JVI

Journals.ASM.org

Identification of a Region in the Stalk Domain of the Nipah Virus
Receptor Binding Protein That Is Critical for Fusion Activation

Aparna Talekar,>® llaria DeVito,® Zuhair Salah,® Samantha G. Palmer,>® Anasuya Chattopadhyay,® John K. Rose,® Rui Xu,®

lan A. Wilson,®f Anne Moscona,>® Matteo Porotto®

Departments of Pediatrics® and Microbiology and Immunology,” Weill Medical College of Cornell University, New York, New York, USA; Weill Cornell Medical College-
Qatar, Cornell University, Qatar Foundation-Education City, Doha, Qatar; Department of Pathology, Yale University School of Medicine, New Haven, Connecticut, USA;
Department of Integrative Structural and Computational Biology® and Skaggs Institute for Chemical Biology, The Scripps Research Institute, La Jolla, California, USA

Paramyxoviruses, including the emerging lethal human Nipah virus (NiV) and the avian Newcastle disease virus (NDV), enter
host cells through fusion of the viral and target cell membranes. For paramyxoviruses, membrane fusion is the result of the con-
certed action of two viral envelope glycoproteins: a receptor binding protein and a fusion protein (F). The NiV receptor binding
protein (G) attaches to ephrin B2 or B3 on host cells, whereas the corresponding hemagglutinin-neuraminidase (HN) attach-
ment protein of NDV interacts with sialic acid moieties on target cells through two regions of its globular domain. Receptor-
bound G or HN via its stalk domain triggers F to undergo the conformational changes that render it competent to mediate fusion
of the viral and cellular membranes. We show that chimeric proteins containing the NDV HN receptor binding regions and the
NiV G stalk domain require a specific sequence at the connection between the head and the stalk to activate NiV F for fusion. Our
findings are consistent with a general mechanism of paramyxovirus fusion activation in which the stalk domain of the receptor
binding protein is responsible for F activation and a specific connecting region between the receptor binding globular head and
the fusion-activating stalk domain is required for transmitting the fusion signal.

he entry of enveloped viruses into host cells requires fusion of

the viral and cell membranes. Viral fusion is driven by special-
ized fusion proteins that bring the viral and host membranes in
close apposition to form a fusion pore (reviewed previously [1—
6]). The trigger that initiates a series of conformational changes in
F leading to membrane fusion differs depending on the pathway
that the virus uses to enter the cell, i.e., whether fusion occurs at
neutral pH at the surface or at low pH in the endosome. For
paramyxoviruses, the F protein is activated when the adjacent re-
ceptor binding protein binds to its receptor on host cell and initi-
ates the fusion process (7). Once activation occurs, the fusion
protein undergoes a coordinated series of conformational changes
that progress toward the most stable form of the protein and pro-
mote membrane fusion (reviewed in references 8 and 9). The role
of the receptor binding protein in this process is critical (10-15).

Paramyxoviruses possess envelope proteins that provide a
receptor binding function and, depending on the specific
paramyxovirus family member, a receptor cleaving (neuramin-
idase) activity. A recently identified function of the receptor
binding protein of human parainfluenza virus 3 (HPIV3),
which may apply to other paramyxoviruses (16), is to stabilize
the fusion protein and prevent its activation until the virus
engages receptor (17). Most paramyxovirus receptor binding
proteins studied to date also serve the critical function of acti-
vating the fusion protein (F) upon receptor engagement. The
receptor binding proteins possess a membrane distal globular
head domain that engages the receptor and a membrane prox-
imal stalk that confers specificity toward the homologous F
protein.

For Newcastle disease virus (NDV), the envelope protein hem-
agglutinin-neuraminidase (HN) contains both receptor binding
and neuraminidase activities. When bound to receptor, HN trig-
gers F to undergo conformational changes that lead to membrane
fusion (7, 18-20). HN is a type Il membrane protein with a cyto-
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plasmic domain, a membrane-spanning region, a stalk region, and
a globular head that interacts with sialic acid receptors. Structural
analysis of the HNs from avian NDV (21, 22), HPIV3 (23), and
simian virus 5 (or parainfluenza virus type 5 [PIV5]) (24) has
identified the locations of the primary binding/neuraminidase ac-
tive-site residues on the globular head of the molecule, as well as
several key structural elements that are required for the fusion-
triggering function of HN (7, 18-20). The analyses of NDV re-
vealed two sialic acid binding regions, sites I and II, on HN. We
previously reported that site II can be activated for receptor bind-
ing by small molecules (e.g., zanamivir) that occupy site I (25),
and this finding was supported by recent analysis of a series of
NDV HN mutants (25-27).

