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Abstract

The envelope-associated glycoprotein B (gB) is highly conserved within the Herpesviridae and 

plays a critical role in viral entry. We analyzed the evolutionary conservation of sequence and 

structural motifs within the Kaposi’s sarcoma-associated herpesvirus (KSHV) gB and homologs of 

Old World primate rhadinoviruses belonging to the distinct RV1 and RV2 rhadinovirus lineages. In 

addition to gB homologs of rhadinoviruses infecting the pig-tailed and rhesus macaques, we 

cloned and sequenced gB homologs of RV1 and RV2 rhadinoviruses infecting chimpanzees. A 

structural model of the KSHV gB was determined, and functional motifs and sequence variants 

were mapped to the model structure. Conserved domains and motifs were identified, including an 

“RGD” motif that plays a critical role in KSHV binding and entry through the cellular integrin 

αVβ3. The RGD motif was only detected in RV1 rhadinoviruses suggesting an important 

difference in cell tropism between the two rhadinovirus lineages.
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INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the most recently discovered member 

of the Herpesviridae that infect humans. KSHV was identified as a member of the 

Rhadinovirus genus of the gammaherpesvirus subfamily based on its sequence similarity 
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with herpesvirus saimiri (HVS), the prototype of this genus found in the New World squirrel 

monkey (Chang et al., 1994). KSHV was originally detected in Kaposi’s sarcoma (KS) 

lesions and is now believed to be the causative agent of KS and two lymphoproliferative 

diseases, primary effusion lymphoma (PEL) and a subset of multicentric Castleman’s 

disease (Antman and Chang, 2000). We previously identified macaque homologs of KSHV 

in retroperitoneal fibromatosis (RF) tumor lesions, a vascular fibroproliferative disease that 

shares morphological and histological properties with KS (Rose et al., 1997). Related strains 

of the macaque herpesvirus were identified in RF lesions of different macaque species at the 

Washington National Primate Research Center (WaNPRC), including M. mulatta (rhesus), 

M. nemestrina (pig-tailed), and M. fascicularis (cynomolgus), and were named 

retroperitoneal fibromatosis herpesviruses, RFHVMm, RFHVMn and RFHVMf, 

respectively. Subsequently, other distinct herpesviruses related to KSHV were identified in 

the same macaque species and were designated rhesus rhadinovirus (RRV-2695) (Desrosiers 

et al., 1997) and pig-tailed macaque rhadinovirus (PMRV) (Mansfield et al., 1999) at the 

New England National Primate Research Center (NENPRC) and M. fascicularis 

gammaherpesvirus (MGVMf), also known as MfaRV2, at the WaNPRC (Bruce et al., 2009; 

Strand et al., 2000). An additional RRV variant, RRV17577, was identified in a rhesus 

macaque at the Oregon National Primate Research Center (ONPRC), and an additional pig-

tailed rhadinovirus, MneRV2, was identified at the WaNPRC (Schultz et al., 2000). A 

phylogenetic comparison of the DNA polymerase sequences revealed that the macaque 

viruses segregated into two distinct lineages of KSHV-like rhadinoviruses. RFHVMm, 

RFHVMn and RFHVMf clustered together with KSHV in the Rhadinovirus-1 (RV-1) 

lineage of Old World primate rhadinoviruses, while RRV17577/RRV2695, MneRV2/PMRV 

and MGVMf/MfaRV2 clustered in a distinct Rhadinovirus-2 (RV-2) lineage (Schultz et al., 

2000). Additional studies identified RV1 and RV2 rhadinovirus species in other Old World 

primate species, including chimpanzee, gorilla, African green monkey, drill and mandrill 

(Greensill and Schulz, 2000; Greensill et al., 2000b; Lacoste et al., 2000a, 2001; Lacoste et 

al., 2000b). An RV2 rhadinovirus has not been identified in humans.

Previous studies on the life cycle and pathogenesis of the Herpesviridae, have focused on 

Epstein-Barr virus (EBV), a human gammaherpesvirus within the Lymphocryptovirus 

genus, and on the prototypes of the two other Herpesviridae subfamilies, herpes simplex 

virus 1 (HSV-1), an alphaherpesvirus, and cytomegalovirus (CMV), a betaherpesvirus. 

These studies have shown that members of the Herpesviridae are enveloped DNA viruses 

that share a large complement of conserved genes encoding important viral proteins involved 

in virion formation and virus replication. Among these is glycoprotein B (gB), a protein of 

the enveloped virion, which is essential for virus replication (Pereira, 1994). Glycoprotein B 

is the most highly conserved herpesvirus glycoprotein suggesting that gB homologs from 

different viral species would have similar structures and serve similar functions within the 

life cycle of the Herpesviridae.

Studies of the gB prototypes from the different Herpesviridae subfamilies have revealed a 

number of common features. Glycoprotein B consists of a large disulfide-linked external 

ectodomain that is glycosylated, a major hydrophobic transmembrane domain, and a smaller 

internal domain (Pereira, 1994). Ten cysteine residues are conserved among gB homologs 

and form five conserved disulphide linkages giving a common gB structure (Norais et al., 
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1996). Among the alpha- and betaherpesviruses, gB is a major antigenic protein in the virion 

envelope and is also found in the endoplasmic reticulum and in the plasma and nuclear 

membranes of infected cells (Britt, 1984; Claesson-Welsh and Spear, 1987; Gretch et al., 

1988; Pereira et al., 1982; Spear, 1976). Fully-processed virion and cell membrane-

associated gB are characterized by the presence of complex carbohydrates, whereas 

immature precursor forms contain only high mannose-type oligosaccharides (Britt and 

Vugler, 1989; Gretch et al., 1988; Pereira et al., 1984; Person et al., 1982; Wenske et al., 

1982). Glycoprotein B was initially detected as a heat-dissociable homodimer (Britt and 

Vugler, 1992; Cai et al., 1988; Haffey and Spear, 1980; Sarmiento and Spear, 1979). In most 

viral species, the gB monomeric subunit is proteolytically cleaved into N- and C-terminal 

fragments linked by disulphide bonds (Britt, 1984; Britt and Vugler, 1989; Johannsen et al., 

2004; Pereira et al., 1982; Rasmussen et al., 1985; Spaete et al., 1988).

During the process of infection, herpesviruses enter cells as their envelope fuses with the 

membrane of the target cell. Glycoprotein B plays a critical role in the fusion machinery 

where it interacts with a heterodimeric complex of glycoproteins gH and gL to promote 

fusion (Spear and Longnecker, 2003). The crystal structures of HSV1, CMV and EBV gB 

have been determined revealing a trimeric structure that resembles the postfusion structure 

of the class III fusion proteins in vesicular stomatitis virus glycoprotein G and baculovirus 

gp64 (Backovic et al., 2009; Burke and Heldwein, 2015; Heldwein et al., 2006). The fusion 

domains of both HSV1 and EBV gB each contain two putative fusion loops with 

hydrophobic residues that are believed to insert into the target membrane through a 

conformational change inducing fusion of the envelope and cellular membrane (Backovic et 

al., 2007; Hannah et al., 2007). A membrane proximal region (MPR) with significant 

hydrophobic character has been identified immediately upstream of the hydrophobic 

transmembrane domain that anchors gB in the virion envelope. The MPR is believed to 

interact with both the fusion loops and the virion envelope modulating the association of gB 

with target membranes (Shelly et al., 2012).

Relatively little is known regarding the structure or function of the KSHV gB. Initial studies 

showed that KSHV gB was expressed in CHO cells as a full-length uncleaved form with 

high mannose-type oligosaccharides, characteristic of immature precursor forms of gB 

(Pertel et al., 1998). The gB was present in the endoplasmic reticulum and nuclear 

membrane of transfected CHO cells, but not in the plasma membrane. An uncleaved form of 

baculovirus-expressed gB from Sf9 insect cells was found to interact with DC-SIGN through 

high mannose carbohydrate structures (Hensler et al., 2014). Subsequently, contradictory 

results were obtained in which KSHV gB was detected in the virion and in the plasma 

membrane of latently-infected BCBL-1 cells which were induced to initiate KSHV 

replication using phorbol esters (Akula et al., 2001; Baghian et al., 2000). In these studies, 

KSHV virion-associated gB was shown to be proteolytically cleaved into N- and C-terminal 

fragments of ~75 kDa and 54–59 kDa that are linked by disulfide bonds to form a ~140 kDa 

monomer. A hydrophobic signal sequence was detected at the N-terminus of the gB 

sequence and a signal peptide cleavage site was predicted between Ala23 and Ala24 (Pertel 

et al., 1998). We identified an arginine-glycine-aspartic acid (RGD) motif immediately 

downstream of the putative mature N-terminus of KSHV gB, which was predicted to 

function in binding to cell surface integrin receptors (Rose, 1999, 2000). RGD motifs are 
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present in extracellular matrix proteins that interact with specific members of the integrin 

receptor family (Hynes, 2002). Subsequently, we demonstrated that the KSHV gB RGD 

motif binds specifically to the integrin αVβ3, which functions as an RGD-dependent entry 

receptor for KSHV (Garrigues et al., 2008). Like the gB homologs of HSV1 and hCMV, a 

heparin binding domain was identified in KSHV gB, suggesting that gB may play a role in 

the initial binding to target cells through interactions with cell-surface heparan sulfate 

(Akula et al., 2001). Whereas the heparin binding domains of HSV1 and hCMV gB mapped 

to the N-terminal region of gB (Laquerre et al., 1998; Silvestri and Sundqvist, 2001), the 

heparin binding domain of KSHV gB was not homologous and mapped further downstream 

in the gB sequence. Disintegrin-like domains have been identified in the gB homologs of 

both hCMV and KSHV, mapping to a motif “RX8D/ELX2FX5C”, which is conserved in the 

gB homologs of the beta- and gammaherpesviruses (Feire et al., 2004; Walker et al., 2014). 

