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Abstract: Subversion of programmed cell death-based host defence systems is a prominent feature 

of infections by large DNA viruses. African swine fever virus (ASFV) is a large DNA virus and sole 

member of the Asfarviridae family that harbors the B-cell lymphoma 2 or Bcl-2 homolog A179L. 

A179L has been shown to bind to a range of cell death inducing host proteins including pro-

apoptotic Bcl-2 proteins as well as the autophagy regulator Beclin. Here we report the crystal 

structure of A179L bound to the Beclin BH3 motif. A179L engages Beclin using the same canonical 

ligand binding groove that is utilized to bind to pro-apoptotic Bcl-2 proteins. The mode of binding 

of Beclin to A179L mirrors that of Beclin binding to human Bcl-2 and Bcl-xL as well as murine -

herpesvirus 68. Introduction of bulky hydrophobic residues into the A179L ligand binding groove 

via site directed mutagenesis ablates binding of Beclin to A179L, leading to a loss of ability of A179L 

to modulate autophagosome formation in Vero cells during starvation. Our findings provide a 

mechanistic understanding for the potent autophagy inhibitory activity of A179L and serve as a 

platform for more detailed investigations into the role of autophagy during ASFV infection. 
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1. Introduction 

The inhibition of programmed cell death pathways in infected host cells is a widely used strategy 

employed by many large DNA viruses. Successful inhibition is often achieved by the use of virus 

encoded homologs of the B-cell lymphoma-2 (Bcl-2) family of proteins, which are crucial arbiters of 

intrinsic or mitochondrial initiated apoptosis [1]. Bcl-2 family members are distinguished into pro-

survival and pro-apoptotic signalling proteins, and bear one or more hallmark Bcl-2 homology (BH) 

motifs that underpin their activity [2]. In higher organisms, pro-survival members of the family 

include Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1 and Bcl-b [3], although several organisms harbor unique pro-

survival proteins that play organism specific roles [4]. Pro-apoptotic proteins Bak and Bax are the 

executors of cell death in mammals by causing the release of cytochrome c from the mitochondrial 

outer membrane (MOM) through oligomeric pores [5, 6].  The BH3-only proteins comprise the 

remaining pro-apoptotic Bcl-2 members and include Bid, Bim, Noxa, Puma, Bmf, Bad, Bik and Hrk. 

Mechanistically the BH3-only proteins act either by sequestering and neutralizing the pro-survival 

Bcl-2 members, or by directly activating Bak and Bax. BH3-only proteins are defined by only 

containing the BH3 motif, which adopts an -helical structure to engage the canonical ligand-binding 

groove on the pro-survival Bcl-2 proteins [2]. In response to certain cellular insults including 

exposure to cytotoxic drugs or growth factor deprivation, the BH3-only proteins are up-regulated 

and subsequently trigger cell death mechanisms [7]. 

Viruses utilize a diverse set of molecular strategies to inhibit premature host cell apoptosis, 

These include direct caspase inhibition and inhibition of the intrinsic apoptosis [8]. For example, 

herpesviruses such as Kaposi Sarcoma Herpesvirus (KSHV) or Epstein-Barr virus encode viral Bcl-2-
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like proteins [3, 9-11] that are essential for successful viral replication [12]. Poxviruses encode anti-

apoptotic proteins that often lack any overt sequence identity with Bcl-2. These include F1L from 

variola virus and vaccinia virus [13-17], N1L from vaccinia virus [18-20], M11L from myxoma virus 

[21-23], as well as fowlpoxvirus FPV039 [24, 25], canarypoxvirus CNP058 [26], orf virus ORF125 [27, 

28], deerpoxvirus DPV022 [29, 30], and sheeppoxvirus SPPV14 [31]. Amongst the iridoviridae, 

grouper iridovirus encodes pro-survival GIV66 [32, 33]. 

African swine fever virus (ASFV) is the sole member of the family Asfarviridae, composed of 

large double stranded DNA viruses [34]. ASFV is the causative agent of the highly transmissible 

lethal haemorrhagic African swine fever infection in domestic pigs, and is endemic in East African 

wild pig populations [35]. ASFV was introduced into Georgia in 2007 and has since spread across 

Europe and Asia and is a severe threat to the global pig industry and food security, since there is no 

vaccine. ASFV is a complex virus, encoding for at least 150 proteins which include an arsenal of 

immune modulatory proteins and virulence factors [36, 37] that includes the Bcl-2 homolog A179L 

[38].  

In cellular assays, A179L is a potent inhibitor of apoptosis, and essential to protects both Hela 

cells as well as insect cells against apoptosis [39], and is localized at the mitochondria and 

endoplasmic reticulum [40]. A179L is an unusually promiscuous Bcl-2 protein and is able to bind to 

all major pro-apoptotic Bcl-2 proteins using the family defining ligand binding groove [41]. A179L 

also inhibits autophagy by binding Beclin, and prevents autophagosome formation during nutrient 

deprivation [40]. However, the structural basis for Beclin engagement by A179L has not been 

clarified. Here we report the crystal structure of A179L in complex with the BH3 domain of Beclin. 

Mutations in the A179L binding groove abolish Beclin binding, and ablate its ability to interfere with 

autophagy. These findings establish a mechanistic basis for ASFV mediated inhibition of autophagy.  