We recently described a chimeric protein consisting of the
globular head of NDV HN and the stalk domain of NiV G that
activates NiV F, meaning that the head of a heterotypic paramyxo-
virus can signal F through a homotypic stalk. Activation of site II
of the receptor binding protein is a determinant for fusion activa-
tion (27, 28). We now explore the hypothesis that the connecting
region between the stalk domain and the globular head of the
receptor binding protein plays a pivotal role in fusion promotion,
whether the fusion protein is homotypic or heterotypic with re-
spect to the globular head. Specific residues between the stalk and
globular domains of the receptor binding protein are required for
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efficient triggering of NiV F, and alterations in this connecting
region prevent the globular head from activating the stalk domain.
Our results are consistent with a unified mechanism of fusion
activation for paramyxoviruses, in which the globular domain of
the receptor binding protein transmits the fusion signal to the F
protein through the stalk domain of the binding protein.

MATERIALS AND METHODS

Cell cultures. 293T (human kidney epithelial cells) were grown in Dul-
becco modified Eagle medium (Gibco) supplemented with 10% fetal bo-
vine serum and antibiotics in a humidified incubator supplemented with
5% CO,.

Chemicals. Zanamivir was prepared from Relenza Rotadisks (5 mg of
zanamivir with lactose). A 50 mM stock solution was prepared by dissolv-
ing each 5-mg blister capsule in 285 pl of Opti-MEM (Gibco). Stock
solutions were stored at —20°C.

Plasmids. The NiV wild-type (wt) G and F genes were codon opti-
mized and synthesized by GeneArt (Germany) and subcloned into the
mammalian expression vector pPCAGGS using the EcoRI or the Xhol and
BglII restriction enzyme sites. The chimeric cDNAs were codon optimized
and synthesized by Epoch Biolabs and subcloned into the mammalian
expression vector pPCAGGS between EcoRI and BglII. The pPCAGGS NDV
AV (Australia-Victoria) HN and F constructs were generously provided
by Ronald Iorio (University of Massachusetts, Worcester, MA).

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

Pseudotyped virus infection assay. Generation and recovery of re-
combinant VSV-F(NiV) were carried out as previously described (29).
Briefly, for the recovery of VSV-F(NiV) complemented with the indicated
receptor binding proteins, BHK-21 cells transiently expressing the indi-
cated receptor binding proteins were infected at 24 h posttransfection
with VSV-F(NiV) complemented with VSV-G. Medium containing the
virus was collected after 48 h. Virus stocks were stored at —80°C and
titered in 293T cells transfected with NiV G.

Plaque assays and plaque size assessment. Supernatant fluids con-
taining recombinant pseudotyped viruses were serially diluted in medium
with reduced serum (Opti-MEM) and added to confluent 293T cell
monolayers transiently expressing NiV G. Cells were incubated at 37°C.
After 90 min, minimum essential medium containing 0.5% agarose (for
plaque size assessment) or 0.4% Avicel RC-591 (FMC BioPolymer) (for
plaque counting) was added to the dishes, and the dishes were incubated
for 24 h at 37°C. After the overlay was removed, the cells were fixed with
4% formaldehyde in phosphate-buffered saline (PBS) for 15 min and
stained for plaque detection using polyclonal antibodies against NiV F.

