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The discovery of African henipaviruses (HNVs) related to patho-
genic Hendra virus (HeV) and Nipah virus (NiV) from Southeast
Asia and Australia presents an open-ended health risk. Cell receptor
use by emerging African HNVs at the stage of host-cell entry is a key
parameter when considering the potential for spillover and in-
fection of human populations. The attachment glycoprotein from
a Ghanaian bat isolate (GhV-G) exhibits <30% sequence identity
with Asiatic NiV-G/HeV-G. Here, through functional and structural
analysis of GhV-G, we show how this African HNV targets the same
human cell-surface receptor (ephrinB2) as the Asiatic HNVs. We first
characterized this virus−receptor interaction crystallographically.
Compared with extant HNV-G–ephrinB2 structures, there was sig-
nificant structural variation in the six-bladed β-propeller scaffold of
the GhV-G receptor-binding domain, but not the Greek key fold of
the bound ephrinB2. Analysis revealed a surprisingly conserved
mode of ephrinB2 interaction that reflects an ongoing evolutionary
constraint among geographically distal and phylogenetically diver-
gent HNVs to maintain the functionality of ephrinB2 recognition
during virus–host entry. Interestingly, unlike NiV-G/HeV-G, we could
not detect binding of GhV-G to ephrinB3. Comparative structure–
function analysis further revealed several distinguishing features
of HNV-G function: a secondary ephrinB2 interaction site that con-
tributes to more efficient ephrinB2-mediated entry in NiV-G relative
to GhV-G and cognate residues at the very C terminus of GhV-G
(absent in Asiatic HNV-Gs) that are vital for efficient receptor-
induced fusion, but not receptor binding per se. These data provide
molecular-level details for evaluating the likelihood of African HNVs
to spill over into human populations.
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The emergence of negative-sense, single-stranded RNA viru-
ses belonging to the genus Henipavirus, family Paramyxo-

viridae, epitomizes the increasing threat of zoonotic viruses to
human health (1). Since the discovery of the highly pathogenic
Nipah virus (NiV) and Hendra virus (HeV) in the 1990s, >20
henipaviruses (HNVs) have been detected throughout Africa,
Asia, Australia, and Central America (2, 3). NiV is the pro-
totypic member of this group and enzoonitically resides (>50%
seroprevalence in some instances) in Old World fruit bat pop-
ulations throughout Australasia (4). Zoonotic transfer of NiV to
human populations from these natural reservoirs (5), sometimes
through an animal intermediary such as pigs (6), leads to rapid-
onset encephalitis with case-fatality rates >90% (1). Following
zoonosis, some cases of person-to-person transmission have been
observed (7, 8). Although bats are the predominant host reser-
voir, a putative henipa-like virus (HNLV), Mojiang virus (MojV),
associated with severe pneumonia and three case fatalities, has also
been isolated from rats in China (9). The extreme pathogenicity and
potential for misuse has led to the designation of NiV and HeV as
high-priority agents that require handling under biosafety-level-
four conditions.
The detection of 19 distinct clades of HNV in Africa (2, 10,

11) correlates with the broad geographic distribution and
wide-ranging migrational patterns of the fruit bat host reservoir,

Eidolon helvum (11). The remarkably high seroprevalence (∼40%)
of HNV cross-reactive antibodies and the localization of many
E. helvum communities near African towns and cities underscores
the potential risk of spillover events into human populations (11,
12). Indeed, NiV cross-neutralizing antibodies have been detected
in the sera of humans living in Cameroon (12). That these anti-
bodies were found exclusively in individuals at high risk for zoo-
notic transmission, such as those that slaughter bats for bushmeat
consumption and sale, suggests that such spillover events can oc-
cur. Whether or not African HNVs are as pathogenic to humans
as NiV or HeV remains to be determined. Although it has also
been suggested that these viruses may be the causative agent of
misdiagnosed encephalitis-associated malaria (2, 13, 14), it is likely
that the divergent clades of African HNVs are also diverse in their
pathogenic potential.
HNV entry into a host cell is a pH-independent process or-

chestrated by two membrane-anchored glycoproteins, HNV-G
and -F (15). These viral glycoproteins interdependently facilitate
cellular attachment and fusion, whereby receptor recognition by
HNV-G at the cell surface triggers rearrangements in the HNV-F
fusion glycoprotein (16). HNV-G is an oligomeric membrane
protein, consisting of a short N-terminal cytoplasmic tail, a trans-
membrane region, an oligomerization-inducing stalk region, and
a receptor-binding C-terminal six-bladed β-propeller. Identification
of the ubiquitously expressed cell-surface signaling glycoproteins,
ephrinB2 and ephrinB3, as functional receptors used during viral
attachment by NiV and HeV has been key to understanding the
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broad tissue tropism of these viruses (16–21). Structural inves-
tigations of these ephrins in complex with NiV- and HeV-G have
revealed the molecular determinants for host-cell recognition
and zoonosis (22–26).
In contrast to the wealth of available NiV and HeV genome

sequences, only one African HNV has been sequenced to en-
tirety, but it has not yet been isolated (2, 27). The sequence of
this putative HNV (Gh-M74a; termed here as GhV) was derived
from a bat in Ghana and is genetically distinct from Asiatic HeV
and NiV (2). In contrast to NiV- and HeV-G, which are genet-
ically quite similar (80% sequence identity), the putative GhV
attachment glycoprotein from this virus, GhV-G, exhibits very
limited sequence identity (<30%) with its Asiatic counterparts.
Despite this genetic distance, ephrinB2 has been suggested as
a functional interaction partner for this virus (27, 28). The
conserved use of this receptor by GhV-G and Asiatic HNVs
supports a general mechanism for HNV zoonosis in human
populations. The likelihood of zoonotic transmission and the
pathogenicity of such zoonotic viruses may depend, at least in
part, on what adaptations are necessary for efficient use of the
host receptor(s).
Here, we determined the molecular basis for the interaction