These domains may play important conserved roles in herpesvirus binding and entry.

In the present study, we analyzed the evolutionary conservation of structural and functional 

motifs within KSHV gB and the closely related gB homologs of Old World primate 

rhadinoviruses. In addition to the gB homologs of the known macaque RV1 and RV2 

rhadinoviruses infecting the pig-tailed and rhesus macaques, we have determined the 

sequence of two distinct gB homologs of rhadinoviruses infecting chimpanzees. 

Phylogenetic analysis revealed that the chimpanzee rhadinoviruses represented novel 

members of the RV1 and RV2 rhadinovirus lineages. A structural model of KSHV gB was 

determined by computer modeling of the EBV gB structure, and known motifs and sequence 

variants were mapped to the model structure. Highly conserved domains and motifs were 

identified and characterized, including an N-terminal “RGD” motif. The RGD motif was 

only detected in the gB homologs of the RV1 rhadinoviruses, indicating a potentially 

important difference in cell tropism and virus entry between the two rhadinovirus lineages.

RESULTS

Identification of the gB homologs of the chimpanzee RV1 and RV2 rhadinoviruses. We and 

others have previously shown that there are two distinct RV1 and RV2 rhadinovirus lineages 

infecting Old World primates (Greensill et al., 2000b; Schultz et al., 2000). Whereas 

members of both RV1 and RV2 lineages have been identified in numerous Old World 

primate species, including macaques, gorillas and chimpanzees (Desrosiers et al., 1997; 

Greensill et al., 2000a; Lacoste et al., 2000a, 2001; Rose et al., 1997), only the RV1 

rhadinovirus, KSHV, has been identified in humans. We previously cloned and sequenced 

the gB genes of RV1 rhadinovirus species from pig-tailed macaques, including RFHVMn-

M78114 from the Washington National Primate Research Center (WaNPRC) (Bruce et al., 

2013) and RFHVMn-442N from the NIH primate facility, and RFHVMm-YN91 from a 

rhesus macaque at the Yerkes National Primate Research Center (Rose et al., 2003). We have 

also cloned and sequenced the gB gene of the pigtailed macaque RV2 rhadinovirus 

(MneRV2-J97167) from the WaNPRC (Bruce et al., 2015). The sequence of the gB gene of 

an additional pig-tailed macaque RV2 rhadinovirus (PMRV-98126) was sequenced from a 

pig-tailed macaque at the New England National Primate Research Center (NENPRC) 

(Auerbach et al., 2000). Previously, others have cloned and sequenced the gB genes of two 

variants of the rhesus macaque RV2 rhadinovirus from the Oregon National Primate 
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Research Center (ONPRC) (RRV-17577) (Searles et al., 1999) and NENPRC (RRV-H26-95) 

(Alexander et al., 2000). The gB genes of several very closely related variants of KSHV, the 

human RV1 rhadinovirus, have been sequenced from different PEL cell lines, including the 

KSHV strain GK18 of Caucasian origin representing the NCBI reference sequence 

(NP_009333), and VG1, a more distantly related African B-subtype virus. Recently, the gB 

sequences from KSHV variants from sixteen Zambian KS biopsy specimens were obtained 

from the complete genome sequences (Olp et al., 2015). Whereas human herpesviruses have 

been identified in the RV1 (KSHV) and LCV (EBV) lineages, a human RV2 lineage 

herpesvirus has not been identified to date.

To compare the sequence conservation and evolution of the gB genes of Old World primate 

RV1 and RV2 rhadinoviruses, we sequenced the gB genes of the RV1 and RV2 

rhadinoviruses from chimpanzee saliva using consensus degenerate hybrid oligonucleotide 

primer (CODEHOP)-based PCR primers (Rose et al., 1998) essentially as described 

previously (Rose, 2005). Two related but distinct rhadinovirus gB sequences were obtained. 

One sequence, termed PtrRV1, contained sequences overlapping with a partial gB sequence 

identified previously (ABU62806). The composite PtrRV1 gB sequence was closely related 

to the gB sequence of KSHV (81.6/87.7% identity) and RFHVMm (66.8/71.2% identity) for 

both nucleotides and amino acids, respectively (see Table 1 for amino acid comparisons). 

The other sequence, termed PtrRV2, contained sequences overlapping another partial gB 

sequence identified previously (EU085378). The composite PtrRV2 gB sequence was 

closely related to the gB sequence of RRV (64.3/70.8% identity) and more distantly related 

to PtrRV1 (61.0/58.9% identity), RFHVMn-M78114 (66.8/58.6% identity) and KSHV 

(54.1/59.2% identity), for both nucleotides and amino acids, respectively. The partial PtRV1 

and PtRV2 glycoprotein B sequences have been deposited in the Genbank database with 

accession numbers KU984977 and KU984976, respectively.

The gB homologs of the Old World primate RV1 and RV2 rhadinoviruses are 

phylogenetically distinct. The phylogeny of the Old World rhadinovirus and 

lymphocryptovirus gB homologs was determined by maximum-likelihood analysis of the 

entire set of gB protein sequences, using the gB sequence of the alphaherpesvirus, herpes 

simplex virus, as the outgroup. Figure 1 clearly shows the phylogenetic clustering of the 

KSHV, chimpanzee PtrRV1, macaque RFHVMn and RFHVMm gB sequences within the 

RV1 lineage. The chimpanzee PtrRV2 gB clustered with the MneRV2/PMRV and RRV gB 

sequences within the RV2 lineage. The two strains of KSHV (GK18 and VG-1) clustered 

closely together, as did the two strains of RFHVMn (M78114 and 442N), the two strains of 

MneRV2 (J97167 and PMRV98126) and the two strains of RRV (17577 and H26-95). The 

close phylogenetic relationship between the chimpanzee PtrRV1 and KSHV gB sequences, 

and the more distant relationship with the macaque RFHVMn/Mm gB sequences is 

consistent with a long term synchronous evolution with their host species. This contrasts 

with the LCV gB sequences in which the chimpanzee LCV sequence clustered more closely 

with the macaque MmLCV than with the human EBV (Fig. 1).

An unconventional “TATTTAAA” TATA-like promoter element is conserved in the 

rhadinovirus gB homologs. To determine the sequence conservation of promoter elements 

upstream of the translation start site of gB, the nucleotide sequences flanking the start site of 
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the gB homologs of the Old and New World rhadinoviruses were aligned and compared to 

the sequence of EBV, an Old World lymphocryptovirus. A conserved “TATTTAAA” TATA-

like element, 46bp upstream of the AUG initiator, was present in the gB homologs of KSHV, 

RFHVMn, MneRV2, RRV and herpesvirus saimiri (HVS), a New World primate 

rhadinovirus (Fig. 2, shaded black). This element contains the unconventional “TATT” 

sequence that has been identified in various herpesvirus late genes and found to be required 

for late progression through the viral life cycle (Serio et al., 1998; Wong-Ho et al., 2014) 

Conservation of a “GGXTGG” sequence upstream and a “GAC” sequence downstream of 

the “TATTTAAA” was also observed (Fig. 2, shaded red). The EBV gB sequence contained 

a shorter “TATTTAA” motif. Interestingly, both HVS and EBV contained a “TATAT” TATA 

box motif immediately downstream of the “TATTTAAA” motif, while EBV contained an 

additional TATA motif “TATAA” upstream (Fig. 2). Thus, transcription of EBV and HVS gB 

homologs may be more complex than that seen in the Old World rhadinoviruses.

The gB homologs of the Old World primate RV1 and RV2 rhadinoviruses are conserved. 

The amino acid sequences of the gB homologs of KSHV, PtrRV1, RFHVMn and RFHVMm 

were aligned with the sequences of PtrRV2, RRV and MneRV2. The EBV gB sequence was 

aligned for comparison (Fig. 3). Significant similarity was seen throughout the entire gB 

sequences with thirteen cysteine (Fig. 3; black highlight) and twenty proline (Fig. 3: red 

highlight) residues conserved across the seven rhadinovirus species. Ten of the cysteines are 

conserved within the gB homologs of EBV and other herpesviruses, where they form 

structurally conserved disulphide linkages (Norais et al., 1996). Based on this, we predict a 

similar linkage pattern for the 10 analogous cysteines in the gB homologs of KSHV and the 

macaque rhadinoviruses (Fig. 3, black linkages). Of the remaining 3 cysteines conserved 

among the rhadinovirus sequences, two are predicted to form a small loop in the middle of 

the extracellular domain between Cys252 and Cys258 (Fig. 3, red linkage). The remaining 

cysteine (Cys592) is shown as unpaired. Also conserved within the ectodomains of the seven 

rhadinovirus sequences are 8 potential N-linked glycosylation sites (N-X-S/T, where X is 

any amino acid except proline)(Fig. 3; yellow highlight). Three of these glycosylation sites, 

N179, N562, and N628 (KSHV numbering) are also conserved in the EBV gB sequence. 