2. Materials and Methods  

Protein expression and purification  

Synthetic codon-optimized cDNA encoding A179L (Uniprot Accession number P42485) was 

cloned into the bacterial expression vector pMAL c4x-1-M(RBS) using SacI at the 5’ end and EcoRI at 

the 3’ (Genscript). Recombinant A179LΔC31, a construct with the 31 C-terminal residues truncated, 

was expressed in BL21 DE3 Codon Plus RIPL cells using the auto-induction method [42] for 24 h at 

30°C with shaking. Bacterial cells were collected using an ultracentrifuge at 6000 rev min−1 (JLA 9.1000 

rotor, Beckman Coulter Avanti J-E) for 20 min and resultant cell pellets were resuspended in 50 ml 

lysis buffer A (50 mM Tris pH 8.5, 300 mM NaCl and 5 mM BME (β-Mercaptoethanol)). The cells 

were lysed with sonication (Model 705 Sonic Dismembrator, Fisher Scientific, Hampton, New 

Hampshire, US). The lysate was transferred into SS34 tubes for further centrifugation at 16,000 rev 

min−1 (JA-25.50 rotor, Beckman Coulter Avanti J-E) for 20 min. The supernatant was loaded onto a 5 

ml His Trap HP, 5ml column (GE Healthcare) equilibrated with buffer A. After sample application, 

the column was washed using 100mL of buffer B (50mM Tris pH 8.5, 300mM NaCl, 5mM BME (β-

Mercaptoethanol) and 25mM of Imidazole). Bound protein was then eluted with buffer C (50mM Tris 

pH 8.5, 300mM NaCl, 5mM BME (β-Mercaptoethanol) and 300mM of Imidazole) and dialysed 

overnight into buffer A at 4°C. Target protein was then concentrated using a centrifugal concentrator 

with 30 kDa molecular weight cut-off  (Amicon® Ultra 15) to a final volume of 1 ml. Concentrated 

A179L was subjected to size-exclusion chromatography using a Superdex S200 10/300 column 

mounted on an ÄKTApure system (GE Healthcare) equilibrated in 25mM Tris pH 7.5, 150mM NaCl 

with 5mM DTT (Dithiothreital), where it eluted as a single peak. Using SDS–PAGE analysis the final 

sample was determined to be 95% pure. Eluted protein was concentrated using a centrifugal 

concentrator with 30 kDa molecular weight cut-off (Amicon ® Ultra 15) to a final concentration of 21 

mg/ml. 
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Expression and purification of A179L mutants 

Synthetic cDNA encoding for a codon-optimized double (V73Y/G89Y) mutant of A179L was 

cloned into the pGEX-6P-3 vector (Genscript). Expression and purification of wild type A179L as well 

as A179L V73Y/G89Y was performed as previously described [41].  

Measurement of dissociation constants 

Binding affinities were measured using a MicroCal iTC200 system (GE Healthcare) at 25 °C as 

previously described [33]. The BH3-motif peptides used were commercially synthesized and purified 

to a final purity of 95% (GenScript). The sequence of the Sus scrofa Beclin peptide used was: 

DGGTMENLSRRLKVTGDLFDIMSGQT (Uniprot accession code Q4A1L5; residues 103-128). All 

other peptides employed were described previously [41]. 

Crystallization and data collection 

A complex of A179L with Beclin BH3 peptide was prepared as previously described [43]. MBP-

A179L was incubated with Beclin BH3 motif in a molar ratio of 1:1.2 (protein:peptide). The mixture 

was left on ice for 10 minutes followed by the addition of 4mM of Maltose and further incubating for 

10 more minutes. High-throughput sparse matrix screening was carried out using 96-well sitting-

drop trays (Swissci) and the vapour-diffusion method at 20°C at La Trobe University, Melbourne, 

Australia. The initial crystallization condition used was identified using the Shotgun Screen 

(Molecular Dimensions). Crystals of A179L:Beclin BH3 were obtained at 20 mg ml−1 using the sitting-

drop method at 20 °C in 0.2M Ammonium sulfate, 0.1M Bis-Tris pH 5.5 and 25%w/v PEG 3350. The 

crystals were flash-cooled at -173 °C using 30% (w/v) glucose as cryo-protectant. Native diffraction 

data were collected at the Australian Synchrotron MX2 beamline using an EIGER 16M detector at a 

wavelength of 0.9537 Å and an oscillation range of 0.1° per frame. Data integration and scaling was 

performed using XDS [44] and AIMLESS [45]. The structure was solved with A179L:Bax BH3 (PDB 

ID 5UA5) as a search model with PHASER [46]. The structure was rebuilt manually using Coot [47] 

and refined using PHENIX [48]. A179L:Beclin BH3 crystals contained one chain of MBP-A179L and 

one chain of Beclin BH3 in the asymmetric unit, with a calculated solvent content of 51.5%, and the 

final model was refined to an Rwork/Rfree of 21.4/25.5 with 96.4 % of residues in the favored region of 

the Ramachandran plot and no outliers. Details of the data-collection and refinement statistics are 

summarized in Table 1. PDB Coordinates have been deposited under the accession code XXX at the 

Protein Data Bank. PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC was used for 

molecular images. All software were accessed using the SBGrid suite [49]. Raw images are stored 

with the SBGrid Data Bank [50].  

Autophagy assays 

Recombinant, replication deficient human adenovirus 5 (rAd) encoding full length wildtype 

A179L and A179L V73Y/G89Y tagged with an N-terminal HA tag were generated using standard 

techniques. Vero cells were transduced with rAd, incubated for 21 hours and then incubated for 

another 3 hours in complete media or in Earles balanced salt solution to induce starvation. Cells were 

then fixed with methanol and stained with anti-HA (clone 3F10, Roche) and anti-LC3B (L7543, 

Sigma). Images were captured using a Leicia SP8 confocal microscopy and the number of LC3 puncta 

per cell determined for 30 cells per condition using Imaris 9,2,1. Statistical analysis was performed in 

MiniTab (version 18) using analysis of variance (ANOVA), plus Tukey multiple comparison test to 

determine statistical differences between groups. 