between GhV-G and ephrinB2 by X-ray crystallographic analy-
sis. Despite the varied architecture of the henipaviral β-propeller
scaffold between GhV-G and Asiatic HNV-Gs, we observed
a highly conserved mode of ephrinB2 engagement. However, we
also identify a secondary ephrinB2 interaction site that contrib-
utes to the more efficient receptor-mediated entry exhibited
by NiV-G relative to GhV-G. These data verify a conserved
HNV cell-attachment strategy for African and pathogenic Asi-
atic HNVs and establish a mechanism by which humans may be
susceptible to African HNV infection.

Results and Discussion
GhV-G Is Antigenically Distant from Asiatic Clades HNV-Gs. Both NiV
and HeV use ephrinB2 as entry receptors. Antibodies against
one can exhibit heterologous cross-reactivity against the other.
Because GhV-G binds to ephrinB2 (27, 28), we asked whether
GhV-G is also antigenically related to HeV- and NiV-G. We
transfected C-terminally HA-tagged NiV-, HeV-, and GhV-G
into 293T cells and detected relative cell-surface expression with
a panel of polyclonal and monoclonal antibodies. All of these
antibodies bound to NiV- and HeV-G with varying degrees of
cross-reactivity (Fig. 1 A–C). However, they showed little, if any,
cross-reactivity with GhV-G, even though GhV-G was expressed
at least as well as HeV-G (Fig. 1D). Despite this antigenic dis-
tance and the low sequence identity between the Asiatic and
African clades of HNVs, the common use of ephrinB2 suggest
a conserved mode of receptor interactions (12). To gain molecular-
level insights into how NiV-G/HeV-G and GhV-G are antigenically
dissimilar yet use the same receptor, we determined the crystal
structure of GhV-G in complex with ephrinB2.

Structure of the GhV-G–EphrinB2 Complex. The crystal structure of
the receptor-binding domain of GhV-G was solved in complex
with the ectodomain of human ephrinB2 by molecular replacement
to 1.7-Å resolution using the structure of NiV-G bound to ephrinB2
[Protein Data Bank (PDB) ID code 2VSM (22)] as the search
model (Table 1). Two nearly identical GhV-G–ephrinB2 complexes
were observed in the asymmetric unit [0.3-Å root-mean-square
deviation (rmsd) (29) over 552 equivalent Cα atoms], and no
molecular contacts consistent with the formation of higher-order
dimers or tetramers, such as those present in HeV-G (24) and
many paramyxovirus HNs, were observed (30–34). The paucity of
higher-order oligomers in the GhV-G–ephrinB2 crystal is consis-
tent with the observation that the stalk region, which was absent

Fig. 1. GhV-G is antigenically distant from Asiatic clade HNV-Gs. Representative polyclonal and monoclonal antibodies made against NiV envelope proteins
were tested for cross-reactivity against HeV- and GhV-G. The 293T cells were transfected with C-terminally HA-tagged NiV-, HeV-, and GhV-G expression
vectors. pCAGS-transfected cells served as vector controls for nonspecific staining by primary and/or secondary antibodies. At 16 h after transfection,
equivalent samples were stained with the serial dilutions of the indicated antibodies and analyzed by FACS. (A and B) Rabbit polyclonal antibodies made by
genetic immunization with Nipah viral-like particles (NiVLPs; NiV-M +F +G) and soluble NiV-G (A) or soluble NiV-G alone (B). (C) Mab45 is a well-characterized
rabbit monoclonal antibody that recognizes a conserved receptor-binding enhanced (RBE) epitope in NiV- and HeV-G (46). (D) Staining with rabbit polyclonal
anti-HA antibodies shows relative surface expression of NiV-G > HeV-G ∼ GhV-G.
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from the crystallized GhV-G construct, is predominantly responsible
for driving dimerization and tetramerization of paramyxoviral
attachment glycoproteins (22, 35–40).
Characteristic of attachment (G), hemagglutinin (H), and

hemagglutinin–neuraminidase (HN) glycoproteins from the
Paramyxovirinae (41), the receptor-binding domain of GhV-G
displays a classical six-bladed β-propeller topology, with four an-
tiparallel β-strands per blade forming a toroidal arrangement
around a central axis (Fig. 2A). The fold is stabilized by eight
disulfide bonds, seven of which are present in the β-propeller
scaffold of NiV- and HeV-G (Fig. 2B and SI Appendix, Fig. S1).
The additional disulfide bond not present in NiV- or HeV-G
stabilizes the third blade of the β-propeller between residues
Cys-378 and -422. An unpaired cysteine (Cys-314) is also located
near the solvent-accessible surface of the second blade of the
β-propeller, distal from the receptor-binding site and previously
predicted regions of oligomerization (24). The unpaired C314
appears stable and is partially buried under a GlcNAc moiety
attached to Asn-327 (SI Appendix, Fig. S2). Mutagenesis of this
“aberrant” free cysteine to alanine had no effect on cell surface
expression or ephrinB2 binding (SI Appendix, Fig. S3). Curiously,
a more homologous C314M mutant was intracellularly retained
and not expressed at the cell surface, suggesting that the amino
acid at this position contributes to proper folding of GhV-G and is
not completely tolerant to substitutions.