The asparagine sites in EBV gB corresponding to N179 and N628 are known to be 

glycosylated (Fig. 3).

Two major regions of strong sequence similarity between the gB homologs of the RV1 and 

RV2 lineages were identified in the ectodomain. The most highly conserved region extends 

from Gln460 to Arg543 downstream of the protease cleavage site (aa437-440) (numbered 

relative to the KSHV sequence) (Figs. 3 and 4). This region contains the two cysteine 

residues predicted to link the N- and C-terminal domains through disulfide bonds. Within 

this stretch of 84 amino acids, 88% are identical between RFHVMm and RRV, 89% are 

identical between RFHVMn and MneRHV2, while 94% are identical between RFHV and 

KSHV. The second most highly conserved domain extends from Arg141 to Cys258. Within 

this stretch of 191 amino acids, 79% are identical between RFHVMm and RRV, 81% are 

identical between RFHVMn and MneRHV2, and 88% are identical between RFHV and 

KSHV, with ten proline residues conserved in all five sequences. In general, the cysteine-

defined loop structures were more highly conserved than the linking regions and each loop 

structure contained a conserved N-linked glycosylation site (Fig. 4).
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The regions that were least conserved across all seven rhadinovirus sequences were the N-

terminal region up to aa66, the central region between aa362 and aa460 flanking the 

protease cleavage site, and the majority of the C-terminal domain from aa770 to the terminus 

(KSHV numbering). The nonconserved N-terminal and central regions were predicted to be 

sites of O-linked glycosylation (Fig. 4). Immediately upstream of the predicted O-linked 

glycosylation sites in the central region is a conserved endoproteolytic cleavage site. All 

eight gB homologs matched the consensus sequence for the furin protease cleavage site, 

RX(R/K)R (Figs. 3 and 4), where the cleavage is predicted to occur after the paired basic 

residues (Hosaka et al., 1991). This site is similarly positioned to sites within a number of 

other gB homologs that undergo proteolytic cleavage to yield N- and C-terminal gB 

fragments that remain in close association due to disulfide bonds (Pereira, 1994).

Hydropathy analysis identified a non-conserved N-terminal hydrophobic signal peptide in 

each of the seven rhadinovirus gB sequences, which could direct the protein to a membrane 

location. Cleavage of the signal peptide of the KSHV gB was predicted to occur between 

amino acids Ala23 and Ala24 (Fig. 3). Similar cleavage sites are predicted in the other 

rhadinovirus sequences. Hydropathy analysis also revealed the presence of a potential 

hydrophobic transmembrane helix (TMH) in all sequences (Fig. 3, KSHV: aa733-752). This 

domain has a similar hydrophobic character to domains previously identified in other 

herpesvirus gB homologs, which anchor gB within cellular membranes and virion 

envelopes. Two membrane proximal regions MPRa (aa688-705) and MPRb (aa707-730), 

immediately upstream of the transmembrane domain, were highly conserved between 

KSHV and the macaque rhadinovirus gB homologs (Fig. 3). MPRa and MPRb correspond to 

amphipathic domains that were previously predicted to be membrane-spanning in the gB 

homologs of HSV-1 (Pellett et al., 1985b) and EBV (Pellett et al., 1985a). In those studies, 

the authors proposed that gB traverses the membrane three times using the MPRa, MPRb 

and TMH domains. Subsequent studies identified a single membrane spanning domain in the 

HSV-1 gB (Rasile et al., 1993), while the domains corresponding to MPRa and MPRb 

within CMV gB were predicted to associate with the lipid membrane but not to span it 

(Spaete et al., 1988).

The structure of the MPR is unknown but is presumed to be in close proximity to the fusion 

loops and functions during interactions with target cell lipid membranes. More recently, the 

MPR domains were suggested to regulate exposure of hydrophobic fusion loops that mediate 

fusion of the viral and host lipid membranes during virus entry. The aromatic residues, 

Phe732 and Phe738 within the MPRa domain of HSV1 gB are predicted to interact with 

corresponding aromatic residues in the fusion loops, shielding them prior to membrane 

fusion (Shelly et al., 2012). We compared the MPR domains of KSHV with those of HSV-1 

and EBV. Figure 5 shows helical wheel diagrams of the corresponding amphipathic 

domains, using the KSHV gB sequence as a prototype for the Old World rhadinoviruses. 

Comparison of the MPRa domains of KSHV, EBV and HSV1 revealed a strong conservation 

of the hydrophobic face of the predicted amphipathic helices containing hydrophobic 

residues Leu, Ile, Met, Val, and Phe (Fig. 5A). The residues Glu695, Leu700, and Gly701 in 

KSHV gB were conserved in EBV and HSV1 gB, anchoring the amphipathic wheel 

structure. However, both KSHV and EBV gB lacked the aromatic homologs of Phe732 and 

Phe738 found in HSV1 gB (Fig. 5, labeled with asterix), although conserved leucines were 
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present in positions homologous to HSV1 Phe738. The MPRb domain, which is positioned 

immediately upstream of TMH, has the most hydrophobic character with approximately 

two-thirds of the helical face composed of hydrophobic amino acids. The amino acid 

sequence and amphipathic nature of the MPRb domain of KSHV gB were very similar to the 

corresponding domains in the other viral sequences. Residues Ser720, Val722, Gly724 and 

Phe728 in MPRb of KSHV gB are completely conserved with corresponding residues in 

EBV and HSV1 gB homologs, and anchor the amphipathic wheel structure (Fig. 5, red 

highlight).

Identification of an RGD motif conserved within the gB homologs of the RV1 lineage of 

KSHV-like rhadinoviruses. A search for conserved sequence motifs revealed the presence of 

an “Arg-Gly-Asp” (RGD) motif within the N-terminal region of the KSHV, PtrRV1, 

RFHVMm and RFHVMn gB sequences (Fig. 3, KSHV: aa27-29). This motif was not 

present in the gB sequences of any of the members of the RV2 lineage of rhadinoviruses, 

EBV or other known herpesviruses. The RGD motif was located immediately downstream 

of the predicted signal peptidase cleavage site in a region that is otherwise very poorly 

conserved. RGD motifs have been detected in a number of extracellular matrix proteins 

including vitronectin, fibrinogen, laminin, fibronectin and von Willebrand factor and 

mediate binding to members of the superfamily of integrin receptors which are involved in 

cell adhesion, growth, differentiation, and motility (Ruoslahti and Pierschbacher, 1987). 

Integrin αVβ3, the vitronectin receptor, is the prototype RGD-binding integrin, and its RGD 

binding domain has been structurally characterized (Xiong et al., 2002). We have shown that 

the KSHV gB RGD motif binds specifically with purified integrin αVβ3. Furthermore, RGD 

mimetics, including cyclic and dicyclic RGD peptides, as well as antibodies to αVβ3 block 

KSHV infection (Garrigues et al., 2008).

The RGD motifs and flanking regions of the gB homologs of KSHV, PtrRV1, RFHVMm 

and two strains of RFHVMn: 442N and M78114 were compared to those of several viral and 

extracellular matrix proteins which bind αVβ3 and other RGD-binding integrins. The RGD 

flanking sequences of KSHV, RFHVMm and RFHVMn were quite similar to the sequences 

flanking the RGD motifs in the human and macaque extracellular matrix proteins, especially 

vitronectin (Fig. 6). These similarities included serine and threonine residues immediately 

upstream and downstream of the RGD, a phenylalanine residue positioned closely 

downstream and a proline residue positioned further downstream. Importantly, the sequence 

“TRGDXF in vitronectin is identical to the RGD motif of RFHVMn-442N, strongly 

suggesting that the RFHVMn gB RGD motif would bind αVβ3. Several viruses, including 

adenovirus 2, foot-and-mouth disease virus (FMDV) and human parechovirus 1 (HPEV1) 

encode RGD-containing viral proteins that interact with αVβ3 during virus binding and 

internalization (Neff et al., 1998; Triantafilou et al., 2000; Wickham et al., 1993). Strong 

similarities were detected between the RGD and flanking sequences of the adenovirus 2 

penton protein and the sequences of KSHV, PtrRV1, and RFHVMn-442N where the 

sequence “RGDTF” was conserved. Comparison of the RGD motifs in the RV1 

rhadinoviruses revealed an identical motif “SRGDTF” in the KSHV and chimpanzee PtrRV1 

sequences, which was closely related to the “TRGDTF” motif in RFHVMn strain 442N. 

RFHVMm and RFHVMn-M78114 contained the conserved sequence “TRGDTP”, which 

Bruce et al. Page 8

Virology. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was similar to the “RGDSP” motif present in fibronectin, whose binding to αVβ3 has been 

characterized by electron microscopy (Adair et al., 2005).

