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ABSTRACT

Hendra virus (HeV) and Nipah virus (NiV) are reportedly the most deadly pathogens within the Paramyxoviridae family. These
two viruses bind the cellular entry receptors ephrin B2 and/or ephrin B3 via the viral attachment glycoprotein G, and the con-
certed efforts of G and the viral fusion glycoprotein F result in membrane fusion. Membrane fusion is essential for viral entry
into host cells and for cell-cell fusion, a hallmark of the disease pathobiology. HeV G is heavily N-glycosylated, but the functions
of the N-glycans remain unknown. We disrupted eight predicted N-glycosylation sites in HeV G by conservative mutations (Asn
to Gln) and found that six out of eight sites were actually glycosylated (G2 to G7); one in the stalk (G2) and five in the globular
head domain (G3 to G7). We then tested the roles of individual and combined HeV G N-glycan mutants and found functions in
the modulation of shielding against neutralizing antibodies, intracellular transport, G-F interactions, cell-cell fusion, and viral
entry. Between the highly conserved HeV and NiV G glycoproteins, similar trends in the effects of N-glycans on protein func-
tions were observed, with differences in the levels at which some N-glycan mutants affected such functions. While the N-glycan
in the stalk domain (G2) had roles that were highly conserved between HeV and NiV G, individual N-glycans in the head affected
the levels of several protein functions differently. Our findings are discussed in the context of their contributions to our under-
standing of HeV and NiV pathogenesis and immune responses.

IMPORTANCE

Viral envelope glycoproteins are important for viral pathogenicity and immune evasion. N-glycan shielding is one mechanism
by which immune evasion can be achieved. In paramyxoviruses, viral attachment and membrane fusion are governed by the
close interaction of the attachment proteins H/HN/G and the fusion protein F. In this study, we show that the attachment glyco-
protein G of Hendra virus (HeV), a deadly paramyxovirus, is N-glycosylated at six sites (G2 to G7) and that most of these sites
have important roles in viral entry, cell-cell fusion, G-F interactions, G oligomerization, and immune evasion. Overall, we found
that the N-glycan in the stalk domain (G2) had roles that were very conserved between HeV G and the closely related Nipah virus
G, whereas individual N-glycans in the head quantitatively modulated several protein functions differently between the two vi-
ruses.

H endra virus (HeV), Nipah virus (NiV), and the newly discov-
ered Cedar virus (CedPV) belong to the genus Henipavirus in
the Paramyxoviridae family (1, 2). HeV and NiV are emerging
zoonotic viruses that can be transmitted from bats to humans
directly or via intermediary hosts. These are the only two viruses in
the Paramyxoviridae family classified as biosafety level 4 (BSL4),
and their mortality rates in humans are 40 to 75% (3). HeV is
transmitted to horses via fruit bats, and several outbreaks in horses
have been reported as recently as 2014 (4, 5). Although HeV out-
breaks have been rare and limited to eastern Australia, the high
mortality rates of henipaviruses in humans and the broadening of
fruit bat habitats raise serious concerns about the spread of these
viruses (6). Vaccines and postexposure treatments targeting the
soluble form of HeV G (sGp.y) seem promising, but to date, a
vaccine has only been licensed for use in horses (EquivacHeV) (7,
8). More detailed structural and functional analyses of the Hendra
virus G glycoprotein may help us improve vaccine approaches and
our understanding of HeV and NiV pathobiology.

The paramyxoviruses have two surface glycoproteins, the at-
tachment (H/HN/G) and fusion (F) glycoproteins. These proteins
work in concert; thus, in the case of NiV or HeV, the binding of G
to a cellular receptor (ephrin B2/ephrin B3) induces a recently
described conformational cascade in G that ultimately triggers F
to execute pH-independent virus-cell or cell-cell membrane fu-
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sion (9-11). The attachment protein is a type II transmembrane
glycoprotein with a predicted N-terminal cytoplasmic tail (resi-
dues 1 to 46), a transmembrane domain (residues 47 to 69), and a
C-terminal ectodomain (residues 70 to 604). The HeV G ectodo-
main is divided into the stalk region (residues 71 to 188) and the
globular head domain (residues 189 to 604) (Fig. 1A) (12, 13).
NiV G is heavily glycosylated, with six of the seven potential
N-linked glycosylation sites being utilized (G2 to G7) (14). G2 is
located in the stalk region (residue 159), whereas the remaining
N-glycosylation sites (G3 to G7) are located on the surface of the
globular head domain (15). The NiV and HeV G proteins share
83% amino acid identity and utilize the same cell entry receptors,
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FIG 1 Individual characterizations of all eight predicted N-glycosylation sites in HeV G. (A) Schematic representation of HeV G, including the positions of the
eight potential glycosylation sites. The cytoplasmic tail (CT), transmembrane (TM), and extracellular domains of HeV G are indicated. Three cysteine residues
in the stalk domain that are important for G oligomerization are depicted (CCC) (13). O-glycosylation sites published for HeV G are illustrated by open circles
(24). (B) N-glycan structural positions in the head of HeV G. Side view of the cartoon representation of the monomeric subunit structure of the HeV G globular
head domain, taken from HeV G in complex with ephrin B2 (PDB ID 2VSK) (38). Interestingly, the G3 region from the dimeric crystal structure of HeV G (PDB
ID 2X9M) (39) shows this region to form a loop (outer box) instead of an alpha helix (inner box). Structures were attained using PYMOL (www.pymol.org). The
structure displays the positions of the predicted HeV G head N-glycosylation sites (G3 to G7 and position 275, highlighted in red and marked by red arrows). The
likely oligomerization face of HeV G (39) is indicated. The MAb26 and MAb45 binding regions (11) are highlighted in green. (C) 293T cells were transfected with
WT or mutant HeV G expression constructs and lysed 20 to 24 h posttransfection. Lysates were analyzed for HeV G expression by reducing (top gel) or
nonreducing (bottom gel) PAGE and subsequent immunoblotting against the C-terminal HA tag in HeV G using rabbit anti-HA antibody. The reducing gel
resolved the monomeric form of HeV G, whereas the nonreducing gel also resolved the dimeric and tetrameric forms of HeV G, as indicated. Stars denote the
monomeric G of the unoccupied N-glycosylation sites of the G1 and N275Q mutants, running with the same mobility as WT HeV G. (D) 293T cell surface
expression (CSE) and ephrin B2 (B2) receptor binding of HeV G N-glycan mutants was determined by flow cytometry using mouse anti-HA antibody or soluble
mouse ephrin B2/Fc chimeric protein, respectively. The fusion promotion abilities of the HeV G N-glycan mutants were assessed in 293T cells by cotransfection
with WT HeV F. Syncytial nuclei were counted as outlined in Materials and Methods. The CSE, ephrin B2 binding, and fusion levels of the HeV G N-glycan
mutants were normalized to those of WT HeV G. Data shown are the average results = standard errors of the means (SEM) from at least three independent
experiments.

ephrin B2 and ephrin B3, although HeV G binding seems to have
lower avidities, particularly with ephrin B3 (16-18). The predicted
N-glycosylation sites are mostly conserved between NiV and HeV
G, except that HeV G harbors an additional predicted glycosyla-
tion site at residue 275. However, the residues actually N-glycosy-
lated in HeV G and the potential biological roles of the actual HeV
G N-glycans are currently not known.

In this study, we conservatively mutated the eight potential
HeV G N-glycosylation sites and identified those actually N-gly-
cosylated. In addition, we discovered several HeV G N-glycan
modulatory functions in viral entry, cell-cell fusion, interactions
with F, and shielding from neutralizing antibodies. These impor-
tant roles in HeV biology highlight many similarities and some
quantitative differences compared to the NiV G N-glycan func-
tions.

