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Abstract: Jingmen viruses are newly described segmented flavi-like viruses that have a worldwide 

distribution in ticks and have been associated with febrile illnesses in humans. Computational 

analyses were used to predict that Jingmen flavi-like virus glycoproteins have structural features 

of class II viral fusion proteins, including an ectodomain consisting of beta-sheets and short alpha-

helices, a fusion peptide with interfacial hydrophobicity and a three domain architecture. Jingmen 

flavi-like virus glycoproteins have a sequence enriched in serine, threonine and proline at the 

amino terminus, which is a feature of mucin-like domains. Several of the serines and threonines 

are predicted be modified by the addition of O-linked glycans. Some of the glycoproteins are 

predicted to have an additional mucin-like domain located prior to the transmembrane anchor, 

whereas others are predicted to have a stem consisting of two alpha-helices. The flavivirus 

envelope protein and Jingmen flavi-virus glycoproteins may have diverged from a common class 

II precursor glycoprotein with a mucin-like domain or domains acquired after divergence.   

Keywords: Jingmen tick virus, Alongshan virus, flavi-like viruses, class II viral fusion proteins, O-

liked glycans, mucin-like domain, virus evolution 

1. Introduction 

The Flaviviridae family contains several important human and animal pathogens, including 

dengue, yellow fever, West Nile, hepatitis C, Zika and bovine viral diarrhea viruses. The family is 

currently divided into four genera, Flavivirus, Hepacivirus, Pestivirus, and Pegivirus [1]. Members of 

the Flavivirus genus are capable of replicating in both insect and vertebrate hosts [2,3]. Hepaciviruses, 

pestiviruses, and pegiviruses were each considered until recently to be exclusively viruses of 

mammals [4,5]. Despite extensive genetic divergence, all current members of the Flaviviridae have an 

unsegmented, single-stranded, positive-sense RNA genome of less than 13 kb. The genome is 

translated into a single polyprotein that is cleaved by host and viral proteases into structural and 

nonstructural (NS) proteins. The genes for the structural proteins, including a capsid protein C and 

two glycoproteins, are encoded at the 5’ end of the genome, whereas the genes for the NS proteins 

are 3’. The genes for NS2B-NS3 (protease/helicase) and NS5 (methyltransferase /RNA-dependent 

RNA polymerase) are the most conserved amongst the family [4].  
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Studies conducted over the past several years demonstrate that viruses with notable similarities 

to members of the Flaviviridae infect a wide range of hosts and exhibit great diversity in genome 

structure [4,6,7].  In a remarkable metatranscriptomic study Shi, Lin, Vasilakis, Tian and colleagues 

retrieved complete genomes of 12 distant Flaviviridae virus relatives (“flavi-like” viruses) from a range 

of invertebrate species, including flys, crickets, centipedes, spiders and barnacles [4]. Although these 

viruses diverge from known flaviruses and have genomes that are larger (16-26 kb), they have a 

similar overall genome organization, polyprotein expression strategy and significance sequence 

similarities in the NS2B-NS3 and NS5 genes. The wide diversity of flavi-like viruses in invertebrates, 

coupled with their deep phylogenetic positions, lead the authors to hypothesize that insect flavi-like 

viruses may represent the ancestral forms from which vertebrate-infecting flaviviruses evolved. 

Additional “flavi-like” viruses have been discovered. These include Gentian Kobu-sho-

associated virus (GKaV) from plants of the genus Gentiana, which are a source of aperitif bitters [6].  

Flavi-like viruses have also been found in fruit flys [8], lice [9] aphids [10] and a nematode [5]. They 

have long genomes, a flavi-like genome organization, and sequence similarities to flavivirus NS3 and 

NS5 genes. In addition, a virus from Proscyllium habereri, the graceful catshark, has significant 

sequence and genome structure similarities to hepaciviruses [4]. The isolation of a close relative of 

hepaciviruses from a fish suggests that these viruses may possess a broader host range and more 

ancient evolutionary history than was known previously. 

 Figure 1. Genomic structure of representative Jingmen and Wuhan flavi-like viruses and yellow fever virus, 
a member of the Flaviviridae. Regions of amino acid similarity between protein pairs are indicated. The 
numbers of amino acids (aa) and the percent of identical (top) and chemically similar (bottom) amino acids in 
the overlap is indicated. Arrows indicate proteolytic cleavages of the yellow fever virus polyprotein. 

 

An extreme variation on the genomic structures of flavi-like viruses was revealed with the 

observation of tick-borne viruses with genomes comprised of four segments . Qin, Shi, Tian, Lin et al. 

[7] detected Jingmen tick virus (JMTV) in Rhipicephalus microplus ticks in Hubei Province, China. 

Common 5′ and 3′ untranslated region (UTR) nucleotide sequences, including the termini, were 

present in all four segments confirming that the JMTV genome is segmented. Segment 1 encodes a 

protein that has canonical motifs for methyltransferase and RNA-dependent RNA polymerase found 

in NS5 of unsegmented flaviviruses. Segment 3 encodes a protein with similarities to the flaviviral 

serine protease domain and helicase domains of NS3 are well as NS2B. Segments 2 and 4 appear to 

encode the glycoproteins and capsid of JMTV, respectively, but sequence homology searches 

(BLASTx and BLASTp) found no similarities to any flavivirus proteins [7]. However, homology 

searches found matches of JMTV segments to the transcripts of a larval cDNA library of Toxocara 

canis, a helminth parasite of dogs and other canids. The four RNAs identified belong to a virus related 

to JMTV, which was named T. canis larva agent (TCLA).  

JMTV-related flavi-like viruses are now known to be widespread in ticks worldwide and some 

have been associated with febrile illness in humans [11-14]. A retrospective study reported 
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identification of JMTV in Amblyomma javanense and skin biopsies and blood of febrile patients in 

China [15]. JMTV has also been isolated from ticks, animals or humans in Kosovo [16], Trinidad and 

Tobago [17], Turkey [11] and the French Antilles, France, Lao People’s Democratic Republic and 

Cambodia [13]. Isolation of other JMTV-related viruses include Mogiana tick virus (MGTV) from R. 

microplus and cattle in Brazil [18,19], Kindia tick virus (KNTV) from R. geigyi in Guinea [20] and 

Yanggou tick virus (YGTV) from Dermacentor nuttalli in China [21]. Guaico Culex virus (GCXV) was 

isolated from a red colobus monkey in Uganda, which contains four segments with sequence 

similarity to the four segments of JMTV and an apparently optional fifth segment [22]. Alongshan 

virus (ALSV) was detected in Ixodes persulcatus and isolated from febrile patient sera in Heilongjian 

Province in China [14]. ALSV is also present in Ixodes ricinus ticks in the Kotka archipelago of 

southeastern Finland [23]. We refer to these segmented flavi-like viruses as Jingmen flavi-like viruses.  
In addition to the nonsegmented flavi-like invertebrate viruses, Shi, Lin, Vasilakis, Tian et al. [4] 

discovered five novel segmented flavi-like viruses from fleas, aphids, crickets and other insects. 

Because they are genetically related to each other, we refer to these viruses as Wuhan flavi-like 

viruses after the type species, Wuhan cricket virus (WHCV). The genome of Wuhan flavi-like viruses 

consists of four segments, with a gene organization like that of Jingmen flavi-like viruses.  Wuhan 

flavi-like viruses lack the poly(A) tail present at the end of each Jingmen flavi-like virus segment. 

