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ABSTRACT 

The study of ancient viral class II envelope fusion proteins within the viral retroelements of 

Nematoda and the nuclear plasmids of Dictyostelium 

Monique K. Merchant - 2019 

 
Within the parasitic nematode Ancylostoma ceylanicum, a nearly 20 million-year-old 

Bel/Pao LTR-retrotransposon encodes an ancient viral class II envelope fusion protein. 
Typically, retroviruses and related degenerate retrotransposons encode a hemagglutinin-like 
class I envelope fusion protein. A subset of Bel/Pao LTR-retrotransposons within the phylum 
Nematoda have acquired a phlebovirus-like env and utilized the encoded fusion machinery 
to escape the genome as intact and novel exogenous retrovirus. This includes C. elegans 
retroelement 13 virus which was recently reclassified as a member of the genus Semotivirus. 
A 3.76 Å cryoEM reconstruction of the encoded membrane fusion machinery of the A. 
ceylanicum retroelement shows that it is a phleboviral homologue and class II fusion protein. 
Biophysical and biochemical characterization indicate this ancient class II fusion protein 
functions under specific physiological conditions targeting late-endosomal membranes much 
like modern viral class II fusogens. Together, this evidence points to a novel case of gene 
exaptation. 

Similarly, class II fusion homologues have been identified within the double-stranded, 
circular, nuclear plasmids of the slime mold Dictyostelium. While these plasmids, specifically 
Ddp1 and Ddp5, have been used as transfer vectors in dictyostelid studies, their relation to 
known viruses has gone unrecognized. Like the env captured by the BEL/Pao LTR 
retrotransposons of Nematoda, Ddp1 and Ddp5 encode a ‘developmental’ transcript that 
share features with a modern RVFV-like M-segment and likely represents another ancient 
class II fusion protein. Why this plasmid carries a complete set of fusion machinery and 
whether it forms infectious virus-like particles is yet to be determined. Regardless, the 
presence of Ddp1 and its potential role in sexual reproduction in Dictyostelium provide 
insight to the promiscuity of envs and the importance of selfish genetic elements (i.e. 
viruses, plasmids, and transposons) in host genomic evolution, horizontal gene transfer, and 
virus evolution. 

The work presented in this thesis highlights the role viral fusion proteins and their 
homologues in biological development and the evolution of sex. It demonstrates the 
potential of nematodes as an ideal system for the study of retrovirus evolution and retroviral 
degradation into LTR-retrotransposons and transposable elements. Due to the remarkable 
conservation of structure in the class II viral fusion protein fold, distant and likely functional 
homologues have been identified. In addition to the structural and biochemical analysis, the 
phylogenetic analysis included emphasizes the genetic exchange of envs and the potential 
for viral zoonoses or host shift.  
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1.0 Introduction 
 
1.1 VIRUSES and EVOLUTION 
 

 Until the last two decades, little about viruses had been understood beyond their 

role as disease-causing agents. Their abundance and ubiquity in all domains of life, and the 

remnants of past infections riddling the genomes of their hosts, suggests an intricate history 

of coevolution with cellular organisms driven by both conflict and cooperation. [1] Viruses 

are the most abundant biological entities on Earth, outnumbering cellular life forms by a 

conservative estimate of one- or two-orders of magnitude. [2] Harbouring the largest 

reservoir of genetic novelty in the world, viruses and their lifecycles provide immense 

evolutionary potential and supplement the vertical evolutionary mechanisms of their hosts. 

[2, 3] 

 In addition to controlling populations of all species with disease, viruses act as major 

ecological and geochemical forces enriching biodiversity and influencing cellular fate. [4] The 

scope of their contributions to evolution is as broad as viruses are diverse. For instance, 

integration events of retroviruses have led to the capture and repurposing of viral genes by 

their hosts, an evolutionary occurrence known as exaptation. [5] Common genes of reverse 

transcribing viruses include the gag, pol, and env genes (gag, pol, and env respectively). Fig. 

1 Their encoded proteins, structural and non-structural, share unique and common features 

across families of viruses and degenerate, yet related retrotransposons and transposable 

elements (TEs). Gag encodes the group-antigen specific proteins such as the capsid (CA) and 

nucleocapsid (NC) proteins. Pol encodes the necessary replication machinery including a 

reverse transcribing polymerase and integrase (INT). The retroviral env encodes the 

‘envelope’ or membrane fusion machinery. In many independent cases of gene exaptation 

and convergent evolution, retroviral gag, pol, and env have been repurposed and adapted 

by a multitude of hosts for critical functions in biology. 

The eukaryotic telomerase maintains the integrity of the genome through multiple 

cycles of replication and cell division and provides the first example of pol exaptation. 

Phylogenetic analyses show the eukaryotic telomerase evolved from the once retroviral 

reverse-transcribing polymerase of bacterial Group II introns. [6] In two independent cases 

of gag exaptation, human and drosophila Arc proteins evolved from domesticated retroviral 

capsids adapted for RNA packaging and host neuronal cell signalling. Fig. 2 [7] While 

instances of gag and pol exaptation are limited, the prevalence of env exaptation is most 
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extensive with the encoded membrane fusion machinery evolving a rich diversity of 

functions in host development. 

 

 

Figure 1. General schematics of genomic architecture for four families of reverse-transcribing 
viruses. Long terminal repeats are depicted by blue boxes. Group-antigen specific (Gag), polymerase 
(Pol), envelope protein (Env), capsid (CA), nucleocapsid (NC), protease (PR), reverse transcriptase 
(RT), ribonuclease H (RH), integrase (INT), Rouse sarcoma virus (RSV), murine leukaemia virus (MLV). 
Genome maps are not drawn to scale and downloaded from the Gypsy Database. Figure sampled 
from Krupovic et al. [8] 
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Figure 2. The neuronal gene Arc encodes a protein which forms virus-like capsids and exhibits 
biochemical properties similar to retroviral Gag proteins. a. As depicted, endogenous Arc forms 
capsids released by extracellular vesicles which mediate intercellular transfer of Arc mRNA in neurons. 
Arc Capsids Bearing Any RNA (ACBARs) b. Representative negative stain and cryoEM images of purified 
rat Arc (prARC). Figure sampled from Pastuzyn et al. [7] 

 
A prominent example of env exaptation is the family of membrane proteins known as 

syncytins evolved from a retroviral env and glycoprotein. The acquisition of the responsible 

env occurred multiple times in the last 85 million years and facilitated the emergence of 

placental mammals. [9] While many syncytins adapted the membrane fusing capabilities of 

the viral glycoprotein to catalyse the formation of the syncytiotrophoblast in placentation, 

others adapted the immune-relevant properties. Fig. 3 [10] It has been indicated that the 

immunosuppressive domain of the glycoprotein transmembrane (TM) subunit and 

cytoplasmic tail, which are typically exposed to the cytoplasm during viral particle assembly 

in infection, confer maternal-foetal tolerance at the placental interface of the mother’s 

immune system during pregnancy. Fig. 6 [9] Another exapted glycoprotein, Suppressyn, 

regulates specific cell fusion events in the placenta by binding to ASCT2, the same receptor 

used by Syncytin-1. [11] In this context, the viral mechanism of receptor interference has 

been adapted to mediate placental morphogenesis. Typically, receptor interference 

prevents superinfection from related viruses once an infection has been mounted in a cell by 

blocking the relevant receptor, preventing further viral membrane fusion and cellular entry. 

This mechanism of regulating membrane fusion has proven useful in mammalian placental 

development as well. 
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Figure 3. Encoded within the env of unique human ERVs, syncytins mediate placental 
morphogenesis. a. Phylogenetic tree of primates and syncytin acquisitions. Human endogenous 
retrovirus (HERV) b. Schematic representation of human placental villus and syncytin expression. 
Figure sampled from Dupressoir et al. [10] 

 
Membrane fusion within placental development and the evolution of the womb are 

not the only roles viruses have played in the evolution of life. Recent structural studies of the 

essential eukaryotic gamete fusion protein HAP2 (also known as GCS-1) depict a membrane 

fusion machinery clearly homologous to modern viral membrane fusion proteins. Identified 

across many kingdoms – from algae, protozoa, free-living ciliates, flowering plants and up to 

arthropods, HAP2 and homologous co-receptors mediate gamete fusion in a remarkable 

species- and sex type-specific manner. Fig. 4 [12] Using a mechanism reminiscent of viral 

membrane fusion, HAP2 and its homologous cell receptors mediate the fusion of haploid 

cells to form a diploid zygote in a fertilization event that defines sexual reproduction in 

eukaryotes. [13] Further investigations are required to determine the species-specific 

mechanisms of gamete fusion by HAP2 and the phylogenetic relationship they share with 

viral fusion proteins. Initial studies of the molecular mechanism and structural fold of HAP2 

indicate genetic exchange amongst early viruses and an ancestral eukaryotic host in the 

evolution of sexual reproduction. Fig. 6 [14] 
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Figure 4. HAP2 is the essential eukaryotic gamete fusogen and homologue of viral class II fusion 
proteins. Schematic depicting the prevalence of HAP2 orthologues amongst eukaryotes, the sperm-
specific expression of HAP2, and possible mechanism for gamete fusion in fertilization with regard to 
viral class II membrane fusion mechanism of Dengue virus. domain I (dI), domain II (dII), domain III 
(dIII). Figure sampled from Fédry et al. [13] 
 

Further examples of retroviral envs and their encoded glycoproteins contributing to 

host biology can be found in viral immunity. In many vertebrate species, there are cases of 

endogenous env acting as restriction factors and conferring resistance against infection from 

related, exogenous retroviruses. [15] This phenomenon can be appreciated in the current 

Australian koala population as an epidemic of the immunosuppressive koala retrovirus A 

(KoRV-A) that has decimated wild populations. [16] Domestication of a degenerate ERV (or 

LTR-retrotransposon) has provided protection and immunity to a small sub-population of 

koalas in Southern Australia. [17] The degenerate retrovirus, known as koala retrovirus B 

(KoRV-B) produces non-infectious particles that act as an endogenous vaccination against 

the many variants of infectious and circulating KoRV-A. [17] More recently, the expression of 

endogenous retroviruses (ERVs) has been observed in human preimplantation embryos and 

pluripotent cells. In this instance, ERV expression and the subsequent viral particle formation 
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may act as a mechanism of priming the immune system during early stages of human 

development. [18]  

Horizontal gene transfer (HGT) and protein expression from ERVs represent obvious 

contributions that viruses make to their hosts’ genomic evolution. However, a broader 

interpretation of virology is necessary to appreciate the roles of viruses in the evolution of 

life. What begins as a host-pathogen conflict reverts to a state of cooperation as retroviruses 

integrate into genomes and change under selective pressures. The role of viruses in genomic 

evolution and host biological development extends beyond the normal consideration of the 

infectious viral lifecycle. While active, replicating retroviruses disrupt and create new genes 

within rounds of infection, they continue to contribute to genome evolution even after they 

lose their infectious particle-producing capability and status as a virus. As ERVs become 

degenerate, acquire mutations, and lose open reading frames (ORFs) in the degradation 

from LTR-retrotransposons to TEs, they provide a forum for host gene exaptation, and on 

rare occasions, opportunities for retroviral evolution. 

 

1.2 VIRUSES and ENDOGENOUS VIRUS-LIKE SELFISH ELEMENTS 

 

 Baltimore classification divides viruses into seven major classes based on their 

genome type and replication cycle: +ssRNA, -ssRNA, dsRNA, ssDNA, dsDNA, +RNA-RT, and 

dsDNA-RT. Fig. 5 Of these, retroviruses are the only class that requires integration into the 

genome of their host for replication. [19] Like their non-retroviral counterparts, the 

exogenous retrovirus faces many selective pressures that dictate their fate including harsh 

environments and the adapting immune system of their host. These pressures drive viruses 

to evolve to optimize their protective coats, subvert an immune response, and settle on 

effective levels of virulence that ensure viral proliferation without the fatality of the host or 

host population. Upon integration, specifically into the germ line, these major selective 

pressures change for the endogenized retrovirus. Fig. 5 
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Figure 5. The generation of viral retroelements via infection and related cellular processes allows 
for the dating of viral integration events and gene acquisitions. The presence of the same 
retroelement in the same genomic loci of related species (such that they are orthologous) indicated a 
viral integration event prior to the divergence of the two species. If the time of speciation is known, 
the minimum age of the viral integration event can be estimated. Endogenous viral element (EVE). 
Figure sampled from Rob Gifford via Holmes. [20] 
 

ERVs comprise ~8% of the human genome as a result of germ line integrations, 

vertical inheritance, and fixation within the population. [20] While latently residing in the 

genome awaiting reactivation and virion production, ERVs face an assortment of DNA repair 

and gene silencing mechanisms. [21] Some ERVs become degenerate as their gag, pol, and 

envs accumulate mutations conferring early termination or a loss of ORFs. These non-

functional ERVs, now restricted to their host’s genome, are known as viral retroelements or 

LTR-retrotransposons designated by their characteristic long terminal repeats (LTRs) and 

gene arrangement. Fig. 1 One remarkable feature of retrotransposons, as seen in numerous 

phylogenetic studies, is the loss and acquisition of various envs. This phenomenon has been 

observed in viral retroelements of plants, nematodes, insects, and fish and, in env 

acquisition, allows a decaying ERV to escape the genome and re-emerge as a novel 

retrovirus. [22-24] Typically defining cell tropism, a viral glycoprotein acquired via the 

incorporation of a foreign env could provide access to a new range of hosts for a recombined 

and active ERV. And yet more frequently, LTR-retrotransposons decay further into TEs as 

their restriction to the genome offers few selective pressures to maintain the gag and 

encoded structural proteins. One notable exception to this is the maintenance of the gag 
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encoding the capsid-forming human and Drosophila Arc proteins adapted from a Ty3/Gypsy 

LTR-retrotransposon for host RNA packaging and neuronal cell signalling. Fig. 2 [7]  

Transposable elements consist of sequences of viral origin, but they are not viruses. 

Comprising at least 50% of the human genome and nearly 85% of some plant genomes, TEs 

maintain a large number of repetitive sequences and the necessary viral genes for 

transposition, mainly the protease (PR), reverse transcriptase (RT), Rnase H (RH), and 

integrase (IN) derived from their once retroviral pol. [1, 25] Most notable are the subclass of 

TEs known as long interspersed nuclear elements (LINES) and short interspersed nuclear 

elements (SINES) which radiate throughout genomes with transposition events in humans 

occurring nearly once in every 20 births. [21] Previously disregarded as “junk DNA”, TEs may 

disrupt genes, provide novel coding activities, and exert a wide range of local transcriptional 

modulation. [21] The recent study of Krüppel associated box (KRAB)-containing zinc-finger 

proteins and their sequence specific, regulatory interactions indicates an even larger role for 

TEs in transcriptional networks, epigenetics, and all aspects of human biology. [21] 

While TEs, including retrotransposons, (and even plasmids) are not viruses, their 

origins and nature are similar. [26] The substantial presence of TEs in genomes and their 

capacity to orchestrate global gene expression demands reconsideration in the field of 

virology. These inherently mobile, genetic parasites deemed virus-like selfish elements 

provide a necessary context for understanding both viral and genomic evolution. [26] Their 

ability to exist in a virus-like state highlights their relationship and the need to examine their 

co-evolution. The viral order Megavirales was recently established to describe a family of 

viruses with a genome sizes in the 2-Mb range with physical dimensions larger than the 

original definition of viruses as filterable infectious agents permits. [27] These giant 

pandoraviruses emerged from the escape and encapsidation of a TE related to the Polintons, 

a family of eukaryotic TEs which also occupy a virus-like state. [27] The related particle-

forming TEs have been more appropriately termed polintoviruses as they encode capsid-like 

sequences that may represent a putative, uncharacterized gag. [27]  

As more sequence data and better homology modelling techniques become 

available, more evidence of the co-evolution amongst various selfish genetic elements and 

viruses will come to light. The following doctoral study highlights two unique examples of 

such co-evolution; specifically, the independent acquisition a nontypical env related to 

modern bunyaviruses, by a degenerate family of LTR-retrotransposons and a family of 

circular dsDNA plasmids. Structural study of these novel cases of env exaptation provide 
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unparalleled context to both the evolution of retroviruses and the evolution of sex by 

illustrating the potential for glycoprotein evolution under varying selective pressures. 

The first instance involves a subset of LTR-retrotransposons of Nematoda, 

degenerate and, until recently, lacking an env. These once viral retroelements acquired an 

env as a novel retrovirus and evolved to use membrane fusion machinery never before 

found in retroviral cell entry. The second instance is equally unique and involves the circular 

dsDNA plasmids of social amoeba Dictyostelium. Here, the expression of a virus-like plasmid 

and the encoded fusion machinery are closely linked to cellular fitness and sexual 

reproduction in the host. Interestingly, there is sequence and structural homology shared 

amongst the encoded fusion protein of the acquired envs to modern class II viral fusion 

proteins and eukaryotic HAP2. Specifically, the env acquired in each of these novel cases of 

gene exaptation share remarkable genomic architecture with the M segment of the modern 

bunyavirus Rift Valley fever virus (RVFV) and strong structural homology with both RVFV 

glycoprotein C (Gc) and the ancient gamete fusogens and HAP2 orthologues of the early 

cellular life form amoeba, Dictyostelium HgrA and HgrB. 

 

1.3 CLASS II FUSION PROTEINS and MEMBRANE FUSION 

 

 Envelope fusion proteins catalyse the fusion of viral and host cellular membranes, 

releasing the viral genome and beginning infection. Fusion proteins organize into at least 

three structurally distinct classes. Fig. 6 [28] Influenza hemagglutinin is a prototypical class I 

fusion protein with a characteristic coiled-coil α-helical core. Almost all known retroviruses 

utilize a class I fusion protein. [29] Class II fusion proteins are predominantly β-stranded and 

will be the focus of this investigation. Class III fusion proteins are represented by herpes 

simplex virus I gB, sharing features of the other two classes with both α-helical and β-

stranded domains. [28, 30] 
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Figure 6. General classes of viral fusion proteins and select biological and developmental 
homologues. Fusion state and biological roles are indicated. syntaxin-1 (PDB: 1HVV), neuronal 
synaptic fusion protein (PDB: 1SFC), syncytin-2 (PDB: 1Y4M), Influenza hemagglutinin A (PDB: 1HTM), 
Human immunodeficiency virus 1 (HIV-1) glycoprotein (PDB: 3CP1), Dengue virus II glycoprotein 
(PDB: 1OAN), C. elegans EFF-1 (PDB: 4OJC), Rift Valley fever virus (PDB: 6EGU), C. reinhardtii HAP2 
(PDB: 5MF1), vesicular stomatitis virus (VSV) glycoprotein (PDB: 5I2M), herpes simplex virus I gB 
(PDB: 2GUM), Epstein-Barr virus gB (PDB: 3FVC), baculovirus GP64 (PDB: 2DUZ). [13, 31-42] 
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 Until recently, class II fusion proteins had only been identified in flaviviruses and 

alphaviruses of the families Flaviviridae and Togaviridae, respectively. The recent discovery 

of a class II fusion protein in the unrelated phleboviruses of the family Bunyaviridae and 

hantaviruses of Hantaviridae expanded their previous distinction from the membrane fusion 

machinery of just +ssRNA viruses to include -ssRNA viruses. Fig. 7 [43, 44] All three genera 

exhibit viral life cycles that alternate between vertebrate or plant hosts amongst arthropod 

and nematode vectors producing mostly icosahedral viral particles ranging from 50 to 110 

nm in diameter. Fig. 8 [45, 46] To begin infection, bunyaviruses must fuse their viral 

envelope with host cellular membranes allowing the delivery of their three single-stranded 

negative- and ambi-sense RNA genome segments into the host cytoplasm. Other enveloped 

viruses such as influenza virus (utilizing a class I fusion protein) or flaviviruses, with a 

prototypical class II fusion protein, enter the cell through the endocytic pathway following 

cellular attachment. [43] The process of class II membrane fusion, from attachment via 

receptor-binding to its regulation at the target membrane is orchestrated by a collection of 

viral structural proteins and their cellular cofactors.  



 - 27 - 

 
Figure 7. Rift Valley fever virus glycoprotein C (RVFV Gc) is a model class II viral fusion protein. a. 
The monomeric crystal structure of RVFV Gc (PDB: 4HJ1) reveals a pre-fusion conformation with a 
largely β-stranded domain I (DI) in red and domain II (DII) in yellow hinging towards a hydrophobic 
fusion loop (orange) and a IgC-like domain III (DIII) in blue. Twelve disulfide bonds (green) stabilize 
the class II fusion fold. b. Crystal packing of dimeric RVFV Gc reveals N-linked glycosylation (black) at 
Asn1081 and Asn794. In the dimeric conformation, the glycan at Asn1081 shields the hydrophobic 
fusion loop (circled) of the neighbouring subunit. [43] 
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Figure 8. Shielding and activation of the RVFV Gn-Gc heterocomplex. a. Genomic architecture of the 
RVFV M segment. Predicted glycosylation sites are indicated (Y). Signal peptide (SP), transmembrane 
domain (TM), non-structural protein of the M segment (NSm). b. Crystal structure of RVFV Gn at 1.6 
Å (PDB: 6F8P). [47] c. Model of icosahedral virion comprised of Gn-Gc heterocomplex fitted to a 13 Å 
icosahedral reconstruction. Pentameric Gn-Gc capsomer (P), distinct hexameric Gn-Gc capsomer (H1, 
H2, H3) (EMD-4197 and PDB: 6F9B). [47] d. Model for low pH triggered conformational re-
arrangement of Gn-Gc heterocomplex depicts selective exposure of hydrophobic fusion loop (FL) of 
Gc at the pentameric capsomer and shielding otherwise. e. Sub-tomogram average of the RVFV 
pentameric interface at pH 5.0 with the RVFV Gn and Gc crystal structures modelled and C-terminal 
domains unfilled (*). f. Sub-tomogram average of RVFV virion interacting with liposome membrane 
(M). Pentameric capsomers are indicated (P). Scale bar, 50 nm. (EMD-4210 and EMD-4211). Figure 
and images sampled from Halldorsson et al. [47]  



 - 29 - 

 
Class II fusion proteins are anchored to the viral membrane by a short, flexible 

amphipathic stem and C-terminal TM domain. [45] The surface unit consists of three 

domains: a β-barrel (domain I) extending into a largely β-stranded region that tightly 

supports a hydrophobic fusion loop (domain II) and a C-terminal IgC-like unit responsible for 

cellular tropism and antibody neutralization (domain III). Fig. 7a [43, 45] The tightly folded 

conformation stabilizing the fusion loop is maintained by a series of disulfide bonds as seen 

in the RVFV Gc crystal structure. Fig. 7a [43] The pre-fusion conformation shields the 

hydrophobic fusion loop in a dimeric state in the glycoprotein shell of the viral particle. Fig. 

7b [43] Typically, in a transition state deemed the “pre-hairpin” intermediate, a 

conformational change triggered by a transition to low pH exposes the fusion loop for 

insertion into the host cellular membrane. The fusion of viral and host cellular membranes 

results from the folding back of the inserted fusion loops towards the TM anchors and 

bending of apposed membranes. Fig. 9 [45] Mixing of the outer leaflets, or hemi-fusion, 

establishes pore formation but the high-energy membrane fusion event is marked by fusion 

pore expansion and content-mixing. [48] The post-fusion, trimeric conformation of RVFV Gc 

and other class II fusion proteins is additionally stabilized by intermolecular contacts 

between the stem region, ectodomain, and the three-fold axis. Fig. 10 [37, 45]  

 

 
Figure 9. A model for phlebovirus Gc-mediated membrane fusion via fusion loop insertion at the 
pentameric interface. Upon exposure to low pH, Gn translates to expose the hydrophobic fusion 
loop of Gc at the pentameric interface. Gn disassociation, direct glycerophospholipid binding, and 
lipid membrane distortion yield a post-fusion Gc homotrimer and membrane fusion. Gn-Gc domains 
are coloured as previously denoted. Figure sampled from Halldorsson et al. [47] 
 

In bunyaviruses, the mechanism of shielding and activating membrane fusion is 

mediated by a secondary structural protein encoded within the viral M segment (akin to 

retroviral envs). Fig. 8 By bunyaviral nomenclature, the M segment encodes a polyprotein 
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encoding two TM-anchored structural proteins, glycoprotein N (Gn) and C (Gc) which are 

proteolytically cleaved to constitute the membrane fusion machinery (additional 

abbreviations for the structural proteins of viral fusion machinery include G1/G2 and E1/E2.) 

In RVFV, the Gn-Gc heterocomplex decorates the surface of icosahedral virions formed from 

a pentameric capsomer and three structurally distinct hexameric capsomers. Fig. 8 [47] A 

high-resolution sub-tomographic model of membrane-docked RVFV virions supports a new 

model of class II mediated fusion. Fig. 8 [47] Upon exposure to a low pH environment, Gn 

dissociates from Gc allowing for a conformational rearrangement that exposes the 

hydrophobic fusion loop in the extended pre-hairpin intermediate state driving insertion 

specifically at the pentameric interface. Fig. 8 [47] With the sparsity of the pentameric 

interface on the icosahedral particle and the Gn-Gc heterocomplexes so tightly coordinated, 

this model of membrane fusion suggests a cooperative conformational rearrangement or 

cascade-like triggering of membrane fusion. Fig. 8 Once released from Gn at the pentameric 

interface, Gc would insert into the host membrane and sample the thermodynamically-

stable post-fusion homotrimeric conformation as observed in single particle studies of West 

Nile virus E. Fig. 8, Fig. 9 [49] As trimerization at the primed pentameric interface occurs, 

two Gc proteins would be freed to destabilize the neighbouring Gc hexamers furthering 

trimerization and membrane fusion in a concerted effort. The exact mechanics of Gn-Gc 

coordinated membrane fusion require further investigation as high-resolution single particle 

and correlative light microscopy technologies are developed. While RVFV provides a great 

model for bunyaviral class II membrane fusion of a Gn-Gc comprised particle, diversity 

amongst class II fusogens and their accessory structural proteins would allow for variability 

in such a mechanism and the selection for particular structural or biochemical features 

involved in regulating it. 

