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The hemagglutinin-neuraminidase (HN) protein of paramyxoviruses carries out three distinct activities contributing to the abil-
ity of HN to promote viral fusion and entry: receptor binding, receptor cleavage (neuraminidase), and activation of the fusion
protein. The relationship between receptor binding and fusion triggering functions of HN are not fully understood. For New-
castle disease virus (NDV), one bifunctional site (site I) on HN=s globular head can mediate both receptor binding and neur-
aminidase activities, and a second site (site II) in the globular head is also capable of mediating receptor binding. The receptor
analog, zanamivir, blocks receptor binding and cleavage activities of NDV HN=s site I while activating receptor binding by site II.
Comparison of chimeric proteins in which the globular head of NDV HN is connected to the stalk region of either human para-
influenza virus type 3 (HPIV3) or Nipah virus receptor binding proteins indicates that receptor binding to NDV HN site II not
only can activate its own fusion (F) protein but can also activate the heterotypic fusion proteins. We suggest a general model for
paramyxovirus fusion activation in which receptor engagement at site II plays an active role in F activation.

Entry of enveloped viruses into host cells requires fusion of the
viral and cell membranes. Viral fusion is driven by specialized

fusion proteins that bring the viral and host membranes in close
apposition to form a fusion pore (17, 21, 59, 64, 65). For many
paramyxoviruses, the fusion protein (F) is activated when the re-
ceptor binding protein binds to a host receptor (55). Once activa-
tion occurs, the F protein undergoes a coordinated series of con-
formational changes that bring the two membranes together and
promote membrane fusion (26, 37). The nature of the series of
conformational changes that permit F to mediate membrane fu-
sion, as well as the role that the receptor binding protein of
paramyxoviruses plays in this fusion process, has been the subject
of recent studies (16, 25, 31).

Paramyxoviruses possess envelope proteins that provide a
binding function and, depending on the specific paramyxovirus
family member, a receptor-cleaving (neuraminidase) activity. All
of the paramyxovirus receptor binding proteins studied to date,
with the possible exception of respiratory syncytial virus (RSV)
and human metapneumovirus (hMPV), also possess a third, crit-
ical function: they activate the F protein to mediate the merger of
the viral envelope with the host cell membrane. For measles virus
and henipaviruses, the receptor binding proteins (H or G) recog-
nize a proteinaceous receptor and do not possess a receptor cleav-
age function (6, 22, 42–44, 66). For human parainfluenza viruses,
the envelope protein hemagglutinin-neuraminidase (HN) con-
tains both sialic acid receptor binding and receptor-cleaving
(neuraminidase) activities and, when receptor-bound, activates
the F protein to initiate the conformational changes leading to
fusion (38–40, 52, 53, 55). Crystallographic studies of the HNs of
human parainfluenza virus type 3 (HPIV3) (29), Newcastle dis-
ease virus (NDV) (14, 69), and parainfluenza virus 5 (PIV5) (68)
have shown that a single active/catalytic site on the globular head
of the HN molecule, called “site I,” has both receptor binding and

neuraminidase activities. The X-ray crystal structure of the glob-
ular head of NDV HN (69) also showed a second binding site
(“site II”) in the globular head.

The efficiency of F activation by HN critically influences the
degree of fusion mediated by F as well as the efficiency of viral
entry (51, 55). The balance between the three functions of HN—
binding, fusion activation, and neuraminidase— ultimately deter-
mines the outcome of infection (53). A clear mechanistic compre-
hension of how these activities are regulated is key for
understanding viral entry and for designing strategies to block
infection (37). We have proposed that a second binding site in the
globular head of HPIV3 and site II observed in the structure of
NDV HN=s globular head plays an important role in F protein
triggering (47, 50, 51, 54).

For NDV HN, mutations in site I can alter sialic acid receptor
binding and neuraminidase activity (11, 32), while mutations at
site II alter receptor binding and fusion promotion without affect-
ing neuraminidase activity (9). Small molecule receptor analogs
designed to inhibit neuraminidase (e.g., zanamivir) inhibit NDV
HN=s neuraminidase but not sialic acid receptor binding (54). We
have previously investigated the functional relationship between
NDV HN site II and the bifunctional site I and found that the
engagement of site I with a receptor analog (zanamivir) leads to
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the activation of site II (50). Activated site II has higher receptor
avidity than site I (50). It has recently been shown that NDV HNs
with mutations in the NDV HN dimer interface, which led to
decreased receptor binding, also impaired fusion promotion (13).
Adding zanamivir to one of these HN mutants restored binding,
suggesting that zanamivir binding to site I induced activation of
site II in this mutant (33). In the present study, we demonstrate
that receptor binding to NDV HN site II efficiently transmits the
fusion signal to the stalk regions of not only NDV HN but also
HPIV3 and Nipah virus (NiV) receptor binding proteins (HN and
G). Our data suggest a unified model for paramyxovirus fusion
activation in which receptor engagement at the globular head of
the receptor binding protein plays an active role in F activation.

MATERIALS AND METHODS
Chemicals. Zanamivir was prepared from Relenza Rotadisks (5 mg zana-
mivir with lactose). A 50 mM stock solution was prepared by dissolving
each 5-mg blister capsule in 285 �l Optimem medium (Gibco). Stock
solutions were stored at �20°C. Sialyllactose was obtained from Sigma-
Aldrich (A0828), and a 10 mM stock solution was prepared by dissolving
in CO2-independent medium (pH 7.3; Gibco).

