirus, suipoxvirus,  leporipoxvirus,
mollusicpoxvirus, yatapoxvirus, avipoxvirus, crocodylidpoxvirus and parapoxvirus.
Among these phyla orthopoxvirus, molluscipoxvirus, yatapoxvirus and parapoxvirues
have been shown to infect humans and cause disease (64). Monkeypox virus is an
orthopoxvirus and classified as an emerging zoonotic disease and could have potentially
significant impact on public health (65).

Poxviruses are large linear double stranded DNA viruses containing
genomes of 135- 360 kbp in size, that encode up to 328 open reading frames (ORFs) (66)
and exclusively replicate within the cytoplasm of the infected cells (63). For example, the

causative agent responsible for Smallpox, Variola virus (VARYV), is perhaps the most well-
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Figure 2: Schematic diagram of the major pathways to apoptosis and the pathways that
are modulated by poxvirus encoded apoptosis inhibitors. All major apoptosis inhibition
events caused by pox viruses are numbered as 1-8. The cellular intrinsic apoptosis pathway
is initiated in the event of viral infection which activates the BH3-only proteins in the
cytoplasm. These BH3 proteins interact with cellular pro-survival Bcl-2 proteins to
neutralize their activity or directly interact with cellular pro-apoptotic Bcl-2 proteins
releasing them to oligomerize at mitochondrial outer membrane to form pores. Release of
cytochrome c and other factors through these mitochondrial pores activate the downstream
events of intrinsic apoptosis such as APAF-1 activation. Virally encoded Bcl-2 proteins
mimic the action of cellular pro-survival Bcl-2 proteins to block apoptosis by a variety of
means. 1) VACV FIL interacts with BH3-only proteins to block their activity and
subsequent activation of mitochondrial mediated apoptosis. 2) VACV NI1L interacts with
cellular BH3-only protein Bid to inhibit the downstream activation of apoptosis. 3) VACV
F1L/ VACV B13 interact with caspase 9 and suppress the activation of caspase cascade
and cell death. 4) poxvirus encoded vINFRs mimic the cellular TNFR1/2 and block the
initiation of extrinsic apoptosis. 5) poxvirus encoded CPXV CrmA/ VACV B13/B22
antagonize active caspase 8 and downstream activation of intrinsic or extrinsic apoptosis.
6) VACV NI1L/ MC159/ MC160 inhibit the activation of NF-«B activation, 7) VACV
GAAP blocks the Ca?" efflux from Golgi/ER and 8) Cu-Zn-SOD encoded by MYXV
inhibits the MOMP and subsequent activation of intrinsic apoptosis.
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known member of pox family and was successfully eradicated globally by 1980 (67).
Among those genes encoded by open reading frames (ORFs) of VARV there are genes
important for host immune evasion that function by inhibiting both the adaptive and innate
immune responses (68-70). Closely related to VARV is Vaccinia virus (VACV) and this
virus encodes several proteins that mediate host immune evasion by targeting different
apoptotic pathways, with the Bcl-2 homologs F1L and NI1L that target host intrinsic
apoptosis and NF-kB (nuclear factor-xB) inhibition respectively (34, 71). Almost all
poxviridae of the chordopox families encode Bcl-2 like proteins and significantly no
entomopox viruses have yet been identified with Bcl-2 homologs in their genomes. This
observation is likely due to differences in Bcl-2 mediated apoptosis in invertebrates

compared to vertebrates (2, 3).

Orthopoxviruses

Vaccinia virus (VACYV), the prototypical member of orthopoxviridiae, expresses multiple
proteins which have already been demonstrated or predicted to have Bcl-2-fold structures
(72). Examples of structures of this class of protein have been given in Figure 3. Regardless
of their structural similarity to Bcl-2 proteins, they do not all solely act via host cell
apoptosis inhibition. Most of these proteins are associated with regulation of host innate
immune response (73), largely by antagonizing Toll Like Receptor (TLR) signalling
network (74, 75) (Figure 2). For example, VACV Bcl-2 like protein A46, A49, A52, B14,
B15 and K7 have evolved to suppress different levels of TLR signalling network, in
particular NF-«xB inhibition (76, 77) which is a pro-inflammatory regulation mechanism
activated through Tumour necrosis factor oo (TNF-a) and interleukin 1 (IL-1) (78). Thus,
similar Bcl-2 like ortholog genes were identified in almost all variants of vaccinia virus as

well as in different genus of chordopoxviridae family (75).
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VACV A46 was initially identified as a Bcl-2 like protein which does not engage
in Bcl-2 like anti-apoptotic activity, instead A46 is an inhibitor of Toll/interleukin-1
receptor (TIR)-domain adaptor protein which is crucial for triggering innate immune
responses against invading pathogens such as viruses (79, 80). Thus, VACV A46
particularly targets the BB-loop region of TIR, which is a well conserved short peptide
sequence (30 amino acid residue) of TIR-domain proteins (81) and blocks the interactions
between receptor and adaptor (82) and downstream activation of NF-kB signalling. The
crystal structure of A46 showed it exists as a homodimer (Figure 04) with a Bcl-2 fold
similar to that in VACV NI1L, A52, B14 and K7 (Figure 3) (82) where the a2 helix of one
protomer interacts with a6 helix of the neighbouring protomer to make the dimer interface
(82, 83). A46 was shown to interact with TIR motif of adaptor protein MAL (MyD88-
adaptor-like protein) with 13 uM affinity at the ol helix of A46 and mutational analysis
showed the mutant E97A reduces the affinity by around 36-fold and K88A reduces by 4-
fold, in which E97 play an significant role (82). This suggested that charged residues at
the protein binding site are crucial for interactions with TIR motif of adaptor proteins.

VACV A52 and B14 are intracellular 23 kDa and 17 kDa proteins, respectively,
which are predicted to adopt the Bcl-2 fold and are expressed early in the infection cycle
and important virulence factors of VACV that function by inhibiting the activation of NF-
kB signalling (77, 84) (Figure 2). Structural analysis of VACV A52 and B14 (Figures
3d&e) showed them to homodimerize both in vitro as well as in the crystal structure as
previously reported for VACV N1 and A46 (83). Neither A52 or B14 form a hydrophobic
binding groove that is required for interaction with the BH3 motif of pro-apoptotic Bcl-2
proteins (77). An in vivo transfection based analysis reported that both A52 and B14 have

a role in modulating NF-kB signalling (77). Nevertheless, structure based phylogenetic
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analysis proposed that A52 and B14 are more similar to VACV N1 rather than Bcl-2
proteins although they follow the similar Bcl-2 fold (77).

VACYV K7 is a 17 kDa intracellular protein that has a non-canonical Bcl-2 like
protein fold (Figure 3) and has been shown to interact with IRAK2 and TRAF6 in in vivo
transfected assays and downregulate the activation of TLR-dependent NF-kB (85). VACV
K7 was shown to interact with DEAD-box RNA helicase (DDX3), which plays an
important role in the innate immune response (86) and was shown to bind VACV K7 with
510 nM affinity in ITC experiments (86). The crystal structure of VACV K7 in complex
with DDX3 revealed that the binding pocket of K7 is located in the region covered by N-
terminus of a1 helix and the a6 helix and is largely unstructured (86). These data suggest
vaccinia virus has captured a Bel-2 like gene and over the evolution process this gene has
been copied and adapted for utilization in various immunomodulatory functions.

VACYV A49 is 19 kDa Bcl-2 like protein predominantly expressed in the cytosol.
Despite having pro-survival function and a hydrophobic ligand binding groove which is
unique to Bcl-2 proteins, A49 is closely related to MYXV M11L (87). However, homologs
of A49 are only available in orthopoxviral genomes (88) and are shown to inhibit NF-xB
activation and translocation into nucleus, with A49 knockout virus unable to block the NF-
kB activation (89). Similar to VACV K7, A49 exists as a monomer in solution or in cells
(89). These data suggest that VACV A49 features a monomeric Bcl-2 fold (Figure 3c)
which lacks pro-survival function and is important for viral inhibition of NF-«xB activation.

In addition to the previously discussed Bcl-2 homologs above, VACYV also contains
the Bcl-2 homolog F1L. VACV F1L was the first identified Bcl-2 like protein linked to
mitochondria associated apoptosis inhibition in poxviruses (90) where there is no

recognizable sequence identity to any mammalian Bcl-2 family members. Functional
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studies of VACV F1L revealed that it is an essential element for survival of virus infected

cells and prevented staurosporin induced cell death and subsequent cytochrome c release

Figure 3: Cartoon representation of crystal structures of vaccinia virus encoded Bcl-2 like
proteins. a) N1L (sand) (PDB 2139), a-helices are labelled as a.1-0.7/8 with the view into
the Bcl-2 ligand binding groove formed by a2-a5. b) structure of A46 (light magenta)
(PDB 4LQK), c) structure of A52 (bright orange) (PDB 2VVW) d) structure of B14
(marine) (PDB 2VVY) e) cartoon representation of A49 (green) (PDB 4D5R) and f)
structure of K7 (cyan) (PDB 3JRV). All views of b-f are as in a. The structures of figures
a-d exist in a similar dimeric configuration to the crystal structure as of N1L (Figure 4b)
and those of panels e and f exist as monomer in crystal structure. The dashed line in panel
f represents the unstructured loop region in structure of K7.

from mitochondria in Jurkat cells (90). In comparison, an f7/ deletion mutant,
VV811, underwent apoptosis and expression of FI1L prevented all post-mitochondrial
events (90). Similar to other pro-survival Bcl-2 proteins VACV F1L was also shown to

localize to mitochondrial membranes through its hydrophobic C-terminal residues by a
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fluorescence assay experiment using C-terminal sequence of pEGFP-F1L (199-226) in
HeLa cells (90). Biochemical interaction studies of VACV F1L have shown that it has a
highly selective BH3 binding profile and is only able to bind to peptides that span the BH3
regions from Bim, Bak and Bax with sub micromolar affinities (34). Interaction of VACV
FIL with Bim is key to its pro-survival activity (49). In addition, F1L prevented Bak and
Bax homo-oligomerization and subsequent cell death (91). Mutagenesis of the F1L binding
groove residue, such as in F1L A115W, hindered the interactions with Bimg, but not with
Bak, and the mutant was unable to prevent host cell apoptosis (49). The crystal structure
of FIL featured the conserved Bcl-2 fold with seven a-helices where a2-a5 form the
canonical ligand binding grove, but the overall fold was a dimer with an unusual domain
swap dimerization between o1 helix of two neighbouring protomers (Figure 4). In contrast
to FIL, mammalian pro-survival Bcl-2 protein possess 8 a-helices. In addition to the
domain swapped dimer, F1L features a unique N-terminal extension spanning residues 1-
15 (92), that is an intrinsically disordered region, and does not contribute to apoptosis
regulation (34, 93). More recent functional analysis of VACV F1L indicates Caspase-9
inhibition (92) and inhibition of inflammasome activation by direct interaction with
Nucleotide-binding domain and leucine-rich repeat containing receptors protein 1
(NLRP1), which is important for initiating innate immune responses against invading
pathogens (94). VACV FI1L was shown to interact with NLRP1 (Figure 1) in an
immunoprecipitation experiment of cell transfection study (95). These results potentially
imply direct regulation of inflammasome activity in the host by VACV F1L.

VACYV also bears a second apoptosis inhibitory Bcl-2 like protein in its genome in
addition to F1L, that encodes for the 117 residue protein N1L. N1L has been shown to
interact with several cellular pro-apoptotic proteins including Bak, Bid and Bim with high

affinity, similar to that observed previously for Bcl-x. (71, 96). In contrast to other vBcl-
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2 proteins, N1L is localized in the cytosol but not mitochondria (96). The crystal structure
of VACV NIL revealed that it adopts an overall Bcl-2 fold with homodimeric topology,
where al and a6 form the interface for dimerization (Figure 4b) (71). A structural
comparison of VACV FIL and NIL shows that the proteins share a similar structure
(Figure 4c). However, functionally VACV NI1L inhibits NF-kB signalling during infection
and it may be able to block the host intrinsic apoptosis pathway under specific conditions
(72, 97). This has been confirmed in transiently transfected N1L immuno-co-precipitated
with cellular Bax, Bid and Bad, where Bax was expressed by cellular transfection (96).
Unlike VACV FIL, Variola virus (VARV) the causative agent of smallpox
infection in humans and an orthopoxvirus, also encodes an F1L homolog protein VARV
F1L, which has almost identical structure and sequence into VACV FIL (35). However,
functionally VARV FI1L differs from VACV FIL. VARV FI1L inhibits host apoptosis
through interacting with only Bid, Bak and Bax but not with Bim. Compared with VACV
FIL, VARV FIL could only inhibit Bax regulated cell death but not apoptosis via Bak
inhibition (35). Other orthopox viruses have not been as well studied and the data available
on their vBcl-2 function are more limited. Ectromelia virus for example is also an
orthopoxvirus and the causative agent of Mousepox and expresses a protein thatisa VACV
F1L homolog, EMV025. EMV025 was found to interact with Bak, Bax and Bim, and

blocked the host intrinsic apoptosis pathway by sequestering Bak (98, 99).

Leporipoxviruses

Leporipoxviruses (Leporipoxviridae) are pathogenic poxviruses that cause disease in
species such as rabbits and squirrels. There are four identified poxviruses belonging to this
genus and myxoma virus (MYXV) is considered the prototypical member of

leporipoxviridae genus (64). MVXYV is an infective agent of myxomatosis in European
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rabbits (100) and encodes a vBcl-2 like protein, M11L, which is localized to the
mitochondria outer membrane with its hydrophobic C-terminal trans-membrane (TM)
region during virus infection. The crystal structure of M11L showed that it is monomeric
and it was further confirmed by size exclusion chromatography where M11L eluted as a
single peak in monomeric region (33, 101). The structure of M11L followed the overall
Bcl-2 fold with seven a-helices and hydrophobic binding groove that engages with pro-
apoptotic proteins, similar to that in other pro-survival proteins (33, 101). M11L displays
very tight affinity towards the BH3-only protein Bim and was able to bind other pro-

apoptotic proteins Bak (102), Bax, Bid and Bmf with high to moderate affinity (33).

VACV N1L dimer

Figure 4: Cartoon representation of the different dimeric topologies of VACV FIL and
VACYV NIL. a) Crystal structure of dimer interface formed by VACV FI1L (light blue) in
complex with Bak BH3 (yellow) (PDB 4D2L) where a1 helix of one protomer is swapped
with the a1 helix of a neighbouring protomer, b) dimeric interface formed by VACV N1L
(beige) (PDB 2139), where al helix of one protomer interact with a6 of the adjacent
protomer in crystal contact. c¢) structural superimposition (RMSD value of 2.3 A) of
cartoon tube representation of VACV FIL and VACV NIL with the view into the
hydrophobic binding groove formed by a2-a5. All helices are labelled as a1-a.7.
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In vivo studies confirmed that, unlike VACV FI1L, M11L subverts the host cell apoptosis
by primarily sequestering cellular Bak and Bax but not Bim (49). Myxoma virus infection
initiates a rapid response from cellular Bax in which it is translocated to mitochondria
(100). Interestingly, expression of M11L could inhibit the Fas-ligand induced apoptosis in
HEK?293 cells and downregulates the subsequent caspase cascade in virus infected cells
(102). This data suggests that MYXV M11L could inhibit host apoptosis through both the

intrinsic and extrinsic pathways.

Yatapoxviruses

Yatapoxviridae are primate specific poxviruses and there have been two identified
members, the tanapoxvirus and yaba monkey tumour virus that can cause mild monkeypox
like infections to human (64). Tanapox virus (TANV) encodes putative Bel-2 like protein
16L (TANV16L). TANVI16L displayed broad range of interactions towards pro-apoptotic
Bcl-2 proteins by binding to almost all BH3 interactors except Bok and Noxa (Chapter 2,
Table 1) (103). TANV16L was also shown inhibit yeast cell death induced by cellular Bax
and Bax in a yeast model system (Chapter 2, Figure 3) (103). Surprisingly, the crystal
structures of TANV16L adopt both monomeric and domain swapped dimeric Bcl-2
configurations where two complexes of TANVI16L, with Bax BH3 and Bim BH3
crystallized as a domain swapped dimeric configuration, and TANV16L: Puma BH3
complex crystallized as a monomeric complex (Chapter 2, Figure 4) (103). This was
further validated by analytical ultracentrifugation experiment where TANV16L exists in
mainly monomeric and dimeric forms as well as very little amount of homotetrameric
species also observed [103]. However, there no homotetrameric Bel-2 protein structure has

been reported to date (Chapter 2) (103). In TANV16L the dimeric state is similar to that
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observed previously in vaccinia and variola virus Bcl-2 homologs (34, 35), and in its

monomeric configuration al is folded back into its globular form.

Parapoxviruses

Parapoxviridae are also known as epitheliotropic viruses and cause skin infections in
humans. ORF virus is the prototypical member of parapoxviruses and they commonly
infect sheep, goats and humans (104). ORFV125 is a predicted anti-apoptotic Bcl-2 like
gene encoded by ORF virus. Like other vBcl-2 proteins, ORFV125 lacks obvious Bcl-2
homology, while it antagonizes mitochondria mediated apoptosis and following
cytochrome ¢ release and caspase activation in virus infected cells (105). Furthermore,
immunoprecipitation data of ORFV125 revealed that, it only engaged with a selective
subset of pro-apoptotic proteins: Bim, Puma, Hrk, Bik, Noxa and active Bax but not Bak
(106). While affinity measurements of those interactions have not been reported yet, this

result implies that ORFV 125 acts via suppression of Bax initiated apoptosis.

Capripoxviruses

Capripoxviruses are economically important pathogenic viruses which cause infections in
domestic ruminants such as sheep and goats. Lumpy skin disease is a common disease
which causes significant economic loss by terminating the wool production in sheep, and
furthermore it is very difficult to control the infection (107). Sheeppox virus encoded
SPPV14 is well characterized capripoxvirus anti-apoptotic vBcl-2 protein that adopts a
monomeric Bcl-2 fold in nature (108) similar to the previously solved M11L (33), and
features a broad range of interactions with all pro-apoptotic Bcl-2 proteins (109), except
Noxa. The SPPV14 mutant Y46A significantly reduces binding affinities of Bak, Bax,

Bim, Bmf, Hrk and Puma, but not for Bid, Bik, Bad and Bok (108).
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Deerpox virus DPV022 is one of the first Bcl-2 like genes identified in poxviruses
which does not have obvious BH motifs in its sequence. DPV022 was shown to block
intrinsic apoptosis by interacting with highly selective subset of pro-apoptotic proteins
Bak, Bax (110) and Bim. The structure of DPV022 resembles the domain swapped Bcl-2

fold (57) which has been previously seen in vaccinia and variola virus F1L (34, 35, 49).

Table 1: Summary of poxvirus Bcl-2 homolog binding data. Binding affinities of poxviral
Bcl-2 proteins were measured by Isothermal Titration Calorimetry (ITC) or Surface
Plasmon Resonance (SPR). All pox viral proteins have been shown to interact with cellular
Bak, Bax and Bim except VARV F1L, which does not interact with Bim. This suggest that
poxviruses are primarily targeting cellular Bak and Bax or Bim for inhibition and down
regulate the subsequent activation of intrinsic apoptosis.

Binding affinities (nM)

BH3 motif VACV VARV F1L M11L* [33] TANVI6L SPPV14 DPV022 [57] FPVO039 [111] CNP058
peptide F1L* [34] [35] [103] [108,109] [112]

Bak >1000 2640 +620.0 50 38+ 4.0 48+ 1.0 6930 +1460 76 + 23 2442 +508.0
Bax 1850 +150.0 960+90.0 75 70%5.0 26+3.0 4040 £520.0 76+ 30 326 + 140
Bok N/A N/A N/A NB 7580 £643.0 N/A NB NB

Bad NB NB >1000 219+340  5200£523.0 NB 653 + 277 NB

Bid NB 3200 £590.0 100 719+66.0  136+23.0 NB 2102 50+ 10

Bik NB NB >1000 1250 +111.0 1760 +280.0 NB 30+10 NB

Bim 250 + 142 NB 5 180+150  19%3.0 340+4.00 10£6.0 353+ 53.0
Bmf NB NB 100 606+76.0 4450 NB 16+ 1.5 294 +58.0
Hrk NB NB >1000 3220 £+301.0 39+7.0 NB 2411 312 +69.0
Noxa NB NB >1000 NB NB NB 28+1.0 3280 + 246.0
Puma NB NB >1000 468+470  56+8.0 NB 24+15 2480 +788.0

NB-No Binding, N/A- Not Available *affinity measured by SPR

Avipoxviruses

Avipoxviruses are the most prominent pathogenic virus among avian species, often
causing slow growth (111) in birds. Two members of the avipoxviridae genus encode
putative Bcl-2 like proteins, FPV039 from fowlpox virus and CNP059 from canarypox
virus. Both of these proteins adopt the conserved monomeric Bel-2 fold with eight alpha
helices (112, 113). FPV039 is able to suppress the host apoptotic machinery by engaging
with all pro-apoptotic Bcl-2 proteins (112), with FPV039 Bax interaction preventing Bax
oligomerization and mitochondrial pore formation (114), whereas CNP058 interacts with
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a distinct set of BH3 only proteins and did not show any detectable affinity towards Bok,
Bad or Bik (113). Most likely, both of these viruses primary block host apoptosis by

sequestering Bim along with direct interactions with cellular Bak and Bax (112, 113).

1B.3 Extrinsic apoptosis inhibition

The extrinsic apoptosis pathway is initiated through interaction of death ligand (Fas/ TNF)
to their corresponding death receptors (Fas receptor/ TNF receptorl) (Figure 2) where TNF
ligands function against microbial infections and stimulate the inflammatory response. Fas
ligand involved in regulating activation of apoptosis of natural killer cells and peripheral
lymphoma. Also, Fas is important for induction of apoptosis in virus infected cells or
cancer cells (5). In the event of these death ligands binding a death receptor molecule a
structural rearrangement of the receptor occurs and trimerization ensues, which initiates
the activation of pro-caspase 8 through interaction with adaptor proteins FADD or TRADD
(5). Subsequently pro-caspase 8 undergoes dimerization and changes into active caspase-
8 (Figure 2). This ultimately leads to activation of the caspase cascade and subsequent
apoptosis through either the extrinsic pathway or the intrinsic pathway via activation of
Bid (115). Poxviruses have been shown to encode multiple inhibitors of extrinsic apoptosis
and this includes caspase inhibitors, Tumour Necrosis Factor (TNF) homologs, and death

effector proteins to evade the host immune system (9, 31) (Figure 2).

Poxvirus encoded caspase inhibitors

Cytokine response modifier A (CrmA) is a 38 kDa protein that was the first identified
caspase inhibitor encoded by cowpox virus, and shares conserved sequence homology with
serine protease inhibitors (serpin). CrmA is expressed during the early infection (116) and

shown to suppress the activity of both cysteine and serine proteases (117) as well as inhibit
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the function of caspase 1 (118) and caspase 8 (119), which are vital for both extrinsic and
mitochondrial apoptosis pathways (Figure 2) (120). Thus, CrmA directly interacts with
TNF and Fas receptors mediated pathways to inhibit the downstream activation of extrinsic
apoptosis (121) but not intrinsic apoptosis (122). Nevertheless, CrmA has been shown to
block Granzyme B, which is a serine protease secreted by cytotoxic T lymphocytes that
activates the caspase cascade (123).

Vaccinia virus encodes a protein, B13 (SPI2), that is a homolog of CPXV CrmA
that shares 92% sequence identity and was shown to have a similar function as CrmA and
inhibit the action of several initiator caspases to block apoptosis (53, 124). MYXV was
also shown to encode three serpin inhibitor homologs called as SERP-1, SERP-2 and
SERP-3 (125). SERP-1 is an essential element of MYXYV virulence (54), whereas SERP-
2 functions by inhibiting caspase 1 and granzyme B (126, 127). However, the function of
SERP-3 is still not known (128). This suggests that poxvirus encoded CrmA and their
homologs are important for caspase and granzyme B inhibition for the blockade of

apoptosis.

TNF homologs encoded by poxvirus

TNF receptor molecules are vital for initiating extrinsic apoptosis pathway (5) (Figure 2).
Poxvirus encoded anti-apoptotic proteins mimic the action of TNF receptor or bind TNF
receptors to inhibit their function (129). The first identified poxviral TNF receptor like
proteins are myxoma virus M-T2 and shope fibroma virus S-T2 (130). Both of these
proteins were shown to mimic the action of TNF and block the TNF induced extrinsic
apoptosis in host (131, 132). It was reported that several other pox viruses also encode the
TNF receptor homologs including vaccinia virus (CrmB, CrmC CrmE ) (133), variola virus

and ectromelia virus (134). Cowpox virus was also shown to encode for four unique TNF
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receptor molecules and a distinct CD30 homolog (134), where CD30 is a member of TNFR
family of proteins and initially identified in Hodkin’s and Reed-Sternberg cells (135, 136).
More recent work has shown that tanapox virus encoded 2L is a novel TNF binding protein
which does not show significant sequence homology (13% identity) with its cellular
counterpart TNF receptors. Despite having poor sequence homology, tanapoxvirus 2L was
shown to bind TNF with very high affinity (43 pM) and block the subsequent activation of
the caspase cascade of cell death (137).

Molluscum contagiosum virus (MCV) is the only known member of
mulluscipoxvirus genus and one of the two specific human pox viruses other than variola
virus (smallpox). MCV infection is commonly seen in the young and causes a skin rash
(138). This virus was shown to utilize an alternative approach to block death receptor
mediated apoptosis. MCV encodes two proteins, MC159 and MC160 which are 114 and
370 residues respectively, which have sequence homology for the death effector motif of
adaptor proteins TRADD and FADD, and initiator caspase (139). Previous studies have
shown that MC159 and MC160 interact with death effector motif of caspases and FADD
in cell based transfection assays (30, 140). However, these interactions appear to be not
potent enough for effective inhibition of apoptosis (141). Even though MC159 does not
show apoptosis inhibition, another study has shown MC159 inhibition of NF-kB activation
through degradation of ikBf} (142). Combined these studies show that poxviruses have
utilized multiple strategies to successfully inhibit the host extrinsic apoptosis pathway to
aid virus replication in the host cell.

The sections above describe poxvirus involvement in direct inhibition of host cell
apoptosis. However, poxviruses also encode numerous other inhibitory proteins which are
indirectly involved in inhibition of either intrinsic or extrinsic apoptosis. These include

poxvirus expression of Golgi anti-apoptotic protein (GAAP) (143), Cu-Zn-superoxide
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Table 2: Summary of poxvirus encoded inhibitors of apoptosis

Genus Virus Protein type Protein Function Reference
Orthopoxviridae VACV Bcl-2 like FI1L Pro-survival (34)
NIL NF-xB inhibition (71, 96)
A46 NF-«xB inhibition (80, 82)
A49 NF-«xB inhibition (89)
AS52 NF-«B inhibition (77)
B14 NF-«B inhibition (77)
B15 NF-«xB inhibition (76)
K7 NF-«B inhibition (86)
IFN signalling
Serpin B22 (SPI-1) | Caspase inhibition (144)
B13 (SPI-2) | Caspase inhibition (53,124)
SPI-3 Caspase inhibition (145
vINFR CrmB Mimic TNFR1/2 (133)
CrmC Mimic TNFR1/2 (133)
CrmE Mimic TNFR1/2 (133)
Decapping D9/ D10 PKR activation | (60)
enzymes inhibitor
VARV Bcl-2 like F1L Pro-survival (35)
CPXV Serpin CrmA Caspase inhibition 117
CMLV vGAAP 6L Anti-apoptotic (143)
ECTV Bcl-2 like EMV025 Pro-survival (98)
vINFR CrmD Mimic TNFR1/2 (146)
Leporipoxviridae MYXV Bcl-2 like MI11L Pro-survival (33)
Serpin SERPI Caspase inhibition (54
SERP2 Caspase inhibition (127)
SERP3 Caspase inhibition (128)
vINFR M-T2 Mimic TNFR1/2 (132)
SOD M131 SOD induced anti- | (147)
homolog apoptosis
E3 homolog MO029 PKR activation | (148)
inhibitor
SPV vINFR T2 Mimic TNFR1/2 (131, 132)
SOD S131 SOD induced anti- | (147)
homolog apoptosis
E3 homolog SPV032 PKR activation | (149)
inhibitor
Yatapoxviridae TANV Bcl-2 like 161 Pro-survival (103)
vINFR 2L Mimic TNFR1/2 (137)
Parapoxviridae ORFV Bcl-2 like ORFV125 Pro-survival (106)
Capripoxviridae SPPV Bcl-2 like SPPV14 Pro-survival (108, 109)
Cervidpoxviridae DPV Bcl-2 like DPV022 Pro-survival (57)
Avipoxviridae FPV Bcl-2 like FPV039 Pro-survival (112)
CNP Bcl-2 like CNPO58 Pro-survival (113)
Molluscipoxviridae | MCV SOD MC163 SOD induced anti- | (150)
homolog apoptosis
vFLIP MC159 Inhibitor TNF-o/ FasL | (142)
induced apoptosis
MC160 Inhibitor TNF-a/ | (9)
induced NF-«B
inhibition
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dismutase (SOD) and double stranded RNA (dsRNA) induced apoptosis (9) (Figure 2).
With host cells having evolved multiple cell death mechanisms, and apoptosis being
triggered by multiple pathways, poxviruses have evolved to counteract a range of host cell
death mechanisms via multiple inhibitory strategies as discussed above to
successfullyestablish an infection and generate viral progeny. Table 2 summarizes the
currently known poxvirus encoded inhibitors and their functions as well as their
classification.

