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Cellular entry of paramyxoviruses requires the coordinated
action of both the attachment (G/H/HN) and fusion (F) glycopro-
teins, but how receptor binding activates G to trigger F-mediated
fusion during viral entry is not known.Here, we identify a receptor
(ephrinB2)-inducedallostericactivationsite inNipahvirus (NiV)G
involved in triggeringF-mediated fusion.We first generateda con-
formational monoclonal antibody (monoclonal antibody 45
(Mab45)) whose binding to NiV-G was enhanced upon NiV-G-
ephrinB2 binding. However, Mab45 also inhibited viral entry, and
its receptor binding-enhanced (RBE) epitope was temperature-de-
pendent, suggesting that the Mab45 RBE epitope on G may be
involved in triggering F. TheMab45RBE epitopewasmapped to the
base of the globular domain (�6S4/�1H1). Alanine scan mutants
within this regionthatdidnotexhibit thisRBEepitopewerealsonon-
fusogenic despite their ability to bind ephrinB2, oligomerize, and
associatewithFatwild-type (WT) levels.Althoughcirculardichro-
ism revealed conformational changes in the soluble ectodomain of
WT NiV-G upon ephrinB2 addition, no such changes were
detected with soluble RBE epitope mutants or short-stalk G
mutants.Additionally,WTG,butnot aRBEepitopemutant, could
dissociate fromFupon ephrinB2 engagement. Finally, using a bio-
tinylated HR2 peptide to detect pre-hairpin intermediate forma-
tion, a cardinal feature of F-triggering, we showed that ephrinB2
binding toWTG, but not the RBE-epitope mutants, could trigger
F. In sum, we implicate the coordinated interaction between the
baseofNiV-Gglobularheaddomainand the stalkdomain inmedi-
ating receptor-induced F triggering during viral entry.

The paramyxoviruses comprise a group of important human
pathogens, such as measles, mumps, human parainfluenza
viruses, and the highly pathogenic Nipah (NiV)4 and Hendra
(HeV) viruses. NiV infections have a mortality rate in humans
of up to 75%, and NiV is classified as a BSL4 pathogen because
of its bio- or agro-terrorism potential (1). The efficacy of entry
inhibitors targeted against HIV suggests that a better under-
standing of Paramyxovirus entry and fusion will facilitate sim-
ilarly efficacious antiviral therapeutics.
Although past studies have identified regions in either the

fusion (F) or attachment (G/H/HN) glycoproteins that are
important for membrane fusion or F-G/H/HN association
(2–10), the region(s) inG important for receptor-activated trig-
gering of F-mediated fusion remains unknown. Currentmodels
of Paramyxovirusmembrane fusion posit that receptor binding
to the attachment glycoprotein (G, H, or HN) triggers a confor-
mational cascade in the fusion protein (F). Such F-triggering
results in fusion peptide (FP) exposure, which involves forma-
tion of a pre-hairpin intermediate and subsequent six-helix
bundle formation (11). The energy released upon refolding into
the stable six-helix bundle ground state iswhat drives the fusion
of the viral and host-cell membranes. These are common func-
tional and structural features responsible for membrane fusion
for all enveloped viruses regardless of whether the fusion pro-
tein has predominantly trimeric�-helical coiled-coil (Class I),�
(Class II), or a combination of� and� (Class III) core structures
(12). Important human pathogens such as the HIV, influenza,
and various paramyxoviruses have Class I fusion proteins, and
their similar structural features point to similar membrane
fusion mechanisms (11, 12). Besides sharing trimeric coiled-
coil structures, they are synthesized as precursors that are
cleaved into a metastable conformation; cleavage generates a
new hydrophobicN terminus FP that gets released and inserted
into the target cell membrane upon triggering (11, 12). Class I
fusion proteins have two heptad repeat regions, HR1 and HR2,
at their N and C termini, respectively, that fold up onto each
other during six-helix bundle formation to bring aboutmerging
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of target cell and viral membranes (12). For Paramyxovirus F
proteins, the C-terminal HR2 region is generally thought to be
pre-formed, but the N-terminal HR1 region is formed only
upon F-triggering and FP insertion (11, 13). The formation of
this trimericHR1 core just before six-helix bundle formation, is
known as the pre-hairpin intermediate.
Despite their common features, viral fusion proteins vary in

their detailed structures, triggering factors, and number of viral
surface proteins involved. For paramyxoviruses, receptor bind-
ing and fusion functions are carried out by two distinct trans-
membrane proteins (attachment (G, H, or HN) and fusion (F)
proteins, respectively), and with few exceptions both are
required for membrane fusion. The underlying mechanism of
fusion triggering by the attachment protein may vary depend-
ing on their use of protein versus carbohydrate receptors (14).
For example, we and others have observed an inverse correla-
tion between fusogenicity of the F protein and the avidity of the
F/G or F/H interactions for NiV and measles virus (2, 3, 5, 15,
16), both of which use protein-based receptors; however, for
Newcastle disease virus, a glycan-using Paramyxovirus, there
seems to be a direct correlation between fusogenicity and the
avidity of F/HN interactions (8).
For the paramyxoviruses, the early steps in the fusion cas-