Plasmids. The genes of NiV wild-type (wt) G and wt F were codon
optimized and synthesized by GeneArt (Germany) and subsequently sub-
cloned into the mammalian expression vector pCAGGS using EcoRI or
XhoI and BglII restriction enzyme sites. The various chimeric and mu-
tated cDNAs were codon optimized and synthesized by Epoch Biolabs and
subcloned into the mammalian expression vector pCAGGS. The NDV
HN and F pCAGGS expression vectors were generously provided by Ron-
ald Iorio, University of Massachusetts—Worcester.

Transient expression of the HPIV3 and NDV HN/F, NiV G/F, and
chimeric cDNA genes. Transfections were performed according to the
Lipofectamine 2000 manufacturer’s protocols (Invitrogen).

Cell cultures. The human kidney epithelial 293T cell line was grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and antibiotics at 37°C and 5% CO2.

HAD assays. Hemadsorption (HAD) assays were performed and
quantified as previously described (52). Briefly, growth medium from
293T monolayers cotransfected with HN/F in 24- or 48-well Biocoat
plates (Becton Dickson Labware) was aspirated and replaced with 200 �l
of 1% red blood cell (RBC) solution in serum-free, CO2-independent
medium (pH 7.3; Gibco) with or without zanamivir and placed at 4°C for
30 min. The wells were then washed three times with 200 �l cold CO2-
independent medium. The bound RBCs were lysed with 200 �l RBC lysis
solution (0.145 M NH4Cl and 17 mM Tris-HCl), and absorbance was read
at 405 nm using a Spectramax M5 (Molecular Devices) microplate reader.

Cell surface expression assay. Monolayers of 293T cells were tran-
siently transfected with HN or F constructs. The cells were washed
twice in phosphate-buffered saline (PBS) and then incubated with a
pool of anti-NDV HN monoclonal antibodies (Santa Cruz Biotechnol-
ogy mouse monoclonal IgG1 [IC114], IgG2a [HN14f], and IgG2a

[HN4a]) in PBS containing 3% BSA and 0.1% sodium azide for 1 h.
Samples were then washed twice in PBS and incubated with 1:100 of
anti-mouse fluorescein isothiocyanate (FITC) (BD Pharmingen). To
quantify cell surface proteins in each sample, indirect immunofluores-
cence was measured by fluorescence-activated cell sorting (FACS)
(FACSCalibur; Becton, Dickinson).

Measurements of neuraminidase activity. Assays were performed in
transiently transfected 293T cell monolayers as previously described (47,
52). Briefly, 293T cells expressing viral glycoproteins were added to 96-
well plates in CO2-independent medium at pH 5.0 or 6.5. After adding
reaction mixtures containing 20 mM 2=-(4-methylumbelliferyl)-alpha-D-
N-acetylneuraminic acid (Toronto Research Chemicals Inc.) substrate
with and without 2 mM zanamivir, the plates were incubated at 37°C for
1 h. Throughout this period, the fluorescence that occurred as a result of

substrate hydrolysis was read at a 365-nm excitation wavelength and
450-nm emission wavelength using a Spectramax M5 microplate reader.

�-Gal complementation-based fusion assay. We previously adapted
a fusion assay based on alpha complementation of �-galactosidase (�-
Gal) (36, 51). In this assay, receptor-bearing cells expressing the omega
peptide of �-Gal are mixed with cells coexpressing envelope glycoproteins
and the alpha peptide of �-Gal, and cell fusion leads to complementation.
Fusion is stopped by lysing the cells, and after addition of the substrate,
fusion is quantified on a Spectramax M5 microplate reader.

Measurement of fusion between RBCs and envelope glycoprotein-
expressing cells. Monolayers of 293T cells transiently expressing viral
glycoproteins were washed and incubated with 1% RBC suspensions (pH
7.5) for 30 min at 4°C with or without zanamivir (2 mM). After the
samples were rinsed to remove unbound RBCs, they were placed at 37°C
for the indicated time with or without 2 mM zanamivir. The plates were
then rocked, and the liquid phase was collected in V-bottom tubes for
measurement of released RBCs. The cells were then incubated at 4°C with
200 ml of RBC lysis solution, where the lysis of unfused RBCs with NH4Cl
removes RBCs that have not fused with cells coexpressing envelope gly-
coproteins. The liquid phase was collected in V-bottom 96-well plates for
measurement of bound RBCs. The cells were then lysed in 200 �l 0.2%
Triton X-100-PBS and transferred to flat-bottom 96-well plates for quan-
tification of fused RBCs. The amount of RBCs in each of the above three
compartments was determined by measuring the absorption at 405 nm.

Partial removal of sialic acid receptors from RBCs. Partial receptor
depletion of RBCs was achieved by treating 2 ml of a 10% RBC solution in
serum-free medium for 2 h at 37°C with 0 to 200 mU of Clostridium
perfringens neuraminidase (type V from C. perfringens, catalog no.
N-2876; Sigma Scientific, St. Louis, MO) as previously described (41).
Neuraminidase was then removed by washing the RBCs 3 times with
serum-free medium. Each set of RBCs was then resuspended in serum-
free, CO2-independent medium to achieve final 2% RBC stocks.

Assessment of HN receptor binding avidity with receptor-depleted
RBCs. RBCs partially depleted of their surface sialic acid receptors (de-
scribed above) were used to determine the relative receptor binding avid-
ities of variant HN molecules as previously described (41). In each exper-
iment, all RBCs were obtained from the same preparation of depleted
stocks (as described above). The RBCs were overlaid on 293T cell mono-
layers in 48-well plates transiently transfected 24 h prior with wt or variant
HN expression vectors as described above. The plates were incubated at
4°C for 30 min to allow RBC binding. The cell monolayers were then
washed at 4°C with cold CO2-independent medium to remove unbound
RBCs, bound RBCs were lysed with RBC lysis buffer, and the absorbance
was read at 405 nm on a Spectramax enzyme-linked immunosorbent
assay (ELISA) reader. Results were presented as percent retention of RBCs
relative to the control level (undepleted RBCs) versus the degree of deple-
tion, expressed as mU of bacterial neuraminidase. For pretreatment of
HN-expressing cells with neuraminidase, the monolayers were treated
with 25 mU of the enzyme per well in 48-well plates (5 � 105 cells) for 3 h
at 37°C, transferred to 4°C until they reach that temperature, and then
washed.