The initiation of apoptosis is a crucial frontline defence mechanism for a host cells
against invading pathogens. A solid defence of host apoptosis is essential for maintaining
healthy cells and defend against pathogen encoded immune modulatory proteins.
Poxviruses with their large genomes have evolved a diverse array of anti-apoptotic
strategies to block host cell suicide mechanisms. As outlined above poxviruses have
evolved both direct and indirect inhibition mechanisms of host apoptosis for successful
infections. The direct apoptosis inhibition includes viral Bcl-2 mediated mitochondrial
apoptosis inhibition, caspase cascade inhibition and deactivation of death receptor
molecules. Indirect inhibition includes inhibition of dsSRNA induced apoptosis, mimicry
of golgi anti-apoptotic protein and Cu-Zn-SOD inhibition. These features reveal the
sophistication of poxviruses in targeting apoptosis. However, there is a paucity of direct
molecular data or structures to indicate how these molecules involved function in detail.
My current studies on structure and interactions of poxvirus encoded anti-apoptotic Bcl-2
proteins has attempted to provide a detailed understanding of apoptosis inhibition in

poxviruses by these proteins.
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Chapter 2

Paper II: Structural Insight into Tanapoxvirus-

Mediated Inhibition of Apoptosis
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2.1 Introduction

Tanapox virus (TANV) is a large double stranded DNA virus that belongs to genus
vatapoxviridae and causes mild monkeypox like infections primarily in humans and
primates (151). This virus has been shown to encode a putative viral Bel-2 homolog
TANV16L, that has poor sequence homology to cellular Bcl-2 proteins. The closest viral
homolog is deerpox virus Bcl-2 protein DPV022 (57), that shares 32% sequence identity
with TANV16L. However, little information is available about the mechanism of the
potential apoptosis inhibition by tanapox virus upon infection to their host.

Here I examined the detailed molecular mechanism of TANV16L subversion of
host cell apoptosis by measuring the binding interactions of TANV16L with its potential
endogenous BH3 motif peptides from human pro-apoptotic Bcl-2 proteins. In order to
delineate the molecular mechanisms of action I then determined the high resolution crystal
structure of three complexes of TANV16L bound to Bax, Bim and Puma BH3 peptides
(103). The results obtained from this work has been published in FEBS Journal (2020),
under the manuscript title “Structural insight into tanapoxvirus-mediated inhibition of

apoptosis” (103).
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Premature programmed cell death or apoptosis of cells is a strategy utilized
by multicellular organisms to counter microbial threats. Tanapoxvirus
(TANV) is a large double-stranded DNA virus belonging to the poxviridae
that causes mild monkeypox-like infections in humans and primates.
TANYV encodes for a putative apoptosis inhibitory protein 16L. We show
that TANVI6L is able to bind to a range of peptides spanning the BH3
motif of human proapoptotic Bcl-2 proteins and is able to counter growth
arrest of yeast induced by human Bak and Bax. We then determined the
crystal structures of TANVI16L bound to three identified interactors, Bax,
Bim and Puma BH3. TANV16L adopts a globular Bcl-2 fold comprising 7
o-helices and utilizes the canonical Bcl-2 binding groove to engage
proapoptotic host cell Bcl-2 proteins. Unexpectedly, TANVI16L is able to
adopt both a monomeric and a domain-swapped dimeric topology where
the ol helix from one protomer is swapped into a neighbouring unit.
Despite adopting two different oligomeric forms, the canonical ligand bind-
ing groove in TANVI6L remains unchanged from monomer to domain-
swapped dimer. Our results provide a structural and mechanistic basis for
tanapoxvirus-mediated inhibition of host cell apoptosis and reveal the
capacity of Bcl-2 proteins to adopt differential oligomeric states whilst
maintaining the canonical ligand binding groove in an unchanged state.

Database
Structural data are available in the Protein Data Bank (PDB) under the accession numbers
6TPQ, 6TQQ and 6TRR.

Introduction

Tanapoxvirus [1] is a large double-stranded DNA virus
and member of the genus yatapoxvirus, which belongs
to the poxviridae family. Tanapoxvirus (TANV) causes
mild monkeypox-like infections in humans as well as
primates with symptoms that include fever and skin
lesions [2]. Tanapoxvirus encodes a range of immune-
modulatory proteins such as TNF inhibitors [3], as

Abbreviations

well as a putative B-cell lymphoma-2 (Bcl-2) homolog
[4]. Bcl-2 proteins constitute a large family of proteins
that primarily control programmed cell death, or
apoptosis, in higher organisms [5] and are evolutionar-
ily ancient [6]. The family comprises both prosurvival
and proapoptotic members, which are characterized by
the presence of one or more of four Bcl-2 homology

AUC, analytical ultracentrifugation; Bcl-2, B-cell ymphoma 2; BH, Bcl-2 homology; ITC, isothermal titration calorimetry; TANV, tanapoxvirus.
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Tanapoxvirus 16L inhibits apoptosis

or BH motifs and a transmembrane anchor region [7].
The mammalian prosurvival Bcl-2 members comprise
Bcl-2, Bcl-w, Bel-xp, Mcl-1, A1 and Bcl-b, and main-
tain host cell survival. In contrast, proapoptotic Bcl-2
family members are subdivided into two separate
groups, the multimotif executors that comprise Bak,
Bax and Bok, and a second group, the BH3-only pro-
teins, which only feature a BH3 motif and include
Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa and Puma [8].
The BH3-only proteins modulate apoptosis by neutral-
izing the activity of prosurvival Bcl-2 through binding
a surface groove [9]. After activation, Bak and Bax
oligomerize to perforate the outer mitochondrial mem-
brane leading to inner membrane herniation [10] and
subsequent release of cytochrome c¢ that triggers the
formation of the apoptosome and activation of down-
stream caspases that dismantle the cell [11].

A number of large DNA viruses encode functional,
sequence and structural homologs of Bcl-2 that pro-
mote infected host cell survival and viral proliferation
[12]. Viral Bcl-2 homologs have been identified in /er-
pesviridae, include those from Epstein—Barr virus
BHRF1 [13,14] and Kaposi sarcoma virus KsBcl-2
[15-17]. Other major virus families that contain mem-
bers encoding for prosurvival Bcl-2 proteins include
the asfarviridae with African swine fever virus-encoded
A179L [18-20], and grouper iridovirus-encoded GIV66
[21,22] from the iridoviridae. However, the largest
number of Bcl-2 homologs is found in poxviridae [12]
such as vaccinia and variola virus FI1L [23-25] and
myxomavirus M11L [26-28]. Whilst structural studies
have shown [18,21,24,29-32] these virus-encoded Bcl-2
homologs that adopt a Bcl-2 fold, there is substantial
diversity with regard to which proapoptotic host Bcl-2
proteins they bind. For example, vaccinia virus FI1L
binds Bim, Bak and Bax only [33], whereas sheep-
poxvirus SPPV14 binds Bid, Bim, Bmf, Hrk, Puma,
Bak and Bax [34], and African swine fever virus
A179L binds all major proapoptotic Bcl-2 proteins
[18]. The diversity observed amongst the proapoptotic
ligand binding profiles for virus-encoded prosurvival
Bcl-2 extends to the mechanisms of action too; for
example, myxomavirus M11L primarily acts by seques-
tering Bak and Bax [28], whereas vaccinia virus F1L
neutralizes host cell death by sequestering Bim during
viral infections [23].

Tanapoxvirus-encoded TANVI6L is a putative
homolog of deerpoxvirus DPV022 [4] (Fig. 1), with
which it shares 32% sequence identity. In order to
understand the putative apoptosis regulatory function
of TANVI16L, we examined its ability to bind to pep-
tides of host proapoptotic Bcl-2 proteins and deter-
mined crystal structures of TANVI16L bound to its

C. D. Suraweera et al.

interactors. We now show that TANVI16L is a highly
flexible Bcl-2 fold protein that is able to bind to BH3
motif peptides of host proapoptotic Bcl-2 proteins with
high affinity both as a monomeric and domain-
swapped dimeric form. These findings provide a mech-
anistic basis for tanapoxvirus-mediated inhibition of
apoptosis and highlight the substantial structural flexi-
bility in the Bcl-2 fold that allows multiple oligomeric
topologies to engage proapoptotic interactors using
the canonical ligand binding groove.

Results

In order to reveal the function for TANVI6L, we
recombinantly expressed and purified TANV16L lack-
ing the C-terminal 23 residues and examined its ability
to bind to peptides spanning the BH3 motif of all
proapoptotic human Bcl-2 proteins using isothermal
titration calorimetry (ITC). TANVI6L bound to a
number of BH3 motif peptides with high affinity,
including those from the BH3-only proteins Bim, Bid,
Hrk and Puma as well as those from the multimotif
executor proteins Bak and Bax (Fig. 2, Table 1). We
then utilized a yeast-based heterologous expression sys-
tem for studying functional interactions of TANVI16L
with Bak and Bax [13]. Consistent with our ITC data,
we observed that TANVI6L could directly counter
Bak and Bax induced yeast growth arrest when these
proteins were overexpressed in yeast (Fig. 3).

To understand the structural basis for proapoptotic
Bcl-2 binding by TANVI16L, we then determined the
crystal structures of TANVI6L bound to the human
Bax, Bim and Puma BH3 motifs (Fig. 4, Table 2). In
the TANVI16L:Bax BH3 complex, TANVI16L adopts a
globular Bcl-2 fold comprising 7 o-helices (Fig. 4A).
Similar to vaccinia and variola virus FI1L and deer-
poxvirus DPV022, TANVI6L adopts a domain-
swapped dimeric topology where the al helix from one
protomer is swapped with that of a second protomer
in the complex, taking up the space vacated by the
matching ol helix (Fig. 4A.,C). Superimposition of one
chain of the TANVI6L from the domain-swapped
dimer TANVI16L:Bax BH3 complex with the equiva-
lent chain from the domain-swapped dimer VACV
FIL from F1L:Bak BH3 [23] and the domain-swapped
dimer DPV022 from DPV022:Bax BH3 [29] (Fig. 4C,
G) yields an rmsd of 2.3 A (superimposed over 122 Ca
atoms) and 2.1 A (superimposed over 131 Ca atoms),
respectively, whereas superimposition of the entire
domain-swapped dimer of TANVI16L yields rmsd val-
ues of 2.2 and 2.7 A, respectively. The position of the
TANVI16L ol within the domain-swapped dimer is
identical to VACV FIL and DPV022 (Fig. 4F).

The FEBS Journal (2020) © 2020 Federation of European Biochemical Societies
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Fig. 1. Sequence alignment of TANV16L with prosurvival Bcl-2 family members. The sequences of tanapoxvirus 16L (UniProt accession
number: A7XCCO0), deerpoxvirus DPV022 (UniProt accession number: QO08FX8), vaccinia virus F1L (UniProt accession number: 057173),
myxomavirus M11L (UniProt accession number: Q85295) and human Bcl-x, (UniProt accession number: Q07817) were aligned using MUSCLE
[66]. Secondary structure elements are marked based on the crystal structure of TANV16L, and BH motifs are boxed and shown in bold
[70]. The regions of helix are marked ‘H’ and unstructured loops with a bar above the sequence, conserved residues are denoted by '*’,
with highly conservative substitutions indicated by " and conserved substitutions indicated by “.".

Similarly, TANV16L in the TANV16L:Bim BH3 com-
plex adopts a domain-swapped dimeric configuration
that is identical to the TANVI16L:Bax BH3 complex
(Fig. 4B).

Unexpectedly, TANV16L in the TANVI16L: Puma
BH3 complex adopts a monomeric Bcl-2 fold, where the
al helix is folded back into the side of the globular Bcl-2
fold (Fig. 4D). A DALLI analysis [35] indicated that the
closest homolog in the PDB is myxomavirus M11L
(Fig. 4E, PDB ID 2JBX [28]) with an rmsd of 2.1 A
(over 111 Ca), whereas the closest mammalian Bcl-2
structure is human Mcl-1 (PDB ID 5FC4 [36]) with an
rmsd of 2.3 A (over 126 Ca) (Fig. 4H). In the crystal
structure of TPV16L:Puma BH3, one heterodimer con-
tacts a neighbouring one via an interface formed by
helices a1 and o2 from one chain and o7 as well as Puma
BH3 from a neighbouring chain (Fig. 5D). PISA

The FEBS Journal (2020) © 2020 Federation of European Biochemical Societies

(protein interfaces, surface and assembly) analysis of
this interface yields a complexation significance score of
0, which suggests it is a crystallographic dimer and not a
functionally relevant interface.

TANVI16L utilized the canonical Bcl-2 ligand bind-
ing groove formed by o2-aS5 to engage BH3 motif
ligands (Fig. 5). In the TANVI16L:Bax BH3 complex
(Fig. 5A), Bax residues L59, L63, 166 and L70 pro-
trude into the four hydrophobic pockets of TANV16L.
In addition, ionic interactions are observed between
TANVI16L R90 guanidium group and Bax D68 car-
boxyl as well as TANV16L R90 guanidium group and
Bax D71 carboxyl group, with a further two hydrogen
bonds between the TANV16L S84 hydroxyl group and
the Bax S60 hydroxyl group as well as TANV16L S92
hydroxyl group and the main chain amide group of
Bax G67 (Fig. 5A).
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Fig. 2. TANV16L engages a broad spectrum of BH3 motif peptides of proapoptotic Bcl-2 proteins. The affinities of recombinant TANV16L
for BH3 motif peptides (26-mers, except for a Bid 34-mer and Bax 28-mers) were measured using ITC and the raw thermograms shown. Kp
values (in nm) are the means of three experiments + SD. NB, no binding detected. The binding affinities are tabulated in Table 1.

In the TANVI16L:Bim BH3 complex (Fig. 5B), Bim
residues 1148, L152, 1155 and F159 are used to engage
the four hydrophobic pockets in TANVI6L.

Furthermore, there is one ionic interaction between
TANVI16L R90 guanidium group and Bim D157 car-
boxyl group and a hydrogen bond between TANV16L
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Table 1. Interactions of TANV16L with proapoptotic BH3 motif peptides. All affinities were measured using ITC and Kp values given in nm
as a mean of three independent experiments with SD. NB denotes no binding detectable, nd denotes that data obtained did not allow

determination of affinity and thermodynamic parameters, and N denotes stoichiometry of the interaction.

WT 16L 16L_R90A
Peptide Kp (nwm) AH N Ko (nm) AH N
Bak 38+ 4 —4.27 + 0.07 0.99 + 0.08 2325 + 261 —4.07 + 0.26 0.95 + 0.02
Bax 70+ 5 —4.55 + 0.2 1.01 £+ 0.06 2301 + 374 -7.36 + 0.37 1.03 + 0.03
Bok NB NB NB NB NB NB
Bad 219 + 34 -6.3 + 1.3 0.95 + 0.07 10 206 + 1570 —4.45 4+ 0.20 0.87 + 0.06
Bid 719 + 66 —4.13 £ 0.5 1.02 £+ 0.07 nd nd nd
Bik 1250 + 111 —2.51 + 0.31 0.85 + 0.03 14 356 + 1370 —-3.17 £ 0.75 1.12 + 0.05
Bim 180 + 15 —4.93 £+ 0.31 0.90 + 0.03 1766 + 320 —6.16 + 0.63 0.98 + 0.1
Bmf 606 + 76 —5.83 + 0.52 0.98 + 0.06 nd nd nd
Hrk 3220 + 301 —-5.07 £ 0.10 1.02 £+ 0.09 nd nd nd
Noxa NB NB NB NB NB NB
Puma 468 + 47 —5.87 £ 0.15 0.88 + 0.08 911 £+ 39 —1.17 £ 0.1 0.99 + 0.08

16L_K52A

Peptide Kp (nm) AH N
Bak 113+ 3 —8.24 +£ 0.73 1.03 + 0.04
Bax 266 + 11 —6.23 £+ 0.32 1.05 &+ 0.04
Bok NB NB NB
Bad 5857 + 732 —3.63 + 0.40 0.89 + 0.04
Bid 976 + 126 —-5.8 +£ 0.26 1.04 + 0.03
Bik 3382 + 85 —5.67 £ 0.11 0.97 + 0.06
Bim 558 + 27 —4.61 £+ 0.29 1.01 & 0.006
Bmf nd nd nd
Hrk nd nd nd
Noxa NB NB NB
Puma 1010 + 130 2.95 + 0.15 1.04 + 0.02

1. Bak control
2. BalecI-xL
3. Bak/16L

4. Bax control
5. Bax/Bcel-x,
6. Bax/16L

Fig. 3. TANV16L is able to prevent Bak and Bax induced yeast
growth arrest. Yeast co-transformed with constructs encoding Bax
or Bak and the indicated prosurvival proteins, each under the
control of an inducible (GAL) promoter, were spotted onto inducing
galactose ("ON’) or repressing glucose ('OFF’) plates as 5-fold serial
dilutions. Images are representative of two independent
experiments.
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N87 amide and Bim R153 guanidium group. In the
TANVI16L: Puma BH3 complex (Fig. 5C), Puma uti-
lizes the four hydrophobic residues 1137, L141, M144
and L148 to engage the four hydrophobic pockets in
TANVI16L. These hydrophobic interactions are supple-
mented by ionic interactions between TANV16L R90
guanidium group and Puma D146 carboxyl group as
well as TANVI16L K52 ammonium group and Puma
D146 carboxyl group. Furthermore, two hydrogen
bonds are found between TANVI6L Y53 hydroxyl
and Puma D147 carboxyl group, and between the
TANVI16L N56 sidechain amide and Puma Q140 side-
chain carbonyl groups. Superimposition of monomeric
TANVI16L from the complex with Puma BH3 with
one of the chains from the domain-swapped dimeric
form of TANVI6L from the Bax BH3 complex yields
an rmsd of 1.2 A over 02-7 (117 Co atoms), indicating
that despite the topology change from monomer to
domain-swapped dimer the regions of TANVI6L not
involved in the domain swap remain near identical.
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B

Fig. 4. Crystal structures of TANV16L
bound to Bax, Puma and Bim BH3 motifs.
(A) TANV16L (slate) in complex with the
Bax BH3 motif (yellow). TANV16L helices
are labelled a1-a7. The left-hand view is of
the hydrophobic binding groove of one
protomer formed by helices a3-a5, and the
right-hand view is the domain-swapped
dimer viewed along the 2-fold symmetry
axis between the domain-swapped a1
helices. (B) TANV16L (slate) in complex
with the Bim BH3 domain (dark green) (C)
DPV022 (cyan) in complex with the Bax
BH3 domain (yellow) [29]. The view is as in
(A). (D) TANV16L (slate) in complex with the
Puma BH3 domain (olive) (E) Myxoma virus
M11L (green) in complex with Bak BH3
(magenta). All structures were aligned using
DALI pairwise alignment [35], and the view
is as in (A). The view in the right-hand
panels in (B) and (C) is as in (A). (F)
Superimposition of the Ca backbone of
TANV16L:Bax BH3 (slate and yellow) with
DPV022:Bax BH3 (cyan and yellow, PDB ID
4UF2). (G) TANV16L:Bax BH3 (slate and
yellow) with DPV022:Bak BH3 (cyan and
magenta, PDB ID 4UF1) (H) TANV16L:Puma
BH3 (slate and green) (green) with human
Mcl-1:Puma BH3 (raspberry and green, PDB
ID 6QFM), the most similar structure to that
of TANV16L:Puma BH3 identified using
Dali. All views are into the canonical ligand
binding groove formed by helices 02-5.
Superimpositions were generated using
pairwise Dali alignment [35]. Images were
generated using the pymoL Molecular
Graphics System, Version 1.8 Schrodinger,
LLC.
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Table 2. X-ray data collection and refinement statistics. Values in
parentheses are for the highest resolution shell.

TANV16L: TANV16L: TANV16L:
Bax BH3 Puma BH3 Bim BH3
Data collection
Space group P452,2 P2,2,2, P3,21
Cell dimensions
a b, c(A) 55.38, 54.09, 59.65,
55.38, 54.87, 59.65,
126.94 60.22 90.90
o, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 120
Wavelength (A) 0.9537 0.9537 0.9537
Resolution (A) 33.33-2.12  32.45-185  44.92-3.00
(2.19-2.12) (1.91-1.85) (3.11-3.00)
Rsym OF Rmerge 0.097 (2.67) 0.066 (1.55) 0.168 (1.50)
/ol 11.2 (0.8) 11.1 (0.9) 4.3 (0.7)
Completeness (%) 99.86 99.51 99.9 (100)
(99.65) (97.62)
CCyp 0.99 (0.29) 0.99 (0.40) 0.99 (0.34)
Redundancy 8.6 (6.6) 5.5 (4.7) 4.7 (4.6)
Refinement
No. reflections 11 838 15 799 7992
Rwork/ Rree 0.239/254 0.195/0.223  0.242/0.276
Clashscore 0.5 2.17 2.66
No. atoms
Protein 1291 1369 1298
Ligand/ion 2 1 1
Water 23 91 8
B-factors
Protein 65.68 51.74 72.84
Ligand/ion 84.20 86.29 63.59
Water 60.76 50.89 65.12
R.m.s. deviations
Bond lengths (&) 0.003 0.006 0.003
Bond angles (°) 0.44 0.67 0.51

Since we observed TANVIOL in both a monomeric
and domain-swapped dimeric topology, we subjected
TANVI16L and some of its complexes with BH3 motif
peptides to analytical ultracentrifugation (AUC). AUC
was performed on TANVI6L alone as well as on
TANVI6L bound to Bim, Bax and Puma BHS3
(Fig. 6). TANVI16L alone revealed a mixture of mono-
meric and dimeric protein as well as a small amount
of tetramers at concentrations ranging from 0.2 to
0.8 mgmL™', with a ratio of monomer:dimer of
~ 3.5 : 1. Similarly, complexes of TANVI6L with Bim,
Bax and Puma BH3 at 0.2 mg-mL™! also revealed a
mixture of heterodimers and heterotetramers, with the
ratio of TANV16L:Bim BH3 heterodimers vs heterote-
tramers being ~ 4 : 1, with TANV16L: Bax and Puma
complexes displaying comparable ratios of ~3.5: 1,
respectively, closely matching the ratio observed for
TANVI16L alone (Fig. 6).
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To validate the crystal structures of TANVI6L
bound to Bim, Bax and Puma BH3, we performed
structure-guided mutagenesis (Fig. 5SE) and analysed
the mutants for their ability to bind to proapoptotic
BH3 motif peptides (Table 1). Mutation of the con-
served R90 in TANVI16L substantially impacts on its
ability to bind BH3 motif peptides, with 10- to 80-fold
reduction in affinities for Bim, Bad, Bid, Bik as well as
Bak and Bax BH3 binding, whereas binding to Hrk
and Puma BH3 is only reduced ~ 2-fold (Fig. 7). In
contrast, whilst mutation of K52 to Ala also led to a
2- to 4-fold reduction in binding affinities for many
interactors, binding to Bid BH3 was largely unaffected.
Binding to Bad and Bmf BH3 was reduced by 27- and
20-fold, respectively (Fig. 8).

Discussion

Altruistic death of an infected cell is a potent mecha-
nism to restrict viral infections. Viruses have evolved
numerous strategies to prevent premature host cell
death to establish productive infections [12]. Tanapox-
virus encodes TANVI6L, a putative Bcl-2 homolog,
and we now show that TANV16L adopts both a classi-
cal monomeric form as well as a domain-swapped
dimer. Dimeric TANVI16L is able to bind both BH3-
only proteins and the BH3 motifs of Bak and Bax.
TANVI16L harbours a broad proapoptotic BH3 ligand
binding profile when compared to other poxvirus-en-
coded domain-swapped prosurvival Bcl-2 proteins. The
poxvirus-encoded prosurvival Bcl-2 homologs VACV
FIL [33], VARV FIL [24] and deerpoxvirus DPV022
[29] all have similar dimeric topologies to TANVI6L
dimer but feature more restricted interaction and affin-
ity profiles. VACV FI1L [33] and DPV022 [29] only bind
to Bim, Bak and Bak whereas VARV F1L binds Bid,
Bak and Bax [24]. In all three cases, these interactions
are characterized by lower affinities, in particular for
Bak and Bax which bind with only micromolar affinities
to VACV F1L, VARV FIL and DPV022. In contrast,
TANVI6L displays much tighter affinities including
38 nm for Bak and 70 nm for Bax BH3 (Table 1).
Intriguingly, TANVI6L is able to adopt both mono-
meric and domain-swapped dimer topologies; however,
the domain swap does not impact significantly on the
configuration of the canonical ligand binding groove.
Superimposition of monomeric and dimeric TANVI6L
reveals there are virtually no differences in the respective
ligand binding grooves. However, no thermodynamic
analysis has been performed to examine such effects on
ligand binding. When performing AUC analysis, we
observed a small amount of a homotetrameric species of
TANVI6L in addition to monomeric and dimeric
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TANVI16L, However, no homotetrameric structures of
Bcl-2 proteins have been determined to date. Coupled
with the identification of other unexpected avenues for
multimerization such as a groove-in-groove dimer as
shown recently for GIV66 [21], we are unable to specu-
late as to what a potential homotetrameric species of
TANVI16L may look like with regard to the overall
topology and multimerization route.

A comparison of the overall dimeric structures of
TANVI16L with other domain-swapped poxviral Bel-2
dimers reveals that dimeric TANVI16L superimposes
on a VACV FIL dimer with an rmsd of 2.2 A (over
266 Co atoms) and on dimeric DPV022 with 2.7 A
(over 274 Co atoms). This high level of similarity is
achieved despite low overall sequence identity (8%
between TANVI16L and VACV FIL and 31% between
TANVI16L and DPV022). A detailed comparison of
the interactions formed by TANVI6L and DPV022
when bound to Bax reveals that the hallmark interac-
tion between the conserved Asp from Bax BH3 with
an Arg from TANVI6L or DPV022 BHI is preserved,
as are hydrogen bonds between Bax Ser60 and Asp169
with TANV16L S84 or DPV022 E80. As expected, loss
of the hallmark ionic interaction severely impacts
TANVI16L ability to bind to proapoptotic Bcl-2 inter-
actors, with a TANVI6L R90A mutation displaying
up to 80-fold reduction in affinity (Table 1), as previ-
ously observed for mammalian prosurvival Bcl-2 [37].
Unlike in the DPV022 complex with Bax [29], the bulk
of the BH3 peptides are engaged in the TANVI6L
ligand binding groove resulting in buried surface areas
of 2343-3142 A? for the complexes with Bax, Bim and
Puma, whereas in DPV022:Bax BH3 only 4 helical
turns are engaged that bury 2117 A2, which may con-
tribute to the more modest affinity of the interaction.
The more extensive engagement of the TANVI6L
binding groove with a BH3 peptide thus provides a

Tanapoxvirus 16L inhibits apoptosis

possible rational for the substantially tighter binding
observed compared with DPV022.

Virus-encoded Bcl-2 proteins are not limited to
domain-swapping for dimer formation (Fig. 9). Vac-
cinia virus has been shown to encode for a suite of Bcl-2
fold proteins that modulate NF-«B signalling, with sev-
eral of them adopting different dimeric topologies. N1
[38], B14 and AS52 [39] utilize an interface formed by
helices al and a6, whereas A46 forms a dimer via an o4
and a6 interface [40]. In contrast, grouper iridovirus-en-
coded GIV66 forms dimers that occlude the canonical
ligand binding groove, with binding of BH3 motif pep-
tides dissociating the dimers [21]. Domain swapping is
not limited to virus-encoded Bcl-2 proteins and is also
observed in mammalian Bcl-2 proteins. Bel-x; has been
shown to adopt domain-swapped topologies featuring
either a5—-a8 or al swaps. However, these swaps were
induced by exposure to extreme pH [41] or temperature
environments [42] or by truncation of the loop connect-
ing ol and o2 [43], respectively. In contrast, recombi-
nantly expressed Bcl-w lacking its C-terminal tail adopts
both a monomeric state and a domain-swapped dimeric
state where a3-04 are swapped [44,45]. Such a swap
impacts the canonical ligand binding groove and leads
to differential binding affinities between monomeric and
dimeric Bcl-w [45]. Domain swapping has also been
shown for human proapoptotic Bak [46] and Bax [47],
where the formation of an extended single helix com-
prising helices a5 and a6 leads to a core/latch configura-
tion, where a core domain formed by al-4 partners the
latch domain formed by a6—a8 from a second protomer.
In contrast, catfish Bax features a domain-swapped o9
helix [48]. This significant number of topological vari-
ances across dimeric Bcl-2 proteins underscores the
inherent flexibility in this fold and potentially enables
additional layers of functionality to modulate function
in addition to direct interactions.