Like Jingmen flavi-like viruses, segments 1 and 3 of Wuhan flavi-like viruses share sequence 

similarities with the NS2B-NS3 and NS5 genes of flaviviruses.  Despite genetic relatedness and other 

similarities, the International Committee on the Taxonomy of Viruses (ICTV) has not included flavi-

like viruses in the Flaviviridae [1]. The non-segmented divergent flavi-like viruses of arthropods, and 

the segmented Jingmen and Wuhan group viruses are not formally classified. Jingmen and Wuhan 

flavi-like viruses could potentially be assigned to a Jingmenivirus genus within the Flaviviridae, or 

given a separate classification.  

Analysis of the glycoproteins encoded by segment 2 of the segmented Jingmen and Wuhan flavi-

like viruses did not reveal similarity to any flavivirus glycoprotein or other viral glyoprotein 

detectable by commonly used global search programs, such as BLAST [4,7]. Here, we examine the 

amino acid sequences of proteins encoded by the segmented flavi-like viruses using computational 

tools that have previously proven potent in identifying structural features of viral fusion proteins 

[24-29]. 

2. Materials and Methods  

2.1. Sequences  

 

GenBank accession numbers of the segmented flavi-like viruses used for sequence and protein 

structural analyses are provided in Table 1. Comparisons are also shown to yellow fever virus 

proteins (strain 17D, GenBank: X03700.1). 

 

Table 1. GenBank accession numbers used for structural analyses 

 

virus Segment 1 Segment 2 Segment 3 Segment 4 

Alongshan virus MN107156.1 MN107154.1 MN107155.1 MN107153.1 

Yanggou tick virus MH688529.1 MH688530.1 MH688531.1 MH688532.1 

Jingmen tick virus MN025512.1 MN025513.1 MN025514.1 MN025515.1 

Mogiana tick virus NC_034222.1 KY523073.1 NC_034223.1 KY523074.1 

Wuhan cricket virus KR902709.1 KR902710.1 NC_028395.1 NC_028402.1 

 

2.2. Proteomics computational methods 

 

Pairwise alignments were performed using William Pearson’s Lalign program [30] that 

implements the algorithm of Huang and Miller [31].  To generate alignments between multiple 

sequences we used Clustal Omega, a part of the EMBL-EBI search and sequence analysis tool kit that 

uses seeded guide trees and HMM profile-profile techniques [32]. Secondary structure, solvent 

accessibility, transmembrane helices, globular regions, coiled-coil regions and other protein features 
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were analyzed using PredictProtein [33]. Domains with significant propensity to form 

transmembrane helices were identified with TMpred [34].  TMpred is based on a statistical analysis 

of TMbase, a database of naturally occurring transmembrane glycoproteins [35]. Topology and other 

features of membrane proteins were explored by means of hydropathy plots with Membrane Protein 

eXplorer from the Stephen White laboratory [36]. The presence of signal peptides and the location of 

their cleavage sites was analyzed using Signalp (v5.0), which is based on deep convolutional and 

recurrent neural network architecture including a conditional random field [37].  O-linked 

glycosylation sites were predicted by Net-O-Glyc v. 4..0 [38]. 

Figure 2. Amino acid sequence alignment of Jingmen flavi-like virus glycoproteins. Amino acid sequences 
of the glycoproteins from Alongshan virus (ALSV), Yanggou tick virus (YGTV), Jingmen tick virus (JMTV) 
and Mogiana tick virus (MGTV) are aligned.  Yellow highlights: cysteines. Orange highlights: N-
glycosylation sites. Black highlights: O- glycosylation sites. 

3. Results 

3.1. Sequence similarities between flavivirus and flavi-like virus proteins 

 

JMTV is a novel tick-borne segmented RNA virus containing genome segments derived from 

unsegmented viral ancestors [7]. Additional segmented flavi-like viruses with genetic similarity to 

JMTV (Jingmen flavi-like viruses) have subsequently been isolated from ticks and other invertebrates 

[12,13]. Another group of novel genetically-related segmented flavi-like viruses has been discovered 

in insects (Wuhan flavi-like viruses) [4]. The gene order of nonsegmented flaviviruses of the flavivirus 

genus is 5’ capsid-PrM-envelope-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3’ (Fig. 1). Segment 4 of 

Jingmen and Wuhan flavi-like viruses encode a capsid protein and a membrane protein. No sequence 

similarity can be detected between capsid proteins of segmented or nonsegmented flaviviruses. The 

capsid proteins of Jingmen flavi-like viruses ALSV and JMTV share substantial amino acid 

similarities (75% identical and 93% similar amino acids over a 252 amino acid segment). There is  
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Figure 3. Two-dimensional model of yellow fever virus envelope glycoprotein E. N-glycosylation sites: 
orange stick figures: O-linked glycosylation sites: black figures. 

 

limited similarity of the capsid proteins of ALSV and JMTV to the capsid of WHCV (16% identical 

and 57% similar amino acids over a 88 amino acid segment), but not the membrane protein. There is 

no apparent close homolog of the membrane protein of the flavi-like viruses in nonsegmented 

flaviviruses. However, M proteins of flavi-like viruses have several TM domains (10 for ALSV). The 

membrane proteins of ALSV and JMTV are similar to each other, but not closely related WHCV M. 

 

Segment 2 of segmented flavi-like viruses encode the envelope proteins (Fig. 1). Two patterns are 

noted in Jingmen flavi-like viruses. Segment 2 of ALSV, YGTV and some other Jingmen flavi-like 

viruses encode two proteins referred to here as VP1a and VP1b (also known as G1 and G2). Segment 

2 of JMTV and MGTV are representative of the majority of known Jingmen flavi-like viruses that 

encode a single glycoprotein VP1. No apparent similarity of any Jingmen flavi-like virus glycoprotein 

to glycoproteins of any member of the Flaviviridae has been detected previously by BLASTx, BLAST 

p or other common homology search programs [7]. Jingmen flavi-like viruses displayed limited local 

alignments with the envelope glycoproteins (E) of nonsegmented flaviviruses.  For example, ALSV 

VP1a  shares 23% identical amino acids and 50% chemically similar amino acids with yellow fever 

virus (YFV) envelope (E) protein over a 190 amino acid length segment (Fig. 1). The glycoproteins of 

the two subgroups of Jingmen flavi-like viruses also share similarities. ALSV VP1a  and JMTV VP1 

share 45% identical amino acids and 68% chemically similar amino acids over a 422 amino acid length 

segment beginning near the amino-termini (N-termini) of the proteins  ALSV VP1b shares 

similarities to the carboxy-termini (C-termini) of JMTV VP1.  The proteins encoded by segment 2 of 

Jingmen flavi-like viruses have no sequence similarities to segment 2 proteins of Wuhan flavi-like 

viruses. Wuhan flavi-like viruses have a shorter segment 2 that contains two overlapping open 

reading frames (ORFs) [4]. The protein products of both Wuhan flavi-like virus ORFs are predicted 

to have N-terminal signal peptides. The protein encoded by the second ORF contains a C-terminal 

transmembrane (TM) domain.  