Homology modeling of HPIV3-NDV chimera. The HPIV HN(1–
144)–NDV HN(123–599) chimera model was built from the crystal struc-
ture of NDV HN (PDB identifier 3T1E). Part of the HPIV3 HN sequence
(residues 97 to 144) was sequence aligned with the stalk region of NDV
HN. The HPIV3 HN stalk was then generated from 3T1E.pdb based on
sequence alignment. The linker region between the HPIV3 stalk and NDV
receptor binding domain was manually built in the Coot software pro-
gram (18), and the complete model was energy minimized in the Phenix
program (1).

RESULTS
Role of NDV HN site II in homotypic fusion activation. The
specific role of NDV HN site II in driving F-mediated fusion has
not been explored. To evaluate the roles of site II, we used the

Fusion Activation by Paramyxovirus HN Site II

May 2012 Volume 86 Number 10 jvi.asm.org 5731

http://jvi.asm.org


receptor analog zanamivir to occupy site I and activate site II (50).
NDV (Australia-Victoria [AV]) wt HN was coexpressed with
NDV F, and we evaluated the impact of the addition of zanamivir
on the ability of HN to activate F, using an assay we had previously
designed to distinguish between different states of F activation
(47, 51, 55). The readout for F activation by HN in each case was
fusion of red blood cells (RBC) with the HN/F-expressing cells.
Cells coexpressing NDV F and NDV HN were allowed to bind to
their sialic acid receptors on RBCs at 4°C in the presence or ab-
sence of 2 mM zanamivir (Fig. 1). The cells were then washed, and
medium containing 0 or 2 mM zanamivir was added at 4°C. The
cells were then transferred to 37°C to permit F activation. At dif-
ferent time points, we determined the amount of target RBCs that
(i) were released into the medium, indicating that they had been
attached only through HN and were released by the neuramini-
dase, which cleaves the sialic acid receptor (circles), (ii) were
bound but had not fused, indicating that they were either bound
by HN or by fusion peptide insertion (squares), or (iii) had un-
dergone fusion (triangles), indicating that the F activation process
proceeded past the transitional intermediate to achieve fusion.
The NDV HN-F pair reached a maximum of 50% fusion in the
absence of zanamivir (Fig. 1A). The same pair incubated in the
presence of zanamivir, which blocks site I and activates site II,
mediated fusion with 100% of the bound RBCs (Fig. 1B). In the
absence of zanamivir, fusion promotion by NDV HN was most
likely limited by the neuraminidase activity of site I, which cleaves
the receptor and thereby halts the fusion process (53). In the pres-
ence of zanamivir, site I is engaged and cannot mediate receptor
binding or neuraminidase activity, and therefore site II is capable
of mediating both binding and fusion activation. In order to ac-
complish activation of site II, a functional site I is required; for
example, mutations in site I that abolish neuraminidase activity of
HN (i.e., D198R) also abolish both binding and fusion promotion
(11, 32), and zanamivir does not activate site II in this mutant
(data not shown). The results in Fig. 1 reveal that fusion occurs
more efficiently when NDV HN site II is active and site I is engaged
by zanamivir and that NDV HN site II alone is sufficient for bind-
ing and fusion activation.

Chimeric receptor binding proteins mediate fusion. We have
recently shown that an NiV G-NDV HN chimeric protein medi-
ated fusion in the presence of zanamivir (49). Chimeric HPIV3
HN-NDV HN proteins have been described by us and others (19,

63), and we hypothesize that receptor engagement via NDV HN=s
site II renders these chimeric proteins functional. Schematic dia-
grams of the two chimeric proteins used in the current studies are
shown in Fig. 2. A beta-galactosidase complementation assay was
used to quantify the fusion mediated by the chimeric proteins and
their respective F proteins (the F protein homotypic to the stalk of
each chimera). In cells coexpressing HPIV3 F and chimera
HPIV3-NDV or HPIV3 HN (Fig. 3A) or coexpressing NiV F and
chimera NiV-NDV or NiV G (Fig. 3B), each receptor binding
protein activated the fusion protein corresponding to its specific
stalk. If Fs were paired with chimeric receptor binding proteins
bearing heterotypic stalks, fusion was not promoted (data not
shown). The chimeric proteins promoted less fusion than the na-

FIG 1 Role of HN in initiating the activation of F: requirement for site II
stimulation for F activation. Monolayers of 293T cells coexpressing NDV wt
HN and wt F were allowed to bind to receptor-bearing RBCs at 4°C in the
absence (A) or presence (B) of 2 mM zanamivir. Upon transfer to 37°C, me-
dium without (A) or with (B) 2 mM zanamivir was added. Values on the y axis
reflect quantitation of RBCs that were released, bound, or fused. The values are
means � standard deviation (SD) of experiments performed in triplicate.

FIG 2 Schematic diagram of chimeric HN proteins. (A) Schematic diagram of
chimera HPIV3-NDV. The stalk region is derived from residues 1 to 166 of
HPIV3 HN, and the globular head is derived from residues 124 to 571 of NDV
HN. (B) Schematic diagram of chimera NiV-NDV. The stalk region is derived
from residues 1 to 186 of NiV G and the globular head is derived from residues
124 to 571 of NDV HN.