Identification of additional sequence motifs conserved between the gB homologs of the RV1 

and RV2 rhadinoviruses. Further analysis of amino acid alignments in Figure 3 revealed the 

conservation of several sequence motifs that have been previously identified in other 

herpesvirus gB homologs. A clustering of acidic residues (glutamic and aspartic acids) was 

detected at the C-terminus of the seven rhadinovirus sequences, centered at aa840 in KSHV 

gB (Fig. 3). This region is equivalently positioned and homologous to an acidic cluster in 

human CMV gB that has been shown to be a signal for endocytosis from the plasma 

membrane (Tugizov et al., 1999). Two C-terminal Yxxϕ motifs, where ϕ indicates a 

hydrophobic residue, were in an equivalent position to similar motifs within the varicella 

zoster (VZV) herpesvirus gB that mediate endocytosis and Golgi localization (Heineman 

and Hall, 2001). The one Yxxϕ motif conserved with EBV gB is positionally equivalent to a 

Yxxϕ motif in HSV-1 gB that does not function in endocytosis (Fan et al., 2002). 

Furthermore, a region upstream of the C-terminal Yxxϕ motif is similar to an equivalently 

positioned inner nuclear membrane localization signal (LSINM) shown to be functional in 

human CMV gB (Meyer and Radsak, 2000). The CMV sequence, “DRLRHR”, is sufficient 

for nuclear envelope translocation with the two arginine residues in positions 4 and 6 

essential for function. A close sequence similarity to this motif was detected within the 

seven rhadinovirus gB homologs with the conservation of the two critical arginines in every 

sequence except for PtrRV1 which had a lysine (Fig. 3, aa823-828).

A structural model of KSHV gB revealed strong similarities to the structures of the HSV-1 

and EBV gB homologs. As shown in Figure 3, the rhadinovirus gB homologs show strong 

sequence homology to the EBV gB, including the conservation of 10 cysteines forming 5 

critical disulphide-linkages. The crystal structure of EBV gB ectodomain (3fvc) has been 

determined, and was found to have a similar architecture to the gB of herpes simplex virus 

(Heldwein et al., 2006) and the G protein of vesicular stomatitus virus (Roche et al., 2006), 

which have been classified as class III viral fusion proteins. We generated top-scoring 

homology model structures of KSHV gB from the crystal structure of EBV gB (Backovic et 

al., 2009) using MODELLER, RAMP and ROSETTA programs, as described in Methods. 

This model was estimated to be of high quality <4.1 ± 0.9 Angstroms all atom RMSD with a 

probability of 5.479e-3 using the ModFOLD4 server (Buenavista et al., 2012) that the model 

was correct. The model was deposited in the “Model Archive” (accession – ma-ay03r). The 

EBV and HSV1 gB homologs form trimer structures with three subunits wrapping around 

each other through multiple contact surfaces (Backovic et al., 2009; Heldwein et al., 2006). 

The proposed model structures of the KSHV gB ectodomain monomer and trimer are shown 

in Figure 7A and B.

A strong structural homology to the EBV gB was evident for KSHV gB, showing an 

elongated rod-like molecule with conservation of five domains that contain β-sheet and α-

helical secondary structures (Fig. 7). The structure only shows the KSHV gB ectodomain 

(aa51-685) as it terminates prior to the membrane proximal regions (MPR) discussed in 

Figure 5 and the transmembrane helix (TMH) (see Figure 3). The structure lacks the N-

terminus of KSHV gB due to the disorder in this region in EBV gB, and thus does not 
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contain the RGD domain. The position of the two N-linked glycosylation sites of KSHV 

(Asn179, Asn628) that are conserved with known glycosylation sites in EBV gB are shown 

(Figs. 3, 4 and 7). The C-terminus of the ectodomain is located at the same end of the 

molecule as the putative fusion loops, predicted to function in fusion of the virion and 

cellular membranes during virus entry (Backovic et al., 2007). The putative KSHV fusion 

loop 1 (FL1) within domain I contains hydrophobic residues Trp209 and Phe210, which are 

completely conserved in the seven rhadinovirus gB homologs, with the exception of PtrRV2 

in which Phe210 (KSHV numbering) is replaced with Leu (Figs. 3 and 4). These 

hydrophobic residues correspond to Trp193 and Leu194 within the EBV FL1 (Fig. 3), which 

are critical for fusion activity (Backovic et al., 2007). Whereas EBV FL1 contains two 

adjacent hydrophobic residues Ile195 and Trp196, the rhadinoviruses have a completely 

conserved “Pro-Gly” dipeptide (Pro211 and Gly212 in KSHV) at this position, indicating a 

sharp delineation of the hydrophobic structure of FL1 (Fig. 3). The KSHV fusion loop 2 

(FL2) contains Leu128 and Thr129 corresponding to Trp112 and Tyr113 within EBV FL2 

(Fig. 3). While the Thr residue is conserved in all of the rhadinovirus sequences, the Leu 

residue is only present in the FL2 of KSHV and the chimpanzee PtrRV1. The macaque 

RFHVMn and RFHVMm contain a Met in place of Leu at this position, while the 

chimpanzee PtrRV2 and macaque RRV and MneRV2 contain a Trp residue, similar to EBV.

The disintegrin-like domain (DLD) of KSHV gB is highly conserved and maps to an 

exposed loop connecting domains III and IV. Disintegrin domains have been identified in 

proteins that bind to a number of different integrins, including integrin α9β1. A conserved 

disintegin motif “RX6DLPEF” was identified within members of the ADAMs family of 

metalloproteases, which binds to α9β1 integrin (Eto et al., 2002). The gB homologs of 

KSHV and hCMV contain disintegrin-like domains (DLD), which have weak similarity to 

the disintegrin motif in the ADAMs family, and bind to α9β1 integrin (Feire et al., 2004; 

Walker et al., 2014). To map the DLD motif onto the model structure of KSHV gB, a protein 

meta-functional signature (MFS) analysis of gB was performed, which combines sequence, 

structure, evolution and amino acid property information to provide a quantitative 

measurement of the functional importance of each amino acid in a protein (Horst and 

Samudrala, 2010; Wang et al., 2008). MFS scores were determined and visualized as a 

temperature gradient in Chimera and mapped onto the KSHV gB structure. The DLD motif 

of KSHV gB maps to the N-terminal region between Arg66 and Cys85, at the juncture of 

domains III and IV (see Fig. 3). We examined the position of the DLD motif on the model 

structure of KSHV gB, coloring the amino acid side chains green. The DLD motif was 

positioned on the exposed surface of the gB ectodomain connecting the N-terminus to 

domains III and IV through disulphide bonds linking Cys68 and Cys85 to Cys528 and 

Cys484, respectively (Fig. 8A and B). While the consensus disintegrin binding motif in the 

ADAMs family contained a highly conserved “DLPEF” sequence that was critical for 

binding to α9β1, this motif was only minimally conserved in the gB homologs of hCMV and 

KSHV (Fig. 8C). A comparison of the gB homologs of the RV1 and RV2 rhadinovirus 

lineages showed that, like EBV and HCMV, the motif “DLxxF” was conserved in the 

RFHVMn and RFHVMm gB sequences (Figs. 3 and 8C). The other rhadinovirus sequences, 

including KSHV contained the sequence “ELxxF” at this position, with a conserved 

substitution of Glu for Asp. hCMV, EBV and all of the rhadinovirus gB homologs contained 
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a conserved Arg upstream of the “E/DLxxF motif, similar to the upstream Arg in the 

ADAMs consensus disintegrin motif. The model structure of KSHV gB demonstrates the 

exposed position of most of the amino acid side chains from Cys68 to Cys95 in the 

disintegrin-like domain (Fig. 8A and B).

KSHV gB domain I contains a highly conserved pleckstrin homology domain. As in EBV 

and HSV1 gB (Backovic et al., 2009; Heldwein et al., 2006), the KSHV gB domain I 

contains a fold resembling a pleckstrin-homology (PH) domain (Fig. 9). PH domains are 

characterized by a β-sandwich composed of two nearly orthogonal β-sheets of four and three 

strands, respectively (Blomberg et al., 1999). The PH domain fold is believed to be a stable 

structural fold that is able to display ligand-binding domains that can be utilized for various 

functions (Lemmon et al., 1996). In many cases, PH domains contain a ligand binding 

pocket (PHBP) formed by variable length loops between the beta strands, which has an 

overall positive charge and binds acidic phospholipids. The KSHV gB PH domain contains 

the two cysteine residues, Cys52 and Cys58, not found in EBV gB. These cysteine residues 

are predicted to form a disulfide bridge within a loop of the PH domain (Figs. 3, 9). The 

KSHV gB PH domain is adjacent to a long loop containing the furin protease cleavage site 

after Arg439 (Fig. 9). The β-sheet structure of the KSHV gB PH-like domain is shown in 

Fig. 9 using the strand numbering used for the EBV gB structure (Backovic et al., 2009). 