As previously noted [4,7,23], Segment 1 and 3 sequences of Jingmen and Wuhan flavi-like viruses 

encode proteins with significant sequence similarities to the NS3 and NS5 proteins of flaviviruses, 

respectively (Fig. 1).  There was limited local similarity between YFV NS2B and the proteins encoded 

by segment 3 of ALSV and JMTV. ALSV  and JMTV NS3 share 80% identical amino acids and 95%  
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Figure 4. Two-dimensional model of Alongshan virus viral proteins 1a and Ib. N-glycosylation sites: orange 
stick figures: O-linked glycosylation sites: black figures. 
 

chemically similar amino acids over a 777 amino acid length segment. ALSV  and JMTV NS5 share 

79% identical amino acids and 94% chemically similar amino acids over a 904 amino acid length 

segment. Analyses of segment 1 and 3 support subgrouping JMTV, MGTV and other viruses 

encoding a single glycoprotein in a separate subgroup from ALSV, YGTV and other Jingmen flavi-

like viruses that encode a two glycoproteins (VP1a and VP1b).  JMTV and MGTV NS3  and NS5 

proteins are more similar than they are to ALSV NS3 and NS5. JMTV and MGTV NS3  share 97% 

identical and 99% similar amino acids over a 808 amino acid overlap, while JMTV and MGTV NS5  

proteins share 96% identical and 99% similar amino acids over a 914 amino acid overlap. Proteins 

encoded by segment 1 and 3 sequences of Jingmen and Wuhan flavi-like viruses are also related. 

Interestingly, NS3 and NS5 genes of nonsegmented members of the Flavivirus genus are more closely 

related than to the Jingmen and Wuhan flavi-like virus NS3  and NS5 than to NS3  and NS5 of 

members of other genuses of the Flaviviridae [4]. 

 

3.2. Sequence similarities of Jingmen group glycoproteins 

 

VP1 of JMTV and MGTV are of similar length, 744 and 753 amino acids (Fig. 2) . The two segment 

2 glycoproteins, VP1a and VP1b, of ALSV are 481 and 266 amino acids, respectively.  VP1a and VP1b 

of YGTV are 440 and 267 amino acids, respectively. The VP1, VP1a and VP1b proteins of Jingmen 

flavi-like viruses have predicted N-terminal signal peptides of 26 to 42 amino acids. JMTV and MGTV 

VP1 have three predicted TM domains. Prior to the first transmembrae (TM) domain in JMTV and 

MGTV are two -helices predicted by PredictProtein, an advanced secondary structure prediction 

algorithm. We refer to this region as the stem domain by analogy to the extended -helices that are 

present prior to the TM anchoring domains in the E proteins of members of the flavivirus genus [39-

41] and glycoproteins of other viruses [42]. VP1a of ALSV has a C-terminal TM domain, but VP1a of 

YGTV does not. Distinct isolates of ALSV and YGTV have the same predicted structures, so this 

difference in the presence of C-terminal anchors does not appear to be due to sequencing errors. The 

C-termini of Jingmen flavi-like virus VP1 and VP1b are similar with two TM domains (for a total of 

three in VP1). VP1 and VP1b contain a segment enriched in negatively charged amino acids followed 

by a segment enriched in positively charged amino acids.   
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Figure 5. Two-dimensional model of Jingmen tick virus viral protein 1. N-glycosylation sites: orange stick 
figures: O-linked glycosylation sites: black figures. 

 

3.3. Jingmen group virus glycoproteins contain predicted mucin-like domains 

 

Inspection of the amino acid sequences of the VP1 or VP1a proteins of Jingmen flavi-like viruses 

revealed several stretches that contain a concentration of proline, serine and threonine (PST), features 

that have been associated with mucin-like domains on viral glycoproteins and other glycoproteins 

(Fig. 2) [43,44]. Net-O-Gly predicts that many of these serines and threonines are modified by 

addition of an O-glycan. Each of the Jingmen flavi-like viruses have an extended patch of predicted 

O-glycans at the N terminus of the protein following the predicted signal peptide, which we refer to 

as a mucin-like domain. Jingmen flavi-like viruses also have one to three additional predicted O-

glucan  between amino acids 230 and 360. VP1a of ALSV and YGTV and other flavi-like viruses that 

encode two glycoproteins are distinguished from JMTV and MGTV and other Jingmen flavi-like 

viruses that encode one glycoprotein by the presence of C-terminal domain we refer to as the leash 

by analogy to pre-anchor domains of certain other VFP [28,45]. The leash is enriched in PST and is 

predicted to contain seven O-linked glycans constituting another potential mucin-like domain.   

 

3.4. Jingmen group virus glycoproteins have structure features of class II viral fusion proteins 

 

A fusion peptide or loop is present in all members of each known class of viral fusion protein 

[46,47]. These amino acid sequences interact directly with cellular membranes during fusion with the 

virion membrane [48]. Fusion peptides or loops have the potential to disrupt and partition into 

bilayer membranes as revealed by analyses using the Wimley-White interfacial hydrophobicity scale 

(WWIHS) [49,50]. Fusion peptides or loops are typically among the most highly conserved sequences. 

Several sequences in Jingmen flavi-like virus VP1 or VP1a proteins fit the canonical profile of a fusion 

peptide of a class II VFP and produce a positive WWIHS score. Based on location, amino acid 

composition and  sequence conservation it is likely that amino acids 119 to 129 in ALSV VP1a and 

similar sequences in other Jingmen virus glycoproteins represent the fusion peptides (Fig. 2).  

Class I or III VFPs have two or one -helices prior to the TM anchoring domains [25,28,51-53]. 

PredictProtein indicates that the Jingmen flavi-like virus glycoproteins do not have a propensity to 

form extended -helices, except for the TM domains and the stem helices when present. This suggests 
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that the glycoproteins of Jingmen flavi-like virus do not encode class I or III VFPs. Protein Predict 

indicates that the ectodomains of Jingmen flavi-virus like glycoproteins have a propensity to form a 

mixture of -sheets and short -helices. This pattern is reminiscent of class II VFPs [27,54,55], which 

led us to perform pairwise alignments and visual inspection that can to detection the limited 

similarities with flavivirus E not found in large-scale similarity searches (Fig. 1). The ectodomains of 

flavivirus E have three domains. Domain I is in the center of the molecular and can contain a hinge. 

Domain II contains the fusion peptide and domain III the receptor binding domain. ALSV VP1a has 

an extended similarity to YFV E domain III (Fig. 2). The region contains a pair of conserved cysteines. 

PredictProtein demonstrates that this region in Jingmen flavi-like viruses has the propensity to form 

several -sheets, which is consistent with a domain III structure.   

 
Figure 6. Space filling models of yellow fever virus E, Alongshan virus viral protein 1a and Ib and Jingmen 
tick virus viral protein 1. Top: prefusion (virion) forms. Bottom: post-fusion forms.  

 

3.4. Jingmen flavi-like virus glycoprotein models  

 

To determine whether or not the amino acid sequence of Jingmen flavi-like viruses can plausibly 

fit a class II VFP architecture similar to  the  envelope glycoproteins (E) of nonsegmented 

flaviviruses we constructed space-filling models.  Folding of the glycoprotein must accommodate 

the location of structure features of the protein and cysteine bonding.  Cysteines are usually the most 

conserved amino acids within a protein family because disulfide linkages are a critical determinant 

of secondary structure. With the exception of the last cysteine in each of the Jingmen flavi-like virus 

glycoproteins the cysteines are conserved (Fig. 2).  Overall length and co-linearity of putative fusion 

loops, class III domains, stem domains (when present) and TM anchors are consistent with the 

suggestion that Jingmen flavi-like viruses encode modified class II  fusion proteins.  There are 

many possible alternatives to the cysteine linkages and secondary structures shown.  However, 

plausible models that conform to the scaffold of the known structure class II VFP can be constructed 

based on the Jingmen flavi-like virus sequences (Figs. 3-5).  After scaffolding on YFV E structure (Fig. 

3), the models for ALSV VP1a (Fig. 4) and JMTV VP1 (Fig. 5) place predicted structures such as the 

fusion peptides in appropriate domains. The models also place cysteine residues in close proximity 
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with possible linkages occurring within the three domains, while conforming to the structural 

predictions of PredictProtein.   