MATERIALS AND METHODS

Expression plasmids and site-directed mutagenesis. Codon-optimized
F and G pcDNA3.1 expression plasmids for NiV and HeV were con-
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structed as previously described (19). Upon inspection of the GenBank
database, we found that two main published HeV G amino acid sequences
exist, differing by single amino acid residues at position 134 in the stalk
and position 507 in the globular head domain (GenBank accession num-
bers AAV80426.1 and AEQ38115.1). To reflect the most common se-
quence in the database, the Hendra virus G expression construct
(AAV80426.1) was modified at residues 134 (Cto S) and 507 (S to T) using
site-directed mutagenesis. Note also that the threonine at residue 507 of
HeV G increases ephrin B3 binding levels close to those of NiV G (16).

Conserved asparagine-to-glutamine mutations were introduced at
each predicted glycosylation site by standard site-directed mutagenesis at
amino acid positions 72 (G1), 159 (G2), 275 (N275Q), 306 (G3), 378
(G4), 417 (G5), 481 (G6), and 529 (G7) in the HeV G glycoprotein. The
sequences were verified by DNA sequencing (Eurofins, AL). HeV G genes
were cloned within the NotI and Kpnl restriction sites of the pcDNA3.1(-)
vector (Invitrogen, NY), and the HeV F gene was cloned within KpnI and
Xhol restriction sites of the pPCAGGS vector.

Cell lines. PK13 and 293T cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM), and Vero cells were cultured in minimal
essential medium (MEM), both supplemented with 10% fetal bovine se-

July 2015 Volume 89 Number 14


http://www.ncbi.nlm.nih.gov/nuccore?term=AAV80426.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AEQ38115.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AAV80426.1
http://www.rcsb.org/pdb/explore/explore.do?structureId=2VSK
http://www.rcsb.org/pdb/explore/explore.do?structureId=2X9M
http://www.pymol.org
http://jvi.asm.org

rum (FBS), 50 IU penicillin mI™, 50 wg streptomycin ml™, and 2 mM
glutamine.

Cell-cell fusion assay. HEK293T cells (~70% confluence) were trans-
fected with wild-type (WT) HeV F and WT or mutant HeV G expression
plasmids (1:1 ratio). Syncytial nuclei (4 or more nuclei per cell) were
counted in each microscopic field (200X). Five microscopic fields were
counted for each transfection (11, 20).

Quantification of HeV G cell surface expression, ephrin B2, and con-
formational antibody binding by flow cytometry. 293T or ephrin B2-
deficient PK13 cells were transfected with 2 pg WT or mutant HeV G
expression plasmids and collected at 20 to 24 h posttransfection. Cells
transfected with vector alone (pcDNA3.1) served as a negative control. To
measure cell surface expression and ephrin B2 binding levels, 293T cells
expressing WT or mutant HeV G proteins were incubated with mouse
antihemagglutinin (anti-HA) antibody (1:400; Covance, PA) or a soluble
recombinant mouse ephrin B2/human Fc chimera (10 nM; R&D Systems,
MN) at 4°C for 1 h, respectively. Cells were washed twice with fluores-
cence-activated cell sorting (FACS) buffer (1% FBS in phosphate-buff-
ered saline [PBS]) and incubated with Alexa Fluor 647-labeled anti-hu-
man or anti-mouse antibodies (1:400; Life Technologies, NY) for 30 min
at 4°C. Cells were washed twice as before, fixed in 0.5% paraformalde-
hyde, and analyzed by flow cytometry (Guava easyCyte8 HT; EMD Mil-
lipore, MA). The soluble mouse ephrin B2/human Fc chimera contains
the ectodomain of mouse ephrin B2 (residues 27 to 227).

For the conformational antibody binding assay, we used rabbit anti-
NiV G monoclonal antibodies (MAb) MAb26 and MAb45, detecting both
NiV G and HeV G (21). PK13 cells were transfected as described above.
Cells were first incubated for 15 min at 4°C with 0 nM or 100 nM soluble
ephrin B2 and then incubated for 1 h at 37°C with MAb26 or MAb45
(1:1,000 dilution). Bound antibody was detected using Alexa Fluor 647-
labeled goat anti-rabbit antibody (Life Technologies, NY) at a dilution of
1:200. Cells were washed with FACS buffer and fixed as described above
before analysis by flow cytometry (20, 22).

Reducing/nonreducing SDS-PAGE and immunoblotting. 293T cells
were transfected with WT HeV F and/or WT or mutant HeV G expression
plasmids and lysed in 1X radioimmunoprecipitation assay (RIPA) buffer
(EMD Millipore, MA) supplemented with protease inhibitors (cOmplete
mini; Roche, IN) 20 to 24 h posttransfection. Cell lysates or vesicular
stomatitis virus (VSV)/HeV-rLuc (containing the Renilla luciferase re-
porter gene) pseudotyped virions were subjected to SDS-PAGE and im-
munoblotting. Amounts of 2 X 10° or 5 X 10” virions (genome copies)
were separated by reducing (10%) or nonreducing (8%) SDS-PAGE, re-
spectively. For nonreducing SDS-PAGE, samples were neither treated
with B-mercaptoethanol nor denatured by heat. HeV G and F proteins
were detected using anti-HA (1:2,000) or anti-AU1 (1:500) antibody (de-
tecting the epitope tag DTYRYI), respectively. Fluorescently labeled sec-
ondary antibodies (1:2,000) were used as described above, and proteins
were detected and quantitated using a ChemiDoc MP imaging system
with ImageLab software (Bio-Rad, CA).

Coimmunoprecipitations. Equal amounts of F and G expression
plasmids (6 g each) were transfected into HEK293T cells (~90% con-
fluence in 10-cm dishes) using BioT (Bioland Scientific, CA). The expres-
sion of only F or G was used as the respective negative control. Approxi-
mately 20 h posttransfection, cells were washed with PBS and lysed in 1.5
ml RIPA buffer (Millipore, MA) supplemented with complete protease
inhibitor (cOmplete mini; Roche, IN). Cells were lysed for 20 min on ice,
and cellular debris was precleared by centrifugation. One half of the cell
lysate was utilized for immunoprecipitation using the uMACS HA isola-
tion kit (Miltenyi Biotec, CA). Briefly, lysates were incubated with 35 .l of
WMACS protein G MicroBeads by rotating at 4°C for 1 h. HA-tagged
proteins were bound to wuMACS columns, washed at least four times with
RIPA buffer supplemented as described above, and eluted in hot SDS-
loading dye (Laemmli buffer) containing 0.1 M mercaptoethanol as rec-
ommended by the manufacturer. Half of each purified elution was sepa-
rated by 10% PAGE and blotted onto a polyvinylidene difluoride (PVDF)
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membrane. F and G proteins were detected using anti-mouse AU1 anti-
body (1:500) and anti-rabbit HA antibody (1:2,000), respectively, and
fluorescent secondary antibodies (Alexa Fluor 488-labeled goat anti-
mouse and Alexa Fluor 647-labeled goat anti-rabbit antibodies, respec-
tively; Life Technologies, NY) were used as described above (1:4,000).
Actin was used as an internal loading control for lysate samples using
rabbit antiactin (I-19; Santa Cruz, CA) polyclonal antiserum at a 1:200
dilution. Western blots were imaged with the ChemiDoc XRS system
(Bio-Rad, CA), and protein bands were quantified using ImageLab anal-
ysis software (Bio-Rad, CA).