Detection of protein expression and processing by immunoprecipi-
tation. 293T cell monolayers were transiently transfected with NiV F and
receptor binding protein constructs and then incubated overnight in me-
dium containing 10 uM HPIV3-derived E459V fusion inhibitory peptide
to prevent fusion (30). The transfected cells were washed with starvation
medium (lacking glutamine, cysteine, and methionine), followed by in-
cubation for an additional 2 h at 37°C in the same medium. The starvation
medium was then replaced with fresh medium supplemented with 2 mM
glutamine and 55 W.Ci of Expre®®S[*>S] cysteine-methionine labeling mix
(Perkin-Elmer, Boston, MA) for 2 h at 37°C. After the incubation, 100 ng
of cycloheximide/ml was added to prevent de novo protein synthesis (31).
The cells were then washed with cold PBS and lysed in lysis buffer A
(Invitrogen, catalog no. 143.21D). HN, G, and F and the chimeric glyco-
proteins were immunoprecipitated from postnuclear lysates with protein
G-conjugated Sepharose beads that were preincubated either with anti-
NDV HN, -NiV G, or -NiV F antibodies. After overnight incubation at
4°C, the beads were washed twice in lysis buffer, and the last wash was
completely removed. The protein-bead complexes were suspended in
Laemmli’s sodium dodecyl sulfate (SDS) sample buffer, heated to 99°C for
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5 min, and then subjected to SDS-PAGE, membrane transfer, and auto-
radiography.

Hemadsorption assay. A hemadsorption assay was performed and
quantified as previously described (32). Briefly, growth medium from
293T cell monolayers cotransfected with HN and F in 24- or 48-well
Biocoat plates (Becton Dickinson Labware) was aspirated, replaced with
150 pl of CO,-independent medium (pH 7.3; Gibco) with or without the
indicated concentrations of zanamivir and 1% red blood cells (RBCs) in
serum-free, CO,-independent medium, and kept at 4°C for 30 min. The
wells were then washed three times with 150 ul of cold CO,-independent
medium. The bound RBCs were lysed with 200 .l of RBC lysis solution
(0.145 M NH,Cl and 17 mM Tris-HCI), and the absorbance was read at
405 nm using a Spectramax M5 (Molecular Devices) microplate reader.

Cell surface expression and ephrin B2 binding assays. Monolayers of
293T cells transiently transfected with the indicated constructs were
washed twice in PBS and then incubated with a pool of mouse anti-NDV
HN monoclonal antibodies (sc53561, sc53562, and sc53563 from Santa
Cruz Biotechnology) or with a pool of rat anti-NiV G monoclonal anti-
bodies (33) in 3% bovine serum albumin and 0.1% sodium azide in PBS
for 1 h. Samples were then washed twice with PBS, followed by incubation
with 1:100 of an anti-mouse IgG(H+L)-fluorescein isothiocyanate
(FITC) conjugate (BD Pharmingen) or with an anti-rat-FITC conjugate
(Jackson ImmunoResearch). To quantify the cell surface protein in each
sample, indirect immunofluorescence was measured by fluorescence-ac-
tivated cell sorting (FACS; FACScan; Becton Dickinson). For ephrin bind-
ing, cells expressing indicated construct were washed with PBS and then
incubated with either ephrin B1-Fc or ephrin B2-Fc mouse chimera (Sig-
ma-Aldrich) for 1 h. Samples were then washed twice with PBS and incu-
bated with 1:100 of an anti-human IgG(H+L)-Alexa 488 conjugate (In-
vitrogen).

Measurement of neuraminidase activity. Assays were performed
with transiently transfected 293T cell monolayers as previously described
(20, 32). Briefly, 293T cells expressing viral glycoproteins were added to
96-well plates in CO,-independent medium (Gibco) at pH 6.5 and incu-
bated at 37°C for 1 h in the presence of reaction mixtures containing 20
mM substrate [2'-(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid;
Toronto Research Chemicals, Inc.] with or without zanamivir. Through-
out this period, fluorescence resulting from the hydrolysis of the substrate
was read at 365-nm excitation wavelength and 450-nm emission wave-
length using a Spectramax M5 microplate reader.