3. Results 

To understand the structural basis for A179L inhibition of autophagy we determined crystal 

structures of A179L bound to a peptide spanning the Beclin BH3 motif (Fig 1, 2A, Table 1). Previous  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789


 

 

Figure 1. Crystal structure of A179L:Beclin BH3 (A) Crystal structure of MBP (green limon) in 

complex with maltose (blue sticks) fused at the N-terminus of A179L (red firebrick) in complex with 

a peptide spanning the BH3 motif of Beclin (cyan). A short linker comprising the residues NSSS 

lacking electron density between MBP and A179L is shown in magenta and was modelled by hand. 

(B) The conserved Bcl-2 fold of A179L comprising 8 −helices with the Beclin BH3 peptide bound in 

the hydrophobic groove formed by 2-5. Helix names have been retained to be identical to those of 

the Bcl-xL:BH3 Beclin complex [PDB ID:2P1L][51]. 

attempts to crystallize an A179L:Beclin complex did not yield crystals that diffracted to 

sufficiently high-resolution, consequently we employed a maltose binding protein fusion 

(MBP) of A179L to enhance crystal contact formation. Clear and continuous density was 

observed for MBP residues 3-367 and A179L 3-146, with the linker residues AQTNSSS 

presumed disordered. As shown previously A179L adopts a Bcl-2 fold featuring 8 -helices 

arranged in a globular helical bundle fold. The canonical ligand binding groove found in 

other pro-survival members of the family is formed by -Helices 2-5 and engages the BH3 

motif of pro-apoptotic proteins [3]. However, the region that is the equivalent of  is not 
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helical. Instead it is found in an extended configuration, mimicking the corresponding 

region in Bcl-xL [52].  

Table 1. Crystallographic data collection and refinement statistics. 

 A179L:Beclin BH3 

Data collection  

Space group P 21 

Cell dimensions    

    a, b, c (Å) 54.56 44.34 129.02 

        ()  90, 94.53, 90 

Resolution (Å) 51.59-2.41 (2.47-2.41) * 

Rsym or Rmerge 0.12 (0.52) 

I / I 4.60 (1.40) 

Completeness (%) 99.40 (99.70) 

Multiplicity 2.9 (2.7) 

CC1/2 0.98 (0.48) 

  

Refinement  

Resolution (Å) 48.74-2.40 (2.49-2.41) * 

No. reflections 24020 (2373) 

Rwork / Rfree 0.214/0.255 

Molprobity clashscore 1.63 

No. atoms  

    Protein 4081 

    Ligand/ion 23 

    Water 107 

B-factors   

    Protein 42.56 

    Ligand/ion 44.98 

    Water 40.29 

R.m.s. deviations  

    Bond lengths (Å) 0.013 

    Bond angles () 1.5 
* Values in parentheses are for highest-resolution shell. 
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Figure 2. Comparison of the structure of A179L:Beclin BH3 with other Beclin BH3-complexes of 

Bcl-2 proteins. Ribbon representation of (A) A179L (firebrick) in complex with the swine Beclin BH3 

motif (cyan). A179L helices are labeled 1-8. The view in (A) shows the hydrophobic binding groove 

formed by helices 2-5. (B) γ-herpesvirus 68 M11 (orange) in complex with the human Beclin BH3 

motif (cyan) [PDB ID:3BL2]. (C) Human Bcl-2 (blue) in complex with the human Beclin BH3 motif 

(cyan) [PDB ID:5VAU]. (D) Human Bcl-xL (green) in complex with human Beclin BH3 motif (cyan) 

[PDB ID:2P1L]. All views in B-D are as in A). The orientation of the ribbons is identical to Figure 1B 

and the structures of Bcl-xL:BeclinBH3, Bcl-2:Beclin BH3 and M11 Beclin BH3 were aligned on A179L 

Beclin BH3 using Coot [47]. 

The Beclin BH3 peptide binds into a surface groove formed by helices 2-5 of A179L (Fig. 2B). 

A superimposition of the A179L:Bid BH3 complex with the A179L:Beclin complexes results in an 

rmsd of 0.5 Å over 143 C carbon atoms (Fig 4A), indicating that the mode of BH3 motif engagement 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789


 

is highly similar. Beclin utilizes three canonical hydrophobic residues L110, L114 and F121 as well as 

T117 to engage the A179L ligand binding groove (Figure 3). In addition to the engagement of the four 

conserved hydrophobic pockets in the A179L binding groove, the conserved ionic interaction 

between pro-apoptotic BH3 motifs and pro-survival Bcl-2 proteins formed by A179L R86 and Beclin 

D133 is also present. This additional ionic interaction is supplemented by further ionic interactions 

between A179L D80 and E76 with Beclin K115, as well as hydrogen bonds between A179L N83 and 

Beclin D133, A179L G85 and Beclin D122, and A179L Y46 with the main chain of Beclin L114 (Figure 

3). 