Pseudotyped HeV/VSV-rLuc production, qPCR, and viral entry as-
say. Virus stocks were produced in HEK293T cells essentially as described
previously (17, 20). Briefly, 293T cells were transfected with WT HeV F
and WT or mutant HeV G expression plasmids at a 1:1 ratio and the
following day infected with recombinant VSV-AG-rLuc (VSV that lacks
its own glycoprotein but contains the Renilla luciferase reporter gene).
HeV/VSV-rLuc pseudotyped virions were collected at roughly 24 h
postinfection and purified over a 20% sucrose cushion. Virions were re-
suspended in NTE buffer (150 mM NaCl, 40 mM Tris-HCI, 1 mM EDTA,
pH 8.0) supplemented with 5% sucrose and stored at —80°C. Viral RNA
was extracted using the QIAamp viral RNA minikit (Qiagen, CA), and the
isolated RNA was reverse transcribed using the SuperScript I1I first-strand
synthesis system for RT-PCR (Invitrogen, NY). The VSV genome copy
numbers were quantified by using a quantitative PCR (qPCR) TagMan
protocol as previously described (20).

To quantify viral entry, Vero cells were seeded in a 96-well plate and
infected at 30 to 50% confluence using 10-fold serial virus dilutions. In-
fections were done for 2 h in infection medium (PBS plus 1% FBS). Com-
plete growth medium (MEM) was then added to the cells, which were
lysed 20 to 24 h postinfection. Luciferase activity was then measured as
relative light units (RLU) using a Renilla luciferase flash assay kit (Pierce)
and an Infinite M1000 microplate reader (Tecan Group Ltd., Minnedorf,
Switzerland). RLU were plotted against genome copies per ml and re-
gressed using GraphPad Prism 5 (GraphPad Software, Inc., CA).

Antibody neutralization assays and statistical analysis. Pseudotyped
HeV/VSV-rLuc virions carrying WT or mutant HeV G and WT HeV F
were normalized to equivalent viral genome copy numbers (10® copies) as
determined by quantitative real-time PCR. Viruses were then incubated
for 20 min in infection medium (1% FBS in PBS) in the presence of
various dilutions (ranging from 10~ to 10~ °) of HeV G rabbit polyclonal
antiserum 837. Antiserum 837 was produced against virus-like particles
(VLPs) containing NiV M and HeV F and codon-optimized HeV G in
New Zealand White rabbits, similar to a previously described method for
the production of NiV-specific antisera (17). The antibody/virus mixture
was added to Vero cells (30 to 50% confluence) and incubated for 2 h. The
cells were then incubated in complete growth medium overnight and
lysed 20 to 24 h postinfection. The luciferase expression was then mea-
sured as described in the section above. To calculate statistical differences
in antibody neutralization among different N-glycan HeV G mutants, we
used data obtained with the antiserum dilution of 10~ %, since this dilution
had close to 50% inhibitory concentration (ICs,) for most pseudotyped
viruses. An unpaired two-tailed Student’s ¢ test was applied by comparing
the results for the WT to those for each N-glycan mutant virus.

RESULTS

The HeV G attachment protein is glycosylated at six of its eight
potential N-glycosylation sites. The Hendra virus attachment
glycoprotein (HeV G) is a type II transmembrane protein with an
N-terminal intracellular domain, a transmembrane domain, and
an extracellular domain that encompasses a stalk region and a
C-terminal globular head (Fig. 1A). HeV G shares seven predicted
N-glycosylation sites (NXS/T) with NiV G (G1 to G7), located at
Asn residues 72, 159, 306, 378, 417, 481, and 529, in addition to
N275, not present in NiV G (Fig. 1A) (14). Most of the G N-gly-
cosylation sites are located in the head domain, with the exception
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of G1 and G2, which are located in the stalk domain (Fig. 1A). The
N-glycosylation sites in the HeV G head are generally located on
surface-exposed loops, as shown in an HeV G head crystal struc-
ture cartoon model (Fig. 1B).

To identify the potential N-glycosylation sites that are actually
N-glycosylated in HeV G, we mutated each of the eight predicted
glycosylation sites (G1 to G7 and N275) via a conservative muta-
tion of Asn (N) to Gln (Q). We previously confirmed for NiV G
that a single N-to-Q substitution in an actual glycosylation site
results in a loss of N-glycosylation and a mobility shift of 2 to 3
kDa, visible upon SDS-PAGE analysis (14). Hence, we transfected
wild-type (WT) or mutant HeV G constructs into 293T cells and
tested for protein expression 20 to 24 h posttransfection. Cells
were lysed, and proteins were separated by reducing or nonreduc-
ing SDS-PAGE and detected by immunoblotting that targeted the
C-terminal HA epitope tag in HeV G. All constructs were ex-
pressed at levels roughly similar to the level of G (Fig. 1C, top gel),
and an expected mobility shift of 2 to 3 kDa could be seen for the
monomeric form of all mutants except G1 and N275Q (Fig. 1C).
Thus, the N-glycosylation sites that were actually N-glycosylated
(G2 to G7) were found to be identical in HeV G and NiV G (14).
All mutants were able to form monomeric, dimeric, and tetra-
meric forms of G when separated under nonreducing conditions
(Fig. 1C, bottom gel), although the dimeric form was represented
atreduced levels for G2 (19 to 20% of total G) compared to its level
for WT G (32 to 56% of total G).

Removal of N-glycans in the head of HeV G enhances cell-cell
fusion promotion, whereas removal of the N-glycan in the stalk
decreases it. Cell membrane fusion induced by HeV is a process
that involves cell surface-expressed G protein binding to cellular
receptors ephrin B2 and ephrin B3. Receptor engagement leads to
successive conformational changes in G and F, which ultimately
result in cell-cell fusion. Therefore, we next tested whether N-gly-
cosylation is important for cell-cell fusion by cotransfecting the
WT or mutant HeV G expression constructs with WT HeV F into
293T cells. As previously established, we then counted the number
of syncytial nuclei per field (200X magnification, five fields for
each mutant, n > 3) and normalized this number to the number
for WT HeV fusion, which was set at 100% (Fig. 1D) (11, 20). We
observed apparent effects of several N-glycan mutants on the lev-
els of cell-cell fusion induced compared to the level induced by
WT HeV G.

Since fusion is dependent on cell surface expression of G, we
next asked whether all HeV G mutants were efficiently transported
to the cell surface (23). Notably, we previously showed that when
transfecting with the amounts of DNA used in this study, there is
a linear relationship between cell surface expression and syncy-
tium formation (20). The cell surface expression (CSE) levels of
the HeV G mutants were also analyzed in 293T cells by flow cy-
tometry, detecting the C-terminal HA epitope tag in HeV G (Fig.
1D). N-glycan mutant CSE levels were normalized to the level for
WT HeV G, which was set to 100%. The mutant CSE levels varied
from 45% (G6) to WT levels (G1 and G4) (Fig. 1D). This indicates
that some N-glycans are more important than others for proper
folding into a transport-competent conformation.