[3-Gal complementation-based fusion assay. We previously adapted
a fusion assay based on alpha complementation of 3-galactosidase (3-
Gal) (34, 35). In this assay, receptor-bearing cells expressing the omega
peptide of B-Gal are mixed with cells coexpressing envelope glycoproteins
and the alpha peptide of B-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 RBC fusion with envelope glycoprotein-expressing
cells. Monolayers of 293T cells in 24-well plates transiently coexpress-
ing viral glycoproteins were washed and incubated with 1% RBC sus-
pensions at pH 7.4 for 30 min at 4°C with or without zanamivir (2
mM). After a rinsing step to remove unbound RBCs, the cells 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 96-well plates for the measurement of released RBCs. The
monolayers were then incubated at 4°C with RBC lysis solution to
remove RBCs that have not fused with cells coexpressing envelope
glycoprotein. The liquid phase was collected in V-bottom 96-well
plates for measurement of reversibly bound RBCs. The cells were then
lysed in 200 wl of 0.2% Triton X-100—PBS and transferred to flat-
bottom 96-well plates for quantification of the pool of fused RBCs. The
percentage of RBCs in each of the above three compartments was
determined by measurement of the absorption at 405 nm.

Assessment of F protein insertion into RBC membranes. Monolay-
ers of 293T cells in 24-well plates transiently coexpressing viral glyco-
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proteins were washed and incubated with 1% RBC suspensions (pH
7.5) for 30 min at 4°C with zanamivir (2 mM). After a rinsing step to
remove unbound RBCs, the cells were placed at 37°C for 90 min with
2 mM zanamivir. The cells were then washed and incubated at 37°C for
75 min in fresh medium at pH 6.5 without zanamivir. The plates were
rocked, and the liquid phase was collected in V-bottom 96-well plates
for the measurement of released RBCs. The cells were then incubated
at 4°C with 200 ml of RBC lysis solution, wherein the lysis of unfused
RBCs with NH,Cl removes RBCs that have not fused with cells coex-
pressing envelope glycoproteins. The liquid phase was collected in
V-bottom 96-well plates for measurement of bound RBCs. The cells
were then lysed in 200 pl of 0.2% Triton X-100—PBS and transferred to
flat-bottom 96-well plates for quantification of the fused RBCs. The
amount of RBCs in each of the above three compartments was deter-
mined by measuring the absorption at 405 nm.

RESULTS

Chimeric viral glycoproteins containing the NiV G stalk domain
and NDV HN globular head (G-HN) are expressed on the cell
surface and promote F-mediated fusion. We have shown that
two chimeric proteins with the NiV G stalk domain and NDV AV
(Australia-Victoria) HN globular head domain, G,_;44-HN,, 57,
and G, ,55-HN),, 5,;, activate NiV F to mediate fusion (27, 28)
and that fusion activation requires a functional NDV globular
domain site I (27, 36). A series of chimeric proteins were designed
with NiV G stalk domains of different lengths, as well as NDV HN
globular domains with or without segments from the NDV HN
stalk domain (Fig. 1A), to investigate the role of the region con-
necting the globular head domain to the stalk domain. The activity
of these chimeric proteins in viral plaque enlargement was evalu-
ated by measuring plaque sizes 24 h postinfection (Fig. 1B). Cells
transfected with the indicated receptor binding proteins (NiV G,
NDV HN, or chimeric proteins, as indicated in Fig. 1A) were
infected with a recombinant vesicular stomatitis virus (VSV) that
encodes NiV F but not VSV-G [VSV-F(NiV)], complemented
with VSV-G externally and is thus replication deficient. This rep-
lication-deficient virus, which carries VSVG and NiV F on its sur-
face but only NiV F in its genome, has been shown to efficiently
promote fusion and plaque formation when complemented with
NiV G (29). We use this recombinant virus to evaluate the activity
of the chimeric receptor proteins in viral plaque enlargement,
which has been an accurate marker for the fusion activation prop-
erties of several HPIV3 HN proteins (32). Only the chimeric pro-
teins that can promote fusion would be able to promote plaque
enlargement. 293T cells transfected with G, _,5o-HN ;_571, G|_150-
HN\ 50571, or G,_1g0-HN,, 5, failed to show any plaque enlarge-
ment when infected with the recombinant virus (Fig. 1B). 293T
cells transfected with G,_,5-HN,45,, showed plaque enlarge-
ment, comparable to that observed in the NiV G-transfected cells.
Similarly, cotransfecting 293T cells with NiV F and the receptor
binding proteins shown in Fig. 1A (Fig. 2) confirmed that the
region in NiV G between 181 and 186 is required for cell-to-cell
fusion mediated by NiV F. 293T cells transfected with either
G _186-HNy 10571 or Gy jg6-HN 5, 57, showed cell-to-cell fusion
comparable to that observed in the NiV G transfected cells. However,
the chimeric protein G, _;56-HN|5_s7;, (which included the NDV HN
domain present in the chimeric protein G,_g5-HNj,4.5,;) failed to
promote plaque enlargement or fusion.