FIG 3 Chimeric receptor binding proteins with NDV globular heads mediate
fusion promotion. Cell-to-cell fusion mediated by the chimeric HPIV3-NDV
protein with HPIV3 F (A) or chimeric NiV-NDV protein with NiV F (B),
compared to the HPIV3 HN/F (A) or NiV G/F (B) proteins. Fusion is mea-
sured by a �-Gal complementation assay. The values are means � SD of results
from samples assessed in triplicate and are representative of the experiment
repeated at least 4 times.
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tive receptor binding proteins, a difference that could result from
multiple changes in the protein’s properties.

Expression, binding, and neuraminidase activity of chimeric
receptor binding proteins. To assess the properties of the chime-
ric proteins that may affect fusion promotion, we determined the
expression levels of the two chimeric proteins compared to that of
NDV HN. Expression levels were measured using a commercial
kit (27, 28, 62) with pooled anti-NDV HN monoclonal antibodies.
Expression is presented as the percentage of NDV HN expression
in Fig. 4A. The HPIV3-NDV chimera had a higher expression level
than NDV HN and the NiV-NDV chimera. To assess binding, cells
expressing the indicated envelope proteins were allowed to bind
RBCs at 4°C in the absence (clear bar) or presence (black bar) of
zanamivir for 30 min, unbound RBCs were washed away, and the
bound RBCs were quantified. Binding by the envelope glycopro-
teins was somewhat lower in the presence of zanamivir (Fig. 4B).
Each protein exhibited neuraminidase activity in the absence
(clear bar) or presence (black bar) of zanamivir (Fig. 4C), as cal-
culated using our previously published assay (20, 47, 51). Al-

though the cleavage activity was lower for the chimeric proteins
than for NDV HN, the overall activity was still markedly higher
than that of HPIV3 HN. Note that while the enzymatic site is
contained in the globular head, the neuraminidase activity is in-
fluenced by the stalk domain; single-residue stalk alterations can
affect neuraminidase activity (7, 15, 41, 50, 51, 55, 67), and it is
therefore not surprising that transposing the NDV head onto a
different stalk alters neuraminidase activity. The presence of zana-
mivir (black bar) decreased the neuraminidase activity of the chi-
meric proteins (Fig. 4C) without decreasing binding activity (Fig.
4B), suggesting that NDV HN site II likely mediates receptor bind-
ing when site I is blocked by the inhibitor.

Zanamivir increases the receptor binding avidity of the chi-
meric proteins. We have used a quantitative receptor avidity assay
(41, 50, 51, 55) to show that NDV HN has low avidity for receptors
on RBCs (either human or avian) compared to HPIV3 HNs (54).
We have also compared the avidities of the two NDV HN sites and
found that the receptor binding avidity of site II was higher than
that of site I (50). RBCs with increasing sialic acid receptor deple-

FIG 4 Chimeric protein expression, binding, and neuraminidase activity. (A) FACS analysis of cell surface expression from cells transfected with the chimeric
proteins shown in Fig. 2. The results are presented as percentages of NDV HN cell surface expression. (B) Receptor binding in the absence (clear bar) or presence
(black bar) of 2 mM zanamivir. The binding results are compared to NDV HN binding under the same conditions. (C) Neuraminidase activity of the receptor
binding proteins, expressed in relative fluorescence intensity units (RFU) in the absence (clear bar) or presence (black bar) of 2 mM zanamivir. The neuramin-
idase results are compared to those for NDV HN and HPIV3 HN under the same conditions. The values are means � SD of results from samples assessed in
triplicate and are representative of the experiment repeated at least 4 times.
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tion are bound to HN-expressing cells in a quantitative hemad-
sorption (HAD) assay, where greater receptor depletion required
to reduce binding indicates higher avidity. At 4°C, the neuramin-
idase activity of NDV HN is not functional and therefore cannot
contribute to RBC release. Thus, in the presence of zanamivir,
HAD results from site II binding only, allowing its avidity to be
assessed.

The binding avidity of the HPIV3-NDV chimeric protein (Fig.
5A) without zanamivir (open squares) declined rapidly, reaching
60% binding at a level caused by only 10 mU neuraminidase.
However, in the presence of zanamivir, this chimera maintained
approximately 90% binding, indicating that the receptor avidity
of this chimera increased in the presence of zanamivir. Similarly,
the binding avidity of the NiV-NDV chimeric protein (Fig. 5B)
without zanamivir (open squares) also declined rapidly, reaching
60% binding at a level caused by only 10 mU neuraminidase.
However, in the presence of zanamivir (filled circles), the decline
was more gradual and remained at 90 to 100% binding at the same
depletion level, indicating that the receptor avidity of NDV HN is
increased in the presence of zanamivir. These results suggest that
NDV HN=s site II is activated by zanamivir in the chimeric recep-
tor binding proteins.

NDV HN site II transmits a fusion signal to HPIV3 or NiV F
protein. In NDV wt HN, the fusion signal is transmitted to the
stalk region of the receptor binding protein as a result of activation
of site II (47, 51, 55), with or without zanamivir (Fig. 1). Zanami-
vir blocks the cleavage activity of site I and establishes constant
receptor engagement through the activation of site II, allowing us
to determine whether site II activation is sufficient for the chime-
ric proteins to activate F. These conditions remove the variable of
receptor cleaving activity, which can have variable effects depend-
ing on the virus; in the case of NiV, the receptor binding protein G
does not have receptor cleaving activity and therefore remains
bound to the receptor during F activation, while for HPIV3, the
ratio of binding avidity to neuraminidase activity modulates F
activation (53).