To account for differences in CSE levels influencing the lev-
els of cell-cell fusion, we also determined each mutant’s fusion
index (FI), by calculating the ratio of normalized fusion levels
to normalized CSE levels (fusion/CSE ratios) (all levels are
summarized in Table 1). Compared to WT HeV G (FI of 1), the
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TABLE 1 Fusion indices for HeV G wild-type and N-glycan mutant
glycoproteins and comparison to published NiV G fusion indices”

HeV G
Genv CSE  Fusion FI = SEM NiV G (FI = SEM)?
WT 100 100 1.00 1.00
N-glycan mutants
Gl 90 18 0.20 = 0.07  0.31 =0.06
G2 58 0 0.00 = 0.00  0.02 = 0.03
N275Q 58 25 043 +0.14 ND
G3** 77 100 129 £0.04  0.86 = 0.11
G4+ 89 146 1.64 £ 0.08  1.11 =0.10
G5 70 63 0.89 = 0.09  0.67 = 0.06
G6** 43 110 255+ 021 638 £ 0.45
G7** 75 74 0.99 £0.13  1.60 = 0.09
G2G3 31 0 0.00 = 0.00  0.10 = 0.06
G3G4 57 120 2.11+025 ND
G3G5 39 98 247 +047  ND
G4G5 37 102 291 +026  2.50 %= 0.29
G6G7+* 12 33 238£0.13  1.46 = 0.09
G4G7* 28 84 3.02+£035 413 +0.21
G3G4G5** 15 173 11.81 = 1.09  4.49 + 0.54
G4G5G6 2 0 — 5.88 *+ 0.41
G4G6G7 1 1 — 6.71 + 0.43
G3G4G5G6 0 0 — ND

“ Statistical analysis was done using the Student ¢ test (two-sample assuming equal
variances). Statistically significant differences between FIs (fusion indices [fusion/CSE
ratios]) from both viruses are indicated by boldface and by asterisks as follows: **,

P <0.01;%, P < 0.05. —, sample for which a valid FI could not be determined due to
no or minimal surface expression; ND, not determined; CSE, cell surface expression;
WT, wild type G.

¥ NiV G FIs were previously published by Biering et al. (14), with the exception of NiV
G3G4G5, which was determined in this study.

G4, G6, and to a lesser extent, G3 mutants were hyperfusogenic
(FIs of 1.64, 2.55, and 1.29, respectively), whereas the stalk G2
mutant was fusion dead (FI of 0.00). Interestingly, the other
stalk mutant, the G1 mutant, also displayed a hypofusogenic
phenotype (FI of 0.20) even though this site appeared to be
nonglycosylated (Fig. 1A and C). These results indicate that
N-to-Q changes in the stalk region (residues 72 [G1] and 159
[G2]), including the removal of a stalk N-glycan (G2), have a
profound impact on the fusion abilities of HeV G, whereas the
removal of N-glycan G3, G4, or G6 in the head leads to higher
fusion levels than for WT HeV G.

We then analyzed whether the removal of specific N-glycans
affects the binding of HeV G to its cellular receptor ephrin B2, as
previous literature indicated that, for example, the N-glycan at
position 529 (G7) is near the ephrin B2 binding site in HeV G,
potentially affecting receptor attachment (24). Ephrin B2 binds to
the upper face of the HeV G head, and the exact binding pockets in
HeV G have been previously described (25). We found that all
HeV G N-glycan mutants were able to bind soluble ephrin B2 at
levels roughly corresponding to their CSE levels, with the excep-
tion of the G2 stalk mutant, which showed a 1.6-fold increase in
binding to ephrin B2 compared to its CSE level (Fig. 1D). This
indicates that the efficiency of ephrin B2 binding is not dependent
on N-glycosylation at most N-glycosylation sites in HeV G. Im-
portantly, this also shows that the N-glycan mutants’ effects on
cell-cell fusion were not due to aberrant levels of ephrin B2
binding.
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FIG 2 The removal of two or more N-glycans in HeV G leads to hypo- and hyperfusogenic phenotypes. (A, C) 293T cell surface expression (CSE) and ephrin B2
(B2) receptor binding of HeV G N-glycan double (A) and multiple mutants (C) were determined by flow cytometry using mouse anti-HA antibody (CSE) and
soluble mouse ephrin B2/Fc chimera, respectively. Experiments were done similarly to those described in the legend to Fig. 1D. (B, D) N-glycan mutants were
transfected into 293T cells and analyzed by reducing and nonreducing SDS-PAGE and subsequent Western blot analysis, similar to the experiments described in
the legend to Fig. 1C. (C, D) Wild-type NiV G and the NiV G3G4G5 mutant were analyzed next to HeV G mutants. The results of one representative experiment

out of three independent experiments are shown for each.

Simultaneous removal of multiple N-glycosylation sites in
HeV G severely affects protein expression, CSE, and membrane
fusion. To determine whether the effects of N-glycans on CSE
and/or fusion promotion abilities may be cumulative, synergistic,
antagonistic, dominant, and/or recessive, we next mutated two or
more N-glycosylation sites simultaneously (Fig. 2A and C). We
chose the N-glycan multiple mutants according to the hyper- or
hypofusogenic phenotypes of the HeV G N-glycan single mutants
and some N-glycan mutations previously published for NiV G
(Table 1) (14). The CSE levels of the double mutants ranged from
12% (G6G7) to 57% (G3G4) and were all substantially lower than
the CSE levels of their individual mutant counterparts (Fig. 2A;
Table 1). Similarly, abolishing three or more N-glycan sites in HeV
G further reduced CSE levels, now ranging from 0% (G3G4G5G6
mutant) to 15% (G3G4G5 mutant) (Fig. 2C; Table 1). Again, the
ephrin B2 binding levels were comparable to the CSE levels for
each mutant, indicating that ephrin B2 binding was not noticeably
affected by N-glycan removal.

Next, we determined the fusogenic properties of the double,
triple, and quadruple N-glycan mutants (Fig. 2A and C). The hy-
pofusogenic phenotype seen for mutant G2 likely is a dominant
phenotype, since again a fusion-dead phenotype was observed
when the G2 mutation was combined with the hyperfusogenic G3
mutation (the G2G3 mutant’s FI was 0.00). Furthermore, we ex-
amined the N-glycan mutant combinations in the HeV G head
and observed that all combinations analyzed yielded enhanced
hyperfusogenic phenotypes (FIs ranging from 2.11 to 3.02) com-
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pared to the phenotype of WT HeV G (Fig. 2A). The effect was
even more pronounced for the G3G4G5 triple mutant, which
yielded a strongly hyperfusogenic phenotype, with a fusion index
of 11.81. However, our data also indicated that there is a limit to
how many N-glycans in HeV G can be removed, as all the other
triple and quadruple N-glycan mutants yielded nearly fusion-
dead phenotypes in 293T cells, likely due to their overall extremely
low CSE levels (ranging from 0 to 2%) (Fig. 2C; Table 1).

All of the double, triple, and quadruple N-glycan mutants an-
alyzed had different degrees of reduction of total cell expression
and CSE levels compared to those of WT HeV G, as detected by
Western blot analysis (Fig. 2B and D) and flow cytometry (Fig. 2A
and C), respectively. In general, the reduction in protein expres-
sion was directly proportional to the number of N-glycans re-
moved, with the least amount of protein expression for the
G3G4G5G6 quadruple mutant. Most importantly, the removal of
multiple N-glycans generally resulted in increased levels of cell-
cell fusion, provided that a minimum level of CSE of more than
approximately 10% was reached for a given mutant.