Class II fusion proteins of members of the flavivirus genus are present on the surface of mature 

virions as homodimers.  Current models of fusion class II viral fusion proteins suggest that exposure 

to the low pH of the endosome triggers trimerization and a bending of class II fusion proteins at a 

flexible "hinge" region between domains I and II elevating the fusion peptide so that it can insert into 

the host membrane [56,57]. A rearrangement of the stem (pre-anchor region), so that there are more 

extensive interactions with domains I-III, results in a deformation of the viral and target membranes.  

Subsequently, the membranes are brought closer together by continued interactions of the stem with 

domains I-III, which results in bilayer hemifusion [58,59].  Formation of the final post-fusion trimer 

accompanies complete fusion of the viral and cellular membrane allowing entry of the 

ribonucleoproteins containing the viral genomic RNA.  To examine whether the class II structure of 

the Jingmen flavi-like viruses  could accommodate similar  rearrangements, we constructed space-

filling models of Jingmen flavi-like virus glycoproteins in dimer and trimer configurations (Fig. 6). 

Mucin like domains would be exposed on the surface of the proteins.  The N-terminal mucin-like 

domain of both ALSV and JMTV potentially sits on top of the dimer. The mucin-like domain found 

on the leash of ALSV would be able to occupy the space between the dimers on the virion.  

Rearrangement of ALSV from a dimer to a trimer could occur with the leash occupying the same 

groove formed between monomers of the trimer as occupied in the post-fusion form of class II 

flavivirus E. Likewise, the stem of JMTV VP1 could occupy the same grove occupied by the stem of 

YFV E in the post-fusion configuration.   

Immature virions of members of the flavivirus genus of the Flaviviridae contain a precursor prM 

to the small membrane protein M [60].  The prM is cleaved by furin or by a furin-like protease during 

virus release to produce the mature M protein localized on the surface of flavivirus virions. Flavivirus 

prM/M, contains two potential membrane spanning domains, and their functions may include 

shielding of internal cellular membranes from the fusion peptide of E [61]. E and M are likely present 

in equal molar amounts in the virion. Each dimer of E/M is associated with eight TM domains (Fig. 

4, one M is not shown). The E/M trimer would then have twelve TM domains. By comparison the 

dimers of Jingmen flavi-like viruses would be associated with six TM in the dimers and nine  in the 

trimer or fewer in the case of YGTV. 

4. Discussion 

Segment 2 of Jingmen flavi-like viruses encode either one or two proteins. The amino terminal 

end of VP1, the sole glycoprotein of certain Jingmen group viruses (JMTV, MGTV, AMTV and others), 

bears sequence similarity to the N-terminus of VP1a, the longest of the two envelope proteins 

encoded by other Jingmen viruses (ALSV, YGTV and others); VP1b is similar to the C-termini of VP1. 

VP1, VP1a and VP1b each have an amino terminal signal peptide. VP1 and VP1b have one or more 

TM domains. VP1a of ALSV also has a TM domain, but VP1a of YGTV lacks this feature. These 

observations suggest that segment 2 ALSV and YGTV was derived from segment 2 of a JMTV-like 

progenitor by mutational events that resulted in termination of the VP1a reading frame, followed by 

a shift of the reading frame and insertion of a signal peptide for the VP1b portion of the gene.  

Based on common features and computer algorithms, Gallaher and colleagues suggested [25] 

that the ectodomain of the transmembrane proteins of HIV-1 and other retroviruses fit the scaffold of 

the postfusion structure of influenza virus hemagglutinin 2 [62]. Common structural motifs, 

including extended -helices and an N-terminal fusion peptide, were subsequently observed in the 

glycoproteins of filoviruses [24], arenaviruses [26], coronaviruses [63] and paramyxoviruses, now 

referred to collectively as class I VFPs. The envelope glycoproteins of flaviviruses, alphaviruses and 

viruses formerly classified as members of the Bunyavirdae, which are now classified in separate 

families under the order Bunyavirales, form the structurally distinct class II VFPs [55,56]. Class II VFPs 

are characterized by a -sheet structure interspersed with short -helices. Rhabdoviruses, 

herpesviruses, certain baculoviruses and members of the thogatovirus genus of the Myxoviridae have 

class III VFPs [64-66].  While no similarity of any Jingmen group virus glycoprotein to other viral 

glycoprotein has been detected by common homology search programs, application of the methods 

of Gallaher predicted that Jingmen group virus glycoproteins have structure features of class II viral 
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fusion proteins. These predicted features include an ectodomain consisting of -sheets and short -

helices, a fusion peptide with interfacial hydrophobicity and a three domain architecture. 

Confirmation of these predictions will require structural analyses using X-ray crystallography or 

cryoelectron microscopy. 

 
Figure 7. Possible evolution of Jingmen and Wuhan group viruses. Divergence of a progenitor of Jingmen 
and Wuhan group viruses from a progenitor of the members of the Flavivirus genus of the Flaviviridae 
occurred via genome segmentation. Following segmentation Jingmen flavi-like viruses added one or more 
mucin-like domains to their glycoproteins. Wuhan group viruses replaced the class II envelope glycoprotein 
or a progenitor with distinct glycoproteins via recombination or divergent evolution. 

 

Jingmen group virus glycoproteins contain PST-rich sequences, a feature that is characteristic of 

mucin-like domains. Computational analyses predict that many of the serine and threonine residues 

are modified by the addition of O-glycans. All Jingmen group VP1 or VP1a have a predicted mucin-

like domain near the N-terminus. VP1a is distinguished from VP1 by the presence of an additional 

PST-rich region near the C-terminus of the protein, which is predicted to contain several O-linked 

glycans.  Jingmen flavi-like viruses that encode a single glycoprotein have a stem structure 

consisting of two predicted -helices that proceed the first TM domain. While computational models 

can predict potential glycosylation sites and protein secondary structures with high reliability, 

confirmation by chemical analysis, crystallography, or other methods is required to establish that the 

sites contain glycans or the predicted secondary structures. 

The presence of glycans on viral surface proteins may shield the virion from recognition by the 

host’s immune system [67-69]. Some viral glycoproteins are glycosylated at relatively few sites, 
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whereas others are densely glycosylated with N-linked and O-linked glycans. Members of the 

flavivirus genus of the Flaviviridae typically have zero to two N-linked glycans [70-72]. HIV-1,  Lassa 

virus and coronaviruses are prominent examples of viruses whose glycoproteins have multiple N-

linked glycans [73-75]. Filovirus, pneumoviruses, metapneumoviruses, herpesviruses and 

nairoviruses encode glycoproteins with mucin-like domains [27,44,76]. In addition to versions with 

a TM anchor, filovirus GP, and pneumovirus and metapneumoviruses G are expressed as a secreted 

forms involving alternative translation strategies [77,78]. It not known whether or not frameshifting 

occurs in Jingmen flavi-like virus segment 2.  

The history of the Flaviviridae has been revised based on the discovery of flavi-like viruses of 

invertebrates and other species [4]. Flavi-like viruses possess large unsegmented RNA genomes and 

occupy deep phylogenetic positions [4]. The Flaviviridae appear to have evolved from an ancestral 

flavi-like virus of invertebrates (Fig. 7).  The NS2B-NS3 and NS5  proteins of pestiviruses, one of 

three genera in the Flaviviridae, are most closely related among flaviviruses to the cognate proteins of 

unsegmented flavi-like viruses [4]. The structure of the pestivirus glycoprotein differs from the 

glycoproteins of other flaviviruses [79], which is consistent with a near-basal position of pestiviruses 

on Flaviviridae phylogenetic trees. Hepacivirus and pegivirus glycoproteins also differ from those of 

other flaviviruses [80]. The glycoprotein complex consists of two subunits, E1 and E2. However, E2 

has an immunoglobulin-like (Ig-like) fold, which it shares with domain III of flavivirus E [81,82]. As 

suggested previously [80], an ancestral glycoprotein possessing an Ig-like fold could have been the 

progenitor of hepacivirus, pegivirus and subsequently other flavivirus glycoproteins.   