Strands β4 and β11 are the central strands of the curving 4-strand β-sheet within the PH 

domain, containing 3 long strands and one short strand (Fig. 9). The convex side of this 

subdomain, containing a putative PH binding face (PHBF) discussed below, is covered by a 

short 2-strand β-sheet, an α-helix and a β-hairpin turn (Fig. 9). The C-terminal region of the 

β11 strand is a critical component of one of the β-sheets of the PH domain, while the N-

terminus is proximal to the hydrophobic residues of FL1. The N-terminal region of the β4 

strand interacts with the C-terminal region of β11 within the PH domain, while the C-

terminus is proximal to the hydrophobic residues of FL2. Opposite the PHBF, on the 

concave side of this structure, the β-strands of the PH domain open with loop structures 

forming a possible PH binding pocket (PHBP) similar to the binding sites for 

phosphoinositide (Lemmon et al., 1996). The protein meta-functional signature (MFS) 

analysis (Horst and Samudrala, 2010; Wang et al., 2008) revealed a high concentration of 

functional sites (red) in domain I of the KSHV gB, especially within the PH domain and 

associated β-sheet structures of the fusion loops (Fig. 9).

A putative heparin binding motif identified previously in KSHV gB is located within the PH 

domain and shows little structural similarity to known heparin binding domains. A positively 

charged linear amino acid motif (HIFKVRRYRKI; aa108-118) within the KSHV gB was 

previously identified as a heparan sulfate binding domain, since it matched the consensus 

heparin binding sequence “BHHBHBBHBB (H=hydrophobic; B=basic) (Akula et al., 2001). 

The core of this motif (KVRRYRK) is identical in all seven rhadinovirus gB sequences (Fig. 

3). This motif mapped to the C-terminal end of strand β4 within the PH domain and scored 

highly in the MFS analysis (Fig. 10A, B, and C). While the positively charged side chains of 

K111 and R113 within this motif were directed to the convex side of the curved PH 

subdomain forming a possible binding face (PHBF), these residues were immediately 

flanked by the negatively charged side chains of D226 and D153 on strand β11 and the short 

α-helix (αA) covering the β-sheet, respectively. In addition, loop (N275-N292) blocked 
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access to the positive charged residues (Figs. 9, 10A, B, and C). Examination of the 

sequence conservation between the rhadinovirus, EBV and HSV1 gB sequences revealed a 

complete conservation of Lys and Tyr residues corresponding to K111 and Y115 within the 

putative heparin binding motif of KSHV gB (Fig. 10D). However, the other positively 

charged residues in the KSHV sequence that matched with the consensus heparin binding 

sequence (ie. R114, R116) were not conserved in EBV and HSV1 gB. It is interesting to 

note that this subdomain contains a number of residues with side chains directed from the 

convex face of the β-sheet, including Y115, D152, Y197, I224 and D226 forming a possible 

PH-binding face (PHBF) (Fig. 10C). These residues are completely conserved in EBV gB 

and have semi-conservative substitutions in HSV1 gB (Fig. 10D). All of these binding face 

residues scored highly in the MFS analysis.

Genetic variation in KSHV gB differs from that seen in the gB homologs of the macaque 

rhadinoviruses. To examine the genetic variation in gB between closely related rhadinovirus 

strains, the positions of non-synonymous sequence variants were mapped onto the linear gB 

structure. For KSHV, we compared the gB sequence of the GK18 strain (NC_009333) from 

a patient with classical (non-HIV) KS with the VG1 strain (ADB08179), an African B-

subtype. Additional KSHV gB sequences from 16 Zambian KSHV strains (Olp et al., 2015) 

and strain JSC-1 (ACY00399) were also compared. The only other KSHV gB sequences 

available were essentially identical to GK18. A total of 19/2538 bp were different between 

GK18 and VG1, of which only 5 (26.3%) changed the amino acid sequence. Five additional 

amino acid variants were detected in the Zambian KSHV strains. These 10 amino acid 

differences were widely distributed across the gB sequence, with one variant F19>L 

occurring within the signal peptide, four variants P140>R, D192>E, N236>K and V270>I 

occurring within the PH subdomain of domain I, two variants H412>R and A413>G 

occurring in domain II, one variant M431>V adjacent to the furin protease site, and three 

variants L759>M, L808>M and T843>A occuring within the cytoplasmic domain (Figs. 

11A and 12). Surprisingly, no amino acid differences were detected in domains III, IV or V 

(Fig. 12).

The complete gB sequences have been determined for two strains of RFHVMn, strain 

M78814 (AGY30687) and strain 442N (AF204166). The RFHVMn nucleotide sequences 

varied between the two strains at 137 positions, with 22 non-synonymous changes resulting 

in amino acid differences (16.1%). The majority of these changes flanked the furin protease 

site (Fig. 11B). A number of other changes were in the N-terminal domain downstream of 

the RGD motif or at the junction between domains I and II adjacent to aa300 (KSHV 

numbering). Other variants were scattered in domain II upstream of the furin cleavage site. 

In contrast to KSHV gB variants, no sequence differences were detected in the PH 

subdomain nor in the cytoplasmic domain. We also examined the sequence variation of the 

gB homologs of two different strains of the rhesus macaque RRV, strains 17577 

(NP_570749) and 26–95 (AF210726), and two different strains of the pig-tailed macaque 

MneRV2, strains J97167 (AJE29647) and 98126 (Auerbach et al., 2000). For the rhesus 

RRV strains, 71 nucleotide changes were observed with 19 (26.3%) non-synonymous 

changes altering amino acid sequences. While the nucleotide sequence of the pig-tail 

MneRV2 strain 98126 was not published, there were 19 non-synonymous changes between 

the J97167 and 98126 strains of MneRV2, which altered amino acid sequences. In both the 
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RRV and MneRV2 cases, the amino acid changes mapped to the same regions as the 

changes in the RFHVMn strains. The majority of the variants mapped near the furin protease 

cleavage site, with additional variants mapping at the junction of domains I and II (Fig. 

11C). No variants were detected in the PH domain, fusion loops or in the cytoplasmic 

domain.

SUMMARY

In this report, we have analyzed, characterized and compared the virion-associated gB of 

KSHV with gB homologs of other Old World primate rhadinoviruses of the RV1 and RV2 

lineages. Complete sequences were available for the gB homologs of rhadinoviruses 

infecting humans: KSHV (RV1 lineage), rhesus macaques: RFHVMm (RV1 lineage) and 

RRV (RV2 lineage), and pig-tailed macaques: RFHMn (RV1 lineage) and MneRV2/PMRV 

(RV2 lineage), respectively. The gB sequences of two distinct strains/isolates were available 

for each rhadinovirus, except for RFHVMm. To enlarge the evolutionary comparison, we 

have cloned and determined the complete gB sequence of the rhadinoviruses infecting 

chimpanzee: PtrRV1 (RV1 lineage) and PtrRV2 (RV2 lineage). Phylogenetic analysis of the 

gB sequences confirmed earlier studies with DNA polymerase sequences demonstrating the 

existence of the two distinct lineages of KSHV-like herpesviruses (Schultz et al., 2000), the 

RV1 group consisting of KSHV, PtrRV1, RFHVMn and RFHVMm, and the RV2 group 

consisting of PtrRV2, RRV and MneRV2/PMRV.

Other examples of closely related herpesvirus lineages co-infecting a single host species 

include human HSV-1 and HSV-2 and human herpesvirus-6A, -6B, and -7 (HHV-6A, 

HHV-6B, HHV-7). Based on sequence comparisons of the gB homologs, the RV1 and RV2 

rhadinoviruses were more closely related to each other (59–64% amino acid identity) than 

HHV-6 and HHV-7 (56% amino acid identity), but more distantly related than HSV-1 and 

HSV-2 (86% amino acid identity). Recently, HHV-6A and HHV-6B have been designated as 

distinct viruses and their gB homologs were 96.1% identical. The emergence of such 

closely-related pairs of viruses is not thought to be due to host speciation events, but 

probably represents the development of novel host cell tropism and variations in viral life 

cycle, as has been proposed for the emergence of the three major subfamilies of the 

Herpesviridae (McGeoch et al., 1995). Although the biological differences between the two 

lineages of Old World primate rhadinoviruses have not yet been studied in detail, there are 

apparent differences in virus infectivity and transmission. The macaque members of the RV2 

lineage of rhadinoviruses, including RRV and MneRV2, are easily isolated and grown 

lytically to high titer in cell culture in vitro (Bruce et al., 2009; Desrosiers et al., 1997). In 

contrast, the RV1 rhadinoviruses, including KSHV and RFHV, establish a more latent type 

of infection and are difficult to culture lytically in vitro (Moore and Chang, 2001)(our 

unpublished results). We have shown that RV2 rhadinoviruses establish lytic infections in 

Vero and HEK293 cells, whereas KSHV infections are latent in the same cell types 

(DeMaster and Rose, 2014). While the RV1 rhadinoviruses, KSHV and RFHV, appear to be 

latent in infected lymphoma and/or KS-like tumor cells (Antman and Chang, 2000; Bruce et 

al., 2006), the RV2 rhadinoviruses, RRV and MneRV2 appear to be lytically replicating in 

infected lymphoma cells (Bruce et al., 2012).
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We previously determined that the KSHV gB contains an arginine-glycine-aspartic acid 

(RGD) motif that binds to the cell surface receptor, integrin αVβ3, and showed that the gB 

RGD domain mediates infection and cell adhesion through specific interactions with αVβ3 

(Garrigues et al., 2008). Sequence analysis revealed additional RGD motifs in the N-

terminus of the gB homologs of the chimpanzee and macaque RV1 rhadinoviruses. A strong 

conservation of the amino acid sequences flanking the RGD motifs with a consensus 

sequence of “S/TRGDTF/P” was observed. The RGD domain of RFHVMn most closely 

resembles the RGD domain of vitronectin, the integrin αVβ3 receptor, suggesting 

convergent evolution to optimize RGD binding with integrin αVβ3.