The receptor-binding β-propeller of GhV-G encodes seven
putative N-linked glycosylation sequons; however, none of these
sites appear to play a role in the GhV-G–ephrinB2 receptor
surface. Electron density corresponding to asparagine-linked
acetylglucosamine residues at four of seven of these sites was
well ordered (N207, N255, N327, and N396; Fig. 2A and SI
Appendix, Fig. S4). No clear electron density was observed at the
remaining N-linked sites (N224, N324, and N350), suggestive
that the glycans at these sites were either too flexible to be ob-
served or that the corresponding residues were not glycosylated
during protein folding. One of these sites, N224, lies on the first
blade of the β-propeller near the putative dimerization site ob-
served in the crystal structure of unliganded HeV-G (24) (SI
Appendix, Fig. S5). An N-glycan at this site might be detrimental
to receptor-mediated fusion because cognate interactions be-
tween head domains of oligomeric paramyxovirus attachment
proteins are important for receptor-mediated fusion. However,
site-directed mutagenesis of this residue to positively (N223R) or
negatively (N224D) charged amino acids had no obvious effect
on fusogenicity (SI Appendix, Fig. S6). These data suggest that, if
an N-linked glycan does occupy the N224 site, it is unlikely to
play a functional role in receptor-induced fusion. Furthermore, it
does not appear that the N224 residue is in the critical dimer
interface area, as posited for HeV-G (and NiV-G) (24).
GhV-G maintains <30% sequence identity with NiV- and

HeV-G. As anticipated (42), this low level of genetic conserva-
tion is reflected structurally, where GhV-G exhibits signifi-
cant structural variation in the β-propeller scaffold with respect
to related NiV- and HeV-G [Figs. 2C and 3; 1.7-Å rms (29)
deviation over 374 equivalent Cα atoms]. Differences in struc-
ture are particularly evident at peripheral solvent accessible regions
in the second, third, and fourth blades of the β-propeller (Fig. 3 A
and B), and these regions map to areas with high structural diversity
and propensity for N-linked glycosylation across the Paramyxovirinae
(23). SI Appendix, Table S1 summarizes and compares the key
features of our GhV-G–ephrin2 crystal structure with extant
structures of NiV-G and HeV-G–ephrinB2 complexes.

The GhV-G–EphrinB2 Interface. EphrinB2 forms a classical Greek
key fold and sits at the top of the β-propeller in a 1:1 interaction.
This protein–protein interface occludes ∼2,400 Å2 of solvent-
accessible surface [as calculated by the PISA EBI server (43)]
and is stabilized by 18 hydrogen bonds. Although extensive, this
interface area is ∼300–400 Å2 smaller than the ephrinB2 in-
terface area with NiV- and HeV-G. The Greek key fold of
ephrinB2 is almost identical in structure to the NiV-G bound
form [Fig. 2C; 0.5-Å rmsd (29) over 136 equivalent Cα atoms].
The primary interaction site of the GhV-G–ephrinB2 complex is
located at the top-center of the β-propeller, where residues from
the GHephrinB2 loop (residues 116–130) form a shallow but ex-
tensive protein–protein interface (Fig. 3C). Despite significant
structural differences between GhV- and NiV-G β-propellers
scaffolds (Figs. 2C and 3 A and B), the conformation of the
GHephrinB2 loop is unexpectedly similar to NiV-G– and GhV-G–

bound forms, where Phe-120ephrinB2 and Trp-125ephrinB2 are buried
deeply into hydrophobic pockets on the GhV-G surface (Fig. 3C).
The number of protein–protein contacts in the GhV-G–

ephrinB2 interface is ∼15% and 12% less than that observed in
the Asiatic NiV-G–ephrinB2 (Fig. 4A) and HeV-G–ephrinB2
(Fig. 4B) structures, respectively. This reduced binding surface is
chiefly due to the absence of a secondary interaction, distal from
the primary central ephrin-binding site, at the tip of the fourth
blade of the GhV-G β-propeller (Fig. 4C). Residues QY388–389
and KY388–389 in NiV- and HeV-G, respectively, form hydro-
gen bonds with ephrinB2, whereas the equivalent RT399–400
residues in GhV-G do not form these same protein–protein
contacts (Fig. 4 Insets). The absence of this secondary binding
site in GhV-G correlated with decreased ephrinB2 binding, with

Table 1. Crystallographic data and refinement statistics

Data collection
Beamline Diamond I04
Resolution range, Å 100.0–1.70 (1.74–1.70)*
Space group I222
Cell dimensions

a, b, c, Å 127.2, 152.5, 163.3
α, β, γ, ° 90.0, 90.0, 120.0
Wavelength, Å 0.979
Unique reflections 172,833 (12,602)
Completeness, % 99.8 (99.3)
Rmerge,* % 4.2 (88.4)
I/σI 18.2 (1.8)
Ave. redundancy 4.9 (4.8)
CC1/2

† 0.999 (0.697)
Refinement

Resolution range, Å 100.0–1.70 (1.74–1.70)
Number of reflections 162,840 (11,797)
Rwork,