 The precise trigger for membrane fusion by class II fusion proteins may be unique to 

each glycoprotein, but structural conservation amongst related families of viruses has 

conserved specific functional and biochemical features. For bunyaviruses, a series of pH-

sensing histidines mediate conformational changes from the dimeric pre-fusion Gn-Gc 

heterocomplex through an extended intermediate to a post-fusion Gc trimer as the virion 

matures with the endosomal compartment. Fig. 8, Fig. 9 [47] In bunyaviruses like Uukuniemi 

virus (UUKV) and RVFV, flaviviruses like WNV and Japanese encephalitis virus (JEV), and 

alphaviruses like Semliki Forest virus (SFV), extensive lipid binding, mixing, and fusion assays 

indicate a role for anionic lipids in catalyzing membrane fusion. [37, 47, 49-52] Specifically, 
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the glycerophospholipids phosphatidylserine (PS) and bis(monoacylglycerol)phosphate 

(BMP), which are both enriched in late-endosomal compartments, promote lipid mixing and 

fusion events of virus and virus-like particles. [37, 47, 49-52] In addition to BMP- and PS- 

mediated fusion, cholesterol and other sphingolipids have also been indicated in promoting 

membrane fusion of flaviviruses and phleboviruses. [53, 54] The biophysical properties of 

lipids and lipid membranes (i.e. lipid bilayer composition, membrane fluidity, and membrane 

curvature) are all underlying factors contributing to membrane fusion. Lipid sensing via the 

direct binding of specific glycerophospholipids (GPLs) and conformational activation of class 

II fusion proteins may provide a structural mechanism for regulating and promoting 

membrane fusion at the appropriate host cellular membrane. [37]  
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Figure 10. The post-fusion conformation of RVFV Gc reveals a conserved glycerophospholipid-
binding pocket flanking the hydrophobic fusion loop. a. Domain I (red), domain II (yellow), and 
domain III (blue) of the RVFV Gc homotrimer are arranged such that the once flexible stem (magenta) 
folds back to stabilize the hydrophobic fusion loop (orange). Arg776 within a binding pocket (circled) 
conserved in alphaviruses and flaviviruses binds a phosphatidylcholine head-group (white, coloured 
by atom). Surface area of the two additional subunits of the homotrimer are depicted with one in 
light grey and the other coloured by domain as described above. b. Histidines (dark grey) flank the 
fusion loop and make intermolecular contacts in domain III to stabilize the post-fusion trimer. (PDB: 
6EGU) [37] 
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The post-fusion crystal structure of RVFV Gc depicts a GPL head group-binding pocket 

conserved amongst flaviviruses and phleboviruses in which an arginine flanking the fusion 

loop binds a charged phosphatidylcholine head group (PDB: 6EGU, residue R776). Fig. 10 

[37] While the responsible residue is conserved in flaviviruses and phleboviruses, it is not 

present in the class II fusion proteins of alphaviruses like SFV. Fig. 11 Given the sensitivity of 

class II fusion proteins from all three viral families to anionic lipids at low pH, the 

glycerophospholipid-binding specificity to PC in RVFV Gc should be considered carefully. 

Different families of viruses, experiencing selective pressures from a variety of hosts, might 

evolve both general and specific structural and biochemical features of membrane fusion to 

target the appropriate membrane. Additional studies are necessary to determine whether 

RVFV Gc and other class II viral fusion proteins bind generally or specifically to GPL head 

groups; and whether direct binding of polar lipids or their biophysical membrane properties 

facilitate membrane fusion. 

 

Figure 11. Conservation of a glycerophospholipid-binding pocket amongst flaviviruses and 
alphaviruses. The RVFV Gc fusion loop is flanked by phosphatidylcholine (PC) binding site. (PDB: 
6EGU) The GPL has been modelled onto the flavivirus E protein of dengue virus serotype I (PDB: 
4GSX) and alphavirus E1 protein of Semliki Forest virus (PDB: 1RER). PC head group binding R776 of 
RVFV Gc is conserved in flaviviruses (R73). With P226 dictating lipid-dependence in SFV E1, a bulkier 
GPL head group may be accommodated. Figure sampled from Guardado-Calvo et al. [37] 
 

Although the sequences encoding these class II fusion proteins are highly divergent, 

the core structural features are maintained as well as the pattern of stabilizing disulfide 

bonds. Fig. 7, Fig. 10 Given the critical role of the disulfide tertiary features in maintaining 

the structural integrity and function of class II fusion proteins, the conserved pattern of 



 - 34 - 

cysteines was targeted in a search query to identify distant class II fusion homologues. 

Surprisingly, the class II fold predominantly found in +ssRNA and –ssRNA viruses was 

identified in a group of viral retroelements of Nematoda and in a poorly understood nuclear 

plasmid of the amoebae Dictyostelium. The viral retroelements containing the Phleboviral 

G2-like env were first identified in the study of LTR-retrotransposons in Caenorhabditis 

elegans and represent the first identified retroviruses to use a class II fusion protein for 

cellular entry. [22] The structural and biochemical study of the class II fusion protein from a 

related BEL/Pao LTR-retrotransposon in the human parasitic hookworm Ancylostoma 

ceylanicum will be one major aspect of this doctoral research. Another includes similar 

efforts to characterize the putative class II fusion protein encoded in the Dictyostelium 

discoideum plasmid 1 (Ddp1), a nuclear plasmid of the cellular slime mould of Dictyostelium. 

To provide evolutionary context to the study of a family of such widespread fusion proteins, 

a preliminary phylogenetic analysis of the class II env encoding ERVs of A. ceylanicum 

(AceERVs) amongst known semotiviruses and modern class II viral fusion proteins has been 

done. By extending this structural and phylogenetic analysis further to include known 

fusexins like HAP2 and the HgrB-like env of Ddp1, this study informs on the link between 

viral class II fusion proteins and the evolution of sex. Like other viral retroelements and ERVs 

fixed in the genomes of their hosts, the AceERVs of Nematoda preserve viral sequences like 

a genomic fossil and date back to early nematode speciation in evolution. Fig.5 [55] The 3.76 

Å cryoEM model presented in this work represents that of an ancient viral class II fusion 

protein, predating modern viral class II fusion proteins by nearly 20 million years. This 

structure and supporting phylogenetic analyses should prove invaluable in discerning both 

the selective pressures driving modern class II viral fusion protein evolution and the 

primordial link between viral infection, membrane fusion, and the evolution of life. 

 

1.4 VIRAL RETROELEMENTS of NEMATODA 

 

 LTR-retrotransposons are divided into four subclasses based on their sequence 

similarity and structural features: Ty1/Copia, Ty3/Gypsy, BEL/Pao, and DIRS. [56] While 

BEL/Pao are the second most abundant subclass of LTR-retrotransposons in eukaryotic 

genomes, they are most abundant in C. elegans and have not been identified in mammalian 

genomes. [56] Due to their wide distribution throughout the phyla Nematoda, Arthropoda, 

and Chordata, BEL/Pao elements are believed to have originated in early metazoan 
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evolution. [56] BEL/Pao elements have PR-RT-RH-IN domain arrangements, similar to the 

well-studied Ty3/Gypsy elements, and few contain an env. Fig. 1, Fig. 12 [56] 

 Retroelements of C. elegans have been sorted by LTR identity and RT sequence 

similarity resulting in 13 distinct groups individually denoted Cer1-20 with suspected 

transpositions of the same elements designated in a “.1, .2, .3” fashion (i.e. Cer1.1, Cer6.1). 

Fig. 12 [23, 24] A majority of these belong to the BEL/Pao subclass, all of which share a 

remarkable feature in their RT domain. Similar to the Tas elements, an unusual Y-V-D-N 

motif has replaced the typical F/Y-X-D-D motif of the RT active site. [23]  

 

Figure 12. Initial characterization of ORFs from BEL/Pao clade retrotransposons including C. 
elegans retroelements 7, Cer13, and Cer14. Phlebovirus G2-like sequences (red) were first identified 
within the env of a subset of BEL/Pao LTR-retrotransposons. Vertical lines indicate early termination 
or frameshift; triangles indicate large deletions. Domains predictions are depicted as follows: 
protease (PR), reverse transcriptase (RT), RNase H (RNH), integrase (IN), and envelope protein (ENV). 
Figure sampled from Malik et al. [22] 
 

Cer7, Cer13, and Cer13.2 (referenced as Cer14 by Bowen and McDonald [24]) 

represent the few BEL/Pao elements containing an env, all of which share homology with the 

RVFV M segment. [22] The phlebovirus RVFV circulates through a variety of arthropod 

vectors, infects humans and livestock, and contains a tripartite ambisense ssRNA genome. 

[57] The M segment of RVFV encodes a polyprotein yielding predominantly Gn and Gc, and 

from leaky scanning in translation initiation, full length and N-terminal truncations of the 

non-structural protein NSm1 plus Gn and Gc or a fusion of NSm1-Gn and Gc. Fig. 8 [58] 

In active ERVs, envelope fusion proteins are expected to be much less similar in 

sequence compared to the RT. Glycoproteins are antigenic and under particular selective 

pressure to evade host immune responses. With both the RT and envelope protein 
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sequences sharing ~50% similarity between elements, phylogenetic analyses suggest a 

recent capture of the env by the BEL/Pao LTR-retrotransposon. Fig. 5 [23] The relationship 

between Cer7 and Cer13 is unclear; while Cer7 is clearly a degenerate LTR-retrotransposon, 

Cer13 is maintained within a single ORF. [55] They may have evolved from the same 

ancestral retrotransposon that captured the phlebovirus-like env or represent unique 

integration events from an exogenous retrovirus utilizing a class II fusion machinery. [23] 

Regardless, these retroelements and ERVs, identified throughout Nematoda in 

Caenorhabditis briggsae and the blood-feeding hookworm A. ceylanicum, represent the first 

known family of retroviruses utilizing a class II fusion protein. 

Cer13 is the only intact ERV in C. elegans with a single ORF encoding a GAG, PR, RT, 

RN, IN and the putative class II envelope fusion protein. Fig. 12 [22] Cer13 is an 8,214 bp 

insert on the X chromosome flanked by 234 bp LTRs of 100% sequence identity, implying 

recent integration. [23] Degenerate Cer13.1 is suspected to be a truncated, transposition of 

Cer13 as a 961 bp insert on chromosome IV flanked by 243/234 bp LTRs with 99.6% 

sequence identity. The env is not recognizable in this retroelement. [23] Degenerate Cer13.2 

is another truncated, suspected transposition of Cer13 on Chromosome IV. Fig. 12 The exact 

length of the insert and LTR identity have not been determined, but the retroelement is 

approximately half the length of Cer13 with a partial RT domain, an intact RN and IN domain, 

and the first half of the class II env. [22] Both Cer13.1 and Cer13.2 LTR-retrotransposons 

provide evidence of retro-transposition and indicate Cer13 is a recently active ERV. 

Recognized as containing all the necessary characteristics of an active, integrated 

retrovirus, the Cer13 LTR-retrotransposon was recently reclassified as the C. elegans Cer13 

virus (Cer13V). [59] The International Committee on the Taxonomy of Viruses (ICTV) 

established the new family of ssRNA retroviruses, Belpaoviridae, containing the genus 

Semotivirus within the new order Ortervirales. Fig. 13 [59] Cer13V is just one of the eleven 

known semotiviruses within this new classification. The genus name is derived from the 

Latin semotus meaning “distant or removed” referring to the distinct evolutionary history of 

semotiviruses of Belpaoviridae from the family Metaviridae. Based on their RT sequence, 

semotiviruses predate modern retroviruses in viral evolution. Fig. 13 [59] Present 

throughout invertebrate genomes, semotiviruses seemingly lose and acquire viral envs with 

just two of the established semotiviruses encoding membrane fusion machinery: Drosophila 

melanogaster Roo virus (DmeRooV) and Cer13V. Fig. 1 [59] Cer13V encodes the phlebovirus-

like class II env and fusion protein most similar to the bunyavirus RVFV. The Cer13V env 
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contains a leader signal peptide (SP) sequence, putative furin cleavage and glycosylation 

sites, and predicted TM domains as would be expected in Gn-Gc encoding class II env. [23] 

While the exact mechanism of env exchange by semotiviruses is unknown, expression data 

suggests a role for splicing during infection of their invertebrate hosts in this genetic 

exchange. [22, 55] Further study of these semotiviral class II and class III envs is necessary to 

understand their difference from the class I envs encoded by modern retroviruses. 

 

Figure 13. Maximum likelihood phylogeny of viral reverse transcriptases establishing five distinct 
families of reverse-transcribing viruses in the order Ortervirales. Semotiviruses of Belpaoviridae 
predate modern retroviruses based on the RT. Tree was inferred using PhyML from 290 ICTV-
recognized viral sequences and rooted with non-viral elements (bacterial group II introns and 
eukaryotic LINEs). LTRs (black triangles). Figure sampled from Krupovic et al. [59] 
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Cer13V is the first known retrovirus to use a class II fusion protein machinery. The 

presence of a related yet degenerate LTR-retrotransposon containing a phlebovirus-like env 

in C. briggsae leads to the speculation of an ancestral retroelement’s capture of the 

phleboviral env prior to Caenorhabditis speciation. [23] However, the presence of related, 

intact class II env-containing ERVs in the more distantly related nematode A. ceylanicum 

supports the hypothesis that Cer13V and A. ceylanicum BEL/Pao LTR-retrotransposons 

represent unique integrations from an ancient exogenous retrovirus infecting nematodes 

with a phleboviral-like env. Both hypotheses will be addressed in later phylogenetic analyses 

of these class II fusion protein-containing viral retroelements of Nematoda. 

 

Figure 14. Schematic of the A. ceylanicum Atlas retroelement and phlebovirus-like env. a. One of 
six intact ERVs of the BEL/Pao lineage in A. ceylanicum encoding a phlebovirus-like env, the Atlas 
retroelement (AceY032.s0020.g0108) contains the domain architecture of a novel semotivirus most 
similar to Cer13V. The putative semotivirus 9,204-bp insert flanked by LTRs contains a single ORF 
expected to be proteolytically-cleaved polyprotein. Domain homology predictions by HMMER are 
indicated by residue as follows: group-antigen specific protein (GAG), protease (PRO), reverse 
transcriptase (RT), ribonuclease H (RH), integrase (INT), glycoprotein N (Gn), glycoprotein C (Gc). [60] 
b. The Atlas env shares gene architecture with the RVFV M segment and structural homology with 
RVFV Gc. Atlas Gc is coloured by homology to RVFV Gc based on Phyre2 one-to-one threading. [61] 
Predicted transmembrane domains are depicted as black lines. Predicted furin cleavage and 
glycosylation sites are indicated, as well as potential fusion loop mutants R86A and F136A/F137A. 
 

While there are numerous BEL/Pao LTR-retrotransposons in the A. ceylanicum 

genome, only a small subset encode the phlebovirus-like class II env. Identified with Cer13V 

env as a strong structural homologue of RVFV Gc, the A. ceylanicum retroelement 

AceY032.s0020.g0108, denoted Atlas for the remainder of this study, is a 9,204-bp insert 

flanked by 271 bp LTRs with 100% sequence identity. Fig. 14 With the same genomic 

features observed in Cer13V, the A. ceylanicum Atlas retroelement appears to be an intact 

ERV and novel semotivirus. The structural and biochemical study of the Atlas env will be the 
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major focus of this thesis. A phylogenetic study of Atlas and the other class II env-containing 

ERVs of A. ceylanicum (AceERVs) will provide additional context to the study of this ancient 

viral class II fusion protein to modern viral class II fusion proteins, fusexins like HAP2, and 

the HgrB-like env of Ddp1, the nuclear plasmid of Dictyostelium. 

 

1.5 NUCLEAR PLASMIDS of DICTYOSTELIUM  

 

 The social amoebae Dictyostelium have a unicellular and multicellular life cycle 

characterized by a vegetative growth phase and a starvation-induced developmental phase, 

respectively. Fig. 15 [62] The cellular slime mould is soil dwelling, feeding on phagocytized 

bacteria, and maintains a haploid genome in its unicellular vegetative state. [62] Upon 

starvation, the amoebae aggregate to form a multicellular organism that persists towards 

the formation of a reproductive macrocyst or an asexual fruiting body depending on 

environmental cues. [62, 63] The diploid zygote of the macrocyst undergoes meiosis to 

resume its unicellular life cycle but consumes the remainder of macrocyst cells in the 

process. [62, 63] The formation of the asexual fruiting body comes at a similar cost to the 

amoebal community. Fig. 15 In this instance, the multicellular aggregate differentiates into 

two major haploid cell types: stalk and spore cells. Stalk cells support the formation of the 

spore, ultimately dying for the proliferation of the few spore cells not consumed in further 

development. [62, 63] In this communal amoeba, both sexual and asexual reproduction 

allow time for the surrounding bacterial nutrients to replenish but at the cost of a huge 

population bottleneck as individual dictyostelium are consumed for the zygote or spores 

seeding the next generation. 
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Figure 15. SEM image of the social amoebae D. discoideum at various stages of its asexual 
reproductive cycle and fruiting body formation. Triggered by a limitation in bacterial nutrients, 
single cellular amoeba aggregate together to form a multi-cellular migrating slug that develops into 
spore-forming fruiting body supported by a stalk. Numerous stalk cells are consumed in the process 
for the proliferation of the few spore cells. Scanning electron microscopy (SEM) [64] 
 
 The plasmids of Dictyostelium are poorly understood. They are found in 17-83% of 

wild-type Dictyostelium isolates, and account for almost 3% of their hosts’ genome. [62] 

These plasmids are circular dsDNA present only in the nucleus where they are 

chromatinized. [62] They are maintained at a characteristic, high copy number of ~50 or 300 

molecules per haploid cell, depending on the particular strain. While these plasmids contain 

no sequences similar to Dictyostelium chromosomal or mitochondrial DNA or to the 

extrachromosomal ribosomal DNA also present in the nucleus, they have characteristics 

similar to the Dictyostelium genome such as low GC content and many poly-asparagine/poly-

glutamine tracts. [62, 65] Ranging from 1 to 27 kB in size, these plasmids have been divided 

into four families based on sequence similarity and common gene sets. [62] 
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Figure 16. Schematic of Ddp1, the nuclear dsDNA circular plasmid of Dictyostelium. Genes 
expressed in the vegetative growth phase (dark grey) of the slime mould host are deemed growth 
transcripts (G1, G2, G5, G6) while those expressed in the reproductive developmental phase (light 
grey) of the slime mould host are deemed developmental transcripts (D1 and D2). The replication 
origin (charcoal) of the 13,729-bp plasmid is the initial site for a rolling-circle replication. Homology 
searches with Ddp1 yield no hits, except for the C-terminus of the D2 ORF. D2 shares gene 
architecture with the RVFV M segment and structural homology with RVFV Gc. Ddp1 D2 is coloured 
by homology to RVFV Gc based on Phyre2 one-to-one threading. [61] Predicted glycosylation sites 
and transmembrane domains (black) are indicated. 
 
 Ddp1 was the first plasmid discovered and characterized in D. discoideum. Fig. 16 The 

13,674-bp plasmid contains 6 ORFs described as G1, G2/G3/D4, G4/D5, G5/D6, D1/D3, and 

D2 each associated with their individual growth stage transcripts (G) or developmental stage 

transcripts (D). [64] All of the growth phase, vegetatively-expressed genes are required for 

plasmid maintenance. [64] The largest ORFs, D1/D3 and D2, are only expressed in the 

developmental aggregate stage of the amoebal life cycle and may contribute to cell-fate 

determination between stalk and spore cells (or zygote and other macrocyst cells). [62] 

Although carrying these nuclear plasmids slows growth for Dictyostelium, no obvious 

phenotype had been associated with their presence until recently. Dr. Gareth Bloomfield 
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(Kay Lab, MRC Laboratory of Molecular Biology, Cambridge) has identified a unique feeding 

advantage for amoebae carrying the Ddp1 plasmid. Unpublished data With starvation being 

a critical stimulus in the Dictyostelium life cycle and influential to individual cell fate, the cost 

of carrying the nuclear plasmid may be worth the additional fitness and survival rate. In 

this hypothetical instance of host-pathogen cooperation, the plasmid and its host amoeba 

would both benefit from becoming either a zygote or spore cell in proliferation. The 

identification of a SET domain in the N-terminus of the G1 transcript further supports the 

hypothesis that Ddp1 may be interfering with Dictyostelium genome expression. SET 

domains are known for catalysing histone lysine methylation and nucleosome remodelling in 

gene expression. [66] The recent determination of the RVFV Gc crystal structure provided 

the first structural homologue of any Ddp1 sequence: the developmentally expressed D2. 

The gene architecture, similar to the RVFV M segment, and the conservation of disulfide 

bonds in the D2 primary sequence suggest that D2 encodes a functional class II fusion 

protein. Fig. 16 The role of this virus-like membrane fusion machinery encoded by D2 of 

Ddp1 has yet to be determined and requires further investigation. Currently, Ddp1 

transmission requires cell-to-cell contact and cannot be passed to uninfected dictyostelium 

from infected, cell-free supernatants. Unpublished data, Bloomfield While virus-like particle 

formation of the Ddp1 plasmid has yet to be observed, it remains plausible that the class II 

env encoded within Ddp1 D2 contributes to the production of viral particles. 

The lack of phenotype and absence of detectable homologues in modern databases 

has kept researchers from considering these nuclear plasmids of Dictyostelium as more than 

convenient tools for studying their host amoebae. Their widespread distribution, prevalence, 

genomic characteristics, and possible role in host feeding and cell-fate determination 

suggest a cooperative history of coevolution between these plasmids and their cellular slime 

mould hosts. Indeed, the identification of a conserved viral class II env inspires the 

reconsideration of these nuclear plasmids as virus-like selfish elements. Further investigation 

of the Ddp1 D2 env is required to determine whether Ddp1 is packaged into infectious, virus-

like particles. Alternative scenarios could involve the exaptation of the phlebovirus-like D2 

env by either the plasmid or host amoebae to facilitate any of the numerous membrane 

fusion events occurring throughout the Dictyostelium life cycle in propagation of the 

infected host cell and its containing plasmids.  

One enticing hypothesis would involve the Dictyostelium homologs of HAP2— HgrA 

and HgrB, the gamete fusogens mediating fertilization of the three dictyostelium sex types. 
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[63, 67, 68] While HgrA is highly homologous to HAP2, phylogenetic studies indicate HgrB 

evolved independently unique to the dictyostelid lineage. [68] Variable expression of HgrA 

and HgrB and their homologous cell surface receptors MatT and MatD amongst the three 

sex-types of haploid amoeba mediates mating-type specific gamete fusion. [68] With a 

mating-type expression profile distinct from HgrA, the adaptation of a more virus-like 

mechanism of gamete fusion by HgrB is indicated. [68] Preliminary phylogenetic analysis 

suggests HgrB may share more homology with modern class II viral fusion proteins than 

HgrA and the other HAP2 orthologues. Unpublished data, Bloomfield Until further studies 

are completed, the molecular mechanism of HgrA- and HgrB-mediated gamete fusion and 

mating-type differentiation will remain unclear. Regardless, the effect of Ddp1 D2 expression 

in cell fate determination reveals a potential mechanism for modulating sexual reproduction 

by the plasmid and cellular slime mould host in which HgrB and its receptors, a secondary 

set of virus-like gamete fusion machinery, are involved. 

While structural and biochemical study of the Ddp1 D2 env was attempted in this 

work, protein expression limited analyses. As a strong structural homologue of the RVFV Gc, 

Cer13V env, and Atlas and AceERV envs, the Ddp1 D2 env has been included in extended 

phylogenetic analyses. Further analysis of Ddp1 D2 env including HAP2 orthologues and the 

Dictyostelium HgrA, HgrB, MatT, and MatD fusexins will provide additional insight to the role 

viruses and virus-like selfish elements in the evolution of sex. 

A structural investigation of this scope complemented with phylogenetic analyses will 

provide unparalleled insight to the underestimated role of class II fusion proteins in biology 

and the genetic contribution of viruses and virus-like selfish elements have made in 

evolution of life. In appreciating the promiscuity of viral envs, elucidating their phylogenetic 

relationships, and studying the variety of the novel biological functions class II fusion 

proteins from viruses and virus-like selfish elements have evolved our understanding of 

virology and viruses as simply disease-causing agents will change. 
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2.0 Purification of a viral class II fusion protein from the A. ceylanicum Atlas ERV for X-ray 
crystallography 

 
2.1 Introduction 
 

Class II membrane fusion proteins provide a uniquely ideal system for a structure-

function study. While there is some diversity in the protein fold and fusion mechanism, their 

function and activity restrict core features of their structure in protein evolution. Three 

distinct domains have been structurally conserved across class II fusogens each stabilized by 

an extensive series for disulfide bonding. Often expressed as a polyprotein, the N-terminus 

of viral class II fusion proteins is cleaved from a signal peptide sequence. Domain I and 

domain II are largely b-stranded, interleaved, and separated by a dynamic helical hinge. 

Disulfide bonds specifically stabilize the hydrophobic fusion loop of domain II. For class II 

fusogens activated by an acidic environment, a myriad of pH-sensing histidines flank the 

fusion loop and domain interfaces and mediate conformational re-arrangements in 

membrane fusion. Fig. 7b, Fig. 10b The IgC-like b-barrel of domain III is known for receptor 

binding and oligomerization by stabilizing higher order oligomers at intermolecular 

interfaces. A flexible C-terminal stem pulls on the membrane as it is anchored, folds back, 

and interacts with domains I and II and the fusion loop in the post-fusion trimeric state. GPL 

binding in a conserved pocket adjacent to the membrane anchor of RVFV Gc suggests a role 

for lipid-specific adhesion and torsion in the modern viral class II membrane fusion 

mechanism. For these reasons, structural determination of the ancient class II fusogen 

encoded within the A. ceylanicum Atlas retroelement provides context to the conservation 

of these core features in modern viral homologues and a foundation for the study of class II 

glycoprotein evolution. 

X-ray crystallography has proven a highly successful technique for the structural 

determination of many viral proteins, including class II fusogens. [34, 37, 39, 41, 42, 69-71] In 

these instances, recombinant expression and purification of the ectodomain of viral 

glycoproteins has enabled protein crystallization and X-ray diffraction studies. Often, viral 

glycoproteins were expressed in insect cells to accommodate post-translational 

modifications such as N-linked glycosylation that bacterial expression would not yield. For 

viral class II fusogens, varying the length of the C-terminal stem in expression constructs can 

drive the purification of pre-fusion monomer and dimeric conformations versus post-fusion 

trimeric conformations. Crystallization of both pre- and post-fusion conformations has been 
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successful for class II fusogens so long as a highly pure, homogenous samples can be 

attained. 