Our previous studies showed that KSHV virions bind to specific cell surface microdomains 

containing αVβ3, and that KSHV attachment and entry are dependent on αVβ3 integrin 

(Garrigues et al., 2014a; Garrigues et al., 2014b). Thus, the interaction of the gB RGD motif 

and αVβ3 is a major determinant of cell tropism for KSHV and most likely other RV1 

rhadinoviruses. In contrast, no RGD motifs were detected in the gB homologs of the RV2 

rhadinoviruses, including macaque RRV and MneRV2, or chimpanzee PtrRV2. Furthermore, 

we have shown that the RRV virion does not interact with purified integrins αVβ3 or α3β1 

(Garrigues et al., 2008). Thus, members of the RV1 rhadinovirus lineage could share a 

tropism for cells expressing integrin αVβ3, which is not shared with members of the RV2 

rhadinovirus lineage or other herpesvirus lineages. The gain of function to interact with 

αVβ3 integrin expressing cells may have played a critical role in the emergence of the RV1 

rhadinovirus lineage.

We have shown that the gB homologs of KSHV and the macaque and chimpanzee 

rhadinoviruses contain eight conserved potential N-linked glycosylation sites (NXS/T). 

Analysis of the model KSHV gB structure reveals that all of these potential glycosylation 

sites are exposed on the surface of the protein trimer structure, except for the site at Asn628 

in the core of Domain III. Four of the surface exposed glycosylation sites are located within 

the intrachain loop structures, Domain I: Cys158-Cys222, Cys252-Cys258; Domain II: 

Cys315-Cys362, and Domain IV: Cys550-Cys558. The putative glycosylation site at Asn628 

in KSHV gB is conserved in EBV gB (Asn629), and this site has been determined to be 

glycosylated in EBV gB (Backovic et al., 2009). This site is conserved in HSV1 gB (Asn 

674), and is flanked by Ile671 and Phe683 on the C-terminal arm of the HSV1 gB 

ectodomain. Mutational studies of HSV-1 gB indicate that Asn674 is not a site of 

glycosylation (Cai et al., 1988). However, Ile671 and Phe683 of HSV1 gB C-terminal arm 

are conserved with Ile625 and Phe631 of KSHV gB, flanking the Asn628 glycosylation site. 

These HSV1 residues have been shown to induce packing of the C-terminal arm against the 

coiled-coil structure of Domain III, providing the driving force for gB refolding from a 

prefusion to a postfusion conformation (Connolly and Longnecker, 2012). Thus, 

glycosylation of the KSHV (Asn628)/EBV(Asn629) may play a role in the conformational 

change of gB during virus entry of gammaherpesviruses.

Our sequence analysis is compatible with the hypothesis that the gB homologs of KSHV and 

the macaque and chimpanzee rhadinoviruses, like the homologs of other herpesviruses, are 

integral membrane proteins. A highly hydrophobic transmembrane helix domain from 

Leu733 to Leu752 in KSHV gB would anchor the protein in the membrane. This 
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hydrophobic region is highly conserved in the macaque and chimpanzee RV1 and RV2 gB 

sequences. Two amphipathic domains (MPRa and MPRb) with strong hydrophobic character 

were identified immediately upstream and proximal to the transmembrane domain. The 

MPR regions were highly conserved across the rhadinovirus gB homologs. Similar 

hydrophobic membrane proximal regions have been identified in other herpesvirus gB 

homologs, where they have been implicated in membrane association and fusion events 

during virus entry (Shelly et al., 2012). Analysis of the amphipathic structure of the MPR 

regions revealed strong homology between the KSHV, HSV1 and EBV gB sequences, 

suggesting common functions.

To further explore the biological role of KSHV gB, we have generated homology model 

structures for the gB homolog of KSHV from the crystal structure of EBV gB (Backovic et 

al., 2009). This model was of high quality and closely matched the EBV structure, with 

conservation of sequence and domain structures. We performed a protein meta-functional 

signature (MFS) analysis of gB, which combines sequence, structure, evolution and amino 

acid property information to provide a quantitative measurement of the functional 

importance of each amino acid in a protein (Horst and Samudrala, 2010; Wang et al., 2008). 

The MFS scores were determined and visualized as a temperature gradient in Chimera and 

mapped onto the KSHV gB structure. Using this structure, we mapped the position of two 

motifs previously implicated in gB-mediated virus entry, including a disintegrin-like binding 

domain (Walker et al., 2014) and a heparan sulfate binding domain (Akula et al., 2001). We 

could not map the N-terminal RGD domain of KSHV gB, since the N-terminus of EBV gB 

was not resolved in the crystal structure. Our analysis revealed that the disintegrin-like 

domain was highly conserved in the gB homologs of KSHV and the macaque and 

chimpanzee RV1 and RV2 rhadinovirus homologs. Furthermore, this domain was positioned 

on the surface of the gB ectodomain connecting the N-terminus to domains III and IV, with 

exposure of the amino acid side chains, making it highly available for protein-protein 

interactions. A similar disintegrin-like domain was originally detected in human CMV, 

which had homology to the disintegrin motif in the ADAMS family of metalloproteases 

(Feire et al., 2004). A conserved motif of “RX8E/DLX2F in the rhadinovirus, EBV and 

CMV gB sequences weakly matched the ADAMS family “RX6DLPEF” motif, which 

mediates binding to integrin α9β1(Feire et al., 2004).

Our analysis revealed that a putative heparan sulfate binding motif “108HIFKVRRYRK117” 

of KSHV gB was highly conserved in the gB homologs of the macaque and chimpanzee 

RV1 and RV2 rhadinoviruses. This motif was originally identified due to a match with one 

of the heparin binding consensus sequences, and in the context of an isolated peptide was 

found to bind heparan sulfate (Akula et al., 2001). This motif mapped to strand β4 within the 

pleckstrin homology (PH) domain which was highly conserved in the KSHV, EBV and 

HSV1 structures. Examination of the putative KSHV gB heparin binding motif within the 

context of the conserved β-sheet structure revealed few similarities to typical heparin-

binding domains. Such domains are accessible to the solvent and consist of flat surfaces or 

shallow grooves lined by 4–16 positively charged lysines and arginines where side chains 

would interact with the negatively charged heparan sulfate (Murphy et al., 2007; 

Schlessinger et al., 2000; Sue et al., 2004). Analysis of the 3-dimensional structure of the 

KSHV gB PH domain showed that K111, R113 and Y115 within the putative heparin 
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binding peptide formed a possible binding site on the convex face of the PH domain. 

However, the adjacent side chains of the negatively charged D152 and D226 are predicted to 

inhibit interaction with negatively charged heparan sulfate moieties, and the N275-N292 

loop structure would occlude the binding site. The side chains of the other positively charged 

residues R114 and R116 matching the heparin binding motif consensus are positioned on the 

opposite side of the conserved beta sheet structure, limiting their availability for binding 

heparan sulfate chains. This analysis indicates that the structure of this domain is not 

consistent with the ability to bind heparan sulfate chains, as previously proposed (Akula et 

al., 2001). Although a positively charged heparin binding motif “KPKKNRKPK” was 

identified in HSV1 gB, this motif mapped to a completely different region of the protein at 

aa67-75 within the N-terminal region of HSV-1 gB, in a position analogous to the RGD 

motif in KSHV gB (Laquerre et al., 1998). No similarly charged sequence was present in the 

KSHV gB N-terminal region. Thus, the role of heparin binding in gB-mediated virus entry 

should be further investigated.

Within the KSHV PH domain, the β4 strand containing the putative heparin binding domain 

and the β11 strand both scored highly in the metafunctional sequence analysis with the vast 

majority of the amino acid residues attaining the maximal score. To determine a possible 

role for this domain, we have examined the ability of the central peptide sequence 

“HIFKVRRYRKIATS” on strand β4 to alter KSHV virion binding and infection. We found 

that the peptide could significantly block binding of KSHV virions to cell surfaces, and 

moreover, could significantly block KSHV infection (data not shown). While this inhibitory 

activity could be due to the ability of the isolated peptide to bind heparan sulfate, as shown 

previously (Akula et al., 2001), it could also be due to interactions with other cellular or 

viral proteins implicated in KSHV binding and entry. Since the PH domain and its extended 

β-strands, including β4 and β11, form the hydrophobic loops implicated in fusion of the 

virion and cellular membranes, they may play critical roles in KSHV binding and entry.