cade, particularly how H/HN “triggers” F, are not well under-
stood, and the region(s) in H/HN responsible for F triggering
remains unclear, although the stalk domain ofH/HNappears to
be important for F triggering or for interaction with F (5–8).
For NiV, the G attachment glycoprotein binds either the eph-
rinB2 (B2) or ephrinB3 (B3) protein receptors (17–19), but it is
not known how receptor engagement induces G to undergo the
allosteric changes involved in triggering F. However, by homol-
ogy toHorHN, it is likely that the stalk domain inNiV-G is also
involved in F-triggering (20). Here we analyze the early steps in
the fusion cascade for NiV and identify a specific region in
NiV-G distinct from the receptor binding site that is involved
in 1) B2-induced changes that trigger FP exposure in F, 2) mod-
ulating the avidity of F/G interactions resulting in displacement
of F from G, and 3) transducing receptor-induced membrane
fusion. Our results offer testable hypotheses as to whether this
model of fusion cascade holds true for other paramyxoviruses
that use protein-based receptors.

EXPERIMENTAL PROCEDURES

Expression Plasmids—HA andAU1 tagged codon-optimized
(CO) NiV-G (G) and NiV-F (F) expression plasmids, respec-
tively (21), and G deletion mutants 1, 2, 3, 4, 9, 11, and 14 (17),
were previously described. Deletion mutants �4 and �9 and
triple Ala site mutants 4-1, 4-2, 4-3, 4-4, and 4-5 were made by
site-directedmutagenesis of the COwild-type (WT) G plasmid
using the QuikChangeTM kit (Stratagene). All mutations were
confirmed by sequencing the entire open reading frame.
Cell Culture—The growth conditions for CHO-pgsA745

(CHO), CHOB2-pgsA745 (CHOB2), Vero, and 293T cells have
been previously described (2, 17).
Antibody Production and Quantification of Cell Surface

Expression and Antibody Binding Levels by Flow Cytometry—
Production of rabbit anti-G and anti-F antisera fromCOG and
F plasmids was previously described (2, 3, 17), and production

of rabbit monoclonal anti-G antibodies was essentially as
described for anti-F monoclonal antibodies (3). Sera or hybri-
doma supernatants containing anti-F- or anti-G-specific activ-
ities were used at 1:1000 dilution for flow cytometry on NiV-F/
G-transfected cells, and bound antibody was detected as
previously described (2, 3). For ephrinB2 (B2) binding assays,
soluble B2-humanFc protein (R&D) was added at 10 nM and
detected using anti-human Fc secondary antibodies (Caltag) as
indicated previously (17).
Quantitation of Cell-Cell Fusion—COWT or mutant G and

CO WT F expression plasmids (1:1 ratio, 1 �g of total) were
transfected into 293T cells grown in 12-well plates at 70% con-
fluency. 12–18 h post-transfection, cells were 4�,6-diamidino-
2-phenylindole-stained, and syncytia formation was quantified
as indicated previously (2, 3, 21).
Circular Dichroism (CD)—Changes in the secondary struc-

ture of NiV-G were monitored by CD spectroscopy in a Jasco-
715 spectrometer. Data were collected between 200 and 240
nm, keeping the high voltage below noise levels at all times.
Experiments were repeated three times, and each trial was the
average of three scans at 20 nm/min and 0.2 nm of resolution.
PBS� buffer (phosphate-buffered saline supplemented with
500 �M Mg2Cl and 900 �M CaCl2) (22) was used in a 300-�l
cuvette at room temperature. CD spectra of ephrinB2 (B2) (2.5
�M), soluble G (1.2 �M), and B2:Gmixture were collected. Data
were corrected by subtracting the buffer signal. The theoretical
spectrum of the B2:G mixture, assuming no interprotein inter-
action, was calculated by the linear addition of the individual B2
and G scans, and the changes in the ellipticity were calculated
by subtracting the experimental B2:G data from the theoretical
spectrum. The change in ellipticity magnitude was calculated
by averaging the ellipticity values between 223 and 208 nm in
both theoretical and experimental data.
NiV-F/NiV-G Co-immunoprecipitation—NiV-F/G vesic-

ular stomatitis virus pseudotyped virions were allowed to mix
withCHOcells (negative control) orCHOB2 cells for 2 h at 4 °C
then triggered at 37 °C for 0, 15, or 60 min and lysed in 1%
Triton-X100. Gwas immunoprecipitated under each condition
using rabbit anti-G polyclonal antibodies as previously
described (2, 3, 21). Co-immunoprecipitated F was detected by
Western blotting using the primary anti-AU1 tag antibodies,
and signals were quantified by densitometry as previously
described (2, 3).
Triggering of NiV-F—CHO cells were transfected withWT F

and WT or mutant G expression plasmids as well as a green
fluorescent protein expression plasmid at a 10:10:1 ratio,
respectively. 18 h post-transfection, a 1:1 ratio of the trans-
fected cells and either CHO (negative control) or CHOB2 cells
were mixed and incubated for 45 min at 4 °C or 37 °C in the
presence of excess (500 �M) biotinylated HR2 peptide (biotin-
KVDISSQISSMNQSLQQSKDYIKEAQRLLDTVNPSL). Sub-
sequently, the cells were washed with wash buffer (1% FBS in
phosphate-buffered saline), fixed in 0.5% paraformaldehyde in
wash buffer, and washed again 2X with wash buffer. The bio-
tinylated HR2 peptide bound to F was detected using streptavi-
din-allophycocyanin and quantified by flow cytometric analy-
sis. To enhance our signal:noise ratio and to focus only on
F-expressing cells, green fluorescent protein (GFP��) cells
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were gated and analyzed for their allophycocyanin (HR2-biotin
binding) signals.