 

2.2 Design of Ace constructs from the A. ceylanicum Atlas retroelement 

 

Initial expression of the candidate class II fusion protein from the A. ceylanicum Atlas 

retroelement was guided by a previously successful effort in which the structure of 

homologue RVFV Gc was determined by X-ray crystallography. Fig. 7 [43] The crystal 

structure of RVFV Gc in a pre-fusion conformational state was attained by expressing the 

ectodomain of the viral glycoprotein in a recombinant baculovirus system. The crystallized 

RVFV Gc construct utilized a C-terminal histidine tag following residues 691-1,159 of the viral 

M segment. Fig. 8a [43] This construct terminated immediately after the final β-strand of 

domain III and did not include the C-terminal stem of RVFV Gc. The initial A. ceylanicum Atlas 

retroelement env construct (generally referred to here after as Ace or Ace### specifically) 

was modelled alike guided by the RVFV Gc crystal structure (PDB code: 4HJ1) and multiple 

sequence alignments with other candidate class II fusogens. Fig. 17, Fig. 18 Ace construct 

Ace512 was selected as a preliminary expression construct by analysis of a structure-based 

sequence alignment to RVFV Gc. Fig. 17 Ace512 includes ERV residues 2,329-2,754 with the 

addition of a C-terminal 8x-histadine (His) tag. Ace512 was cloned into the pAc/GP67 vector 

for transfection with the ProFold-ER linearized baculovirus DNA to produce recombinant 

baculovirus for initial insect cell expression tests. Multiple sequence alignment of the 

candidate class II fusogens of the A. ceylanicum Atlas ERV, the intact semotivirus of C. 

elegans Cer13V, and the D. discoideum plasmid Ddp1 against RVFV Gc reveals significant 

conservation of residues essential to the class II fusion fold, particularly, the cysteines 

expected to form intramolecular disulfide bonds and tertiary protein structure. Fig. 18 

Screening, expression, and purification of Cer13 and Ddp1 constructs were carried out in 

later efforts addressed in Chapter 5. 
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Figure 17. Structure-based sequence alignment to RVFV Gc indicates A. ceylanicum Atlas 
retroelement env encodes a class II fusion protein. Phyre2 One-to-One threading of the A. 
ceylanicum Atlas retroelement env protein sequence against the RVFV Gc crystal structure provides a 
guideline for Ace construct design and screening. [43, 61] α-helices are depicted as green coils and β-
strands are depicted as blue arrows. Template sequence: RVFV Gc (PDB code: 4HJ1). Query 
sequence: A. ceylanicum ERV AceY032_s0020.g0108 env protein, residues 2,329-2,754. Insertions 
and deletions are displayed as indicated. 
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Figure 18. Multiple sequence alignment of candidate class II fusion proteins with RVFV Gc. ClustalX 
alignment of candidate class II fusion proteins encoded within envs from Cer13V (Cer13), the A. 
ceylanicum Atlas ERV (Ace), and Ddp1 (DdpD2) against RVFV Gc (RVFV). Asterisk (*) indicate positions 
which have a single, fully conserved residue. Colons (:) and periods (.) indicate positions in which a 
residue is substituted for another from a ‘strong’ and ‘weak’ similarity group, respectively. Similarity 
groups and colours are based off residue properties of charge and size according to the ClustalX 
default settings. [72] 
 

2.3 Expression and purification of Ace512 in a recombinant baculovirus system 

 

Recombinant baculovirus expression of Ace512 was established using the ProFold-ER 

linearized baculovirus DNA. In addition to encoding the necessary viral proteins for 

recombinant baculovirus replication, ProFold-ER encodes a reporter green fluorescent 

protein (GFP) for infection optimization and the major human chaperones calreticulin and 

protein disulfide isomerase. ProFold-ER, with its addition chaperones, was selected to 

promote folding of Ace512 which contains 30 cysteines expected to form 15 intramolecular 

disulfide bonds. Recombination with the pAc/GP67 vector encoding Ace512 was expected to 

yield secreted Ace512 ectodomain from the GP67 secretion signal. Though Ace512 was 

detected in cell fractions in a small-scale test expression, no Ace512 was readily detected in 

the supernatant of cells infected with recombinant baculovirus. Fig. 19 Both Tni and Sf9 

insect cells were screened for Ace512 expression and secretion, each cultured at both 19°C 

and 27°C. Data not shown Regardless of the cell type and culture temperature, no Ace512 

was detected in the cell supernatant. 

 

 
Figure 19. Test expression of Ace512 in a recombinant baculovirus system. a. SDS-PAGE of cell and 
supernatant fractions harvested days post-infection with a recombinant baculovirus encoding a 
pAc/GP67 vector with a C-terminally His-tagged ectodomain of Atlas Gc from a six-well plate. b. α-His 
Western blot of cell and supernatant fractions reveal expression of Ace512 (predicted molecular 
weight: 48 kDa). A His-tagged protein was used as a positive control. 
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Though Ace512 was not secreted into insect cell supernatant as expected, low levels 

could be detected in the cell fraction. While Ace512 retained in the cell fraction is not 

expected to be processed with the appropriate post-translational modifications as secreted 

Ace512 would be, initial expression was high enough to justify an attempt at Ace512 

purification to assess protein solubility. Insect cells infected with recombinant baculovirus 

encoding Ace512 were cultured at 27°C and harvested 3 days post-infection. Cell lysis 

purification of Ace512 on Ni2+ beads yielded insignificant amounts of protein that could only 

be detected by α-His Western blot. Fig. 20 Though levels of purified Ace512 were extremely 

low, Ni2+ affinity chromatography for cell lysis purification proved an effective approach for 

Ace512 purification. One clear limitation of the Ni2+ affinity chromatography for cell lysis 

purification was the loss of Ace512 in the resin flow-through. By α-His Western blot, a 

significant amount of Ace512 can be seen in both the load and flow-through fractions which 

contain a low level of 20 mM imidazole in the cell lysis buffer. Fig. 20b To aid in purification 

and detection, a new Ace512 construct was cloned for recombinant baculovirus expression 

with an N-terminal double Strep II (Strep) tag downstream of the GP67 secretion signal 

cleavable by a human rhinovirus (HRV) 3C protease site. 

 

 
Figure 20. Cell lysis purification of Ace512 from a recombinant baculovirus system. a. SDS-PAGE of 
a cell lysis purification of C-terminally His-tagged Ace512 by Ni2+ affinity chromatography. Cells were 
harvested 3 days post-infection from a 10 ml culture. Samples include load (L), flow-through (ft), 
subsequent wash (w), and imidazole elution (E) fractions. b. α-His Western blot of Ace512 cell lysis 
purification reveal soluble of Ace512 (predicted molecular weight: 53 kDa). A His-tagged protein was 
used as a positive control. 
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One major benefit of insect cell culture and the recombinant baculovirus system is 

the ease to which culture and protein expression can be scaled. To assess the expression of 

the new Ace512 construct, a 250 ml culture of insect cells was infected with recombinant 

baculovirus encoding Strep/His-tagged Ace512. With still no detectable Ace512 secreted to 

the cell supernatant, a Strep-based cell lysis purification was attempted. Fig. 21 

Addition of the N-terminal Strep II tags and 3C cleavage site allowed for an 

alternative cell lysis purification of Ace512 with the goal to increase Ace512 yields using 

streptactin beads and the Strep tag for affinity chromatography. To increase elution purity, 

Ace512 bound to the streptactin beads was initially eluted by cleavage of the Strep tag via 

treatment with PreScission protease. Fig. 21 Following a wash of the resin, any bound, un-

cleaved Ace512 was eluted with 20 mM desthiobiotin. Fig. 21 Despite purification via the N-

terminal Strep tag and scaled culture, low levels of purified Ace512 could barely be detected 

by α-His Western blot and required over-exposure of the Coomassie-stained SDS-PAGE gel 

and accompanying blot for analysis. Fig. 21bcd The cleavage elution by 3C PreScission 

protease yielded a highly pure fraction of Strep-cleaved Ace512. Fig. 21cd This cleavage 

elution was concentrated and further purified by size exclusion chromatography (SEC) on an 

S200 column in 50 mM Tris pH 8.0, 0.1 M NaCl yielding an insignificant amount of soluble, 

purified Ace512 with a retention time of 13.26 ml. Fig. 21e Unfortunately, a significant 

amount of Ace512 failed to bind the streptactin beads, as can be seen in the flow-through 

fractions, and a significant amount of bound Ace512 remained un-cleaved requiring 

desthiobiotin elution. Fig. 21cd 
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Figure 21. Scaled cell lysis purification of Ace512 via a N-terminal Strep tag. a. SDS-PAGE of 250 ml 
cell lysis purification of Strep/His-tagged Ace512 by affinity chromatography on streptactin beads. 
Cells were harvested 4 days post-infection. Samples include cell pellet (P), supernatant load (S), flow-
through (ft), subsequent wash (w), PreScission protease-cleavage elution (C), and desthiobiotin 
elution (E) fractions. b. α-His Western blot of Ace512 cell lysis purification reveals low levels soluble 
of Ace512 (predicted molecular weight: 53 kDa). A His-tagged protein was used as a positive control. 
c. Over-exposed SDS-PAGE as indicated above. The asterisk (*) marks the cleaved Ace512 band 
(predicted molecular weight: 49 kDa). d. Over-exposed α-His Western blot as indicated above. e. SEC 
of the cleaved Ace512 fraction in 50 mM Tris pH 8.0, 0.1 M NaCl on a S200 column. Retention times 
are indicated with the first peak considered void and the second peak at 13.26 ml considered soluble, 
cleaved Ace512. 
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 To improve Ace512 yields and assess resin binding issues, two 1 L cultures of insect 

cells were infected with recombinant baculovirus encoding Strep/His-tagged Ace512 and 

harvested for cell lysis purification 4 days post-infection. The first 1 L culture of Ace512 was 

purified on a 1 ml StrepTrap using desthiobiotin to elute bound Ace512. Fig. 22ac In an 

attempt to increase the amount of Ace512 bound to the resin, the cell lysis supernatant was 

loaded repeatedly onto the StrepTrap. Unfortunately, a significant portion of Ace512 

remained unbound and flowed through the column. Fig. 22ac Elution with desthiobiotin 

from the StrepTrap yielded the first visible amount of Ace512 by Coomassie staining. Fig. 

22ac Unfortunately, the StrepTrap elution was significantly less pure than the cleavage and 

desthiobiotin elutions from cell lysis purification of the second 1 L culture of Ace512 on 

streptactin beads. Fig. 22bd Although the purity was lower, the yield from cell lysis 

purification of Ace512 on the 1 ml StrepTrap was notably higher. 
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Figure 22. Further scaled cell lysis purification of Ace512 via a N-terminal Strep tag. a. SDS-PAGE of 
1 L cell lysis purification of Strep/His-tagged Ace512 by affinity chromatography on 1 ml StrepTrap. 
Cells were harvested 4 days post-infection. Samples include total cell fractions prior to lysis (T), total 
cell dilution (t), cell pellet (P), cell pellet dilution (p), supernatant load (S), supernatant load dilution 
(s), subsequent flow-through (ft), subsequent wash (w), and subsequent desthiobiotin elution (E) 
fractions. b. SDS-PAGE of 1 L cell lysis purification of Strep/His-tagged Ace512 by affinity 
chromatography on 1 ml streptactin beads. Cells were harvested 4 days post-infection. Additional 
sample fractions include PreScission protease-cleavage elution (C), streptactin beads post-elution (B), 
and the StrepTrap elution from previous 1 L purification (e). c. α-His Western blot of Ace512 
StrepTrap cell lysis purification reveals soluble of Ace512. A His-tagged protein was used as a positive 
control. d. α-His Western blot of Ace512 streptactin cell lysis purification reveals soluble cleaved and 
un-cleaved Ace512 (predicted molecular weight: 53 kDa and 48 kDa, respectively). A His-tagged 
protein was used as positive control. 
 

 To address Ace512 solubility in cell lysis purification and potential aggregation issues 

limiting Ace512 binding to streptactin resin, additives were screened in purification. Fig. 23 

Initially, the cell lysis buffer consisted of 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), and 1% Triton supplemented with MiniComplete 

protease inhibitors. Three 200 ml cell pellets from the same insect cell culture were 

subjected to cell lysis purification with the maintenance of 1% Triton or 1% NP40 in wash, 

cleavage, and elution buffers. Fig. 23abde To address potential intermolecular cross-linking 

of Ace512 via cysteine disulfide bond formation, 1 mM DTT was added to the Triton-based 

cell lysis buffer and maintained with 1% Triton in subsequent wash, cleavage, and elution 
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buffers. Fig. 23cf Cell lysis supernatant was loaded repeatedly to facilitate additional Ace512 

binding to the 1 ml StrepTrap. Despite the addition of detergents and a reducing agent, a 

significant portion of Ace512 remained unbound flowing through the column. Fig. 23 

 

 
 

Figure 23. Screening of additives for Ace512 cell lysis purification. a. SDS-PAGE of 200 ml cell lysis 
purification of Strep/His-tagged Ace512 by affinity chromatography on 1 ml StrepTrap with 1% Triton 
included in the wash and elution buffers. Cells were harvested 4 days post-infection. Samples include 
cell pellet (P), supernatant load (S), subsequent flow-through (ft), wash (w), PreScission protease 
cleavage (C), and desthiobiotin elution (E) fractions. b. SDS-PAGE of 200 ml cell lysis purification as 
described above with 1% NP40 included in the lysis, wash, and elution buffers. c. SDS-PAGE of 200 ml cell 
lysis purification as described above with 1% Triton and 1 mM DTT included in the lysis, wash, and elution 
buffers. d. α-His Western blot of Ace512 cell lysis purification with 1% Triton. e. α-His Western blot of 
Ace512 cell lysis purification with 1% NP40. A His-tagged protein was used as positive control. f. α-His 
Western blot of Ace512 cell lysis purification with 1% Triton and 1 mM DTT. 
 
 In a final attempt to solubilize Ace512 in cell lysis purification, 18 mM β-octyl 

glucoside (β-OG) was added throughout lysis and purification of a 1 L insect cell culture. Fig. 

24 Unfortunately, addition of the strong detergent did not improve Ace512 binding to the 1 

ml StrepTrap and diminished overall yield. Ace512 was barely detectable by α-His Western 

blot and required over-exposure to analyse purification fractions. Fig. 24cd 
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Figure 24. Scaled cell lysis purification of Ace512 with β-OG. a. SDS-PAGE of 1 L cell lysis purification 
of Strep/His-tagged Ace512 by affinity chromatography on a 1 ml StrepTrap with the addition of 18 
mM β-octyl glucoside (β-OG) in cell lysis, wash, and elution buffers. Cells were harvested 4 days post-
infection. Samples include cell pellet (P), supernatant load (S), flow-through (ft), subsequent wash 
(w), PreScission protease-cleavage elution (C), and desthiobiotin elution (E) fractions. b. α-His 
Western blot of 1 L Ace512 cell lysis purification reveals low levels soluble of Ace512 (predicted 
molecular weight: 53 kDa un-cleaved and 49 kDa cleaved) despite the addition of β-OG. A His-tagged 
protein was used as a positive control. c. Over-exposed SDS-PAGE as indicated above. d. Over-
exposed α-His Western blot as indicated above. 
 

 

2.4 Expression and purification of Ace540 by selection of stable insect cell lines 

 

To address limits in Ace512 expression, secretion, and solubility, a new approach to 

insect cell expression was explored. Numerous new Ace constructs were cloned into a 

CuSO4-inducible pMT/BiP vector with a C-terminal V5/His tag. See Table 1 With the 

metallothionine promoter and BiP secretion signal, Ace constructs were expected to be 
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expressed and secreted upon induction with 0.5 mM CuSO4. Initial attempts at transient 

transfection of Ace constructs into Dmel-2 insect cell yielded extremely low amounts of 

protein, even with the GFP-encoding plasmid control. Data not shown Ultimately, Ace 

constructs were co-transfected with a pCoBlast vector conferring blasticidin resistance and 

selected over serial passage to express Ace constructs. Initial screens from 50 ml expression 

assays of suspended, selected Dmel-2 cells yielded numerous candidates for Ace expression. 

Fig. 25 Most importantly, the selection of stable insect cell lines yielded high levels of 

secreted protein. Fig. 25 With an effective insect cell culture system, in which Ace constructs 

were processed and secreted with the necessary post-translational modifications, 

optimization of protein purification protocol was carried out. 

 

 
 

Figure 25. Selection of stable Dmel-2 cells for Ace construct screening via α-V5 Western blot. a. 
Drosophila Dmel-2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect along 
with the pCoBlast vector for blasticidin selection of expression cell lines. Cell pellet (c) and 
supernatants (s) fractions from 50 ml expression assays were screened between day 4 and 5 for 
candidate protein with a V5-tagged protein used as control for detection by Western blot. Ace 
constructs were screened for expression and secretion. b. Additional Ace constructs were screened 
as described above along with a Cer13V candidate (Cer515). Smearing/doublets indicate potential 
glycosylation of candidate proteins. See Table 1  
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Table 1. Summary of Ace constructs screened by selection of stable Dmel-2 cells. Various constructs 
screened for expression via Drosophila Dmel-2 cell line selection with a pCoBlast vector purporting 
blasticidin resistance. A pMT/BiP/V5/His vector was used with the C-terminal tags removed as 
indicated. Predicted molecular weights do not account for possible post-translational modifications. 
Solubly expressed and secreted candidates are highlighted in bold with relative expression levels 
indicated. 

 
As one of the first cell lines selected with good protein expression and secretion, 

Ace540 was purified from insect cell supernatant. Similar to the recombinant baculovirus 

system, selected Dmel-2 cells are readily scaled for inducible protein expression. A 4 L 

culture of selected insect cells were induced with CuSO4 and the supernatant harvested 4 

days post-induction. Cells were removed and the cell supernatant clarified through rounds 

of centrifugation and filtering. Filtered supernatant was concentrated by tangential flow 

filtration (TFF) and buffer exchanged to 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, and 20 

mM imidazole. The concentrated Ace540 supernatant was loaded onto a 5 ml HisTrap excel, 

washed and eluted with 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, and 0.3 M imidazole. 

Fig. 26a Ni2+ affinity chromatography of Ace540 on a HisTrap excel yielded significant 

amounts of protein, but also a common 50 kDa and 100 kDa His contaminant from insect cell 

media (confirmed by mass spectrometry). Fig. 26a Treatment of purified Ace540 with the 

de-glycosylating reagents EndoHF and PNGase revealed no obvious shift in Ace540 

molecular weight suggesting a lack of N-linked glycosylation at the predicted asparagine 

glycosylation sites. Fig. 26b Treatment with carboxypeptidase A (CPA), an exopeptidase 

which cleaves the C-terminal His tag until arresting at a proline halfway through the V5 tag, 

revealed an appropriate shift in Ace540 molecular weight at a 1:500 molar ratio of enzyme 

to protein. Fig. 26b 
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Figure 26. Initial purification and biochemical characterization of Ace540 from selected insect cells. 
a. SDS-PAGE of secreted Ace540 purification from 4 L of selected Dmel-2 cells by affinity 
chromatography on a 5 ml HisTrap excel. Samples include supernatant pellet (P), supernatant load 
(S), flow-through (ft), subsequent wash (w), and subsequent imidazole elution (E) fractions. Ace540 
has predicted molecular weight of 53 kDa. Note common Ni2+-affinity, 50 and 100 kDa contaminants 
from insect cell supernatant. b. De-glycosylation of purified Ace540 by EndoHF and PNGase yielded 
no shift in molecular weight, yet treatment with carboxypeptidase A (CPA) yields cleaved Ace540 
(predicted molecular weight: 51 kDa). 
 
 To further purify Ace540 and remove the 50 kDa and 100 kDa His contaminants co-

purified from insect cell culture media, HisTrap affinity chromatography was followed with 

ion exchange and SEC. Fig. 27 The Ace540 HisTrap elution in 20 mM Tris pH 8.0, 0.1 M NaCl, 

5% glycerol, and 0.3 M imidazole was concentrated on a 30 kDa spin concentrator and 

diluted into a low salt loading buffer for ion exchange chromatography. Ace540 was loaded 

onto a MonoQ anion exchange column in 20 mM Tris pH 8.0, 50 mM NaCl, and 5% glycerol, 

washed thoroughly, and eluted across a gradient into 20 mM Tris pH 8.0, 1 M NaCl, and 5% 

glycerol. Fig. 27ab Although the elution gradient required optimization, anion exchange 

chromatography proved an effective measure to remove the His contaminants co-purified 

on the HisTrap with Ace540. Fig. 27b The initial elution from the MonoQ column containing 

Ace540 was pooled and concentrated for gel filtration on an S200 column in 20 mM Tris pH 

8.0, 0.1 M NaCl, and 5% glycerol. Fig. 27cd With a retention time of 12.38 ml, purified 

Ace540 eluted in a largely single species earlier than a monomeric conformation would be 

expected (according to S200 calibration curves) suggesting an oligomeric state. Fig. 27cd 

Worth-noting are the small peaks and shoulder to the left of the major Ace540 peak and the 

presence of Ace540 in these fractions. Fig. 27cd This profile provides the first indication of 

the higher order oligomers formed by Ace constructs. A fraction of Ace540 to the right of the 
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major peak was used for the initial biochemical characterization outlined above. Fig. 26b To 

further purify Ace540, the 12 ml peak was pooled and treated with CPA to cleave the C-

terminal His tag. Cleaved Ace540 was rerun on the S200 column to reveal a highly pure, 

cleaved, and uniform sample. Fig. 27ef Though optimization of the Ace540 purification 

protocol was necessary, this initial fraction of purified, cleaved Ace540 was concentrated 

and used in initial crystallization studies. 
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Figure 27. Down-stream purification of secreted Ace540. a. Ion exchange chromatography of His-
purified Ace540 from 4 L of selected Dmel-2 cells on a MonoQ column. Ace540 was loaded in 20 mM 
Tris pH 8.0, 0.1 M NaCl, 5% glycerol and eluted with 20 mM Tris pH 8.0, 1 M NaCl, 5% glycerol. b. 
SDS-PAGE of Ace540 MonoQ trace. Samples include HisTrap elution load (L), flow-through (ft), and 
MonoQ fractions as depicted by red lines. Note the elimination of 50 and 100 kDa His contaminant 
by ion-exchange chromatography. c. SEC of Ace540 from initial MonoQ elution (65 ml peak) in 20 
mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol on a S200 column. d. SDS-PAGE of Ace540 S200 trace with 
fractions depicted by red lines. e. SEC of CPA-cleaved Ace540 from initial S200 elution (12.39 ml 
peak) in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol on a S200 column. d. SDS-PAGE of the cleaved 
Ace540 S200 trace with fractions depicted by red lines. Ace540 has predicted molecular weight of 53 
kDa un-cleaved and 51 kDa cleaved. 
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2.5 Optimized purification of Ace constructs for X-ray crystallography 

 

Small changes in the Ace540 purification protocol were made to streamline the 

purification process and produce highly pure, homogenous samples of Ace540. In particular, 

Ace540 purified on a 5 ml HisTrap was subjected to ion exchange with a shallower elution 

gradient. Fig. 28bc Ultimately, a Resource Q column was selected over a MonoQ column for 

anion exchange chromatography for two reasons. For one, purification on the Resource Q 

column be done at a faster rate with high enough resolution in protein separation for an 

intermediary step. And two, purification on the MonoQ column was rapidly impeded in 

sample loading due to high pre-column pressure and the binding of a co-factor copurified 

with Ace540. After irreparable clogging of a MonoQ column, a ResourceQ column was 

selected for this step of purification. A careful cleaning procedure was developed between 

Ace purifications as a high salt buffer wash was not sufficient in removing the contaminant. 

Data not shown Pressure on the ResourceQ column, post-purification, could be relieved 

with an extensive 30% ethanol treatment. The contaminant, also observed in the initial TFF 

concentration of insect cell supernatant, seemed directly bound to Ace and fatty in nature. 

The ethanol elution profile revealed high amounts of said contaminant leeching off the 

column with a tremendously high absorbance at 260 nm; treatment with benzonase 

nuclease had no effect on the co-purification of the Ace contaminant eliminating nucleic 

acids as a potential source of the additional absorbance. Data not shown Careful and regular 

ethanol cleaning of the ResourceQ column between purifications removed the bound 

cofactor and relieved column pressure. 
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Figure 28. Optimized purification of Ace540. A. SDS-PAGE of secreted Ace540 purification from 4 L 
of selected Dmel-2 cells by affinity chromatography on a 5 ml HisTrap excel. Samples include 
supernatant pellet (P), supernatant load (S), flow-through (ft), wash (w), and subsequent imidazole 
elution € fractions. B. Ion exchange chromatography of His-purified Ace540 on a MonoQ column. 
Ace540 was loaded in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol and eluted with 20 mM Tris pH 8.0, 
1 M NaCl, 5% glycerol. C. SDS-PAGE of Ace540 MonoQ trace. Samples include HisTrap elution load 
(L), flow-through (ft), and MonoQ fractions as depicted by red lines. D. SEC of CPA-cleaved Ace540 
from MonoQ elution pooled from marked peaks (*) in 20 mM Tris pH 8.0, 50 mM NaCl, 5% glycerol 
on a S200 column. E. SDS-PAGE of the cleaved Ace540 S200 trace with fractions depicted by red 
lines. Ace540 has predicted molecular weight of 53 kDa un-cleaved and 51 kDa cleaved. 
 
 In addition to the altered elution profile in the ion exchange chromatography step, 

selected MonoQ/ResourceQ elutions were pooled and treated with CPA prior to the final gel 

filtration. Fig. 28de Purified, cleaved Ace540 was concentrated and used for screening 

various crystallization conditions. See Table 2 
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Table 2. Various crystallization conditions screened for Ace constructs. Specific protein, 
concentration, and buffer conditions are listed as stated. Crystallization techniques are outlined. 
Phosphatidylcholine (C3PC) was used as a crystallization additive as indicated. Common 
crystallization buffer screens or optimized crystal hit conditions (Opt) are listed. Screen plates that 
yielded protein crystallization hits are highlighted in red. Buffer components are abbreviated as 
follows: 2-methyl-2,4-pentanediol (MPD), polyethylene glycol (PEG), diglycine buffer (Gly-Gly), 
sodium malonate:imidazole:boric acid buffer at a 2:3:3 molar ratio (MMT), ethanol (EtOH), 2-amino-
2-methyl-1,3-propanediol buffer (AMPD), sodium phosphate dibasic dihydrate:ammonium 
sulfate:sodium nitrate additive at a 1:1:1 molar ratio (NPS). 
 
 With limited success in early crystallization attempts with Ace540, potential sources 

of sample heterogeneity were sought out. One plausible source of sample heterogeneity 

was considered to be intermolecular, disulfide-based cross-linking. With the presence of 30 

cysteines per Ace540 molecule, disulfide bond exchange could not be ruled out even though 

the sample was never subjected to reducing conditions in either expression or purification. 

Fractions of purified, cleaved Ace540 from an S200 gel filtration trace were analysed by SDS-

PAGE in reducing and non-reducing conditions. Fig. 29 Samples boiled without reducing 

agent revealed intermolecular cross-linking of the ‘trimeric’ Ace540 at 13.15 ml and obvious 

intermolecular cross-linking of higher order oligomers eluting earlier from the column. Fig. 

29ab Even treatment with 5 mM DTT in reduced, boiled samples displayed low levels of SDS-

resistant cross-linked Ace540 trimer in the major peak elution. Fig. 29ac 
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Figure 29. Intermolecular cross-linking of Ace540 in expression and purification. A. SEC of CPA-
cleaved Ace540 from ResourceQ elution in 20 mM Tris pH 8.0, 50 mM NaCl, 5% glycerol on a S200 
column. Peak retention time and the ratio of UV absorbance at 260 nm and 280 nm (bold) are 
depicted. b. Non-reduced SDS-PAGE of the cleaved Ace540 S200 trace with fractions depicted by red 
lines. Note cross-linked trimer and dimer in 13.15 ml Ace540 fractions. Asterisk (*) highlights cross-
linked, higher order oligomers. C. Reduced SDS-PAGE of the cleaved Ace540 S200 trace with fractions 
depicted by red lines. Ace540 has predicted molecular weight of 53 kDa un-cleaved and 51 kDa 
cleaved. 
 