Finally, we compared the gB sequences from closely related strains of KSHV, RFHVMn, 

RRV and MneRV2, and mapped the non-synonymous mutations altering amino acid 

sequences onto the gB structure. Eleven amino acid differences were detected between the 

available KSHV gB sequences. Four of these variations occurred within domain I, in the 

vicinity of the PH domain and associated fusion loops, suggestive of a concentrated adaptive 

evolution targeting this critical region of gB. Additional variations flanked the protease 

cleavage site or occurred within the intracellular C-terminal domain. In contrast, the two 

RRV strains, the two MneRV2 strains and the two RFHMn strains showed significantly 

more differences between the strain pairs, with the most sequence variation surrounding the 

internal furin protease cleavage site in Domains I and II. No changes were detected in the 

fusion loop, PH domain or intracellular domains. The differences in the adaptive gB 

variations of the KSHV strains and those seen in the different strains of the macaque 

rhadinoviruses suggests fundamental differences in the host-virus interaction.
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MATERIALS AND METHODS

Tissue sources

Saliva samples were obtained from two chimpanzees (Austin and Cordova) at M.D. 

Anderson (provided by S. Shapiro), which were naturally infected with PtrRV1 and PtrRV2 

rhadinoviruses.

DNA isolation

Frozen tissue samples were quickly thawed in the presence of a standard proteinase K 

extraction buffer containing 0.1% SDS by homogenization in a disposable homogenizer. 

Samples were digested at 55° C for several hours and the DNA was purified by standard 

phenol/chloroform extraction and ethanol precipitation.

Oligonucleotide primers

Consensus-degenerate hybrid oligonucleotide primers (CODEHOPs) were derived from the 

conserved motifs in the gammaherpesvirus ORF 7 (Transport Protein (TP)) (“NYSKA” 

primer) and ORF 9 (DNA polymerase) (“CVNVB” primer), essentially as described in 

(Rose, 2005). Gene specific oligonucleotide primers were designed from the sequences of 

the different PCR fragments obtained using the CODEHOPS PCR strategy.

Cloning and sequence analysis of chimpanzee rhadinovirus gB genes

CODEHOP PCR primers were used with various combinations of other CODEHOP and 

gene specific primers to obtain overlapping PCR fragments, essentially as described (Schultz 

et al., 2000). The correct-size PCR products were purified from excess primers using a 

Qiagen spin column and sequenced directly with CODEHOP or gene-specific primers. 

Additional internal gene-specific primers were used to obtain overlapping sequences within 

the larger PCR products. Multiple PCR products and clones were sequenced in both 

orientations. Sequence assembly was done using Sequencher 4.0.5b10 (GeneCodes). The 

PtrRV1 (Austin) and PtrRV2 (Cordova) sequences were deposited at Genbank, with 

accession numbers KU984977 and KU984976, respectively.

Sequence and phylogenetic analysis

Pairwise nucleotide and encoded amino acid alignments were performed using GenePro 

software (Riverside Scientific, Bainbridge Island, WA). Multiple sequence alignment was 

done using ClustalW (EMBL, Heidelberg, Germany). Phylogenetic analysis of amino acid 

sequences was done by protein maximum likelihood as implemented at LIRMM.fr 

(Dereeper et al., 2008). Neural network predictions of mucin type GalNAc O-glycosylation 

sites was performed using the NetOGlyc 2.0 Prediction Server at http://www.cbs.dtu.dk/

services/NetOGlyc/ (Hansen et al., 1998). Signal sequence prediction was performed using 

SignalP v1.1 at Center for Biological Sequence Analysis (CBS) at http://www.cbs.dtu.dk/

services/SignalP/. Transmembrane helices predictions were performed using TMHMM v.2.0 

at the CBS (http://www.cbs.dtu.dk/services/TMHMM/)(Krogh et al., 2001), TMpred at 

EMBNET http://www.ch.embnet.org/software/TMPRED_form.html, PSI-PRED at the 

PSIPRED v2.1 server http://bioinf.cs.ucl.ac.uk/psiform.html (McGuffin et al., 2000), TM-
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Finder at HSC Bioinformatics Centre http://www.bioinformatics-canada.org/TM/ (Deber et 

al., 2001).

Structural modeling

Comparative modeling techniques were applied to model the monomeric structure of KSHV 

gB based on the alignment of the KSHV sequence to the EBV crystal structure (3fvc) (see 

Fig. 2), using the RAMP (Samudrala and Moult, 1998), Rosetta (Das and Baker, 2008) and 

MODELLER (Sali and Blundell, 1993) software suites. Oligomerization was modeled by 

superimposing the top 100 scoring monomer models from each modeling suite onto the 

three chains of 3fvc with the UCSF Chimera tool “Match Maker.” The monomer model 

which produced the fewest clashes was selected for further optimization using fragment-

guided molecular dynamics (Zhang et al., 2011). The KSHV gB model was deposited in the 

“Model Archive” (modelarchive.org) under accession record “ma-ayo3r”. Protein meta-

functional signatures (MFS) were generated using the MFS web server (http://

protinfo.compbio.washington.edu/mfs) (Wang et al., 2008) and applied to the new structure 

file with the temperature factor field replaced by the MFS scores to enable visual inspection 

of functionally important regions using Chimera.
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Highlights

1. The sequences of the glycoprotein B genes of the chimpanzee PtrRV1 and 

PtrRV2 rhadinoviruses were determined

2. The evolutionary conservation of sequence and structural motifs was determined 

for the Kaposi’s sarcoma-associated herpesvirus (KSHV) and related Old World 

primate RV1 and RV2 rhadinoviruses

3. An RGD motif, shown to be involved in KSHV binding and entry through the 

integrin aVb3, was conserved within the RV1 rhadinovirus lineage but not 

within the RV2 rhadinovirus lineage

4. A structural model of the KSHV gB was determined and functional and 

sequence variants were mapped to the model structure.
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Figure 1. 
Phylogenetic analysis of the gB homologs of the human, chimpanzee and macaque 

gammaherpesviruses. The complete gB sequences of the human, chimpanzee and macaque 

RV1 and RV2 Old World rhadinovirus lineages were aligned with the gB sequences of the 

corresponding lymphocryptoviruses (LCV) and the phylogenetic relationship was 

determined by protein maximum likelihood analysis. The clustering within the RV1, RV2 

and LCV subgroups is indicated. The gB sequences analyzed include RV-1 lineage: Human 

(KSHV-GK18, #YP_001129354; KSHV-VG-1,#ADB08179), chimpanzee (PtrRV1, this 

study), pig-tail macaque (RFHVMn-78114, #AGY30687; RFHVMn-442N, #AF204166); 

rhesus macaque (RFHVMm-YN91, #AAF78826); RV-2 lineage: chimpanzee (PtrRV2, this 

study), pig-tail macaque (MneRV2-J97167, #AJE29647; PMRV-98126(Auerbach et al., 

2000)), rhesus macaque (RRV-17577, #NP_570749; RRV-H2695, #AF210726); New World 

rhadinovirus (NWRV): squirrel monkey (HVS, # Q04464); Old World lymphocryptovirus: 

human (EBV, # NP_039909), chimpanzee (PtrLCV, CAE46448), rhesus macaque (MmLCV, 

#YP_068009). The gB sequences of human herpes simplex virus 1 (HSV1, #NP_044629) 

and the squirrel monkey New World rhadinovirus (NWRV) (HVS, #CAC84303) were used 

as outgroups. The scale for substitutions per site is shown.
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Figure 2. 
Conservation an unconventional TATA-like promoter element in the rhadinovirus gB 

homologs. The nucleotide sequences upstream of the translation initiation site of KSHV, 

RFHVMn, MneRV2, RRV, HVS and EBV gB homologs were aligned. TATA-like promoter 

elements and the ATG translation initiation codons are highlighted in black. Conserved 

sequences upstream and downstream of the TATA-like elements are highlighted in red. 

Sequences are derived from the genomes of KSHV (NC_009333), RFHVMn-M78814 

(KF703446), MneRV2-J97167 (KP265674), RRV-H2695 (AF210726), HVS (X64346), 

EBV (NC_007605).
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Figure 3. 
Amino acid sequence alignment of gB homologs from human, chimpanzee and macaque 

rhadinoviruses compared to EBV gB. The amino acid sequences of the gB homologs of the 

RV1 lineage of Old World rhadinoviruses, including KSHV (human), PtrRV1 (chimpanzee), 

RFHVMn (pig-tailed macaque), and RFHVMm (rhesus macaque), were aligned with the gB 

homologs of the RV2 rhadinovirus lineage, including PtrRV2 (chimpanzee), MneRV2 (pig-

tailed macaque), and RRV-26-95 (rhesus macaque) and the gB homolog of the human 

lymphocryptovirus EBV. Amino acids conserved with KSHV gB are shown as a (.), except 

for the conserved cysteines, which are highlighted black. Conserved prolines are highlighted 

red and conserved NXS/T putative N-linked glycosylation sites are highlighted yellow. 