Fig. 5. Detailed view of the TANV16L: Bax, Bim and Puma BH3 interfaces and mutation sites. (A) Surface depiction of the TANV16L: Bax
BH3 complex. The TANV16L surface, backbone and floor of the binding groove are shown in grey and pink, respectively, whilst Bax BH3 is
shown as a yellow ribbon. The four key hydrophobic residues of Bax BH3 (L59, L63, 166 and L70) are protruding into the binding groove,
and the conserved salt bridge formed by Bax D68 and TANV16L R9O0 is labelled, as well as residues involved in hydrogen bonds. (B)
TANV16L:Bim BH3 with the surface of TANV16L is shown as in (a), and Bim BH3 is shown in dark green. The four key hydrophobic
residues of Bim BH3 (1148, L152, 1155 and F159) are protruding into the binding groove, and the conserved salt bridge formed by Bim D157
and TANV16L R0 is labelled, as well as residues involved in hydrogen bonds. Interactions are denoted as black dotted lines. (C) TANV16L:
Puma BH3 is shown as in (A), with Puma BH3 shown in olive. The four key hydrophobic residues of Puma BH3 (1137, L141, M144 and
L148) are protruding into the binding groove, and the conserved salt bridge formed by Puma D146 and TANV16L R90 is labelled, as well as
residues involved in hydrogen bonds. Interactions are denoted as black dotted lines. (D) Crystal packing of TANV16L:Puma BH3 complex.
(E) TANV16L is shown as a grey surface, with locations of mutations used to investigate the binding site shaded in red. The views were
selected for the clearest view of the groove interactions in each case. (F) 2Fo-Fc electron density maps of TANV16L:Bax BH3 complex
interface. (G) 2Fo-Fc electron density maps of TANV16L:Puma BH3 complex interface. (H) 2Fo-Fc electron density maps of TANV16L:Bim
BH3 complex interface. All maps were contoured at 1.5 ¢. The N and C termini of the BH3 peptides are labelled and the structures aligned
as in Fig. 4. The view was selected for clarity of the BH3 peptide side chains. Images were generated using the pymoL Molecular Graphics
System, Version 1.8 Schrodinger, LLC.
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Fig. 6. Sedimentation velocity AUC analysis of (A, B) TANV16L on its own at initial concentrations of 0.2 mg-mL~" (black), 0.4 mg-mL™"
(orange) and 0.8 mg-mL~" (purple) and (C, D) TANV16L at an initial concentration of 0.2 mg-mL~" unliganded (black) and in complex with
Bim (blue), Bax (green) or Puma (red). Top panels — Residuals resulting from the sedimentation coefficient distribution c(s) (A, C) and
distribution of molar masses c(M) (B, D) best fits are plotted as a function of radial position. The residuals for the given curves are shown in
the same colour above the plots. M denotes monomeric, D dimeric and T tetrameric species.

In summary, we report the biochemical and structural
analysis of tanapoxvirus 16L, which revealed a broad
high affinity binding profile for mammalian proapoptotic
Bcl-2 proteins. Furthermore, our crystal structures of
TANVI6L bound to Bax and Puma BH3 indicate that

10

TANVI16L displays substantial structural plasticity, being
able to adopt both a classical monomeric Bcl-2 fold and a
domain-swapped dimeric Bcl-2 fold. Overall, our findings
provide a mechanistic platform for dissecting the role of
16L for tanapoxvirus replication and infectivity.

The FEBS Journal (2020) © 2020 Federation of European Biochemical Societies



C. D. Suraweera et al. Tanapoxvirus 16L inhibits apoptosis

TANV16L_R90A: Bak TANV16L_R90A: Bax TANV16L_R90A: Bok TANV16L_R90A: Bad
Time (min) Time (min) Time (min) Time (min)
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 6 70 0 10 20 30 40 5 60 70
0.05 T T T T T T T 0.10 T T T T T T T 0.10 T T T T T T T 0.10 T T T T T T T
0.00 FITTTTTTTTT T ]
J 4 0004 E i 4
005 f ””H 1 0.00 T r.(““v' T 0.00 T r”””l””””
~0.104 4 -0104 4 0104 4 0104 e
T_ 0157 T om0 -1‘" 020 —1"’ 020 p
8 -0.20 418 8 8
= =5 =5 =5
025 17 -0304 47 -0304 4 -0304 4
Kp=2325 +261 nm Kp=2301+374 nm Kp=NB Kp=10206 + 1570 nm
-030 1 -040 1 -040- 4 0404 —
-0.35 +— T T T T T T T 1711 10— T T T T T T T T T T T T
000 Lmm | 0004 l""'“.h 1 000 psssgeEEaSasssmes
€ ) € - € -1.00 1€
3 {/ 3 " 3 3 000 nnan
o - 4 d -2.00 4 7 - |
s 5 5 1%
i o 1ig 00 1T
- [=]
2 -4.00- . 4 g . E 500 4 E
5 s T 5 ]
g - S 600 48 600 18
-6.00 +— T T T T T 1T 77— 700+ T T T T =2.00 AT T T T
00 05 1.0 15 20 00 05 10 15 20 25 30 35 0.0 05 1.0 15 20 -05 00 0.5 1.0 1.5 20 25 3.0 35 4.0 45 50
Molar ratio Molar ratio Molar ratio Molar ratio
TANV16L_R90A: Bid TANV16L_R90A: Bik TANV16L_R90A: Bim TANV16L_R90A: Bmf
Time (min) Time (min) Time (min) Time (min)
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
0.10 T T T T T T 0.10 T T T T T T 0.10 T T T T T T T 0.10 —— T T T T T T
0.004 '(“H[HHHH.HH b 0.00 4 vrw‘HI‘”rvv B 0.004 ffhr\ } .ylv, ! 4 0004 “”,yy . 4
-0.104 4 -0.104 ' 4 -0.10- ' ’ 4 010 g
o I T, o
= L 4 Je = 4 4
5 020 12 -020 < 020 1 02
3 S S EA
-0:807 Kp=nd | % Kp=14356 1370 nm | 0% Kp=1766 £320 nm | -0 Kp=nd -
-0.404 4 0404 4  -0404 4 040 -
L e e e e B T T T T T T T T T L e e
0.00 - pannEEEsEEEEEEEE 0004 I Ll 0.00 - m n®= _ 4 000 L anensEEEEEEREE -
z € o = /" £ e
8 g e 8 g -
$ -2.00 18 -2.00 . 48 2004 4 8-2004 4
€ < - £ <
5 k] ks k)
T 400+ 1% 00 {1 400+ / - -4.00 -
£ 3 £ s 2
= - — . =
§7s.oof B § -6.00 B § -6.00 - 1./" B §-soo- -
U USMPURMSUSASR S S S pn T T T T T T T T T T T T T T T T T T
05 00 0.5 1.0 15 20 25 30 35 40 45 00 05 10 15 20 25 30 0.0 05 10 15 20 05 00 05 1.0 15 20 25 3.0 35 40 45
Molar ratio Molar ratio Molar ratio Molar ratio
TANV16L_R90A: Hrk TANV16L_R90A: Noxa TANV16L_R90A: Puma
Time (min) Time (min) Time (min)
0 10 20 30 40 50 60 70 0 10 20 30 40 5 60 70 0 10 20 30 40 5 60 70
0.10 —— T T T T T T 0.10 T T T T T - 010 +— T T T T T T
0.0 W[‘“'”r””" - ] 0.00 Tttt b 0.00+ ITTTTTTT H“IH
-0.104 4 -0104 1 -010 }
- - -
2 020 1l 0204 12 020 B
8 © ©
g § g
-0.304 4 7 -0304 4 7 030 E
Kp=nd K,=NB Kp=91139 nm
-0.40 4 -0404 4 -0.40 4
T T T T T T T T T T T T T T T T T T T
0.00 4 spssssn - 0.00 n 4 000 L
e S R sspsSssnSisgeSgun -
= an™ = -t z o
8 8 8 Ll
8 200 48 200 18 200 -~ J
£ 5 £
5 5 5 ,;/
T‘_: -4.00 4 -4.00 g ‘.(_3 -4.00 4 - B
3 g 2 —=
K w ®
g -6.00 - 49 600 - g -6.00 g
URASUSMSURASUSAS S S R e T T T T T T T T T T
0500 05 1.0 1.5 20 25 3.0 35 4.0 45 5C 00 05 1.0 15 20 00 05 10 15 20
Molar ratio Molar ratio Molar ratio

Fig. 7. The affinities of recombinant TANV16L_R90A mutant for BH3 motif peptides (26-mers, except for a Bid 34-mer and Bax 28-mers)
were measured using ITC and the raw thermograms shown. Kp values (in nm) are the means of 3 experiments + SD. NB: no binding
detected. nd: not determined with data obtained not suitable for precise determination of affinities and thermodynamic parameters. The
binding affinities are tabulated in Table 1.
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Fig. 8. The affinities of recombinant TANV16L_K52A mutant for BH3 motif peptides (26-mers, except for a Bid 34-mer and Bax 28-mers)
were measured using ITC and the raw thermograms shown. Kp values (in nv) are the means of three experiments + SD. NB: no binding
detected. nd: not determined with data obtained not suitable for precise determination of affinities and thermodynamic parameters. The
binding affinities are tabulated in Table 1.
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Materials and methods

Protein expression and purification

Synthetic ¢cDNA encoding for codon-optimized wild-type
TANVI6L (UniProt accession number: Q9IDHUG6) as well as
two mutants TANV16L (K52A and R90A) lacking 23 C-ter-
minal residues was cloned into the bacterial expression vector
pGex-6p-1 (GenScript, Piscataway, NJ, USA). Recombinant
TANVI6L was expressed in C41(DE3) cells in 2YT medium
supplemented with 1 mg-mL ™" ampicillin at 37 °C in a shak-
ing incubator until an ODggg of 0.6 was reached. The protein
expression was induced by adding isopropyl B-p-1-thiogalac-
topyranoside (IPTG) to final concentration of 0.75 mm for
18 h at 20 °C. Bacterial cells were harvested by centrifuga-
tion at 5180 g (JLA 9.1000 rotor, Beckman Coulter Avanti
J-E, Brea, CA, USA) for 20 min and re-suspended in 100 mL
lysis buffer A [S0 mm Tris pH 8.0, 300 mm NaCl and 10 mm
DTT (dithiothreitol)]. The cells were homogenized using an
Avestin EmulsiFlex homogenizer and lysed using sonication
(programme 7; Fisher Scientific™ Model 705 Sonic Dismem-
brator, Waltham, MA, USA), and the resultant lysate was
transferred into SS34 tubes for further centrifugation at 39
190 g (JA-25.50 rotor, Beckman Coulter Avanti J-E) for
30 min. The supernatant was loaded onto 5 mL of glu-
tathione sepharose 4B (GE Healthcare, Chicago, IL, USA)
equilibrated with buffer A. After sample application, the col-
umn was washed with 150 mL of buffer A and protein on-col-
umn cleavage was achieved by adding HRV 3C protease
overnight at 4 °C. The cleaved protein was eluted using buffer
A, with the remaining protein being concentrated using a cen-
trifugal concentrator with 3 kDa molecular weight cut-off
(Amicon® Ultra 15, Merck Millipore, Kenilworth, NJ, USA)
to a final volume of 2 mL. Concentrated TANV16L was sub-
jected to size-exclusion chromatography using a Superdex
$200 increase 10/300 column mounted on an AKTA Pure sys-
tem (GE Healthcare) equilibrated in 25 mm HEPES pH 7.5,
150 mm NaCl and 5 mm TCEP (Tris(2-carboxyethyl)phos-
phine hydrochloride), and fractions analysed using SDS/
PAGE. The final sample purity was estimated to be greater
than 95% based on SDS/PAGE analysis. Appropriate frac-
tions were pooled and concentrated using a centrifugal con-
centrator with 3 kDa molecular weight cut-off (Amicon®
Ultra 15) to final concentration of 5.4 mg-mL~".

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a
Beckman Coulter XL-A analytical ultracentrifuge as
described previously [49-52]. Briefly, double-sector quartz
cells were loaded with 400 pL of buffer (25 mm HEPES pH
7.5, 150 mm NaCl, 5 mm TCEP) and 380 pL of sample (sol-
ubilized in buffer). For the runs with apoprotein, initial con-
centrations of 0.2, 0.4 and 0.8 mg-mL~" were employed. For
the runs with the complexes, the protein and peptide

The FEBS Journal (2020) © 2020 Federation of European Biochemical Societies
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concentrations were kept at 0.2 mgmL™'. The cells were
loaded into an An50-Ti rotor and the experiments conducted
at 25 °C. Initial scans were carried out at 4146 g to determine
the optimal wavelength and radial positions. Final scans
were performed at 80 000 g, and data were collected continu-
ously at 230 nm using a step size of 0.003 cm without aver-
aging. Solvent density, solvent viscosity and estimates of the
partial specific volume of apo-TANV16L, TANVI16L:Bim,
TANVI6L:Puma and TANVI16L:Bax at 25 °C were calcu-
lated using sEDNTERP [53]. Data were fitted using the SEDFIT
software (www.analyticalultracentrifugation.com) to a con-
tinuous size-distribution model [54-56].

Measurement of dissociation constants

Binding affinities were measured using a MicroCal iTC200
system (GE Healthcare) at 25 °C using wild-type TANV16L
as well as two mutants TANV1I6L KS52A and R90A in
25 mm HEPES pH 7.5, 150 mm NaCl and 5 mm TCEP.
Measurements were performed at a range of different con-
centrations for BH3 motif peptide and TANVI6L proteins,
which are summarized below in Table 3. All affinity
measurements were performed in triplicate. Protein concen-
trations were measured using a Nanodrop UV spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) at
a wavelength of 280 nm. Peptide concentrations were cal-
culated based on the dry peptide weight after synthesis.
The BH3 motif peptides used were commercially synthe-
sized and were purified to a final purity of 95% (Gen-
Script) and based on the human sequences as previously
described [57].

Crystallization and structure determination

Crystals for TANVI16L: Bax BH3, TANVI6L: Puma BH3
or TANVI16L: Bim BH3 complexes were obtained by mix-
ing TANV16L with human Bax BH3 28-mer or Puma BH3
26-mer peptide into 1 : 1.25 molar ratio as described previ-
ously [58] and concentrated using a centrifugal concentrator
with 3 kDa molecular weight cut-off (Amicon® Ultra 0.5)
to 5 mg-mL~!, and concentrated protein was immediately
used for crystallization trials. Initial high-throughput sparse
matrix screening was performed using 96-well sitting drop
trays (Swissci, Neuheim, Switzerland) using 200 nL of pro-
tein mixed with 200 nL of reservoir solution.

TANVI6L: Bax BH3 crystals were grown by the sitting
drop vapour diffusion method at 20 °C in 1.0 m LiCl,
0.1 m Citrate pH 4.0, and 20 % W/V PEG 6000. The crys-
tals were flash cooled at —173 °C in mother liquor supple-
mented with 20% ethylene glycol. 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 A, integrated using XDs
[59] and scaled using AiMLEss [60]. Molecular replacement
was carried out using PHASER [61] with the previously solved
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Table 3. Summary of protein and ligand concentrations used in ITC TANVI16L: Puma BH3 crystals were grown as the
measurements. TANVI16L: Bax BH3 crystals and were obtained in 0.1 M
BH3 motif potassium thiocyanate, 30% PEG 2000MME. The crystals
Protein peptide were flash cooled at —173 °C in mother liquor. Diffraction
concentration concentration data collection, integration and scaling were performed as
Interaction (um) (um) described above. The molecular replacement was carried
out using PHASER with the previously solved structure of
sl % o TANVI6L: Bax BH3 as a scarch model. TANVI6L: Puma
TANV16L-Bok BH3 60 600 BH3 crystals contain one molecule of TANVI16L and one
TANV16L:Bad BH3 60 550 Puma BH3 peptide, with 46.3% solvent content and final
TANV16L:Bid BH3 60 600 TFZ and LLG values of 13.2 and 133.15, respectively. The
TANV16L:Bik BH3 60 750 final model of TANVI6L: Puma BH3 was built manually
TANV16L:Bim BH3 60 600 over several cycles using cooT and refined using PHENIX.
TANV16L:Bmf BH3 60 800 TANVI16L: Bim BH3 crystals were grown similar to other
TANV16L:Hrk BH3 60 600 two complexes as above and in 0.1 M MIB buffer pH 8.0,
TANV16L:Noxa BH3 60 600 25% PEG 1500. The crystals were flash cooled at —173 °C in
TANVT6L:Puma BH3 60 700 mother liquor. Diffraction data collection, integration and
TANVI6L_RI0A:Bak BH3 60 600 scaling were performed as described above. Molecular
TANV16L_R90A:Bax BH3 60 800 . . . .
TANV16L_RI0A:Bok BH3 60 600 replacement was carried out using PHASER with the previously
TANV16L R90A-Bad BH3 60 950 solved structure of TANVI16L: Bax BH3 as a search model.
TANV16L R90A:Bid BH3 60 900 TANVI16L: Bim BH3 Crystals contain one molecule of
TANV16L:R90A:Bik BH3 60 700 TANVI6L and one Bim BH3 peptide, with 44.01% solvent
TANV16L_R90A:Bim BH3 60 600 content and final TFZ and LLG values of 15.8 and 208.64,
TANV16L_R90A:Bmf BH3 60 900 respectively. The final model of TANVI6L: Bim BH3 was
TANV16L_R90A:Hrk BH3 65 900 built manually and refined as described above. Coordinate
TANV16L_R90A:Noxa BH3 60 600 files have been deposited in the Protein Data Bank under the
TANV16L_R90A:Puma 60 600 accession codes 6TPQ, 6TQQ and 6TRR. All images were
BH3 generated using the pymoL Molecular Graphics System, Ver-
TANV16L_K52A:Bak BH3 60 550 . oy .
TANVI6L K52A:Bax BH3 60 550 sion 1.8 S.chro.dmger, LLC. All'softwlare was accessed using
TANV16L_K52A:Bok BH3 60 600 the SBGrid suite [64]. All raw diffraction images were depos-
TANV16L K52A:Bad BH3 60 1000 ited on the SBGrid Data Bank [65] using their PDB accession
TANV16L_K52A:Bid BH3 60 800 code 6TPQ, 6TQQ and 6TRR.
TANV16L_K52A:Bik BH3 60 650
TANV16L_K52A:Bim BH3 60 600 Sequence alignment and interface analysis
TANV16L_K52A:Bmf BH3 60 850
TANV16L_K52A:Hrk BH3 65 600 Sequence alignments were performed using MUSCLE [60]
TANV16L_K52A:Noxa BH3 60 600 (https://www.ebi.ac.uk/Tools/msa/muscle/) with the default
TQHN;HGL_KSZA:Puma 60 600 settings, and sequence identities were calculated based on

the total number of conserved residues in TANVI16L
against the full sequence. Protein interfaces were analysed
using Pisa [67].

structure of DPV022 (PDB ID: 4UFI1 [29]) as a search
model. TANV16L: Bax BH3 crystals contained one mole-
cule of TANVI6L and one Bax BH3 peptide in the asym-
metric unit, with 46.3% solvent content and final TFZ and Saccharomyces cerevisiae W303o cells were co-transformed
LLG values of 8.0 and 52.79, respectively. The final model with pGALL(TRP) vector only, pGALL(TRP)-Bcl-x;, or
of TANV16L: Bax BH3 was built manually over several pGALL(TRP)-TANVI6L and pGALL(Leu)-Bak or
cycles using coor [62] and refined using PHENIX [63]. pGALL(Leu)-Bax. pGALL(TRP) and pGALL(Leu) places

Yeast colony assays

Fig. 9. Cartoon diagrams of dimeric topologies in the Bcl-2 family (A) Vaccinia virus N1L homodimer (cyan, PDB ID 2UXE) [38]. (B) Grouper
iridovirus GIV66 (green, PDB ID 5VMN) [21]. (C) Human Bcl-w (sand, PDB ID 2Y6W) [45]. (D) Human Bcl-x, (red, PDB ID 1R2D) [41]. (E)
Human Bak core-latch dimer (magenta, PDB ID 4U2U) [46]. (F) Human Bax core-latch dimer (blue, PDB ID 4ZIE) [47]. (G) Catfish Bax
groove-tail dimer (yellow and orange, PDB ID 5W63) [48]. Images were generated using the pymoL Molecular Graphics System, Version 1.8
Schrodinger, LLC.
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genes under the control of a galactose-inducible promoter
[68]. Cells were subsequently spotted as a 5-fold serial dilu-
tion series onto medium supplemented with 2% w/v galac-
tose (inducing, ‘ON’) to induce protein expression, or 2%
w/v glucose (repressing, ‘OFF’), which prevents protein
expression, as previously described [69]. Plates were incu-
bated for 48 h at 30 °C and then photographed.
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3.1 Introduction
Monkeypox virus (MPXV) is emergent zoonotic virus belonging to the genus
orthopoxviridae that is the infective agent in smallpox like disease in humans (62).
Sequence analysis of the monkeypox genome identified a potential viral Bcl-2 like protein,
MPXYV C7L, an ortholog of VACV FI1L, that shares 85% sequence identity with MPXV
C7L. At the time I initiated my studies there was nothing known of the structure or function
of MPXV C7L. To address this research question of the potential mechanisms of MPXV
C7L driven apoptosis inhibition I examined the detailed binding profile of MPXV C7L to
peptides spanning the human BH3 motifs of pro-apoptotic Bcl-2 proteins followed by
crystal structure determination of MPXV C7L in complex with Bax and Bim BH3
peptides.

The data acquired from this project are presented as a manuscript entitled
“Monkeypox virus C7L is a Bcl-2-fold protein that binds human pro-apoptotic Bcl-2

proteins” that is under review in the journal Viruses.
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Abstract: Poxviruses harbor a suite of immune modulatory effector proteins including inhibitors of
apoptosis to counter host immune responses. Monkeypox virus (MPXV) encodes for C7L, a putative
Bcl-2 homolog. Deletion mutants of MPXV lacking a genomic region comprising 15 ORFs including
C7L revealed a substantially attenuated phenotype for mutant, however the function of C7L on its
own has not been defined. Here we report the biochemical and structural analysis of MPXV C7L.
We show that recombinant C7L is able to bind to a diverse set of BH3 motif peptides of human
proapoptotic Bcl-2 proteins including Bim, Puma, Bak and Bax. Unexpectedly, C7L bound a broader
range of host proapoptotic ligands compared to its closely related homolog in vaccinia virus, FI1L,
and furthermore these interactions were of a higher affinity. We then determined the crystal
structures of C7L bound to Bim and Bax BH3. Our crystallographic analysis reveals that MPXV C7L
engages human Bim BH3 using its four canonical hydrophobic residues. However, unlike its
vaccinia virus F1L counterpart, C7L also forms a network of additional ionic and hydrogen bonds
to supplement the conserved hydrophobic interactions, thus providing a rationale for the higher
affinities and broader ligand binding spectrum observed.

Keywords: Bcl-2; monkeypox virus; apoptosis; X-ray crystallography

1. Introduction

Programmed cell death forms part of suite of immune response strategies utilized by multicellular
organisms to clear invading pathogens [1]. In order to counter host cell death-based defence
mechanisms viruses have acquired genes to either to counter or enhance host programmed cell death
to ensure their proliferation and survival [2]. One such strategy for viral manipulation of the host-
cell programmed cell death response to invasion has been the acquisition of pro-survival homologs
of the B-cell lymphoma 2 (Bcl-2) family that mediate intrinsic apoptosis [3]. Bcl-2 proteins are critical
arbiters of intrinsic or mitochondrially mediated apoptosis and are characterized by the presence of
one or more conserved Bcl-2 homology (BH) sequence motifs, though the viral Bcl-2 homologs
frequently lack any sequence conservation with their mammalian counterparts [4].

The mammalian Bcl-2 family can be divided into pro-survival or pro-apoptotic members.
Mammalian pro-survival members comprise Bcl-2, Bel-xt, Mcl-1, Al and Bcl-B all of which harbor
multiple BH motifs in addition to a C-terminal transmembrane region that targets them to the outer
mitochondrial membrane. The other members of the family are pro-death Bcl-2 proteins and these
are subdivided into two groups: those that feature multiple BH motifs such as Bak, Bax and Bok; and
others that contain only the BH3 motif and are denoted as BH3-only proteins [5]. The mammalian

Viruses 2020, 12, x; doi: FOR PEER REVIEW www.mdpi.com/journal/viruses
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BH3-only proteins include Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa and Puma, and act either by countering
the ability of pro-survival Bcl-2 proteins to hold Bak and Bax in check, or they may directly activate
Bak and Bax [6]. A number of poxviruses have been found to have acquired pro-survival Bcl-2
homologs among their survival genes [7]. Interactions between prosurvival Bcl-2 proteins and the
BH3 motif of pro-apoptotic proteins occur via a conserved hydrophobic ligand binding groove on
pro-survival Bcl-2. Key to the cell death are the pro-apoptotic Bcl-2 members Bax and Bak. After
activation, Bax and Bak multimerize on the mitochondrial outer membrane to form large pores [8]
that results in the release of pro-apoptotic factors including cytochrome c. Cytochrome c together
with the adapter protein APAF-1 forms the apoptosome [9], which enables activation downstream
caspases and subsequent dismantling of the cell. The presence of pro-survival viral Bcl-2 homologs
inhibits the action of Bax and Bak to preserve the cell for viral replication[10].

Monkeypox (MPXV) virus is an emergent zoonotic virus of the poxviridae family belonging to the
genus orthopoxviridae. Other members of orthopoxviridae include the closely related variola (VAR),
vaccinia (VAC) [11] as well as cowpox (CPV) viruses [12], rabbitpox virus [13]and akhmeta virus
(APXV) [14]. MPXYV is endemic to central Africa [15] and infects rodents and apes as well as humans.
Individuals with MPXV infections display symptoms similar to smallpox infections including fever,
swollen lymph nodes and rashes and there is an associated mortality rate of 10- 40% for those infected
[12]. MPXYV is a large double stranded DNA virus whose genome features ~197 open reading frames
[12] that encode a number of immunomodulatory genes [16] including homologs of the dual
apoptosis/NF-kB inhibitor N1L [17] as well as the apoptosis inhibitory serpin B13R [18]. Sequence
analysis identified the presence of the ORF c7I that encodes a 219 residue protein C7L [12]. C7L
displays sequence homology to vaccinia virus F1L, a Bcl-2 mimetic that shares the Bcl-2 fold, but lacks
any significant shared sequence identity with mammalian Bcl-2 proteins [19]. Although MPXV
encodes for a putative Bcl-2 homolog, the ability of MPXV to modulate Bcl-2 mediated apoptosis
remains to be clarified. Deletion of a genomic region of MPXV comprising of several reading frames
including C7L resulted in virus displaying strong attenuation in vivo as well as reduced pathogenesis
[20]. Here we report the structural and biochemical characterization of MPXV C7L and its potential
role in modulating apoptosis in human. MPXV C7L shares 85% identity with its vaccinia virus
homolog F1L, and like F1L is able to bind to peptides spanning the BH3 motif of human pro-apoptotic
Bcl-2 proteins including those of Bax, Bak, Bim, Bid and Bik. Furthermore, we show C7L adopts a
domain swapped dimeric structure similar to other poxvirus encoded Bcl-2 homologs, and is able to
bind BH3 motif peptides using the canonical Bcl-2 ligand binding groove. Combined, these findings
establish C7L as a novel inhibitor of apoptosis in monkeypox virus.

2. Materials and Methods
Protein expression and purification

Synthetic cDNA codon optimized for Escherichia coli encoding for MPXV C7L from the viral isolate
Congo 1990 [21] (Uniprot Accession number Q3I8Y3) lacking the N-terminal 36 residues as well as
the C-terminal 35 residues (spanning residues 37-184) was cloned into the bacterial expression vector
pGEX-6P3 (Genscript) and transformed into E. coli C41(DE3). Cells were grown in 2YT medium
containing 1 mg ml- ampicillin at 37°C in a shaker incubator until an ODsw of 0.6 was reached, and
C7L expression was induced by adding isopropyl -D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.75 mM for 20 hours at 22°C. Cells were harvested by ultracentrifugation at 6000
rev min™ (JLA 9.1000 rotor, Beckman Coulter Avanti J-E) for 20 min prior to resuspension in 100 ml
lysis buffer A (50 mM Tris pH 8.0, 200 mM NaCl and 10 mM DTT (dithiothreitol). Harvested cells
were lysed via sonication (Model 705 Sonic Dismembrator, Fisher Scientific, Hampton, New
Hampshire, US). The resultant lysate was transferred to SS34 tubes for centrifugation at 20,000 rev
min™ (JA-25.50 rotor, Beckman Coulter Avanti J-E) for 30 min. The supernatant was decanted and
loaded onto 4 ml of Glutathione Sepharose 4B resin in a gravity flow column (GE Healthcare)
equilibrated with buffer A. Following sample application, the column was washed with 15 column
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volumes of buffer A followed by HRV 3C protease cleavage overnight at 4°C. The liberated target
protein was eluted using 5 column volumes of buffer A and concentrated to a 3.0 mg ml! using a
centrifugal concentrator with a 3 kDa molecular weight cut-off (Amicon® Ultra 15). Concentrated
C7L was subjected to size-exclusion chromatography using a Superdex 5200 10/300 column mounted
on an AKTApure system (GE Healthcare) equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM
TCEP (Tris(2-carboxyethyl)phosphine hydrochloride), where it eluted as a single peak. The final
sample purity was estimated to be higher than 95% based on SDS-PAGE analysis.

Measurement of dissociation constants

Binding affinities were measured using a MicroCal iTC200 system (GE Healthcare) at 25°C using C7L
in 25 mM HEPES pH 7.5, 150 mM NaCl at a final concentration of 30 uM as previously described [22].
All affinity measurements were performed in triplicate. Protein concentrations were measured using
a Nanodrop UV spectrophotometer (Thermo Scientific) at a wavelength of 280 nm. Peptide
concentrations were calculated based on the dry peptide weight after synthesis. The BH3-motif
peptides used were commercially synthesized using liquid-phase peptide synthesis (GenScript) and
were purified to a final purity of 95%. Peptide sequences have been described previously [23].

Analytical Size-exclusion chromatography

Analytical size-exclusion chromatography was performed using a Superdex S75 3.2/300 column as
described above. The column was calibrated using three protein molecular weight markers (1 mg ml-
1 Albumin (66 kDa), 2 mg ml! carbonic anhydrase (29 kDa) and 2 mg ml! cytochrome c (12 kDa))
(Sigma-Aldrich) dissolved in the same gel filtration buffer as C7L. C7L at a concentration of 5.6 mg
ml! was then injected, and all elution profiles of the chromatograms were recorded.