 With the concern for Ace540 cross-linking in purification, despite the lack of 

exposure to reducing conditions in expression and purification, biophysical analysis of 

Ace540 in various buffers and reducing conditions was carried out. Fig. 30 With 5 mM DTT 

used in the reducing SDS-PAGE gel loading buffer as a positive control for Ace540 sample 

reduction, increasing amounts of DTT were added to purified Ace540 trimer and analysed by 

differential scanning fluorimetry (DSF). Fig. 30a DSF analysis, derived from tryptophan 

fluorescence across a temperature gradient, correlates with protein unfolding events and 

the exposure of shielded tryptophans. Despite having very low tryptophan content (just two 
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amino acids), changes in fluorescence and therefore Ace540 protein unfolding could be 

analysed and marked by differences in the measured melting temperature. In highly 

reducing conditions of 5 mM DTT, perceived from SDS-PAGE gels, monomeric Ace540 is 

inferred to be significantly reduced with a melting temperature at 65°C. Fig. 29c, Fig. 30a A 

melting temperature of ~75°C was observed for low levels of DTT at 0.5 mM and 1 mM. Fig. 

30a No significant change in Ace540 fluorescence was observed in lower levels of DTT. As 

DTT is known to have a fleeting reducing strength over time, the more stable reducing agent 

tris(2-carboxyethyl)phosphine (TCEP) was assessed in its ability to disassociate cross-linked 

Ace540 oligomers. Fig. 30bc At 1 mM TCEP, a common concentration for TCEP in protein 

purification buffers, the Ace540 melting temperature shifted to ~72°C regardless of the 

buffer pH. Fig. 30bc Worth-noting is the high overall stability of Ace540 in the absence of 

reducing agents, with no unfolding event observed even at 90°C. Fig. 30 
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Figure 30. Addition of reducing agents to Ace540 limits disulfide-based intermolecular cross-
linking. Differential scanning fluorimetry (DSF) of Ace540 upon addition of various reducing agents. 
A. Addition of up to 1 mM DTT reveals a shift in molecular melting point and thermostability inferred 
as an elimination of intermolecular cross-linking. 5 mM DTT is expected to completely reduce Ace540 
intramolecular disulfide bonds as seen by SDS-PAGE. B. Addition of up to 1 mM TCEP reveals a shift 
in molecular melting point and thermostability inferred as an elimination of intermolecular cross-
linking. C. Acidification of Ace540 upon addition of up to 1 mM TCEP reveals a shift in molecular 
melting point and thermostability inferred as an elimination of intermolecular cross-linking. 
Respective sample buffers are indicated. 
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 With the aim of a homogenous, purified Ace sample for crystallization, the gentle 

reducing agent TCEP at 0.5 mM was included throughout future Ace purifications. After 

optimization of the purification protocol with Ace540, purification of Ace530, another 

highly-expressed Ace construct, was carried out. Fig. 31 Similar to Ace540, Ace530 

purification yielded SDS-resistant cross-linked trimer and higher oligomers despite the 

addition of 0.5 mM TCEP throughout purification. Fig. 31ce With the step-wise elution 

gradient optimized from previous purification efforts, the second 131 ml peak observed in 

the ResourceQ elution was identified as Ace530 with a significant amount of the 

contaminating cofactor still bound, inferred to be a lipid with acylated fatty acid chains 

contributing to the absorbance at 260 nm. Fig. 31bd The initial Resource Q elution peak at 

119 ml was concentrated for gel filtration in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, and 

0.5 mM TCEP. Both higher order oligomers of Ace530 and a trimeric peak (later confirmed 

by SEC-MALS, See Chapter 4) with an abnormally high UV absorbance ratio of 260 nm to 280 

nm (A260/280 ) were observed. Fig. 31e Purified Ace530 was concentrated and used in further 

crystallization efforts. See Table 2 
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Figure 31. Optimized purification of Ace530. a. SDS-PAGE of secreted Ace530 purification from 3 L of 
selected Dmel-2 cells by affinity chromatography on a 5 ml HisTrap excel. Samples include total cell 
(T) supernatant (S), supernatant pellet (P), supernatant load (S), flow-through (ft), subsequent wash 
(w), and subsequent imidazole elution (E) fractions. b. SDS-PAGE of the Ace530 Resource Q trace. 
Samples include HisTrap elution load (L), flow-through (ft), wash (w), and Resource Q fractions as 
depicted by lines in the trace. c. SDS-PAGE of the Ace530 S200 trace with fractions depicted by red 
lines. Ace530 has predicted molecular weight of 51 kDa. d. Ion exchange chromatography of His-
purified Ace530 on a Resource Q column. Ace530 was loaded in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% 
glycerol, 0.5 mM TCEP and eluted with 20 mM Tris pH 8.0, 1 M NaCl, 5% glycerol, 0.5 mM TCEP. e. 
SEC of Ace530 from Resource Q elution, specifically fractions pooled from peak marked by asterisk 
(*) in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, 0.5 mM TCEP on a S200 column. Peak retention 
time and the ratio of UV absorbance at 260 nm and 280 nm (bold) are depicted. 
 

 

2.6 Crystallization of Ace530 and other Ace constructs for structural determination 

 

Ace constructs of various C-terminal stem length were expressed and purified from 

selected insect cells line and used for protein crystallization studies. Using the same 

purification protocol outlined above, Ace509, Ace515, Ace530, and Ace540 were assayed in 

commercial crystallization screens and optimized crystallization plates. See Table 2 While 

purified constructs of Ace515 and higher (Ace525, Ace530, and Ace540) all purified in a 

largely uniform, trimeric manner with peak elutions around 13 ml, Ace509 SEC revealed a 

mixture of conformational states suspected to be monomeric and dimeric Ace509 as seen in 
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the 16.28 ml S200 peak with left shoulder. Fig. 32 Unfortunately, lower expression levels and 

protein instability restricted efforts to crystallize the various Ace509 fractions. As is expected 

with class II fusion proteins, higher concentrations of Ace509 favoured the trimeric 

conformation and the retrieval of monomer and dimeric fractions from diluted trimer was 

unsuccessful. See Chapter 4 Trimeric fractions of Ace515, Ace530, and Ace540 all displayed 

an abnormally high A260/280 that was inferred to be bound lipid cofactor. Fig. 32bcd The 

addition of EDTA and benzonase nuclease throughout purification had no effect on the high 

A260/280 of trimeric fractions. The biophysical properties of trimeric Ace constructs are 

addressed further in Chapter 4. 

 
Figure 32. Gel filtration of various Ace constructs upon purification. a. SEC of CPA-cleaved Ace509 
from Resource Q elution, post-HisTrap purification, in 20 mM Tris pH 8.0, 50 mM NaCl, 5% glycerol, 
0.5 mM TCEP on a S200 column. Note the 16.25 ml peak inferred to be monomeric and dimeric 
fractions of Ace509. b. Preliminary SEC of CPA-cleaved Ace530 from a 1 L expression. Ace530 is 
purified from a Resource Q elution, post-HisTrap purification, in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% 
glycerol, 0.5 mM TCEP on a S200 column. c. SEC of CPA-cleaved Ace515 from Resource Q elution, 
post-HisTrap purification, in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, 0.5 mM TCEP on a S200 
column. d. Subsequent SEC chromatography of CPA-cleaved Ace530 from a 5 L expression with an 
optimized purification protocol. Ace530 is purified from a Resource Q elution, post-HisTrap 
purification, in 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, 0.5 mM TCEP on a S200 column. Peak 
retention time and the ratio of UV absorbance at 260 nm and 280 nm (bold) are depicted. 
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Protein crystallization efforts of Ace constructs were thorough and exhaustive. 

Various states of Ace515, Ace530, and Ace540 with tags intact and cleaved were screened in 

over 20 different commercially available plates at varying concentrations as well as in plates 

optimized from initial crystallization hits. Fig. 33, Fig. 34, Table 2 Although the addition of 

reducing agents to the protein sample did drastically increase the occurrence of initial 

crystallization hits in screening, no optimized condition yielded high quality crystals for 

diffraction studies. Multiple crystallization techniques were tried and tested including sitting 

drop vapour diffusion, hanging drop vapour diffusion, microbatch (under-oil) crystallization, 

and crystal seeding. Fig. 33, Table 2 
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Figure 33. Various crystallization hits from purified Ace530. a. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 
0.1 M NaCl crystallized in 0.1 M Gly-Gly/AMPD pH 8.5, 90 mM NPS, 10% w/v PEG8K, 20% v/v 1,5 
pentanediol. b. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl crystallized in 0.1 M Gly-Gly/AMPD 
pH 8.5, 90 mM NPS, 10% w/v PEG8K, 20% v/v 1,5-pentanediol. c. Close-up of previous crystal. d. 
Close-up of previous crystal. e. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl crystallized in 0.1 M 
Gly-Gly/AMPD pH 8.5, 90 mM LiNaK, 10% w/v PEG8K, 20% v/v 1,5-pentanediol. f. 12.5 g L-1 Ace530 in 
0.1 M Tris pH 8, 0.1 M NaCl crystallized in 0.1 M Gly-Gly/AMPD pH 8.3, 90 mM LiNaK, 0.82 M NaCl, 
5% w/v PEG8K, 15% v/v 1,5-pentanediol. g. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl 
crystallized in 0.1 M Gly-Gly/AMPD pH 8.3, 90 mM LiNaK, 1 M NaCl, 5% w/v PEG8K, 12% v/v 1,5-
pentanediol. h. Alternative focus of previous crystal. 

 
Generally, Ace constructs crashed out of solution in crystallization conditions of pH 

6.0 or lower while Ace constructs in glycerol-containing conditions remained stable and 

clear. Numerous protein crystallization hits from the Morpheus I and Morpheus II screens 

shared the common alcohol-and ethylene glycol-based precipitants including 2-methyl-2,4-

pentanediol (MPD), polyethylene glycol (PEG), ethanol (EtOH), and hexanetriol. Fig. 33, Fig. 

24, Table 2 [73, 74] Despite meticulous optimization attempts, crystallization of Ace 

constructs was plagued with micro-crystallization, a diffusion-based mixing phenomenon of 

protein and precipitant solutions hallmarked by excessive nucleation events which limit 

overall crystal size and growth. While Ace515, Ace530, and Ace540 could all be crystallized in 

these conditions, efforts to control the initial nucleation event and slow crystal growth were 

futile. Fig. 34 In rare instances where a larger crystal could be attained, often with the 

Ace530 construct, protein crystal diffraction was limited to ~20 Å. Fig. 34 It was discerned 

that rapid nucleation events and crystal growth in these crystallization conditions (often 

nucleating into micro-crystals within an hour of setting up trays) compromised complete 

crystal lattice formation. Crystallization under-oil and at lower temperatures, with and 

without seeding, did not resolve the issue of Ace530 micro-crystallization. Ultimately, 

structural determination of Ace constructs by X-ray crystallography was abandoned for 

alternative methods as well as functional and biophysical characterization. 
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Figure 34. Various crystallization hits from optimization attempts for purified Ace530. a. 12.5 g L-1 
Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-Gly/AMPD pH 8.9, 0.19 
M NaCl, 10% glycerol, 4% w/v PEG8K, 17% v/v 1,5-pentanediol. b. 12.5 g L-1 Ace530 in 0.1 M Tris pH 
8, 0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-Gly/AMPD pH 8.3, 0.25 M NaCl, 5% glycerol, 7% 
w/v PEG8K c. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-
Gly/AMPD pH 8.3, 0.25 M NaCl, 5% glycerol, 7% w/v PEG8K. d. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 
0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-Gly/AMPD pH 8.3, 0.1 M NaCl, 90 mM LiNaK, 10% 
glycerol, 10% w/v PEG8K, 20% w/v 1,5-pentanediol. e. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M 
NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-Gly/AMPD pH 8.3, 0.1 M NaCl, 5.1% w/v PEG8K, 20% v/v 
1,5 pentanediol. f. 0.1 M Gly-Gly/AMPD pH 8.3, 0.1 M NaCl, 5.1% w/v PEG8K, 20% v/v 1,5-
pentanediol. g. 12.5 g L-1 Ace530 in 0.1 M Tris pH 8, 0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M 
Gly-Gly/AMPD pH 8.5, 0.25 M NaCl, 5.0% w/v PEG8K, 20% v/v 1,5-pentanediol. h. 12.5 g L-1 Ace530 in 
0.1 M Tris pH 8, 0.1 M NaCl, 0.5 mM TCEP crystallized in 0.1 M Gly-Gly/AMPD pH 8.6, 0.1 M NaCl, 6% 
w/v PEG8K, 20% v/v 1,5-pentanediol. 
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2.7 Materials and Methods 

 

Construct Design 

Synthetic genes encoding the env ectodomains were codon-optimized for Spodoptera 

frugiperda expression and subcloned into the either a pAc/GP67a vector (BD Biosciences) for 

recombinant baculovirus expression or a pMT/BiP/V5/His vector (Thermo Fisher Scientific) 

for transient transfection and stable cell line selection. “Ace” constructs refer to the env of 

endogenous retrovirus AceY032.s0020.g108 from Ancylostoma ceylanicum (UniProt 

accession code A0A016UZK2) such as residues 2330-2751 representing Ace509 and residues 

2330-2772 representing Ace530. See Table 1 for construct details. For recombinant 

baculovirus expression, the Ace512 construct (residues 2330-2754) was cloned in frame with 

the GP67 signal sequence and C-terminal 8x-histidine (His) tag. Incorporation of an N-

terminal double Strep II (Strep) tag and human rhinovirus (HRV) 3C protease cleavage site in 

frame with the GP67 signal sequence was later done by Gibson Assembly. For transient 

transfection and stable cell line selection, Ace constructs were cloned in frame with the BiP 

signal sequence and the C-terminal V5 tag followed by a His tag. Constructs were designed 

according to ClustalX alignments, Phyre2 One-to-One threading analyses, TM prediction 

analyses. [61, 72] Cloning was done largely by Gibson Assembly for all constructs, while 

using PCR-based site-directed mutagenesis for Ace530 mutants. See Table 1 

 

Recombinant Baculovirus Production and Protein Expression  

Recombinant baculovirus was produced in either Trichoplusia ni. (Tni) cells (Expression 

Systems) and Spodoptera frugiperda (Sf9) cells (Thermo Fischer Scientific) by co-transfection 

of the Ace512 construct in the pAc/GP67 vector and linearized baculovirus DNA, specifically 

ProFold-ER (AbVector). Cells were seeded in six-well plates starting with 2.5 ml of cells 

adhered at 0.5x106 cells ml-1 in Lonza Insect Express media (Lonza) at 27°C. DNA was mixed 

in a 1:1 molar ratio, then mixed with TransIT-Insect transfection reagent (Mirus Bio) in a 5:1 

reagent to DNA ratio (µl:µg) and incubated at room temperature for 30 minutes before 

adding to cells dropwise. A high-titer recombinant baculovirus stock encoding Ace512 was 

generated by serial passage and re-infection of cells with infected cell supernatant. Passage 

1 (P1) comprised of 10 ml of cells infected with 2 ml of the initial transfection cell 

supernatant. Passage 2 (P2) comprised of 50 ml of cells infected with 5 ml of the P1 infected 

cell supernatant. Passage 3 (P3) comprised of 50 ml of cells infected with 5 ml of the P2 
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infected cell supernatant. Passage 4 (P4) comprised of 0.5 L of cells infected with 20 ml of 

the P3 infected cell supernatant. Passages were seeded at 0.5x106 cells ml-1 and cultured in 

suspension at 27°C for 4-5 days. The filtered P4 cell supernatant was collected and stored at 

4°C as the high-titer recombinant baculovirus stock. Baculovirus infection was monitored by 

GFP fluorescence, as the ProFold-ER linearized baculovirus DNA permits, and generally 

harvested at a cell viability of >90%. Protein expression was assayed from cell and 

supernatant fractions by Western blot.  

 

Western blots 

Western blots were transferred using the semi-dry IBlot system (Thermo Fischer) with a 

rabbit polyclonal α-V5 (Insight Biotechnology, Cat No. GTX30564 and GTX77434) or mouse 

polyclonal α-His primary antibody (Sigma, Cat No. H1029-.2ML) and α-rabbit or α-mouse 

Alexa Fluor Plus 800 secondary antibodies (Thermo Fischer Scientific, Ca No. A32808 and 

A32789). Nitrocellulose was blocked in 5% w/v bovine serum albumin (BSA) in 1x Tris 

buffered saline (TBS) buffer for 1 hour at 4°C, incubated with primary antibody at a 5000:1 

ratio in ~0.1% BSA in 1x TBS for 1 hour at 4°C, washed thrice with 1x TBS and 0.1% Tween-20 

buffer, and incubated with secondary antibody at 5000:1 ratio in TBS-Tween for 1 hour at 

4°C. Blots were washed thrice with TBS-Tween and stored at 4°C prior to imaging on a LI-

COR Odyssey. 

 

Protein expression and purification from the recombinant baculovirus system 

Infected Sf9 expressing Ace512 were seeded at 0.5x106 cells ml-1, infected with recombinant 

baculovirus stock at 10 ml L-1 of cells, and cultured in suspension at 18°C or 27°C for 4-5 days 

before harvesting (generally at a cell viability of >90%.) Ace512 was purified from cell 

fractions separated from cell culture supernatant by centrifugation at 2,000 x g. Cell 

supernatant was decanted and cell pellets were immediate lysed for Ace512 purification or 

frozen at -20°C for later use. For purification by Ni2+ affinity chromatography, 1 L of cells 

were resuspended in 50 ml and sonicated on ice for 2 minutes in cell lysis buffer comprised 

of 20 mM Tris pH 8.0, 0.1 M NaCl, 5% glycerol, 20 mM imidazole, 1 mM PMSF, and 1% Triton 

supplemented with MiniComplete protease inhibitors (Roche). Lysed cells were centrifuged 

at 30,000 x g to remove the insoluble cell pellet. Cell lysis supernatant was loaded onto loose 

Ni2+ beads (Thermo Fischer Scientific) or a HisTrap excel column (GE Healthcare) and washed 

with 20 mM Tris pH 8.0, 0.1 M NaCl, and 20 mM imidazole. Bound Ace512 was eluted with 
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20 mM Tris pH 8.0, 0.1 M NaCl, and 0.5 M imidazole. For purification by Strep II-tag affinity 

chromatography, 1 L of cells were resuspended in 50 ml and sonicated on ice for 2 minutes 

in cell lysis buffer comprised of 20 mM Tris pH 8.0, 0.1 M NaCl, 1 mM PMSF, and 1% Triton 

supplemented with MiniComplete protease inhibitors (Roche). Lysed cells were centrifuged 

at 30,000 x g to remove the insoluble cell pellet. Cell lysis supernatant was loaded onto loose 

streptactin beads (IBA Lifesciences) or a StrepTrap HP column (GE Healthcare) and washed 

with 20 mM Tris pH 8.0, 0.1 M NaCl. Bound Ace512 was eluted Strep tag PreScission 

protease (GE Healthcare) cleavage at the C-terminal HRV 3C site or with elution buffer 

comprised of 20 mM Tris pH 8.0, 0.1 M NaCl, and 20 mM desthiobiotin. Buffer additives 

were included throughout purification as indicated in purification optimization procedures 

outlined above including various detergents and 5% glycerol. 

 

Stable Cell Line Selection and Protein Expression Screening 

Drosophila adherent S2 cells (Dmel-2) (Thermo Fisher Scientific) were transfected with the 

expression constructs in six-well plates starting with 2.5 ml of cells adhered at 0.5x106 cells 

ml-1 in Lonza Insect Express media (Lonza) at 27°C. Cells were co-transfected with the 

expression construct and blasticidin resistance marker pCoBlast (Thermo Fisher Scientific) at 

a 20:1 molar ratio and cultured for 6 weeks in 0.5 µg ml-1 blasticidin to obtain a population 

of expressor cells. For transfection, DNA was mixed with TransIT-Insect transfection reagent 

(Mirus Bio) in a 5:1 reagent to DNA ratio (µl: µg) and incubated at room temperature for 30 

minutes before adding to cells dropwise. Expression was induced with the addition of 0.5 

mM CuSO4 to cell culture media. Constructs were screened for expression by Coomassie-

stained SDS-PAGE and α-V5 Western blot from supernatants of 50 ml cultures induced at 

5x106 cells ml-1 for 4 days in a “50 ml expression assay”. Recombinant constructs were 

purified from the culture medium 5 to 6 days after induction, with ~1 mg protein L-1 

considered “good” expression.  

 

Protein expression and purification from selected cell lines 

Selected D.mel-2 cells were induced with 0.5 mM CuSO4 at 5x106 cells ml-1 and cultured in 

shaking suspension at 27°C for multiple days. Ace constructs were purified from the culture 

medium 4-5 days post-induction, yielding ~1 mg protein L-1. A majority of cells were 

fractioned from cell culture supernatant by centrifugation at 2,000 x g. Cell supernatant was 

decanted off to remove the cell pellet from centrifuge bottles and replaced for a second spin 
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at 17,000 x g to remove any remaining cell debris. Clarified supernatant was then filtered 

with a 0.2 μm bottle-top filter before concentration by tangential flow filtration (Cogent 

μScale system by Merck) with three, stacked 30 kDa Pellicon 3 membrane cassettes (Merck). 

After concentration by TFF, Ace constructs were buffer exchanged into 20 mM Tris pH 7.8, 

0.3 M NaCl, 5% glycerol, 20 mM imidazole, 0.5 mM TCEP (tris(2-carboxyethyl)phosphine) and 

purified by Ni2+-affinity chromatography with a HisTrap excel column (GE Healthcare). Eluent 

was buffer exchanged to reduce salt and imidazole by concentration on a 30 kDa spin 

concentrator and dilution with 20 mM Tris pH 8.0, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP. 

Ace constructs were further purified by anion exchange chromatography with either a 

MonoQ column (Sigma-Aldrich) or Resource Q (GE Healthcare). Sample was loaded in 20 

mM Tris pH 8.0, 50 mM NaCl, 5% glycerol, 0.5 mM TCEP and eluted with 20 mM Tris pH 8.0, 

1 M NaCl, 5% glycerol, 0.5 mM TCEP in a combination of stepwise and linear gradients. 

Fractions containing pure Ace constructs were pooled and concentrated on a 30 kDa spin 

concentrator and further purified by SEC with a Superdex 200 Increase (10/300) column (GE 

Healthcare) in 20 mM Tris pH 7.8 (or 8.0), 0.15 M NaCl, 5% glycerol, 0.5 mM TCEP. Initial 

purification buffers lacked additives like glycerol and reducing agents as outlined in the 

purification optimization described above. 

 

Strep II-tag Cleavage of Ace512 

The N-terminal double Strep II tag of Ace512 was cleaved at the HRV 3C protease site by 

treatment of Strep-bound Ace512 with PreScission protease (GE Healthcare). 40 units of 

PreScission protease were diluted into 2 ml of wash buffer and loaded onto the 1 ml 

StrepTrap (or 1 ml of streptactin beads) and incubated at 4°C overnight.  

 

His tag Cleavage of Ace constructs 

Ace protein concentration estimated by UV absorbance at 280 nm. The C-terminal His tag 

cleavage was carried out for 3 hours at 4°C with 1:500 and 1:1000 molar ratio of 

carboxypeptidase A (CPA) to protein.  

 

De-glycosylation of Ace constructs 

For de-glycosylation by EndoHF (New England Biolabs), 20 µg of Ace was diluted to 10 µl with 

10x Glycoprotein Denaturing Buffer (NEB) in water and heated to 100°C for 10 minutes. 

Sample was further diluted to 20 µl upon addition of 2 µl 10x GlycoBuffer 3 (NEB), 5 µl EndoHF, 
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and water. Sample was incubated for 1 hour at 37°C and analysed by Coomassie-stained SDS-

PAGE. For de-glycosylation by PNGaseF (NEB), 20 µg of Ace was diluted to 10 µl with 10x 

Glycoprotein Denaturing Buffer (NEB) in water and heated to 100°C for 10 minutes. Denatured 

sample was chilled on ice and centrifuged for 10 second before further dilution to 20 µl upon 

addition of 2 µl 10x GlycoBuffer 2 (NEB), 2 µl 10% NP-40, and water. Next, 1 µl of PNGase was 

added to sample and gently mixed. Sample was incubated for 1 hour at 37°C and analysed by 

Coomassie-stained SDS-PAGE. 

 

Differential Scanning Fluorimetry 

Differential scanning fluorimetry was carried out on purified Ace540 in the buffers indicated 

using the Prometheus NT.48 instrument (Nanotemper Tech) with standard grade capillaries 

(Nanotemper Tech, Cat. No. PR-C002). Default settings were used in analysis. 

 

Protein Crystallization 

Sitting drop crystallization screens were set up with purified Ace constructs using a Mosquito 

Crystal liquid handling robot (SPTLabTech). Optimization plates were prepared with a 

Dragonfly Crystal liquid handling robot (SPTLabTech). Microbatch plates (Hampton Research, 

Cat. No. HR3-104) were prepared with a 1:1 mixture of mineral and paraffin oil. Typically, 

protein samples were mixed in a 1:1 v/v ratio to the crystallization buffer, sealed 

immediately, and left for equilibration by vapor diffusion at 22°C. Some crystallography was 

carried out a 4°C with plates equilibrating in the cold room. Crystal seed stocks were 

prepared using a Seed Bead kit (Hampton Research) and stored for later use at -20°C. For 

microseeding efforts, seed stock was mixed with protein sample and crystallization buffer at 

a 1:2:2 v/v/v ratio. Phosphatidylcholine (C3PC), 1,2-dipropionyl-sn-glycero-3-phosphocholine 

(Avanti Polar Lipids) in protein sample buffer was used as a crystallization additive at a 1:2:2 

v/v/v ratio of C3PC to protein to crystallization buffer with a final 1.5:1 molar excess of C3PC 

to protein. Hanging drop plates were prepared by hand. See Table 2 for protein 

concentration and starting buffer conditions. The following crystallization kits were used for 

screening: Morpheus I screen (Molecular Dimensions), Morpheus II screen (Molecular 

Dimensions), Morpheus III screen (Molecular Dimensions), PEG-Ion (Hampton Research), 

Natrix (Hampton Research), JCSG+ (Qiagen), MemStart (Molecular Dimensions), MemFac 

(Molecular Dimensions), MemSys (Molecular Dimensions), Wizard Cryo (Rigaku), LMB 

Crystallization Screen (Molecular Dimensions), SaltRx (Hampton Research), Crystal Screen 
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Lite (Hampton Research), Clear Strategy (Molecular Dimensions), JBScreen Classic 1-10 

(JenaBioScience), and Pi-PEG screen (JenaBioScience). 
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3.0 Structural features of a viral class II fusion protein from the A. ceylanicum Atlas ERV 
 
3.1 Introduction 

 

Although efforts to determine the structure of the candidate class II fusion protein from 

the A. ceylanicum Atlas retroelement by X-ray crystallography proved unsuccessful, the 

protein sample attained in the many-year effort was highly pure and ideal for alternative 

structural determination approaches. Specifically, Ace530, a recombinant form of the 

ectodomain of the putative viral glycoprotein, was selected for structural determination by 

single-particle electron microscopy. Initial biophysical characterization suggested the 53.4 

kDa protein was trimeric and highly uniform in solution. See Chapter 4 With the aid of Dr. 

Carlos Mata, an experienced microscopist in the Modis laboratory, the purified Ace530 

sample was further analysed cryo-election microscopy (Cryo-EM). The structural model 

attained in this collaboration later revealed biochemical properties of Ace530 that likely 

hindered initial crystallization efforts.  