RESULTS

Enhanced Binding of Monoclonal Antibody 45 (Mab45) to
NiV-G (G) Induced by EphrinB2 Receptor Binding—Receptor-
induced conformational epitopes can be suggestive of confor-
mational changes in viral envelopes that eventually lead to
membrane fusion and viral entry. This is exemplified by CD4-
induced coreceptor binding epitopes in HIV gp120. Binding to
coreceptor after CD4-induced conformational changes in HIV
gp120 triggers fusion peptide exposure in gp41 and the subse-
quent six-helix bundle formation that eventually leads tomem-
brane fusion (23, 24). NiV also uses a protein-based receptor
and a type I fusion protein, although in this Paramyxovirus, the
receptor-interacting attachment glycoprotein (G) is physically
distinct from the fusion (F) protein. To determine whether
receptor engagement of G also results in conformational
changes that lead to F triggering and fusion peptide exposure,
we first sought to develop conformational antibodies against
NiV-G that exhibit a receptor-induced epitope. Fig. 1A shows a
representative set ofNiV-G-specific rabbit polyclonal (806) and
monoclonal antibodies (Mab26 and Mab45) obtained via
genetic immunization with expression plasmids for codon-op-
timized Nipah matrix M, F, and G (see “Experimental Proce-
dures”). Note that both Mab26 and the polyclonal anti-NiV-G
antiserum (806) showed a relative decrease inNiV-Gbinding in
the presence of soluble ephrinB2 (B2), the cognate receptor for
henipaviruses, suggesting that B2 may compete for the binding

epitopes of these antibodies. In contrast, Mab45 bound better
to G in the presence of soluble B2 (Fig. 1A). CHO cells express-
ing full-length G were used in these assays because they do not
express endogenous henipavirus receptors (17, 18), and thus,
we could control for receptor engagement by adding exogenous
soluble B2. The enhancement of Mab45 binding to G upon B2
engagement was observed at 20 and 37 °C (Fig. 1, A and C) but
not at 4 °C (Fig. 1B), suggesting that the receptor-induced
enhancement of Mab45 binding to NiV-G was a temperature/
energy-dependent process.
To further examine the specificity of this phenomenon,

increasing amounts of soluble ephrinB1 (B1), ephrinB2 (B2), or
ephrinB3 (B3) were added to CHO cells expressing NiV-G and
were allowed to incubate at 37 °C for 15 min in the presence of
a constant amount of Mab45 (0.2 �g/ml). Fig. 1C shows that
there was a dose-dependent enhancement ofMab45 binding to
G when titrating in B2 and to a much lesser extent, B3, and not
at all for B1. This was consistent with the much higher affinity
of B2 than B3 for NiV-G (18). Indeed, the EC50 of the dose-
response curve for B2-enhanced Mab45 binding was remark-
ably close to the established Kd of ephrinB2 for NiV-G (�0.1
nM). Additionally, a receptor binding-deficient NiV-G mutant,
E533Q, which is expressed and can be bound by Mab45 at WT
levels (25), displayed no enhancement of Mab45 binding upon
the addition of B2, underscoring that receptor binding to
NiV-Gwas necessary for the enhancement ofMab45 binding
(Fig. 1C). Altogether, these results suggested that upon B2
binding, a structural change occurred in NiV-G that allowed
Mab45 to bindmore efficiently and that such a change(s) was
energy-dependent.
Mapping of the Mab45 Conformational Epitope in NiV-G—

BecauseMab45 binding toNiV-Gwas enhanced upon receptor
binding and yet Mab45 was still able to block NiV entry (Fig.
1D), we hypothesized that Mab45 receptor binding-enhanced
(RBE) epitope may be important for the receptor-induced
changes in G that lead to F triggering and membrane fusion.
Thus, we first sought tomap theMab45 epitope onNiV-G. The
Mab45 epitope was conformational, asMab45 did notWestern
blot, and screening of overlapping 22-mer peptides spanning
the entire ectodomain of NiV-G did not result in any positive
hits (supplemental Fig. 1). Next, we utilized a series of well
expressed, previously described soluble NiV-G deletion
mutants (17) in a pre-absorption/competition assay to show
that region 4 and 9 (Fig. 2A and supplemental Fig. 2) were
important for Mab45 and Mab26 binding, respectively. Then,
we confirmed these results in the context of the full-length
NiV-G protein by deleting the regions 4 or 9 andmeasuring the
direct binding of Mab45 and Mab26 to these deletion mutants
expressed on CHO cells. Fig. 2B shows that although the �4
mutant boundmonoclonal anti-HA tag orMab26 antibodies, it
did not bind Mab45. Conversely, although expressed at lower
levels at the cell surface, �9 bound anti-HA orMab45 antibod-
ies but notMab26 (Fig. 2B). Thus, we confirmed that region 4 in
G, located at the �6S4/�1H1 region (amino acids 195–211) at
the base of the head domain, is important for Mab45 binding,
whereas region 9, within the �3H1/�3H2 region (amino acids
371–392) at the top of the head domain near the receptor bind-