Crystallization and data collection

A complex of C7L with Bax BH3 was reconstituted as previously described [24] by adding Bax BH3-
motif peptide at a 1:1.25 molar ratio to C7L. The reconstituted complex was concentrated to 5.6 mg
ml! using a centrifugal concentrator with a 3 kDa molecular weight cut-off (Amicon ® Ultra 0.5),
flash-cooled and stored under liquid nitrogen. Crystals of C7L: Bax BH3 were obtained at a protein
concentration of 5.6 mg ml using the sitting-drop method at 20°C in 0.2 M Magnesium acetate
tetrahydrate, 25% W/V PEG 3350. The crystals were flash cooled at -173°C in mother liquor
supplemented with 20% (v/v) ethylene glycol. The C7L: Bax BH3 complex formed cuboidal shaped
crystals belonging to space group P21 with a=61.58 A, b=91.26 A, c=70.33 A, a=90.00 A, p=105.91 A,
v=90.00 A in the monoclinic crystal system. Diffraction data were collected on the MX2 beamline at
the Australian Synchrotron using an EIGER 16M detector at a wavelength of 0.9537 A and an
oscillation range of 0.1° per frame. Diffraction data were integrated using XDS [25] and scaled using
AIMLESS [26]. Crystals of C7L: Bax BH3 contained four chains of C7L and four chains of Bax BH3 in
the asymmetric unit, with a calculated solvent content of 46.12%. The structure was phased by
molecular replacement using VARV FI1L as a search model (PDB accession code 5A]J [27]). The final
C7L:Bax BH3 complex was manually built using Coot [28] and refined using PHENIX [29] with final
Rwork/Rfree of 20.1/22.9 %, with 98.1 % of residues in Ramachandran favoured region of the plot and
no outliers.

C7L: Bim BH3 crystals were grown as described above for the C7L: Bax BH3 complex. Crystals were
obtained in 1.5M sodium chloride, 10% v/v ethanol. The crystals were flash cooled at -173°C in mother
liquor supplemented with 20% ethylene glycol as a cryo-protectant. The C7L: Bim BH3 complex
formed single cube shaped very small (2 um, 2 um, 1 um) crystals belong to space group 12 with
a=61.33 A, b=74.18 A, c=80.17 A, a=90.00 A, p=111.45 A, ¥=90.00 A in the monoclinic crystal system
and significant signal of translational Non-Crystallographic Symmetry (t-NCS) was present.
Diffraction data collection, integration and scaling were performed as described above. The



139
140
141
142
143
144

145
146
147

148

149
150
151
152
153
154

155

156
157
158
159
160
161
162
163
164
165
166

Viruses 2020, 12, x FOR PEER REVIEW 4 of 17

molecular replacement was carried out using PHASER with the previously solved structure of C7L.:
Bax BH3 as a search model. C7L: Bim BH3 crystals contain two molecules of C7L and two Bim BH3
peptide, with 39.3% solvent content and final TFZ and LLG values of 22.6 and 475.75 respectively.
The final model of C7L_Bim BH3 was built manually over several cycles using Coot and refined using
PHENIX with final Rwork/Rfree of 21.6/26.1 %, with 99.7 % of residues in Ramachandran favoured
region of the plot and no outliers.

Details of the data-collection and refinement statistics are summarized in Table 2. All images were
generated using PyMOL. All software was accessed via SBGrid [30]. Raw images were deposited
with the SBGrid Data Bank [31].

Sequence search, alignment and interface analysis

A BLAST [32] search of the NCBI sequence database [33] was performed using the MPXV C7L
sequence (Uniprot Q3I8Y3) as a seed . Hidden Markov Model (HMM) searches were performed with
HMMER [34] or the MPI bioinformatics tookit, HHBlits [35]. Sequence alignments were performed
using MUSCLE [36] with the default settings, and sequence identities were calculated based on the
total number of conserved residues in MPV C7L against the full sequence. Protein interfaces were
analysed using PISA [37].

3. Results

A BLAST [32] search of the NCBI standard nucleotide database [33] using MPXV C7L as a bait shows
there is is strong sequence identity with many other homologs from chordopox viruses including
vaccinia, variola, akhmeta cowpox, ectromelia and yokapox [38], and thus likely constitutes a
putative MPXV encoded Bcl-2 homolog (Figure 1a). No entomopox sequence homologs of C7L were
identified by our searches. It is significant that no mammalian Bcl-2 homologues are found in simple
BLAST search. Sequence searches for low sequence identity C7L homologs using HMM [34] or the
MPI bioinformatics tookit, HHBlits [35] found and more distantly related sequences such as tanapox
virus 16L [39], yaba monkey Tumour virus 16L, but again no entomopox or mammalian Bcl-2
proteins were found using these methods. This finding is consistent with the low shared sequence
identity observed between these viral proteins and the mammalian Bcl-2 family members (Figure 1c).
Indeed, sequence analysis of MPXV C7L indicates that the hallmark BH motifs are absent.
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Figure 1. Sequence comparisons of MPXV and related proteins a) Sequence alignment of MPXV C7L with its
orthologs from vaccinia virus, variola virus F1L, rabbitpox virus, cowpox virus, and akhmeta virus. Sequence
substitutions of MPXV C7L compared to vaccinia F1L are highlighted in yellow. Sequence identities of the
different orthopoxvirus C7L homologs are: VARV F1L (78%), VACV F1L (85.5%), RPXV 029 (87.6%), CPXV 048
(78 %), APXV F1 (82.3%). b) Positions of the sequence substitutions (blue) of MPXV C7L compared to vaccinia
F1L shown on the molecular surface of MPXV C7L. c) Sequence alignment of MPXV C7L with pro-survival Bel-
2 family members. The sequences of monkeypox virus C7L (uniprot accession number: Q3I8Y3), vaccinia virus
F1L (uniprot: O57173), myxomavirus M11L (uniprot: Q85295) and human Bcl-xt (uniprot: Q07817) were aligned
using MUSCLE [36]. Secondary structure elements are marked based on the crystal structure of MPXV C7L, and
BH motifs of Bel-xt highlighted (BH4 (yellow), BH3 (bright green), BH1 (turquoise), BH2 (pink)) and shown in
bold [40]. The regions of helix are marked ‘H’ and unstructured loops with a bar above the sequence, conserved
residues are denoted by *’, with highly conservative substitutions indicated by “:" and conserved substitutions

indicated by *.".

To determine if MPXV C7L is able to interfere with Bcl-2 mediated apoptosis by engaging host
proapoptotic Bcl-2, we expressed and purified recombinant C7L lacking the N-terminal 36 residues
encoding for a putative flexible region as well as the C-terminal 35 residues comprising the
transmembrane motif. We then examined the ability of recombinant C7L to bind BH3 motif peptides
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from all human proapoptotic Bcl-2 proteins using isothermal titration calorimetry (ITC). ITC revealed
a broad interaction spectrum for C7L with nanomolar affinities for BH3 motifs from Bax, Bak, Bim,
Bid and Bik as well as micromolar affinities for those from Puma, Bok and Hrk with a stoichiometry
of 1:1. In contrast, no interactions were detected with Bad, Bmf or Noxa BH3 motifs (Table 1). A
comparison of the relative affinities of BH3-peptides for MXPV and the closely related viruses VACV
F1L and VARV F1L is given in Figure 2. MPXV C7L has a much broader spectrum of BH3 binding
than VACV F1L and VARV FI1L. To establish the structural basis for BH3 ligand engagement by C7L
we then determined the crystal structure of C7L complexes with two of the identified high affinity
interactors, Bax and Bim BH3 (Figure 2). Clear and continous electron density was observed for C7L
residues 46-183 and Bax residues 56-76 in the C7L: Bax BH3 complex, as well as C7L residues 48-184
and Bim residues 143-166 in the C7L:Bim BH3 complex (Figure 3). The crystal structure of a C7L:Bax
BH3 complex revealed that as previously seen for the related VACV[41] and VARV F1L[27], C7L
adopts a typical Bcl-2 fold with dimeric topology via a domain-swap where the al helices of two
neighbouring chains are swapped (Figure 2).

Peptide Kb (nM)
Bak 401 +31.0
Bax 22+£5.0

Bok 1370 £194.0
Bad NB

Bid 560 + 30.0
Bik 930 + 88.0
Bim 131 +20.0
Bmf NB

Hrk 1285 + 221.0
Noxa NB

Puma 2605 + 308.0

Table 1. Affinity measurements of C7L and BH3 motif peptides from human pro-apoptotic Bcl-2
proteins. C7L interacts with BH3 motif peptides of human pro-apoptotic Bcl-2 proteins. Isothermal
titration calorimetry measurements of monkey pox virus Bcl-2 homolog C7L and its two mutants X
and Y with human pro-apoptotic BH3 motif peptides. All Ko values (in nM) are the means of three
replicates with standard error. NB denotes no binding.
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Figure 2. Ribbon representation and comparison of viral Bcl-2 protein structures in complex with
BH3-motif peptides. a) Crystal structure of MPXV C7L bound to human Bax BH3 peptide. MPXV C7L
(sky blue) in complex with the Bax BH3 peptide (lime). C7L helices are labeled a0-0.7. The view in (a)
is into the hydrophobic binding groove formed by helices a:2-a5 and C7L: Bax BH3 view down the 2-
fold symmetry axis between the domain-swapped ol helices. b) MPXV C7L (sky blue) in complex
with the Bim BH3 peptide (yellow) c¢) VACV FIL (cyan) in complex with the Bak BH3 domain
(raspberry) [41]. d) TANV16L (magenta) in complex with the Bax BH3 domain (lime) e) DPV(22
(firebrick) in complex with the Bax BH3 domain (orange). The views in b-d as in (a). In all cases the
view on the left is a single protomer and the right view the dimer.

Figure 3. a) 2Fo-Fc electron density maps of MPXV C7L: Bax BH3 complex interface contoured at 1.5
o, b) 2Fo-Fc electron density maps of MPXV C7L: Bim BH3 complex interface contoured at 1.5 ¢ and
¢) Cartoon representation of MPXV C7L (sky blue): Bax (lime) superimposed onto VACV FIL (cyan):
Bak (raspberry) BH3 complex. The view is into the canonical hydrophobic binding groove formed by
o2-ab.

To validate the dimeric topology of C7L, we performed analytical size exclusion chromatography
(Figure 4). This revealed that C7L eluted at a volume commensurate with a dimeric assembly and
supports the dimeric structure observed in our crystals.
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Figure 4. MPXV C7L is a dimer in solution. Size exclusion chromatography of MPXV C7L using a
Superdex S75 3.2/300 column. The elution profile of the peak of interest (MPXV C7L) is 1.69 mL (blue
line). The molecular weight standards shown are albumin (66 kDa) (black), carbonic anhydrase (29
kDa) (orange) and cytochrome c (Cyt c) (12 kDa) (red), AU: absorbance units at wavelength 280 nm.

A comparison of a single chain of C7L with a single protomer of other domain swapped dimeric viral
Bcl-2 proteins including VACV F1L, VARV FI1L, deerpoxvirus DPV022 [42] and TANV16L (Figure
2b-e) [39] revealed that the C7L Ca backbone superimposes with rmsd values of 0.52, 0.38, 2.09 and
1.42 A respectively. Dimeric C7L superimposes with the corresponding dimeric VACV and VARC
F1L, DPV022 and TANV16L with rmsd values of 0.53, 0.41, 2.18 and 1.83 A respectively. As expected,
the backbone structure of C7L is highly similar for both the monomeric protomer as well as the
domain-swapped dimer to its homologous counterparts amongst the orthopoxviridae, as well as the
cervidpox homolog DPV022.

Binding of Bax BH3 peptide to C7L occurs via the canonical ligand binding groove that is formed by
helices a2-a5 (Figure 2). The four canonical BH3 motif defining residues from Bax, L59, L63 and 166
and L70, are bound in four hydrophobic pockets of the canonical C7L ligand binding groove (Figure
5a). Furthermore, Bax M74 occupies a fifth hydrophobic pocket in C7L. The hallmark ionic interaction
between pro-survival Bcl-2 proteins and pro-apoptotic BH3 motif ligands between a conserved
arginine in the BH1 motif and apartate of the BH3-motif [4] is absent. However, an ionic interaction
is formed between R6584% and D105, and this interaction is supplemented by hydrogen bonds
between E6984X and Y102<7" as well as between D7184X and G138t (Figure 5a). Similarly, in the
C7L:Bim BH3 complex Bim residues 1148, L152, 1155 And F159 protrude into four hydrophobic
pockets in the C7L ligand binding groove, and an ionic interaction is formed by R1548™ and D105¢7".
Additional hydrogen bonds are found between E1585™ and Y1027 , N1608™ and G138 as well as
between D718AX and G138<7t (Figure 5b).
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VACV F1L: Bak BH3 VARV F1L: Bak BH3

250

251 Figure 5. Detailed views of the MPXV C7L: Bax BH3, MPXV C7L: Bim BH3, VACV F1L: Bak BH3 and
252 VARV F1L: Bak BH3 interfaces. a) The C7L surface, backbone and binding groove are shown in grey,
253 sky blue and marine respectively, while Bax BH3 is shown in lime. The five key interacting residues
254 of Bax L59, L63, 166, L70 and (additionally M74), are protruding into the binding groove. b) The C7L
255 surface, backbone and binding groove are shown as a, while Bim BH3 is shown in yellow. The four
256 key interacting residues of Bim 1147, L152, 1155 and F159, are protruding into the binding groove. c)
257 The VACV FIL surface, backbone and binding groove are shown in grey, cyan and orange
258 respectively, while Bak BH3 is shown in raspberry. The five key interacting residues of Bax V74, L78,
259 181, 185 and Y89, are protruding into the binding groove. d) The VARV FIL surface, backbone and
260 binding groove are shown in grey, green and pale yellow respectively, while Bak BH3 is shown in
261 raspberry. The six?? key interacting residues of Bak M71, V74, L78, 181, 185 and Y89, are protruding
262 into the binding groove. Residues involved in ionic interactions and hydrogen bonds (shown as
263 dotted black lines) are labelled.

264
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265 Table 2. Crystallographic data collection and refinement statistics
C7L: Bax BH3 C7L: Bim BH3
Data collection
Space group P2: 1121
Cell dimensions
a,b,c (A) 61.65, 91.26, 70.33 61.33, 74.18, 80.17
a By () 90, 105.90, 90 90.00, 111.45, 90.00
Wavelength (A) 0.9537 0.9537
Resolution (A) 33.61-2.10 (2.18 - 2.10) * 38.98 - 2.48 (2.56 - 2.48) *
Rsym Or Rmerge 0.032 (1.07) 0.108 (0.47)
I/0ol 9.5 (0.6) 3.21 (1.05)
Completeness (%) 99.8 (99.3) 96.8 (97.2)
CCi2 1.00 (0.42) 0.98 (0.72)
Redundancy 3.5(3.3) 1.8 (1.7)
Refinement
Resolution (A) 33.61-2.10 (2.18 - 2.10) 49.87 - 2.48 (3.04 - 2.88)
No. reflections 43416 11574
Rwork / Reree 0.210/0.236 0.226/0.274
Clashscore 2.15 0.37
No. atoms
Protein 5023 2641
Ligand/ion 12 8
Water 130 65
B-factors
Protein 80.48 53.46
Ligand/ion 101.23 62.67
Water 77.94 46.08
R.m.s. deviations
Bond lengths (A) 0.003 0.002
Bond angles (°) 0.47 0.37

266 * Values in parentheses are for the highest resolution shell
p &

267 4. Discussion

268  Bcl-2 homologs are a widely used amongst large DNA viruses to ensure viral proliferation and/or
269  survival ref. Amongst the poxviridae, the majority of generae have been shown to encode apoptosis
270  inhibiting Bcl-2 homologs including the orthopoxviridae vaccinia, variola and ectromelia viruses
271 [27,41,43-45], leporipoxviridae ~myxomavirus [46,47], cervidpoxviridae deerpoxvirus [42,48],
272 capripoxviridae sheeppoxvirus [49,50], avipoxviridae fowlpox and canarypoxvirus [51,52] and
273 parapoxviridae orf virus [53]. Whilst many poxviridae encode for sequence, structural or functional
274  prosurvival Bcl-2 homologs, considerable diversity exists amongst these proteins (Figure 1). There
275  are widely differing interaction profiles with host proapoptotic Bcl-2 and differences in overall
276  structure and topology as well as detailed interactions at the atomic level, as might be expected from
277  these highly sequence divergent Bcl-2 fold sequences. Here we report that the orthopoxviridae
278  monkeypoxvirus C7L encodes a potent binder of mammalian apoptosis inducers. C7L adopts a
279  domain swapped dimeric Bcl-2 fold (Figure 2), and binds to a number of BH3 motif peptides from
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280  human proapoptotic Bcl-2 proteins including those from Bax, Bak and Bim (Table 1). Analytical size-
281  exclusion chromatography confirmed that the dimeric topology we observed in our crystal structures
282  was recapitulated in solution (Figure 5). In contrast to the tanapox virus encoded TANV16L[39],
283  which displays both monomeric and domain-swapped dimeric topologies, we did not detect other
284  oligomeric states for C7L. This suggests that C7L may be less flexible in terms of its ability to
285  reorganize its helical elements compared to TANV16L. Superimpositions of the domain swapped
286  dimeric poxvirus encoded prosurvival Bcl-2 proteins whose structures have been determined to date
287  reveals that the dimeric forms all superimpose very closely with rmsd values below 2.2 A, with little
288  variation in the lengths of the helical elements and geometry of helical arrangements (Figure 2). This
289  may suggest that structural constraints are imposed on how these dimers are constructed that do not
290  leave significant scope for variations to the fold. Interestingly, tanapoxvirus encoded 16L that adopts
291  both domain swapped dimeric and monomeric topologies revealed that the ligand binding groove
292 that mediates interactions with proapoptotic host proteins is nearly identical in both oligomeric forms
293 [39]. Consequently, the absence of significant differences in the manner in which the domain
294  swapped dimeric poxviral Bcl-2 proteins are assembled may be a response to the evolutionary
295  pressure to maintain the canonical ligand binding groove in a particular configuration.
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<0-99nM

<100 - 999 nM
96 0T >1000 nM
297 Figure 6. Comparison of the BH3 binding profile of MPXV C7L with its closest homologs from
298 vaccinia virus FIL (VACV F1L) and variola virus FIL (VARV F1L). a) Binding profile of MPXV C7L
299 with BH3 motif peptides (b) binding profile of VACV F1L and (c) binding profile of VARV F1L, the
300 sequences of all BH3 motif peptides used in (a)(b) and (c) are of human origin. The line weight of the
301 bars indicates the binding affinity ranges from 0-99 nM, < 999 nM, and < 1000 nM, as shown in the
302 inset.

303 Although the closely related orthopoxviruses vaccinia, variola and ectromelia virus encode the highly
304  homologous FIL that adopts a near identical overall structure (Figure 2), intriguing differences can
305  be seen in the ability of the different orthopox virus F1L homologs to bind host cell proapoptotic
306  Bcl-2. Vaccinia virus F1L is only able to bind to Bim, Bak and Bax [43], and has been shown to
307  functionally act by replacing Mcl-1 [54] and neutralize Bim [41]. In contrast, variola virus F1L is
308  unable to bind Bim and binds to Bid, Bak and Bax instead [27]. Functionally, variola virus F1L was
309  only able to counter Bax, but not Bak mediated apoptosis. Ectromeliavirus F1L bound to Bim, Bak
310  and Bax, and inhibited both Bak and Bax mediated apoptosis [45]. Considering the 90 % primary
311  sequence identity within the Bcl-2 fold of each of these proteins amongst the orthopoxviruses, the
312 substantial differences in proapoptotic interaction spectra are unexpected (Figure 6). Despite the high
313 degree of sequence identity, MPXV C7L displays a spectrum of proapoptotic ligands and associated
314  affinities that much more resembles those from other monomeric poxviral prosurvival Bcl-2 proteins
315  such as sheeppoxvirus SPPV14 [49,50], myxomavirus M11L [46] or the avipoxvirus fowlpoxvirus
316  FPV039 [52] and canarypoxvirus CNP058 [51]. Whilst sequence differences between all identified
317  orthopoxvirus prosurvival Bcl-2 proteins are subtle, significant differences exist at the N-termini of
318  the respective proteins. Vaccinia, variola and ectromelia F1L feature long repeat sequences at their
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N-termini, which are absent in monkeypox C7L (Figure 1a) [55]. The function of these N-terminal
extensions remains to be fully clarified. Initial reports for vaccinia virus F1L suggested a role of the
extreme N-terminus in apoptosis inhibition via a caspase dependent mechanism [56]. However,
subsequent data showed no effect of the F1L N-terminus on apoptosis inhibition [55].

A comparison of the crystal structures of vaccinia and variola virus F1L [27,41,43] with monkeypox
virus C7L reveals that the sites of primary sequence variations within the Bcl-2 fold occur in sites
distant from the canonical ligand binding groove (Figure 1c). Nonetheless, significant differences
exist in the manner in which VACV F1L and MPXV C7L engage human Bim BH3. F1L binding to
Bim is primarily mediated by hydrophobic interactions via the four canonical hydrophobic residues
in Bim as well as van der Waals contacts, with no hydrogen bonds between F1L and Bim residues
present [41]. In contrast, MPXV formed an ionic interaction with R1545™ via D1057" as well as two
hydrogen between E1588™ and Y102<7% , and D718AX and G138<L. The ability of C7L to form
additional interactions with bound BH3 motif peptides is likely a contributing factor to the broader
proapoptotic ligand binding profile of MPXV C7L compared to VACV F1L, as well as the tighter
binding affinities observed, suggesting that the remote amino acid substitutions impact ligand
binding. However, detailed cell-based studies are required to probe the contribution of each of the
interactions with proapoptotic Bcl-2 proteins to establish which ones are the primary drivers for
apoptosis suppression during virus infection, and whether or not MPXV primarily targets Bim in a

manner similar to VACV.

Analysis of the detailed interaction between the different orthopox virus encoded Bcl-2 proteins and
host pro-apoptotic Bcl-2 reveals that whilst the BH1 motif is not conserved in these proteins, residues
that occupy the positions of the NWGR motif of the BH1 region in, for example, Bcl-xc still perform
important roles. In both MPXV C7L complexes as well as in VACV F1L and VARV F1L a Gly residue
is structurally conserved where one would normally find the NWGR motif, and in each
orthopoxvirus Bcl-2 protein it forms a hydrogen bond with the bound BH3 motif peptide. Whilst the
hallmark interaction between the Arg residue from the NWGR motif and the Asp from the BH3 motif
peptide is absent, the equivalent region of the BH1 motif in orthopox virus prosurvival Bcl-2 proteins
still contribute to binding and specificity. A similar observation was made for both sheeppox virus
SPPV14 [50] and tanapox virus 16L [39], which utilize a different Arg to recapitulate the hallmark
ionic interaction observed for mammalian prosurvival Bcl-2 proteins bound to BH3 motif bearing
interactors [4]. These observations underscore the continued importance of the BH1 equivalent region
for determining interactions between Bcl-2 family proteins, even in the absence of the canonical
motifs.

In summary, we show that C7L is a dimeric Bcl-2 protein with domain-swapped topology that is able
to bind important host pro-apoptotic Bcl-2 members and potentially interfere with host cell apoptosis
signalling in infected cells. Our findings provide a structural basis for dissecting the role of C7L in
monkeypox virus infection and to define the contribution that suppression of Bcl-2 mediated
apoptosis makes to the viral life cycle.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video SI.: title.
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Chapter 4

Paper IV: Crystal Structures of the Sheeppox
Virus Encoded Inhibitor of Apoptosis SPPV14
Bound to the Proapoptotic BH3 Peptides Hrk and
Bax
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4.1 Introduction

Sheeppox virus SPPV14 was initially identified as an myxoma virus M11L ortholog by
database mining. Similar to M11L, SPPV 14 lacks recognizable conserved BH motifs in its
sequence whilst it was shown to block cellular apoptosis induced by multiple agents, such
as UV irradiation or in viral infection (109). Consistent with the cellular data, SPPV 14 was
shown to interact with Bak and Bax in vivo and suppress the downstream activation of
mitochondrial apoptosis (109). However, the detailed molecular mechanism underlaying
SPPV 14 mediated host intrinsic apoptosis had yet to be discovered.

To address this, I measured the extended binding interactions of SPPV14 to its
interacting partners of BH3 motif peptides from endogenous human pro-apoptotic Bel-2
proteins and determined the crystal structures of SPPV14 in complex with both Bax and
Hrk BH3 motif peptides. The data obtained from this work are presented in the manuscript
titled as “Crystal structures of the sheeppox virus encoded inhibitor of apoptosis SPPV14
bound to the proapoptotic BH3 peptides Hrk and Bax™ that was published in FEBS Letters

(2020) (108).
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Programmed death of infected cells is used by multicellular organisms to
counter viral infections. Sheeppox virus encodes for SPPV14, a potent inhibi-
tor of Bcl-2-mediated apoptosis. We reveal the structural basis of apoptosis
inhibition by determining crystal structures of SPPV14 bound to BH3 motifs
of proapoptotic Bax and Hrk. The structures show that SPPV14 engages
BH3 peptides using the canonical ligand-binding groove. Unexpectedly,
Arg84 from SPPV14 forms an ionic interaction with the conserved Asp in the
BH3 motif in a manner that replaces the canonical ionic interaction seen in
almost all host Bel-2:BH3 motif complexes. These results reveal the flexibil-
ity of virus-encoded Bcl-2 proteins to mimic key interactions from endogenous
host signalling pathways to retain BH3 binding and prosurvival functionality.

Keywords: apoptosis; Bcl-2; isothermal titration calorimetry; poxvirus;
sheeppox virus; X-ray crystallography
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Edited by John Briggs

The altruistic death of infected host cells via pro-
grammed cell death or apoptosis is a potent feature of
the first line of defence against invading pathogens [1].
The ability of multicellular hosts to eliminate infected
cells via apoptosis forced viruses to evolve sophisti-
cated strategies to counter host cell apoptotic defences,
including the use of virus-encoded homologs of the B-
cell lymphoma 2 or Bcl-2 family [2]. As primary modu-
lators of the mitochondrially mediated or intrinsic
apoptosis pathway, the Bcl-2 family can be divided
into two factions: the prosurvival members and the
proapoptotic members [3]. All mammalian Bcl-2 fam-
ily members are characterized by the presence of one
or more of the Bcl-2 homology or BH sequence

Abbreviations

motifs. The prosurvival members, which include Bcl-2,
Bcl-w, Bel-xp, Al, Mcl-1 and Bcl-b, all feature multi-
ple BH motifs as well as a transmembrane region that
enables localization to the outer mitochondrial mem-
brane [4]. The proapoptotic family members can be
further separated into two groups, the multi-BH motif
proteins Bak, Bax and Bok, and the BH3-only pro-
teins Bim, Bid, Puma, Bad, Bik, Bmf, Hrk and Noxa
that only feature the BH3 motif [5]. Mechanistically,
the BH3-only proteins act by either relieving the abil-
ity of prosurvival Bcl-2 to hold Bak and Bax in an
inactive state or may directly activate Bak and Bax [6].
The interplay between the members is mediated by a
helix-in-groove interaction, where a helical BH3 motif

ITC, isothermal titration calorimetry; MCMV, murine cytomegalovirus; PDB, Protein Data Bank; SPR, surface plasmon resonance.
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is bound in the canonical hydrophobic ligand-binding
groove on prosurvival Bcl-2 proteins [7]. Ultimately, it
is the balance of the prosurvival and proapoptotic Bcl-
2 members that determine the fate of a given cell.
Large DNA viruses encode a number of sequence
and structural homologs of Bcl-2, including examples
among the adenoviridae [8], asfarviridae [9,10], her-
pesviridae [11,12] and iridoviridae [13,14]. Among the
poxviridae, the majority of genera have been shown to
harbour one or more examples, including the
orthopoxviridae [15,16], leporipoxviridae [17,18], cervid-
poxviridae [19,20], avipoxviridae [21,22], parapoxviridae
[23] and chordopoxviridae [24], with the vaccinia virus
FIL and myxoma virus M11L the prototypical mem-
bers of the family. Among the capripoxviridae, sheep-
pox virus has been shown to encode the potent
apoptosis inhibitory protein SPPV14, a Bcl-2 homolog
[25]. SPPV14 has been shown to inhibit apoptosis in
transfected cells after treatment with etoposide, arabi-
nose-C or UV irradiation. Furthermore, interaction
studies revealed that SPPVI14 is able to directly bind
BH3 motif peptides of several mammalian proapop-
totic Bcl-2 family members and functionally replaces
FIL in the context of a recombinant vaccinia virus
infection. However, the structural and biochemical
basis for apoptosis inhibition by SPPV14 remained
unclear. Here, we report the crystal structures and
affinity data of SPPV14 bound to BH3 motifs of
proapoptotic Bcl-2 family members. Our findings pro-
vide a structural and biochemical platform to under-
stand sheeppox virus-mediated inhibition of apoptosis.