‡ % 17.5
Rfree,

§ % 19.9
rmsd

Bonds, Å 0.010
Angles, ° 1.5
Complexes per a.s.u. 2
Atoms per a.s.u.,

protein/sugar/water
9,035/154/1,020

Average B factors, Å2,
protein/sugar/water

33.6/55.9/42.4

Ramachandran plot quality
Most favored region, % 97.1
Allowed region, % 2.9

Parentheses refer to the relevant outer resolution shell. a.s.u., asymmetric
unit.
*Rmerge = Σhkl ΣijI(hkl;i) − <I(hkl)>j/Σhkl ΣiI(hkl;i), where I(hkl;i) is the intensity
of an individual measurement and <I(hkl)> is the average intensity of mul-
tiple observations.
†CC1/2 is defined by Karplus and Diederichs in ref. 58.
‡Rwork = ΣhkljjFobsj − kjFcalcjj/Σhkl jFobsj.
§Rfree is calculated as for Rwork, but using only 5% of the data which were
sequestered before refinement.
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respect to NiV-G; cell-surface GhV-G reproducibly bound sol-
uble ephrinB2–Fc at 25–30% of NiV-G levels (note the differ-
ence in the y axis scale between Fig. 5 A and B). Reciprocal
exchange of the QY388–389 residues in NiV-G with the analo-
gous RT399–400 residues in GhV-G significantly reduced and
enhanced ephrinB2-mediated entry for NiV- and GhV-G, re-
spectively (Fig. 5 C and D). Notably, the “loss-of-function” mu-
tant in NiV-G (QY388–389RT) and its counterpart “gain-of-
function” mutant in GhV-G (RT399–400QY) had less obvious
phenotypes in receptor-binding (Fig. 5 A and B) vs. infectivity
assays (Fig. 5 C and D). These data indicate that the hydrogen
bonds at the secondary binding site impart affinity and stabilize
the receptor-bound complex and that even small differences in
receptor binding can translate into significant differences in the
efficiency of infection. Such structural differences provide a basis
for the different modes of receptor engagement by African GhV
and known Asiatic HNVs, outside the highly conserved primary
interaction interface. In summary, our data suggest that GhV-G
does not mediate human ephrinB2-dependent entry as efficiently
as NiV-G and that further adaptations in the β-propeller scaffold
of GhV-G are required to optimize the secondary ephrinB2
binding site interactions that contribute to the more efficient
ephrinB2-dependent entry mediated by NiV-G.

GhV-G Does Not Recognize EphrinB3 Cell Surface Receptor. EphrinB3
is an established alternative receptor for NiV and HeV (19).
Previous structural studies have revealed how the high sequence
similarity between ephrinB2 and B3, primarily in the GH in-
teraction loops, leads to similar modes of NiV-G binding (22,
26). Given the near-identical conformations of ephrinB2 binding
to African and Asiatic HNVs (Fig. 3C), we sought to investigate
whether GhV-G also exploits ephrinB3 as an alternate cell-sur-
face receptor. Surprisingly, we could not detect binding of sol-
uble ephrinB3–Fc to cell-surface GhV-G, even at concentrations
up to 10 nM, whereas the EC50 for soluble ephrinB3–Fc binding
to NiV-G was <1 nM (Fig. 6A). In addition, soluble ephrinB2–Fc,
but not ephrinB3–Fc, inhibited GhV pseudotyped virus particle
(GhVpp) entry into highly permissive U87 cells (Fig. 6B). Lastly,
whereas NiVpp efficiently entered CHO cells stably expressing
ephrinB2 (CHO-B2) or ephrinB3 (CHO-B3) (20), GhVpp only
showed entry into CHO-B2 cells (Fig. 6 C and D).
Although it is possible that the interaction of GhV-G with

ephrinB3 is too inefficient to be detectable by our assays, we note
that another HNLV recently isolated from pteropid bats (Cedar
virus; CedV) also appeared to use ephrinB2 but not ephrinB3
(3). CedV-G exhibits low sequence identity with NiV- and HeV-G
(∼30%), but appears even more distantly related to GhV-G (24%

Fig. 2. GhV-G and recognition of ephrinB2. (A) Crystal structure of GhV-G in complex with ephrinB2. The six-bladed β-propeller of GhV-G is shown as
a rainbow ramped from blue (N terminus) to red (C terminus). The Greek-key fold of ephrinB2 is shown as a gray cartoon. Asparagine-linked N-acetylglu-
cosamine moieties are shown as pink sticks. (B) Domain schematic of GhV-G (Upper) and ephrinB2 (Lower). IV, intravirion domain; TM, transmembrane
domain; SP, signal peptide; IC, intracellular domain. Y-shaped symbols designate N-linked glycosylation sites; those sites observed to be occupied in the crystal
structure are marked with an asterisk. Lines and connected lines below each diagram correspond to cysteines and disulfide bonds, respectively. A cysteine and
a disulfide bond present in GhV-G, but not conserved in NiV- and HeV-G, are highlighted in bold blue. Only cysteines contained in the mature protein and
exposed to the oxidizing extracellular environment are annotated. Residues 618–632 in GhV-G were disordered and not built in the crystal structure. Dia-
grams were produced by using DOG software (Version 2.0; ref. 72). (C) Structural comparison of African and Asiatic HNV-Gs in complex with human ephrinB2.
Structures of GhV-G–ephrinB2 (GhV-G, blue; ephrinB2, yellow) and NiV-G–ephrinB2 (NiV-G, orange; ephrinB2, green; PDB ID code 2VSM) are shown in a Cα
trace representation superimposed on the viral receptor component of the complexes.
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sequence identity). Because ephrinB3 is expressed at higher levels
in the brainstem than ephrinB2, it has been proposed that ephrinB3-
mediated entry may be the ultimate cause of brainstem neuronal
dysfunction that is a hallmark of fatal HNV encephalitis (44).
Future comparative structure–function studies on these HNVs
with differential receptor tropism are critical for determining
whether ephrinB3 use is a correlate of efficient ephrinB2 use and/or
pathogenicity.