Here we used the same fusion assay to study the chimeras. Cells
coexpressing the chimeric receptor binding proteins with the F
proteins homotypic for the specific stalk region were allowed to

bind to RBCs for 30 min at 4°C in the presence or absence of
zanamivir (Fig. 6). The cells were washed, new medium with or
without zanamivir was added, and the cells were transferred to
37°C to determine at different time points the percentages of sialic
acid receptor-bearing RBCs that were released into the medium
(circles), were bound but had not fused (squares), or had under-
gone fusion (triangles).

For the chimeric NiV-NDV and HPIV3-NDV proteins in the
absence of zanamivir (Fig. 6A and C), no fusion was observed.
However, in the presence of zanamivir, where site II is activated
and site I is blocked, both chimeric proteins promoted fusion (Fig.
6B and D). As we and others have shown (2, 57, 60), the NiV
fusion machinery is slower than that of HPIV3. Under the exper-
imental conditions used for Fig. 6, the inherent triggering activity
that results from the combination of the F protein and the recep-
tor binding protein’s specific stalk domain can be evaluated. The
data are consistent with a requirement for activation of site II.

Stalk domains of chimeric receptor binding proteins confer
specificity of fusion promotion, irrespective of constant recep-
tor engagement or neuraminidase activity. We considered the
possibility that the fusion promoted by the chimeras resulted from
constant receptor engagement instead of specific activation of F
proteins. In that case, neuraminidase activity of HN could prevent
the detection of heterotypic fusion activation, since the nonspe-
cific heterotypic activation would be masked by disengagement
from receptor binding in the absence of zanamivir. To address
these questions, we performed cross-complementation of each
chimera with each other’s F protein and also included NDV HN,
as well as an HPIV3 HN with a mutation that confers constitutive
receptor engagement (D216R HN) (47, 50, 51, 54). Fusion was
assessed in the absence (white bars) or presence (black bars) of
zanamivir as for Fig. 6 at the 1-h time point. For HPIV3 F in the
presence of zanamivir (Fig. 7A, black bars), only the HPIV3-NDV
chimeric receptor binding protein promoted fusion, while in the
absence of zanamivir (white bars), only the receptor-engaged
HPIV3 HN promoted fusion. Neither NiV-NDV nor NDV HN
promoted HPIV3 F fusion, even though these constructs mediate
constant receptor binding in the presence of zanamivir. For NiV F,
only the NiV-NDV chimeric receptor binding protein promoted
fusion in the presence of zanamivir (Fig. 7B). No fusion was ob-
served in the absence of zanamivir. Receptor binding proteins
containing the HPIV3 stalk or the NDV stalk did not promote NiV
F fusion. For NDV F in the presence of zanamivir (Fig. 7C, black
bars), only the NDV HN promoted fusion, while in the absence of
zanamivir this fusion was markedly reduced (consistent with the
experiment shown in Fig. 1). Neither the chimera containing the
HPIV3 stalk, the HPIV3 receptor-engaged HN, nor the chimera
containing the NiV stalk promoted NDV F fusion. These results
suggest that the cell-cell fusion observed here is mediated through
the specific activation of F proteins by the stalk region of receptor
binding proteins.

Mutation at NDV HN site II abolishes the ability of chimeric
receptor binding proteins to promote fusion. Mutations that
abolish receptor binding at NDV HN=s site II have been described
(9); specifically, a mutation at NDV HN residue R516 ablated
binding of site II to sialic acid and reduced formation of syncytia.
The arginine at position 516 is thus likely an important residue in
this binding pocket. We introduced this mutation, R516A (9),
into the globular head of the chimeric receptor binding proteins
described in Fig. 2. Expression levels of the chimeric proteins with

FIG 5 The effects of zanamivir on receptor binding by chimeric proteins. A
panel of RBCs with different degrees of receptor depletion was used to quantify
HAD on cell monolayers expressing HPIV3-NDV (A) or NiV-NDV (B) in the
absence (open squares) or presence (filled circles) of 2 mM zanamivir at 4°C (a
temperature at which neuraminidase activity is negligible). The binding of
each depleted RBC preparation (y axis) is expressed as a percentage of that of
the control (i.e., of the amount of untreated, nondepleted RBCs bound to cells
expressing the corresponding receptor binding protein). Data represent the
means of results from triplicate monolayers from 3 representative experi-
ments, with bars denoting standard deviations.
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R516A were measured using a commercial kit (27, 28, 62) with
pooled anti-NDV HN monoclonal antibodies. Expression is pre-
sented as the percentage of NDV HN expression in Fig. 8A. Each
protein exhibited low but detectable neuraminidase activity, com-
parable to the activities of the chimeric proteins shown in Fig. 4C,
in the absence (clear bar) or presence (black bar) of zanamivir
(Fig. 8B), as calculated using our previously published assay (20,

47, 51). The binding avidity of the HPIV3-NDV R516A chimeric
protein (Fig. 8C) without zanamivir (open squares) declined rap-
idly, reaching 50% binding at a receptor depletion level caused by
only 10 mU neuraminidase. In the presence of zanamivir, this
chimera’s binding declined similarly, indicating that the recep-
tor avidity of this chimera is not increased by zanamivir, as
expected with an ablated site II. Similarly, the binding avidity

FIG 6 NDV HN site II is required for F activation. 293T cells coexpressing NiV F with the NiV-NDV chimeric binding protein (A and B) or expressing HPIV3
F with the HPIV3-NDV chimeric binding protein (C and D) were allowed to bind to receptor-bearing RBCs at 4°C in the absence (A and C) or presence (B and
D) of zanamivir. Zanamivir was added to activate NDV HN site II. Values on the y axis reflect quantitation of RBCs that were released, bound, or fused at the time
points of incubation at 37oC indicated on the x axis. The values are means � SD of results from triplicate monolayers from a representative experiment, repeated
at least 3 times.