FIGURE 1. Enhanced binding of Mab45 to NiV-G (G) induced by ephrinB2
(B2) receptor binding. A, polyclonal (806) and monoclonal (Mab26 and
Mab45) anti-NiV-G antibodies binding to full-length NiV-G expressed in
CHOpgsA745 (CHO) cells in the presence or absence of soluble B2 protein at
room temperature (�20 °C) as detected by flow cytometry. % normalized
binding indicates MFI values normalized to the MFI values obtained in the
absence of soluble B2 (set at 100% for each antibody examined). Average �
S.E. are shown, n � 3. B, similar experiment to A, except performed at 4 °C.
C, binding of Mab45 to CHO cells expressing G or mutant E533Q at 37 °C when
increasing concentrations of soluble ephrinB1 (B1), ephrinB2 (B2), or ephrinB3
(B3) were used. Logarithm of the molar concentration of the soluble ephrinBs
used was plotted against % normalized binding, calculated as in A. Average �
S.E. are shown, n � 4. D, the inhibitory properties of 806, Mab26, or Mab45
antibodies were measured by mixing the indicated concentrations with NiV/
vesicular stomatitis virus renilla luciferase pseudotyped particles immedi-
ately before infection of Vero cells. Data are shown as % inhibition normalized
to luciferase activity in the absence of any antibodies. Average � S.E. are
shown; n � 3.
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ing site, is important forMab26 binding (supplemental Fig. 3A)
(26, 27).
To further map the putative Mab45 epitope, we constructed

a series of triple alanine scan mutants within region 4 (mutants
4-1 through 4-5, Fig. 2C). We determined the relative levels of
binding of these mutant proteins to anti-HA, Mab45, and
Mab26 by flow cytometry using CHO cells expressing the full-
length WT or mutant G proteins in the absence of any eph-
rinB2. Fig. 2D shows the levels of Mab45 and Mab26 binding
normalized to the anti-HA levels to correct for any cell surface
expression differences. Surprisingly, although deletion of the
entire region 4 (�4) abolished Mab45 binding to NiV-G, none
of the triple alanine mutants showed a significant decrease in
Mab45 binding. These results may imply that the Mab45
epitope was complex and was not determined by any short pri-
mary linear sequence, even within region 4. Alternatively,
because Mab45 was a conformational antibody as mentioned
above, deletion of region 4 may have resulted in a gross pertur-
bation of NiV-G that abrogated Mab45 binding as an indirect
effect. Thus, region 4, which we posited as being part of the
putativeMab45 epitope,mayhave nodirect but only an indirect
involvement with the RBE epitope that we hypothesized as
being involved in the receptor-induced changes in G that lead
to membrane fusion.
Role of the Region of G inMembrane Fusion—To further clar-

ify whether region 4 (�6S4/�1H1) or the putative Mab45
epitope plays an active role in the receptor-induced conforma-
tional cascade that leads to Nipah virus fusion, we analyzed the

receptor binding and fusogenic
capabilities of the region 4 mutants
when coexpressed with F. The �4
mutant itself was relatively well
expressed and bound to B2 at 50%
that ofwild-type levels butwas com-
pletely defective in a syncytia forma-
tion assay (Fig. 2E). Interestingly,
although WT G and mutant pro-
teins 4-1 and 4-2 formed syncytia
with an efficiency that paralleled
their ability to bind B2, almost no
syncytia formation was observed for
the 4-3, 4-4, and 4-5 mutant pro-
teins despite them being 1)
expressed at significant levels at the
cell surface (Fig. 2D), 2) able to bind
soluble B2 (Fig. 2E), 3) able to asso-
ciate with F (supplemental Fig. 4A),
and 4) able to form G oligomers
(supplemental Fig. 4B).
Because there were no obvious dif-

ferences between the fusion-compe-
tent (4-1, 4-2) and fusion-defective
(4-3, 4-4, 4-5)mutants in terms of the
four above-mentioned criteria for the
conformational integrity of NiV-G,
we asked whether the fusion-compe-
tent and fusion-defective mutants
were able to undergo the receptor-in-

duced changes that potentially lead to fusion. Thus, we deter-
mined whetherMab45 RBE epitope was associated with the fuso-
genic capacities of the region 4mutant proteins.We subjected all
region 4 mutants to the B2-enhanced Mab45 binding assay
described in Fig. 1C. Remarkably, the fusion-competent mutants
4-1 and 4-2 displayedWT levels of Mab45 binding enhancement
with similar EC50 values for the amount of B2 used (�0.1 nM),
whereas the fusion-defective 4-3, 4-4, and 4-5 mutants did not
show any Mab45 binding enhancement regardless of how much
B2was added (Fig. 2F). These results suggest a role for the involve-
ment of the RBEMab45 epitope in the receptor-induced changes
in NiV-G that lead to membrane fusion. In particular, the region
demarcated by the alanine scan mutants 4-3 to 4-5 of NiV-G
(ISYTLPVVG) may play a role in membrane fusion by mediating
the receptor-induced conformational changes that lead to F
triggering.
EphrinB2 Binding to NiV-G Induces Secondary Structure