Materials and methods

Protein expression and purification

Recombinant SPPV14AC31 (UniProt accession number
AOA2P1A8X8; SPPV14 residues 1-145 with a 31-residue C-
terminal deletion and hereafter referred to as SPPV14) was
expressed and purified as previously described [25]. SPPV14
mutants R84A and Y46A were synthesized as codon-opti-
mized cDNA (GenScript), cloned into the bacterial expres-
sion vector pGEX-6P3 and purified as previously described
[25]. Purified protein obtained using glutathione affinity
chromatography was then subjected to size-exclusion chro-
matography using a Superdex S75 10/300 or 16/600 column
mounted on an AKTA pure system (GE Healthcare, Chi-
cago, IL, USA) equilibrated in 25 mm HEPES, pH 7.5,
150 mm NaCl and 10 mm TCEP (Tris(2-carboxyethyl)phos-
phine hydrochloride), and fractions analysed using SDS/
PAGE. The final sample purity was estimated to be greater
than 95% based on SDS/PAGE analysis, and appropriate
fractions were pooled and concentrated using a centrifugal

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies
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concentrator with 3 kDa molecular weight cut-off (Amicon ®
Ultra-15) to final concentration of 10.0 mg-mL~'. Recombi-
nant SPPV14AC31:Bim BH3 complex was subjected to size-
exclusion chromatography as described above for
SPPV14AC31 alone. Molecular weight standards (Sigma-
Aldrich, St. Louis, MO, USA) used for column calibration
were as follows: bovine thyroglobulin (670 kDa), bovine
y-globulin (158 kDa), chicken ovalbumin (44 kDa), horse
myoglobin (17 kDa) and vitamin B12 (1.350 kDa).

Measurement of dissociation constants

Binding affinities were measured by isothermal titration
calorimetry (ITC) using a MicroCal iTC200 System (GE
Healthcare) at 25 °C using wild-type truncated SPPV14 as
well as two mutants SPPV14 Y46A and R84A in 25 mm
HEPES, pH 7.5, 150 mm NaCl and 10 mm TCEP at a final
concentration of 30 pm. BH3 motif peptides were used at a
concentration of 300 um and titrated using 19 injections of
2.0 uL of ligand solution. All affinity measurements were
performed in triplicate. Protein concentrations were mea-
sured using a NanoDrop UV spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) at a wavelength of
280 nm. Peptide concentrations were calculated based on
the dry peptide weight after synthesis. The BH3-motif pep-
tides used were commercially synthesized and were purified
to a final purity of 95% (GenScript, Piscataway, NJ, USA)
and based on the human sequences previously described
[26] except for Bok BH3: VPGRLAEVCAVLLRLGDELE-
MIRPSV (accession code QQUMX3, residues 59-84).

Crystallization and structure determination

Crystals for SPPV14:Hrk BH3 and SPPV14:Bax BH3 com-
plexes were obtained by mixing SPPV14 with human Hrk
26-mer or Bax 28-mer peptide using a 1 : 1.25 molar ratio
as described [27] and concentrated using a centrifugal con-
centrator with 3 kDa molecular weight cut-off (Amicon ®
Ultra 0.5) to 10.0 mg-mL~'. Concentrated protein was
immediately used for crystallization trials. Initial high-
throughput sparse matrix screening was performed using
96-well sitting-drop trays (Swissci, Neuheim, Switzerland).

SPPV14:Hrk BH3 crystals were grown by the sitting-
drop vapour diffusion method at 20 °C in 0.2 M sodium
potassium tartrate, 0.1 m Bis-Tris propane, pH 6.5, and
20% poly(ethylene glycol) 3350. The crystals were flash-
cooled at —173 °C in mother liquor supplemented with
25% glucose. The SPPV14:Hrk BH3 complex formed single
cuboidal crystals, which belong to space group C222; with
a=4328 A, bh=70.66A, c=11508A, o=90.00°,
B =90.00° and y = 90.00° in the orthorhombic crystal sys-
tem.

All diffraction data were collected at the Australian Syn-
chrotron MX2 [28] beamline using an Eiger detector with
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an oscillation range 0.1° per frame at a wavelength of
0.9537 A. The diffraction data were integrated using XDS
[29] and scaled using AIMLESS [30]. A molecular replace-
ment solution was obtained using the BALBES [31] auto-
mated pipeline and identified M11L (PDB code: 2BJY) [18]
as the optimal model. SPPV14:Hrk BH3 crystals contained
one molecule of SPPV14 and one Hrk BH3 peptide in the
asymmetric unit, with a 43% solvent content, and gave
final TFZ and LLG values of 32.2 and 1539, respectively.
The final model of SPPV14:Hrk BH3 was built manually
over several cycles using Coot [32] and refined using PHE-
NIX [33] giving final Ryori/Reee Values of 0.221/0.235, with
99% of residues in the favoured region of the Ramachan-
dran plot and no outliers.

SPPV14:Bax BH3 crystals were obtained in 1.0 M lithium
chloride, 0.1 m citrate, pH 5.0, and 30% poly(ethylene gly-
col) 6000. The crystals were flash-cooled at —173 °C in
mother liquor. The SPPV14:Bax BH3 complex formed sin-
gle rod-shaped crystals, which belong to space group P2;
with  cell  dimensions @ =100.27 A, b =78.56 A,
¢ =107.76 A, o = 90.00°, B = 110.96° and y = 90.00° in the
monoclinic crystal system. Diffraction data collection, inte-
gration and scaling were performed as described above.
The molecular replacement was performed using Phaser
[34] with the previously solved structure of SPPVI14:Hrk
BH3 as a search model. SPPV14:Bax BH3 crystals contain
eight molecules of SPPV14 and eight Bax BH3 peptides,
with a 48.9% solvent content and final TFZ and LLG val-
ues of 11.2 and 1720, respectively. The final model of
SPPV14:Bax BH3 was built manually as described above
giving final Ryor/Riree Values of 0.238/0.288, with 99% of
residues in Ramachandran favoured region and no outliers.
All images for SPPVI14:Hrk and SPPVI14:Bax complexes
were generated using pymoL (Schrodinger, New York, NY,
USA) molecular graphic system version 1.8.6.0 (Schrodin-
ger, LLC, New York, NY, USA). The coordinates for the
structures were deposited at the Protein Data Bank (PDB)
using accession codes 6XY4 and 6XY6. All raw images
were deposited at the SBGridDB using their PDB accession
codes [35]. All software was accessed through the SBGrid
suite [36].

Bioinformatics analyses

The closest structural homologs of SPPV14 were identified
using the Dali server [37] by searching the entire PDB. Pro-
tein interaction interfaces were examined using the ePDB
Proteins, Interactions, Surfaces, Assemblies program [38].
Sequence alignments were performed using MUSCLE [39].

Results

We previously showed sheeppox virus-encoded
SPPV14 binds peptides spanning the BH3 motif of the

C. D. Suraweera et al.

proapoptotic Bcl-2 family members Bak and Bax as
well as Bim, Bid, Bmf, Hrk and Puma as determined
by surface plasmon resonance (SPR) [25]. To deter-
mine the BH3 peptide binding specificity, we per-
formed ITC employing a recombinant protein,
SPPV14AC31 (hereafter referred to as SPPV14), lack-
ing the 31 C-terminal residues of the predicted trans-
membrane motif and BH3 motif peptides derived from
human proapoptotic Bcl-2 proteins (Table 1). ITC
confirmed BH3 peptides of Bak and Bax as well as
Bim, Bid, Bmf, Hrk and Puma as high-affinity interac-
tors, as previously reported [25]. In addition, we
observed weaker affinities for BH3 peptides of Bad
and Bok, with Kp values of 5.2 and 7.6 um, respec-
tively. To understand the structural basis for BH3
motif binding by SPPV14, we expressed and purified
recombinant truncated SPPV14 and reconstituted
SPPV14:Hrk BH3 and SPPV14:Bax BH3 complexes.
Crystals of the SPPVI14:Hrk BH3 complex diffracted
t0 2.05 A (Table 2). After molecular replacement using
MIIL as a search model (PDB ID 2BJY) [18], clear
and continuous electron density was observed for
SPPVI14 residues 5-139 and Hrk residues 26-50
(Fig. 1A), with the remaining residues presumed disor-
dered. SPPV14 adopts a globular helical bundle struc-
ture comprising a central helix o5 around which six
additional helices are scaffolded to form the classical
Bcl-2 fold (Fig. 2A). A Dali structural similarity analy-
sis identified deerpox virus DPV022 (PDB ID: 4UF3)
[20] as the closest structural homolog of SPPV14 with
an rmsd of 2.1 A over 106 Co atoms, with M11L the
second closest match with an rmsd of 2.3 A over 111
Ca atoms (Fig. 2C).

Table 1. Interactions of wild-type sheeppox virus SPPV14 and two
mutants R84A and Y46A with human proapoptotic BH3 motif
peptides. Measurements were performed using ITC. All Ky values
(in nvm) are the means of three independent measurements with
standard error. ‘NB’ denotes no binding.

WT R84A Y46A
Peptide Ko (nm) Kp (nm) Ko (nm)
Bak 48 + 1 139 £ 10 2553 + 353
Bax 26 + 3 182 + 15 4645 + 393
Bok 7580 + 643 NB NB
Bad 5197 + 533 6700 + 806 NB
Bid 136 + 23 1698 + 16 NB
Bik 1766 + 280 9245 + 701 NB
Bim 19 +£3 44 + 3 165 + 18
Bmf 44 + 7 97 £2 151 £ 18
Hrk 39+5 132 £ 3 2250 + 318
Noxa NB NB NB
Puma 56 + 8 95 £+ 3 988 + 142
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Table 2. X-ray data collection and refinement statistics.

SPPV14:Hrk BH3 ~ SPPV14:Bax BH3

Data collection

Space group C222, P2,
Cell dimensions
a b c (A) 43.28, 70.66, 100.28, 78.56, 107.77
115.08
o, B,y () 90, 90, 90 90, 110.97, 90
Wavelength (A) 0.9537 0.9537
Resolution (A) 31.07-2.05 37.61-2.91
(2.12-2.05)? (3.02-2.9)
Rsym OF Rmerge 0.066 (1.12)? 0.15 (1.24)®
ol 8.7 (0.9° 5.2 (0.9)°
Completeness (%) 98.2 (90.3)* 99.6 (98.3)°
CCipo 0.99 (0.59)° 0.99 (0.54)°
Redundancy 5.0 (4.7)° 3.5 (3.6)°
Refinement
Resolution (A) 31.07-2.05 37.61-2.91
(2.12-2.05)? (3.02-2.9)
No. of reflections 11 232 34 323
Rwork/ Riree 0.221/0.235 0.238/0.288
Clashscore 0.40 5.14
No. of atoms
Protein 1235 10 281
Ligand/ion 0 0
Water 28 44
B-factors
Protein 59.40 66.91
Ligand/ion 0 0
Water 52.66 46.66
RMSD
Bond lengths (A)  0.003 0.004
Bond angles (°) 0.45 0.63

®Values in parentheses are for the highest resolution shell.

SPPV14 harbours the canonical ligand-binding
groove formed by helices a2-a5, which engages Hrk
BH3 (Figs 1A and 2A). The mode of binding of BH3
motif peptides observed for SPPV14 is nearly identical
to what has been previously observed for M11L:Bak
(Fig. 2C), with the SPPV14:Hrk complex superimpos-
ing onto the MI11L:Bak complex with an rmsd of
1.8 A over the entire SPPV14 chain. The three con-
served hydrophobic residues L37, 140 and L44 as well
as T35 from Hrk protrude into the SPPV14-binding
groove and engage the resident four hydrophobic
pockets (Fig. 3A). In addition to these hydrophobic
interactions, SPPV14 forms an ionic interaction with
Hrk via SPPV14 R84 and Hrk D42 carboxyl group.
Furthermore, two hydrogen bonds are observed
between SPPV14 Y46 hydroxyl and Hrk E43 carboxyl
SPPV14 and T78 hydroxyl with Hrk A34 amide.

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies
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The SPPV14:Bax BH3 complex was solved by
molecular replacement using the SPPV14 model
obtained from the SPPVI14:Hrk BH3 complex and
refined to a resolution of 2.9 A (Fig. 1B, Table 2).
Clear and continuous density was observed for
SPPV14 5-139 and Bax 52-74 (Fig. 2B). The four con-
served hydrophobic residues L59, L63, 166 and L70
from Bax are nestled in the corresponding four
hydrophobic pockets of the SPPVI14-binding groove
(Fig. 3B). Furthermore, Bax M74 also makes contact
with the SPPV14-binding groove in a pocket formed
by residues C38, V41, 142, F133 and N137. Additional
interactions are observed as ionic interactions between
SPPV14 R84 and the carboxyl groups of Hrk D68 and
D71 as well as hydrogen bonds between SPPV14 S81
hydroxyl and Bax K64 lysyl, and the main chain car-
bonyl of SPPV14 174 and Bax S60 hydroxyl group
(Fig. 3B).

To validate our crystal structures, we performed
size-exclusion chromatography to determine the oligo-
meric state of SPPV14 in solution. An SPPV14:Bim
BH3 complex eluted at a volume commensurate with a
heterodimeric species (Fig. 4). We next performed
structure-guided mutagenesis to modulate the affinity
of SPPV14 for BH3 motif ligands (Table 1). Indeed,
the SPPV14 mutants Y46A and R84A display attenu-
ated affinities, with SPPV14 Y46A binding BH3 pep-
tides from Bak, Bax, Bim, Bmf, Hrk and Puma with
lower affinity and losing binding to those of Bad, Bid,
Bik and Bok, whilst SPPV14 R84A bound Bax, Bak,
Bid, Bik and Hrk BH3 peptides with lower affinities
and lost binding to Bok BH3 compared to wild-type
protein.

Discussion

Subversion of premature host cell apoptosis is a fre-
quently used strategy for many large DNA viruses,
including the poxviridae, to evade the innate immune
response [40]. It has previously been shown that sheep-
pox virus harbours the potent apoptosis inhibitor
SPPV 14, which acts by sequestering BH3-only proteins
including Bim, Bid, Bmf, Hrk and Puma as well as
Bak and Bax [25]. In addition to the known interac-
tors, we observed previously unreported low micromo-
lar affinities for Bad and Bok BH3 motifs. Previous
studies had relied on the use of competition SPR spec-
troscopy measurements, which could not detect bind-
ing affinities weaker than ICsy = 2 pum. These findings
implicate Bad and Bok inhibition as a potential anti-
apoptotic strategy of SPPVI14; however, considering
the comparatively low affinity of the interaction the
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SPPV14: Hrk BH3

functional relevance of Bad and Bok inhibition
remains to be established.

Having identified potentially new BH3 ligands, we
defined the structural basis for BH3 motif interactions
with SPPV14 by determining the crystal structures of
the SPPV14:Hrk BH3 and SPPVI14:Bax BH3 com-
plexes. SPPV14 binds both Hrk and Bax BH3 tightly
with Kp values of 39 and 26 nwm, respectively, and the
interactions are mediated by the canonical hydropho-
bic interactions involving the four hydrophobic pock-
ets in SPPV14 as well as several ionic interactions and
hydrogen bonds (Figs 2 and 3). A comparison with
other virus-encoded Bcl-2 proteins reveals that unlike
the myxoma virus M11L and vaccinia virus FIL pro-
survival Bcl-2 proteins, of which both feature low
sequence identity to mammalian Bcl-2 [7], SPPV14
forms an ionic interaction using R84 with Hrk D42 or
Bax D68 that is reminiscent of the highly conserved
ionic interaction between a conserved Arg in the BH1
region of mammalian prosurvival Bcl-2 proteins and
the conserved Asp of the BH3 motif (Fig. 5SA). Such
an ionic interaction is seen in all mammalian prosur-
vival Bcl-2 protein:BH3 peptide complexes exemplified
by Bcl-xp R139-Bax D68 (Fig. 5A). This Arg:Asp
interaction is also observed in the complexes with BH3
peptides of the virus-encoded Bcl-2 homologs A179L
[10,41], BHRF1 [12] and FPV039 [22]. Unlike the
canonical ionic interaction [42,43], the geometric con-
figuration of the ionic bond in SPPVI14 is different,
allowing SPPV14 to engage BH3 motifs in a manner
that resembles the use of the BH1 motif in mammalian
prosurvival Bcl-2 interactions despite the lack of a rec-
ognizable = BHI  sequence motif (Fig. 5A,B).

2020
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Fig. 1. Electron density maps of SPPV14:
Hrk and Bax BH3 complexes (A) 2F,-F.
electron density maps of SPPV14:Hrk BH3
complex interface contoured at 1.5 ©.
SPPV14 is shown as green sticks and Hrk
as pink-coloured sticks. (B) 2Fo-Fc electron
density maps of SPPV14:Bax BH3
complex interface contoured at 1.5 ©.
SPPV14 is shown as green sticks and Bax
as slate-coloured sticks. The N and C
termini of the BH3 peptides are labelled.

Furthermore, loss of this ionic interaction substantially
impacts SPPV14 affinities for BH3 peptide of proapop-
totic host Bcl-2 proteins (Table 1), epitomising the
behaviour of endogenous mammalian prosurvival Bcl-
2 interactions [44].

The SPPV14:Bax BH3 complex revealed that an
additional residue, M74, engages a fifth pocket in the
canonical ligand-binding groove besides the four
canonical hydrophobic residues that are already
accommodated in their respective pockets. This obser-
vation mirrors previous findings for Bcl-x; and Mcl-1
[45]. A further example of additional hydrophobic resi-
dues from a BH3 motif peptide engaging a pocket is
the variola virus F1L:Bid BH3 complex, where 1101
from Bid protrudes into a fifth pocket [46]. A compar-
ison of the detailed architecture of these additional
pockets (Fig. 5C-F) reveals that there is little conser-
vation of residues that form the pockets. In Mcl-1,
V216, F318 and F319 are involved, whereas in Bcl-x;,
it is A93 and Y195. In variola virus F1L, 1101 from
the Bid BH3 motif engages a fifth pocket formed by
Y111, L154, L158 and 1200. Interestingly, mutations
affecting the binding of Bax M74 to Bcl-xp or Mcl-1
resulted in increased sensitivity to the BH3 mimetic
drug ABT-737 [45]. However, the functional conse-
quences of disruption of M74-mediated binding of Bax
to SPPV14 remain to be established. We note that
binding of the Bax BH3 motif would require substan-
tial structural rearrangements in the context of full-
length Bax, since in folded cytosolic Bax, the BH3
motif is buried and not available for binding to
SPPV14 or other prosurvival Bcl-2 proteins [47]. How-
ever, the molecular details of such structural changes

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies



C. D. Suraweera et al.

Fig. 2. SPPV14 binds to BH3 motif
peptides of proapoptotic Bcl-2 proteins
using the canonical ligand-binding groove
ribbon representations of Bcl-2 protein
BH3 peptide complexes. (A) SPPV14:Hrk
BH3 complex. SPPV14 is shown in green
and Hrk BH3 is shown in pink, and
SPPV14 helices are labelled a1-a7. The
view is into the hydrophobic binding
groove formed by helices a2-a5. (B)
SPPV14:Bax BH3 complex. SPPV14 is
shown as in (A) with the Bax BH3
coloured slate. The view is as in (A). (C)
M11L:Bak BH3 complex (PDB ID 2JBY)
[18]. M11L is shown in light blue, and Bak
BH3 is shown in red. (D) Bcl-x :Bax BH3
complex (PDB ID 1BXL) [45]. Bcl-x, is
shown as sand-coloured ribbon, and Bax
BH3 is shown in slate. The views in C-D
are as in (A).

remain to be defined. In contrast, Hrk is predicted to
be an intrinsically unfolded protein, and thus, the BH3
motif interactions we observed with SPPV14 are likely
to be recapitulated in the context of full-length
Hrk [48].

Previously, several residues were predicted to be
located in the binding groove of SPPV14 based on the
MI1I1L structure and thus designated as potential medi-
ators of interactions with BH3 motif ligands [25]. A
comparison of the predicted structure with our experi-
mentally determined structures reveals that out of the
six predicted residues, all six were indeed found in the
SPPV14-binding groove, revealing the high degree of
similarity between the SPPVI14 and MI1I1L canonical
ligand-binding grooves despite an overall sequence
identity of 22% [25]. However, whilst six key residues
in the binding groove are conserved, the remaining

M11L: Bak BH3

Crystal structures of SPPV14:Hrk and SPPV14:Bax BH3 complexes

Bcl-x,: Bax BH3

additional BH3 motif contacting residues influence the
selectivity or affinity of the viral Bcl-2 for its mam-
malian targets, as seen by the differential ligand bind-
ing profiles and affinities of SPPV14 and MI1IL. For
instance, SPPV14 utilizes Y46 to form a hydrogen
bond with Hrk E46, and a similar hydrogen bond is
formed by the equivalent tyrosine in M11L, Y41, with
Bak D84. Indeed, SPPV14 Y46 is conserved across a
number of putative Bcl-2-like proteins in poxviruses
including deerpox, swinepox and rabbitpox [18,25], as
well as in mammalian Bcl-2 proteins such as murine
Bcl-xp. [42]. In contrast, SPPV14 R84, which forms a
salt bridge with Hrk D42, is not recapitulated in
MII1L. Considering that the salt bridge formed by
SPPV14 R84-Hrk D42 mimics other salt bridge inter-
actions seen in many prosurvival Bcl-2 protein:BH3
motif interactions where the prosurvival Bcl-2 protein

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies 2021
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Fig. 3. Detailed view of the SPPV14:Hrk BH3, SPPV14:Bax BH3, M11L:Bak BH3 and Bcl-x, :Bax BH3 interfaces. (A) The SPPV14 backbone,
floor of the binding groove and surface are shown in green, yellow and grey, respectively, whilst the Hrk BH3 ribbon is shown in hot pink.
The three hydrophobic residues of Hrk (L37, L40 and L44) as well as T35 are protruding into the binding groove, and the conserved ionic
interaction formed by SPPV14 R84 and Hrk BH3 D42 is labelled, as well as all other residues involved in hydrogen bonds between protein
and peptide. (B) SPPV14 is shown as in (A), whilst the Bax BH3 ribbon is shown in slate. The five hydrophobic residues of Bax BH3 (L59,
63, 166, L70 and M74) are protruding into the binding groove, and the conserved salt bridge interaction formed by SPPV14 R84 and Bax
BH3 D68 is labelled, as well as other residues involved in additional ionic interactions and hydrogen bonds. (C) M11L (light blue) is shown
as in (C), whilst the Bak BH3 ribbon is shown in red (PDB ID 1JBY). The four hydrophobic residues of Bak BH3 (L74, L78, 181 and 185) are
protruding into the binding groove, and the ionic interaction formed by M11L K126 and Bak BH3 D90 is labelled, as well as other residues
involved in protein:peptide hydrogen bonds. (D) Bcl-x_ (wheat) is shown as in (A), whilst the Bax BH3 is shown as slate-coloured sticks
(PDB ID 1BXL). The five hydrophobic residues of Bax BH3 (L59, L63, 166, L70 and M74) are protruding into the binding groove, and the
conserved ionic interaction formed by Bcl-x, R139 and Bax BH3 D68 is labelled, as well as other residues involved in additional ionic
interactions and hydrogen bonds. lonic interactions and hydrogen bonds are shown as dotted black lines, and the participating residues are
labelled.

features broad binding specificity, we speculate that
R84 may be a feature that enables the broader binding
specificity of SPPV14 when compared to M11L.
SPPV14 is able to directly sequester proapoptotic
BH3-only proteins as well as Bax and Bak. Whilst
numerous large DNA viruses encode for prosurvival
Bcl-2 homologs to subvert host cell apoptosis by tar-
geting Bax and Bak [18,41,46,49,50], mechanisms that
do not rely on prosurvival Bcl-2 proteins for Bax/Bak

neutralization have also been identified in other
viruses. For instance, the herpesvirus human
2022

cytomegalovirus encodes for vMIA [51], which has
been shown to neutralize Bax by binding in a non-
canonical site [52]. Intriguingly, only a short peptide
sequence of VMIA is able to mediate the inhibitory
effect on Bax. The murine counterpart murine cytome-
galovirus (MCMYV) encodes the Bax inhibitor m38.5
[53,54]; however, the structural basis of this inhibition
remains to be established. Inhibition of Bak is
achieved by MCMV-encoded m41.1 [55,56]. Strikingly,
none of these CMV-encoded Bax/Bak inhibitors
appear to be multimotif Bcl-2 homologs, underscoring

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies
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Fig. 4. Size-exclusion chromatography of
SPPV14:Bim BH3 complex. Reconstituted
recombinant SPPV14AC31:Bim BH3
complex was subjected to size-exclusion
chromatography using a Superdex 75 16/
600 column (blue trace). Molecular weight
standards are labelled and indicated on the
red trace.
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Fig. 5. Noncanonical interactions in the SPPV14:Bax BH3 complex. (A) SPPV14 R84 (green) forms an ionic bond with Bax BH3 D68 (slate)
that resembles the canonical ionic interaction between Bcl-x. R139 (sand) and Bax BH3 D68 (slate). For clarity, only Bax BH3 from the
SPPV14:Bax BH complex is shown. (B) Sequence alignment of SPPV14, M11L and Bcl-x, BH1 motifs. Arg residues involved in the ionic
interactions with Bax BH3 shown in (A) are coloured. (C) Bax M74 protrudes into a fifth pocket in the SPPV14-binding groove formed by
C38, V41, 142, F133 and N137. (D) Bax M74 bound in the equivalent pocket in Bcl-x [46]. (E) Bax M74 bound in the equivalent pocket in
Mcl-1 [46]. (F) Bid 1101 bound in the equivalent pocket in variola virus F1L [47].

FEBS Letters 594 (2020) 2016-2026 © 2020 Federation of European Biochemical Societies 2023



Crystal structures of SPPV14:Hrk and SPPV14:Bax BH3 complexes

the importance of Bax/Bak neutralization for the viral
life cycle.

In both crystal structures of SPPV14 bound to BH3
motif peptides, SPPV14 appears to be monomeric.
Analysis of contacts between SPPV14 chains in the
crystal lattices scores all interfaces with a complex sig-
nificance score of 0, suggesting that none of them are
biologically relevant. Furthermore, during purification
of C-terminally truncated SPPV14 using size-exclusion
chromatography, SPPV14 bound to Bim BH3 elutes at
a volume corresponding to a heterodimeric species
comprising a single chain of SPPV14 (Fig. 4). Whilst
we cannot exclude the possibility that SPPV14 forms
homodimers in a cellular context, our data using
recombinantly expressed protein suggest that the active
form of SPPVI4 is monomeric. Interestingly, a Dali
analysis identified DPV022 as the closest structural
homolog, even though DPV022 adopts a domain-
swapped dimeric topology [20]. Whether or not
SPPV14 is able to form similar domain-swapped
dimers such as DPV022 or other poxvirus-encoded
domain-swapped dimers such as vaccinia and variola
virus F1L is unclear. To date, no clear molecular sig-
nature that is indicative of an ability to form domain-
swapped dimers has been identified in Bcl-2 proteins.
It has previously been shown that truncation of the
loop connecting helices ol and 2 in Bcl-xp triggers
domain swapping [57], and in DPV022 and FIL, the
corresponding al/2 loops are very short and only 2-3
amino acids in length.

In summary, we show that SPPV14 is a monomeric
prosurvival Bcl-2 protein that utilizes the canonical
ligand-binding groove to engage BH3 motif peptides
of proapoptotic Bcl-2 proteins. Our structures provide
a mechanistic basis to delineate detailed intermolecular
interactions and the importance of neutralizing differ-
ent proapoptotic Bcl-2 proteins for sheeppox virus
infectivity and proliferation.
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Apoptosis is a powerful defence mechanism utilized by higher organisms against invading
pathogens such as viruses (152). However, viruses have evolved impressive strategies to
hijack host cell suicide mechanisms to secure successful infection, subsequent replication
and survival (50, 153). Several large DNA viruses encode Bcl-2 like genes that have been
shown to be vital virulence factors during early stage infection to counteract the host
intrinsic apoptotic pathway and prevent premature cell death (50). Gene knockout studies
have shown that a failure to express viral Bcl-2 homologues during early infection permits
the host cell to undergo apoptosis, for example, deletion of f7/ in vaccinia virus (90) or
ml 1] in myxoma virus (102) allows host cell apoptosis to proceed.

Remarkably, these viral Bcl-2 proteins may be highly sequence divergent from
their host counterpart Bcl-2 homologues with no obvious shared sequence identity,
including the BH motifs, while other viral Bcl-2 homologues share these motifs. The
common feature of these viral Bcl-2 proteins is that they are structurally conserved.
Generally, the shared sequence identity between viral Bcl-2 proteins and human Bcel-xv is
significantly low and varies between 5-20 %. Examples of viral Bcl-2 homologs that have
BH motifs include those from adenovirus EIB19K (39), EBV BHRF1 (40), ASFV A179L
(47) and FPVO039 (112). More sequence divergent Bcl-2 homologues include most
poxvirus encoded Bcl-2 proteins, which do not have recognizable BH motifs such as
myxoma virus M11L (33), vaccinia virus F1L (34), sheeppox virus SPPV14 (109) and
deerpox virus DPV022 (57). Though these divergent Bcl-2 proteins share approximately
the same amount of sequence identity when aligned with human Bcl-xt, they do not bear
obvious BH motifs.

The main focus of this thesis has been the structural and biochemical
characterization of poxvirus encoded Bcl-2 like proteins. This field of study was initiated

more than two decades ago when Han et al. investigated EBV BHRF1 (39) and is still
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continuing to uncover important aspects related to these proteins. Specifically, their
functions during viral infection and mechanism of action. While most pox virus encoded
Bcl-2 proteins do not show any detectable sequence identity with their host counterparts

they share the Bcl-2 fold (33, 34). For instance, this structural similarity can be

MYXV M11L: Bak BH3 FPV039: Bim BH3 CNPO058: BiK BH3

Figure 1: Cartoon representation of previously characterized poxviral encoded Bcl-2
proteins. a) ribbon diagram of VACV FIL (slate): Bak BH3 (tv_yellow) in view of
hydrophobic ligand binding groove made by a2-a5. b) ribbon diagram of VARV F1L
(purple blue): Bak BH3 (tv_yellow), c) DPV022 (wheat)in complex with Bak BH3
(tv_yellow), d) MYXV MI1IL (tv_red): Bak BH3 (tv_yellow) complex, e) FPV039
(salmon): Bim BH3 (blue) complex and f) CNP058 (limon): Bik BH3 (light blue) complex.
The N and C termini of the Bcl-2 protein are labelled N and C and the ligand N’ and C’
respectively.

seen with the previously characterized vaccinia and variola virus F1L (34), deerpox virus
DPV022 (57), myxoma virus M11L (33) FPV039 and CNPO058 (112, 113) and these

structures are depicted in Figure 1. The structures of Bcl-2 complexes with their ligands
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depicted in Figure 1 show the structural similarity of both the Bcl-2 protein and mechanism
of engagement with the ligand in the canonical binding groove. While these studies have
provided valuable and detailed insight into the mechanisms by which certain viruses
modulate Bcl-2 regulated apoptosis, there is little information on the structural and
functional relationships of poxvirus Bcl-2 like genes of tanapox virus 16L (TANV16L),
monkeypox virus C7L (MPXV C7L) or sheeppox virus SPPV14, which are emerging
zoonotic diseases with a potential impact on public health (62).