 

Figure 3. Detailed view of the A179L:BH3 peptide interfaces. A) A179L is shown as a grey molecular 

surface, with the backbone and floor of the binding groove are shown in green and orange 

respectively. Beclin BH3 is shown in cyan. The four conserved hydrophobic residues of Beclin BH3 

(L110, L114, T118, F121) engage the binding groove, and the family defining salt-bridge formed by 

A179L R86 and Beclin D133 are labeled.  Additional ionic interactions and hydrogen bonds are 

shown as black dots. B) 2Fo-Fc electron density map (blue mesh) of Beclin BH3 peptide (cyan) bound 

to A179L (orange). Map is contoured at 1.5. 
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Figure 4. Superimposition of A179L: Beclin with A179L:Bid and other pro-survival Bcl-2:Beclin 

complexes. (A) Cartoon view of A179L (firebrick): Beclin (teal) superimposed with A179L (purple): 

Bid (yellow) (PDB ID 5UA4). (B) A179L: Beclin superimposed with M11: Beclin (orange), Bcl-XL: Beclin 

(green) and Bcl-2: Beclin (blue). Beclin is shown as cartoon whereas A179L, Bcl-2, Bcl-xL and M11 

backbones are shown as C trace. The orientation of the traces is identical to Figure 2 and the 

structures of Bcl-xL:BeclinBH3, Bcl-2:Beclin BH3 and M11 Beclin BH3 were aligned on A179L Beclin 

BH3 using Coot [47]. 

To examine the effect of mutations in the A179L binding groove on autophagy regulation we 

generated an A179L V73Y/G89Y double mutant. Isothermal titration calorimetry revealed that A179L  

 

Figure 5. Isothermal titration calorimetry binding profiles of A179L as well as A179L V73Y/G89Y 

interaction with Beclin BH3 peptide. Raw thermogram and a binding isotherm fitted with a one-site 

binding model are shown. All experiments were performed in triplicate. Data for wild type A179L 

are from [41]. KD: dissociation constant; : standard deviation; NB: no binding. 

V73Y/G89Y lost the ability to bind to Beclin (Fig 5). We then examined the ability of this mutant to 

modulate stress induced autophagosome formation in Vero cells. Whilst Vero cells transfected with 

wild type A179L displayed only a small increase in the number of autophagosome associated puncta, 
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cells transfected with A179L V73Y/G89Y displayed a substantial increase in the number of puncta 

after starvation comparable to mock transfected cells (Figure 6, Supplementary Figures S1 and S2).   

 

Figure 6. A179L mediated inhibition of autophagosome formation. The number of LC3 puncta per 

cell for 30 individual cells per indicated experimental condition was quantified by Imaris analysis of 

confocal images. Vero cells were transduced with AdH5 vectors encoding either wildtype A179L or 

A179L V73Y/G89Y, or left untransduced and were incubated for a total of 24 hours. Prior to fixation, 

cells were either incubated in complete cell media (NS) or starved in EBSS (ST) for 3 hours to induce 

autophagy. Centre lines show the medians and asterisks represent significant differences between the 

values (* p < 0.05, *** p < 0.001). 

4. Discussion 

Structural and functional homologs of Bcl-2 are used by numerous large DNA viruses to subvert 

programmed cell death based host defence systems. The majority of these Bcl-2 family members 

subvert apoptosis [1], however several members have also been shown to target autophagy 

signalling. ASFV encoded A179L has been shown to be able to potently inhibit apoptosis signalling 

by binding to the porcine pro-apoptotic Bcl-2 proteins Bax and Bak, Bim, Bid, Bad, Bik, Bmf, Hrk, 

Noxa and Puma [41, 53]. In addition, A179L is also able to bind both full length Beclin [40] as well as 

its BH3 motif [41] and confocal microscopy experiments showed it co-localized with Beclin [40], and 

thus A179L habors dual functionality to interfere with both host apoptosis and autophagy signalling. 

The ability to bind the BH3 motif of Beclin has previously been reported for a number of 

endogenous cellular Bcl-2 proteins including Bcl-2 [54] and Bcl-xL [51], as well as for several 

herpesviruses including Ks-Bcl-2 [55] from KSHV and M11 from murine 68 herpesvirus [56, 57] as 

well as adenovirus E1B19K [58]. For three of these interactions, the structural basis for Beclin 

engagement has been determined. A comparison of the Bcl-2:Beclin BH3 [PDB ID:5VAU], Bcl-

xL:Beclin BH3 [51] and M11:Beclin BH3 [57] complexes with our reported A179L:Beclin BH3 complex 

reveals that whilst the overall mode of binding as well as BH3 ligand engagement of the four 

hydrophobic pockets in the ligand binding grove and the hallmark Arg-Asp salt bridge are 

conserved, several differences exist at the level of individual interactions that stabilize the complexes.   

Interestingly, all major side chain mediated ionic interactions and hydrogen bonds observed in 

the A179L:Beclin complex are recapitulated in Bcl-2, Bcl-xL and M11 complexes with Beclin, including 

the hallmark ionic interaction of BH3 motifs with Bcl-2 which is found between the Beclin BH3 D133 

and an Arg from Bcl-2, which is further supported by an additional hydrogen bond from Beclin D133 

to a conserved Asn in Bcl-2 (Figure 3,4). An additional ionic interaction from Beclin K117 with a Glu 

and Asp on Bcl-2 is also shared amongst the A179L, Bcl-2 and Bcl-xL complexes, whereas in the 

M11:Beclin complex the recipient acidic residue is a Ser that forms a hydrogen bond with K117 
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instead. The unique A179L interaction with Beclin is a hydrogen bond between A179L Y46 with the 

main chain of Beclin L114, with the equivalent residue to Y46 in Bcl-2, Bcl-xL and M11 a Phe. The high 

level of similarity between the A179L, Bcl-2 and Bcl-xL complexes with Beclin is also reflected in the 

affinities of these interactions, which are comparable with A179L binding Beclin with a KD of 1.9 M, 

with the corresponding KD for Bcl-2 being 1.7-8.0 M [56, 57] and for Bcl-xL being 1.1-2.3 M [51, 56, 

57]. Conflicting data exists for the M11:Beclin BH3 interaction, with both a considerably tighter KD of 

40 nM and a weaker one of 1.1 M being reported [56, 57]. However, despite the potentially 

substantial difference in affinity between A179L and M11 for Beclin, both viral proteins are able to 

interfere with autophagosome formation.  