FIG 7 Stalk domains of chimeric receptor binding proteins confer specificity of fusion promotion. 293T cells coexpressing HPIV3 F (A), NiV F (B), or NDV F
(C) with the indicated receptor binding proteins (listed on the x axis) were allowed to bind to receptor-bearing RBCs at 4°C in the absence (white bars) or presence
(dark bars) of zanamivir. Zanamivir was added to activate NDV HN site II. Values on the y axis reflect quantitation of RBCs that fused with the glycoprotein-
expressing cells. The values are means � SD of results of three experiments performed in triplicate.
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of the NiV-NDV R516A chimeric protein (Fig. 8C) declined rap-
idly without zanamivir (open squares) or with zanamivir (filled
circles), reaching 50 to 60% binding at a receptor depletion level
caused by only 10 mU neuraminidase. These results suggest that
for both chimeric proteins, the R516A mutation abolished the
activation response to zanamivir at site II.

To determine whether the fusion signal can still be trans-
mitted to the stalk region of the receptor binding protein de-
spite the site II mutation, we used the assay described for Fig. 1
and 6 (47, 51, 55), with or without zanamivir. Cells coexpress-
ing the mutated chimeric receptor binding proteins with the F
proteins homotypic for the specific stalk region were allowed to
bind to RBCs for 30 min at 4°C in the presence or absence of
zanamivir (Fig. 9). The cells were washed, new medium with or
without zanamivir was added, and the cells were transferred to
37°C to allow F activation. We determined at different time
points the amount of sialic acid receptor-bearing RBCs that
were released into the medium (circles), were bound but had
not fused (squares), or had undergone fusion (triangles). For
the NiV-NDV R516A and HPIV3-NDV R516A receptor bind-
ing proteins, no fusion was observed in the absence of zanami-
vir (Fig. 9A and C) or presence of zanamivir (Fig. 9B or D). The
mutation at R516 abolished fusion activation by both chimeric
receptor binding proteins. The data are consistent with a re-
quirement for an intact site II for fusion promotion.

Mutation at NDV HN site II abolishes activation of site II in
the NDV globular head in the presence of zanamivir. We have
previously shown that only certain receptor mimics effectively
activate the NDV HN=s site II via occupation of site I; yet without
activation of this second site, binding is mediated entirely by site I
(50). To inhibit NDV HN=s binding, a molecule must either block
both sites or block site I without activating site II. Sialyllactose, a
naturally occurring substrate of the HN neuraminidase, blocks
site I without activating site II (50). In determining that NDV
HN=s site II becomes active only when site I is occupied by zana-
mivir, we found that sialyllactose and zanamivir competed for
site I and had antagonistic effects. In the absence of zanamivir,
sialyllactose completely abolished binding by NDV HN. However,
once zanamivir inhabited site I, binding was activated at site II,
and sialyllactose does not inhibit. Here we took advantage of the
differential effect of the two small molecules to assess the effect of
mutation at site II (R516A) on NDV HN receptor binding.

Cells expressing either the NDV HN, the NiV-NDV, or the
HPIV3-NDV chimeric receptor binding protein, with or without
the R516A mutation in HN, were allowed to bind RBCs at 4°C in
the presence of 5 mM sialyllactose and 2 mM zanamivir (Fig. 10)
for 30 min, unbound RBCs were washed away, and the bound
RBCs were quantified. The nonmutated receptor binding mole-
cules (NDV HN, NiV-NDV, and HPIV3-NDV) bound as ex-
pected (50). However, the same three molecules with the R516A

FIG 8 Chimeric receptor binding proteins with mutation at NDV HN site II: expression, neuraminidase activity, and binding avidity. (A) FACS analysis of cell
surface expression from cells transfected with the chimeric proteins described. The results are presented as percentages of NDV HN cell surface expression. (B)
Neuraminidase activity of the receptor binding proteins, expressed in relative fluorescence intensity units (RFU) in the absence (clear bar) or presence (black bar)
of 2 mM zanamivir. (C) A panel of RBCs with different degrees of receptor depletion was used to quantify HAD on cell monolayers expressing HPIV3-NDV
R516A HN or NiV-NDV R516A HN in the absence or presence of 2 mM zanamivir at 4°C. The binding of each depleted RBC preparation (y axis) is expressed
as a percentage of that of the control (i.e., of the amount of untreated, nondepleted RBCs bound to cells expressing the corresponding receptor binding protein).
Data represent the means of results from triplicate monolayers from 3 representative experiments, with bars denoting standard deviations.
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mutation were completely inhibited, demonstrating close to zero
receptor binding, showing that the mutation at R516 in NDV HN
abolishes the antagonistic effect of zanamivir versus sialyllactose.
Similarly, for the two chimeric proteins bearing the NDV globular
head, the mutation at R516 abolished the antagonistic effect and
conferred sensitivity to inhibition by sialyllactose. These findings
are consistent with the R516A mutation abolishing activation at
site II of the NDV globular head, so that now site II cannot rescue
receptor binding in the presence of sialyllactose.