Determinants of Receptor-Mediated Fusion. The initial step of re-
ceptor-mediated triggering of the HNV fusion cascade is de-
pendent upon binding of HNV-G to host-cell ephrins (45). Highly
conserved amino acid residues thought to play a key role in this
triggering process have been identified at the base of the first and
sixth blades of the NiV- and HeV-G β-propeller domains, proximal
to the proposed region of HNV-G dimerization (24, 46). Residues
in this region contribute to a well-characterized receptor-binding–
enhanced (RBE) epitope recognized by Mab45. However, these
residues are not conserved in GhV-G (SI Appendix, Fig. S1,
shaded yellow box), and Mab45 does not cross-react with GhV-G
(Fig. 1C). Thus, there may be an alternative motif that contrib-
utes to receptor-mediated triggering of the fusion cascade for
this HNV.
The GhV-G attachment glycoprotein also encodes a 17- to 20-

amino-acid C-terminal extension, which is not present in NiV-G,
HeV-G, or the more recently described CedPV-G (SI Appendix,

Fig. S1). Because C-terminal extensions have an established role
in autoinhibition of receptor-mediated fusion of avirulent New-
castle Disease virus HN-mediated entry (NDV-HN) (47–49),
we hypothesized that the extension observed in GhV-G may
likewise modulate the viral fusion cascade. However, although
the C-terminal extension in the HN of the NDV Ulster strain was
well ordered (49), we were unable to detect clear electron density
for this region in the structure of GhV-G, an observation consis-
tent with structure disorder prediction analysis, which reveals that
this region may be natively disordered (Fig. 7 A and B and SI
Appendix, Fig. S8) (50). To assess whether these residues may
have a functional role in receptor-mediated fusion and virus
entry, we generated a minimal C-terminal truncation mutant
(GhV-GΔC) that was expressed and bound human ephrinB2 at
wild-type (WT) levels (SI Appendix, Fig. S7 B and C) and de-
termined its ability to mediate fusion and infection. When
cotransfected with WT GhV-F, GhV-GΔC was significantly de-
ficient in syncytia formation compared with WT GhV-G (Fig.
7C). This fusion deficiency was also reflected in decreased in-
fectivity in the context of pseudotyped virus infection (Fig. 7D),
confirming that the C-terminal residues on GhV-G play a role in
efficient virus entry. We speculate that the C terminus of GhV-G
may play a similar role as the Mab45 RBE in NiV- and HeV-G
with regards to receptor-mediated allosteric triggering of fusion
in the genus Henipavirus.

Structurally Inferred Evolutionary Relationship of GhV with Other
Paramyxoviruses. Structure-based phylogenic analysis by pair-
wise distance calculation is a useful tool for exploring evolu-
tionary relationships between genetically diverse, but structurally
homologous, viral proteins (51). When applied to paramyxoviral
attachment glycoprotein structures, this approach has revealed
multiple evolutionary events by which paramyxovirus H and G
glycoproteins have derived protein-binding specificity from their
glycan-binding precursors (22, 41). Given the relatively low se-
quence identity of GhV-G with Asiatic NiV- and HeV-G (Fig.
8A), we sought to infer the structural relationship of GhV-G with
HNV-Gs and other paramyxovirus attachment glycoproteins.
We performed a side-by-side structural and genetic phylogeny
analysis (Fig. 8 A and B) and observed that, consistent with
known functionality, paramyxoviruses separate according to
receptor specificity, whereby ephrin-binding HNV-Gs segre-
gate from sialic acid-binding HNs and protein-binding measles
virus (MV). Although GhV-G maintains low sequence identity
with the receptor-binding domains of NiV- and HeV-G (<30%),
structural phylogenetic analysis confirms that GhV-G allies to
the Asiatic HNV-G cluster of the structural phylogeny. We also
note that, consistent with sequence-based analysis (Fig. 8A),
GhV-G and Asiatic NiV-G/HeV-G are both almost equidistant
in structure from glycan-binding paramyxoviruses. These data
are suggestive of separate structural evolution of GhV-G from
Asiatic HNVs, after bifurcation from a common ephrin-binding
HNV ancestor.

Conclusions
Recent surveillance studies have recognized that bats are major
reservoirs for paramyxoviruses (2, 11). Although sequence in-
formation revealed the presence of novel paramyxoviruses
from all major mammalian Paramyxovirinae genera, the putative
identification of at least 19 novel and divergent clades of HNLVs
in Africa is arguably the most surprising (2). These studies have
led to a reassessment of the risk that emerging HNVs or HNLVs
pose to human populations (2, 12). The early symptomology of
HNV infections—fever and headache—cannot be easily differ-
entiated from the symptomatic noise inherent in the pathogen-rich
areas of tropical Africa. Thus, although the extent of the bio-
medical impact of these viruses upon human health has yet to be
established, it is plausible that African HNV-related illnesses have