Changes in NiV-G That Are Correlated with Fusogenicity—
Based on the above results, we hypothesized that the non-fuso-
genic region 4 mutants of G (e.g. 4-5) will not undergo the post
receptor-binding structural changes that lead to F triggering and
membrane fusion. In addition to the receptor-induced enhance-
ment of Mab45 binding, we sought to obtain independent bio-
physical evidenceof conformational changes inNiV-G inducedby
B2 binding. We performed CD studies on the entire soluble
ectodomain ofWTNiV-G (amino acids 71–602) and the equiva-
lent soluble 4-5mutant protein whenmixed individually with sol-
uble B2.We took advantage of the linear characteristics of the CD

FIGURE 2. Role of the �6S4/�1H1 region of G in membrane fusion and Mab45 binding enhancement.
A, schematic of NiV-G showing the various domains. Deletion sites 1, 2, 3, 4, 9, 11, and 14 are depicted, and their
sequences are shown in supplemental Table 1. B, binding of anti-HA, Mab26, and Mab45 to CHO cells express-
ing WT or deletion mutant G constructs �4 and �9, as measured by flow cytometry. Average � S.E. are shown,
n � 3. Both Mab45 and Mab26 are conformational antibodies, as they do not Western blot. C, sequence of
region 4 of G showing the location of the triple Ala mutations 4-1, 4-2, 4-3, 4-4, and 4-5 constructed in the
context of full-length G. D, binding of the full-length WT and the indicated mutant G proteins to Mab26 and
Mab45 by flow cytometry, normalized to their anti-HA antibody binding levels. Average � S.E. are shown, n �
3. E, levels of binding of region 4 mutants to polyclonal anti-NiV-G antiserum 806 or to soluble ephrinB2 (B2) in
CHO cells and levels of syncytia formation in 293T cells normalized to anti-HA antibody binding to correct for
any discrepancies in cell surface expression levels. Average � S.E. values are shown, n � 3. F, levels of binding
of WT and region 4 mutant proteins to Mab45 at various concentrations of B2, normalized to Mab45 binding in
the absence of B2 (set at 100%) as in Fig. 1C. Data were plotted using Prism, and average � S.E. values are
shown, n � 3.
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signals. The combined CD spectra of two proteins in a solution is
the linear addition of the individual CD signals coming from each
individual proteinwhen there areno interprotein interactions that
lead to conformational changes (28). Only when there is a confor-
mational change do the experimental CD spectra of the protein
mixture deviate from the linear sum of the individual proteins.
Interestingly, we detected a deviation from the theoretical CD
spectrauponB2binding toNiV-Gbutnot to the4-5mutant (com-
pareFig. 3,AwithB, green linesanddottedblack lines represent the
experimental and theoretical spectra, respectively), indicating a
conformational change in the secondary structureof at leastoneof
these two proteins. Because the identical soluble B2 protein was
used to bind bothNiV-G and 4-5 proteins, Fig. 3,A andB, and the
soluble NiV-G proteins gave amuchmore pronounced CD signal
than that of B2 (Fig. 3 A and B, blue and red lines, respectively),
these data strongly suggest that the conformational change that
resulted in the change inCD spectra came fromNiV-G.Note that
the 4-5mutantGproteinwas expressedwell and boundB2 atWT
levels in both the full-length and soluble versions (Figs. 2E and 3E)
butwas fusion-defective (Fig. 2E), implicating a link between fuso-
genicity and the B2-induced a conformational change in G.
As an additional control, we tested another soluble NiV-G

with a truncated stalk domain (G�Stalk), as the stalk domain of
paramyxoviral attachment proteins is also critically involved in
F-triggering (5–8). Fig. 3C shows that B2 binding to G�Stalk
did not induce any secondary structural changes, as evidenced
by the lack of deviation between the observed and theoretical
CD spectra even though G�Stalk was clearly able to bind B2
(Fig. 3E). Fig. 3D quantifies the relative changes in the CD spec-
tra (�[�]) upon B2 binding to NiV-G, the 4-5 mutant, and the