DISCUSSION

The relationship between HN receptor binding and the subse-
quent activation of the F protein and the exact nature of how the
signal is transmitted from HN to F during this process are of great
interest. Previous models of HN-F interaction have suggested that
either the HN-F interaction occurs in the absence of receptor and
the two proteins separate upon receptor engagement or the HN-F
interaction occurs only upon receptor binding (25, 26, 32, 61). We
recently showed that HN and F interact prior to receptor engage-
ment (56) and stay in contact during the triggering of fusion and
that receptor engagement by HN is required not only for the initial
activation of F but also at later stages in the fusion process (49). To
analyze the series of events involved in fusion activation, we used
the globular head of HN of one virus (NDV) to activate the fusion
machinery of other viruses. We found that activation of NDV HN
site II is required for proper transmission of the fusion signal. A
mutation in HN=s site II that prevents its activity abolishes the
ability of the NDV HN globular head to trigger F-mediated fusion
under our experimental conditions (Fig. 9), and in the absence of
zanamivir to activate NDV HN=s site II (Fig. 5) (50), the chimeric
proteins do not efficiently trigger fusion (Fig. 3 and 6). Cross talk
between the globular domain and the stalk of each receptor bind-
ing protein is essential for fusion activation. The specificity con-
ferred by each virus’s stalk is evident in the failure of the receptor
binding proteins (chimeric or wt) to cross-complement each
other’s F proteins, even when the receptor binding proteins are
continuously receptor bound (Fig. 7).

A summary of the experiments is shown schematically in Fig.

FIG 9 Mutation at NDV HN site II abolishes the ability of chimeric receptor binding proteins to promote fusion. 293T cells coexpressing NiV F with NiV-NDV
R516A chimeric binding protein (A and B) or expressing HPIV3 F with HPIV3-NDV R516A chimeric binding protein (C and D) were allowed to bind to
receptor-bearing RBCs at 4°C in the absence (A and C) or presence (B and D) of zanamivir. Values on the y axis reflect quantitation of RBCs that were released,
bound, or fused at the time points of incubation at 37°C indicated on the x axis. The values are means � SD of results from triplicate monolayers from a
representative experiment, repeated at least 3 times.

FIG 10 Mutation at NDV HN site II abolishes activation of site II in the NDV
globular head in the presence of zanamivir. 293T cells expressing the indicated
receptor binding proteins (listed on the x axis) were allowed to bind to recep-
tor-bearing RBCs at 4°C in the presence of 5 mM sialyllactose plus 2 mM
zanamivir. Values on the y axis reflect percentages of RBCs bound to the
glycoprotein-expressing cells, compared with RBCs bound in the absence of
inhibitors. The values are means � SD of results from triplicate monolayers
from a representative experiment, repeated 3 times.
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11. The receptor binding proteins are comprised of the stalk cor-
responding to the F protein in each pair (NDV, HPIV3, or NiV;
each has its own color) and the globular head domain of NDV HN.
Each row depicts a different receptor binding protein stalk/F pair.
In the presence of zanamivir, the neuraminidase activity of site I of
the NDV HN heads is occupied, and binding site II is activated.
Upon engagement of site II with sialic acid receptor, each F is
triggered, inserting its fusion peptide into the target membrane,
and fusion ensues. The chimeric proteins were found to efficiently
activate their respective fusion proteins, despite having a head
region belonging to a very different virus, but did not activate the
heterologous F protein. We propose that these findings provide a
strong indication that the globular head of HN, once receptor
bound, transmits the signal to the receptor binding protein’s stalk,
permitting fusion to proceed.

Binding site II on NDV HN, revealed by cocrystallization with
thiosialoside (69), is at the dimer interface of the molecule and
made up of hydrophobic residues from both monomers. Muta-
tions at residue R516, a residue involved in the interaction with
sialic acid, resulted in HNs that when coexpressed with F are less
efficient in fusion promotion (9). In a previous report, NDV HNs
mutated at site II (R516A or R516S) were found to bind RBCs
similarly to wt HN in hemagglutination (HA) assays, a finding
interpreted to mean that site II did not contribute to receptor
binding activity (9). We have shown that the R516A mutation
ablates the activation of site II in response to zanamivir and
thereby alters binding avidity of site II in the presence of zanami-
vir. The finding that zanamivir does not inhibit receptor binding
for the receptor binding protein bearing the R516A mutation was
unexpected in light of a previous report showing that the small

FIG 11 Schematic representation of fusion activation by NDV site II. See Discussion, describing the use of NDV HN or chimeric HPIV3 HN-NDV HN or NiV
G-NDV HN as receptor binding proteins, paired with NDV, HPIV3, or NiV F. Each row depicts a different HN stalk/F pair, as indicated. The NDV HN heads
engage sialic acid receptors in the presence of zanamivir (the yellow molecule appearing in the second column). Zanamivir blocks binding by NDV HN=s site I
but activates binding site II. Upon engagement of site II, each F inserts its fusion peptide into the target membrane, and fusion ensues.
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transition state analog BCX2798 blocked binding by NDV HN
R516A (9). Unavailability of BCX2798 prevents a direct experi-
mental comparison; however, we speculate that the Kansas NDV
globular head used in that study differs from the AV NDV globu-
lar head used here and/or that it is possible for site I to retain
binding function even when occupied by zanamivir. The experi-
ments shown in Fig. 8, 9, and 10 indicate that mutation at site II
abolishes activation of that site and that receptor binding proteins
bearing the mutated site II in the head of NDV fail to efficiently
promote the fusion process for the HPIV3 and NiV paramyxovi-
rus F proteins.