Fig. 3. Structural variation of viral and receptor scaffolds. (A) Overlay of
HNV six-bladed β-propeller receptor-binding domains: GhV-G (blue), NiV-G
(orange; PDB ID code 2VSM), and HeV-G (mint; PDB ID code 2VSK). (B) Cartoon
representation of the HNV-G β-propeller with rms displacement of equivalent
residues between GhV- and NiV-G mapped onto the Cα trace of GhV-G. The
tube radius and color represent the RMS displacement (ramped from blue to
red). Regions with the highest deviations between GhV- and NiV-G are
thick and colored red. Regions with low deviation are thin and colored blue.
(C) Conserved mode of ephrinB2 receptor binding between African and
Asiatic HNV-Gs. Comparison of the GhV-G–ephrinB2 and NiV-G–ephrinB2
interfaces. Van der Waals surface representations of GhV-G (Left) and NiV-G
(Right) in complex with ephrinB2 are shown. EphrinB2 residues belonging to
the GH loop are shown as yellow sticks with maximum-likelihood-weighted
2Fo − Fc electron density shown for the GhV-G–ephrinB2 structure. Residues
on the surface colored blue (Left) and orange (Right) are conserved between
NiV- and GhV-G, respectively.
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been misdiagnosed as malaria-associated encephalitis (2, 13) or
otherwise have been attributed to the innumerable cases of un-
resolved fevers of unknown origin in that part of the world. Here,
we provide molecular-level details for evaluating the likelihood of
spillover of African HNVs into human populations.
We demonstrate that GhV, the only African HNV for

which envelope sequence information is available, akin to highly
pathogenic Asiatic HNVs, hijacks species conserved ephrinB2
cell-signaling receptors during cell entry. X-ray crystallographic
investigation of a GhV-G–ephrinB2 complex reveals that this
African HNV and Asiatic HNVs display HNV-G receptor-
binding scaffolds, which differ significantly in structure but are
capable of accommodating nearly identical primary ephrinB2-
binding modes. However, our studies also revealed that the
GhV-G–ephrinB2 complex has a significantly lower level of
buried surface at the envelope-receptor interface compared with
NiV-G/HeV-G (2,400 Å2 vs. 2,700–2,800 Å2, respectively). This
lower surface area, largely due to the lack of a secondary
ephrinB2-binding site (Fig. 4), may account for the less efficient
use of ephrinB2; GhV-G mediates lower ephrinB2-mediated
infectivity than NiV-G in pseudotyped virus entry assays and
forms smaller syncytia than NiV- or HeV-G (Fig. 5 and ref. 27).
Whether this finding argues for the decreased likelihood of
zoonotic bat-to-human transmission awaits comparative analysis
of the various HNV-G interactions with bat and human ephrinB2.

However, we note that bat and human ephrinB2 differ by only
three conserved amino-acid substitutions in the contact residues
with GhV-G and thus likely maintain very similar modes of binding
(SI Appendix, Fig. S9).
In a therapeutic context, unlike the tractable and structurally

conserved sialic-acid binding sites of paramyxovirus HNs (52),
the apparent structural plasticity (23, 24) and low level of se-
quence conservation (<30% sequence identity) on the HNV-G
receptor-binding β-propeller scaffold are likely to prove an ob-
stacle in the rational design of vaccines that induce broadly
neutralizing antibodies to the ever-expanding spectrum of HNVs
or HNLVs. Notably, none of our polyclonal or monoclonal anti-
bodies made against NiV cross-reacted with GhV-G (Fig. 1) or
cross-neutralized GhVpp infection (12). Similarly, anti-NiV/-HeV
polyclonal and monoclonal neutralizing antibodies also did not
neutralize CedV, another HNLV also distantly related to NiV/HeV
(≤30% sequence identity in the G protein) (3). However, because
GhV- and CedV-G both mediate ephrinB2-dependent entry, and
the primary ephrinB2-binding site appears conserved, despite the
low overall sequence identity, immune focusing by prime-boost
vaccination (53, 54) may be a strategy for eliciting broadly
neutralizing antibodies that target the primary ephrinB2-interacting
site on divergent HNV-Gs.
In summary, our data reveal a unified strategy for genetically

and geographically diverse HNVs to enter host cells. These data

Fig. 4. The amino acid footprint of human ephrinB2 on HNV-G. (Left) NiV-G–ephrinB2 (PDB ID code 2VSM) (A), HeV-G–ephrinB2 (PDB ID code 2VSK) (B), and
GhV-G–ephrinB2 (C) complexes shown in van der Waals surface representation with the G proteins colored white and ephrinB2 gray. Residues on NiV-, HeV-,
and GhV-G, which form contacts with ephrinB2, are colored orange, green, and blue, respectively. (Center) Looking down at the ephrinB2 binding site of
HNV-G with residues from ephrinB2 shown as yellow sticks. (Right) Close-up view illustrating the absence of a secondary interaction interface in the GhV-G–
ephrinB2 complex. The region of the close-up view is indicated by the dotted circles in Left and Center. Note that the secondary ephrinB2 interaction interface
is present in both the NiV-G–ephrinB2 and HeV-G–ephrinB2 complexes, but not in GhV-G–ephrinB2.
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not only broaden the known viral architectures that can bind
ephrins, but also provide a molecular rationale for spillover of
newly emerging HNVs into human populations.