G�Stalk construct. The change in
CD spectra differences observed for
NiV-G was modest but highly sig-
nificant (p � 0.002 and p � 0.008,
Student’s t test) when compared
with the G�Stalk or the 4-5 mutant,
respectively, suggesting an interac-
tive role between the base of the
globular head and the stalk domain
of NiV-G in B2-induced conforma-
tional changes. Because the identi-
cal soluble B2 was added in all cases,
the secondary structural changes
likely come from G and not B2.
Remarkably, the recently solved
structures of NiV-G complexed
with B2 or B3 indicate that the
region demarcated by the 4-4 and
4-5 mutants is highly flexible and,
indeed, comprises the only few res-
idues that cannot be resolved in the
B2-NiVG complex (26, 27).
Lack of G “Activation” Correlates

with a Lack of F Dissociation from
G—For paramyxoviruses that use
protein-based receptors, we and
others have shown an inverse corre-
lation between fusogenicity and the

avidity of F/H or F/G interactions (2, 3, 5, 15, 16), suggesting
that dissociation of F from G after receptor engagement is the
rate-limiting parameter in the fusion cascade. Thus,we hypoth-
esized that B2-induced activation of G, as measured by the
temperature-dependent enhancement of Mab45 binding and
changes in CD spectra, will result in a relative dissociation of F
from G. To test this hypothesis, we mixed NiV F/G
pseudotyped vesicular stomatitis virus virions with CHO cells
that constitutively expressed B2 (CHOB2) (18) or not (CHO),
and allowed them to bind for 2 h at 4 °C to synchronize the
infection process. Thereafter, wemoved the cell/virusmixtures
to 37 °C for 0, 15, or 60 min. At the indicated time points, the
cell/virus mixture was lysed, immunoprecipitated with anti-G
specific antibodies, and Western-blotted for the amount of F
that was co-immunoprecipitated. Fig. 4A shows that in the
absence of B2, the amount of F0/F1 on virions that was co-
immunoprecipitated with G did not change over time, whereas
in the presence of B2 (Fig. 4B) there was a clear reduction of F1
and, to a lesser extent F0, which was co-immunoprecipitated
with G over time. Densitometric data show that co-immuno-
precipitated F1 was reduced by 50 and 80% at 15 and 60 min,
respectively, after shifting to 37 °C (Fig. 4D). Strikingly, the
non-fusogenic 4-5 mutant G protein, which did not exhibit
B2-induced activation, also did not show a dissociation of F0/F1
from G over time (Fig. 4, C andD) in the presence of B2. These
results suggest that the region roughly demarcated by the 4-5
mutant may be involved in the conformational cascade that
leads to receptor-induced F/G dissociation and perhaps the
downstream triggering of F.

FIGURE 3. EphrinB2 binding to NiV-G induces secondary structure changes in NiV-G that are correlated
with fusogenicity. A, changes in the secondary structure of soluble G (blue) at 1.2 �M were monitored using CD
spectroscopy upon the addition of B2 (red) at 2.5 �M. A theoretical spectrum is shown using a black dashed line,
and the experimental G:B2 scan is shown in green. The difference between the latter two lines reflects differ-
ences in secondary structure. B and C, same experiment as in A, except replacing WT G for soluble 4-5 and
G�stalk proteins, respectively. The G�Stalk protein lacked amino acids 71–154 of the stalk domain. D, the
difference between experimental and theoretical data (� [�]) were generated by averaging the CD signals
between 223 and 208 nm and subtracting the experimental signal (green line) coming from the indicated G and
B2 mixture from the theoretical signal (black dashed line). Data are the average � S.E., n � 3. E, soluble WT G, 4-5,
or G�Stalk mutant proteins coating a maxisorb plate bound soluble B2 similarly in an ELISA enzyme-linked
immunosorbent assay format assay. A sigmoidal dose response curve is shown (data are the average � S.D.,
performed in triplicate).
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Lack of G Activation Results in the Inability to Trigger F—To
further study whether the inability to undergo receptor-in-
duced activation in the non-fusogenic (region 4)mutant G pro-
teins was related to the inability to trigger F, we developed a
triggering assay for the NiV-F protein. Current models of

paramyxoviral membrane fusion suggest that F triggering
involves formation and exposure of the HR1 (13) that is coinci-
dent with fusion peptide insertion into the target cell mem-
brane (10). The HR1 and HR2 in this pre-hairpin intermediate
then fold together to form the 6-helix bundle that drives mem-
brane fusion. HR2 peptides in NiV-F are thought to inhibit
membrane fusion by binding to the exposed HR1 region (2, 3,
29), and thus, we assayed whether we could detect F-triggering
by HR2 peptide binding to the exposed HR1 region during the
pre-hairpin intermediate stage under permissive conditions.
First, we constructed a biotinylated peptide that contained the
sequence of the HR2 region of NiV-F previously determined to
inhibit NiV infection and fusion (HR2-biotin) (2, 29). This pep-
tide was able to inhibit viral entry efficiently at an IC50 of 10 nM
(supplemental Fig. 5A). Next, we showed that HR2-biotin pref-
erentially bound to an artificially trimerizedHR1 core designed
to mimic the inner HR1 core of the six-helix bundle (supple-
mental Fig. 5, B–D). To detect F triggering, CHOB2 cells were
first mixed with CHO cells expressing the NiV-F and G glyco-
proteins for 2 h at 4 °C to synchronize receptor binding. The
HR2-biotin peptide was then added to the cell mixture, and the
fusion process was induced or not by incubating them at 37 or
4 °C, respectively, for another 45 min. HR2-biotin binding as a
surrogate marker for F triggering or pre-hairpin intermediate
formation was detected by fluorescence-activated cell sorter
analysis using allophycocyanin-conjugated streptavidin. To
focus only on F-expressing cells, NiV-F/G was co-transfected
with a fluorescent protein expression (GFP) expression plas-
mid, and GFP�� cells were gated and analyzed for their allo-
phycocyanin (HR2-biotin binding) signals. For WT F/G, we
were able to detect a significant increase in HR2-biotin binding
over background levels at 37 °C, but not at 4 °C, and in the
presence of B2 but not in its absence (Fig. 5,A andB), indicating
that binding of biotinylated HR2 peptide was a sensitive and
specific assay for detecting F triggering.
We then applied this assay to some of the (region 4) G

mutants that were unable to undergo B2-induced conforma-
tional changes described above. Compared withWTG, the 4-4