Site II of NDV HN is activated in the presence of zanamivir but
not in the presence of the receptor analog sialyllactose (50). We
hypothesize that our results with this artificial addition of zana-
mivir are indicative of what may happen during viral infection.
Zanamivir was designed based on transition state analogs and is
similar in structure to the unsaturated derivative 2-deoxy-2,3-de-
hydro-N-acetylneuraminic acid (DANA), which naturally occurs
as a by-product of the HN=s neuraminidase activity (58, 69). We
propose that the generation of a transition state compound in
active site I during receptor interaction leads to activation of site
II. Such a reaction intermediate, which would resemble zanamivir
rather than sialyllactose, may activate site II under physiological
conditions. In this case, after initial binding of NDV HN via its
bifunctional site I to a new cell and initiation of neuraminidase
cleavage of receptor moieties, site II, which binds more avidly but
lacks neuraminidase, becomes activated (50, 69). Although this
hypothesis will need to be confirmed with additional studies in the
future, this would explain the absolute requirement, at least for
NDV, of neuraminidase activity for proper binding of HN and
consequent fusion (23, 32). The interplay between the two NDV
sites, which is needed for proper fusion activation, is also a novel
target for the development of new inhibitors. The mechanism by
which the binding of zanamivir to site I activates site II is of great
interest, since it would provide insight into the roles of distinct
regions of NDV HN in the multiple functions of this molecule (16,
24, 25, 30).

Our laboratory together with others has proposed that a sec-
ond receptor binding site for several different HNs exists (8, 35,
47, 51), even though crystallographic evidence for viruses other
than NDV is currently lacking (69). In previous studies, we iden-
tified a putative HPIV3 site II that is involved in receptor binding
and fusion activation (47, 51). The HN mutation H552Q con-
ferred partial resistance to both zanamivir (54) and another site I
binding/neuraminidase inhibitor, BCX2855 (35), consistent with
the notion that the mutation enhances binding by site II. Removal
of glycans at various positions on HN (4, 35) unmasks receptor
binding at site II, as demonstrated in the presence of small mole-
cules that block site I. A conflicting report suggested that for
HPIV1, mutation at residue 523 creates a second receptor binding
site (8, 35, 47, 51). While only structural studies will settle these
matters, there is now clear evidence of the existence of a site II for
HPIV3 and HPIV1 HNs. For HPIV3, mutations in site II of HN
modulate viral growth in the natural host (46). Future studies will
assess whether the globular head of HPIV3 is able to activate stalk
regions of other receptor binding proteins and whether this acti-
vation depends on site I or on the putative site II (51).

The recent availability of the crystal structures of the NDV and
PIV5 stalk regions confirms that these domains form four-helical
bundles (7, 67). In the NDV crystal, the stalk is connected to the

globular head by an unresolved connecting region, and the glob-
ular head is bent to the side (67). The structural data led, in that
report, to the suggestion that upon receptor engagement, the
globular head is pulled up (67). In Fig. 12, we show a homology
model of the HPIV3-NDV chimera, based on the crystal structure
of NDV HN (67). The stalk region of the chimera was built by
sequence alignment of HPIV3 HN (residues 97 to 144) with NDV
HN. The conserved Pro111 in the stalk domain of HPIV3 is
aligned with Pro93 in NDV HN proteins. The residues in the
linker region (dashed lines) that are disordered in the crystal
structure were manually built to connect the C-terminal end of
the stalk with the nearest N terminus of the receptor binding do-
main. We previously showed that a chimera of HPIV3 HN(1-
144)–NDV(124-571) is functional for receptor engagement and
fusion promotion (19). The chimera that we present here, with the
extended linker region (HPIV3 HN 1 to 166; Fig. 2A), also acti-
vates the F protein in the presence of zanamivir. Comparing these
chimeric HPIV3-NDV receptor binding proteins reveals that dif-
ferent lengths of loop between the stalk and the globular head are
tolerated, consistent with the proposed mechanism that upon re-
ceptor engagement, the globular head is pulled up, which then
leads to the transmission of the fusion signal through the receptor
binding protein’s stalk domain (Fig. 12). For measles virus recep-
tor binding protein (H) as well, it has been shown that the length
of the intervening region between the stalk and the globular head
can be altered without complete loss of function (45). A special
case may occur for respiratory syncytial virus (RSV), where infec-
tion does not seem to require any surface protein other than F and
the mechanism of activation of F remains to be determined (10).

It will be important to apply the set of experimental strategies
that we used here to additional paramyxoviruses that lack receptor
destroying (or cleaving) activity and whose receptors are not sialic
acid based. For these viruses, including measles virus, it has been
suggested that the receptor binding protein mainly exerts a repres-
sive role (3, 5, 12, 25, 30, 34, 42, 48); the receptor binding proteins
stabilize the metastable state of the fusion proteins prior to recep-

FIG 12 Homology model of HPIV3-NDV HN chimera. Fusion-related con-
formational changes are relayed from the receptor binding domain to the stalk
through the domain interface. The chimeras of HPIV3 HN (yellow and or-
ange) and NDV HN (green and cyan) likely preserve structural elements at the
interface that are important for fusion activation. The chimera of HPIV3
HN(1–166)–NDV HN(124 –571) has a long linker region (indicated by a
dashed line) compared with the HPIV3 HN(1–144) chimera (in solid line) and
wt NDV HN.
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tor engagement, and upon receptor binding, the fusion proteins
are released and proceed independently to fusion (25, 30, 34, 42).
Based on the results presented here, taken together with our
previous data, we favor a model for paramyxovirus fusion ac-
tivation in which receptor engagement is required for the acti-
vation of F. The finding that one paramyxovirus receptor bind-
ing protein’s globular head domain can activate at least two
other paramyxovirus F proteins to proceed through fusion sug-
gests that activation proceeds via similar mechanisms for these
different viruses. The sialic acid binding NDV HN head acti-
vates the F protein of a virus whose receptor binding protein
(G) binds proteinaceous receptors (6, 43), suggesting that de-
spite the use of different specific receptor molecules by these
viruses, the mechanism may be similar.
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