The discovery of Jingmen viruses with four segment genomes encoding flavi-like NS2B-NS3 and 

NS5 proteins revealed an unexpected evolutionary link between unsegmented and segmented RNA 

viruses [7]. The NS2B-NS3 and NS5  proteins of Jingmen flavi-like viruses are more closely related 

to the cognate proteins of members of the flavivirus genus than to those of the other genera 

(pestiviruses, hepaciviruses or pegiviruses) suggesting that Jingmen viruses diverged from a 

common ancestral virus by the process of genome segmentation (Fig. 7). The current studies suggest 

that flavivirus E and Jingmen flavi-like virus glycoproteins diverged from a common class II 

precursor glycoprotein. It is likely that the addition of mucin-like domains followed the divergence.  

A subgroup of Jingmen viruses, including ALSV and YGTV, diverged further by incorporating a 

frameshift in their segment 2 gene (Fig. 7). The mutational events that resulted in the separation of 

the single ORF into 2 overlapping ORFs in segment 2 of ALSV and YGTV also involved or were 

followed by events that generated a sequence encoding an additional mucin-like domain. Wuhan 

flavi-like viruses do not encode class II envelope proteins (Fig. 7). There are several possibilities that 

could account for this difference, including divergent evolution or recombination/reassortment to 

acquire the gene for a distinct class of glycoprotein.   

5. Conclusions 

Jingmen flavi-like virus glycoproteins share a number of putative similarities with class II VFP, 
but are predicted to diverge from known class II VFPs by the presence of one or more mucin-like 
domains. In the absence of structural determinations by X-ray crystallography or cryoelectron 
microscopy, models such as proposed here can provide useful hypotheses to guide experimental 
strategies regarding this newly discovered group of viruses.  

 
 
Supplementary Materials: none. 
 
Author Contributions: CEG performed sequence alignments and assisted in the preparation of figures. RFG 
supervised the work and wrote the manuscript. All authors read and approved the final manuscript. 
 
Funding: This work was funded by NIH grant 1U19AI135995. 
 
Acknowledgments: We thank William R. Gallaher and William C. Wimley for continued intellectual support 
and encouragement.  
 
Conflicts of Interest: The Viral Hemorrhagic Fever Consortium (available at: http://www.vhfc.org) is a 
partnership of academic and industry scientists who are developing diagnostic tests, therapeutic agents, and 
vaccines for Lassa fever, Ebola, and other severe diseases. Tulane University and its various academic and 
industry partners have filed US and foreign patent applications on behalf of the consortium for several of these 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2020                   doi:10.20944/preprints202002.0114.v1

Peer-reviewed version available at Viruses 2020, 12, 260; doi:10.3390/v12030260

https://doi.org/10.20944/preprints202002.0114.v1
https://doi.org/10.3390/v12030260


 12 of 15 

 

technologies. Technical information may also be kept as trade secrets. If commercial products are developed, 
consortium members may receive royalties or profits. This does not alter our adherence to all policies of the NIH 
and Viruses on sharing data and materials. The funders had no role in the design of the study; in the collection, 
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results”. 

References 

1. Simmonds, P.; Becher, P.; Bukh, J.; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-Hesse, 
R.; Smith, D.B., et al. ICTV Virus Taxonomy Profile: Flaviviridae. J Gen Virol 2017, 98, 2-3, 
doi:10.1099/jgv.0.000672. 

2. Gould, E.A.; de Lamballerie, X.; Zanotto, P.M.; Holmes, E.C. Origins, evolution, and vector/host 
coadaptations within the genus Flavivirus. Adv Virus Res 2003, 59, 277-314, doi:10.1016/s0065-3527(03)59008-
x. 

3. Cook, S.; Moureau, G.; Kitchen, A.; Gould, E.A.; de Lamballerie, X.; Holmes, E.C.; Harbach, R.E. Molecular 
evolution of the insect-specific flaviviruses. J Gen Virol 2012, 93, 223-234, doi:10.1099/vir.0.036525-0. 

4. Shi, M.; Lin, X.D.; Vasilakis, N.; Tian, J.H.; Li, C.X.; Chen, L.J.; Eastwood, G.; Diao, X.N.; Chen, M.H.; Chen, 
X., et al. Divergent Viruses Discovered in Arthropods and Vertebrates Revise the Evolutionary History of 
the Flaviviridae and Related Viruses. J Virol 2016, 90, 659-669, doi:10.1128/jvi.02036-15. 

5. Bekal, S.; Domier, L.L.; Gonfa, B.; McCoppin, N.K.; Lambert, K.N.; Bhalerao, K. A novel flavivirus in the 
soybean cyst nematode. J Gen Virol 2014, 95, 1272-1280, doi:10.1099/vir.0.060889-0. 

6. Atsumi, G.; Tomita, R.; Kobayashi, K.; Sekine, K.T. Prevalence and genetic diversity of an unusual virus 
associated with Kobu-sho disease of gentian in Japan. J Gen Virol 2013, 94, 2360-2365, 
doi:10.1099/vir.0.053637-0. 

7. Qin, X.C.; Shi, M.; Tian, J.H.; Lin, X.D.; Gao, D.Y.; He, J.R.; Wang, J.B.; Li, C.X.; Kang, Y.J.; Yu, B., et al. A 
tick-borne segmented RNA virus contains genome segments derived from unsegmented viral ancestors. 
Proc Natl Acad Sci U S A 2014, 111, 6744-6749, doi:10.1073/pnas.1324194111. 

8. Webster, C.L.; Longdon, B.; Lewis, S.H.; Obbard, D.J. Twenty-Five New Viruses Associated with the 
Drosophilidae (Diptera). Evolutionary bioinformatics online 2016, 12, 13-25, doi:10.4137/ebo.S39454. 

9. Matsumura, E.E.; Nerva, L.; Nigg, J.C.; Falk, B.W.; Nouri, S. Complete Genome Sequence of the Largest 
Known Flavi-Like Virus, Diaphorina citri flavi-like virus, a Novel Virus of the Asian Citrus Psyllid, 
Diaphorina citri. Genome announcements 2016, 4, doi:10.1128/genomeA.00946-16. 

10. Teixeira, M.; Sela, N.; Ng, J.; Casteel, C.L.; Peng, H.C.; Bekal, S.; Girke, T.; Ghanim, M.; Kaloshian, I. A novel 
virus from Macrosiphum euphorbiae with similarities to members of the family Flaviviridae. J Gen Virol 
2016, 97, 1261-1271, doi:10.1099/jgv.0.000414. 

11. Dincer, E.; Hacioglu, S.; Kar, S.; Emanet, N.; Brinkmann, A.; Nitsche, A.; Ozkul, A.; Linton, Y.M.; Ergunay, 
K. Survey and Characterization of Jingmen Tick Virus Variants. Viruses 2019, 11, doi:10.3390/v11111071. 

12. Vandegrift, K.J.; Kapoor, A. The Ecology of New Constituents of the Tick Virome and Their Relevance to 
Public Health. Viruses 2019, 11, doi:10.3390/v11060529. 