FIGURE 4. Lack of G activation correlates with lack of F dissociation from
G. A, co-immunoprecipitation of NiV-F using anti-NiV-G antibodies (top) from
F/G/vesicular stomatitis virus pseudotyped virions allowed to mix with CHO
cells (negative control) for 2 h at 4 °C then triggered at 37 °C for 0, 15, or 60
min, and lysed in 1% Triton X-100. Amounts of NiV-F in the viral/cell lysate
(middle) and amounts of immunoprecipitated G under each condition (bot-
tom) are shown. Co-IP, co-immunoprecipitation. B, same experiment as in A
but using CHOB2 instead of CHO cells. C, same experiment as in B except
using the 4-5 mutant G protein instead of the WT G protein. One representa-
tive experiment of three is shown. D, quantification of the effects of ephrinB2
binding on F/G interactions. The bands in A–C were quantified by densitom-
etry using a VersaDoc Imaging System (Bio-Rad). For each time point and
experimental condition, the normalized co-immunoprecipitation (Co-IP) F
ratio was calculated as the ratio of co-immunoprecipitated F0 or F1 signals
(from A–C, top panels) over the total F0 or F1 signals in the cell lysates (A–C,
middle panels) (to normalize for F expression levels) divided by the total
amount of immunoprecipitated G (A–C, bottom panels), as shown in the for-
mulas below. For each experimental condition, the normalized co-immuno-
precipitation F ratio at various time points was normalized to the ratio obtained
at time 0, which was set at 1 unit. Note that F1 dissociated from WT G more than F0
in the presence of B2. Data are the average � S.E. are shown, n � 3. Normalized
co-immunoprecipitation (Co-IP) F0 ratio � (Co-IP F0/(F0 in cell lysates))/(G IP); nor-
malized co-IP F1 ratio � (Co-IP F1/(F1 in cell lysates))/(G IP).

FIGURE 5. Lack of G activation results in inability to trigger F. A, CHO cells expressing F and G were mixed with either CHO cells (negative control) or CHOB2
cells for 2 h at 4 °C. Cell mixtures were brought to 37 °C or kept at 4 °C for 45 more min to allow for triggering of F or not in the presence of 500 nM biotinylated
HR2 peptide. B, the MFI values are summarized for 4 or 37 °C and in the absence (�B2) or presence (�B2) of B2 for the F/G (WT), F/4-4, and F/4-5 protein pairs.
Data are the average � S.E. are shown, n � 3. The p value for the MFI of the (�B2) versus (�B2) conditions at 37 °C for WT F/G was 0.02.
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and 4-5 mutants were unable to trigger F as shown by their
relative lack of HR2 peptide binding (Fig. 5A). The mean chan-
nel fluorescence values from this fluorescence-activated cell
sorter-based assay are summarized in Fig. 5B. The 4-4 mutant
displayed a complete lack of HR2 peptide binding under per-
missive conditions, whereas the 4-5 mutant showed only a
small amount of HR2 peptide binding in the presence of B2 at
37 °C (�30% increase in mean fluorescence intensity (MFI)
compared with 	300% increase in MFI for WT G).

DISCUSSION

Here we identified a region (ISYTLPVVG) at the base of the
globular head domain of NiV-G (�6S4/�1H1) to be involved in
B2-induced changes in G that trigger FP exposure in F. This
region is likely critical for transducing the receptor-induced
signals that result in virus-cell membrane fusion. Mutations
within this region inNiV-G (mutants 4-4 and 4-5) abrogated or
greatly decreased1)membrane fusion (Fig. 2E), 2) temperature-
dependent enhancement ofMab45 binding (Fig. 2F), 3) second-
ary structural changes detected by CD (Fig. 3B), 4) receptor-
induced F dissociation from G (Fig. 4C), and 5) pre-hairpin
formation during F triggering (Fig. 5). These five phenotypes
were all induced in WT G upon B2 engagement. The �6S4/
�1H1 region demarcated by the 4-4 and 4-5 mutants were
involved in all the above phenotypes related to the fusion cas-
cade, and yet the 4-4 and 4-5 mutants do not seem to affect the
overall structure nor the receptor binding ability of the attach-
ment protein (Fig. 2E and supplemental Fig. 4). The explosion
of recent structural data on paramyxoviral attachment and
fusion proteins have added greatly to our understanding of the
paramyxoviral fusion cascade, and recent reviews have empha-
sized the importance of understanding the mechanisms by
which G triggers F and of identifying regions in G involved in F
triggering as future significant goals (11–14, 20). Mutations
have been described in other paramyxoviral attachment pro-
teins (primarily in their stalk region) that do not affect receptor
binding but are nevertheless fusion-defective, perhaps due to
defect in F and G/H/HN association or a defect in triggering (7,
30–39). However, our results indicate the identification at least
in part of a long sought receptor-induced activation site in G
that triggers F and, importantly, implicates both this region and
the stalk domain in mediating the receptor-induced allosteric
signal during the fusion cascade.
For paramyxoviruses that use glycan-based receptors, strong