Autophagy is an intracellular bulk degradation pathway that is conserved in eukaryotic cells 

and in the last decade has been implicated in a range of cellular processes. Autophagy plays an 

important role in the innate and adaptive immune response to infection and can directly degrade 

invading pathogens [59, 60]. However, certain viruses hijack the autophagy pathway to benefit 

replication [61]. Little is known about the role of autophagy during ASFV infection beyond the 

observation that A179L can inhibit formation of starvation induced autophagosomes, although the 

major autophagosome structural protein LC3B localised to ASFV replication sites when 

overexpressed [40]. Future experiments should focus on the functional significance of the role of 

autophagy, and the modulation of the pathway by A179L, in ASFV replication. Of course it is 

important to note that ASFV replicates in both mammalian and arthropod hosts and membranes that 

resemble autophagosomes have been observed enveloping ASFV virions in ticks [62]. Modulation of 

autophagy by A179L may contribute to the persistence of ASFV in the arthropod host [63]. 

In summary, we report the structural basis for A179L mediated inhibition of autophagy by 

determining crystal structure of A179L bound to the Beclin BH3 motif. Furthermore, we show that 

disruption of Beclin binding via targeted mutations in the A179L ligand binding grove ablate the 

ability of A179L to suppress autophagosome formation. These findings provide a mechanistic 

platform for more detailed investigations into the role of A179L during autophagy inhibition and to 

delineate the relative contributions that A179L mediated suppression of apoptosis and autophagy 

signaling makes during ASFV infection and viral persistence.   

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Transduction of Vero cells with either wildtype or A179L V73Y/G89Y does not induce autophagy. Figure S2: 

Wildtype A179L suppresses the formation of starvation-induced autophagosomes but not A179L V73Y/G89Y 

does not.  

Author Contributions: SB: Acquisition of data; Analysis and interpretation of data; Drafting and revising the 

article. GS: Acquisition of data; Analysis and interpretation of data; Drafting and revising the article. CN: 

Analysis and interpretation of data; Drafting and revising the article. LD: Analysis and interpretation of data; 

Drafting and revising the article. MGH: Conception and design; Analysis and interpretation of data; Drafting 

and revising the article. MK: Conception and design; Acquisition of data; Analysis and interpretation of data; 

Drafting and revising the article 

Funding: This research was funded by the Australian Research Council (Fellowship FT130101349 to MK) and 

La Trobe University (Scholarship to SB). CLN and LKD were supported the Biotechnology and Biological 

Sciences Research Council (BBSRC; https://bbsrc.ukri.org/) grants, BBS/E/I/00007031, BBS/E/I/00007030, 

BBS/E/I/00007031, BBS/E/I/00007034, BBS/E/I/00007034, BBS/E/I/00007035, BBS/E/I/00007036, BBS/E/I/00007037, 

BBS/E/I/00007038 and BBS/E/I/00007039. GLS was supported by BBSRC grant BBS/E/I/00002120. 

Acknowledgments: We thank staff at the MX beamlines at the Australian Synchrotron for help with X-ray data 

collection. We thank the ACRF for their support of the Eiger MX detector at the Australian Synchrotron MX2 

beamline and the Comprehensive Proteomics Platform at La Trobe University for core instrument support.  

Conflicts of Interest: The authors declare no conflict of interest 

References 

1. Kvansakul, M.; Caria, S.; Hinds, M. G., The Bcl-2 Family in Host-Virus Interactions. Viruses 2017, 9, (10), 

290. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789


 

2. Kvansakul, M.; Hinds, M. G., The structural biology of BH3-only proteins. Methods Enzymol 2014, 544, 49-

74. 

3. Kvansakul, M.; Hinds, M. G., Structural biology of the Bcl-2 family and its mimicry by viral proteins. Cell 

Death Dis 2013, 4, e909. 

4. Suraweera, C. D.; Caria, S.; Jarva, M.; Hinds, M. G.; Kvansakul, M., A structural investigation of NRZ 

mediated apoptosis regulation in zebrafish. Cell Death Dis 2018, 9, (10), 967. 

5. Czabotar, P. E.; Westphal, D.; Dewson, G.; Ma, S.; Hockings, C.; Fairlie, W. D.; Lee, E. F.; Yao, S.; Robin, A. 

Y.; Smith, B. J.; Huang, D. C.; Kluck, R. M.; Adams, J. M.; Colman, P. M., Bax crystal structures reveal how 

BH3 domains activate Bax and nucleate its oligomerization to induce apoptosis. Cell 2013, 152, (3), 519-31. 

6. Shamas-Din, A.; Kale, J.; Leber, B.; Andrews, D. W., Mechanisms of action of bcl-2 family proteins. Cold 

Spring Harb Perspect Biol 2013, 5, (4), a008714. 

7. Youle, R. J.; Strasser, A., The BCL-2 protein family: opposing activities that mediate cell death. Nat Rev Mol 

Cell Biol 2008, 9, (1), 47-59. 

8. Galluzzi, L.; Brenner, C.; Morselli, E.; Touat, Z.; Kroemer, G., Viral control of mitochondrial apoptosis. PLoS 

Pathog 2008, 4, (5), e1000018. 