 

3.2 Refinement of 160 Da Atlas Gc homotrimer by cryo-electron microscopy 

 

Ace530, a recombinant ectodomain fragment of Atlas retroelement env and referred to 

hereafter as Atlas Gc, was secreted from Drosophila melanogaster D.mel-2 cells and purified 

as a soluble, folded homotrimer. Optimized samples of purified Atlas Gc were vitrified at 

0.025 g L-1 in 20 mM Tris, pH 7.8, 0.15 M NaCl, 5% glycerol, and 0.5 mM TCEP. The structure 

of Atlas Gc was determined by single particle cryoEM image reconstruction at 3.76 Å 

resolution overall. Fig. 35 Atlas Gc, expected to be 160 kDa, was determined to be 

homotrimeric and refined applying C3 symmetry to images collected on a Titan Krios with a 

Falcon3 detector. Fig. 35, Fig. 36  



 - 83 - 

 

Figure 35. CryoEM reconstruction of Atlas Gc homotrimer. a. Cryo-electron micrograph of Atlas Gc 
in 20 mM Tris pH 7.8, 0.15 M NaCl, 5% glycerol, 0.5 mM TCEP at 0.025 g L-1. b. Side view of surface 
(left) and central slab of cryoEM density map (right). 3-D density map of the cryoEM image 
reconstruction of the Atlas Gc ectodomain at 3.76 Å overall resolution. The surface is coloured by 
local resolution as indicated by the colour key (Å). c. Selection of 2D classifications of Atlas Gc 
particles. 
 

At 3.7 Å, an atomic model of Atlas Gc was readily built with a slightly lower resolution of 

5.2 Å near the tapered end of the homotrimeric particle. Fig. 35b Despite the lower density 

in this region, disulfide bonds were readily modelled from a well-defined polypeptide 

backbone. Residues 87-97, 99-106, and 130-139, all within the fusion loop, could not be 

modelled without the restraints of disulfide bond formation (Cys98, Cys127, and Cys129) 

and a blurring B-factor correction of the map to fit bulky side chains. Fig. 36 The cryoEM 

structure of Atlas Gc reveals a class II fusion fold. Fig. 37, Fig. 38  
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Figure 36. CryoEM density and model of Atlas Gc from A. ceylanicum ERV AceY032_s0020.g0108. a. 
The Atlas Gc structure modelled into the 3-D density map (light blue) of the cryoEM image with the 
alpha carbon backbone depicted in yellow, blue, and pink with distinctly low resolution in the fusion 
loop. b. Atlas Gc modelled into a blurred 3-D density map for reconstruction of the fusion loop. c. 
Close-up of Atlas Gc fusion loop with the backbone modelled in the lower resolution map. d. Close-
up of Atlas Gc fusion loop with the backbone modelled in a blurred 3-D density map. The spherical 
density near the fusion loop at the three-fold axis correlates with sidechains of Cys129/Cys138 and 
Cys127/Cys132. e. Close-up of Atlas Gc fusion loop with the backbone modelled in a blurred 3-D 
density map. f. Close-up of Atlas Gc fusion loop with the backbone and side chains modelled in a 
blurred 3-D density map. (PDB: 6R3H)
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Figure 37. CryoEM structure of Atlas Gc from A. ceylanicum ERV AceY032_s0020.g0108 env. 
The Atlas Gc structure is a homotrimer with each protein subunit shown in a different colour. Views 
along the three-fold axis depict a top view of the fusion loop (FL) and a b-strand contributing to 
neighboring subunits from the bottom view. The most similar reported structure is that of Rift Valley 
Fever virus Gc (PDB: 6EGU). [37] 
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3.3 The env of the A. ceylanicum Atlas retroelement encodes a class II fusion protein 

 

The env of hookworm ERV Atlas (AceY032.s0020.g0108) encodes a class II membrane 

fusion protein fold not previously seen in retroviruses. The Atlas Gc structure reveals a 

three-domain class II membrane fusion protein fold found in alphaviruses, flaviviruses, 

phleboviruses, Rubella virus, and in certain eukaryotic fusogens. Fig. 37, Fig. 38 [13, 36, 38, 

70, 71, 75, 76] Notably, all previously described retroviral fusion protein structures have a 

helical coiled-coil class I fusion protein fold, which is exemplified by the hemagglutinin of 

influenza virus. Fig. 6 [77-81] The structure of the Atlas Gc ectodomain is remarkably similar 

to the membrane fusion proteins of phleboviruses, specifically the post-fusion structures of 

Rift Valley fever virus (RVFV) Gc, Huaiyangshan banyangvirus (HYSV, formerly severe fever 

with thrombocytopenia syndrome virus) Gc, and Heartland virus Gc. Fig. 38 [37, 82, 83] 

 

Figure 38. Structural comparison of Atlas Gc amongst modern viral class II fusogens. Atlas Gc shares 
significant homology to modern phleboviruses Rift Valley fever virus (RVFV) Gc, Huaiyangshan 
banyangvirus (HYSV, formerly SFTSV) Gc, and Heartland virus (HRTV) Gc. Semliki forest virus (SFV) E1 
provides an example from modern alphaviruses. PDB IDs and Dali z-scores are indicated as a measure 
of structural sequence similarity. [83] 
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Figure 39. The env of the A. ceylanicum Atlas retroelement encodes a class II fusion 
protein, Atlas Gc. a. Domain I (red), domain II (yellow), and domain III (blue) of the Atlas Gc 
homotrimer are arranged such that the once flexible stem (magenta) folds back to stabilize the 
hydrophobic fusion loop (orange) of Ile131/Phe136/Phe137. Conserved Arg86 (red) stabilizes the 
putative GPL-binding pocket (circled). Fifteen disulfide bonds (green) stabilize the class II fusion fold. 
The side chain Asn414 is depicted as possible Atlas Gc glycosylation site. b. Ten disulfide bonds of 
Atlas Gc are conserved in modern phleboviruses (*) with an additional disulfide bond conserved in 
HYSV Gc and HRTV Gc but not RVFV Gc (▲). Fifteen histidines (dark grey) decorate each Atlas Gc 
subunit between domain interfaces and flanking the hydrophobic fusion loop. (PDB: 6R3H) 
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Domain I, a 10-stranded b-barrel augmented by a 3-stranded sheet, organizes the 

Atlas Gc structure. Fig. 39 Two insertions in domain I form the elongated, mostly b-stranded 

domain II. Domain III has the seven-stranded b-sandwich topology of fibronectin type III 

(FN3) domains also found in macroglobulin domains, but the hydrophobic core and disulfide 

bonding pattern of domain III differ from these and other annotated domains from non-viral 

species. [84, 85] A 17-amino acid portion of the stem region, which links domain III to the C-

terminal transmembrane anchor in class II fusion proteins, could be traced spanning 5 nm 

from the end of domain III to within approximately 1 nm of the tip of domain II, forming 

some trimer contacts and adding a b-strand to domain II along the way, as seen in RVFV Gc. 

Fig. 7, Fig. 40 The overall configuration bears strong similarity to other viral and cellular class 

II fusion proteins including, in order of decreasing similarity: alphavirus E1 proteins; EFF-

1/AFF-1 cell-cell fusion proteins from C. elegans; HAP2 gamete fusion proteins from 

protozoa and plants; and flavivirus E proteins. Fig. 41 [12, 13, 38, 75, 76, 81, 84, 86] Despite 

these structural similarities, the only proteins or domains of known structure with significant 

amino acid sequence similarity to Atlas Gc are phleboviral Gc proteins (E-value <1 in PSI-

BLAST) with 22-24% sequence identity. Fig. 38, Fig. 40 [87] 
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Figure 40. Overlaid alignment of Atlas Gc with modern phleboviral class II fusogens. Atlas Gc (PDB: 
6R3H) aligned with RVFV Gc (PDB: 6EGU), HYSV Gc (PDB: 5G47), and HRTV Gc (PDB: 5YOW). The 
phosphatidylcholine ligand of RVFV Gc (hot pink) is modelled into the putative and known GPL-
binding pockets. Hydrophobic residues of the fusion loop (orange) and the conserved arginines 
purporting lipid specificity (red) are depicted. Domain I (red), domain II (yellow), and domain III (blue) 
of Atlas Gc are arranged in a post-fusion conformation in which C-terminal stem (magenta) stabilizes 
the hydrophobic fusion loop upstream of the transmembrane domain (not shown). 
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Figure 41. Structural comparison of Atlas Gc to essential eukaryotic developmental fusogens. Atlas 
Gc share significant homology to C. elegans EFF-1 which forms syncytia in worm epithelial 
development and C. reinhardtii HAP2 which catalyzes gamete fusion in sexual reproduction. PDB IDs 
and Dali z-scores are indicated as a measure of structural sequence similarity. [83] 
 

Atlas Gc has the same structural features that distinguish phlebovirus glycoproteins 

from other class II fusion proteins: a larger number of disulfide bonds, ten of which are 

conserved in phlebovirus Gc sequences but not in other class II proteins; N-linked 

glycosylation in domain III; and a more extensive and rigid interface between domains I and 

II. Fig. 39 The most notable differences between Atlas Gc and phlebovirus Gc structures are 

differences in the disulfide bonding pattern and in the composition of side chains lining the 

GPL headgroup binding pocket conserved in arboviral class II fusion proteins. Fig. 39, Fig. 43 

[37] Atlas Gc also has a different glycosylation pattern, with a single predicted N-linked 

glycosylation site at Asn414 in domain III with a weak corresponding feature in the density 

map. Fig. 42 In contrast, phlebovirus Gc proteins contain two N-linked glycans in domain III, 

at two different sites. One of these, Asn1081 in RVFV, covers the fusion loop in the prefusion 

conformation of RVFV Gc and stabilizes the pre-fusion dimer by forming contacts across the 

dimer interface, a structural feature also seen in flavivirus E proteins. Fig. 7 [36, 43, 71] This 

glycosylation site is conserved in HYSV Gc and HRTV Gc but absent in Atlas Gc. Despite these 

minor differences, the striking overall structural similarity of Atlas Gc to phlebovirus Gc 
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proteins in the post-fusion conformation reveals a surprisingly strong evolutionary link 

between retrotransposons from the Belpaoviridae family and the fusion proteins of modern 

phleboviruses. 

 

 

 
 
Figure 42. Weak density supports potential glycosylation at Asn414 of Atlas Gc domain III. Density 
unaccounted for by the Atlas Gc primary structure indicates possible N-linked glycosylation of Atlas 
Gc as predicted from Asn-Phe-Thr sequence found in domain III. Contour level = 2.4 sigma (0.0106 V). 
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3.4  Structure of the putative lipid membrane anchor of Atlas Gc 

 

Viral fusion proteins insert a membrane anchor, or a fusion loop in class II proteins, 

into the host cellular membrane to initiate virus-cell membrane fusion. The putative fusion 

loop of Atlas Gc can be clearly identified by analogy to phlebovirus Gc proteins as spanning 

residues 127-140. Fig. 43 The local resolution of the cryoEM density for this region is lower 

than for the rest of the map but the large number of structural constraints imposed by the 

positions of disulfide-bonded cysteines and other residues conserved in phleboviruses Gc 

proteins allowed an atomic model to be built unambiguously. Fig. 35, Fig. 36 Specifically, the 

structure of the fusion loop is constrained by the positions of four disulfide bonds conserved 

in phleboviruses, a fifth disulfide specific to Atlas Gc (Cys129-Cys138), a phenylalanine 

(Phe136) required in phleboviruses at the apex of the fusion loop for membrane binding and 

fusion and two conserved glycines (Gly128 and Gly134) that provide the torsional flexibility 

necessary for the fusion loop’s tightly folded conformation. Fig. 43 [37, 82, 88] 
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Figure 43. Structure of the putative fusion loop and location of proposed pH-sensing histidines of 
Atlas Gc. a. Eighteen putative pH-sensing histidines (purple) flank the hydrophobic fusion loop 
(orange) comprised of Ile131/Phe136/Phe137. Cys129-Cys138 (circled) is unique to Atlas Gc and 
stabilized the putative fusion loop at the threefold axis. b. One of three putative GPL-binding pockets 
of Atlas Gc depicted with phosphatidylcholine (C3PC; hot pink coloured by atom) of RVFV Gc (PDB: 
6EGU) modelled in and relevant residues highlighted. Arg86 (red), conserved in modern 
phleboviruses, provides the electrostatic potential for C3PC-specific lipid binding. Additional residues 
are depicted in black. (PDB: 6R3H) 
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The structure and chemical properties of the Atlas Gc fusion loop are similar to 

phlebovirus fusion loops and consistent with a membrane anchoring function. The side 

chains of Ile130, Phe136, Phe137, and the Atlas-specific disulfide (Cys129-Cys138) form a 

hydrophobic surface at the narrow end of the trimer with a crater-like shape similar to 

modern phlebovirus and flavivirus fusion proteins. Fig. 44 The total area of this surface, 

extended by the side chain of Arg89 on an adjacent loop, analogous to Leu779 in RVFV Gc, is 

greater than in most other viral class II fusion proteins. Fig. 44, Fig. 45 By analogy with other 

viral class II fusion proteins, the shape and extent of the hydrophobic surface formed by the 

Atlas Gc fusion loop suggest it could function as a membrane anchor. 
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Figure 44. Comparison Atlas Gc to the glycerophospholipid-binding pocket of RVFV Gc. a. The RVFV 
Gc domain II (silver) supports a hydrophobic fusion loop (Trp821 and Phe826) and 
phosphatidylcholine (C3PC, light orange and coloured by atom) binding pocket (Arg775, Arg776, 
Leu779, Val780, Cys825, Asp961, and Pro1135) (PDB: 6EGU) b. GPL-binding residues of RVFV Gc are 
contributed by the ij, bc, and cd loops of domain II and the C-terminal stem including histidines 
(purple). c. The Atlas Gc domain II (cyan) supports a hydrophobic fusion loop (Ile103, Phe136, and 
Phe137) and a putative GPL-binding pocket (His85, Arg86, Cys87, Arg89, Cys135, His271, and Arg440) 
(PDB: 6R3H) d. Overlay of RVFV Gc (silver) and Atlas Gc (cyan) fusion loop and GPL-binding pocket. 
(PDB:6EGU, 6R3H) e. Putative GPL-binding residues of Atlas Gc (cyan) are contributed by the ij, bc, 
and cd loops of domain II with the phosphatidylcholine (C3PC, in hot pink coloured by atom) of RVFV 
Gc modelled in by alignment. (PDB:6EGU, 6R3H) f. Six histidines (purple) flank the Atlas Gc 
hydrophobic fusion loop and contribute to the putative GPL-binding pocket. (PDB: 6R3H) 
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 In addition to inserting nonpolar side chains into the hydrophobic region of the 

membrane, viral class II fusion proteins form polar contacts with lipid headgroups via the 

fusion loop and the adjacent GPL binding pocket. Fig. 44a [37] By selecting for headgroups 

with complementary electrostatic potential, polar contacts confer a degree of specificity to 

lipid binding. In phleboviruses, a set of conserved polar residues in the GPL binding pocket 

bind selectively to zwitterionic GPLs. Fig. 11 [37] The Atlas Gc structure reveals a putative 

GPL binding pocket with both conserved and novel features. The arginine that forms 

bidentate hydrogen bonds with the GPL phosphate moiety in phleboviruses is conserved in 

Atlas Gc (Arg86). Fig. 44ac, Fig. 45 The disulfide bond and short-chain hydrophobic residue 

that bind the GPL glycerol moiety are also conserved (Cys87-Cys135, Ala90). Fig. 43, Fig. 

44ac, Fig. 45 However, an aspartate-arginine pair that binds choline and ethanolamine GPL 

moieties in phleboviruses is not conserved in Atlas Gc, which instead has two histidines at 

the corresponding positions (His271 and His85). Fig. 43b, Fig. 44ac, Fig. 45 Moreover, Atlas 

Gc has an extra residue in the fusion loop compared to phlebovirus Gc proteins, Asp133. Fig. 

43b Notably, the side chain of Asp133 points into the GPL binding pocket and is located near 

the position of the choline GPL moiety in the superimposed structure of RVFV Gc bound to a 

phosphatidylcholine ligand, suggesting that Asp133 could compensate for the lack of a 

conserved aspartate at position 271. Fig. 43b, Fig. 44e [37] Hence the GPL binding pocket of 

Atlas Gc appears to have the necessary physiochemical attributes to support GPL binding, 

with Arg86 binding the phosphate moiety, Cys87/Cys135/Ala90 binding the glycerol moiety, 

and His85/Asp133/His271 coordinating the end of the headgroup. Fig. 43, Fig. 44e, Fig. 45 

We note the presence in the cryoEM reconstruction of some additional density around the 

GPL binding pocket that is unaccounted for by our atomic model. Fig. 46 Additionally, the 

absorbance at 260 nm of purified Atlas Gc was higher than expected despite treatment with 

EDTA and nucleases during purification. These two observations would be consistent with 

Atlas Gc binding of lipid molecules containing unsaturated acyl chains in purification. 

Unfortunately, the local resolution of the map is insufficient to determine conclusively 

whether the GPL binding pocket contains a ligand. 
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Figure 45. Prediction of the Atlas Gc glycerophospholipid-binding pocket from structural alignment 
to RVFV Gc. The RVFV Gc domain II (silver) supports a hydrophobic fusion loop (Trp821 and Phe826) 
and phosphatidylcholine (C3PC; magenta, coloured by atom) binding pocket (Arg775, Arg776, 
Cys777, His778, Leu779, Val780, Cys823, Gly824, Cys825, Phe826, Asn827, Asp961, and Pro1135). 
Solvent exposed surface area of RVFV Gc GPL-binding pocket without C3PC (silver surface, 13 
residues) = 810 Å2, (PDB: 6EGU). The Atlas Gc domain II (cyan) supports a hydrophobic fusion loop 
(Ile130, Phe136, and Phe137) and a putative GPL-binding pocket (His85, Arg86, Cys87, His88, Arg89, 
Ala90, Asp133, Gly134, Cys135, Phe136, Phe137, His271, and Arg440). Solvent exposed surface area 
of the putative Atlas Gc GPL-binding pocket (cyan surface, 13 residues) = 1,154 Å2, (PDB: 6R3H). All 
RVFV Gc residues within 5 Å of the C3PC molecule were selected as the GPL-binding surface. Atlas Gc 
was aligned to this selection and residues within 5 Å of the aligned C3PC molecule were selected as 
the putative Atlas Gc GPL-binding surface. Though present in the hydrophobic fusion loop, RVFV Gc 
Trp821 and Atlas Gc Ile130 were excluded from the GPL-binding pocket measurements due to lack of 
proximity to C3PC. 



 - 98 - 

 
 

Figure 46. Weak density reveals a possible ligand bound in the putative glycerophospholipid-
binding pocket of Atlas Gc. Density unaccounted for by the Atlas Gc primary structure indicates 
three partially occupied GPL-binding pockets in the post-fusion Atlas Gc model. Heterology of the 
bound cofactor may contribute to the low resolution. GPL map: Blur0/+163B/4.9 sigma (PDB: 6R3H)  
 

3.5 Potential of intermolecular disulfides to stabilize the post-fusion conformation of Atlas 

Gc 

 

With 30 cysteine residues forming 15 disulfide bonds, Atlas Gc contains twice the 

average abundance of cysteines, more than has been found in any other class II protein. Fig. 

39 Twenty of these cysteines form disulfides that are structurally conserved in phlebovirus 

species (including RVFV, HYSV and HRTV) but not in other class II proteins. Fig. 39b An 

eleventh disulfide, in domain III, is conserved in Atlas, HYSV, and HRTV glycoproteins but not 

RVFV Gc. Fig. 39b Interestingly, Atlas Gc contains four additional disulfide bonds not 

conserved in modern phleboviruses: one in the fusion loop, two in domain II in the a b-

hairpin containing the ij loop (one of the cysteines forming these disulfides is conserved in 

phleboviruses but forms a disulfide with a cysteine in a different b-strand in domain II), and 

one in domain III. Fig. 43, 44e The Atlas-specific disulfide in the fusion loop, Cys129-Cys138, 
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is of particular interest as it appears likely to confer novel biochemical properties. Fig. 43, 

Fig. 47 As discussed above, the side chains of Cys129 and Cys138 extend the hydrophobic 

surface formed by conserved residues in the fusion loop that are required for membrane 

insertion. Furthermore, and due to the location of Cys129 and Cys138 close to the threefold 

symmetry axis of the trimer, the side chains of the two residues can be rearranged by 

torsional rotation, without changes to the polypeptide backbone, to form intermolecular 

disulfides across the trimer interface, thereby cross-linking all three protomers in the trimer. 

Fig. 47 SDS-PAGE under non-reducing conditions revealed nearly 15% of Atlas Gc purified 

without reducing agents contained one or more intermolecular disulfide bonds. Fig. 29 In 

contrast, under the mildly reducing conditions used to purify the sample for cryoEM imaging 

(0.5 mM TCEP), no cross-linked Atlas Gc was detected. See Chapter 2 and Chapter 4 The 

resolution of the cryoEM density was insufficient to determine whether the disulfides were 

intra- or intermolecular (or a mixture of the two) in the imaged sample, which was purified 

with 1 mM TCEP. Fig. 36d Consequently, the presence of a mixture of intra- or 

intermolecular disulfide bonds between Cys129 and Cys138 would break the threefold 

symmetry of the trimer. This could, in principle, explain the reduced local resolution of the 

map, since C3 symmetry was imposed. Exchange of the Cys129-Cys138 bonds from 

intramolecular to intermolecular disulfides could provide a novel mechanism for stabilizing 

Atlas Gc trimer in its post fusion-like conformation and reduce the reversibility of any 

preceding conformational change. Fig. 9, Fig. 47 Disulfide-mediated cross-linking of the post-

fusion conformation has not been described in any viral or non-viral membrane fusion 

proteins but could potentially function as a mechanism to regulate or promote a fusogenic 

conformation. 



 - 100 - 

 

Figure 47. Disulfide bonds at the three-fold axis of the Atlas Gc fusion loop may facilitate 
intermolecular disulfide exchange. a. A top view of Atlas Gc highlighting the upper ring of disulfides 
bonds formed by Cys129-Cys138. The distance (3.6-3.7 Å) and position of the disulfide bonds in the 
Atlas Gc structure along the threefold axis would accommodate intermolecular disulfide bond 
exchange via cysteine sidechain rotamers (not shown). Measurement between sulfur atoms shown 
in Angstroms. b. A top view of Atlas Gc highlighting the lower ring of disulfides bonds formed by 
Cys127-Cys132. Measurement between sulfur atoms shown in Angstroms. (PDB: 6R3H) 
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3.6 Materials and Methods  

 

CryoEM sample preparation and data collection* 

Purified Atlas Gc trimer (3 μl at a concentration of 0.025 mg ml-1) in buffer containing 20 mM 

Tris pH 7.8, 0.15 M NaCl, 5% glycerol and 0.5 mM TCEP, was applied onto glow-discharged 

R1.2/1.3 400 mesh copper grids (Quantifoil Micro Tools, Germany). The grids were blotted 

for 4 seconds and plunge-frozen in liquid ethane using a FEI Vitrobot Mark IV (Thermo Fisher 

Scientific) at 4˚C and 100% humidity. Preliminary sample screening and initial datasets were 

acquired on a FEI Tecnai F20 microscope operated at 200 kV equipped with Falcon II direct 

electron detector (Thermo Fisher Scientific) at -4 µm defocus. High resolution cryoEM 

dataset collection was performed on a FEI Titan Krios microscope operated at 300 kV 

equipped with a 20-eV slit width GIF quantum-energy filtered Gatan K2-Summit direct 

electron detector in counting mode. A total of 3,027 movies were recorded at a calibrated 

magnification of 130,000x leading to a magnified pixel size of 1.047 Å on the specimen. Each 

movie comprises 36 frames with a dose rate of 1.28 e- Å-2 per frame, with a total exposure 

time of 8 seconds and an accumulated dose of 46.18 e- Å-2. Data acquisition was performed 

with EPU Automated Data Acquisition Software for Single Particle Analysis (Thermo Fisher 

Scientific) with three shots per hole at -1.3 µm to -3.5 µm defocus. 

 

Image processing* 

Micrographs from initial datasets allowed us to obtain a consistent model at ~19 Å 

resolution from 3,790 particles selected after 2D and 3D classification, and consequent auto-

refinement. All movies from high-resolution datasets were motion-corrected and dose-

weighted with MOTIONCOR2. [89] Aligned, non-dose-weighted micrographs were then used 

to estimate the contrast transfer function (CTF) with GCTF. [90] All subsequent image 

processing steps were performed using RELION 3.0. [91, 92] 2D references from initial 

datasets were used to auto-pick the micrographs. One round of reference-free 2D 

classification was performed to produce templates for better reference-dependent auto-

picking, resulting in a total of 987,570 particles. After a first round of 2D classification, 

595,011 particles were selected to perform a second 2D classification, resulting in a final 

number of 320,041 selected particles. Then, a 3D classification imposing C3 symmetry was 

performed using the model from the initial datasets filtered at 40 Å resolution as initial 
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model. The best class, containing 197,145 particles, was selected and subjected to 3D auto-

refinement imposing C3 symmetry, yielding a map with an overall resolution at 4.11 Å based 

on the gold-standard (FSC = 0.143) criterion. After refinement, the new routines CTF 

refinement (per-particle defocus fitting and beam tilt estimation) and Bayesian polishing 

implemented in RELION 3.0 were performed, yielding a final map with an overall resolution 

at 3.76 Å. Local resolution was estimated with RELION. [93]  

 

Model building and refinement* 

The crystal structure of RVFV Gc glycoprotein in the post-fusion conformation (PDB 6EGU, 

Guardado-Calvo et al., 2017) was used as template to build a homology model with the 

sequence of Ace530 using the Swiss-Model server (https://swissmodel.expasy.org). The 

output model was docked as a rigid body into the density with UCSF Chimera. [94] Initial 

docking was performed manually and was followed by real space fitting with the Fit in Map 

routine. A preliminary step of real space refinement was performed on the three-subunit 

model, with Phenix 1.13, with global minimization, atomic displacement parameter (ADP), 

simulated annealing and morphing options selected. [95] The model was then rebuilt in Coot 

to optimize the fit to the density. [96] Due to low resolution information in the fusion loop 

region, the density was converted to .mtz file using CCP-EM software package tools and 

blurring of the density allowed us to localize bulky residues and disulfide bonds, and thus 

use them as a guide to build the entire fusion loop. A final step of real space refinement was 

performed with Phenix 1.15, with global minimization and ADP options selected. The 

following restraints were used in the real space refinement steps: secondary structure 

restraints, non-crystallographic symmetry (NCS) restraints between the protein subunits, 

side chain rotamer restraints, and Ramachandran restraints. Key refinement statistics are 

listed in Supplementary Table 1. See Appendix 

 

Model validation and analysis* 

The FSC curve between the final model and full map after post-processing in RELION, Model 

vs Map, is shown. See Appendix Cross-validation against overfitting was performed as 

described by Amunts et al.. [97] The atoms in the final atomic model were displaced by 0.5 Å 

in random directions with Phenix. The shifted coordinates were then refined against one of 
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the half-maps generated in RELION, the “work set”. This test refinement was performed in 

Phenix using the same procedure as for the refinement of the final model (see above). The 

other half-map, the “test set” was not used in refinement for cross-validation. FSC curves of 

the refined shifted model against the work set, FSCwork, and against the test set, FSCtest, 

are shown. See Appendix The FSCwork and FSCtest curves are not significantly different, 

consistent with the absence of overfitting in our final models. 