Materials and Methods
Protein Expression and Purification. The putative six-bladed β-propeller do-
main of the GhV-G attachment glycoprotein (residues 199–632; GenBank
accession no. AFH96011.1) and receptor-binding domain of human ephrinB2
(residues 25–168; GenBank accession no. NM_004093) were cloned into the
pHLsec mammalian expression vector (55). GhV-G and ephrinB2 were
coexpressed in HEK293T cells in the presence of the α-mannosidase in-
hibitor, kifunensine, with 2 mg of DNA per liter of cell culture in a 3:1
ratio of GhV-G to ephrinB2. Cell supernatant containing secreted GhV-G–
ephrinB2 were collected 6 d after transfection, clarified, and diafiltrated
against a buffer containing 10 mM Tris (pH 8.0) and 150 mM NaCl. GhV-G–
ephrinB2 complex was purified by immobilized metal-affinity chroma-
tography and partially deglycosylated with endoglycosidaseF1 (75 μg·mg−1

protein, 16 h, 21 °C). After deglycosylation, GhV-G–ephrinB2 was purified
by size-exclusion chromatography using a Superdex 200 10/30 column
equilibrated against 10 mM Tris (pH 8.0) and 150 mM NaCl. The approxi-
mate yield of purified, deglycosylated GhV-G–ephrinB2 was 2.0 mg per
liter of cell culture.

Crystallization and Structure Determination. GhV-G–ephrinB2 complex was
crystallized at a concentration of 13.2 mg·mL−1 using the sitting-drop vapor-
diffusion method (56), by mixing 100 nL of protein and 100 nL of precipitant
containing 12% (wt/vol) PEG 4000, 0.1 M sodium acetate (pH 5.5), 0.1 M
LiSO4, and 0.1 M NaCl. Crystal drops were equilibrated against 95 μL of
a precipitant-containing reservoir for 3 d at 22 °C. Crystals were cry-
oprotected with 25% (vol/vol) ethylene glycol plus precipitant followed by
rapid cooling in liquid nitrogen. X-ray data were recorded at Beamline I04 at
Diamond Light Source (Didcot, U.K.) on a Dectris Pilatus 6M-F detector. X-ray
data were indexed, integrated, and scaled with XIA2 (57). The high-resolu-
tion cutoff for the data was determined by analysis of CC1/2, as defined by

Karplus and Diederichs (58). The structure of the GhV-G–ephrinB2 complex
was phased by molecular replacement with PHASER (59) using the crystal
structure of NiV-G in complex with ephrinB2 as a search model (PDB ID code
2VSM) (22). The initial model was built with ARP/wARP (60) and then man-
ually rebuilt with COOT (61). Structure refinement was performed with
Refmac5 (62) in the CCP4 suite and included restrained refinement with TLS
(62, 63) and locally defined noncrystallographic symmetry. The final refined
structure was validated with Molprobity (64).

Cells and Plasmids. U87 and HEK293T (ATCC) cells were grown in DMEM with
10% (vol/vol) FCS and 1% penicillin/streptomycin (Life Technology). Pre-
viously described CHO–ephrinB2 and CHO–ephrinB3 cells (44) were main-
tained in DMEM/F12 medium (Life Technology) with 10% (vol/vol) FCS, 1%
penicillin/streptomycin, and 1.0 mg/mL G418. Codon-optimized sequences of
GhV-G and the corrected GhV-F tagged with a C-terminal HA or Au1, re-
spectively, were cloned in pcDNA3.1 vector and used for glycoprotein ex-
pression (as described in ref. 27). Glycoprotein surface expression was
compared by transfecting 293T cells with GhV-G (or associated GhV-G
mutants) expression vector using Lipofectamine 2000 (Life Technology).
At 24 h postinfection (hpi), cells were detached by gentle pipetting, fixed
in 2% (vol/vol) paraformaldehyde, and stained with anti–HA-PE 1/500 (MACS
Molecular). Cells were then analyzed by using a FACS Calibur cytometer.

Syncytia Assay. Syncytia assays were performed by transfecting U87 cells with
GhV-F and -G expression vector as described above. At 48 hpi, cells were fixed
for 10 min in methanol and stained for 45 min with Giemsa. Cells were then
washed with water and allowed to dry. Stained cells were photographed,
and nuclei-per-syncytium ratio was determined using ImageJ with the Cell
Counter plug-in.

Pseudotyped Virus. NiV and GhV pseudotyped particles (NiVpp and GhVpp)
were produced as described (12, 19, 65). Glycoprotein expression on NiVpp
and GhVpp was determined by Western blotting for F and G using anti-AU1
and -HA tag antibodies, respectively. Briefly, NiVpp and GhVpp purified

Fig. 5. GhV-G uses ephrinB2 less efficiently. (A and B) EphrinB2 binding to WT NiV-G (A) or GhV-G (B) and the respective QY388-389 (A) or RT399-400 (B) mutants
involving the secondary ephrinB2-binding interface. Soluble EphrinB2–Fc binding to cell surface HNV-G was background subtracted and normalized to HNV-G cell-
surface expression as detected by anti-HA staining. Data are shown as the mean normalized geometric mean fluorescent intensity (GMFI) ± SD of duplicate
experiments. One representative experiment of three is shown. (C and D) Effects of reciprocal NiV-G (QY388-389RT) and GhV-G (RT399-400QY) mutations in the context of
an infectivity assay using VSV-based pseudotyped particles, prepared as described inMaterials andMethods. (C andD) NiVpp (C) and GhVpp (D) bearingWT F/G or the
indicated mutant G proteins were used to infect U87 glioblastoma target cells over a range of viral inoculum (indicated by a dilution series of the viral stock
preparation). Entry of NiVpp/GhVpp results in production of luciferase by the reporter virus backbone (VSV-ΔGLuc). Data are shown as mean ± SD from quadruplicate
samples. One representative experiment of two is shown. QY388-389RT mutations in NiV-G (C) and RT399-400QY mutations in GhV-G (D) significantly decreased (P <
0.0001) and increased (P < 0.0036) infectivity with respect to their parental WT NiVpp and GhVpp (two-way ANOVA for multiple comparisons across the dilution series
examined). In contrast, only the NiV-G QY388-389RT mutant (A) showed moderate but significantly decreased ephrinB2 binding with respect to WT NiV-G (P < 0.0065;
two-way ANOVA for multiple comparisons). Expression of the various F and G proteins on pseudotyped particles and the cell surface are shown in SI Appendix, Fig. S7.
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by ultracentrifugation through a 20% (wt/vol) sucrose cushion were lysed in
6× Laemmli buffer [5% (vol/vol) β-mercaptoethanol final]. Samples were
then boiled for 10 min, run on 12% (wt/vol) polyacrylamide gel with SDS and
transferred onto a PVDF membrane. The membrane was blocked in Li-Cor