9. White, E.; Sabbatini, P.; Debbas, M.; Wold, W. S.; Kusher, D. I.; Gooding, L. R., The 19-kilodalton adenovirus 

E1B transforming protein inhibits programmed cell death and prevents cytolysis by tumor necrosis factor 

alpha. Mol Cell Biol 1992, 12, (6), 2570-80. 

10. Henderson, S.; Huen, D.; Rowe, M.; Dawson, C.; Johnson, G.; Rickinson, A., Epstein-Barr virus-coded 

BHRF1 protein, a viral homologue of Bcl-2, protects human B cells from programmed cell death. Proc Natl 

Acad Sci U S A 1993, 90, (18), 8479-83. 

11. Chiou, S. K.; Tseng, C. C.; Rao, L.; White, E., Functional complementation of the adenovirus E1B 19-

kilodalton protein with Bcl-2 in the inhibition of apoptosis in infected cells. J Virol 1994, 68, (10), 6553-66. 

12. Altmann, M.; Hammerschmidt, W., Epstein-Barr virus provides a new paradigm: a requirement for the 

immediate inhibition of apoptosis. PLoS Biol 2005, 3, (12), e404. 

13. Fischer, S. F.; Ludwig, H.; Holzapfel, J.; Kvansakul, M.; Chen, L.; Huang, D. C.; Sutter, G.; Knese, M.; 

Hacker, G., Modified vaccinia virus Ankara protein F1L is a novel BH3-domain-binding protein and acts 

together with the early viral protein E3L to block virus-associated apoptosis. Cell Death Differ 2006, 13, (1), 

109-18. 

14. Wasilenko, S. T.; Stewart, T. L.; Meyers, A. F.; Barry, M., Vaccinia virus encodes a previously 

uncharacterized mitochondrial-associated inhibitor of apoptosis. Proc Natl Acad Sci U S A 2003, 100, (24), 

14345-50. 

15. Marshall, B.; Puthalakath, H.; Caria, S.; Chugh, S.; Doerflinger, M.; Colman, P. M.; Kvansakul, M., Variola 

virus F1L is a Bcl-2-like protein that unlike its vaccinia virus counterpart inhibits apoptosis independent of 

Bim. Cell Death Dis 2015, 6, e1680. 

16. Caria, S.; Marshall, B.; Burton, R. L.; Campbell, S.; Pantaki-Eimany, D.; Hawkins, C. J.; Barry, M.; Kvansakul, 

M., The N Terminus of the Vaccinia Virus Protein F1L Is an Intrinsically Unstructured Region That Is Not 

Involved in Apoptosis Regulation. J Biol Chem 2016, 291, (28), 14600-8. 

17. Campbell, S.; Thibault, J.; Mehta, N.; Colman, P. M.; Barry, M.; Kvansakul, M., Structural insight into BH3 

domain binding of vaccinia virus antiapoptotic F1L. J Virol 2014, 88, (15), 8667-77. 

18. Bartlett, N.; Symons, J. A.; Tscharke, D. C.; Smith, G. L., The vaccinia virus N1L protein is an intracellular 

homodimer that promotes virulence. J Gen Virol 2002, 83, (Pt 8), 1965-76. 

19. Cooray, S.; Bahar, M. W.; Abrescia, N. G.; McVey, C. E.; Bartlett, N. W.; Chen, R. A.; Stuart, D. I.; Grimes, J. 

M.; Smith, G. L., Functional and structural studies of the vaccinia virus virulence factor N1 reveal a Bcl-2-

like anti-apoptotic protein. J Gen Virol 2007, 88, (Pt 6), 1656-66. 

20. Aoyagi, M.; Zhai, D.; Jin, C.; Aleshin, A. E.; Stec, B.; Reed, J. C.; Liddington, R. C., Vaccinia virus N1L 

protein resembles a B cell lymphoma-2 (Bcl-2) family protein. Protein Sci 2007, 16, (1), 118-24. 

21. Graham, K. A.; Opgenorth, A.; Upton, C.; McFadden, G., Myxoma virus M11L ORF encodes a protein for 

which cell surface localization is critical in manifestation of viral virulence. Virology 1992, 191, (1), 112-24. 

22. Douglas, A. E.; Corbett, K. D.; Berger, J. M.; McFadden, G.; Handel, T. M., Structure of M11L: A myxoma 

virus structural homolog of the apoptosis inhibitor, Bcl-2. Protein Sci 2007, 16, (4), 695-703. 

23. Kvansakul, M.; van Delft, M. F.; Lee, E. F.; Gulbis, J. M.; Fairlie, W. D.; Huang, D. C.; Colman, P. M., A 

structural viral mimic of prosurvival Bcl-2: a pivotal role for sequestering proapoptotic Bax and Bak. Mol 

Cell 2007, 25, (6), 933-42. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789


 

24. Anasir, M. I.; Caria, S.; Skinner, M. A.; Kvansakul, M., Structural basis of apoptosis inhibition by the 

fowlpox virus protein FPV039. J Biol Chem 2017, 292, (22), 9010-9021. 

25. Banadyga, L.; Gerig, J.; Stewart, T.; Barry, M., Fowlpox virus encodes a Bcl-2 homologue that protects cells 

from apoptotic death through interaction with the proapoptotic protein Bak. J Virol 2007, 81, (20), 11032-45. 

26. Anasir, M. I.; Baxter, A. A.; Poon, I. K. H.; Hulett, M. D.; Kvansakul, M., Structural and Functional Insight 

into Canarypox Virus CNP058 Mediated Regulation of Apoptosis. Viruses 2017, 9, (10), 305. 