Furthermore, all HeV G multiple N-glycan mutants were able
to form monomeric, dimeric, and tetrameric species similarly to
WT HeV G, suggesting that the mutations did not significantly
affect the oligomeric folding ability of the G mutants (Fig. 2B and
D, bottom gels). The exception was the G2G3 mutant, which,
similarly to the G2 mutant (Fig. 1C), yielded alower proportion of
dimers (17 to 20%) than the WT G (32 to 56%). Since the
G3G4GS5 triple mutant yielded the highest fusion index (11.81),
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FIG 3 The removal of individual N-glycans in HeV G modulates viral entry and oligomerization of G. (A) Viral entry assay. Vero cells were infected with serial dilutions
of HeV/VSV-rLuc pseudotyped virions containing either WT or mutant HeV G in combination with or without HeV F (G only). Cells were lysed 20 to 24 h postinfection,
and relative light units (RLU) were quantified and plotted against the number of viral genomes/ml. Virions produced with HeV F only or empty vector yielded viral entry
levels similar to those of G-only virions (data not shown). Data shown are the average results == SEM from at least three independent experiments. (B) Mutant HeV G
virus incorporation and oligomerization. HeV/VSV-rLuc pseudotyped virions as used in the experiment whose results are shown in panel A were separated by reducing
or nonreducing SDS-PAGE and immunoblotted against G (rabbit anti-HA antibody)- and F (mouse anti-AU1 antibody)-specific antibodies. Oligomeric forms of G are
indicated. Note that no monomeric form was separated by nonreducing SDS-PAGE when samples were obtained from virions. The percentages of F, cleavage were

determined by densitometry. The results of one representative experiment out of three independent experiments are shown.

we were interested in a comparison with a homologous NiV G
mutant. The NiV G triple mutant also resulted in a hyperfusogenic
phenotype; however, its fusogenic capabilities were lower than
those of its HeV counterpart (FI of 4.49). The differences and
similarities between fusion indices obtained for HeV G N-glycan
mutants and previously published indices for NiV G N-glycan
mutants are summarized in Table 1.

HeV G N-glycans modulate viral entry, incorporation of F
into virions, and assembly of G into higher oligomeric struc-
tures. It is thought that the mechanism for viral entry (viral-cell
membrane fusion) is generally closely related to the mechanism
for cell-cell fusion (cell-cell membrane fusion) (26). We were in-
terested in determining whether HeV G N-glycan mutants would
have similar cell-cell fusion and viral entry phenotypes. Thus, we
analyzed single and multiple N-glycan mutants of HeV G for their
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ability to induce viral entry into Vero cells (Fig. 3A and 4A, respec-
tively). To do so, we made use of our previously established BSL2
pseudotyped viral entry assay. Briefly, WT or mutant HeV G pro-
teins were pseudotyped together with WT HeV F onto vesicular
stomatitis virus (VSV) that lacks its own glycoprotein but contains
the Renilla luciferase reporter gene (VSV-AG-rLuc) (20, 22).
Pseudotyped virus carrying WT HeV G but lacking WT HeV F
(denoted in figures as “G only”) was used as a negative-control
virus to control for nonspecific entry of virions via nonviral/cell
membrane fusion mechanisms. We constructed HeV/VSV-rLuc
virions for all of the single and double mutants for which schemat-
ics and experimental results are shown in Fig. 1 and 2A, respec-
tively, along with the hyperfusogenic G3G4GS5 triple mutant (Fig.
2C). To accurately compare viral entry levels, we determined
pseudotyped VSV genome concentrations by using quantitative
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reverse transcription-PCR (see Materials and Methods), as previ-
ously established (20). We normalized the amounts of WT and
mutant HeV/VSV-rLuc virions to the equivalent viral genome
copy numbers and used 10-fold serial dilutions to infect Vero
cells. Cells were lysed 20 to 24 h postinfection and monitored for
luciferase activity, a direct measurement of viral entry.

Generally, the cell-cell fusion levels correlated with the levels of
viral entry (Fig. 3A and 4A). The hypofusogenic G2 stalk mutants
(G2 and G2G3 mutants), for example, had viral entry levels close
to that of the negative-control virus (G only) (Fig. 3A and 4A,
respectively). All the HeV G head mutants had close to WT HeV G
viral entry levels, with the exception of all G7 mutants (G7, G6G7,
and G4G7 mutants), which had somewhat lower levels of viral
entry (0.5 to 1 log) than WT HeV G virions, even though their
cell-cell fusion levels were equal to or greater than the WT fusion
levels. We then postulated that the reduced viral entry levels for
these virions were likely due to reduced levels of incorporation
of the mutant G onto the virions. PAGE and immunoblotting
with anti-F (anti-AU1)- or anti-G (anti-HA)-specific antibodies
showed that the levels of G incorporation into virions were indeed
lower for the G7, G6G7, and G4G7 mutants than for WT HeV G
(Fig. 3B and 4B, top). Notably, the G1 stalk mutant pseudotyped
virions were able to enter cells at WT levels despite a hypofuso-
genic cell-cell fusion phenotype of the G1 mutant (Fig. 1C and 3A;
Table 1). Also, we noticed somewhat lower levels of incorporation
of the G1 mutant into virions than for the WT (Fig. 3B). Similar
results were previously observed for the NiV G1 mutant, which
indicates that viral entry and cell-cell fusion mechanisms may not
necessarily be as equivalent as previously thought (14).

Next, we asked whether G N-glycan mutants that were incor-
porated into pseudotyped virions were of higher oligomeric struc-
tures, like those observed in the cell lysates (Fig. 1C and 2B and D).
We separated virions by nonreducing PAGE and performed im-
munoblotting with anti-G (anti-HA)-specific antibodies (Fig. 3B
and 4B and C). All mutants except the G2 mutant were able to
form dimeric and tetrameric G similarly to WT HeV G. In con-
trast, the HeV/VSV-rLuc virions containing the G2 mutations (G2
and G2G3 mutants) had significantly reduced proportions of di-
meric G (8 to 26%) compared to its proportion for the WT (66 to
75%) or any of the other mutant G virions (59 to 75%) (Fig. 3B
and 4B, respectively). These results suggest that the G2 N-glycan
in the HeV G stalk (residue 159) is crucial for proper folding of
HeV G and that removal of the G2 N-glycan results in a reduction
of dimeric G, presumably due to increased tetrameric stability. In
addition, viral incorporation of monomers was basically unde-
tectable for WT or mutant G proteins, suggesting that higher oligo-
mers are selectively incorporated into virions (Fig. 3B and 4B).

Additionally, since the most hyperfusogenic HeV G N-glycan
mutant was the G3G4G5 triple mutant, we were interested in
comparing it to its NiV G counterpart, since it had not been pre-
viously analyzed. Thus, we prepared WT or mutant NiV G/VSV-
rLuc virions containing WT-NiV F in combination with either
WT NiV G or the NiV G3G4G5 mutant protein, as well as a neg-
ative-control virus that contained WT NiV G only. Overall, WT
NiV G pseudotyped virions (NiV WT) appeared to have slightly
enhanced entry levels compared to those of HeV G (WT) pseu-
dotyped virions (Fig. 4A), which might be due to increased incor-
poration of NiV G into pseudotyped NiV WT virions (Fig. 4C).
The NiV G3G4G5 pseudotyped virions entered at approximately
NiV G WT levels (Fig. 4A). The virion entry levels were enhanced
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for HeV and NiV G3G4G5 mutant virions compared to the entry
levels of their wild-type G counterparts, which is notable consid-
ering the reduced viral incorporation levels of F and G glycopro-
teins onto these mutant virions (Fig. 4C). Additionally, it is inter-
esting that the G3G4G5 mutation in either HeV G or NiV G also
affected the level of incorporation of WT F into virions, as mea-
sured by immunoblot analysis (Fig. 4C), indicating that certain
N-glycans in the attachment protein G modulate the efficient in-
corporation of F into virus particles, presumably by affecting the
G-F interactions.