13. Temmam, S.; Bigot, T.; Chretien, D.; Gondard, M.; Perot, P.; Pommelet, V.; Dufour, E.; Petres, S.; Devillers, 
E.; Hoem, T., et al. Insights into the Host Range, Genetic Diversity, and Geographical Distribution of 
Jingmenviruses. mSphere 2019, 4, doi:10.1128/mSphere.00645-19. 

14. Wang, Z.D.; Wang, B.; Wei, F.; Han, S.Z.; Zhang, L.; Yang, Z.T.; Yan, Y.; Lv, X.L.; Li, L.; Wang, S.C., et al. A 
New Segmented Virus Associated with Human Febrile Illness in China. N Engl J Med 2019, 380, 2116-2125, 
doi:10.1056/NEJMoa1805068. 

15. Jia, N.; Liu, H.B.; Ni, X.B.; Bell-Sakyi, L.; Zheng, Y.C.; Song, J.L.; Li, J.; Jiang, B.G.; Wang, Q.; Sun, Y., et al. 
Emergence of human infection with Jingmen tick virus in China: A retrospective study. EBioMedicine 2019, 
43, 317-324, doi:10.1016/j.ebiom.2019.04.004. 

16. Emmerich, P.; Jakupi, X.; von Possel, R.; Berisha, L.; Halili, B.; Gunther, S.; Cadar, D.; Ahmeti, S.; Schmidt-
Chanasit, J. Viral metagenomics, genetic and evolutionary characteristics of Crimean-Congo hemorrhagic 
fever orthonairovirus in humans, Kosovo. Infect Genet Evol 2018, 65, 6-11, doi:10.1016/j.meegid.2018.07.010. 

17. Sameroff, S.; Tokarz, R.; Charles, R.A.; Jain, K.; Oleynik, A.; Che, X.; Georges, K.; Carrington, C.V.; Lipkin, 
W.I.; Oura, C. Viral Diversity of Tick Species Parasitizing Cattle and Dogs in Trinidad and Tobago. Scientific 
reports 2019, 9, 10421, doi:10.1038/s41598-019-46914-1. 

18. Villa, E.C.; Maruyama, S.R.; de Miranda-Santos, I.K.F.; Palacios, G.; Ladner, J.T. Complete Coding Genome 
Sequence for Mogiana Tick Virus, a Jingmenvirus Isolated from Ticks in Brazil. Genome announcements 2017, 
5, doi:10.1128/genomeA.00232-17. 

19. Pascoal, J.O.; Siqueira, S.M.; Maia, R.D.C.; Juan Szabo, M.P.; Yokosawa, J. Detection and molecular 
characterization of Mogiana tick virus (MGTV) in Rhipicephalus microplus collected from cattle in a 
savannah area, Uberlandia, Brazil. Ticks and tick-borne diseases 2019, 10, 162-165, 
doi:10.1016/j.ttbdis.2018.10.002. 

20. Ternovoi, V.A.; Protopopova, E.V.; Shvalov, A.N.; Kartashov, M.Y.; Bayandin, R.B.; Yakovlev, S.A.; 
Zakharov, K.S.; Nikiforov, A.K.; Konovalova, S.N.; Loktev, V.B., et al. Complete Coding Genome Sequence 
for Novel Multicomponent Kindia Tick Virus Isolated from Ticks Collected in Guinea. Microbiol Resour 
Announc submitted. 

21. Shen, S.; Moming, A.; Luo, T.; Chang, C.; Fang, Y.; Wang, J.; Kou, C.; Wang, C.; Su, Z.; Zhang, Y., et al. 
Viromes of Hyalomma asiaticum, Hyalomma detritum and Dermacentor nuttalli ticks from Xinjiang Uygur 
Autonomous Region, China. unpublished direct submission to GenBank 2018. 

22. Ladner, J.T.; Wiley, M.R.; Beitzel, B.; Auguste, A.J.; Dupuis, A.P., 2nd; Lindquist, M.E.; Sibley, S.D.; Kota, 
K.P.; Fetterer, D.; Eastwood, G., et al. A Multicomponent Animal Virus Isolated from Mosquitoes. Cell host 
& microbe 2016, 20, 357-367, doi:10.1016/j.chom.2016.07.011. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2020                   doi:10.20944/preprints202002.0114.v1

Peer-reviewed version available at Viruses 2020, 12, 260; doi:10.3390/v12030260

https://doi.org/10.20944/preprints202002.0114.v1
https://doi.org/10.3390/v12030260


 13 of 15 

 

23. Kuivanen, S.; Levanov, L.; Kareinen, L.; Sironen, T.; Jaaskelainen, A.J.; Plyusnin, I.; Zakham, F.; Emmerich, 
P.; Schmidt-Chanasit, J.; Hepojoki, J., et al. Detection of novel tick-borne pathogen, Alongshan virus, in 
Ixodes ricinus ticks, south-eastern Finland, 2019. Euro Surveill 2019, 24, doi:10.2807/1560-
7917.Es.2019.24.27.1900394. 

24. Gallaher, W.R. Similar structural models of the transmembrane proteins of Ebola and avian sarcoma viruses. 
Cell 1996, 85, 477-478. 

25. Gallaher, W.R.; Ball, J.M.; Garry, R.F.; Griffin, M.C.; Montelaro, R.C. A general model for the transmembrane 
proteins of HIV and other retroviruses. AIDS Res Hum Retroviruses 1989, 5, 431-440. 

26. Gallaher, W.R.; DiSimone, C.; Buchmeier, M.J. The viral transmembrane superfamily: possible divergence 
of Arenavirus and Filovirus glycoproteins from a common RNA virus ancestor. BMC Microbiol 2001, 1, 1. 

27. Garry, C.E.; Garry, R.F. Proteomics computational analyses suggest that the carboxyl terminal glycoproteins 
of Bunyaviruses are class II viral fusion protein (beta-penetrenes). Theoretical biology & medical modelling 2004, 
1, 10, doi:10.1186/1742-4682-1-10. 

28. Garry, C.E.; Garry, R.F. Proteomics computational analyses suggest that baculovirus GP64 superfamily 
proteins are class III penetrenes. Virol J 2008, 5, 28, doi:10.1186/1743-422x-5-28. 

29. Garry, C.E.; Garry, R.F. Proteomics computational analyses suggest that the bornavirus glycoprotein is a 
class III viral fusion protein (gamma penetrene). Virol J 2009, 6, 145, doi:10.1186/1743-422x-6-145. 

30. Pearson, W. Lalign. Availabe online: https://embnet.vital-it.ch/software/LALIGN_form.html (accessed on  
31. Huang, X.; Miller, W. A time-efficient, linear-space local similarity algorithm. Advances in Applied 

Mathematics 1991, 12, 337-357. 
32. Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter, 

S.C.; Finn, R.D., et al. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res 2019, 
47, W636-w641, doi:10.1093/nar/gkz268. 

33. Yachdav, G.; Kloppmann, E.; Kajan, L.; Hecht, M.; Goldberg, T.; Hamp, T.; Honigschmid, P.; Schafferhans, 
A.; Roos, M.; Bernhofer, M., et al. PredictProtein--an open resource for online prediction of protein structural 
and functional features. Nucleic Acids Res 2014, 42, W337-343, doi:10.1093/nar/gku366. 

34. Hofmann, K.; Stoffel, W. TMpred. Availabe online: https://embnet.vital-it.ch/software/TMPRED_form.html 
(accessed on  

35. Hofmann, K.; Stoffel, W. TMbase - A database of membrane spanning proteins segments. Biol. Chem. Hoppe-
Seyler 1993, 374, 166. 