27. Westphal, D.; Ledgerwood, E. C.; Hibma, M. H.; Fleming, S. B.; Whelan, E. M.; Mercer, A. A., A novel Bcl-

2-like inhibitor of apoptosis is encoded by the parapoxvirus ORF virus. J Virol 2007, 81, (13), 7178-88. 

28. Westphal, D.; Ledgerwood, E. C.; Tyndall, J. D.; Hibma, M. H.; Ueda, N.; Fleming, S. B.; Mercer, A. A., The 

orf virus inhibitor of apoptosis functions in a Bcl-2-like manner, binding and neutralizing a set of BH3-only 

proteins and active Bax. Apoptosis 2009, 14, (11), 1317-30. 

29. Banadyga, L.; Lam, S. C.; Okamoto, T.; Kvansakul, M.; Huang, D. C.; Barry, M., Deerpox virus encodes an 

inhibitor of apoptosis that regulates Bak and Bax. J Virol 2011, 85, (5), 1922-34. 

30. Burton, D. R.; Caria, S.; Marshall, B.; Barry, M.; Kvansakul, M., Structural basis of Deerpox virus-mediated 

inhibition of apoptosis. Acta Crystallogr D Biol Crystallogr 2015, 71, (Pt 8), 1593-603. 

31. Okamoto, T.; Campbell, S.; Mehta, N.; Thibault, J.; Colman, P. M.; Barry, M.; Huang, D. C.; Kvansakul, M., 

Sheeppox virus SPPV14 encodes a Bcl-2-like cell death inhibitor that counters a distinct set of mammalian 

proapoptotic proteins. J Virol 2012, 86, (21), 11501-11. 

32. Lin, P. W.; Huang, Y. J.; John, J. A.; Chang, Y. N.; Yuan, C. H.; Chen, W. Y.; Yeh, C. H.; Shen, S. T.; Lin, F. 

P.; Tsui, W. H.; Chang, C. Y., Iridovirus Bcl-2 protein inhibits apoptosis in the early stage of viral infection. 

Apoptosis 2008, 13, (1), 165-76. 

33. 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. J Biol Chem 2018, 293, (15), 5464-5477. 

34. Netherton, C. L.; Connell, S.; Benfield, C. T. O.; Dixon, L. K., The Genetics of Life and Death: Virus-Host 

Interactions Underpinning Resistance to African Swine Fever, a Viral Hemorrhagic Disease. Frontiers in 

Genetics 2019, 10, (402). 

35. Costard, S.; Mur, L.; Lubroth, J.; Sanchez-Vizcaino, J. M.; Pfeiffer, D. U., Epidemiology of African swine 

fever virus. Virus Res 2013, 173, (1), 191-7. 

36. Rodriguez, J. M.; Moreno, L. T.; Alejo, A.; Lacasta, A.; Rodriguez, F.; Salas, M. L., Genome Sequence of 

African Swine Fever Virus BA71, the Virulent Parental Strain of the Nonpathogenic and Tissue-Culture 

Adapted BA71V. PLoS One 2015, 10, (11), e0142889. 

37. Dixon, L. K.; Sánchez-Cordón, P. J.; Galindo, I.; Alonso, C., Investigations of Pro- and Anti-Apoptotic 

Factors Affecting African Swine Fever Virus Replication and Pathogenesis. Viruses 2017, 9, (9), 241. 

38. Brun, A.; Rivas, C.; Esteban, M.; Escribano, J. M.; Alonso, C., African swine fever virus gene A179L, a viral 

homologue of bcl-2, protects cells from programmed cell death. Virology 1996, 225, (1), 227-30. 

39. Revilla, Y.; Cebrian, A.; Baixeras, E.; Martinez, C.; Vinuela, E.; Salas, M. L., Inhibition of apoptosis by the 

African swine fever virus Bcl-2 homologue: role of the BH1 domain. Virology 1997, 228, (2), 400-4. 

40. Hernaez, B.; Cabezas, M.; Munoz-Moreno, R.; Galindo, I.; Cuesta-Geijo, M. A.; Alonso, C., A179L, a new 

viral Bcl2 homolog targeting Beclin 1 autophagy related protein. Curr Mol Med 2013, 13, (2), 305-16. 

41. 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 2017, 91, (6), e02228-16. 

42. Studier, F. W., Protein production by auto-induction in high density shaking cultures. Protein Expr Purif 

2005, 41, (1), 207-34. 

43. Kvansakul, M.; Czabotar, P. E., Preparing Samples for Crystallization of Bcl-2 Family Complexes. Methods 

Mol Biol 2016, 1419, 213-29. 

44. Kabsch, W., Xds. Acta Crystallogr D Biol Crystallogr 2010, 66, (Pt 2), 125-32. 

45. Evans, P., Scaling and assessment of data quality. Acta Crystallogr D Biol Crystallogr 2006, 62, (Pt 1), 72-82. 

46. McCoy, A. J., Solving structures of protein complexes by molecular replacement with Phaser. Acta 

Crystallogr D Biol Crystallogr 2007, 63, (Pt 1), 32-41. 

47. Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K., Features and development of Coot. Acta Crystallogr D 

Biol Crystallogr 2010, 66, (Pt 4), 486-501. 

48. Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J. J.; Moriarty, N. W.; Mustyakimov, M.; 

Terwilliger, T. C.; Urzhumtsev, A.; Zwart, P. H.; Adams, P. D., Towards automated crystallographic 

structure refinement with phenix.refine. Acta Crystallogr D Biol Crystallogr 2012, 68, (Pt 4), 352-67. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789


 

49. Morin, A.; Eisenbraun, B.; Key, J.; Sanschagrin, P. C.; Timony, M. A.; Ottaviano, M.; Sliz, P., Collaboration 

gets the most out of software. Elife 2013, 2, e01456. 