To address the role of the region between amino acids 181 and
186 of NiV G in fusion promotion, we focused on the properties of
two chimeric proteins, G;_;50-HN 54571 and Gy 156-HNjp4 571
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(Fig. 3A). Cell surface expression of the chimeric proteins, mea-
sured by FACS analysis (Fig. 3B) using pooled anti-NDV AV HN
monoclonal antibodies, was similar to NDV AV HN (27, 36).
Sialic acid receptor binding by the chimeric proteins was assessed
by a quantitative hemadsorption assay (27, 35). The receptor
binding avidities of the expressed chimeric proteins were similar
to those of NDV AV HN (Fig. 3C) (27). As shown previously,
zanamivir occupies site I of NDV HN and sialic acid binding
switches to site IT (27) without a significant effect on overall re-
ceptor binding.

Neuraminidase activity was assessed in the presence or absence
of zanamivir, which inhibits NDV’s neuraminidase activity (25).
For chimeric proteins with mutated stalk domains, neuramini-
dase activity was decreased compared to NDV AV HN wt, espe-
cially for G,_,5o-HN,,_5,, (Fig. 3D); this finding is in accord with
previous observations that a single amino acid change in the stalk
domain significantly altered the neuraminidase activity (7, 19, 37).
The neuraminidase activity was reduced in the presence of zana-
mivir for all of the expressed viral chimeric proteins, indicating
that zanamivir effectively interacts with catalytic site I. Figure 3C
and 3D show that receptor binding activity is maintained despite
zanamivir’s blockade of site I (as evidenced by the inhibition of
neuraminidase), indicating that the NDV site II was activated for
receptor binding in the chimeric proteins as described for NDV
AV HN wt and other G-HN and HN-HN chimeric proteins
(25-27).

To assess the fusion promotion function of the chimeric pro-
teins with NiV F, cells were cotransfected with the indicated chi-
meric glycoproteins and NiV F, along with red fluorescent protein
(REP) (38), and syncytium formation was monitored. The chime-
ric protein G,_,4o-HN,, 57, did not promote significant cell-to-
cell fusion, i.e., no diffusion of the red fluorescence could be ob-
served, when coexpressed with NiV F despite proper expression
and binding (Fig. 3E). The chimeric protein G;_;g5-HN{,4 57, ef-
ficiently promoted cell-to-cell fusion in the presence of NiV F, as
shown previously (27). These results suggest that the connecting
region between the globular head and the stalk does not affect
binding activity of the chimeric proteins, but it has a role in fusion
activation.

Activation of NiV F by the G, _;34-HN,,, 57, chimeric protein
is determined by amino acids 181 and 182. The chimeric protein
G,_150-HN,, 5,1 is impaired in fusion promotion (Fig. 3E), im-
plicating that the region between amino acids 181 and 186 is cru-
cial in proper NiV F activation. To assess the role of individual
residues in this region, a new set of chimeric proteins was de-
signed. Each of the amino acids 181 and 186 were replaced with
alanine in different combinations (Fig. 4A). The four new chime-
ric proteins were expressed on the cell surface (Fig. 4B), retained
RBC binding (Fig. 4C), and retained receptor cleaving activities
(Fig. 4D). Similarly to NDV HN, the chimeric proteins’ neur-
aminidase activities were sensitive to zanamivir inhibition but
their binding activity was resistant to zanamivir inhibition.