In this thesis I characterized the structure-activity relationship of TANVI16L,
MPXV C7L and SPPV14 in relation to their possible mechanisms of host immune
modulation by using a combination of structural, biophysical, biochemical approaches
employing X-ray crystallography, Isothermal Titration Calorimetry (ITC) and protein

functional assays.

5.1 Tanapox virus

5.1.1 TANVI16L is a poxviral Bcl-2 protein encoded by Tanapox virus

TANVI16L is a recently identified putative viral Bel-2 (vBcl-2) protein encoded by
Tanapox virus and the first characterized intrinsic apoptosis inhibitor from the
Yatapoxvirus family (103). TANV16L lacks detectable sequence identity with its cellular
counterparts. For example, sequence identity of TANV16L into cellular Bcl-xi or Bel-2
are 8.6% and 13.2%. however, when TANV16L is expressed in a yeast model system it
protects against apoptosis induced by human Bax and Bak in a cell death assay (103). To
evaluate the underlying molecular mechanism of TANV16L mediated host cell death
inhibition, we systematically performed a series of binding assays between TANV16L and
BH3 motif peptides derived from human pro-apoptotic proteins. Using ITC, I showed that

TANVI16L engaged a broad spectrum of pro-apoptotic BH3 proteins with a wide range of
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affinities from the nanomolar to sub micromolar range but did not bind either Noxa or Bok
(103).

With the BH3-motif peptides from the determined interactors of TANVI16L, I
crystallized and solved the structures of three complexes of TANV16L with Bax, Bim and
Puma BH3 motifs. The first structure of TANV16L in complex with Bax BH3 peptide,
TANV16L:BaxBH3, was solved by molecular replacement using the previously solved
structure of deerpox virus DPV022 (57) as a search model. Likewise, the
TANV16L:BimBH3 and TANV16L:PumaBH3 were solved by molecular replacement
using TANVI16L: Bax BH3 as a search model. TANVI16L:BaxBH3 and
TANV16L:BimBH3 complexes exist as domain swapped dimers in crystal structure and
adopt the Bcl-2 fold similar to that observed previously in vaccinia and variola virus F1L
and DPV022 (34, 57), where these dimers have very limited and weak binding BH3-
peptide profiles. Surprisingly, the TANV16L: Puma complex exists as a monomer in
crystal structure, and the structure showed the al helix of the dimer interface in
TANVI16L:BaxBH3 and TANVI16L:BimBH3 is folded back into its globular core.
However, TANV16L dimerization does not change the local fold of the canonical ligand
binding groove (103). I examined the monomer-dimer equilibrium using analytical
ultracentrifugation and found that apo-TANV16L also exists in a homotetrameric species
in solution but with low abundance (Paper 1 (103), chapter 2). Homotetrameric Bcl-2
species have not been previously reported for Bcl-2 proteins.

To further investigate the BH3-peptide binding profile of TANV16L and evaluate
the significance of local residues at the binding site I also measured the binding affinity of
BH3 peptides against TANV16L mutants, RO90A and K52A. These two specific mutants
were selected based on their significance to make interactions with BH3 motif peptide.

TANVI16L R90A substantially lost affinity for BH3-peptides with a 10-80-fold reduction
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for Bim, Bid, Bik, Bad as well as Bax and Bak BH3 peptides, while affinity for Puma and
Hrk BH3 motifs showed an approximately 2-fold reduction. Although the TANV16L
mutant K52A did not show significant loss of affinity for most of its interactors, its affinity
for Bmf and Bad BH3 peptides was reduced by 20 and 27-fold respectively (Paper 1 (103),
chapter 2).

I conclude from this work that the likely mechanism of TANV16L action is via the
blockade of the mammalian host apoptosis pathway through sequestration of cellular Bak
and Bax in addition to the BH3-only protein Bim. Intriguingly, TANV16L appears to be
able to bind BH3-peptides as either a monomer or a domain swapped dimer. The crystal
structure of TANV16L shows it exists in globular monomeric form in the case of the Puma
BH3 complex, with the Puma BH3 peptide in the canonical groove. However, in the
BaxBH3 complex TANV16L exists as a domain swapped dimer. Where the a1 helix of a
one protomer is swapped with the a1 helix of neighbouring protomer (34). Thus, multiple

forms of TANV16L are able to engage BH3-peptides with high affinity.

5.1.2 Future directions for the tanapox virus 16L project

Further experiments are required to be performed to confirm the effect of apoptosis
inhibition by TANV16L in-vivo. Also, gene knockout experiments would be beneficial to
analyse the virulence of TANV16L mediated apoptosis inhibition. Poxviral Bcl-2 proteins
have been shown to be involved in targeting other cell death inhibitory pathways, such as
NF-«B signalling (71) and caspase 9 inhibition (154). Further functional assays are
required to evaluate the effect of 16L on those pathways and there is no structural data to
describe the molecular interactions. In addition, TANV16L was shown to interact with
Bad BH3 peptide with moderate affinity (103). It was previously reported that ABT737 is

a peptido mimetic drug which successfully mimics the action of the BH3-only protein Bad
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and selectively interacts with the cellular pro-survival Bcl-2 proteins Bel-2, Bel-xi and
Bcl-w with very high affinity (155) to alter the cell death mechanism inhibited by those
proteins. Currently there is no vaccine or drug that can target tanapox virus infection in
humans and the potential exits that ABT737 will target TANV16L. Such an interaction

between TANV16L and ABT737 could make it a potential drug against tanapox virus.

5.2 Monkeypox Virus

5.2.1 MPXYV C7L is a novel viral Bcl-2 protein encoded by Monkeypox virus
Monkeypox virus (MPXV) encoded C7L is a hypothetical viral Bcl-2 protein, that shares
little sequence identity with cellular Bcl-2 proteins. Whereas, MPXV C7L has well
conserved sequence identity (>85%) to vaccinia virus F1L or variola virus F1L (34);(35),
the well-known Bcl-2 homologues of the poxvirus family. Unlike vaccinia or variola virus
F1L, there is little information about how MPXV C7L mediates apoptosis. To address this
question, I systematically investigated the MPXV C7L ability to interact with BH3 motif
peptides from human pro-apoptotic Bel-2 proteins. Interestingly, MPXV C7L shows a
broad range of affinities towards BH3 motif peptides, including very strong affinity to Bax
(22 nM), moderate affinity to Bim (131 nM), Bak (401 nM), Bid (560 nM), Bik (930 nM),
low affinity to Hrk (1286 nM), Bok (1370 nM), and Puma (2605 nM) and it did not bind
to either Bad or Noxa BH3 peptides. In contrast, vaccinia virus (VACV) or variola virus
(VARV) F1L only showed very weak and restricted binding affinity towards pro-apoptotic
BH3-motif peptides and were able to bind only three BH3 peptides. VACV F1L was able
to bind Bak, Bax or Bim (34) and VARV FI1L bound only for Bak, Bax or Bid (35).
However, sequence alignment of MPXV C7L with VACV F1L shows that, there are six
substitutions located in helices that comprise the canonical ligand binding groove of

VACYV FI1L that differ from those in MPXV C7L, including 195 to T93c7, S101FiL to
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N99c7L, 106RFiL to S104c7L, Y112riL to 110Cc7L, 118KFiL to 116Ec7. and D131k1L to
N133c7 (Chapter 3, page 5 , Figure 1b). Interestingly, these residues of VACV FI1L or
MPXYV C7L are not involved in making close contacts with BH3 motif peptides, and face
away from the binding groove. Notably, MPXV C7L residue D105 forms an ionic
interaction with BH3 motif peptide, which is not seen in VACV FIL or VARV FIL
complexes with BH3 motif peptides. The variation of the binding profiles of VACV FIL,
VARV FIL and MPXV C7L may suggest the differential molecular mechanism acquired
by pox viruses to subvert host premature cell death during infection, even though these
three evolutionarily related proteins share near identical sequences, with shared sequence
identities between MPXV C7L and VACV FIL or VARV FI1L being 85% and 78%
respectively.

With the BH3 interactors of MPXV C7L characterized, I turned to determining
their crystal structures, and solved two complexes of MPXV C7L with its tightest
interactors Bax and Bim BH3 peptides. The MPXV C7L: BaxBH3 complex was solved
by molecular replacement using the previously determined VACV F1L structure (34) as a
search model and MPXV C7L: Bim BH3 was solved by using previously solved MPXV
C7L: Bax BH3 as a search model. As expected, MPXV C7L exists as a domain swapped
dimer where al helix of one protomer exchanged with ol helix of a neighbouring
protomer and features a Bcl-2 fold with 7 a-helices where the a2-a5 helices form the
canonical ligand binding groove. This structure resembles those of poxvirus encoded Bcl-
2 proteins such as VACV F1L (34), VARV FIL (35), TANV16L and DPV022 (57).

A structural comparison of MPXV C7L with each of the domain swapped of
VACYV FIL, VARV FIL, TANV16L and DPV022 dimers was performed by generating
superimpositions of MPXV C7L with individual proteins. Interestingly, all structures

showed a near identical fold with MPXV C7L. Variola virus F1L and Vaccinia virus F1L
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superimpositions over the Ca backbone yielded Root Mean Square Deviations (RMSDs)
of 0.44 A and 0.50 A over 135 and 136 Ca atoms, respectively. Similarly, deerpox virus
DPV022 showed a RMSD of 2.2 A over 117 Ca atoms and Tanapox virus TANV16L
domain swapped dimer aligned with an RMSD of 2.1 A over 92 Co atoms, whilst
TANV16L monomeric form yield RMSD 1.4 A over 92 Ca atoms. These RMSD values
demonstrate the structural similarity between all of these vBcl-2 proteins but there is some
variation in the structures.

In summary, my data suggest that like TANV16L, MPXV C7L primarily inhibits
host cell apoptosis via direct interactions with cellular mitochondrial apoptosis mediators
Bak and Bax and BH3-only protein Bim. All of these MPXV:BH3 peptide complexes are
structurally conserved. Furthermore, I was able to perform the structural and functional
analysis of MPXV C7L, a Bcl-2 homologue that showed a broad binding profile for
peptides spanning BH3 motifs of cellular pro-death Bcl-2 proteins. The result of these
studies provides structural insight to MPXV C7L modulated cell death inhibition in the

human host (paper 2 [103], Chapter 2).

5.2.2 Future directions for the monkeypox virus C7L project

My analysis of MPXV C7L inhibition of apoptosis focussed on biochemical and structural
aspects, however it is important to analyse those interactions in an in vivo setting.
Consequently, the results of cell-based apoptosis assays using C7L would be very
interesting. Also, structure guided site-directed mutagenesis of important interactions of
MPXV C7L with BH3 ligands should be performed, and these data could then be validated
in cell-based apoptosis assays. Examining interactions of those mutants in both in-vitro

and in-vivo context could then form the basis for defining a detailed mechanism underlying
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MPXV C7L apoptosis inhibition and may potentially aid drug discovery for this emergent

virus.

5.3 Sheeppox virus

5.3.1 SPPV14 is a poxviral Bcl-2 protein encoded by sheeppox virus

SPPV 14 is encoded by sheeppox virus and it has been shown to protect cells from multiple
apoptotic signals (109). Initially, SPPV14 was identified as an M11L ortholog that could
potentially inhibit apoptosis in a Bel-2 proteins dependent manner (109). Despite the poor
sequence similarity of SPPV 14 with cellular Bcl-2 proteins, it has been shown to engage
directly with cellular Bak and Bax as well as BH3 only protein Bim, Bid, Puma, Hrk and
Bmf to down regulate the host intrinsic apoptotic pathway (109).

To investigate the binding specificity of a complete set of BH3 peptides derived
from human pro-apoptotic Bcl-2 proteins towards SPPV14, 1 performed ITC using
recombinant protein SPPV14 (1-145) a protein that lacks 31 residues at C terminus, and
purified it as previously described (109). In addition to the previously reported tight BH3
interactors (Bak, Bax, Bim, Bid, Puma, Hrk) of SPPV 14 (109), I observed additional weak
BH3 interactions with Bad, Bok and Bik, which bind SPPV14 with sub micromolar
affinities (Figure 3b)(108).

To understand the detailed molecular basis of SPPV14 modulated apoptosis I
crystallized two complexes of SPPV14 bound to BH3 peptides, those of Bax and Hrk. The
SPPV14: Hrk BH3 structure was solved using a model suggested by the Balbes molecular
replacement programme (156). The SPPV14: Bax BH3 complex was solved by molecular
replacement using SPPV14: Hrk as a search model. The crystal structure of SPPV14

revealed it to be a monomer with the conserved globular Bcl-2 fold consisting of 7 a-

helices and a2-a5 forming the canonical ligand binding groove. Surprisingly, a salt bridge
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interaction made by Arg84 sppvi4 at the beginning of a5 helix and Asp in the BH3 motif
peptide replaces the canonical ionic interaction between a conserved Arg in the BHI motif
and the Asp of the BH3 motif ligand (108) (Chapter 3, Figure 5a), an interaction seen in
almost all mammalian Bcl-2: BH3 complexes (4). Superimposition of SPPV14: Hrk BH3
with M11L: Bak BH3 backbone yielded a near-identical structure with an RMSD of 1.8 A
over the complete SPPV 14 chain.

Site directed mutagenesis was performed to validate the SPPV 14 structure and its
interactions with BH3 motif peptides and affinity measurements recorded for two SPPV14
mutants, R84A and Y46A, in which R84 and Y46 formed the ionic and hydrogen bond
interactions with BH3 motif peptide, respectively. Among those two mutants, Y46A
significantly reduced its binding affinity to Bak, Bax, Puma, Bmf, Hrk and Bim BH3
peptides and decreased the interaction with Bid, Bik, Bok and Bad BH3 peptides. In
contrast, R84A lost the interaction only for Bok BH3 and showed reduced affinity for the
other BH3 interactors, but the reduction in affinities where not as large as those observed
for the mutant Y46A (108). This result suggests that SPPV 14 Y46 plays an important role

in inhibiting host cell apoptosis during sheeppox virus infection.

5.3.2 Future directions for the sheeppox virus SPPV14 project

The characterisation of affinity measurements and acquisition of crystal structure of
SPPV14 is a key element in the analysis of SPPV14 function as an anti-apoptotic protein.
Sheeppox virus infection is emerging transboundary disease that results in huge economic
loss in the sheep industry (157). Unlike TANV16L or MPXV C7L, SPPV 14 was shown to
exist as a monomer in solution (108). However, SPPV14 is able to directly interact with
cellular human Bak and Bax with high affinity similar to TANV16L or MPXV C7L (108,

109) and potentially able to block host mitochondrial apoptosis. To address these
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similarities and differences, more experiments are required to be performed under in vivo
conditions. Similar to TANV16L, SPPV14 is also able to interact with Bad BH3 peptide
and further experiments are needed to characterise interactions between SPPV14 and the

BH3 mimetic drug ABT737.

5.4  Comparison of poxvirus Bcl-2 proteins

5.4.1 Poxvirus Bcl-2 proteins lack conserved BH motifs
Bcl-2 family proteins can be recognized by the presence of at least one out of four short
conserved regions of sequence known as Bcl-2 homology (BH) motifs. These BH motifs
are structurally and functionally important to regulate the intrinsic apoptotic pathway (4,
158). The cellular pro-survival Bcl-2 proteins feature to up to four BH (BH1-BH4) motifs
in their sequences. These conserved BH motifs, BHI-BH4, approximately align with
secondary structural elements and can be seen in al (BH4), a7 (BH2), a2 (BH3) and a5
(BHTI) helices of Bcl-2 proteins and contribute to the BH3-binding groove a2-a5 (Figure
2a) (15, 158). The BHI motif plays a crucial structural role during cell death inhibition and
can be easily recognized by a short well conserved signature sequence motif “NWGR”.
The Gly (G) and Arg (R), residues of ‘NWGR” motif are important for protein-protein
interactions within the Bcl-2 family proteins (159, 160) (Figure 2b). The Arg residue is
usually located at the beginning of the core a5 helix of the Bcl-2 protein and forms the
canonical ionic/ salt bridge interaction with the conserved Asp (D) residue of BH3 motif
of the pro-apoptotic Bcl-2 proteins. This ionic interaction can be seen in almost all cellular
Bcl-2: BH3 interactions (4) and the Gly is involved in making a hydrogen bond interaction
with BH3 motif peptides of cellular pro-apoptotic Bcl-2 proteins (159, 160).

As discussed above poxvirus encoded Bcl-2 proteins often do not bear recognizable

BH motifs in their sequences (Figure 2c), though they have closely related structures
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(Figure 1) (9) (50). Fowlpox virus FPV039 (112) and canarypox virus CNP058 (113) bear
BHI1 signature motifs as a “NWGR” in FPV039 and “TWGR” in CNP058 and form the
conserved salt bridge interaction as explained above (Figure 2b) (112, 113). Despite
lacking the characteristic BH1 “NWGR” motif in poxvirus encoded Bcl-2 proteins,
TANV16L (R90) “NDNR” (103), SPPV14 (R84) “INSR” (108) and DPV022 (R87)
“IDSR” (57) have a conserved Arg residue at the start of the a5 helix and form an ionic
interaction with the conserved Asp residue of the BH3 motif peptide (Figure 2b). The ionic

interaction in SPPV 14 is made by SPPV14 (R84) and replaces the canonical interaction

Bcl-xy 129 --ELFRDGVNWGRIVAFFSFGG
VACV F1L 131 --TILMDNKGLGVRLATISFIT
MPXV C7L 129 —--TILMNNKGLGVRLATISFIT

TANV16L 81 IVESLENDNRPSVKLAIISL--
SPPV14 75 IIETINSDFRPSVILASISL--
FPVO039 75 —--QVLEDKINWGRIITIIAFCA
CNPO58 79 —-DTIHDKITWGRVISIIAFGA
DPV022 80 --KIIESLLIDSRPSVKLATLS

Figure 2: a) cartoon representation of Bel-xr (grey 80) (PDB 4QVF) with conserved BH1-
BH4 motifs are coloured as red, magenta, green and light blue and helices are labelled as
al-a8. b) sequence alignment of BH1 motifs sequences of Bcl-xi, VACV F1L, MPXV
C7L, TANV 16L, SPPV14, FPV(039, CNP058 and DPV022. Arg residues involved the
salt bridge interactions with BH3 motif peptides are shown in red and the conserved Gly
residue of BH1 motif is highlighted in yellow. ¢) structural alignment of MPXV C7L (hot
pink), VACV FIL (slate), TANV16L (grey 50) and SPPV14 (olive) as view into the
hydrophobic binding groove formed by a2-a5.
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(108) seen in other Bcl-2:BH3 complexes. In contrast, vaccinia and variola virus F1L or
monkeypox virus C7L are unable to make the canonical ionic interaction with BH3 motif
of pro-apoptotic Bcl-2 protein (35, 49) as these proteins lack the Arg residue in an
appropriate position. Structure based sequence alignment analysis of vaccinia and variola
virus F1L or monkeypox virus C7L with prototypical cellular Bcl-2 protein Bcl-xi shows
that these three poxviral Bcl-2 proteins lack the BH1 “NWGR” motif which is replaced by
the sequence “GLGV” motif at the N-terminal end of the a5 helix where the BH1 Gly is
conserved but the BH1 Arg is replaced by a Val residue (Figure 2b). However, the
conserved second Gly of the GLGV motif maintains the hydrogen bonding interactions
with the BH3 motif of pro-death Bcl-2 proteins as in the NWGR motif (35, 49). This has
led to the suggestion that the Gly in this region plays an important role in structure and
interaction of Bcl-2 proteins (159, 160). Even though, most of poxviral encoded Bcl-2
proteins lack conserved BH motifs, their molecular surface still forms the extended
hydrophobic ligand binding groove constructed by the a2-a5 helices, that can be seen in

all pro-survival Bcl-2 proteins (Figure 2c).

5.4.2 Poxvirus Bcl-2 proteins can be classified into two structural folds

The three different poxvirus Bcl-2 structures, TANV16L, MPXV C7L and SPPV14 are
discussed in this thesis. The determination of these structures has enhanced our
understanding of the structural diversity of poxvirus Bcl-2 homologues central to their pro-
survival action. I observed a range of behaviours for poxviral Bel-2 proteins. Sheeppox
SPPV14 exist as a monomer (108), Monkeypox MPXV C7L exist as a dimer in solution,
which were confirmed by size-exclusion chromatography and Tanapox TANV16L exist
as both monomeric and dimeric configuration in crystal structure (103). The combination

of my findings presented in this thesis with all other available poxvirus Bcl-2 proteins
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structures, I propose that, poxvirus Bcl-2 proteins can be divided into two structural sub-
classes:
1. The monomeric proteins that feature conserved Bcl-2 fold and showed high
binding affinities for numerous BH3 ligands.
2. The domain swapped dimeric proteins that have comparatively low affinity and
high selectivity for BH3 ligands.
According to this classification, the most noticeable features are, restricted BH3 ligand
binding profile and weak binding affinities of dimeric poxvirus Bcl-2 proteins. For
instance, VACV F1L and DPV022 only interacts with Bak, Bax and Bim with relatively
low affinities (34, 57). whereas MPXV C7L show extended BH3 binding profile, even
though it forms a dimer in solution. Consistently, these viral Bcl-2 proteins antagonize
Bak, Bax and Bim. This would suggest that, interactions with Bak, Bax and Bim are
sufficiently block host cell apoptosis for viral replication. However, many questions
remain to be answered, for instance, why do poxvirus Bcl-2 proteins exist as monomeric
and dimeric forms and what would be the advantage of being a dimer compared to
monomer? This may be due to weaker affinities of dimeric poxviral proteins, which could

lead to lower virulence compared to monomeric poxviral Bel-2 proteins.

5.4.3 Poxvirus encoded Bcl-2 proteins do not interact with BH3-only protein Noxa

Cellular Bak and Bax are the key regulators of MOMP activated by BH3-only proteins
(161). It has been reported that, BH3-only proteins Bim and Noxa play a vital role during
viral infections to activate apoptosis (162). Bim is activated by endoplasmic reticulum
(ER) stress, cytokine deprivation (163) or in response to viral infection (164) and Noxa is
upregulated through NF-kB activation during accumulation of double stranded RNA

(dsRNA) in viral infected cells (165). A previous study reported that a vaccinia virus Bcl-
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2 inhibitor F1L deficient mutant largely protected cells from apoptosis in the absence of
Noxa, whilst showing only a minor effect in the absence of Bim. Thus, loss of both Noxa
and Bim in macrophages showed very strong protection against apoptosis (162). This
suggested that Noxa is not a necessary BH3-only protein to inhibit during pox viral
infection.

Bim acts as a promiscuous high affinity BH3 interactor, with the exception of
variola virus F1L which does not interact with Bim, during viral infections (35). Noxa only
binds FPV039 with high affinity (28 nM) (112) and has weaker interactions with CNP058
(3284 nM) (113) or M11L (>1000 nM) (33) and does not bind to any of the dimeric
poxvirus Bcl-2 proteins. It was reported that, orf virus encoded Bcl-2 protein ORFV125
interacts with Noxa in immunoprecipitation experiment (106) however, affinity
measurements were not reported.

Combined, these data may suggest that, cellular BH3 only protein Bim plays a
crucial role in the action of pox virus encoded Bcl-2 proteins and the activation of intrinsic
apoptosis. From the poxvirus point of view, targeting Bim for inactivation by virally
encoded Bcl-2 proteins would be the first priority and inactivation of Bak and Bax would
provide the added advantage of blocking host mitochondria mediated apoptosis as these
proteins are necessary and probably the most important activators of apoptosis (166). Bim
acts as a universal initiator of apoptosis in cellular Bcl-2 proteins (51) and interacts with
almost all poxviral Bcl-2 proteins except VARV FI1L (35) and logically would be a viral
target to inhibit apoptosis. In contrast to Bim inhibition, the inhibition of Noxa appears to
be relatively unimportant for viral suppression of apoptosis. The ability of viral Bcl-2
proteins to interact with BH3-only proteins other than Bim probably enhances their

importance as virulence factors, but may not be their key function (50).
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5.4.4 Summary and Overview of Poxvirus Bcl-2 subversion of host intrinsic
apoptosis

Our current effort is focussed on understanding detailed molecular mechanism underlying
poxvirus encoded Bcl-2 mediated cell death inhibition in host. To address this question, I
used a combination of in-vitro and in-vivo characterization techniques using biochemical
interactions and structural biology to support my hypothesis that sequestration of BH3-
only proteins is a key function of viral Bcl-2 proteins, and in particular the most potent
BH3-only protein Bim. By combining my findings with previous data from other
researchers in the field of poxvirus Bcl-2 proteins I am able to describe the potential
mechanism of action of poxvirus Bcl-2 mediated host immune evasion during infection.
To date numerous poxvirus Bcl-2 proteins have been characterized that regulate host
apoptosis (33, 34, 103, 109). The majority of these Bcl-2 like proteins subvert host intrinsic
apoptosis, while others may regulate caspase 9 inhibition (154), NF-xB (71) and
inflammasome signalling (95). However, affinity measurements and structural data for
these alternative interactions have never been reported.

Based on my experimental findings and previous literature, I suggest that almost
all poxviral encoded Bcl-2 proteins primarily act by sequestering the cellular BH3-only
protein Bim to block the host intrinsic apoptosis by preventing subsequent activation of
mitochondrial membrane permeabilization regulators Bak and Bax, or direct inactivation
of cellular Bak and Bax. Figure 3 depicts possible mechanisms of action of viral Bel-2
proteins. In the event of viral infection host apoptosis mechanism activated through BH3-
only proteins and downstream activation depends on the interactions between pro-survival
Bcl-2 proteins and pro-apoptotic Bcl-2 proteins (Figure 3). However, when virus starts to
express and secrete vBcl-2 proteins, they are initiating the interactions with cellular BH3-

only proteins and pro-apoptotic Bak and Bax to neutralize their activity. Primarily, vBcl-
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2 binds the pro-apoptotic molecules Bax and Bim and therefore prevents apoptosis (Figure

3).

Poxvirus
infection

J_ @ - VACV FiL

MPXV C7L
TANV16L

| B:'_";"“"""'!':‘ | ® | pPvo22
MYXV M11L

J_ @ SPPV14
i FPV039

l % VARV FIL

l Apoptosis
— /'
‘ . APAF-1 = Effector caspases

Figure 3: Schematic diagram summarizing the key steps involving the use of poxvirus
encoded inhibitiors of the intrinsic apoptosis pathway. Mammalian intrinsic apoptosis is
initiated when BH3-only proteins neutralize the cellular pro-survival Bcl-2 proteins and
activate the pro-apoptotic Bcl-2 proteins Bak and Bax to oligomerize and form pores in
the mitochondrial outer membrane. Release of cytochrome ¢ from mitochondria activates
cellular APAF-1 and subsequent activation of effector caspases and leads to cell death.
Pox virus encoded Bcl-2 proteins downregulate this mechanism either by 1) interaction
with BH3-only protein Bim and downregulate the subsequent Bak and Bax activation
through their inhibition by cellular Bcl-2 proteins or 2) direct interactions with Bak and
Bax and inhibit the downstream activation of mitochondrial apoptosis. All poxvirus Bel-2
proteins primarily inhibit intrinsic apoptosis using either or both mechanism 1 and 2 with
the possible exception of VARV FI1L, that directly inhibits cellular Bak and Bax only.

Structural and biochemical analysis of TANV16L (103), MPXV C7L and SPPV 14
(108, 109) revealed that all three potentially inhibit host apoptosis initiation pathways by
direct interactions with cellular Bak, Bax and Bim. Each of these proteins has a conserved

Bcl-2 fold, despite the lack of conserved sequence features with the host proteins such as
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the BH1-BH4 motifs. Furthermore, based on their structures poxvirus Bcl-2 proteins can
be classified into two subgroups those that have a monomeric Bcl-2 fold or those that have
a domain swapped dimeric Bel-2 fold, where a1 helix of one protomer subunit is swapped
with the al helix of neighbouring subunit (34). The variation of folding of these three
poxviruses Bcl-2 proteins shows their structural plasticity and ability to mimic the crucial
interactions from endogenous host apoptosis Bcl-2 proteins to empower the successful
infection and proliferation in the host cell.