36. Snider, C.; Jayasinghe, S.; Hristova, K.; White, S.H. MPEx: a tool for exploring membrane proteins. Protein 
science : a publication of the Protein Society 2009, 18, 2624-2628, doi:10.1002/pro.256. 

37. Almagro Armenteros, J.J.; Tsirigos, K.D.; Sonderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, 
G.; Nielsen, H. SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat Biotechnol 
2019, 37, 420-423, doi:10.1038/s41587-019-0036-z. 

38. Steentoft, C.; Vakhrushev, S.Y.; Joshi, H.J.; Kong, Y.; Vester-Christensen, M.B.; Schjoldager, K.T.; Lavrsen, 
K.; Dabelsteen, S.; Pedersen, N.B.; Marcos-Silva, L., et al. Precision mapping of the human O-GalNAc 
glycoproteome through SimpleCell technology. The EMBO journal 2013, 32, 1478-1488, 
doi:10.1038/emboj.2013.79. 

39. Hrobowski, Y.M.; Garry, R.F.; Michael, S.F. Peptide inhibitors of dengue virus and West Nile virus 
infectivity. Virol J 2005, 2, 49, doi:10.1186/1743-422x-2-49. 

40. Lok, S.M.; Costin, J.M.; Hrobowski, Y.M.; Hoffmann, A.R.; Rowe, D.K.; Kukkaro, P.; Holdaway, H.; 
Chipman, P.; Fontaine, K.A.; Holbrook, M.R., et al. Release of dengue virus genome induced by a peptide 
inhibitor. PLoS One 2012, 7, e50995, doi:10.1371/journal.pone.0050995. 

41. Allison, S.L.; Stiasny, K.; Stadler, K.; Mandl, C.W.; Heinz, F.X. Mapping of functional elements in the stem-
anchor region of tick-borne encephalitis virus envelope protein E. J Virol 1999, 73, 5605-5612. 

42. Koehler, J.W.; Smith, J.M.; Ripoll, D.R.; Spik, K.W.; Taylor, S.L.; Badger, C.V.; Grant, R.J.; Ogg, M.M.; 
Wallqvist, A.; Guttieri, M.C., et al. A fusion-inhibiting peptide against Rift Valley fever virus inhibits 
multiple, diverse viruses. PLoS neglected tropical diseases 2013, 7, e2430, doi:10.1371/journal.pntd.0002430. 

43. Wilson, I.B.; Gavel, Y.; von Heijne, G. Amino acid distributions around O-linked glycosylation sites. The 
Biochemical journal 1991, 275 ( Pt 2), 529-534, doi:10.1042/bj2750529. 

44. Bagdonaite, I.; Wandall, H.H. Global aspects of viral glycosylation. Glycobiology 2018, 28, 443-467, 
doi:10.1093/glycob/cwy021. 

45. Park, H.E.; Gruenke, J.A.; White, J.M. Leash in the groove mechanism of membrane fusion. Nature structural 
biology 2003, 10, 1048-1053, doi:10.1038/nsb1012. 

46. Badani, H.; Garry, R.F.; Wimley, W.C. Peptide entry inhibitors of enveloped viruses: The importance of 
interfacial hydrophobicity. Biochim Biophys Acta 2014, 1838, 2180-2197, doi:10.1016/j.bbamem.2014.04.015. 

47. Epand, R.M. Fusion peptides and the mechanism of viral fusion. Biochim Biophys Acta 2003, 1614, 116-121, 
doi:10.1016/s0005-2736(03)00169-x. 

48. Gibbons, D.L.; Erk, I.; Reilly, B.; Navaza, J.; Kielian, M.; Rey, F.A.; Lepault, J. Visualization of the target-
membrane-inserted fusion protein of Semliki Forest virus by combined electron microscopy and 
crystallography. Cell 2003, 114, 573-583, doi:10.1016/s0092-8674(03)00683-4. 

49. White, S.H.; Wimley, W.C. Hydrophobic interactions of peptides with membrane interfaces. Biochim Biophys 
Acta 1998, 1376, 339-352, doi:10.1016/s0304-4157(98)00021-5. 

50. Wimley, W.C.; White, S.H. Experimentally determined hydrophobicity scale for proteins at membrane 
interfaces. Nature structural biology 1996, 3, 842-848, doi:10.1038/nsb1096-842. 

51. Backovic, M.; Jardetzky, T.S. Class III viral membrane fusion proteins. Adv Exp Med Biol 2011, 714, 91-101, 
doi:10.1007/978-94-007-0782-5_3. 

52. Harrison, S.C. Viral membrane fusion. Virology 2015, 479-480, 498-507, doi:10.1016/j.virol.2015.03.043. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2020                   doi:10.20944/preprints202002.0114.v1

Peer-reviewed version available at Viruses 2020, 12, 260; doi:10.3390/v12030260

https://embnet.vital-it.ch/software/LALIGN_form.html
https://embnet.vital-it.ch/software/TMPRED_form.html
https://doi.org/10.20944/preprints202002.0114.v1
https://doi.org/10.3390/v12030260


 14 of 15 

 

53. White, J.M.; Delos, S.E.; Brecher, M.; Schornberg, K. Structures and mechanisms of viral membrane fusion 
proteins: multiple variations on a common theme. Critical reviews in biochemistry and molecular biology 2008, 
43, 189-219, doi:10.1080/10409230802058320. 

54. Modis, Y. Relating structure to evolution in class II viral membrane fusion proteins. Current opinion in 
virology 2014, 5, 34-41, doi:10.1016/j.coviro.2014.01.009. 

55. Rey, F.A.; Heinz, F.X.; Mandl, C.; Kunz, C.; Harrison, S.C. The envelope glycoprotein from tick-borne 
encephalitis virus at 2 A resolution. Nature 1995, 375, 291-298, doi:10.1038/375291a0. 

56. Lescar, J.; Roussel, A.; Wien, M.W.; Navaza, J.; Fuller, S.D.; Wengler, G.; Wengler, G.; Rey, F.A. The Fusion 
glycoprotein shell of Semliki Forest virus: an icosahedral assembly primed for fusogenic activation at 
endosomal pH. Cell 2001, 105, 137-148, doi:10.1016/s0092-8674(01)00303-8. 

57. Stiasny, K.; Fritz, R.; Pangerl, K.; Heinz, F.X. Molecular mechanisms of flavivirus membrane fusion. Amino 
acids 2011, 41, 1159-1163, doi:10.1007/s00726-009-0370-4. 

58. Nayak, V.; Dessau, M.; Kucera, K.; Anthony, K.; Ledizet, M.; Modis, Y. Crystal structure of dengue virus 
type 1 envelope protein in the postfusion conformation and its implications for membrane fusion. J Virol 
2009, 83, 4338-4344, doi:10.1128/jvi.02574-08. 

59. Gibbons, D.L.; Vaney, M.C.; Roussel, A.; Vigouroux, A.; Reilly, B.; Lepault, J.; Kielian, M.; Rey, F.A. 
Conformational change and protein-protein interactions of the fusion protein of Semliki Forest virus. Nature 
2004, 427, 320-325, doi:10.1038/nature02239. 

60. Li, L.; Lok, S.M.; Yu, I.M.; Zhang, Y.; Kuhn, R.J.; Chen, J.; Rossmann, M.G. The flavivirus precursor 
membrane-envelope protein complex: structure and maturation. Science 2008, 319, 1830-1834, 
doi:10.1126/science.1153263. 

61. Pierson, T.C.; Diamond, M.S. Degrees of maturity: the complex structure and biology of flaviviruses. Current 
opinion in virology 2012, 2, 168-175, doi:10.1016/j.coviro.2012.02.011. 