The quality of the atomic models, including basic protein geometry, Ramachandran plots, 

clash analysis, was assessed and validated with Coot, MolProbity as implemented in Phenix 

1.15, and with the Worldwide PDB (wwPDB) OneDep System (https://deposit-

pdbe.wwpdb.org/deposition). [98]  

 

* work completed in collaboration with Dr. Carlos Mata 
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4.0 Biochemical features of Atlas Gc – an ancient viral class II fusion protein 

 

4.1 Introduction 

 

The dynamic ability of class II membrane fusion proteins to oligomerize in cis and 

trans orientations on apposing membranes, bind various GPLs, and form pores provides 

scope for variability in the class II fusion mechanism. Viral class II fusion proteins target host 

cellular membranes in a unilateral manner, typically associating with lipid membranes as 

monomers arranged in pentameric or hexameric capsomers on the viral particle and yielding 

a post-fusion trimer. Fig. 7, Fig. 8, Fig. 9, Fig. 10 [47] Considering the gene architecture of the 

env of the A. ceylanicum Atlas retroelement, predicted topology, and domain orientation, 

Atlas Gc is expected to function biochemically like a modern class II viral fusion protein. Fig. 

14 

One unique biochemical property of modern class II viral fusogens involves the C-

terminal stem. In the pre-fusion conformation, the stem flexibly extends from domain III and 

anchors the glycoprotein via a transmembrane domain in the viral membrane. For class II 

viral fusogens in the post-fusion conformation, the C-terminal stem stabilizes the 

homotrimer by forming intermolecular contacts and contributing a β-strand to domain II 

driving trimerization. Fig. 7, Fig. 10 Consequently, expression of soluble ectodomains 

containing the C-terminal stem favour the post-fusion conformation while truncations to the 

end of domain III yield more stable monomer/dimer fractions. Two other biochemical 

features of modern viral class II fusogens that contribute to trimerization include association 

with lipids and exposure to low pH. 
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4.2 Purification of wild-type and mutant Atlas Gc yields thermostable homotrimers 

 

 

Figure 48. SDS-PAGE of Ace530 trimeric fractions purified by S200 size exclusion chromatography. 
a. Ace530 purified in non-reducing conditions in 20 mM Tris pH 7.8, 0.15 M NaCl, and 5% glycerol. b. 
Ace530 purified in mildly reducing conditions in 20 mM Tris pH 7.8, 0.15 M NaCl, 5% glycerol, and 0.5 
mM TCEP. Samples were loaded in non-reducing (N) and reducing (R) loading buffers. c. Attempted 
Ace530 de-glycosylation and His tag removal by EndoHF, PNGase F, and carboxypeptidase A (CPA). 
 

Two recombinant ectodomain fragments of Atlas Gc were secreted from D. 

melanogaster D.mel-2 cells and purified as a soluble, folded proteins. The truncated 

ectodomain of Atlas Gc, termed Ace509, terminates at the end of domain III. The extended 

ectodomain of Atlas Gc, termed Ace530, includes 20 residues of the C-terminal stem as the 

atomic model depicts. Fig. 37 Both constructs were purified by Ni2+-affinity chromatography 

via a C-terminal V5/His tag followed by fractionation by anion exchange and SEC in 20 mM 

Tris, pH 7.8, 0.1 M NaCl, 5% glycerol, and 0.5 mM TCEP. In the absence of mild reducing 

agents, purification of both Atlas Gc constructs yielded crosslinked oligomeric fractions, 

mostly trimeric. The addition of low levels of the mild reducing agent TCEP throughout 

purification reduced such cross-linking in final yields. Fig. 29, Fig. 30, Fig. 48ab Addition of 

EDTA did not prevent said cross-linking. Though acidification throughout expression and 

purification was avoided with pH maintained at 7.0 or higher, both Ace509 and Ace530 

purified into soluble monomeric, dimeric, and trimeric fractions. Fig. 49, Fig. 50 
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Figure 49. SEC-MALs of Ace509 monomeric and trimeric preparations. An overlay of SEC traces of 
Ace509 purified as monomer/dimer (red) or trimer (blue) on a Superdex 200 in 20 mM Tris pH 7.8, 
0.15 M NaCl, 5% glycerol, 0.5 mM TCEP. Measured molar mass is indicated; predicted mass of 
Ace509 is 49 Da. 
 

For both constructs, the homotrimeric conformation was the most thermostable and 

abundant fraction. Without the C-terminal stem, purification of Ace509 yielded significantly 

more monomeric and dimeric Atlas Gc than purifications of Ace530 — a common feature of 

modern viral class II fusogens in which the C-terminal stem stabilizes the post-fusion 

conformation. Seemingly in equilibrium with dimeric Atlas Gc, high concentrations of 

monomeric Ace509 result in a broadened dimeric peak by SEC. A dynamic equilibrium of 

Atlas Gc monomers and dimers is further supported by high polydispersity of Ace509 

monomer fractions as measured by SEC-MALS. Fig. 49 Both Ace509 and Ace530 

monomer/dimer fractions are unstable and readily convert to trimer over time, despite 

storage at 4°C and neutral pH. One possible contributor to this spontaneous trimerization 

may be a bound and activating co-factor pulled down by Atlas Gc in purification, suspected 

to be a lipid. 

Interestingly, trimeric fractions of both Ace509 and Ace530 display a unique 

biophysical property. By SEC, trimeric peaks of Atlas Gc have an uncommonly high ratio of 

UV absorbance at 260 nm versus 280 nm (A260/280). Fig. 50 The additional absorbance at 260 

nm may reasonably be due to co-factors bound in the post-fusion conformation (such 

nucleic acids or acylated GPLs) or contributed by a pi-stacking phenomenon not captured in 
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the structure. The addition of EDTA and nucleases throughout purification had no effect on 

the high A260/280 of trimeric fractions, often measuring above 0.70. In all instances, 

monomeric fractions of Atlas displayed a lower A260/280 near 0.60, typical for a purely 

proteinaceous sample. As the modern viral class II fusogen RVFV Gc is known to bind three 

phosphatidylcholine head-groups in the post-fusion conformation (one molecule in the GPL-

binding pocket of each subunit), the potential for strong structural homologue like Atlas Gc 

to do the same is very high. Fig. 10 Heterogeneity of the lipids bound would justify the small 

variability of A260/280 in trimeric fractions and explain the limited resolution for a co-factor 

bound in the putative GPL-binding pocket of Atlas Gc.  

Lipid-binding and membrane association are known to contribute to trimerization in 

modern viral class II fusogens. [37, 47] The putative fusion loop of Atlas Gc is expected to 

associate with membranes via the hydrophobic residues Ile131/Phe136/Phe137 and direct 

GPL headgroup binding via Arg86, a residue conserved in modern phlebovirus glycoproteins. 

Mutation of the hydrophobic fusion loop in Ace530F136A/F137A and the GPL-binding 

pocket in Ace530R86A yielded significantly more monomeric fractions than wild-type 

Ace530 purification. Fig. 50 While both variants were expressed as soluble folded trimers 

like wild-type Atlas Gc, trimeric fractions of each still displayed a uniquely high A260/280. Fig. 

50bc This data suggests, that like modern viral class II fusogens, the hydrophobic fusion loop 

and putative GPL-binding pocket of Atlas Gc contribute to trimerization by mediating aspects 

of lipid membrane association. 
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Figure 50. Size exclusion chromatography of Ace530 and fusion loop-mutants F136A/F137A and 
R86A. Purified Ace530, Ace530F136A/F137A, and Ace530R86A run in 20 mM Tris pH 7.8, 0.15 M 
NaCl, 5% glycerol, and 0.5mM TCEP at 0.5 ml min-1 on a GE Superdex 200 column. A260/280 ratio at 
peak maxima is indicated. 
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4.3 Atlas Gc binds membranes with endosome-like lipid compositions at low pH 

 

 

Figure 51. Schematic for the liposome floatation assay and ultra-centrifugation fractionation. 
Liposomes of various membrane composition were incubated at various pH with and without Atlas 
Gc and laid underneath a 30% OptiPrep gradient in 40% OptiPrep. Samples were ultra-centrifuged at 
100,000 x g for 1 hour at 4°C. Percent floatation was quantified by the amount of Atlas Gc co-floating 
with liposomes in the top (T) fractions over the total amount of Atlas Gc in top and bottom (B) 
fractions as analyzed by Coomassie-stained SDS-PAGE. 
 

A key step in viral membrane fusion is insertion of the fusion protein into the host 

cellular membrane. To determine whether Atlas Gc has this activity, binding to liposomes 

was assessed in a liposome floatation assay in density gradient centrifugation experiments, 

supported by dynamic light scattering (DLS) measurements. Fig. 51 Since viruses containing 

class II fusion proteins, like many retroviruses, undergo membrane insertion and fusion in 

endosomal compartments where the pH is acidic, liposome binding was assayed at a range 

of pH values. Fig. 52 In contrast to RVFV Gc, Atlas Gc did not bind liposomes containing 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), cholesterol, and sphingomyelin 

(SM) at neutral or acidic pH (pH 4-8). At neutral pH (pH 7.8), Atlas Gc also failed to bind 

liposomes containing anionic lipids enriched in early or late endosomes, phosphatidylserine 

(PS) or bis(monoacylglycerol)phosphate (BMP, also known as lysobisphosphatidic acid or 

LBPA), respectively. Fig. 52 At pH 4, however, Atlas Gc bound tightly to liposomes containing 

PS or BMP, with weaker binding observed at pH 4.6. Fig. 52 Remarkably, Atlas Gc did not 

bind to liposomes containing phosphatidylglycerol (PG) instead of BMP even though PG and 

BMP are regioisomers with identical chemical composition and electrostatic charge (of -1), 

and differ only in the position of the second acylglycerol linkage, resulting in a linear 
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configuration for BMP instead of the usual branched configuration for PG. Liposome binding 

data show that Atlas Gc binds to membranes containing specific GPLs enriched the 

endosomal pathway in a pH-dependent manner. Fig. 52 No other class II fusion proteins 

have been reported to require low pH, PS, or BMP for membrane insertion. However, 

phleboviruses, which require only PE or PC and cholesterol for membrane insertion, 

subsequently require BMP for fusion. [37, 51] Similarly, flaviviruses require BMP, PS, or 

other anionic lipids for efficient fusion. [52, 99, 100] 
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Figure 52. Anionic lipids BMP and PS specifically promote lipid membrane binding of Ace530 upon 
exposure to low pH. a. Ace530 binds lipid bilayers in a pH- and lipid composition-specific manner in a 
liposome floatation assay. SDS-PAGE of Bottom (B) and Top (T) fractions and histogram quantifying 
floatation by amount of Ace530 in top two of four fractions after ultra-centrifugation. See Appendix 
Liposome lipid membrane composition and molar ratio are indicated. Error bars depict standard 
deviation. Phosphatidylcholine (PC), Phosphoethanolamine (PE), Sphingomyelin (SM), Cholesterol 
(CH), Phosphatidylglycerol (PG), Phosphatidylserine (PS), Bis(Monoacylglycerol)Phosphate (BMP) b. 
Ace530 binding causes lipid mixing and fusion of liposomes in a pH- and lipid composition-specific 
manner in liposome floatation assay. Liposome diameter measured by dynamic light scattering (DLS).  
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Figure 53. Ace530 binding causes lipid mixing and fusion of liposomes in a pH- and lipid 
composition-specific manner in the liposome floatation assay. Dot plot of mean difference in 
liposome diameter upon addition of Ace530 and acidification measured by DLS. Lipid composition 
and molar ratio are indicated. Significance (✱) determined by two-way ANOVA using Sidak’s multiple 
comparisons test with a 95% confidence interval with acidified liposome controls. not significant (ns) 
 

4.4 Mutation of the hydrophobic fusion loop and effects on lipid binding 

 

To determine whether Atlas Gc binds membranes in a manner analogous to other 

viral class II fusion proteins (via the fusion loop and GPL binding pocket), Atlas Gc variants 

were generated with mutations in the two phenylalanine residues of the fusion loop 

(F136A/F137A), or in a conserved arginine predicted to bind the GPL phosphate moiety 

(R86A). Both variants were expressed as soluble folded trimers like wild-type Atlas Gc. Fig. 

50 The F136A/F137A mutant failed to bind liposomes containing PS and co-floatation with 

liposomes containing BMP at pH 4 and pH 4.6 was reduced to approximately one third of 

wild-type levels. Fig. 54 The R86A mutant retained the ability to bind liposomes at pH 4 and 

with 25% PS or BMP in the membrane, but at a significantly reduced capacity with binding to 

PS most affected. Fig. 55 We conclude that Atlas Gc binds to lipid membranes through 

insertion of hydrophobic residues and coordination of lipid headgroups in the GPL binding 

pocket, as seen in other viral class II fusion proteins.  
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Figure 54. Mutation of the hydrophobic fusion loop in Ace530F136A/F137A abrogates lipid 
membrane association. a. Ace530F136A/F137A binds lipid bilayers in a pH- and lipid composition-
specific manner in liposome floatation assay. SDS-PAGE of Bottom (B) and Top (T) fractions and 
histogram quantifying floatation by amount of Ace530F136A/F137A in top two of four fractions after 
ultra-centrifugation. See Appendix b. No lipid-mixing or liposome fusion observed with 
Ace530F136A/F137A despite acidification. Liposome diameter measured by dynamic light scattering 
(DLS) c. Dot plot of mean difference in liposome diameter upon addition of Ace530 and acidification 
measured by DLS. Significance (✱) determined by two-way ANOVA using Sidak’s multiple 
comparisons test with a 95% confidence interval with acidified liposome controls. not significant (ns) 
n = 3 
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Figure 55. Mutation of the predicted lipid-binding pocket in Ace530R86A abrogates lipid 
membrane association. a. Ace530R86A binds lipid bilayers in a pH- and lipid composition-specific 
manner in liposome floatation assay. SDS-PAGE of Bottom (B) and Top (T) fractions and histogram 
quantifying floatation by amount of Ace530R86A in top two of four fractions after ultra-
centrifugation. See Appendix b. Diminished lipid-mixing or liposome fusion observed with 
Ace530R86A with acidification. Liposome diameter measured by dynamic light scattering (DLS) c. Dot 
blot of mean difference in liposome diameter upon addition of Ace530 and acidification measured by 
DLS. Significance (✱) determined by two-way ANOVA using Sidak’s multiple comparisons test with a 
95% confidence interval with acidified liposome controls. not significant (ns) n = 3 
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4.5 The role of acidification in Atlas Gc lipid membrane association 

 

The optimal pH for membrane insertion of Atlas Gc (pH 4-4.5) is similar to the 

optimal pH of hemifusion of Uukuniemi virus, a model phlebovirus, and would be consistent 

with membrane insertion in late endosomes or endolysosomes, as is the case for 

phleboviruses. [51] Since the imidazole side chain of histidine has a pKa value in the range of 

6-6.4, the side chains of His85 and His271, in the GPL binding pocket of Atlas Gc, would be 

fully protonated at pH 4-4.5. Fig. 43b, Fig. 44e The resulting net positive charge of the 

His85/Asp133/His271 triad (+1/-1/+1), analogous to the Arg/Asp pair that coordinates the 

end of GPL headgroups in phleboviruses, would precisely mirror the charge of the 

phosphatidylserine headgroup of PS (-1/+1/-1), and to a lesser extent the glycerol-phospho-

glycerol headgroup of BMP (-1). Moreover, Atlas Gc contains four additional histidines 

(residues 88, 94, 99 and 100) exposed to the solvent in the immediate vicinity of the GPL 

binding pocket and fusion loop, none of which are conserved in phleboviruses. Fig. 44f The 

protonation of these histidines at low pH may promote further interactions with anionic 

moieties of lipid headgroups, complementing the function of His85/His271. The presence of 

six histidines in and around the GPL binding pocket provides a possible explanation for the 

observed pH-dependent insertion of Atlas Gc into membranes containing PS and BMP. Fig. 

43b, Fig. 44ef Consistent with a conserved role for the GPL binding pocket in determining 

lipid specificity of class II fusion proteins, mutations in alphaviruses at a position equivalent 

to His271 in Atlas Gc, in the so-called ij loop, determine the extent to which alphaviruses 

depend on cholesterol for membrane binding. [53] 

 

4.6 The role of cholesterol and sphingomyelin in Atlas Gc lipid membrane association 

 

In addition to GPLs, phleboviruses and alphaviruses (but not flaviviruses) require 

cholesterol for efficient membrane binding and subsequent fusion. [37, 51, 53] Alphaviruses 

additionally require sphingolipids (such as SM) for efficient fusion. [54, 101] Removal of 

cholesterol and SM diminished liposome binding activity by Atlas Gc to nearly one third in 

liposomes containing 25% BMP. Fig. 52, Fig. 53 Notably, the concentration of cholesterol in 

nematode cellular membranes is approximately 20 times lower than in vertebrate cells. 

[102, 103] This is insufficient for cholesterol to regulate the structure or fluidity of nematode 

membranes, in which cholesterol is thought to be instead a precursor for low-abundance 
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metabolites and hormones. [102-104] Likewise, Drosophila can grow indefinitely in only 

trace amounts of exogenous sterols, suggesting that arthropods, which are obligate vectors 

of the vast majority of viruses containing class II fusion proteins, also do not rely on 

cholesterol to regulate membrane fluidity. [102]  

In the structure of Atlas Gc, the hydrophobic residues Ile130 and Phe137 of the 

fusion loop occupy positions of more hydrophilic side chains (Trp821 and Asn827 in RVFV 

Gc) that are conserved across phleboviruses and flaviviruses and have been implicated in 

cholesterol binding. Fig. 44ac Indeed, molecular dynamics simulations suggested that the 

side chains of Trp821 and Asn827 in the RVFV Gc fusion loop form hydrogen bonds with 

cholesterol upon membrane insertion. [37] Moreover, the N827A RVFV Gc mutant lacks 

fusion activity, and the N827A and W821H RVFV Gc mutants both fail to bind membranes. 

[37, 88] We speculate that the observed ability of Atlas Gc to bind GPL membranes in the 

absence of cholesterol and sphingomyelin may due to its more hydrophobic fusion loop 

surface, with Ile130, Phe137 and the Cys129-Cys138 disulfide complementing the conserved 

Phe136. Fig. 43, Fig. 44c 

 

4.7 Low pH and lipid exposure induce a monomer to trimer transition of Atlas Gc 

 

Class II fusion proteins form the outer layer of the virus, built from protein 

monomers or dimers, forming in most cases an icosahedral shell. The fusogenic 

conformational change, triggered by endosomal acidification, is accompanied by 

reorganization of the fusion proteins into trimers. Fusion proteins from classes I and III, 

including retroviral fusogens, remain trimeric throughout the fusion reaction, but no class II 

fusion proteins are known to be trimeric in their prefusion conformation. Having established 

that Atlas Gc can insert into membranes as a trimer with a post fusion-like conformation, we 

set out to determine whether it could undergo a conformational change as seen in the 

membrane fusion reaction of class II proteins from infectious viruses.  
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Figure 56. Trimerization and EGS cross-linking of Ace509 monomer. Monomeric Ace509 was 
acidified with PC:PE:SM:CH:PS liposomes and converted to homotrimers. EGS was titrated as 
indicated for cross-linking to compensate for PC content and cross-reactivity. Oligomeric state was 
determined by α-V5 Western blot. Ace509 has an expected molecular weight of 49 kDa. 
 

In purification, Ace530 expressed predominantly as a trimer with extremely small 

traces of monomers or dimers. Fig. 50 However, Ace509 was expressed in a mixture of 

oligomeric states including monomers. Fig. 49 A monomeric fraction of Ace509 was 

expressed and purified while maintaining the pH above 7. Monomeric Ace509 was 

chemically crosslinked at acidic and neutral pH, in the presence and absence of liposomes 

containing the late endosomal lipids BMP or PS. Chemical cross-linking confirmed that 

Ace509 monomers trimerized independently of acidification or the addition liposomes. A 

depletion of monomeric and dimeric Ace509 at higher concentrations of the cross-linking 

reagent EGS was considered a conversion to homotrimeric Ace509 and can be seen in the 

presence of PS-containing liposomes at low pH. Fig. 56 While the addition of a lipids is 

expected to facilitate a conversion of monomer to trimer in class II fusion proteins, more 

control experiments are needed to address the dependency of trimerization on low pH or 

even anionic lipid membranes. To confirm the specific requirements for Atlas Gc 

trimerization, the state of monomeric Ace509 should be probed in the following conditions: 

(1) cross-linked after treatment with PS-containing liposomes at neutral pH and (2) cross-

linked at high concentrations of EGS in the absence of liposomes at neutral pH. This data and 

the instability of monomeric Ace509 and Ace530, specifically their quick and irreversible 

conversion to trimer upon storage at 4°C, indicate that monomeric Atlas Gc is unstable and 



 - 118 - 

readily converts to soluble “post-fusion” homotrimers regardless of pH. Anionic lipids which 

are enriched in insect cell membranes and expression systems may be one factor 

contributing to Atlas Gc trimerization in purification. This hypothesis is further supported by 

liposome floatation assays in which anionic lipids and low pH are required for Atlas Gc co-

floatation and direct binding of lipid membranes. Fig. 52, Fig. 53 Given the biochemical data, 

further Atlas Gc trimerization and functional assessment should be considered in the 

presence of Atlas Gn, the upstream glycoprotein expected to bind and regulate membrane 

fusion for RVFV Gc and other bunyaviral fusion machinery. [47, 58] Co-expression of Atlas Gn 

and Gc is expected to maintain Gc in its “pre-fusion” conformation and fusogenically active 

state.  

While “post-fusion” trimeric Atlas Gc was shown to associate with anionic lipid 

membranes at a drastically low pH, further investigation of the requirements and threshold 

for Atlas Gc lipid membrane fusion and trimerization should be assayed in the context of 

Atlas Gn and membrane bound Atlas Gn-Gc heterocomplex formation. Atlas Gn-Gc cell-cell 

fusion assays and virus-like particle infection assays would provide the ideal system for 

further assessment of the Atlas Gc fusion mechanism. Regardless, lipid membrane binding 

triggered by low pH and promoted by specific lipids recapitulates the properties of class II 

fusion proteins from modern flaviviruses, phleboviruses, and alphaviruses. [51, 69, 105, 106] 

It remains to be determined whether Atlas Gn and a fusogenic conformational change 

accompany the transition of Atlas Gc from monomer to trimer in membrane fusion. The 

striking parallels in how Atlas Gc and class II fusogens from infectious viruses respond at the 

ultrastructural level to environmental cues strongly suggest that Atlas Gc would have 

membrane fusion activity in late endosomes, like phleboviruses and indeed many 

retroviruses. 
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4.8 Materials and Methods 

 

Liposome floatation assay 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (PE), egg sphingomyelin (SM), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (PG), 

Bis(Monoacylglycero)Phosphate (BMP) (Avanti Polar Lipids), and 1-cholesterol (CH) (Sigma-

Aldrich) were dissolved in chloroform to 25 mM lipid, mixed at various molar ratios, and 

dried under nitrogen gas for over 4 h. The lipid film was resuspended in a liposome buffer of 

20 mM Tris pH 7.8, 0.15 M NaCl, 5% glycerol, 0.5 mM TCEP, 2 mM MgCl2, 2 mM CaCl2, 2 mM 

KCl and subjected to five cycles of freeze-thawing, followed by 25 cycles of extrusion 

through two 0.2 µm polycarbonate filter membranes (Whatman) flanked by two support 

filters. Purified Ace530 was added in a 1:771 protein:lipid molar ratio and incubated at 37˚C 

for 5 min. The pH was lowered to endosomal levels by adding 2 M sodium acetate of pH 4.6 

or 4.0 to a final concentration of 0.2 M sodium acetate, and the sample incubated at 37˚C 

for 2 hours. The liposomes were neutralized with 1 M Tris pH 8 and brought to 40% OptiPrep 

solution (Sigma-Aldrich). Liposomes were maintained with a 0.15 M NaCl throughout. 

Samples were underlaid a 2.5 ml 30% OptiPrep cushion and ultra-centrifuged at 100,000 x g 

at 4˚C for 1 hour in a TLA100.3 rotor (Beckman Coulter). Four ~750 ml fractions were 

collected with a P1000 micropipette from the top meniscus and gently mixed as Top (T), 

Middle (M1 and M2), and Bottom (B) samples. Quantification of Coomassie-stained SDS-

PAGE gels was measured by A700 intensity on a Licor Odyssey. Floatation was defined as the 

amount of Ace530 observed the top two fractions (M2 and T) as a percentage of the total in 

all four fractions (B, M1, M2, and T). n = 3 Mean liposome diameter was measured by 

Dynamic Light Scattering (DLS) on a DynaPro PlateReader III (Wyatt Technologies). Prior to 

centrifugation and the addition of OptiPrep solution, sample aliquots were diluted ten-fold 

in liposome buffer and measured in triplicate in a Corning 384-well, clear-bottom, optical 

imaging plate. The mean diameter was taken from the three measurements consisting of 15 

2 second acquisitions each. Acidified liposome controls were treated and measured in 

parallel with liposome buffer in place of Ace530. Statistical significance was determined with 

a two-way ANOVA using Sidak’s multiple comparisons test to control for unequal variance of 

samples with a 95% confidence interval. n = 5. Post-centrifugation, DLS was used as a quality 
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control to confirm liposome integrity and successful fractionation to the M2 and T fractions 

prior to quantification. 

 

Chemical cross-linking assay 

Ace509 was covalently cross-linked with ethylene glycol bis-(succinimidyl succinate) (EGS) 

(Thermo Scientific Pierce). 1 µM – 1000 µM EGS was added from a fresh 0.1M stock solution 

in dimethyl sulphoxide to 10 µg Ace530 at 10 µg ml-1. PC:PE:SM:CH:PS liposomes of a 

6:3:3:3:5 molar ratio were prepared in 20 mM Triethanolamine pH 7.8, 0.15 M NaCl, 5% 

glycerol, 2 mM MgCl2, 2 mM CaCl2, 2 mM KCl as described above. Purified Ace509 monomer 

was added to liposomes in a 1:245 protein:lipid molar ratio and incubated at 37˚C for 5 min. 

Samples were acidified with 2 M sodium acetate to pH 4.0 and incubated at 37˚C for 30 

minutes. EGS was added to samples immediately after dilution/neutralization with 

Triethanolamine liposome buffer. After 30 minutes at room temperature, EGS was quenched 

with 1 M Tris for 15 min. Protein was precipitated with trichloroacetic acid on ice, washed 

twice with cold acetone, and resuspended in 2x reducing, SDS-polyacrylamide gel 

electrophoresis (PAGE) sample buffer for gel electrophoresis and Western blot analysis. 