Developing a better knowledge and understanding of the molecular basis of
poxvirus mediated host immune evasion is vital as poxviruses are emerging human
pathogens that threaten public health, and furthermore pox viruses have also been proposed
as oncolytic viruses as well as vaccine vectors (167-169). Also, understanding the
molecular basis of the interactions of viral Bel-2 proteins gives us the potential to design
drugs that modulate the apoptotic response as potential new antiviral strategies. However,
being the largest group of pathogenic viruses together with their extensive genomes, makes
it likely that many more virally encoded cell death inhibitors may be discovered in the

future, which may act using novel modes of action.
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A structural investigation of NRZ mediated
apoptosis regulation in zebrafish
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Abstract

Bcl-2 family proteins play a crucial role in regulating apoptosis, a process critical for development, eliminating
damaged or infected cells, host-pathogen interactions and in disease. Dysregulation of Bcl-2 proteins elicits an
expansive cell survival mechanism promoting cell migration, invasion and metastasis. Through a network of intra-
family protein—protein interactions Bcl-2 family members regulate the release of cell death factors from mitochondria.
NRZ is a novel zebrafish pro-survival Bcl-2 orthologue resident on mitochondria and the endoplasmic reticulum (ER).
However, the mechanism of NRZ apoptosis inhibition has not yet been clarified. Here we examined the interactions of
NRZ with pro-apoptotic members of the Bcl-2 family using a combination of isothermal calorimetry and mutational
analysis of NRZ. We show that NRZ binds almost all zebrafish pro-apoptotic proteins and displays a broad range of
affinities. Furthermore, we define the structural basis for apoptosis inhibition of NRZ by solving the crystal structure of
both apo-NRZ and a holo form bound to a peptide spanning the binding motif of the pro-apoptotic zBad, a BH3-only
protein orthologous to mammalian Bad. The crystal structure of NRZ revealed that it adopts the conserved Bcl-2 like
fold observed for other cellular pro-survival Bcl-2 proteins and employs the canonical ligand binding groove to bind
Bad BH3 peptide. NRZ engagement of Bad BH3 involves the canonical ionic interaction between NRZ R86 and Bad
D104 and an additional ionic interaction between NRZ D79 and Bad R100, and substitution of either NRZ R86 or D79
to Ala reduces the binding to Bad BH3 tenfold or more. Our findings provide a detailed mechanistic understanding for
NRZ mediated anti-apoptotic activity in zebrafish by revealing binding to both Bad and Noxa, suggesting that NRZ
is likely to occupy a unique mechanistic role in zebrafish apoptosis regulation by acting as a highly promiscuous
pro-apoptotic Bcl-2 binder.

Introduction

Multicellular organisms have evolved a multitude of
mechanisms to remove superfluous cells'. Pivotal among
the mechanisms for cell removal is programmed cell
death or apoptosis, a process that maintains tissue
homeostasis, removes damaged, infected in response to
pathogen invasion?, or otherwise unwanted cells, such as
during embryonic development, where it plays a critical
role in shaping body and tissue structures®*. Members of
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the B-cell lymphoma-2 (Bcl-2) family of proteins are key
players of cellular life and death decisions and regulate
the intrinsic or mitochondrial associated cell death®*.
Consisting of ~20 proteins the Bcl-2 family is character-
ized by the presence of conserved sequence motifs
referred to as Bcl-2 homology or BH motifs. Structurally,
the Bcl-2 proteins are organized into two major sub-
families, those that share the Bcl-2 fold (Bcl-2, Bcl-xp,
Bcl-w, Mcl-1, Al, Bcl-B, Bax, Bak Bok) and a distantly
related group, the BH3-only proteins that bear only a
BH3-motif (Bim, Bad, Bmf, Bid, Bik, Hrk, Puma and
Noxa) that with the exception of Bid are disordered’.
Those with pro-survival activity in mammals comprise
Bcl-2, Bcl-xg, Bcl-w, Mcl-1, Al and Bcl-B. Their primary
function is to antagonize the activation of caspases by
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directly interacting and inhibiting pro-apoptotic Bcl-2
proteins®® of the BH3-only group or Bax, Bak and Bok. It
is ultimately the balance and specificity’ of interactions
between pro-apoptotic and pro-survival Bcl-2 proteins
that regulates apoptosis and determines cellular fate®,

The pro-apoptotic Bcl-2 proteins promote apoptosis
via mitochondrial outer membrane permeabilization
(MOMP)*®. Critical to the execution of MOMP are Bax
and Bak”'? as they trigger formation of oligomeric pores
that breach the mitochondrial outer membrane and
release pro-apoptogenic molecules such as SMAC/DIA-
BLO and cytochrome-c'' into the cytoplasm to activate
the caspase cascade that proteolyses key cellular compo-
nents and ultimately demolishes the cell*. In contrast to
Bax and Bak, the BH3-only proteins induce apoptosis by
utilizing their BH3 motif via two mechanisms: either
indirectly by neutralizing pro-survival Bcl-2 by binding to
a conserved ligand binding groove or directly by inter-
acting with Bax and Bak via an alternative interaction
site>'%. In healthy cells, BH3-only proteins act as sentinels
of cellular well-being and are up-regulated in response to
cellular insults including growth factor deprivation,
exposure to cytotoxic drugs or viral infections, leading to
the activation of cell death mechanisms®. Other less well
described functions have also been attributed to the Bcl-2
family. For example, Bcl-2 family members may regulate
or monitor intracellular calcium'®'* in the unfolded
protein response (UPR) and trigger apoptosis through
activation of the BH3-only proteins'®> when the unfolded
protein levels in the endoplasmic reticulum (ER) become
excessive'®, While elements of the intrinsic apoptotic
pathway are highly conserved from sponges'’ to mam-
mals® there are also significant differences between
organisms'®,

Many Bcl-2 family members are conserved between fish
and mammals'®2!, but some notable differences exist
between the apoptotic machineries in mammals and fish.
For instance, overexpression of the zebrafish (Danio rerio)
pro-apoptotic Bcl-2 proteins zBmfl, zBik, zPuma and
zNoxa triggered dose-dependent caspase activation and
subsequent cell death, whereas overexpression of zBad
and zBok did not lead to cell death compared to over-
expression of human Bad?*®. Also, expression of zebrafish
bad gene did not result in embryonic lethality®.
Furthermore, zBad pro-apoptotic activity is regulated
through phosphorylation of conserved serine resi-
2324 in a manner similar to mouse Bad®®. One sig-
nificant difference from mammals is that zebrafish lack
orthologues of the pro-survival Bcl-2 proteins Bcl-w and
Al, as well as pro-apoptotic Bak and Hrk?, but contain a
novel pro-survival protein called NRZ, that was initially
identified as an orthologue of the avian pro-survival Bcl-2
protein NR-132°"2%, Also present is a recently described
pro-apoptotic Bcl-2 protein Bcl-wav®® that is without a

Official journal of the Cell Death Differentiation Association

Page 2 of 11

mammalian orthologue. Thus, there are a number of
significant differences between Bcl-2-regulated apoptosis
in zebrafish and mammals.

NRZ is a 19 kDa protein expressed in the epiboly of the
extra-maternal yolk syncytial layer (YSL) of zebrafish
eggs®. In vivo, NRZ has been shown to be a potent
inhibitor of apoptosis after serum withdrawal, and con-
trols development during somatogenesis and gastrula-
tion”®, Mechanistically, NRZ was shown to inhibit
apoptosis by antagonizing zBax-BH3®. Nrz knockout
triggers intracellular Ca>" increase in YSL, which results
in the blockade of development prior to gastrulation'?.
Additionally, NRZ appears to arrest Ca®" release from
endoplasmic reticulum (ER) by direct interaction with the
inositol triphosphate type 1 receptor, IP3R1, calcium
channel'®. Knockdown of NRZ is lethal in zebrafish
embryos, and intriguingly, some of this activity appears to
be independent of its role in apoptosis®®. Loss of NRZ
prevents embryonic development via upregulation of the
transcription factor Snail-1, a cell adhesion regulator to
arrest gastrulation at the shield stage*®>°. Other activities
ascribed to NRZ include inhibition of the apoptosis
accelerating function of Bcl-wav, a pro-apoptotic Bcl-2
member found in teleost fish>.,

Although there are significant differences between the
apoptosis machinery of zebrafish and mammals there
remains a high degree of conservation with many direct
orthologues of mammalian apoptotic genes present in the
genome of the zebrafish'**°, Coupled with the presence of
many orthologous mammalian genes are the advantages
of zebrafish as a model organism, such as their rapid
development, embryo transparency and genetic accessi-
bility”°. Analysis of zebrafish genetics is providing a better
understanding of the fundamental interactions governing
apoptosis and is of significant interest in deciphering
human disease, including cancer® and host-pathogen
interactions®'. Here we report the first systematic bio-
chemical analysis and high-resolution structure determi-
nation of a zebrafish pro-survival Bcl-2 protein, NRZ. Our
findings suggest that NRZ is a unique pro-survival Bcl-2
protein with an unusual pro-apoptotic Bcl-2 binding
profile unlike its counterparts in mammalian systems.

Materials and methods
Protein expression and purification

Synthetic ¢cDNA encoding for codon-optimized NRZ
(Uniprot Accession number Q8UWD5) lacking the 28 C-
terminal residues (Bioneer, Melbourne, Australia) was
cloned into the bacterial expression vector pCoofy4’>
Recombinant NRZ was expressed in BL21-CodonPlus
cells using the auto-induction method™ for 24 h at 25°C
with shaking. Bacterial cells were collected by cen-
trifugation at 4000 rpm (JLA 9.1000 rotor, Avanti J-E
Beckman Coulter, Mount Waverly, Australia) for 20 min
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and re-suspended in 50 ml lysis buffer A (50 mM Tris, pH
8.5, 300 mM NaCl and 2 mM BME (B-Mercaptoethanol)
supplemented with lysozyme and DNasel. The cells were
lysed using sonication (programme 7, Model 705 Sonic
Dismembrator, Fisher Scientific, Hampton, New Hamp-
shire, US) and the resultant lysate was transferred into
SS34 tubes for further centrifugation at 16,000 rpm (JA-
25.50 rotor, Beckman Coulter Avanti J-E) for 30 min. The
supernatant was loaded onto a HisTrap HP, 5ml (GE
Healthcare, Little Chalford, UK) equilibrated with buffer
A. After sample application, the column was washed with
100 ml of buffer B (50 mM Tris, pH 8.5, 300 mM NacCl, 25
mM imidazole and 2 mM BME (B-Mercaptoethanol) and
the target protein was eluted with buffer C (50 mM Tris,
pH 8.5, 300 mM NaCl, 300 mM imidazole and 2 mM
BME (B-Mercaptoethanol)) followed by HRV 3C protease
cleavage while dialyzed overnight into buffer A at 4°C.
The cleaved protein was passed again through the column
to remove the cleaved His-MBP tag, with the remaining
protein being concentrated using a centrifugal con-
centrator with 10 kDa molecular weight cutoff (Amicon®
Ultra 15) to a final volume of 4 ml. Concentrated NRZ was
subjected to size-exclusion chromatography using a
Superdex S75 16/600 column mounted on an AKTAX-
press system (GE Healthcare) equilibrated in 25 mM
HEPES, pH 7.5, 150 mM NaCl, 2mM BME where it
eluted as a single peak. The final sample purity was esti-
mated to be higher than 95% based on SDS-PAGE ana-
lysis. Appropriate fractions were pooled and concentrated
using a centrifugal concentrator with 10 kDa molecular
weight cutoff (Amicon ® Ultra 15) to final concentration
of 28 mgml ™.

Expression and purification of NRZ mutants R86A and D79A

NRZ mutants D79A and R86A were codon-optimized
and synthesized (Genscript) and subsequently cloned into
the pGEX-6P-3 vector (Invitrogen). Expression and pur-
ification were performed using the same protocol as for
wild-type NRZ.

Measurement of dissociation constants

Binding affinities were measured by isothermal titration
calorimetry (ITC) employing a MicroCal iTC200 system
(GE Healthcare) at 25 °C using wt-NRZ, and NRZ mutants
D79A and R86A in 25 mM HEPES, pH 7.5, 150 mM NaCl,
2 mM BME at a final concentration of 30 uM as previously
described®. BH3 motif peptide ligands were used at a
concentration of 300 pM and titrated using 19 injections of
2.0 pl of ligand. All affinity measurements were performed
in triplicate. Protein concentrations were measured using a
Nanodrop UV spectrophotometer (Thermo Scientific,
Scoresbury, Australia) at a wavelength of 280 nm. Peptide
concentrations were calculated based on the dry peptide
weight after synthesis. The zebrafish BH3-motif peptides
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used were commercially synthesized and were purified to a
final purity of 95% (GenScript, Piscataway, New Jersey, US).
zBim: ALPPEMVVARELRRIGDEFNRLYCEA (UniProt
accession code B2KKY9, residues 117-142), zPuma:
EEQAVERVAVQLRTIGDEMNAVFLQR (accession code
QOGKC9, residues 123—-148), zBik: NMRVTQTIGRQLAQI
GDEMDNKWRQE (accession code Q5RGV6, residues
30-55), zBax: ELCDPSHKRLAQCLQQIGDELDGNAQLQ
(accession code Q9I9N4, residues 52-79), zBid: EARAA
REMAAELIRIADLLEQSVLSQAA (accession code QOGK
C5, residues 85-112), zBad: ALWAAKKYGQQLRRMSD
EFDKGQMKR (accession code A7MCM4, 88-113 resi-
dues), zBmfi AQSVETLIGQKLQLIGDQFYQEHIMH
(accession code QOGKC?7, residues 89-114), zNoxa: EQT
AVVECAQQLRNIGDLLNWKYKLL  (accession code
QOGKCS8, residues 5-30), zBok: PRGVLVDVSVVL
LKLGDELECMRPYV (accession code Q7T381, residues
60-85), zBeclin: DGGTMENLSRRLKVTSNLFDIMSGQT
(accession code F1RCPI1, residues 102—127), zBcl-wav:
LCPAPSRASAALRHAGDELLIRFPIF  (accession  code
D2Y5Q2, residues 42—-67).

Crystallization and data collection

Crystals of apo NRZ were obtained at a protein con-
centration of 28 mg/ml in 1.0 M magnesium sulphate
hydrate, 0.1 M sodium acetate trihydrate pH 4.6. The
crystals were cryo-protected in mother liquor supple-
mented with 30% glucose and flash cooled in liquid
nitrogen. The apo NRZ crystals in this condition appeared
as thick needles belonging to the P45 space group of the
tetragonal crystal system.

All diffraction data were collected on the MX2 beamline
at the Australian Synchrotron using an Eiger detector
(Dectris, Baden-Dittwil, Switzerland) with an oscillation
range of 0.1° per frame using wavelength 0.9537 A. The
diffraction data were integrated using XDS>* and scaled
using AIMLESS?. The crystals of apo-NRZ contained one
molecule of NRZ in the asymmetric unit with a calculated
solvent content of 47.0%. The structure of apo-NRZ was
solved by molecular replacement using PHASER® with
previously solved structure of NRZ: Bad BH3 (PDB ID:
6FBX) as a search model. The final TFZ and LLG values
were 15.4 and 541.6, respectively. The final apo-NRZ
structure was built manually over multiple cycles using
Coot®® and refined using PHENIX®® to a final Ryoic/Rree
of 0.194/0.222 with 96.3% of residues in Ramachandran
favoured region of the plot and no outliers. All data col-
lection and refinement statistics are summarized in
Table 2.

Complexes of NRZ with zBad BH3 were prepared as
previously described®. Briefly, NRZ: zBad BH3 complexes
were reconstituted by adding zBad BH3 peptides at a
1:1.25 molar ratio to NRZ. The reconstituted complex was
concentrated to 28 mgml ' using a 3kDa molecular
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weight cutoff centrifugal concentrator (Millipore), flash-
cooled and stored under liquid nitrogen. 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 NRZ: zBad

BH3 were obtained at 28 mgml™
method at 20 °C in 0.2 M sodium fluoride, 0.1 M Bis-Tris
propane, pH 6.5, 20% (W/V) PEG 3350. The crystals were
flash-cooled at —173°C in mother liquor supplemented
with 30% (w/v) glucose. The NRZ: zBad BH3 complex
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Fig. 1 Titration curves showing the raw heats of titration for ITC measurements of NRZ: BH3 motif interactions. NRZ interacts with Bax as
well as all other BH3-only proteins but not Bmf or Beclin-1. Affinities are summarized in Table 1
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formed single rod-shaped crystals belonging to space
group P63 in the hexagonal crystal system.

Diffraction data for NRZ: zBad BH3 complex were
collected on the MX2 beamline at the Australian Syn-
chrotron using a with an Eiger detector with an oscillation
range of 0.1° per frame using wavelength 0.9537. Col-
lected diffraction data were integrated using XDS** and
scaled using AIMLESS®. Molecular replacement was
performed using PHASER®” with the structure of Mcl-1
(PDB ID: 5KU9)*" as a search model. NRZ: zBad BH3
crystals contain one molecule of NRZ and 1 molecule of
zBad BH3 in the asymmetric unit, with a 43.7% solvent
content and final TFZ and LLG values of 9.2 and 63.76,
respectively. The final model of NRZ: zBad BH3 was built
manually over several cycles using Coot®® and refined
using PHENIX® with a final Ryo/Reee Of 0.187/0.206,
with 98.7% of residues in Ramachandran favoured region
of the plot and no outliers.

All images for NRZ apo and NRZ: zBad BH3 complex
were generated using PyYMOL molecular graphic system,
version 1.8.6 (Schrodinger, LLC, New York, USA). All
software was accessed through the SBGrid suite™”.

Sequence alignments

Sequence alignments were performed using MUSCLE
(https://www.ebi.ac.uk/Tools/msa/muscle/)  with  the
default settings.

Results

In order to determine the molecular basis for apoptosis
control mediated by NRZ in zebrafish we systematically
examined the ability of NRZ to bind to peptides spanning
the BH3 motif of zebrafish encoded pro-apoptotic Bcl-2
proteins. Analysis of the D. rerio genome indicated that
genes are present for orthologues of the mammalian pro-
apoptotic Bcl-2 family members Bid, Bim, Bax, Bad, Bik,
Bmf, Puma and Noxa*?>?*% as well as Bcl-wav, a pro-
apoptotic paralogue unique to fish*. In addition a Beclin
1 orthologue, a protein that harbours a BH3-like motif
that is involved in autophagy® and was previously shown
to interact with pro-survival Bcl-2 proteins®, is also
present. Isothermal titration calorimetry (ITC) was used
to determine the affinity of NRZ for peptides that span the
BH3 motifs of zBid, zBim, zBax, zBad, zBik, zBmf, zPuma,
zNoxa, zBcl-wav and zBeclin (Fig 1, Table 1). The BH3
motifs were chosen through sequence alignment with the
known mammalian pro-apoptotic Bcl-2 proteins by
identifying the signature sequence LXXXGDE of the BH3
motif®, where X is any amino acid. Interestingly, our ITC
data showed that NRZ binds most BH3 motifs with the
exception of those from Bmf and Beclin, which displayed
no detectable affinity. Several BH3-only proteins inter-
acted with NRZ with high affinities, including zBik (Kp 12
nM), zPuma (Kp 36 nM) and zBim (Kp 41 nM), while
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Table 1 ITC affinity measurements of NRZ: BH3 motif
interactions

Peptide WT NRZ NRZ R86A NRZ D79A
Kp (nM) Kp (nM) Ko (nM)
Bax 688+ 111 4600 + 440 264 £ 42
Bim 41+5 168+ 8 13+4
Bad 343 +48 4800 + 88 3330+ 41
Puma 36+4 2770+ 162 1M7+£5
Bik 12+2 17£3 14+3
Noxa 142+ 16 51041 335+£31
Bcl-wav 3570+ 162 NB NB
Bid 409 £55 NB 220+ 16
Bmf NB NB NB
Beclin NB NB NB

26-mer peptides spanning the BH3-motyif of D. rerio pro-apoptotic Bcl-2 family
members or Beclin-1 from zebrafish were employed. All K values (in nM) are the
means of three replicates with standard error

NB no binding

zNoxa (Kp 142 nM), zBad (K, 343 nM), zBid (Kp 409 nM)
and zBax (Kp 688 nM) were bound with more modest
affinities. In contrast, Bcl-wav, a recently discovered novel
pro-apoptotic Bcl-2 family member of zebrafish® engaged
NRZ with only micromolar affinity (Kp 3570 nM).

To determine the structural basis of NRZ interaction
with BH3 motifs of pro-apoptotic Bcl-2 proteins, we
determined the crystal structures of apo-NRZ and its
complexed holo form bound to the BH3-motif of zBad
(Fig. 2a, d, Table 2). Similar to other pro-survival Bcl-2
proteins, NRZ adopts a conserved Bcl-2-like fold con-
sisting of eight a-helices that form a globular helical
bundle. Helices a2-5 form the canonical hydrophobic
ligand binding groove observed in other Bcl-2 family
proteins’ that is utilized to accommodate the zBad BH3
peptide (Fig. 2d). An analysis using DALI*® showed that
complexes of Mcl-1 (PDB ID 2NL9)* (Fig. 2b, f) and Bcl-
x. (PDB ID 4QNQ)*° bound to Bim and Bad BH3 pep-
tides are the closest structural Bcl-2 homologs with R.M.S.
D. value 1.7 A and 1.9A over 136 and 132 Ca atoms,
respectively, with sequence identities of 15% and 18%,
respectively. The closest viral Bcl-2 homolog to NRZ is
CNP058°" (R.M.S.D. of 2.0 A over 133 Ca atoms, Fig. 2c)
with a sequence identity of 16%.

NRZ: BH3 motif interactions

NRZ utilizes the canonical hydrophobic binding groove
that is also found in other pro-survival Bcl-2 proteins® to
accommodate the zBad BH3-motif (Fig. 3a) using a
combination of hydrophobic and ionic interactions as well
as hydrogen bonds. To accommodate the zBad BH3-
peptide NRZ undergoes localized conformational changes
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NRZ-zBad BH3

b-f are asin a

Bcl-x, -Bad BH3

Fig. 2 Crystal structures of NRZ, NRZ: Bad BH3 complex and comparison with closely related complexes. Cartoon representation of (a) apo
NRZ (light blue). Helices are labelled as a1-8, with the view being into the hydrophobic groove formed by a2-5. b Cartoon representation of Mcl-1
(olive)*®. ¢ CNPO58 (orange)”', the closest structural homolog from viral pro-survival Bcl-2 proteins for NRZ. d NRZ (green) in complex with zBad BH3
motif (hot pink). e Bcl-x. (blue) in complex with Bad BH3 motif (yellovv)go, f Mcl-1 (brown) in complex with Bim (magenta) BH3 motif*®. All views in

Mcl1-Bim BH3

(Fig. 3a, d). Upon binding of the BH3-motif, the
C-terminal end of a4-helix moves by 3.0 A (Fig. 4a, b)
relative to apo-NRZ, thus enlarging the binding groove to
accommodate the Bad BH3 motif. Detailed inspection of
the NRZ: zBad BH3 complex interface reveals five salt
bridges between Lys93%*® and Glu75™*%, Lys94%*! and
Glu56™%, Glu105% and Hisd6™% Argl00®*® with
Asp79™*% and Asp104®*? with Arg86™"%. In addition to
ionic interactions, the NRZ: zBad interface also features
three hydrogen bonds between Arg1005*-Leu76™*4,
Argl00%*I-Glu75™%, GIn985*_Lys49™*?, Finally, the
four highly conserved hydrophobic residues Y95, 99L,
M102 and F106 from the zBad BH3 motif protrude
into the ligand binding groove of NRZ and are accom-
modated in four hydrophobic pockets at the floor of the
binding groove.

To validate the structure of NRZ: Bad BH3 we mutated
two key NRZ residues involved in ionic interactions,
Asp79 and Arg86 to Ala, and examined the ability of these
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mutants to bind BH3-motif peptides (Table 1). Both
mutants showed substantially reduced binding to Bad,
with D79A displaying a tenfold reduction in Bad binding,
whereas NRZ R86A displayed a 14-fold reduction in
affinity. However, the contributions to binding BH3-motif
peptides from these residues are not uniform across all
BH3-motifs, indicating differences in the specific impor-
tance of these contacts. For example, Bik is not affected
strongly by these two mutations and Bid binding is only
impacted by R86A, whereas Bcl-wav binding is ablated
for both R86A and D79A.

Discussion

Developing a detailed understanding of Bcl-2 family
function in apoptosis regulation is not only important for
identifying their biological roles but, is crucial in the
design of new therapeutic strategies directed against this
family***. Indeed, as a major arbiter of programmed cell
death, there is a significant interest in resolving the
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Table 2 X-ray crystallographic data collection and
refinement statistics

Data collection

Native NRZ Apo

Native NRZ: Bad BH3

Space group

Cell dimensions

P4,

P65

a b c 4818, 4818, 75.33 87.62, 87.62, 36.77
a By 90, 90, 90 90, 90, 120
Wavelength (A) 0.9537 09537

Resolution (A) 48.18-20 (207-2.0) *  43.81-1.639 (1.68-1.64) *
Reym OF Rierge 0.051 (1.16) 0.092 (1.92)

I/ol 183 (1.7) 154 (1.3)

Completeness (%) 99.93 (99.57) 100 (100)

Redundancy 6.9 (6.9) 186 (9.9)

Refinement

Resolution (A) 48.18-2.0 (2.07-2.0) 4381-1.639 (1.68-1.64)
No. of reflections 11,653 19,885

Rwork/Réree 0.194/0.222 0.187/0.206

No. of atoms

Protein 1194 1361

Ligand/ion 0 0

Water 39 105

B-factors

Protein 5498 396

Ligand/ion 0 0

Water 5242 442

Rm.s. deviations

Bond lengths (A) 0.007 0003

Bond angles (°) 0.84 0.51

* Values in parentheses are for the highest resolution shell.

function of Bcl-2 family proteins at a molecular level with
the aim of targeting them for their role in cancer®?,
Zebrafish are proving a valuable model system in this
context as the mechanisms of apoptosis activation and
function appear to be similar to those found in mam-
mals®®, Although there are many similarities between
the Bcl-2 families in mammals and fish there are also
significant differences that require clarification®’. NRZ
was initially identified as a D. rerio Bcl-2 orthologue
of avian NR-13%° via database searches®®*®, Sequence
alignment revealed that NRZ shares 40 and 39% identity
with chicken NR-13 and turkey herpes virus NR-13
with respectively. Significantly lower sequence identity is
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shared with the mammalian orthologues of NRZ where
only 25 and 23% sequence identity are observed for the
human pro-survival Bcl-2 protein Bcl-B (also known as
Bcl-2 like protein 10 or NrH) and the mouse orthologue
Boo (or Diva), respectively54. Zebrafish NRZ features
significant sequence differences from other Bcl-2 proteins
with only three residues identical between NRZ, Bcl-B
and Boo in the region spanning helices a3-5 that con-
stitute the canonical ligand binding groove (Fig. 5), thus
potentially providing a basis for a unique ligand binding
profile for this pro-survival Bcl-2 family member®*®, Here
we examined the structure and interactions of NRZ by
determining the structures of apo-NRZ and its complex
with zBad BH3, the orthologue of mammalian Bad and
measuring the binding affinities for BH3-motifs. The
structures revealed the conformational changes in NRZ
after binding of BH3 motif ligand and provide a structural
basis for NRZ mediated apoptosis inhibition.

Surprisingly, our structural search and comparison
using DALI*® revealed that the closest structural homolog
of NRZ is in fact Mcl-1>° with an RM.S.D value of 1.7 A
over 136 Ca atoms, and a sequence identity of 15%.
Sequence alignment of NRZ (Fig. 5) showed that NRZ
shares sequence features of other multi-domain members
of Bcl-2 family. However, the BH regions show con-
siderable sequence variation and these sequence varia-
tions that are located in the binding groove account in
part for the selectivity differences observed for BH3-
ligands*” compared to NRZ’s mammalian counterparts.
Interestingly, NRZ shares only 18% sequence identity with
the two zebrafish encoded Mcl-1 homologs zMcl-1a and
zMcl-1b, suggesting that they may not be functionally
redundant and differentially interact with pro-apoptotic
Bcl-2 proteins in zebrafish.

The overall fold of the NRZ: zBad BH3 complex is
very similar to that observed in other Bcl-2 complexes.
Despite the overall similarity in fold, several interesting
differences are observed in the crystal structures and
protein:peptide interfaces of the NRZ: zBad and Mcl-1:
Bim complexes. The difference in peptide binding mode
of these complexes were calculated™® as solvent accessible
surface and associated thermodynamic properties of
Gibb’s free energy change (AG) of interface formation
and dissociation. The binding of zBad to NRZ buries a
total of 2366 A> solvent accessible surface and solvation
energy of isolated structure —10.1 kcal/mol and AG of
interface formation and dissociation of —3.9 kcal/mol.
In contrast, binding of human Bim to human Mcl-1 buries
a total of 2665A> and solvent accessible surface and
solvation energy of isolated structure —10.4 kcal/mol
and AG of interface formation and dissociation of
—4.8 kcal/mol. However, the human Bcl-x;:Bad complex
forms a larger (total of 3268 A and solvent accessible
surface and solvation energy of isolated structure
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—14.4 kcal/mol and AG of interface formation and dis-
sociation of —2.2 kcal/mol) ligand binding interface than
that of NRZ: zBad and human Mcl-1:Bim. Structurally,
NRZ features a more ordered a3 helix compared to
human Bcl-x;, which upon Bim binding unravels the a3
helix*’, and leads to an opening of the canonical ligand
binding groove of ~9 A due to an outward movement of
a3 and a pivoting of o4. In contrast, NRZ maintains

Page 8 of 11

C-terminal end of a4 helix moving by 3 A relative to that
in apo-NRZ (Fig. 4b).