Asterices mark the known N-linked glycosylation sites in EBV gB. The disulphide bonds 

conserved with EBV gB are shown as black brackets or long-range dashed lines, and the 

putative rhadinovirus-specific disulphide bond between Cys252 and Cys258 is shown as a 

red bracket. The putative signal peptide cleavage site is indicated. The N-terminal RGD 

motif in the RV1 rhadinovirus lineage and the conserved internal furin protease cleavage 

sites are shown, highlighted in black. Hydrophobic residues conserved with the FL1 and 

FL2 fusion loops of EBV gB are highlighted purple. Conserved residues within a 

disintegrin-like domain (DLD) are highlighted in green. Conserved residues within the 

pleckstrin homology binding face (PHBF) or pocket (PHBP) are highlighted in blue and 

grey, respectively. The MPRa and MPRb domains of the amphipathic membrane-proximal 

region and the transmembrane helix (TMH) domain are indicated. A localization signal for 

inner nuclear membrane targeting (LSINM), a C-terminal “acidic cluster” and “YXXϕ” 
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domains implicated in endocytosis are indicated and highlighted in black. The sources of the 

gB sequences are shown in the legend to Fig. 1.
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Figure 4. 
Cartoon of the KSHV gB structure. A two-dimensional cartoon of the monomeric KSHV gB 

structure is shown with conserved cysteine residues and putative disulfide linkages and loop 

structures in which the approximate percentage of amino acid identity between the gB 

homologs of the RV1 and RV2 rhadinovirus subgroups (from Figure 3) is depicted by the 

thickness of the line representing the polypeptide sequence. Both conserved and non-

conserved putative N-linked glycosylation sites (NXS/T) are also shown and the position of 

known glycosylation sites in EBV gB are indicated; sites are considered conserved if they 

are in identical positions in all of the KSHV and macaque rhadinovirus gB homologs. 

Predicted sites of O-linked glycosylation are shown. In addition, the internal signal peptidase 

and protease cleavage sites, the novel pleckstrin homology binding face (PHBF) and the 

RGD interaction motif are indicated. The positions of the fusion loops (FL1, FL2) predicted 

to function in gB induced membrane fusion, the hydrophobic transmembrane helix (TMH) 

and amphipathic membrane proximal helical regions (MPR) are shown.
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Figure 5. 
Conserved structure of the gB membrane proximal regions (MPR). The helical wheel 

structures of the predicted amphipathic helices of the membrane proximal regions MPRa 

and MPRb (see Fig. 3), are shown for the gB homologs of the human herpesviruses KSHV, 

EBV and HSV-1. Polar and charged amino acids are circled and highlighted in grey and 

black, respectively. A black dot indicates the N-terminal residue of the helical domain which 

continues counterclockwise for the sequence range indicated within the wheel. Amino acid 

numbering is derived from the gB precursors where the initiating methionine is the first 

amino acid. Amino acids conserved across the three sequences are colored red.
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Figure 6. 
Comparison of integrin-binding RGD domains. The RGD motif and flanking sequences of 

the gB homologs of the human, chimpanzee and macaque RV1 rhadinoviruses are compared 

to a number of other viral and cellular integrin binding proteins. The RGD motif is 

highlighted in black and conserved serine, threonine, proline and phenylalanine residues are 

indicated. The gB sequences of KSHV, PtrRV1, RFHVMn-M78114, and RFHVMn-442N 

are from the accession records indicated in Figure 1. The remainder of the protein sequences 

were obtained from the following accession records: gB sequence of FMDV-C = Foot and 

mouth disease virus, serotype C1 - viral protein 1 (VP1) (JC1329); FMDV-O = Foot and 

mouth disease virus, serotype O - VP1 (P03305); Parechovirus 1 - VP1 (Q66578); 

Adenovirus 2, penton base (NP_040521); fibrinogen1 and 2 - alpha chain (AAA52426); 

laminin 1 – alpha-1 precursor (NP_032506); fibronectin (AAD00019); von Willebrand’s 

factor (NP_000543); vitronectin (P04004). The sequences of the macaque homologs of 

fibronectin, von Willebrand’s factor and vitronectin were identical to the human sequence.
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Figure 7. 
Structural model of KSHV gB ectodomain. A homology model of KSHV gB ectodomain 

(aa51-685) was determined from the crystal structure of the post-fusion EBV gB(Backovic 

et al., 2009), using MODELLER, RAMP and ROSETTA programs. A) monomer and B) 

trimer structure. The gB subunits are colored in blue (N-terminus) to red (C-terminus). 

Numbers indicate conserved Asn residues that are glycosylated in EBV gB (see Fig. 3); a 

single NAG molecule is modeled. The domain structures are numbered I–V, as defined in the 

EBV and HSV1 gB structures (Backovic et al., 2009; Heldwein et al., 2006). The 

ectodomain extends C-terminal of the two alpha helical domains (αE, αF) into the 

amphipathic membrane proximal region (MPR) and the membrane-spanning transmembrane 

domain (not shown), and the hydrophobic fusion loops are indicated.
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Figure 8. 
Structural model and conservation of a disintegrin-like domain (DLD) in KSHV gB. A 

conserved DLD motif (aa66-85) identified previously in KSHV gB (Walker et al., 2014) was 

mapped onto the KSHV gB trimer (A) and monomer (B) model structures. The amino acid 

side chains in the motif were colored green and are shown in (B). The functional importance 

of each amino acid was determined by meta-functional signature (MFS) analysis and the 

scores were mapped onto the KSHV gB structure as a temperature gradient. Predicted 

disulfide linkages between C68/C528 and C85/C484 are shown. The N-terminal G51 of the 

ectodomain is indicated. C) Conservation of the DLD motif across the RV1 and RV2 

rhadinovirus gB sequences compared to the homologous regions in EBV and hCMV gB. 

Residues conserved with the disintegrin loop of the ADAMS family, which bind to α9β1 

integrin (Feire et al., 2004), are colored red (B) and highlighted in red (C). The NAG 

molecule bound to N628 is colored blue in B.
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Figure 9. 
Model structure of KSHV gB domain I containing a pleckstrin homology (PH) domain and 

associated hydrophobic fusion loops. The homology model of domain I of KSHV gB is 

shown with the functional importance of each amino acid indicated by a temperature 

gradient of MFS scores. The high scoring pleckstrin homology (PH) domain containing 

orthogonal β-sheets of four and three strands is shown, and the proposed convex binding 

face (PHBF) and concave binding pocket (PHBP) are indicated. The β-strands are numbered 

by homology to the EBV gB structure, and the proposed rhadinovirus-specific disulfide 

bridge between C52 and C58 in the PH domain is shown. The loop between N275 and N292 
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and the alpha helix (αA) that cover the PHBF are denoted. The positions of the furin 

protease cleavage site and the NAG molecule (blue) bound to N179 are indicated. The 

extensions of strands β11 and β4 within the PH domain form the hydrophobic fusion loops 

FL1 and FL2, respectively.
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Figure 10. 
The model structure of a putative heparan binding domain in KSHV gB has little similarity 

to known heparan binding domains. A) A previously identified positively charged heparan 

sulfate binding motif “HIFKVRRYRKI” (aa108-118) of KSHV gB (Akula et al., 2001) was 

mapped to the N-terminal region of strand β4 within the PH domain of KSHV gB. B) The 

side chains of basic residues K111 and R113 (blue) and polar residue Y115 (yellow) extend 

from the convex PH binding face of the four β-stranded sheet covered by Loop N275-N292. 

C) The highly conserved structure of the PH binding face positions negative residues D152 

(αA helix) and D226 (β-11) (purple) and polar residue Y197 (yellow) adjacent to K111 and 

R113, disrupting the positive charge on this binding face. (Loop N275-N292 is deleted for 

visualization purposes). The proposed rhadinovirus-specific disulfide bond between C252 

and C258 is shown. D) The conserved discontiguous residues, which form the convex PH 

binding face (PHBF) of KSHV gB are shown (highlighted in blue), with conserved prolines 

and cysteines highlighted in red and black, respectively.
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Figure 11. 
Genetic variants in the human and macaque rhadinovirus gB homologs.

The non-synonymous sequence variants between A) KSHV strains (GK18, VG1, JSC1 and 

16 Zambian KSHV variants), B) two RFHVMn strains (M78814 and 442N), C) two RRV 

strains (17577 and H2695) and two MneRV2 strains (J97167 and 98126) were mapped onto 

the linear gB sequence. Each vertical line represents a variant, and the amino acid changes 

from the GK18 reference sequence are shown for KSHV: F19>L (ZM95), P140>R (VG1, 

ZM4, 27), D192>E (ZM95, 102, 116, 117, 118), N236>K (ZM91), V270>I (VG1, ZM4, 

27), H412>R (VG1, ZM4, 27), A413>G (ZM106), M431>V (VG1, ZM4, 27, 114, 128, 

130), L759>M (JSC-1). The positions of the signal peptide (SP), RGD motifs, fusion loops 

(FL2, FL1), furin protease cleavage site (P), membrane proximal amphipathic domains 

(MPR), hydrophobic transmembrane domains (TMH) and cysteines and disulphide bonding 

pattern are indicated. Numbering is from the KSHV sequence (Fig. 3).
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Figure 12. 
KSHV strain variants mapped to gB structure.

The non-synonymous sequence variants of KSHV strains described in Figure 11 were 

mapped to the KSHV gB ectodomain model structure (aa51-685), shown with the 

temperature gradient of protein meta-functional signature (MFS) scores showing a 

quantitative measurement of the functional importance of each amino acid in a protein, as 

described in the text. A) complete monomer showing the five gB domains and B) 

enlargement of domain I containing the PH domain and the fusion loops. The amino acid 

side chains of the variable amino acids are shown as green spheres and the amino acid 

changes are shown.
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