62. Wilson, I.A.; Skehel, J.J.; Wiley, D.C. Structure of the haemagglutinin membrane glycoprotein of influenza 
virus at 3 A resolution. Nature 1981, 289, 366-373. 

63. Duquerroy, S.; Vigouroux, A.; Rottier, P.J.; Rey, F.A.; Bosch, B.J. Central ions and lateral 
asparagine/glutamine zippers stabilize the post-fusion hairpin conformation of the SARS coronavirus spike 
glycoprotein. Virology 2005, 335, 276-285, doi:10.1016/j.virol.2005.02.022. 

64. Heldwein, E.E.; Lou, H.; Bender, F.C.; Cohen, G.H.; Eisenberg, R.J.; Harrison, S.C. Crystal structure of 
glycoprotein B from herpes simplex virus 1. Science 2006, 313, 217-220, doi:10.1126/science.1126548. 

65. Roche, S.; Bressanelli, S.; Rey, F.A.; Gaudin, Y. Crystal structure of the low-pH form of the vesicular 
stomatitis virus glycoprotein G. Science 2006, 313, 187-191, doi:10.1126/science.1127683. 

66. Roche, S.; Rey, F.A.; Gaudin, Y.; Bressanelli, S. Structure of the prefusion form of the vesicular stomatitis 
virus glycoprotein G. Science 2007, 315, 843-848, doi:10.1126/science.1135710. 

67. Lavie, M.; Hanoulle, X.; Dubuisson, J. Glycan Shielding and Modulation of Hepatitis C Virus Neutralizing 
Antibodies. Frontiers in immunology 2018, 9, 910, doi:10.3389/fimmu.2018.00910. 

68. Wagh, K.; Kreider, E.F.; Li, Y.; Barbian, H.J.; Learn, G.H.; Giorgi, E.; Hraber, P.T.; Decker, T.G.; Smith, A.G.; 
Gondim, M.V., et al. Completeness of HIV-1 Envelope Glycan Shield at Transmission Determines 
Neutralization Breadth. Cell reports 2018, 25, 893-908.e897, doi:10.1016/j.celrep.2018.09.087. 

69. Watanabe, Y.; Raghwani, J.; Allen, J.D.; Seabright, G.E.; Li, S.; Moser, F.; Huiskonen, J.T.; Strecker, T.; 
Bowden, T.A.; Crispin, M. Structure of the Lassa virus glycan shield provides a model for immunological 
resistance. Proc Natl Acad Sci U S A 2018, 115, 7320-7325, doi:10.1073/pnas.1803990115. 

70. Idris, F.; Muharram, S.H.; Diah, S. Glycosylation of dengue virus glycoproteins and their interactions with 
carbohydrate receptors: possible targets for antiviral therapy. Arch Virol 2016, 161, 1751-1760, 
doi:10.1007/s00705-016-2855-2. 

71. Mossenta, M.; Marchese, S.; Poggianella, M.; Slon Campos, J.L.; Burrone, O.R. Role of N-glycosylation on 
Zika virus E protein secretion, viral assembly and infectivity. Biochem Biophys Res Commun 2017, 492, 579-
586, doi:10.1016/j.bbrc.2017.01.022. 

72. Zhang, X.; Jia, R.; Shen, H.; Wang, M.; Yin, Z.; Cheng, A. Structures and Functions of the Envelope 
Glycoprotein in Flavivirus Infections. Viruses 2017, 9, doi:10.3390/v9110338. 

73. Stewart-Jones, G.B.; Soto, C.; Lemmin, T.; Chuang, G.Y.; Druz, A.; Kong, R.; Thomas, P.V.; Wagh, K.; Zhou, 
T.; Behrens, A.J., et al. Trimeric HIV-1-Env Structures Define Glycan Shields from Clades A, B, and G. Cell 
2016, 165, 813-826, doi:10.1016/j.cell.2016.04.010. 

74. Lee, J.E.; Fusco, M.L.; Hessell, A.J.; Oswald, W.B.; Burton, D.R.; Saphire, E.O. Structure of the Ebola virus 
glycoprotein bound to an antibody from a human survivor. Nature 2008, 454, 177-182, 
doi:10.1038/nature07082. 

75. Sommerstein, R.; Flatz, L.; Remy, M.M.; Malinge, P.; Magistrelli, G.; Fischer, N.; Sahin, M.; Bergthaler, A.; 
Igonet, S.; Ter Meulen, J., et al. Arenavirus Glycan Shield Promotes Neutralizing Antibody Evasion and 
Protracted Infection. PLoS Pathog 2015, 11, e1005276, doi:10.1371/journal.ppat.1005276. 

76. Tran, E.E.; Simmons, J.A.; Bartesaghi, A.; Shoemaker, C.J.; Nelson, E.; White, J.M.; Subramaniam, S. Spatial 
localization of the Ebola virus glycoprotein mucin-like domain determined by cryo-electron tomography. J 
Virol 2014, 88, 10958-10962, doi:10.1128/jvi.00870-14. 

77. Peret, T.C.; Abed, Y.; Anderson, L.J.; Erdman, D.D.; Boivin, G. Sequence polymorphism of the predicted 
human metapneumovirus G glycoprotein. J Gen Virol 2004, 85, 679-686, doi:10.1099/vir.0.19504-0. 

78. Pallesen, J.; Murin, C.D.; de Val, N.; Cottrell, C.A.; Hastie, K.M.; Turner, H.L.; Fusco, M.L.; Flyak, A.I.; Zeitlin, 
L.; Crowe, J.E., Jr., et al. Structures of Ebola virus GP and sGP in complex with therapeutic antibodies. Nature 
microbiology 2016, 1, 16128, doi:10.1038/nmicrobiol.2016.128. 

79. El Omari, K.; Iourin, O.; Harlos, K.; Grimes, J.M.; Stuart, D.I. Structure of a pestivirus envelope glycoprotein 
E2 clarifies its role in cell entry. Cell reports 2013, 3, 30-35, doi:10.1016/j.celrep.2012.12.001. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2020                   doi:10.20944/preprints202002.0114.v1

Peer-reviewed version available at Viruses 2020, 12, 260; doi:10.3390/v12030260

https://doi.org/10.20944/preprints202002.0114.v1
https://doi.org/10.3390/v12030260


 15 of 15 

 

80. Sabahi, A.; Uprichard, S.L.; Wimley, W.C.; Dash, S.; Garry, R.F. Minireview: Unexpected structural features 
of the hepatitis c virus envelope protein 2 ectodomain. J Virol 2014, 10.1128/jvi.00874-14, 
doi:10.1128/jvi.00874-14. 

81. Kong, L.; Giang, E.; Nieusma, T.; Kadam, R.U.; Cogburn, K.E.; Hua, Y.; Dai, X.; Stanfield, R.L.; Burton, D.R.; 
Ward, A.B., et al. Hepatitis C virus E2 envelope glycoprotein core structure. Science 2013, 342, 1090-1094, 
doi:10.1126/science.1243876. 

82. Khan, A.G.; Whidby, J.; Miller, M.T.; Scarborough, H.; Zatorski, A.V.; Cygan, A.; Price, A.A.; Yost, S.A.; 
Bohannon, C.D.; Jacob, J., et al. Structure of the core ectodomain of the hepatitis C virus envelope 
glycoprotein 2. Nature 2014, 509, 381-384, doi:10.1038/nature13117. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2020                   doi:10.20944/preprints202002.0114.v1

Peer-reviewed version available at Viruses 2020, 12, 260; doi:10.3390/v12030260

https://doi.org/10.20944/preprints202002.0114.v1
https://doi.org/10.3390/v12030260