Similar to other multi-domain Bcl-2 family proteins,
including pro-apoptotic proteins Bax, Bak and Bok, NRZ
also contains the highly conserved sequence motif
“NWGR” as part of the BH1 motif at the N-terminal end
of a5 (Fig. 2). In addition to forming a helix cap* this
region plays a vital role for recognition of the BH3-only

the ordered a3 helix on binding Bad, which leads to the  proteins®®. A hallmark of BH3 motif interactions with

a

Fig. 3 Superimposition of apo NRZ with NRZ: zBad BH3 complex. Comparison of the backbone structures of NRZ and NRZ: zBad BH3 complex.
a Cartoon representation of apo NRZ (light blue) superimposed onto NRZ: zBad BH3 complex (green). The view is into the canonical hydrophobic
binding groove formed by a2-5. b Close up view of NRZ helix a4, which is shifted by 3 A from its original position in the apo NRZ structure upon
zBad BH3 muotif binding, thus enlarging the binding groove

Fig. 4 Binding of BH3 motif peptides to NRZ result in local reorganization of the canonical NRZ binding groove. a Detailed view of the NRZ:
zBad BH3 motif interface. The NRZ surface, backbone and floor of the binding groove are shown in grey, green and orange, respectively, while zBad
BH3 is shown in hot pink. The four key hydrophobic residues of zBad (Y95, L99, M102, F106) protruding into the binding groove, and the conserved
salt-bridge formed by NRZ D79 and zBad BH3 R100 are labelled, as well as all other residues involved in additional ionic interactions and hydrogen
bonds. Interactions are denoted as dashed black lines. b Surface view of the conserved residues that are involved in NRZ-zBad BH3 interactions.
Residues shown in blue are residues within canonical binding groove of NRZ (K49, E56, E75, L76, D79 and R86) that are conserved in NRZ-like proteins
amongst different fish species

Official journal of the Cell Death Differentiation Association
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Fig. 5 Sequence alignment of NRZ with Bcl-2 homologs from other organisms. The sequence alignment of Bcl-2 family proteins was generated
with MUSCLE®® using sequences from zebrafish NRZ (Uniprot Accession number Q8UWDS5), human Bcl-B (Q9HD36), mouse Boo (Q9Z0F3), chicken
NR-13 (Q90ZN1) and herpes virus vNR-13 (Q9DHOQ). The a-helical secondary structure elements (a1-8) are marked as grey helices and loop regions
are indicated as grey lines based on the crystal structure of NRZ. The boxed regions of the sequences are denoting the Bcl-2 homology motifs
(BH motifs 1-4) and trans-membrane domains (TM) at the end of the sequences. Conserved identical residues between sequences are denoted as “*’,
similar residues are denoted as “" and semi conserved residues denoted as “."

mammalian pro-survival Bcl-2 proteins is the formation of
an ionic bond between the conserved Arginine of the
“NWGR” sequence motif of pro-survival Bcl-2 proteins
with the absolutely conserved Aspartate residue of the
BH3 motif®®. In the human Bcl-x;:Bad complex (1G5J°°)
(Fig. 3e), the corresponding R139 residue in the NWGR
motif interacts with D119 of the Bad BH3 peptide™.
Previous studies revealed that a R139Q mutation in Bcl-x;,
results in loss of pro-survival function and ability to
interact with Bax®. Surprisingly, this highly conserved
interaction between the Arginine in the NWGR motif that
is present in all other mammalian Bcl-2:BH3 complexes
solved to date®® is very weak in the NRZ: zBad BH3
complex, instead an additional ionic interaction between
Asp79N"% Arg100%* is observed that may compensate for
the weaker and longer range canonical ionic interaction
between Arg86™"*-Asp104°*, Mutagenesis of both Asp79
and Arg86 in NRZ indicated that indeed both contribute
to the binding of Bad, with Arg86 still playing an impor-
tant role in binding BH3-motif peptides despite being
more distant from the partner Aspl04 in Bad when
compared to other pro-survival Bcl-2: BH3 peptide

Official journal of the Cell Death Differentiation Association

complexes (Table 1). Notably, the individual mutations
affected binding to several BH3 motif peptides differen-
tially, suggesting that careful mutagenesis may be utilized
to probe the role of individual NRZ interactions with pro-
apoptotic Bcl-2 proteins®’.

NRZ displays a very distinct ligand interaction profile
when compared to its most structurally related proteins,
Mcl-1, Bcl-x;, and CNPO058. Intriguingly the sole viral
Bcl-2 member encoded by a fish virus, grouper irido-
virus GIV66, only binds Bim, thus displaying a radically
different ligand binding profile compared to NRZ®.
Among mammalian pro-survival Bcl-2 proteins a dis-
tinct Bad/Noxa dyad is observed, with Bcl-2, Bcl-x; and
Bcl-w binding Bad, but not Noxa, whereas Mcl-1 and Al
bind Noxa but not Bad’. In contrast, NRZ binds both
Bad and Noxa with 340nM and 140nM affinity,
respectively, a feature not previously seen outside of
virus encoded pro-survival Bcl-2, with African swine
fever virus encoded A179L and fowlpox virus encoded
FPV039 the only known pro-survival Bcl-2 proteins that
are Bad and Noxa binders®*®*, NRZ shows no affinity
for Bmf, which is bound by both human Mcl-1 and Bcl-
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--->1000nM

nM, <1000 nM, and >1000 nM as shown in inset

Fig. 6 Comparison of the BH3 motif binding profile of NRZ with Mcl-1, Bcl-x, and CNP058. a Binding profile of zebrafish NRZ with BH3 motif
peptides (b) binding profile of human Mcl-1 () binding profile of human Bcl-x, and (d) binding profile of canarypox virus CNP058. BH3 motif
peptides used in (b) and (c) are of human origin, whereas peptides in (d) are from chicken. Bars indicate binding affinity ranges from <50 nM, <500

x., (Fig. 6)7, and overall displays a ligand binding profile
that most closely resembles Al, albeit with different
affinities for individual ligands®®. Overall, the affinity
measurements suggest that NRZ is unlikely to be a
functional Mcl-1 homolog, as might be expected as
there are two Mcl-1 orthologues in D. rerio, Mcl-1a and
Mcl-1b%%, and it is also unlikely to be a functional Bcl-B
homolog, considering that human Bcl-B is only able to
engage Bax and Bim>*. NRZ also does not bind the BH3
motif of the autophagy regulator Beclin-1, a feature
previously observed for both mammalian Bcl-2 and Bcl-
x1>° suggesting that NRZ does not harbour a dual role
in regulating apoptosis and autophagy.

In summary, like other pro-survival Bcl-2 protein
structures solved to-date, NRZ adopts a Bcl-2 like fold
and its most closely related structural homologs are the
cellular apoptosis inhibitor Mcl-1 and the canarypox viral
Bcl-2 protein CNPO58. Furthermore, we demonstrated
that NRZ harbours a unique BH3 motif binding profile.
However, while NRZ is a close structural homolog of Mcl-
1 it seems unlikely to be a functional orthologue based on
its different binding profile, in particular the ability to
engage both Bad and Noxa, a feature that has not been
previously observed in mammalian pro-survival Bcl-2
proteins. This study suggests that NRZ likely occupies a
unique mechanistic role in zebrafish apoptosis regulation.
Thus, further functional studies are required in vivo to
delineate the role of NRZ in apoptosis signalling. Our
findings demonstrate the complexities of delineating Bcl-2
family function and the pitfalls of assumed functional and
evolutionary similarity based on sequence and structure
alone.

Data availability

The raw X-ray diffraction data were deposited at the
SBGrid Data Bank (http://data.sbgrid.org)*® as dataset
entries doi: 10.15785/SBGRID/6HIN and 10.15785/
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SBGRID/6FBX. The coordinates have been deposited in
the Protein Data Bank (accession code 6HIN and 6FBX).

Acknowledgements

We would like to thank staff at the MX beamlines at the Australian Synchrotron
for help with X-ray data collection, and the Comprehensive Proteomics
Platform at La Trobe University for core instrument support. This work was
supported by the Australian Research Council (Fellowship FT130101349 to
MK) and La Trobe University (Scholarship to CD.S)).

Competing interests
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 10 April 2018 Revised: 12 July 2018 Accepted: 16 July 2018
Published online: 20 September 2018

References

1. Green, D. R, Llambi, F. Cell death signaling. Cold Spring Harb. Perspect. Biol. 7:
2006080, (2015).

2. Kvansakul, M, Caria, S, Hinds, G. M. The Bcl-2 family in host-virus interactions.
Viruses 9, (2017).

3. Strasser, A, Cory, S. & Adams, J. M. Deciphering the rules of programmed cell
death to improve therapy of cancer and other diseases. EMBO J. 30,
3667-3683 (2011).

4. Kvansakul, M. & Hinds, M. G. The Bcl-2 family: structures, interactions and
targets for drug discovery. Apoptosis 20, 136-150 (2015).

5. Kvansakul, M. & Hinds, M. G. The structural biology of BH3-only proteins.
Methods Enzymol. 544, 49-74 (2014).

6. Luna-Vargas, M. P. & Chipuk, J. E. The deadly landscape of pro-apoptotic BCL-2
proteins in the outer mitochondrial membrane. FEBS J. 283, 2676-2689 (2016).

7. Chen, L. et al. Differential targeting of prosurvival Bcl-2 proteins by their BH3-
only ligands allows complementary apoptotic function. Mol. Cell 17, 393-403
(2005).

8. Kalkavan, H. & Green, D. R. MOMP, cell suicide as a BCL-2 family business. Cell
Death Differ. 25, 46-55 (2018).

9. Czabotar, P. E. et al. Bax crystal structures reveal how BH3 domains activate Bax
and nucleate its oligomerization to induce apoptosis. Cell 152, 519-531 (2013).

10. Lindsten, T. et al. The combined functions of proapoptotic Bcl-2 family
members bak and bax are essential for normal development of multiple
tissues. Mol. Cell 6, 1389-1399 (2000).


http://data.sbgrid.org

Suraweera et al. Cell Death and Disease (2018)9:967

22.

23.

24.

25.

26.

27.

28.

29.

30.

32,

33.

34.

35.

36.

37.

38.

39.

Vaux, D. L. Apoptogenic factors released from mitochondria. Biochim. Biophys.
Acta 1813, 546-550 (2011).

Shamas-Din, A, Kale, J, Leber, B. & Andrews, D. W. Mechanisms of action of
Bcl-2 family proteins. Cold Spring Harb. Perspect. Biol. 5, a008714 (2013).
Popgeorgiev, N. et al. The apoptotic regulator Nrz controls cytoskeletal
dynamics via the regulation of Ca2+ trafficking in the zebrafish blastula. Dev.
Cell 20, 663-676 (2011).

Prudent, J, Popgeorgiev, N, Bonneau, B. & Gillet, G. Bcl-2 proteins, cell
migration and embryonic development: lessons from zebrafish. Cell Death Dis.
6, 1910 (2015).

Bonneau, B, Prudent, J, Popgeorgiev, N. & Gillet, G. Non-apoptotic roles of Bcl-
2 family: The calcium connection. Biochim. Et. Biophys. Acta 1833, 1755-1765
(2013).

Szegezdi, E, MacDonald, D. C, Ni Chonghaile, T, Gupta, S. & Samali, A. Bcl-2
family on guard at the ER. Am. J. Physiol. 296, C941-C953 (2009).

Caria, S, Hinds, M. G. & Kvansakul, M. Structural insight into an
evolutionarily ancient programmed cell death regulator — the crystal
structure of marine sponge BHP2 bound to LB-Bak-2. Cell Death Dis. 8, 2543
(2017).

Vaux, D. L, Haecker, G. & Strasser, A. An evolutionary perspective on apoptosis.
Cell 76, 777-779 (1994).

Santos, N. M. Sd, Vale, Ad, Reis, M. I. R. & Silva, M. T. Fish and apoptosis:
molecules and pathways. Curr. Pharm. Des. 14, 148-169 (2008).

Eimon, P. M. & Ashkenazi, A. The zebrafish as a model organism for the study
of apoptosis. Apoptosis 15, 331-349 (2010).

Yuan, Z. et al. Expression of Bcl-2 genes in channel catfish after bacterial
infection and hypoxia stress. Dev. Comp. Immunol. 65, 79-90 (2016).
Krumschnabel, G. & Podrabsky, J. E. Fish as model systems for the study of
vertebrate apoptosis. Apoptosis 14, 1-21 (2009).

Jette, C. A et al. BIM and other BCL-2 family proteins exhibit cross-species
conservation of function between zebrafish and mammals. Cell Death Differ.
15, 1063 (2008).

Shamas-Din, A, Brahmbhatt, H, Leber, B. & Andrews, D. W. BH3-only
proteins: orchestrators of apoptosis. Biochim. Et. Biophys. Acta 1813, 508-520
(2011).

Akhtar, R. S, Ness, J. M. & Roth, KA. Bcl-2 family regulation of neuronal
development and neurodegeneration. Biochim. Et. Biophys. Acta 1644,
189-203 (2004).

Inohara, N. & Nunez, G. Genes with homology to mammalian apoptosis
regulators identified in zebrafish. Cell Death Differ. 7, 509-510 (2000).

Lee, R-m, Gillet, G, Burnside, J, Thomas, S. J. & Neiman, P. Role of Nr13 in
regulation of programmed cell death in the bursa of Fabricius. Genes Dev. 13,
718-728 (1999).

Arnaud, E. et al. The zebrafish bcl-2 homologue Nrz controls development
during somitogenesis and gastrulation via apoptosis-dependent and -inde-
pendent mechanisms. Cell Death Differ. 13, 1128 (2005).

Prudent, J. et al. Bcl-wav and the mitochondrial calcium uniporter drive gas-
trula morphogenesis in zebrafish. Nat. Commun. 4, 2330 (2013).

Vega, S. et al. Snail blocks the cell cycle and confers resistance to cell death.
Genes Dev. 18, 1131-1143 (2004).

Torraca, V. & Mostowy, S. Zebrafish infection: from pathogenesis to cell biol-
ogy. Trends Cell Biol. 28, 143-156 (2018).

Scholz, J, Besir, H, Strasser, C. & Suppmann, S. A new method to customize
protein expression vectors for fast, efficient and background free parallel
cloning. BMC Biotechnol. 13, 12 (2013).

Studier, F. W. Protein production by auto-induction in high density shaking
cultures. Protein Expr. Purif. 41, 207-234 (2005).

Burton, D. R, Caria, S, Marshall, B, Barry, M. & Kvansakul, M. Structural basis of
Deerpox virus-mediated inhibition of apoptosis. Acta Crystallogr. D Biol. Crys-
tallogr. 71, 1593-1603 (2015).

Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125-132 (2010).
Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol.
Crystallogr. 62, 72-82 (2006).

McCoy, A. Solving structures of protein complexes by molecular replacement
with Phaser. Acta Crystallogr. D 63, 32-41 (2007).

Emsley, P, Lohkamp, B, Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D 66, 486-501 (2010).

Afonine, P. V. et al. Towards automated crystallographic structure refinement
with phenixrefine. Acta Crystallogr. D. 68, 352-367 (2012).

Official journal of the Cell Death Differentiation Association

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

Page 11 of 11

Kvansakul, M. & Czabotar, P. E. Preparing Samples for Crystallization of Bcl-2
Family Complexes. In: H. Puthalakath, C. J. Hawkins (eds). Programmed Cell
Death: Methods and Protocols. (pp. 213-229. Springer New York, New York, NY,
2016).

Johannes, J. W. et al. Structure based design of non-natural peptidic macro-
cyclic Mcl-1 inhibitors. ACS Med. Chem. Lett. 8, 239-244 (2017).

Morin, A. et al. Collaboration gets the most out of software. Elife 2, €01456
(2013).

Meyer, P. A. et al. Data publication with the structural biology data grid
supports live analysis. Nat. Commun. 7, 10882 (2016).

Martinou, J-C. & Youle, R. J. Mitochondria in apoptosis: Bcl-2 family members
and mitochondrial dynamics. Dev. Cell 21, 92-101 (2011).

Kang, R, Zeh, H. J, Lotze, M. T. & Tang, D. The Beclin 1 network regulates
autophagy and apoptosis. Cell Death Differ. 18, 571-580 (2011).

Priault, M. et al. Differential dependence on Beclin 1 for the regulation of
pro-survival autophagy by Bcl-2 and Bcl-xL in HCT116 colorectal cancer cells.
PLoS ONE 5, e8755 (2010).

Kvansakul, M. & Hinds, M. G. Structural biology of the Bcl-2 family and its
mimicry by viral proteins. Cell Death Dis. 4, €909 (2013).

Holm, L. & Rosenstrdm, Pi Dali server: conservation mapping in 3D. Nucleic
Acids Res. 38, W545-W549 (2010).

Czabotar, P. E. et al. Structural insights into the degradation of Mcl-1 induced
by BH3 domains. Proc. Natl Acad. Sci. USA 104, 6217-6222 (2007).

Petros, A. M. et al. Rationale for Bcl-XL/Bad peptide complex formation from
structure, mutagenesis, and biophysical studies. Protein Sci. 9, 2528-2534
(2000).

Anasir, M, Baxter, A, Poon, |, Hulett, M. & Kvansakul, M. Structural and func-
tional insight into canarypox virus CNP058 mediated regulation of apoptosis.
Viruses 9, 305 (2017).

Cory, S, Roberts, A. W, Colman, P. M. & Adams, J. M. Targeting BCL-2-like
proteins to kil cancer cells. Trends Cancer 2, 443-460 (2016).

Fuchs, V. & Steller, H. Live to die another way: modes of programmed cell
death and the signals emanating from dying cells. Nat. Rev. Mol. Cell Biol. 16,
329-344 (2015).

Rautureau, G. J. P. et al. The restricted binding repertoire of Bcl-B leaves Bim as
the universal BH3-only prosurvival Bcl-2 protein antagonist. Cell Death Dis. 3,
e443 (2012).

Fire, E, Gull3, S. V, Grant, R. A. & Keating, A. E. Mcl-1-Bim complexes accom-
modate surprising point mutations via minor structural changes. Protein Sci.
19, 507-519 (2010).

Krissinel, E. & Henrick, K. Inference of macromolecular assemblies from crys-
talline state. J. Mol. Biol. 372, 774-797 (2007).

Liu, X, Dai, S, Zhu, Y., Marrack, P. & Kappler, J. W. The structure of a Bcl-xL/Bim
fragment complex: implications for Bim function. Immunity 19, 341-352
(2003).

Day, C. L. et al. Structure of the BH3 domains from the p53-inducible bh3-only
proteins noxa and puma in complex with Mcl-1. J. Mol. Biol. 380, 958-971
(2008).

Sattler, M, Liang, H, Nettesheim, D, Meadows, R. P, Harlan, J. E. & Eberstadt, M.
et al. Structure of Bc-X$_L$-Bak peptide complex: recognition between reg-
ulators of apoptosis. Science 275, 983-986 (1997).

Petros, A. M, Olejniczak, E. T. & Fesik, S. W. Structural biology of the Bcl-2 family
of proteins. Biochim. Biophys. Acta 1644, 83-94 (2004).

Campbell, S. et al. Structural insight into BH3 domain binding of vaccinia virus
antiapoptotic F1L. J. Virol 88, 8667-8677 (2014).

Banjara, S, Mao, J, Ryan, T. M, Caria, S. & Kvansakul, M. Grouper iridovirus GIV66
is a Bcl-2 protein that inhibits apoptosis by exclusively sequestering Bim. . Biol.
Chem. 293, 5464-5477 (2018).

Banjara, S, Caria, S, Dixon, L. K, Hinds, M. G. & Kvansakul, M. Structural Insight
into African Swine Fever Virus A179L-mediated inhibition of apoptosis. J. Virol.
91, e02228-16 (2017).

Anasir, M. I, Caria, S, Skinner, M. A. & Kvansakul, M. Structural basis of apoptosis
inhibition by the fowlpox virus protein FPV039. J. Biol. Chem. 292, 9010-9021
(2017).

Smits, C, Czabotar, P. E, Hinds, M. G. & Day, C. L. Structural plasticity underpins
promiscuous binding of the prosurvival protein Al. Structure 16, 818-829
(2008).

Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797 (2004).



Appendix 2

(Bha[  (BHy (BH( (Bua  (Tm()

( (Bra( (‘BH3[ (BH1( (BH2(  (Tm(]

[ (ena( (Bua(  (BH1( (BH2 [ (™)

Pro-survival Bcl-2 ( @4( @3( @1 ( @ ( (m{)

Pro-apoptotic Bcl-2 <

BH3-only =

-

( (o
( (o[

oo
Gl )

( (BH3(  (BH1 (BH2(
( (o (s (o (]
( (o] &
( (_BHg |

( ( BHg( |

( (o] &l

( (BH3( |

( ( By |

( (BH3( (m_(

( ((BHg |

( ( BH3 |

Mcl-1, 350 aa
Bcl-2, 239 aa
Bcel-x,, 233 aa
Bcl-w, 193 aa

A1, 175 aa

Bcl-B, 204 aa

Bak, 211 aa
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Figure A2: Schematic diagram represents the availability of BH motifs of Bcl-2 family
proteins. different BH domains (BH 1-4) are coloured in blue and transmembrane domain
(TM) coloured in grey. Names of the individual proteins were shown in the right-hand side
panel with corresponding amino acid length. All these proteins were classified into three
major sub-groups as pro-survival Bel-2 proteins (Mcl-1, Bel-2, Bel-xt, Bel-w, A1 and Bcel-
B), pro-apoptotic proteins (Bak, Bax and Bok) and BH3-only proteins (Bad, Bid, Bik,
Bim, Bmf, Hrk, Noxa and Puma).
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Appendix 3

Chapter 2, table 1 has been updated and added the AH values and N values as follows,

Table A3: Affinity measurements of TANV16L, mutant ROOA and K52A with BH3 motif
peptides from human pro-apoptotic Bcl-2 proteins. TANV16L interacts with BH3 motif

peptides of human pro-apoptotic Bcl-2 proteins. All Kp values (in nM), AH values (in kcal
mol!) and N denotes the stoichiometry. All values are the means of three replicates with
standard error. NB denotes no binding.

P eptide WT AHassociation N R90A AHassociation N
KD (nM) (kcal mol™) KD (nM) (keal mol™)

Bak 38+4.0 -4.27 +£0.07 0.99 £0.08 | 2325+261.0 -4.07+0.26 0.95 +0.02
Bax 70+£5.0 -4.55+0.20 1.01 £0.06 | 2301 +£374.0 -7.36+ 0.37 1.03 +£0.03
Bok NB NB NB NB NB NB
Bad 219+34.0 -6.3+1.3 0.95 +0.07 10206 £ 1570.0  -4.45+0.20 0.87 £0.06
Bid 719 £ 66.0 -4.13 £0.5 1.02 £0.07 | nd nd nd
Bik 1250+ 111.0 -2.51+0.31 0.85+0.03 14356 £ 1370.0  -3.17 £0.75 1.12 £0.05
Bim 180+ 15.0 -4.93 +£0.31 0.90 +£0.03 1766 +320.0 -6.16 £0.63 0.98 +0.1
Bmf 606+76.0 -5.83 +£0.52 0.98 £0.06 | nd nd nd
Hrk 3220+301.0 -5.07+0.10 1.02 £0.09 | nd nd nd
Noxa NB NB NB NB NB NB
Puma 468 £47.0 -5.870.15 0.88+0.08 | 911+£39.0 -1.17 £0.1 0.99 £0.08

Peptide K52A AHssociation N

KD (nM) (keal mol™)

Bak 113 +3.00 -8.24+0.73 1.03 +£0.04

Bax 266+ 11.00 -6.23+0.32 1.05 £0.04

Bok NB NB NB

Bad 5857+ 732.0 -3.63 £0.40 0.89 +0.04

Bid 976+ 126 -5.8+£0.26 1.04 +£0.03

Bik 3382+ 85.00 -5,67 +£0.11 0.97 £0.06

Bim 558+ 27.0 -4.61 £0.29 1.01 £0.006

Bmf nd nd nd

Hrk nd nd nd

Noxa NB NB NB

Puma 1010+ 130.0 -2.95 +0.15 1.04 £0.02

Comment

The tightest interactors, Bak BH3 and Bax BH3 have similar enthalpies of association with

WT 16L where Bik BH3 is showing the lowest heat release when it binds to 16L. In

contrast, Hrk BH3 has shown the lowest Kp value of 3.2 uM. However, its energy release

during association with TANV16 is more similar to that observed in Bak and Bax BH3

motif peptides. This suggested that enthalpic association of Bak, Bax and Hrk are similar.
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Interactions of Bax BH3 with R90A mutant or Bak BH3 interactions with K52A mutant

are having more favourable association enthalpy values compared to wt 16L.

All KD values are calculated and averaged from triplicated ITC runs. All ligand to protein

ratios are included on the table 03 of the published manuscript. It was somewhat difficult

to get more consistent error particularly for Kp value >1000 nM.

v" Crystallization condition of TANV16L: Puma BH3 complex (6TQP)

IM LiCl, 0.1M Citrate pH 4.0, 20% PEG 6000
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Appendix 4

Chapter 3, table 1 has been updated and added the AH values and N values as follows,

Table 01: Affinity measurements of C7L and BH3 motif peptides from human pro-
apoptotic Bcl-2 proteins. C7L interacts with BH3 motif peptides of human pro-apoptotic
Bcl-2 proteins. All Kp values (in nM), AH values (in kcal mol!) and N denotes the
stoichiometry. All values are the means of three replicates with standard error. NB denotes

no binding.
Peptide Kb (HM) AH ussociation N
(kcal mol-1)
Bak 401 +31.0 -12.06 £0.63 1.06 £0.03
Bax 22+5.0 -1553+1.42 1.02+0.04
Bok 1370 £ 1940 -4.03+£0.49 1.10+0.15
Bad NB NB NB
Bid 560 +30.0 -5.71£0.086 0.98 +0.06
Bik 930+88.0  -487+025 1.11£0.12
Bim 131 +20.0 -7.73+0.17  1.06+0.04
Bmf NB NB NB
Hrk 1285+221.0 -3.30+£023 1.12+0.15
Noxa NB NB NB
Puma 2605+308.0 -3.00+041 0.95%0.16
Comment:

Comparison of Bax and Bak interactions with MPXV C7L revealed significantly different
Kp values. However, their enthalpy of association is only mildly different. A similar pattern

of interactions can be seen between Bok and Puma enthalpy of association with C7L.
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Figure A4: The binding affinities of MPXV C7L with BH3 motif peptides were measured
using ITC and the raw thermograms shown with corresponding Kp values in (nM) are the
average of triplicate experiments. NB: no binding detected.
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Appendix 5

Chapter 4, table 1 was updated with adding thermodynamic data (Kp, AH and N values).

Table 01: Thermodynamic measurements of SPPV14 wild type, mutant RO0OA and mutant Y46A
with human pro-apoptotic BH3 motif peptides. All affinity measurements, AHagsociation and N values
were reported as means of triplicates with standard deviation. NB denotes as no binding.

BH3 motif ~ WT AHagsociation N R84A AHagsociaion N
Peptide KD (nM) (keal mol™) KD (nM) (keal mol™)
Bak 48+ 1.2 -14.4+0.33 1.02+£0.03 | 139+10 -20.1+£0.37  1.05+0.06
Bax 26+3.1 -6.90 £ 0.76 0.96+0.08 | 182+15 -11.1+£035  1.12+0.04
Bok 7580 £ 643.5  -2.88+0.41 0.90+0.20 | NB NB NB
Bad 5197 +£533.0  -5.90+0.07 0.92+0.15 | 6700806  -3.31+042 1.15+0.21
Bid 136 +23.3 -5.37+0.54 1.01+£0.06 | 1698 16 -10.9+£0.05  1.10+0.04
Bik 1766 £280.2  -5.92+0.36 1.03+£0.10 | 9245+701  -240+0.72 1.08+0.10
Bim 19+3.6 -10.3£0.82 122£0.12 | 44+3 -12.6+£024  1.05+0.12
Bmf 44+17.1 -5.87£0.15 1.12+£0.04 | 97+2 -9.90+0.23  0.98+0.10
Hrk 39+5.0 -3.93+0.47 1.15+£0.12 | 132+3 -8.45+0.19  1.02+0.04
Noxa NB NB NB NB NB NB
Puma 56+ 8.1 -10.6 £ 0.47 122+0.16 [ 95+3 -158+£0.06 1.05+00.12
BH3 motif Y46A AHassociation N
Peptide KD (nM) (kcal mol™!)

Bak 2553 +353 -3.10+0.16 0.98 +£0.10

Bax 4645 +393  -2.65+0.44 1.04 +0.13

Bok NB NB NB

Bad NB NB NB

Bid NB NB NB

Bik NB NB NB

Bim 165+ 18 -2.33£0.07 1.08 +£0.06

Bmf 151+18 -4.41+0.28 1.32+0.24

Hrk 2250 +£318 -2.00=+0.15 0.96+0.13

Noxa NB NB NB

Puma 988+ 142  -0.92+0.01 1.13+£0.21
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Figure AS: ITC thermograms of interactions between SPPV14 with BH3 motif peptides
from human pro-apoptotic Bcl-2 proteins, ASa) Wild type SPPV14, ASb) SPPV14 R84A
mmutant and A5c) SPPV14 Y46A mutant. All thermogrames are shown with their binding
affinities (Kp). The reported values (nM) are mean of the triplicated measurements.
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Comment

SPPV 14 wild type and mutants (R84A and Y46A) proteins were expressed as GST
fussion proteins and GST-tag was cleaved by using HRV-3C protease during the

purification.

Comparison of Bax and Bak interactions with MPXV C7L revealed significantly
different Kp values. However, their enthalpy of association is only mildy different.
A similar pattern of interactions can be seen between Bok and Puma enthalpy of

association with C7L.

Quality control data for the commercially synthesized protein expression
constructs suggests that no cloning errors were present that would lead to truncation
of full-length proteins that could have an effect on ITC interactions. All ITC
measurements were performed in optimal range of 1 < c=n*[protein]/KD < 1000.
Furthermore, all BH3-only proteins were intrinsically disordered except for Bid,

and I could not purify them on their own.
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