Samples were probed with a rabbit α-V5 primary antibody and 𝝰 -rabbit A800 secondary 

antibody (Invitrogen) on a Licor Odyssey. Controls included a non-acidified Ace509 

monomer, non-acidified Ace509 cross-linked at 1 µM EGS, and a non-acidified Ace509 plus 

liposome cross-linked at 1000 µM EGS (to compensate for EGS reactivity to PC lipid content). 

 

Size exclusion chromatography and multi-angle scattering (SEC-MALS) analysis 

100 µl samples containing 1.6 – 2.5 mg ml-1 Ace530 or Ace509 were analysed by SEC at 293 K 

using a Superdex 200 (10/300) column (GE Healthcare) in gel filtration buffer (20 mM Tris pH 

7.8, 0.15 M NaCl, 5% glycerol and 0.5 mM TCEP) with a flow rate of 0.5 ml min-1. The SEC 

system was coupled to both multi-angle light scattering (MALS) and quasi-elastic light 

scattering (QELS) modules (DAWN-8+, Wyatt Technology). The protein was also detected as it 

eluted from the column with a differential refractometer (Optilab T-rEX, Wyatt Technology) 

and a UV detector at 280 nm (Agilent 1260 UV, Agilent Technology). Molar masses of peaks in 

the elution profile were calculated from the light scattering and protein concentration, 

quantified using the differential refractive index of the peak assuming a dn/dc of 0.1860, with 

ASTRA6 (Wyatt Technology). 

 



 - 121 - 

5.0 Screening and expression of Ddp1 developmental proteins and additional class II fusion 
proteins 

 
5.1 Introduction 

 
 

In the process of identifying an expression construct suitable for the production of 

soluble Atlas Gc, numerous other class II fusion homologues were screened for expression in 

an insect cell culture system. In addition to the class II fusion homologues encoded within 

the env of the Atlas retroelement, the RVFV Gc-like env of C. elegans Cer13V was probed as 

a candidate protein for structural and biophysical study. In an effort to diversify this 

approach and guarantee the identification of a candidate ancient class II fusogen, the more 

distantly related class II fusion homologue of the Dictyostelium Ddp1 dsDNA nuclear plasmid 

was screened.  

With similar topology to both the RVFV M segment and the env of Cer13V and Atlas 

retroelement, the D2 ORF of Ddp1 is predicted to express a second structural protein 

upstream of its class II fusogen. Fig.16 The D2 ORF is one of two ‘developmental’ transcripts 

expressed in the multicellular developmental stage of the plasmid’s host amoeba. Just like 

the RVFV M segment, encoding Gn and Gc, the Ddp1 env that is D2 is predicted to be 

expressed and processed as a polyprotein yielding two transmembrane anchored structural 

proteins referred to hereafter as Ddp1 Dn and Dc. Based on the gene architecture and the 

homology of Dc to RVFV Gc, it is expected that Ddp1 Dn and Dc are expressed to form a Gn-

Gc-like heterocomplex that mediate membrane fusion. While this Gn-like domain is 

identifiable upstream of Gc in the env of Cer13V and the Atlas retroelement, the domain 

boundaries are less discernable than those of Ddp1 D2. The single gag-pol-env ORF of these 

ERVs limits detection of a clear signal peptide sequence, which is clearly seen in Ddp1 D2. 

Fig. 14 

As expected, the homology seen in RVFV Gc, Cer13V Gc, Atlas Gc, and Ddp1 Dc is not 

observed in their respective Gn (or Dn) sequences. As appreciated in modern phleboviruses 

and RVFV, the role of Gn is to shield and activate Gc in the membrane fusion heterocomplex. 

Fig. 8, Fig. 9 By design it seems, the co-expression of a Gn-like structural protein from the 

env protects and conserves the fold and function of the downstream class II fusogens in 

glycoprotein evolution. This lack of homology of Cer13V Gn, Atlas Gn, and Ddp1 Dn to RVFV 

Gn suggests a similar role in Gn-Gc heterocomplex formation and the regulation of fusion. 

Under more selective pressure from the immune system than their respective C-terminal 
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glycoproteins, with exposure to variable host environments, these N-terminal glycoproteins 

are expected to diversify in glycoprotein evolution. With the boundaries of Ddp1 Dc so 

clearly flanked by a signal peptide sequence and TM domain, Ddp1 Dc was also screened for 

expression alongside Ddp1 Dn for further structural and biophysical study. Similar to RVFV 

Gn, Ddp1 Dn is predicted to be membrane anchored and glycosylated with the ability to 

form a Dn-Dc heterocomplex. 

With the potential need for glycosylation in glycoprotein expression, stability, and 

function, an insect cell culture system was selected for screening over mammalian or 

bacterial alternatives. Preliminary efforts for glycoprotein expression in a recombinant 

baculovirus system proved unsuccessful. See Chapter 2 Even efforts to express an 

established soluble ectodomain of RVFV Gc by recombinant baculovirus were fruitless 

suggesting an incompatibility between the expression of these particular glycoprotein 

candidates on the baculovirus backbone, likely due to the GP67 secretion signal used in the 

pAc/GP67-A recombinant baculovirus vector. [42] In lieu of the recombinant baculovirus 

system, glycoprotein screening via transient transfection of insect cells was attempted. 

Limitations in transfection efficiency and protein expression of GFP as a standard control 

within the pMT/BiP/V5/His vector restricted identification of viable constructs of 

glycoprotein candidates. Expression of established soluble ectodomains of the viral class II 

fusogens RVFV Gc and JEV E by transient transfection was also unsuccessful, highlighting the 

sensitivity of glycoprotein expression to small changes in secretion signals and C-terminal 

tags of various insect cell culture systems. Fortunately, desperate attempts at candidate 

glycoprotein screening and expression were successful by the selection of stable insect cells 

via co-transfection with a pCoBlast vector conferring blasticidin resistance. Atlas Gc and 

Ddp1 Dn constructs were identified by this approach and the resulting selected cell lines 

used for scaled protein expression.  

 

5.2 Screening of candidate proteins by transient transfection of insect cells 

 

Initially, the screening of candidate class II fusion proteins and the additional Ddp1 

developmental protein (Dn) was done by transient transfection of adherent Drosophila S2 

cells. Various constructs of Atlas Gc, Cer13V Gc, and Ddp1 Gc were selected based on 

multiple sequence alignments with RVFV Gc and a Phyre2 One-to-One threading model of 

the candidate sequence against the RVFV Gc crystal structure. Fig. 17, Fig. 18 [61] All Gc 
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constructs begin immediately after the predicted signal sequence cleavage site with the 

shortest constructs ending at the end of domain III, as predicted against RVFV Gc. Longer Gc 

constructs screened included various extensions of the disordered C-terminal stems by 

spans of 5-10 residues from the predicted end of domain III up until the predicted TM 

subunits. Depending on the conformation, constructs with and without the C-terminal stem 

were expected to yield soluble ectodomains of candidate glycoproteins. Ddp1 Dn constructs 

were determined in a similar fashion beginning immediately after the signal peptide. 

Structural alignments of Ddp1 Dn to RVFV Gn were less informative as they are significantly 

less homologous than their Dc/Gc counterparts. The shortest Ddp1 Dc construct terminated 

at the end of an ordered domain predication. An intermediate length construct included a 

portion of the disordered C-terminal tail with the longest construct including the entire stem 

region and terminating at the predicted TM subunit. See Table 3 

With its secretion signal, transfection of constructs within the pMT/BiP/V5/His vector 

provides an aspect of quality control as glycoprotein secretion indicates the production of 

properly folded, stable, post-translationally modified candidate proteins. Misfolded proteins 

from inadequate constructs would be retained in the endoplasmic reticulum (ER). One 

caveat to this assumption is the affinity of phleboviral glycoproteins to the ER as they are 

trafficked here preferentially, awaiting viral particle formation. An ER retention signal in the 

TM subunit of RVFV Gc sequesters the glycoprotein in the ER until coordination with RVFV 

Gn shields this signal via their cytoplasmic tails. [107] Further biochemical characterization 

of RVFV Gn revealed a Golgi localization signal within its cytoplasmic tail that re-directs the 

RVFV Gn-Gc heterocomplex to the trans-Golgi network. [107] It is here that the phleboviral 

particle formation is believed to occur. While none of the candidate glycoproteins screened 

contain TM subunits or obvious localization signals, phlebovirus-like glycoproteins may 

interact with receptors of the ER and trans-Golgi in order to facilitate viral particle 

formation. ER chaperones and heat shock proteins have been indicated and often dismissed 

as common contaminants in viral class II fusion protein expression, though their regular co-

purification may suggest a physiological role in coordinating Gn and Gc like proteins rather 

than an artifact of over-expression as typically believed. 

Initial screens of Ace, Cer, and Ddp constructs by transient transfection showed little 

promise for the production of soluble class II fusogen ectodomains. Fig. 57, Fig. 58 Cells 

were induced for expression 24 hours post-transfection with 0.5 mM CuSO4 and harvested 

3-4 days afterwards. Cell supernatants were initially screen by SDS-PAGE and Western blot 
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using an α-His polyclonal antibody. This method of detection limited identification of 

glycoprotein candidates as the α-His antibody used showed non-specific binding to a ~50 

kDa contaminant expressed from insect cell supernatant. Fig. 57ac With numerous class II 

fusion candidates having a predicted molecular weight in this range, the use of a more 

specific polyclonal α-V5 was preferred in future screens. See Table 3 Transfection efficiency 

was optimized by adjusting the ratio of DNA to transfection reagent to 1:5 and increasing 

the total amount of DNA transfected. Despite the optimization of transfection efficiency 

using the GFP reporter to greater 90%, GFP expression was highly variable and distinctly low. 

Data not shown, Fig. 57 Regardless, the RVFV Gn-like developmental protein of Ddp1 

expressed at high levels and was readily detected by the non-specific α-His antibody. Fig. 

57ab Despite their identification of as soluble, folded ectodomains of modern class II fusion 

proteins, neither RVFV Gc nor JEV E were not detected by Western blot in this transient 

transfection expression system. Initial screens identified both Dn161 and Dn170 as 

promising constructs for further study, providing the first indication of soluble glycoprotein 

expression and secretion. 
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Figure 57. Transient transfection of S2 cell for construct screening via α-His Western blot. 
Drosophila S2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect with GFP as a 
control for transfection. Supernatants were screened between day 3 and 5 for candidate protein 
expression with a His-tagged protein used as control for detection by Western blot. a. Ddp1 D2 
constructs were screened with JEV E and RVFV Gc as controls for expression as known soluble 
constructs for viral class II fusion proteins. b. Cer13V and Ddp1 D2 candidates were screened with 
Dn161 and Dn170 transfections used as a relative measure of expression. c. Additional Cer13V 
candidates were screened further. Blue boxes highlight bands of the candidate proteins detected 
near their predicted molecular weight. See Table 1 and Table 3 for construct details. A common ~ 50 
kDa His positive contaminant is detected in all fractions. 
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Additional screening of Ace, Cer, and Ddp constructs by transient transfection was 

carried out using the more specific polyclonal α-V5 for detection. Again, Dn161 was 

identified as a promising construct for protein expression. Fig. 58abd GFP expression 

remained limited despite attempts to optimize the expression assay. Fig. 58d. RVFV Gc also 

failed to be expressed and secreted at any detectable level. Though barely discernable, an 

additional group of constructs were identified by Western blot with the α-V5 antibody. Most 

promising were the class II fusion homologues of the Atlas retroelement. Ace506, Ace509, 

and Ace520-540 were detected with appropriate shifts in molecular weight, though high 

levels of the 50 kDa contaminant identified by the α-His Western cautioned analysis. Fig. 58a 

Even less discernable was the potential expression of two other constructs and class II fusion 

homologues, Dc688 and Cer515. Fig. 58bc Relative expression levels were gauged to reveal 

Dn and Ace constructs as the most promising candidates for further structural and 

biophysical study. Fig. 58d With extremely limited levels of candidate glycoprotein 

expression detected by transient transfection of adherent Drosophila S2 cells, an alternative 

approach was considered. 
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Figure 58. Transient transfection of S2 cell for construct screening via α-V5 Western blot. 
Drosophila S2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect with GFP as a 
control for transfection. Supernatants were screened between day 3 and 5 for candidate protein 
expression with a Dn161 transfection used as a relative measure of expression and a V5-tagged 
protein used as control for detection by Western blot. a. Atlas Gc constructs were screened with 
RVFV Gc as a control for expression as known soluble constructs for viral class II fusion proteins. b. 
Additional Ddp1 D2 candidates were screened further. c. Additional Cer13V candidates were 
screened further. d. Potential candidates of Atlas Gc, Cer13V Gc, and Ddp1 D2 were analyzed 
together to gauge relative expression. Blue boxes highlight bands of the candidate proteins detected 
near their predicted molecular weight. See Table 1 and Table 3 for construct details.  
 

5.3 Screening of candidate proteins by selection of stable insect cell lines 

 

Beginning with constructs identified in initial transient transfection screens, 

Drosophila Dmel-2 cells were selected for candidate glycoprotein expression via co-

transfection with the pCoBlast resistance marker and blasticidin selection. Analysis of cell 

and supernatant fractions was done in a “50 ml expression assay” in which the selected cell 

lines were cultured in suspension and harvested 4-5 days post-induction with 0.5 mM CuSO4. 

Preliminary screens identified a set Ace constructs of the Atlas retroelement as promising 
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candidates for scaled purification and further study. Fig. 59, Chapter 2 Though low levels of 

Dc688 were detected in the supernatant, expression could be observed in the cell pellet. Fig. 

59a Cer515 was not expressed at any detectable level. Fig. 59 The smearing and doublets of 

Ace and Dc candidates suggested possible glycosylation of candidate glycoproteins, which 

correlate with predicted N-linked glycosylation sites (residues N-X-T/S) in Ace and Dc 

constructs. 

 
Figure 59. Selection of stable Dmel-2 cells for construct screening via α-V5 Western blot. 
Drosophila Dmel-2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect along 
with the pCoBlast vector for blasticidin selection of expression cell lines. Cell pellet (c) and 
supernatants (s) fractions from 50 ml expression assays were screened between day 4 and 5 for 
candidate protein with V5-tagged protein used as control for detection by Western blot. a. Atlas Gc, 
Cer13V Gc, and Ddp1 D2 constructs were screened for expression and secretion. b. Additional Atlas 
Gc and Cer13V Gc candidates were screened further. See Table 1 and Table 3 for construct details. 
Smearing/doublets indicate potential glycosylation of candidate proteins. 
 

Additional screening of Ace and Ddp constructs by insect cell line selection confirmed 

the high expression of Dn161, Dn170, and Ace540 constructs. Fig. 60 Secretion of Ddp1 Dc 

constructs remained undetectable by 50 ml expression assays, though low expression in the 

cell pellets of Dc669-693 may be seen. Fig. 60a 
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Figure 60. Further selection of stable Dmel-2 cells for construct screening via α-V5 Western blot. 
Drosophila Dmel-2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect along 
with the pCoBlast vector for blasticidin selection of expression cell lines. Cell pellet (c) and 
supernatants (s) fractions from 50 ml expression assays were screened between day 4 and 5 with 
Dn161 and Dn170 cell lines used as a relative measure of expression and a V5-tagged protein used as 
control for detection by Western blot. a. Ddp1 D2 constructs were screened for expression and 
secretion. b. Additional Ddp1 D2 candidates were screened further. Blue boxes highlight bands of the 
candidate proteins detected near their predicted molecular weight. See Table 1 and Table 3 for 
construct details. Smearing/doublets indicate potential glycosylation of candidate proteins. 
 

In the process of selecting additional Ace530 mutant cell lines and alternative Ddp1 

Dc constructs, a selection of parasitic HAP2 proteins were screened for expression as an 

aside. Fig. 61 Short, intermediate, and extended constructs of HAP2 ectodomains were 

screened for Plasmodium berghei, Plasmodium falciparum, Toxoplasma gondii, and 

Trypanosoma brucei. Each of the HAP2 constructs began at the predicted cleavage site of the 

signal peptide and extended to, at least, the end of domain III as predicted against the 

Chlamydomonas HAP2 crystal structure (PDB: 5FM1). Though small amounts of Tg1 and Tb1 

may have been detected in supernatants from 50 ml expression assays, expression levels 

were limited. Fig. 61 Mutant Ace530R86A expressed sufficiently for further structural and 

biophysical studies. Fig. 61 This expression assay, in particular, was carried out with an 

alternative polyclonal α-V5 and revealed a 100 kDa contaminant from insect cell supernatant 

not previously seen in α-V5 Western blots. As this contaminant can also be seen in the 

pCoBlast only control, it is not expected to be expression of a candidate glycoprotein. 

Further analyses were carried out with the original, more specific polyclonal α-V5. A 

summary of constructs screened by the selection of stable cell lines, their expression levels, 

and protein properties depicts the final efforts and extent of candidate glycoprotein 

expression. Table 1 and Table 3 
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Figure 61. Selection of stable Dmel-2 cells for HAP2 construct screening via α-V5 Western blot. 
Drosophila Dmel-2 cells were transfected with a pMT/BiP/V5/His vector and TransIT-Insect along 
with the pCoBlast vector for blasticidin selection of expression cell lines. Supernatants from 50 ml 
expression assays were screened between day 4 and 5 with Dn161 and Dn170 cell lines used as a 
relative measure of expression and a V5-tagged protein used as control for detection by Western 
blot. a. Plasmodium, toxoplasma, and trypanosoma HAP2 constructs were screened for expression 
and secretion alongside additional Atlas Gc and Ddp1 D2 constructs. Blue boxes highlight bands of 
the candidate proteins detected near their predicted molecular weight. See Table 1 and Table 3 for 
construct details. Selection of GFP and pCoBlast only (pCo) cell lines were used as expression 
controls.  
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Table 3. Summary of constructs screened by selection of stable Dmel-2 cells. Various constructs 
screened for expression via Drosophila Dmel-2 cell line selection with a pCoBlast vector purporting 
blasticidin resistance. A pMT/BiP/V5/His vector was used with the C-terminal tags removed as 
indicated. And HRV 3C protease cleavage site was incorporated for tag cleavage in various constructs 
as indicated. Unscreened samples were compromised in the selection process. Predicted molecular 
weights do not account for possible post-translational modifications. Solubly expressed and secreted 
candidates are highlighted in bold with relative expression levels indicated. 
 

5.4 Purification of Ddp1 Dc, a class II fusion homologue and developmental protein 

 

To assess the possibility of ER retention by Ddp1 Dc candidate glycoproteins, a cell 

lysis purification of Dc688 was carried out. Cells from 3 L of the Dc688 selected Dmel-2 cell 

line were harvested 5 days post-induction and sonicated in cell lysis buffer comprised of 20 

mM Tris pH 8.0, 0.3 M NaCl, 1 mM DTT, 1 mM PMSF, and 1% triton supplemented with 

MiniComplete protease inhibitors. The filtered Dc688 cell lysate was subjected to 
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immunoaffinity purification using Streptactin beads. The eluent was further purified by gel 

filtration on a Superose 6 column in 20 mM Tris pH 8.0, 0.3 M NaCl, and 1 mM DTT. Fig. 62a 

Whether Dc688 is highly oligomeric or forms a soluble aggregate, no stable, uniform species 

could be purified. Aggregation of purified Dc688 and potential degradation resulted in a 

broad peak by gel filtration and smearing of Dc688 bands by SDS-PAGE. Fig. 62b This feature 

of elution across the S6 column could not be mitigated with the removal of DTT or the 

additional of EDTA, glycerol, or sucrose. Data not shown Protein instability and interaction 

with the S6 column, along with the lack of properly secreted protein in expression, suggest 

expression of Dc688 yields a misfolded protein retained in the cell pellet. 

 
Figure 62. Cell lysis purification of misfolded Dc688, a candidate class II fusion protein from 
Dictyostelium dsDNA nuclear plasmid Ddp1. a. Superose 6 gel filtration of Dc668 following a HisTrap 
excel purification from 3 L of Dmel-2 cells yields a soluble aggregate of the candidate class II fusion 
protein. Sample was run in 20 mM Tris pH 8.0, 0.3 M NaCl, 1mM DTT. b. SDS-PAGE of S6 fractions as 
indicated (red line) reveals Dc688, predicted to be 52.8 kDa, smearing across the gel from the 
broadened peak suggesting a soluble misfolded, aggregate detected by Coomassie staining. 
 
 

5.5 Purification of Ddp1 Dn, a Gn-like developmental protein expressed with Ddp1 Dc 

 

To gauge the potential for scaled purification of the RVFV Gn-like developmental 

protein of Ddp1, a test purification of Dn161 was carried out from the supernatant of a 50 

ml expression assay. Filtered supernatant was loaded on to a HisTrap excel, washed with 20 

mM MES pH 6.5, 0.1 M NaCl and eluted with imidazole. Fig. 63a With a predicted molecular 

weight of 18.4 kDa, purified Dn161 ran high when analyzed by SDS-PAGE and revealed a 

doublet indicative of glycosylation of the Ddp1 glycoprotein. This is expected as Ddp1 Dn 

contains numerous predicted N-glycosylation sites. Fig. 63a Eluent was concentrated on a 10 
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kDa membrane and subjected to gel filtration on a Superdex 200 column in 0.1 M MES pH 

6.5, 0.1 M NaCl revealing a uniform peak of purified Dn161. Fig. 63bc 

 

Figure 63. Test expression and purification of Dn161, a RVFV Gn-like developmental protein from 
Dictyostelium dsDNA nuclear plasmid Ddp1. a. SDS-PAGE of HisTrap purification of Dn161 from the 
supernatant of a 50 ml expression assay in 20 mM MES pH 6.5, 0.1 M NaCl bound and eluted with 
imidazole detected by Coomassie staining. With a predicted molecular weight of 18.4 kDa and pI of 
8.57, the smeared doublet of Dn161 indicates potential glycosylation. pellet (P), load (L), flow 
through (ft), wash (W), elution (E) b. Superdex 200 gel filtration of purified Dn161 in 0.1 M MES pH 
6.5, 0.1 M NaCl depicts a soluble, uniform fraction. c. SDS-PAGE of Dn161 S200 fractions as indicated 
(red line) detected by Coomassie staining. 
 

Considering the success of the test purification, Dn161 expression was scaled to 3 L. 

Supernatant was harvested 5 days post-induction with 0.5 mM CuSO4, filtered, and 

concentrated by tangential flow filtration on a 10 kDa membrane into 20 mM MES pH 6.5, 

0.1 M NaCl, and 20 mM imidazole. Concentrated, filtered supernatant was loaded onto a 

HisTrap excel, washed thoroughly, and eluted with imidazole. Fig. 64a Eluent was 

concentrated on a 10 kDa membrane and further purified by gel filtration on an S200 

column in 20 mM MES pH 6.5, 0.1 M NaCl revealing a uniform peak of Dn161. Fig. 64b A 

common ~100 kDa contaminant from insect cell culture media was co-purified. While SEC 

was sufficient for purification of Dn161 in the test purification, SDS-PAGE revealed additional 

contaminants and minor degradation in the Dn161 fractions. Fig. 64c Subsequently, Dn161 

fractions were collected and loaded onto a MonoS cationic exchange column and eluted 

with increasing amounts of NaCl. Fig. 64d Purified Dn161 was then pooled and treated with 

CPA to remove the C-terminal His tag. Cleaved Dn161, with a predicted molecular weight of 

16.4 kDa, was concentrated on a 10 kDa membrane for gel filtration on a Superdex 75 

column. Fig. 64fg Un-cleaved Dn161 and the concentrator filtrate were analyzed by SDS-

PAGE to reveal the loss of some cleaved Dn161 through the concentrator. The filtrate was 

further concentrated on a 3 kDa membrane and subjected to gel filtration on a S75 column. 

Fig. 64h SDS-PAGE of the first S75 trace revealed mostly His-cleaved Dn161 across fractions 
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forming two distinct peaks suggesting possible oligomerization of Dn161. Fig. 64fg Selection 

of the smaller Dn161 species in the second S75 trace further supports the notion of Dn161 

oligomerization in a concentration dependent equilibrium. Fig. 64h Concentration of Dn161 

on the 10 kDa membrane selected for the larger, possibly dimeric, species, in the first S75 

trace, and isolated the monomeric species in the filtrate and second S75 trace. 

Unfortunately, Dn161 fractions from the second S75 gel filtration were compromised in 

collection and could not be analyzed by SDS-PAGE.
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Figure 64. Scaled expression and purification of Dn161. a. SDS-PAGE of HisTrap purification of 
Dn161 from 3 L of filtered, concentrated in 20 mM MES pH 6.5, 0.1 M NaCl bound and eluted with 
imidazole detected by Coomassie staining with a predicted molecular weight of 18.4 kDa. A common 
~100 kDa His positive contaminant from insect cell supernatant can be seen. pellet (P), load (L), flow 
through (ft), wash (W) b. Superdex 200 gel filtration of purified Dn161 in 0.1 M MES pH6.5, 0.1 M 
NaCl. c. SDS-PAGE of Dn161 S200 fractions as indicated (red line) detected by Coomassie staining. d. 
Cationic exchange of Dn161 fractions, with a predicted pI 8.57, further purified on a MonoS column 
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bound in 0.1 M MES pH 6.5, 0.1 M NaCl. e. SDS-PAGE of Dn161 MonoS fractions as indicated (red 
line) detected by Coomassie staining. MonoS flow through (ft) f. Further purification of CPA-cleaved 
Dn161 concentrated on a 10 kDa filter by Superdex 75 gel filtration in 20 mM MES pH 6.5, 0.15 M 
NaCl reveals two distinct species g. SDS-PAGE of cleaved Dn161 S75 fractions as indicated (red line) 
detected by Coomassie staining with a predicted molecular weight of 16.4 kDa. A continuous band 
across the two peaks at ~21 kDa suggests oligomerization of Dn161. Un-cleaved Dn161 (U), 
concentrator flow through (ft) h. Further purification of the 10 kDa filtrate, concentrated on a 3 kDa 
filter, by Superdex 75 gel filtration in 20 mM MES pH 6.5, 0.15 M NaCl suggests a dynamic 
equilibrium of cleaved Dn161 fractions further supporting oligomerization. Sample fractions were 
compromised in collection restricting further analysis by SDS-PAGE. 
 

Preliminary biochemical characterization of purified Dn161 was carried out. Cleavage 

of the C-terminal His tag by CPA treatment yielded an appropriate shift in Dn161 molecular 

weight, expected to be ~6 kDa. Fig. 65a Treatment of cleaved and un-cleaved Dn161 with 

EndoHF yield a small shift in molecular weight confirming glycosylation of Ddp1 Dn. Fig. 