50. Meyer, P. A.; Socias, S.; Key, J.; Ransey, E.; Tjon, E. C.; Buschiazzo, A.; Lei, M.; Botka, C.; Withrow, J.; Neau, 

D.; Rajashankar, K.; Anderson, K. S.; Baxter, R. H.; Blacklow, S. C.; Boggon, T. J.; Bonvin, A. M.; Borek, D.; 

Brett, T. J.; Caflisch, A.; Chang, C. I.; Chazin, W. J.; Corbett, K. D.; Cosgrove, M. S.; Crosson, S.; Dhe-

Paganon, S.; Di Cera, E.; Drennan, C. L.; Eck, M. J.; Eichman, B. F.; Fan, Q. R.; Ferre-D'Amare, A. R.; Fromme, 

J. C.; Garcia, K. C.; Gaudet, R.; Gong, P.; Harrison, S. C.; Heldwein, E. E.; Jia, Z.; Keenan, R. J.; Kruse, A. C.; 

Kvansakul, M.; McLellan, J. S.; Modis, Y.; Nam, Y.; Otwinowski, Z.; Pai, E. F.; Pereira, P. J.; Petosa, C.; 

Raman, C. S.; Rapoport, T. A.; Roll-Mecak, A.; Rosen, M. K.; Rudenko, G.; Schlessinger, J.; Schwartz, T. U.; 

Shamoo, Y.; Sondermann, H.; Tao, Y. J.; Tolia, N. H.; Tsodikov, O. V.; Westover, K. D.; Wu, H.; Foster, I.; 

Fraser, J. S.; Maia, F. R.; Gonen, T.; Kirchhausen, T.; Diederichs, K.; Crosas, M.; Sliz, P., Data publication 

with the structural biology data grid supports live analysis. Nat Commun 2016, 7, 10882. 

51. Oberstein, A.; Jeffrey, P. D.; Shi, Y., Crystal structure of the Bcl-XL-Beclin 1 peptide complex: Beclin 1 is a 

novel BH3-only protein. J Biol Chem 2007, 282, (17), 13123-32. 

52. 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 2003, 19, (3), 341-52. 

53. Galindo, I.; Hernaez, B.; Diaz-Gil, G.; Escribano, J. M.; Alonso, C., A179L, a viral Bcl-2 homologue, targets 

the core Bcl-2 apoptotic machinery and its upstream BH3 activators with selective binding restrictions for 

Bid and Noxa. Virology 2008, 375, (2), 561-72. 

54. Liang, X. H.; Kleeman, L. K.; Jiang, H. H.; Gordon, G.; Goldman, J. E.; Berry, G.; Herman, B.; Levine, B., 

Protection against Fatal Sindbis Virus Encephalitis by Beclin, a Novel Bcl-2-Interacting Protein. Journal of 

Virology 1998, 72, (11), 8586-8596. 

55. Pattingre, S.; Tassa, A.; Qu, X.; Garuti, R.; Liang, X. H.; Mizushima, N.; Packer, M.; Schneider, M. D.; Levine, 

B., Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 2005, 122, (6), 927-39. 

56. Sinha, S.; Colbert, C. L.; Becker, N.; Wei, Y.; Levine, B., Molecular basis of the regulation of Beclin 1-

dependent autophagy by the gamma-herpesvirus 68 Bcl-2 homolog M11. Autophagy 2008, 4, (8), 989-97. 

57. Ku, B.; Woo, J. S.; Liang, C.; Lee, K. H.; Hong, H. S.; E, X.; Kim, K. S.; Jung, J. U.; Oh, B. H., Structural and 

biochemical bases for the inhibition of autophagy and apoptosis by viral BCL-2 of murine gamma-

herpesvirus 68. PLoS Pathog 2008, 4, (2), e25. 

58. Piya, S.; White, E. J.; Klein, S. R.; Jiang, H.; McDonnell, T. J.; Gomez-Manzano, C.; Fueyo, J., The E1B19K 

oncoprotein complexes with Beclin 1 to regulate autophagy in adenovirus-infected cells. PLoS One 2011, 6, 

(12), e29467. 

59. Tian, Y.; Wang, M. L.; Zhao, J., Crosstalk between Autophagy and Type I Interferon Responses in Innate 

Antiviral Immunity. Viruses 2019, 11, (2). 

60. Choi, Y.; Bowman, J. W.; Jung, J. U., Autophagy during viral infection - a double-edged sword. Nat Rev 

Microbiol 2018, 16, (6), 341-354. 

61. Bird, S. W.; Maynard, N. D.; Covert, M. W.; Kirkegaard, K., Nonlytic viral spread enhanced by autophagy 

components. Proc Natl Acad Sci U S A 2014, 111, (36), 13081-6. 

62. Burrage, T. G., African swine fever virus infection in Ornithodoros ticks. Virus Res 2013, 173, (1), 131-9. 

63. Boinas, F. S.; Wilson, A. J.; Hutchings, G. H.; Martins, C.; Dixon, L. J., The persistence of African swine fever 

virus in field-infected Ornithodoros erraticus during the ASF endemic period in Portugal. PLoS One 2011, 

6, (5), e20383. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0095.v1

Peer-reviewed version available at Viruses 2019, 11, 789; doi:10.3390/v11090789

https://doi.org/10.20944/preprints201908.0095.v1
https://doi.org/10.3390/v11090789