HeV G N-glycans affect HeV G-F interactions. To analyze
whether HeV G N-glycans affect the HeV G-F interactions, we
performed coimmunoprecipitation studies from lysates of 293T
cells cotransfected with G and F. Affinity purification was directed
against the HeV G HA tag; therefore, only F that directly associ-
ated with G was coimmunoprecipitated by this method. We used
WMACS anti-HA antibody-coated magnetic beads to specifically
bind HA-tagged G proteins. Viral G and F proteins were detected
from total cell lysates or from the immunoprecipitated (IP) frac-
tions by immunoblotting using rabbit anti-HA and mouse anti-
AU1 antibodies, respectively. Actin was detected as an internal
loading control for the total cell lysate samples, whereas IgG (light
chain) served as a loading control for the immunoprecipitated
fractions (Fig. 5A). Interestingly, when analyzing F and G expres-
sion levels from total cell lysates, we found that the G2 and G2G3
stalk mutants lowered the total levels of expression of cotrans-
fected WT HeV F by about 2.5-fold compared to the results for
WT HeV G, as measured by densitometry (Fig. 5A, left). Next, we
measured the total concentration of F (inactive precursor F, and
activated proteolytic cleavage product F,) in the cell lysate and in
the eluate (IP fraction) by densitometry (Fig. 5A). Although due to
the nature of these assays, these avidity measurements are only
semiquantitative, we normalized the value for each mutant to the
value for WT HeV G, set as 1. Then, we measured the avidities of
the G-F interactions for the WT and mutant G proteins by calcu-
lating the ratio of coimmunoprecipitated HeV F to HeV F in total
cell lysates (F IP fraction/F lysate) (20). The results shown in Fig.
5B and C are from at least four independent experiments.

We found that the strongly hypofusogenic G2 and G2G3
stalk mutants pulled down F at increased levels compared to
the results for WT HeV G (the avidities of the G-F interactions
were 8.9 and 10.3, respectively; P < 0.05) (Fig. 5B and C).
Interestingly, these results suggest that there is an inverse cor-
relation between fusogenicity and G-F interaction for HeV G
N-glycan mutants, similar to that previously observed for NiV
F N-glycan mutants (20).

HeV G stalk N-glycan mutants modulate receptor-induced
conformational changes differently than WT HeV G. We previ-
ously described three receptor-induced conformational changes
in NiV G that modulate cell-cell membrane fusion (11). These
three conformational steps can be detected by using three differ-
ent antibodies, MAb213 or MAb26 (step 1) and MAb45 (step 2)
that bind to the head region of G and Ab167 (step 3) that binds to
the stalk region of G (11, 21). Note that MAb213 and MAb26 have
proximal epitopes in the head of G (within the region from residue
371 to 392), surrounding the G4 N-glycan region (Fig. 1B), but
MAb213 and MAb26 both detect NiV G, whereas HeV G can only
be detected by MAb26 (21). Here, we examined conformational
steps 1 and 2, as steps 2 and 3 are spatiotemporally closely linked
conformational changes (11, 27).
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B and C. The percentages of F, cleavage were determined by densitometry.

We first tested the binding of conformational antibodies to
N-glycan mutants in their pre-receptor binding conformation.
Thus, we detected the overall levels of MAb26 and MAb45 binding
in the receptor-deficient cell line PK13, expressing single mutants
and a subset of double mutants (Fig. 6A). We then calculated the
relative antibody binding levels by comparing them to the corre-
sponding cell surface expression (CSE) levels for each mutant (Fig.
6B). For the single mutants, we detected levels of binding to
MADb26 and MADb45 that were roughly equal to their levels of
CSE, except for the G2 mutant, which displayed enhanced
binding for both MAb26 and MAb45 (~83% and 37% en-
hancement, respectively), and the G2G3 double mutant, which
displayed enhanced MADb26 binding (29%). This is different
from the other double mutants, which showed reduced binding
to MAb26 (28 to 42%) or MAb45 (15 to 50%) compared to the
results for WT HeV G.
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After determining the conformational antibody binding to the
pre-receptor protein conformation, we examined receptor-in-
duced conformational changes in the HeV G N-glycan mutants.
We detected the first conformational change (step 1) using
MAD26. Previously, we showed that MAb213 or MAb26 binding
to NiV G was reduced by ~70% upon ephrin B2 receptor engage-
ment and that the reduction was not due to receptor competition
with these antibodies for epitopes in G (11, 21). Similarly, we
found here that MAb26 binding to HeV G was significantly re-
duced (61%) in the presence of soluble receptor (100 nM ephrin
B2) compared to the level of binding in the absence of receptor (0
nM ephrin B2; shown by dotted line in Fig. 6C). All HeV G N-gly-
can mutants showed decreased MADb26 binding upon receptor
engagement, similar to the results for WT HeV G, with the de-
creases ranging from 51 to 70% (Fig. 6C). These results indicate
that the removal of HeV G N-glycans does not significantly affect
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relative ratios were measured by normalizing the values for mutant HeV G to those for WT HeV G (set to 1). The individual amounts were measured by
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used to calculate the avidities of G-F interactions are shown.

receptor-induced conformational change (step 1) at the mem-
brane distal portion of the HeV G head.

The step 2 conformational change takes place at the base of the
NiV/HeV G head and precedes F triggering. Ephrin B2 binding
induces a roughly 2-fold increase in MAb45 binding to WT NiV G
(11, 21, 28, 29). Ephrin B2 binding to WT HeV G also resulted in
a roughly 2-fold increase in MAb45 binding (Fig. 6C). Therefore,
our combined results showed for the first time that HeV G under-
goes receptor-induced conformational changes similarly to NiV
G. Moreover, most N-glycan mutants showed an increase in
MAD45 binding, ranging from 1.5- to 3.2-fold. In contrast, the G2
and G2G3 stalk mutants showed a decreased (~ 40%) or roughly
equal level of MAb45 binding, respectively, upon ephrin B2 recep-
tor binding to HeV G (Fig. 6B). These results suggest that the G2
N-glycan in the stalk region of HeV G (residue 159) is crucial for
the step 2 conformational change to occur.

HeV G N-glycans protect virions from neutralizing antibod-
ies. For a range of viruses, it has been shown that glycan shields can
protect the viruses from antibody neutralization (14, 20, 30-34).
We asked whether the removal of N-glycans in HeV G would lead
to enhanced virus neutralization by anti-HeV specific rabbit poly-
clonal antiserum 837. We analyzed the antibody neutralization of
HeV/VSV-rLuc virions pseudotyped with WT HeV F and WT or
mutant HeV G (Fig. 7A and B, respectively). Overall, HeV/VSV-
rLuc virion neutralization was more efficient when two or more
N-glycans were removed than when single N-glycans were re-
moved (Fig. 7A and B, respectively). Statistical analysis (Student’s
t test) of data obtained for the 10~ * antiserum dilution revealed
that the neutralization of the G5, G3G5, G4G5, G6G7, and
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G3G4G5 mutants was statistically different from the neutraliza-
tion of WT HeV G (P < 0.05). The neutralization of the G6 (P =
0.060), G7 (0.050), G3G4 (P = 0.054), and G4G7 (0 = 0.058)
mutants just missed borderline statistical significance. The G3 and
G4 single mutants were neutralized similarly to wild-type HeV G,
whereas the 50% inhibitory concentration (ICs,) of the G5 mu-
tant was reduced by 0.5 log. The G4G5 and G3G4G5 multiple
N-glycan mutants were neutralized at a roughly 1-log-lower 1Cs,
than wild-type HeV G. No significant difference could be observed
between G4G5 and G3G4G5 mutant virions, supporting the notion
that the G3 single mutant neither protects from nor contributes to
antibody neutralization. Overall, these data confirm that N-glycans in
HeV G provide Hendra virus with a shield to evade neutralizing an-
tibodies; however, the degree of evasion varies among N-glycans,
with the HeV G5 N-glycan having a strong role in shielding against
antibody neutralization. Our results indicate that N-glycans in HeV
G shield against antibody neutralization and that individual N-gly-
cans have distinct effects on antibody neutralization.