65ab Treatment of cleaved Dn161 with PNGaseF resulted in more uniform and complete de-

glycosylation of purified Dn161. Fig. 65b 

 

 
Figure 65. De-glycosylation and His tag cleavage of Dn161. a. SDS-PAGE of purified Dn161 treated 
with EndoHF for de-glycosylation and carboxypeptidase A (CPA) for His tag cleavage detected by 
Coomassie staining. Predicted molecular weight for un-cleaved and cleaved Dn161 is 18.4 kDa and 
16.4 kDa, respectively. Molar ratios of CPA to Dn161 are indicated. b. SDS-PAGE of cleaved Dn161 
treated with EndoHF and PNGase for de-glycosylation detected by Coomassie staining. 
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Scaled purification of Dn161 was repeated for further structural study but proved 

unsuccessful in preliminary attempts. Crystallization of Dn161 was attempted numerous 

times, but eventually abandoned in pursuit of structural and biophysical characterization of 

Atlas Gc, an actual viral class II fusion protein.  
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5.6 Materials and Methods 

 

Construct Design 

Synthetic genes encoding the env ectodomains were codon-optimized for Spodoptera 

frugiperda expression were subcloned into a pMT/BiP/V5/His vector (Thermo Fisher 

Scientific) for transient transfection and stable cell line selection. Ace, Cer, and Ddp 

constructs were cloned in frame with the BiP signal sequence and the C-terminal V5 tag 

followed by an 8x-histidine tag. “Cer” constructs refer to the env of Cer13V (C. elegans 

Cosmid F21D9, Z81510.2). Ddp1 constructs (“Dn” and “Dc”) refer to the N- and C- terminal 

ectodomains of D. discoideum plasmid 1 D2 ORF (GenBank accession code U00796.1). 

Regarding HAP2 constructs, “Pb” constructs refer to Plasmodium berghei HAP2 (UniprotKB 

accession code A0A509AQL1), “Pf” constructs refer to Plasmodium falciparum HAP2 

(UniprotKB accession code Q8IJQ3_PLAF7), “Tb” constructs refer to Trypanosoma berghei 

HAP2 (Interpro accession code IPR018928), and “Tg” constructs refer to Toxoplasma gondii 

HAP2 (UniProt: KYF43852.1). See Table 3 Constructs were designed according to ClustalX 

alignments, Phyre2 One-to-One threading analyses, TM prediction analyses. [61, 72] Cloning 

was done largely by Gibson Assembly for all constructs, while using PCR-based site-directed 

mutagenesis for Ace530 mutants. See Table 1 

 

Transient Transfection 

Drosophila adherent S2 cells (Thermo Fisher Scientific) were transfected with the expression 

constructs in six-well plates starting with 2.5 ml of S2 cells adhered at 0.5x106 cells ml-1 in 

Lonza Insect Express media (Lonza) at 27°C. Constructs were mixed with TransIT-insect 

transfection reagent (Mirus Bio) in a 5:1 reagent to DNA ratio (µl: µg) and incubated at room 

temperature for 30 minutes before adding to cells dropwise. pMT/BiP/V5/His:GFP was used 

to measure transfection efficiency. Cells were incubated 24 hours at 27°C before expression 

was induced with 0.5 mM CuSO4. Constructs were screened for expression by Coomassie-

stained gel electrophoresis and α-His and α-V5 Western blot in both cell and supernatant 

fractions.  

 

Ddp1 Dc688 Purification 

After 5 days expression, 3 L of Dmel-2 cells expressing Dc688 were harvested and pelleted at 

2,000 x g. Cell lysis purification was carried out as cell were resuspended in 200 ml lysis 
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buffer comprised of 50 mM Tris pH 8.0, 0.2 M NaCl, 1 mM DTT, 1 mM phenylmethylsulfonyl 

(PMSF) (Thermo Fisher Scientific), 1% triton, supplemented with MiniComplete protease 

inhibitors (Roche). Cells were lysed by sonication at 4°C and spun at 30,000 x g for 45 

minutes. Dc688 was purified from cell lysis supernatant using 1 ml Streptactin beads (GE 

Healthcare) washed with 50 mM Tris pH 8.0, 0.3 M NaCl, 1 mM DTT and eluted with 50 mM 

Tris pH 8.0, 0.3 M NaCl, 1 mM DTT, 10 mM desthiobiotin (Sigma). Elution was concentrated 

on a 30 kDa spin concentrator (Amicon) and loaded onto Superose 6 Increase (10/300) 

column (GE Healthcare) in 50 mM Tris pH 8.0, 0.3 M NaCl, 1 mM DTT. 

 

Ddp1 Dn161 Purification 

After 5 days expression, 3 L of Dmel-2 cells expressing Dn161 were harvested and pelleted at 

2,000 x g. Supernatant was filtered and spun again at 30,000 x g. Filtered supernatant was 

concentrated by tangential flow filtration on a 10kDa membrane and buffer exchanged into 

20 mM MES pH 6.5, 0.1 M NaCl, 20 mM imidazole and purified by Ni2+-affinity 

chromatography with a HisTrap Excel column (GE Healthcare) eluting with 20 mM MES pH 

6.5, 0.1 M NaCl, 0.3 M imidazole. Eluent purified by gel filtration on a Superdex 200 Increase 

(10/300) column (GE Healthcare) in 20 mM MES pH 6.5, 0.1 mM NaCl. Dn161 was further 

purified by cation exchange chromatography with a MonoS (GE Healthcare) loaded in 20 

mM MES pH 6.5, 0.1 M NaCl, 50 mM imidazole and eluted on a linear gradient of 20 mM 

MES pH 6.5, 1 M NaCl over 30 column volumes. Dn161 fractions from the MonoS 

purification were pooled with protein concentration estimated by UV absorbance at 280 nm. 

The C-terminal His tag cleavage was carried out for 3 hours at 4°C with 1:500 molar ratio of 

carboxypeptidase A (CPA) to protein. Cleaved Dn161 was concentrated on a 10 kDa 

membrane filter (Amicon) and further purified by SEC with a Superdex 75 Increase (10/300) 

column (GE Healthcare) in 0.1 M MES pH 6.5, 0.1 M NaCl. The 10 kDa concentrator filtrate 

was collected and concentrated on a 3 kDa membrane filter (Amicon) and further purified by 

SEC with a Superdex 75 Increase (10/300) column (GE Healthcare) in 0.1 M MES pH 6.5, 0.1 

M NaCl.  

 

De-glycosylation of Dn161 

For de-glycosylation by EndoHF (New England Biolabs), 20 µg of Dn161 was diluted to 10 µl 

with 10x Glycoprotein Denaturing Buffer (NEB) in water and heated to 100°C for 10 minutes. 

Sample was further diluted to 20 µl upon addition of 2 µl 10x GlycoBuffer 3 (NEB), 5 µl 
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EndoHF, and water. Sample was incubated for 1 hour at 37°C and analysed by Coomassie-

stained SDS-PAGE. For de-glycosylation by PNGaseF (NEB), 20 µg of Dn161 was diluted to 10 

µl with 10x Glycoprotein Denaturing Buffer (NEB) in water and heated to 100°C for 10 

minutes. Denatured sample was chilled on ice and centrifuged for 10 second before further 

dilution to 20 µl upon addition of 2 µl 10x GlycoBuffer 2 (NEB), 2 µl 10% NP-40, and water. 

Next, 1 µl of PNGase was added to sample and gently mixed. Sample was incubated for 1 

hour at 37°C and analysed by Coomassie-stained SDS-PAGE. 
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6.0 Phylogenetic analysis of Atlas Gc and AceERVs 
 
6.1 Introduction 

 

Within the genome of the human hookworm A. ceylanicum, there are over three 

hundred remnant gags of BEL/Pao LTR-retrotransposons. Like other nematode genomes and 

LTR-retrotransposons, the BEL/Pao LTR-retrotransposons of A. ceylanicum are largely 

degenerate with just a small subset remaining intact encoding a single ORF of gag, pol, and 

env. Fig. 66 The presence of identical LTRs flanking these viral ORFs facilitates integration 

and retrotransposition events and provide the basic components required for an intact, 

potentially active semotivirus of Belpaoviridae. Meanwhile, there are nearly fifty unique 

sequences in A. ceylanicum with clear homology phleboviral env and RVFV Gc. A curated list 

of candidate AceERVs, including the Atlas retroelement, have been identified in the 

following phylogenetic analysis all of which share a single ORF of semotiviral gag and pol 

followed by a class II env all flanked by identical LTRs. Closer inspection these candidate 

AceERVs, using known semotiviruses and related class II viral envs as benchmarks, will 

provide the necessary measures to propose their classification as novel semotiviruses by 

ICTV standards. [59] With the accompanying structural study, this phylogenetic analysis 

presents the necessary context to elucidate the relationship between the ancient viral class 

II fusion protein Atlas Gc to modern viral class II fusion proteins, fusexins like HAP2, and the 

HgrB-like env of Ddp1, the nuclear plasmid of the amoebae Dictyostelium. 
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Figure 66. Workflow schematic for identifying candidate semotiviruses of A. ceylanicum. Nine 
endogenous retroviruses (ERVs) of A. ceylanicum containing a class II env (AceERVs) were identified 
for further characterization as candidates for proposal as novel semotiviruses of Belpaoviridae. [108] 
Capsid (CA), N-terminal domain (NTD), transmembrane domain (TM).  
 
 
6.2 Candidate AceERVs are unique and diverse in analysis by gag sequences 

 

The ICTV standard for classification of a novel semotivirus within Belpaoviridae 

requires an intact gag/pol or gag/pol/env ORF flanked by complete LTRs in which the gag 

sequence identity is less than 50% of any established semotivirus. [59, 109] With C. elegans 

Cer13 virus (Cer13V) the only established semotivirus predicted to encode a class II viral env 

and known to infect a nematode host, Cer13V was used as model semotivirus for sequence 

analysis of Atlas and other candidate AceERVs. [22-24, 55] 

Of the twelve intact gag/pol/env ORFs from ~362 BEL/Pao LTR-retrotransposons of A. 

ceylanicum, nine AceERVs contained N-terminal features of a capsid (CA) encoded from a 

gag extending to the final predicted transmembrane domain (TM) encoded from a class II 

env. See Table 4 These AceERVs and associated genes were identified on both strands of the 

A. ceylanicum genome. Candidate AceERV sizes are typical of RNA viruses with ORF lengths 

ranging from 8.5-10.8 kilobases flanked by LTRs ranging from 200-500 base pairs. In 

composition, Atlas and other AceERVs share many genomic features with Cer13V. See Table 

4 

In four instances, including the Atlas ERV, an alternative transcript is produced 

splicing specifically to the class II env from the upstream LTR. Fig. 66 This feature of gene 
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expression was also identified in the degenerate semotivirus ERV that is the BEL/Pao LTR-

retrotransposon C. elegans retroelement 7 (Cer7). [22-24, 55] Though this splicing feature is 

predicted to be associated with the unique ability of semotiviruses to acquire and 

incorporate foreign envs, protein expression of the in-frame, encoded class II fusion protein 

has yet to be observed. [22-24, 55] The potential role for additional or aberrant env 

expression via splicing in semotiviral infection, viral immunity, and host gene exaptation 

requires further consideration. 

 

 

Table 4. Atlas and other candidate AceERVs share genomic features with C. elegans retroelement 
13 virus. Long terminal repeats (LTRs) predicted by REPuter. [110] 
 
 A phylogeny based on the multiple sequence alignment of the AceERV and Cer13V 

gag amino acid sequences highlights the unique diversity of the candidate semotiviruses 

within the A. ceylanicum genome. Fig. 67a While AceERVs divide amongst multiple distinct 

clades by their gag, a single clade containing a lineage four AceERVs represents a family of 

related retroelements and preliminary evidence of recent and active retro-transposition 

activity. Fig. 67a Interesting, the Atlas ERV is more closely related to the C. elegans Cer13V 

than any other AceERVs providing more evidence their ability to yield active infectious 

particles resulting in a novel integration event. [22-24, 55] 
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Figure 67. Atlas and AceERVs are unique and diverse based on gag sequences with one clade 
representing likely retro-transposition of a single family of ERVs. a. Using gag of Cer13 virus as 
reference, a phylogeny built from a multiple sequence alignment of Atlas and other AceERVs reveals 
a single clade of related ERVs (red) and the high sequence similarity of Atlas to Cer13 virus versus 
other AceERVs (teal). b. Pairwise sequence matrix of Atlas and other AceERVs gag amino acid 
sequence with Cer13 virus as a reference. The clade identified by the phylogeny shares the highest 
sequence identity (red box). [108, 109] 

 As depicted by the pairwise sequence identity matrix of AceERV and Cer13V gag 

sequences, the same family of related AceERVs identified in the dendrogram (g1846, g1106, 

g673, and g451) share the highest sequence identity amongst AceERVs. Fig. 67b Atlas and 

Cer13V gag share only 13% sequence identity despite their phylogeny. Remarkably, AceERV 

g451 and g673 gags share 88% sequence identity. 
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6.3 Eight AceERVs, including Atlas, meet ICTV standards for viral classification 

 

Considered amongst the gags of all established semotiviruses, Atlas and the other 

AceERVs remain distinct in sequence. Fig. 68 By ICTV standards, Atlas ERV is unique enough 

in gag sequence to be proposed for classification as a novel semotivirus of Belpaoviridae 

along with seven others AceERVs. The Atlas ERV of the human parasitic hookworm will be 

proposed to ICTV for classification the ‘A. ceylanicum Atlas virus’ (AtlasV) and officially 

designated ‘Ace Atlas virus’ by current ICTV semotivirus nomenclature. [108, 109]  

Based on their high gag similarity, AceERVs g673, g451, and g1106 represent three 

integrations or copies of the same novel semotivirus proposed for designation at ‘A. 

ceylanicum Ace1 virus’ (Ace1V) and abbreviated ‘Ace Ace1 virus’ by current ICTV semotivirus 

nomenclature (with the retroelements individually identified as Ace1.1, Ace1.2, and Ace1.3 

following paradigm of the related C. elegans retroelements.) [25, 55]  

Due to a corrupted LTR, AceERV g1994 was eliminated as a candidate semotivirus. 

The remaining AceERVs will be proposed for classification and designated ‘Ace Ace2-5 virus’ 

accordingly. See Table 5 Based on their phylogeny, AceERV g1846 (AceV4) is ancestral to 

Ace1V with the three copies of Ace1V providing the most recent evidence of active retro-

transposition activity for any known semotivirus. Fig. 67a 
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Figure 68. Atlas and seven other AceERVs are unique enough in their gag sequences to be classified 
as novel semotiviruses of Belpaoviridae. Using all known semotivirus gags as a reference, a pairwise 
sequence matrix of Atlas and other AceERVs gag amino acid sequence reveals a clade of related ERVs 
(red) similar enough in sequence to be considered the same candidate semotivirus and a notably low 
shared sequence identity of Atlas and Cer13 virus despite their prediction as strong structural 
homologues. See Table 6 for semotivirus abbreviations. [108, 109] 
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Table 5. Summary of candidate AceERVs for ICTV classification. Long terminal repeats (LTRs) 
predicted by REPuter. The hypothetical proteins of the env transcripts are described. [110] 

 

6.4 Analysis by env sequence reveals the same lineage for related AceERVs 

 

A phylogeny based on the multiple sequence alignment of the AceERV and Cer13V 

env amino acid sequence depicts the same evolutionary relationship for candidate 

semotiviruses within the A. ceylanicum genome. Fig. 69a These relations are further 

supported by the pairwise sequence identity matrix. Fig. 69b AtlasV and Cer13V env share 

23% sequence identity compared to the 13% sequence identity their gags. This difference in 

sequence conservation between the gag and env is likely a result of their unique 

evolutionary histories. Alternatively, the difference could be due to the flexibility or 

restriction of their protein fold and function in evolution as gag and env and their encoded 

proteins face distinct selective pressures. Remarkably, AceERV g673, g451 and g1106 (all 

copies of Ace1V) share 79-95% sequence identity in their envs. Fig. 69b.  

Multiple sequence alignment of the envs encoded by the six novel semotiviruses of A. 

ceylanicum reveals 24 cysteines conserved amongst each other and the env of C. elegans 

Cer13V. See Appendix This phylogenetic analysis, accompanied with the high-resolution 

structure of A. ceylanicum AtlasV Gc described above, confirms the env captured by Cer13V 

encodes a phleboviral-like class II fusion protein. AtlasV, Ace1-5V, and Cer13V, all identified 

as intact ERVs of nematodes, are the first confirmed retroviruses known to encode and utilize 

class II viral fusion machinery. 
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Figure 69. Atlas and AceERVs are unique and diverse based on env sequences with one clade 
representing likely retro-transposition of a single family of ERVs. a. Using env of Cer13 virus as 
reference, a phylogeny built from a multiple sequence alignment of Atlas and AceERVs amino acid 
sequences reveals a single clade of related ERVs (red) and the high sequence similarity of Atlas to 
Cer13 virus versus other AceERVs (teal). b. Pairwise sequence matrix of Atlas and other AceERVs env 
amino acid sequence with Cer13 virus as a reference. The clade identified by the phylogeny shares 
the highest sequence identity (red box). [108, 109] 

 

6.5 Established and novel semotiviruses of Belpaoviridae encode class II and III envs 

 

Semotiviruses of Belpaoviridae, within the order Ortervirales, predate modern 

retroviruses based on their RT sequences and have the unique ability to lose and acquire 

viral envs. [8, 23, 56, 59] Remarkably, established semotiviruses have only been found to 

encode viral class II and III envs unlike their modern retroviral descendants. DmeRooV is 

predicted to encode a putative class III viral membrane fusion protein with sequence 

homology to the baculovirus F protein. (HMMER search of GenBank Accession Number 

AY180917) Table 6 This provides striking evidence for a mechanism in early retroviral 
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evolution for env exchange, viral zoonoses, and a molecular basis for the evolution of novel 

retroviruses from degenerate LTR-retrotransposons.  

 As a result of this phylogenetic analysis, six novel semotiviruses of A. ceylanicum will 

be proposed to ICTV for classification within the family Belpaoviridae. With just eighteen 

semotiviruses described, many more are expected to be found throughout invertebrate 

genomes and wherever BEL/Pao LTR-retrotransposons are prevalent. Semotiviruses are well 

represented within the genomes of both parasitic worms and arthropod vectors which may 

provide a forum for env exaptation and host shifts via HGT during co-infection. Further studies 

of this nature are required to understand retroviral, host, and glycoprotein evolution. 
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Table 6. Summary of established and candidate semotiviruses of Belpaoviridae. Names and 
abbreviations for established semotiviruses are assigned by ICTV. Novel semotiviruses of A. ceylanicum 
are shown in red. Semotiviruses encoding envs shown in bold.  

 

6.6 Atlas virus and Cer13 virus encode a ~20 million-year-old phleboviral env 

 

A phylogeny based on the multiple sequence alignment of the AtlasV and Cer13V gag 

sequences highlights the low sequence identity shared amongst AtlasV and established 

semotiviruses. Fig. 70a Comparatively, AtlasV and Cer13V gags share limited sequence 

identity with each other and semotiviruses from more distantly related hosts. Fig. 70b  
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Figure 70. Amongst semotiviruses, Atlas virus gag shares limited sequence identity. a. Using gag 
amino acid sequence of Cer13 virus as reference, a phylogeny built from a multiple sequence 
alignment of AtlasV and established semotiviruses. b. Pairwise sequence matrix of AtlasV and other 
semotivirus env amino acid sequence. Host species are abbreviated in italics. See Table 6 for 
semotivirus abbreviations. [108, 109] 

 A phylogeny based on the multiple sequence alignment of the AtlasV and Cer13V env 

sequences amongst known class II fusogens further supports the AtlasV Gc structure. 

Amongst modern flavivirus, phlebovirus, and alphavirus envs, developmental fusogens, and 

the class II homologues of Dictyostelium, AtlasV and Cer13V env share the most sequence 

identity with modern phleboviral envs. Fig. 71 In Bowen and McDonald’s preliminary 

genomic analysis the C. elegans retroelements, Cer13V was found to have integrated in early 

nematode evolution, approximately 20 million-years-ago, based on unique ERV integration 

events fixed within nematode genomes before and after Caenorhabditis speciation. [24] 

With the accompanying phylogenetic analysis, this confirms both AtlasV and Cer13V encode 
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an ancient phlebovirus-like class II fusion protein. Furthermore, this makes the structure of 

Atlas Gc the oldest known viral class II fusion protein, ancestral to modern viral equivalents.  

 

Figure 71. Amongst class II fusogens, Atlas virus env shares sequence identity with modern 
phleboviruses. Atlas Gc and RVFV Gc are structural homologues despite low sequence identity (z-score 
27.6) and ~20 million years of evolution. [108, 109]  

 Further phylogenetic analysis is required to elucidate the evolutionary history of class 

II homologues of Dictyostelium. With their obvious link to eukaryotic HAP2 and the evolution 

of sex in the social amoeba, structural characterization and more in-depth phylogenetic 

analysis should elucidate an even earlier evolutionary link between viral class II fusogens and 

the genomic evolution of sex. 
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6.7 Materials and Methods 

 

Viral sequence analysis 

BEL/Pao LTR-retrotransposons of the A. ceylanicum genome were analyzed with the HMMER 

server using established semotiviral gags as search query. [60] Hits were further queried for 

the Phleboviral G2 fold using the HMMER and the RVFV Gc sequence. [60] Domain topology 

was analyzed by TMPred and Phobius. LTRs were identified with REPuter. [110, 111] 

 

Multiple sequence alignment and molecular phylogeny 

Multiple sequence alignments and phylogenies were generated with ClustalOmega. 

Dendrograms were formatted using Tree of Life (iTOL). Gag and env amino acid sequences 

were minimally trimmed according to global ERV alignments and domain predictions 

excluding pol. 

 

Pairwise sequence identity matrices 

Pairwise sequence identity matrices were prepared with ClustalX in the Sequence 

Demarcation Tool provided by ICTV. Amino acid sequences are clustered based on a 

neighbor-joining tree. [108, 109] 
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7.0 Discussion and Relevance 

 

Viruses and endogenous virus-like selfish elements including LTR-retrotransposons, 

TEs, and plasmids are essential conduits for biological evolution. Their abundance and 

ubiquity suggest an intricate history of co-evolution with cellular organisms. Evolutionary 

contributions of viruses and virus-like selfish elements range from conflict in biology and 

disease to cooperation in gene exaptation and mutualism. Genomic evolution is driven by 

interactions with modular, genetic entities (such as viral gags, pols, and envs) each having 

unique evolutionary potential to be evolved upon distinctly by the selective pressures of 

their environments. This is expected to be the case for class II fusion protein-encoding envs 

identified in viral retroelements of Nematoda and the virus-like nuclear plasmid Ddp1 of the 

amoebae Dictyostelium. 

In the Bel/Pao LTR-retrotransposons of Nematoda, a recently captured phleboviral-

like env has enabled the emergence of the novel semotiviruses of Belpaoviridae. Related 

retroelements, C. elegans Cer13 virus, and the intact, seemingly active semotiviruses of A. 

ceylanicum represent the first known family of retroviruses to utilize a class II fusion protein. 

A. ceylanicum AtlasV and Ace1-5V will be proposed to ICTV for classification as six novel 

semotiviruses. The accompanying cryoEM structure of AtlasV Gc at 3.76 Å provides an 

atomic model for the encoded ancient phlebovirus-like class II fusion protein. Furthermore, 

biochemical characterization of AtlasV Gc suggest a strong conservation of pH- and lipid-

specific properties in modern viral fusion protein evolution.  

Further investigation is required for the nuclear plasmid of D. discoideum, Ddp1, 

which has been shown to express a homologue of RVFV Gc from its D2 gene during the 

developmental aggregate stage of the host amoebal life cycle. The class II fusion protein 

encoded by Ddp1 D2 is suspected to contribute to cell-fate determination between stalk and 

spore cells (or zygote and other macrocyst cells). With the recently identified feeding 

advantage of Dictyostelium carrying the Ddp1 plasmid and the extreme association between 

feeding and proliferation in the communal amoebae, a mutualistic relationship is suspected 

between the Ddp1 plasmid and its slime mould host. The Ddp env may be involved in 

proliferation of Ddp1 as an infectious, virus-like particle or co-opted by the plasmid or host 

amoebae to catalyse any of the numerous membrane fusion events occurring throughout 

the Dictyostelium life cycle. Regardless, propagation of the infected host cell and the 
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contained Ddp1 plasmids seem inevitable and potentially mediated by viral and 

developmental class II fusogens. 

Degradation of the genomic fossil record left by retroviruses is only counteracted by 

functional gene expression and the formation of infectious viral particles. For envs encoding 

functional membrane fusion proteins, the overall structure of the essential protein fold is 

maintained while the genetic sequence identity degrades. The structural study of AtlasV Gc 

supplemented with a comprehensive phylogenetic analysis of the AceERVs enabled the 

study of the evolution of these novel class II fusion proteins in relation to their modern 

homologues. Research on glycoprotein evolution on such grand timescales is permitted by 

the maintenance of overall envelope fusion protein structure as conserved by function. The 

strength of structural studies accompanied by phylogenetic analysis is best captured by the 

strong structural homology of ancient Atlas virus Gc to modern RVFV Gc despite the low 

sequence identity shared by their respective envs. 

This research and future collaborations will further the understanding of viruses and 

virus-like selfish elements in facilitating biological evolution. Phylogenetic analysis of A. 

ceylanicum Atlas virus gag and env alongside other candidate AceERVs, known 

semotiviruses, and viral class II fusogens has provided unparalleled insight the evolutionary 

relationship between class II fusion proteins and characteristics of env promiscuity. 

Understanding the potential for gene exaptation and mutualism between viruses and their 

hosts will ultimately change the perception of viruses from simply disease-causing agents to 

the essential intermediaries in the genomic evolution of life. 
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APPENDIX 
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Supplementary Figure 1. Quantification of Ace530-lipid membrane association by liposome 
floatation assay. a. Diagram of sample preparation and fractionation for ultra-centrifugation. 
OptiPrep concentrations and sample fractions are indicated. b. Quantified, Coomassie-stained SDS-
PAGE of Ace530 floatation with PC:PE:SM:CH:BMP liposomes at various pH. Molar ratio of liposome 
composition is indicated. Percent floatation was quantified by absorbance at 700 nm measured on a 
Lycor Odyssey from the total (dotted line) and float (solid line) boundaries depicted. n =3 
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  Atlas Gc 

Data Collection and Processing  

Microscope FEI Titan Krios 
Voltage (kV) 300 
Electron exposure (electrons Å-2) 46.12 
Exposure per frame (electrons Å-2) 1.28 
Defocus range (µm) -1.5 to -3.5 
Pixel size (Å) 1.047 
N. initial particles 987,570 
N. final particles 197,145 
Map resolution (Å) 3.76 
Map resolution range (Å) 3.50 - 5.20 
FSC threshold for resolution limit 0.143  
 
Model refinement  

Map sharpening B factor (Å2)  -180 
Symmetry imposed  C3 
Mask correlation coefficient 0.78 
  
Model composition  
N. non-hydrogen atoms 10,159 
Protein residues (chains A, B, C) 1,320 
  
R.m.s. deviations  
Bond lengths (Å) 0.005 
Bond angles (˚) 0.694 
Planarity (Å) 0.004 
  
B-factors/ADPs*  
Minimum 35 
Maximum 176 
Mean 82 
   
Validation (Phenix 1.15)  
MolProbity overall score 2.23 
MolProbity all-atom clashscore 5.86 
Rotamer outliers (%) 2.28 
Ramachandran plot  
 % favored 86.2 
 % allowed 13.8 
 % outliers 0.0 
PDB code 6R3H 
EMDB code EMD-4718 
EMPIAR code 10266 

ADPs, atomic displacement parameters. 

Supplementary Table 1. CryoEM data collection, structure determination, model building and 
refinement parameters and statistics. [67] 
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