data exist that argue against conformational changes in the
globular head of HN upon receptor binding (40–44), although
there seems to be a consensus that some change must occur,
perhaps in the stalk domain, and at the level of the quaternary
structure of the attachment protein (43, 45) upon receptor
binding in order for F-triggering to proceed. In the recently
published structures of henipavirusG, there do not appear to be
significant conformational differences between the receptor
bound or unbound state (26, 27). However, none of the pub-
lished paramyxoviral attachment protein structures include the
stalk domain, and thus, it is not clearwhether the issue of recep-
tor-induced conformational changes can be resolved in studies
without the stalk domain, as clearly, some sort of allosteric
transfer of receptor-induced signals need to occur for the fusion

cascade to proceed (14, 20). Here, we provide evidence for
receptor-induced allosteric changes in G by both temperature-
dependent Mab45 binding enhancement and changes in CD
spectra (Fig. 1 and 3). Notably, the lack of the stalk domain in G
(mutant G�Stalk) prevented CD spectra changes upon B2
binding (Fig. 3C). Thus, it is possible that to observe changes in
the G protein upon receptor binding, either the full-length pro-
tein (as in the case of our cell surfaceMab45 binding assay) or at
least the whole soluble ectodomain (as in our stalk-domain
containing G for our CD experiments) is necessary. The �6S4/
�1H1 region and stalk domain regionsmay act in concert in the
fusion process; this notion is supported by their close spatial
proximity (supplemental Fig. 3) and previous Paramyxovirus
studies that implicate the stalk domain in membrane fusion
(5–8).
Our results present evidence forMab45 ability to enhance its

recognition of WT G upon its binding to B2 at 37 or 20 °C but
not at 4 °C. The temperature dependence of this phenomenon
is noteworthy asmembrane fusion has been clearly shown to be
an energy-dependent process, as only pre-hairpin intermedi-
ates of fusionwhich undergo FP exposure and insertion into the
target membranes, but not complete fusion, have been
observed at temperatures lower than 37 °C but higher than 4 °C
(10, 12, 13). Thus, the enhancement of Mab45 binding to G
uponB2 engagement at 20 or 37 °C, but not at 4 °C, is consistent
with previous membrane fusion studies and can be used as a
tool to detect receptor-induced activation of G.
In the recently solved structures of henipavirus-G proteins,

the �6S4/�1H1 region, especially residues PVV, either failed to
give resolvable electron density maps or were specifically men-
tioned as a highly flexible region (26, 27). Remarkably, this
region, demarcated by our 4-4 and 4-5 mutants and part of the
Mab45 RBE epitope, plays a role in the receptor-induced trig-
gering of F. Altogether, these results suggest that the flexibility
of this region is important for the fusion process. Moreover,
when we modeled NiV-G as a dimer after the hPIV3 crystal
structure (supplemental Fig. 3B) (42), this region was situated
partially at the dimer interface, suggesting that the flexibility of
this interdimeric interface is important for the fusion process.
We speculate this flexibility reflects that NiV-G may exist in
multiple conformations, some of which are accessible for
Mab45 binding. EphrinB2 binding may collapse these confor-
mations to a common stable ground state that exposes the RBE
epitope, perhaps by re-orienting the globular head domains in a
way that allows for better Mab45 binding. The Mab45 RBE is,
therefore, a surrogate marker for a receptor-induced stabiliza-
tion of the metastable NiV-G. In addition, we observed a rela-
tive dissociation of theG/F proteins upon receptor binding, and
such dissociationwas abrogated for the 4-5mutant. Although it
is unlikely that the PVV region directly interactswith F, because
mutations in this region (4-4 and 4-5) did not significantly
affect the F/G interactions per se (supplemental Fig. 4A) but
only B2-induced F/G dissociation, it suggests that this hyper-
flexible PVV region in G interacts with the stalk domain in a
manner required to trigger F. Interestingly, Broder and
co-workers (4) also implicated the stalk domain of Hendra
virus-G in the receptor-induced changes thatmediate fusion. In
addition, we have a panel of cysteine mutants in the stalk
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domain with similar phenotypes to those observed for the
mutants in this hyperflexible �6S4/�1H1 region.5
In summary, our results identify a receptor-induced alloster-

ic activator in NiV-G that is critical for triggering the pre-hair-
pin intermediate formation in F and eventual membrane
fusion. NiV-G activation involves a RBE-epitope at the base of
the globular head domain that likely works in conjunction with
the stalk domain in mediating the allosteric transfer of B2-in-
duced signals that propagate the NiV fusion cascade. Whether
this model is generalizable for other paramyxoviruses that use
protein-based receptors remains to be determined.
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