DISCUSSION

In the last decade, there has been an increased interest in under-
standing the importance of glycosylation (N- and O-glycosyla-
tion) of viral glycoproteins, as glycans have been shown to affect,
among other functions, protein folding, the induction of inter-
feron, and regulation of antiviral responses by shielding the virus
from neutralizing antibodies (14, 20, 30-35). Similar observations
have been made for some paramyxoviruses, where N-glycans have
been shown to modulate protein conformation, protein expres-
sion, and membrane fusion (14, 20, 36, 37).
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FIG 6 HeV G stalk N-glycan mutants modulate receptor-induced conforma-
tional changes differently than WT HeV G. (A) Ephrin B2-deficient PK13 cells
were transfected with WT or mutant HeV G to assess cell surface expression
(CSE) and MAb26 and MAb45 binding in the absence of receptor by flow
cytometry. The CSE, MAb26, and MAb45 binding levels of the HeV G N-gly-
can mutants were normalized to the corresponding levels obtained for WT
HeV G (set to 100%). (B) The ratios of MAb26 or MADb45 binding levels to CSE
were determined and normalized to that of WT HeV G (set to 100%; dotted line).
(C) MAbB26 and MAb45 binding levels to HeV G N-glycan mutants were deter-
mined in PK13 cells in the absence (0 nM) and presence (100 nM) of soluble
ephrin B2. Binding levels in the presence of ephrin B2 were normalized to binding
levels in the absence of ephrin B2 (set to 100%; dotted line). The data represent the
average results = SEM from at least three independent experiments.

Our study was meticulously designed to understand the func-
tions of N-glycans in the HeV attachment protein G (HeV G). We
found that six of eight potential N-glycosylation sites are glycosy-
lated (G2 to G7) in HeV G (Fig. 1A and B). Thus, the actual
N-glycan sites occupied are identical to those we previously re-
ported for NiV G (14). However, with regard to HeV G, there are
differing reports about the existence of N-glycosylation at the HeV
G5 site (residue 417), which may be due to the different expression
systems used (14, 38—41). Interestingly, it appears that the re-
moval of multiple N-glycans has relatively more severe effects on
CSE for HeV G (down to 0 to 2% CSE for triple mutants) (Fig. 2C)
than for NiV G (10 to 20% CSE for triple mutants [14]).

G2 is located within the stalk region, while sites G3 to G7 are
positioned in the globular head domain on surface-exposed loops
(Fig. 1B) (15, 41). Here, we demonstrated that N-glycosylation of
HeV G is important for overall protein stability (as demonstrated
by reduced steady-state protein levels, especially when multiple
N-glycans were removed), protein transport to the cell surface,
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FIG 7 HeV G N-glycans protect HeV against neutralizing antibodies. Pseu-
dotyped HeV/VSV-rLuc virions with incorporated WT HeV F and WT or mutant
HeV G were neutralized with various concentrations of HeV G-specific rabbit
polyclonal antiserum 837 prior to infecting Vero cells. Infected Vero cells were
measured for relative light units (RLU) 18 to 24 h postinfection. Single (A) and
multiple (B) HeV G N-glycan mutants were tested. Logarithms of the dilutions of
1 mg/ml serum stocks are shown. The average results = SEM from at least six
independent experiments with triplicate wells per experiment are shown. The 50%
inhibitory concentration (ICs,) is represented by a dotted line.

cell-cell fusion, viral entry, conformation (i.e., oligomerization
and/or MAD reactivity) and G-F interactions. Interestingly, the
removal of an N-glycan at position G2 (residue 159) in the stalk
domain of HeV G affected all of these functions, similarly to what
has previously been described for NiV G2 (14, 27). This indicates
that glycosylation at the G2 site is of crucial importance to the life
cycle of both HeV and NiV.

N-glycans in HeV and NiV G had qualitatively similar but
quantitatively different contributions to cell-cell fusion, as de-
scribed in Table 1. In summary, it appears that the removal of G3
and G4 N-glycans leads to higher fusion indices for HeV G (FIs of
1.29 and 1.64, respectively) than for NiV G (FIs of 0.86 and 1.11,
respectively). This effect was even more pronounced in the
G3G4G5 mutant (FI of 11.81 for HeV and 4.49 for NiV) (Table 1).
In contrast, the removal of G6 and G7 N-glycans yielded higher
fusion indices in NiV G (FIs of 6.4 and 1.6, respectively) than for
HeV G (FIs of 2.6 and 1.0, respectively). Overall, these data suggest
that the G3 and G4 N-glycans suppress cell-cell fusion in WT HeV,
while the G7 N-glycan suppresses cell-cell fusion in WT NiV. The
G6 N-glycan, however, suppresses cell-cell fusion in both HeV
and NiV, although more severely in NiV. These data agree with the
notion that HeV and NiV do not modulate membrane fusion in
identical ways, as was shown recently (42). Interestingly, in NiV G,
some triple N-glycan mutants (G4G5G6 and G4G6G7 mutants)
were still able to induce fusion (FIs of 5.9 and 6.7, respectively),
whereas in the case of HeV G, these mutants were close to fusion
dead, probably due to their extremely low CSE levels (FIs could
not be determined) (Table 1). Whether the differential effects of
specific N-glycans in modulating membrane fusion are due to
differences in the types of N-glycans added to equivalent N-glyco-
sylation sites in HeV versus NiV G remains to be determined.

Virus-cell and cell-cell membrane fusion are mediated by the
viral fusion protein F, which for HeV and NiV requires the attach-
ment protein G. In order to become fusogenically active, a fuso-
genically inactive F, protein undergoes endocytic recycling and
proteolytic processing into the disulfide-linked F, and F, forms by
the cellular protease cathepsin L (43). Since N-glycan removal in
HeV G affected fusion mostly positively, but sometimes negatively
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(for the G2 and G2G3 mutants), we analyzed whether the G-F
interactions and F processing were affected by N-glycan removal.
Generally, greater numbers of N-glycans removed correlated with
higher fusion levels (considering the protein cell surface expres-
sion levels) (Fig. 1 and 2).

Interestingly, for the fusion-dead G2 and G2G3 mutants, we
observed an inverse relationship between fusion and G-F binding
avidity (Fig. 5B). In addition, these G mutants also reduced the
total amount of F protein in the cells by about 2.5-fold, suggesting
that the G2 N-glycan may have important effects on F protein
stability, e.g., by affecting F protein turnover (Fig. 5A, left). One
potential explanation for these observations is that HeV G in the
absence of the G2 N-glycan has a stronger affinity to the inactive
precursor Fj and is trapping F,, on the cell surface. This may result
in delayed recycling and a longer retention of F in the endosomal
compartment, resulting in reduced levels of cleaved F, being avail-
able to bind to G and execute cell-cell fusion. In addition, the G2
and G2G3 stalk mutants all appeared to have less processed F,
incorporated into virions than F, (32% and 26%, respectively)
compared to the results for WT HeV G (41 to 49%) (Fig. 3B and
4B). The viral incorporation levels are likely a direct reflection of
the glycoprotein levels present on the cell surface, as paramyxovi-
ruses bud from the cell surface. We previously observed an inverse
correlation between fusion and F binding while analyzing hypo-
fusogenic NiV F N-glycan mutants (20). The present study is the
first to report that this inverse relationship also holds true for
hypofusogenic G N-glycan mutants.