buffer and stained with rabbit α-HA 1/15,000 in Li-Cor buffer and mouse
α-AU1 (1/5,000) in Li-Cor buffer plus 0.1% Tween 20. The membrane was then
washed in PBS plus 0.1% Tween 20 and incubated with Li-Cor goat α-mouse
800 and goat α-rabbit 700 diluted to 1/10,000 and 1/20,000, respectively.

Fig. 6. GhV-G does not use ephrinB3 as a cell-surface receptor. (A) Soluble ephrinB3–Fc binds NiV-G but not GhV-G. NiV- or GhV-G was transfected into CHO
cells. At 18 h after transfection, cells were stained with increasing amounts of recombinant soluble ephrinB3–Fc and processed for FACS analysis after
secondary staining with PE-conjugated anti-human Fc antibodies. Data are shown as mean ± SD of experiments performed in duplicates. One repre-
sentative experiment of two is shown. (B) sEphrinB2–Fc but not sEphrinB3–Fc, blocks GhVpp infection of U87 cells. GhVpp prepared as described in Fig. 5
was used to infect U87 cells in the presence of increasing amounts of soluble ephrinB2–Fc or ephrinB3–Fc as indicated. Data are shown as mean ± SD of
quadruplicate infection experiments. (C and D) NiVpp (C ) and GhVpp (D) were used to infect CHO cells stably expressing ephrinB2 (CHO-B2) or ephrinB3
(CHO-B3) over a fivefold dilution series of viral inoculum ranging from 1:10 to 1:31,250 (reciprocal virus dilution indicated on the x axis). Entry of NiVpp/GhVpp
results in production of luciferase by the reporter virus backbone (VSV-ΔGLuc). Data are shown as mean ± SD from quadruplicate samples. One representative
experiment of two is shown.

Fig. 7. The C terminus of GhV-G plays a functional role in fusion and entry. (A) GhV-G residues Thr-618–Tyr632 at the C terminus are disordered and likely
directed back along the first and sixth blade of the β-propeller scaffold. GhV-G and ephrinB2 are depicted as in Fig. 2A. (B) C-terminal sequence alignment of
NiV-G, HeV-G, CedV, and GhV-G showing that the C terminus of GhV-G is 17–20 amino acids longer than the other HNV-Gs. (C and D) Truncation of the
C-terminal 9 amino acids of GhV-G (GhV-G ΔC-ter) does not affect cell-surface expression, sEphrinB2–Fc binding, or incorporation into pseudovirions (SI
Appendix, Fig. S7), but significantly affects its ability to mediate syncytia formation (C) and infectivity (D) when paired with WT GhV-F. Syncytia formation and
GhVpp infections were performed as described in Materials and Methods. P values were determined by unpaired Student’s t test.
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Membrane was finally washed and scanned by using a Li-Cor Odyssey Scanner.
Protein amount was determined by using the Li-Cor Odyssey software.

Target cells plated in 96-well plates were infected with the indicated pseu-
doviruses serially diluted in DMEMfor 2 h at 37 °C. For inhibition experiments, the
indicated amount of soluble ephrin–Fc (Sigma) was added together with a pre-
determined amount of pseudotyped virus stock during this incubation period.
Cells were thenwashed twice with PBS and incubated at 37 °C in the appropriate
medium. After 36 h, cells were washed with PBS, lysed, and processed by using
Renilla Luciferase Detection kit according to the manufacturer’s directions
(Promega). Luminescence intensity was read on a Tecan M1000 luminometer.

Construction of Structure-Based Phylogenies. Structural alignments were run
with the program SHP (66) to optimize the localized fit between equivalent
Cα positions, where the probability of equivalence between Cα pairs of
residues is greatest (51). By alignment of available paramyxoviral H, HN, and
G structures, a pairwise evolutionary distance matrix (51) was constructed
and plotted as an unrooted tree with PHYLIP (67).

Phylogenetic Analysis of G/H/HN Amino Acid Sequences of Selected Para-
myxoviruses. The sequences of nine paramyxovirus G/H/HN proteins were
aligned by using the Muscle (68) program of the MEGA6 software suite

(69). The evolutionary history was inferred by using the neighbor-joining
method (70). The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed by using the Poisson
correction method (71) and are in the units of the number of amino acid
substitutions per site. All positions containing gaps and missing data were
eliminated. There were a total of 516 positions in the final dataset. Evo-
lutionary analyses were conducted in MEGA6 (69).

Data Deposition. Coordinates and structure factors of the GhV-G–ephrinB2
complex were deposited in the PDB (PDB ID code 4UF7). Crystallographic
data collection and refinement statistics are presented in Table 1.
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