The viral entry levels generally correlated with the cell-cell fu-
sion levels for each mutant analyzed. For example, the G2 stalk
mutant showed neither cell-cell fusion nor viral entry, and the
G3G4GS5 cell-cell hyperfusogenic mutant also showed enhanced
viral entry, considering the relative reduction in viral glycoprotein
incorporation compared to the results for WT G (Fig. 1 to 4). Inter-
estingly, the predicted but not occupied G1 N-glycan site (located in
the stalk) showed an opposite pattern, with a cell-cell hypofusogenic
phenotype but a viral entry level similar to or higher than that of WT
HeV G. Both stalk mutants showed similar phenotypes in NiV G and,
thus, are likely valuable tools to further understand the role of the G
stalk in viral entry and cell-cell fusion and the apparent mechanistic
differences between these two important events in the viral life cycle.
Itis also noteworthy that the pseudotyped viruses did not incorporate
any appreciable amounts of monomers for either the wild-type or
mutant HeV G proteins (Fig. 3B and 4B). To our knowledge, this is
the first time that the selective HeV incorporation of higher oligomers
has been reported. Whether this is also true for NiV or other
paramyxoviruses remains to be determined.

We previously reported that NiV G undergoes receptor-in-
duced conformational changes that can be measured with confor-
mational antibodies (11). These antibodies can detect changes in
G conformations in the absence versus the presence of soluble
receptor ephrin B2. Here, we first showed that HeV G undergoes
receptor-induced conformational changes similar to those seen
for NiV G (Fig. 6). In addition, all N-glycan mutants were able to
undergo the conformational step 1 (MAb26) change, while most
mutants were able to undergo the conformational step 2 (MAb45)
change, with the exception of the HeV G2 and G2G3 mutants.
Additionally, in the pre-receptor binding state, most single N-gly-
can mutants bound more or less equally well to MAb26 and
MADb45, with the exception of the G2 N-glycan mutant, which
exhibited enhanced binding to both antibodies (Fig. 6B). In com-
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bination, our data suggest that the G2 and G2G3 mutants proteins
are present in a conformation distinct from that of WT HeV G, and
we speculate that this conformation corresponds to an intermediate
one between steps 1 and 2 post-receptor binding. This notion is con-
sistent with the status of both conformational antibody binding and
oligomerization being altered for these mutant proteins.

It is also possible that a carbohydrate at the G2 position causes
steric hindrance for MAb45 binding, since its epitope binding site
is located at the base of the head (residue 177 to 194) in close
proximity to the G2 N-glycan position (residue 159) and, hence,
upon the removal of the G2 carbohydrate, enhanced MAb45 bind-
ing is observed. However, this explanation is not possible for
MAD26, since MADb26 binding occurs at the top of the HeV G head
(residue 371 to 392), close to the receptor binding site (11, 21).
Therefore, we favor the notion that the G2 mutant is in a different
conformation than WT HeV G.

We also observed a roughly 50% increase in MAb45 binding for
the double mutant G4G5 upon receptor engagement compared to
that of WT HeV G (Fig. 6C), suggesting that the removal of certain
N-linked glycans may enhance conformational changes in a viral pro-
tein. In other words, certain N-glycans can sterically delay large con-
formational changes in a protein, which has been documented before
for a nonviral protein (Fig. 6C) (44). We also noticed that the recep-
tor-induced conformational change detected by MADb45 appears to
be somewhat suppressed in the G3 mutant (Fig. 6C), which may be
due to a proportion of the G3 proteins being in a post-receptor bind-
ing conformation or to all the G3 proteins being in an intermediate
conformation between the pre- and postfusion conformations (Fig.
6B). However, the lower level of conformational change in the G3
mutant appears to be sufficient for both cell-cell fusion and viral entry
to occur (Fig. 1C and 3A).

When taking all our G2 mutant results into account, it is also
possible that MAb45 preferentially binds to the tetrameric state of
HeV G, which is the preferred oligomeric state of the HeV G2
N-glycan mutant on the virus or cell surface (Fig. 3B). We recently
observed a similar aberrant oligomerization pattern for a different
type of NiV G2 N-glycan mutant (Asn to Ala), which showed
reduced levels of dimeric G, suggesting that the conserved stalk
regions in HeV and NiV share similar functions (27). This was not
the case for the HeV G G3 to G7 N-glycan mutants, which ap-
proached wild-type levels of both dimeric and tetrameric G (Fig.
3B). However, we do not favor this notion that MAb45 preferably
binds tetramers. Evidently, studies of several paramyxoviruses,
including NiV, measles virus, Newcastle disease virus, and para-
influenza virus 5, have suggested that tetramer dissociation is im-
portant during H or G triggering (reviewed in reference 45), and
our prior work showed that enhancement of MAb45 binding cor-
relates with tetramer dissociation (21). From a structural perspec-
tive, we believe that the removal of the G2 N-glycan increases the
interaction between the subunit stalk domains, which causes an
increase in tetrameric stability, but tetramer dissociation is likely
important for fusion promotion.

Viruses have evolved to display their own carbohydrate com-
positions to evade or interfere with host glycan-based interactions
and immune functions. The N-linked glycoproteins of the highly
pathogenic Ebola virus (GP), human immunodeficiency virus
(HIV) (gp120), and hepatitis C virus (E1 and E2), for example,
contain more high-mannose than complex carbohydrate struc-
tures (35). In contrast, previous spectrometric analyses of carbo-
hydrate moieties present in HeV and NiV G revealed that the
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N-glycans are largely the complex type, with only negligible
amounts of high-mannose-type carbohydrates (24, 38). Since
HeV and NiV G appear to have similar carbohydrate type compo-
sitions, their N-glycans may possibly differ in their variability or in
their branching patterns, which in turn may alter virus infectivity.
For example, 29 different glycan structures were identified for
soluble HeV G alone (24). An indication that different glycan
structures may exist in HeV G and NiV G is the fact that the
neutralizing epitopes show very little conservation between HeV
G and NiV G, even though these viruses share strong serological
cross-reactivity (46—48). Understanding the role of specific N-
glycans in protecting the virus from neutralizing antibodies may
help in HeV vaccine development.

We recently reported that N-glycans in NiV G protect virions
from antibody neutralization and have important roles in viral
entry and cell-cell fusion (14). Despite high amino acid identity,
some reports suggest a level of inherent differences in the structure
and/or function of NiV and HeV G glycoproteins (48, 49). For
example, NiV G binds monoclonal antibody m102.4 better than
HeV G, despite m102.4 having been selected against sG. (49).
We performed an antibody neutralization assay on WT and mu-
tant HeV G virions, and the results indicate that most N-glycans in
HeV G had some role in protection, especially in combination
with other N-glycans (Fig. 7). However, the HeV G N-glycan at
position G5 (residue 417) in particular appeared to have a major
role in protection from antibody neutralization, possibly by pre-
venting the complete exposure of a major neutralizing epitope
site. From our results, we predict that the antigenicity of HeV G
may be enhanced by selective deglycosylation, a technique that has
been successfully used for other viruses, such as feline immuno-
deficiency virus (FIV) and HIV (50, 51).

Selective deglycosylation at the G2 site may additionally be
advantageous for improving vaccine design, since the G2 mutant
virions preferentially incorporate a more stable tetrameric state of
G, possibly present in an intermediate fusion conformation.
Oligomeric proteins are generally known to induce a more robust
immune response than monomeric constructs (52). In addition,
the carbohydrate removal at the G2 position likely leads to a rep-
lication-deficient henipavirus and, therefore, might make it an
attractive vaccine candidate. However, whether this holds true in
vivo remains to be determined.

Taken together, our results showed important functions in
modulating G cell surface expression, induction of membrane fu-
sion, viral entry, interactions with F, and shielding against anti-
body neutralization that are specific to HeV G N-glycans. We also
noted qualitative commonalities and quantitative differences be-
tween specific N-glycan functions in HeV and NiV. Elucidating
the role(s) of such commonalities and differences will likely con-
tribute to understanding the pathobiology of these viruses and the
requirements for optimal vaccine development.
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