Fusion properties of the chimeric proteins were evaluated (Fig.
5) using a B-galactosidase complementation assay. Cells coex-
pressing the indicated receptor binding proteins with either NDV
F (Fig. 5A) or NiV F (Fig. 5B) together with the alpha-peptide of
B-galactosidase were overlaid with cells expressing the omega
peptide. Upon cell-to-cell fusion, the alpha and omega peptides
reconstitute 3-galactosidase activity (34) in proportion to the ex-
tent of fusion (20, 35, 39, 40). In Fig. 5A, as expected, none of the
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FIG 1 Chimeric proteins containing the NiV G stalk domain and the NDV globular can activate NiV F-mediated fusion. (A) Schematic diagram of chimera
NiV-NDV. The stalk region was derived from residues 1 to 180 or from residues 1 to 186 of NiV G, and the globular head was derived from either residues 110
to 571, 120 to 571, or 124 to 571 of NDV HN. (B) Plaque size was evaluated by staining with anti-F antibodies.

chimeric proteins promoted fusion mediated by NDV F. In Fig.
5B, while G,_,5-HN,,,.5,; achieved ca. 50% of the fusion
achieved by NiV G/F (27, 36), the G,_,5o-HN,,_5,; chimeric pro-
tein showed significant reduction in NiV F activation compared to
NiV G. Fusion was promoted to various degrees by other chimeric
proteins in which amino acids between 181 and 186 were mutated
to alanines. The Gy 5604)"HN 124571 and Gy ggan)"HN 4571
chimeric proteins (with alanines at the last two and four positions
in the intervening regions) promoted ca. 70% of the fusion pro-
moted by G,_,46-HN,,_ 57, (the chimera with all original residues
in the intervening region). However, the fusion promoted by
G 2ay186-HN 24 571 and G _1gg6a)-HN 54 57, (With alanines at the
first two and all six positions in the intervening region) was almost
as low as for G;_150-HN {54 57;.
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The NiV receptor binding protein G does not have receptor
cleaving activity and remains receptor bound during F activation,
raising the possibility that receptor disengagement could account
for the failure of some chimeric proteins to promote fusion (27).
We considered the possibility that the failure of the chimeric pro-
teins  Gy_aa)186-HN 124571, Giiissea) HNi2as7, and Gyygo-
HN,,, 57, to activate NiV F may be due to a curtailed engagement
of the receptor. To prevent detachment of the NDV globular head
from its receptor and thereby assess the effect of constant receptor
interaction on fusion promotion by chimeric proteins, we used
zanamivir to inhibit the neuraminidase activity of NDV (Fig. 6).
The fusion assay in Fig. 6 shows that in the absence of zanamivir to
prevent receptor detachment, none of the chimeric proteins pro-
moted fusion in our RBC fusion assay. Most of the receptor-
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Fusion protein used

Receptor binding protein used

NDV HN

Vector alone

NiV G G1-186'HN124—571 G1-186'HN120-571 G1-186'HN110-571

Vector alone

FIG 2 Chimeric proteins containing the NiV G stalk domain and the NDV globular can activate NiV/NDV F-mediated cell-cell fusion. Cell-to-cell fusion
promoted by the chimeric proteins (shown in Fig. 1A) coexpressed with NiV F was assessed by syncytium formation.

bound RBCs were released (Fig. 6A), and no fusion was observed
(no black bars). However, in the presence of zanamivir to inhibit
NDV’s neuraminidase activity, there was no release of receptor-
bound RBCs (27, 28), allowing assessment of the chimeric pro-
teins’ potential to activate NiV F (Fig. 6B). The chimeric protein
G,_150-HN,,_ 5,1 (missing its connecting region) exhibited mini-
mal NiV F fusion activation despite constant receptor interaction,
with only 10 to 15% of the total bound RBCs fused after incuba-
tion at 37°C for 120 min. In contrast, in the presence of the G, _; 4¢-
HN,,, 5, chimeric protein with an intact connector, 100% of the
bound RBCs fused (Fig. 6B), as previously described (27). The
chimeric proteins with two and four alanines substituted at amino
acids 185 to 186 and amino acids 183 to 186 [G;_1g6(24)-HN 24 571
and G, g6(4a)-HN1,4 57, Tespectively] promoted fusion with 85
to 90% of the total bound RBCs. On the other hand, the chimeric
proteins Gy_)186HN124.571 and Gy yg6(6a)"HN124.571 in which
amino acids 181 and 182 or amino acids 181 to 186 were substi-
tuted with alanines, promoted fusion with only 10 to 15% of the
total bound RBCs, similar to the G,_;4,-HN},, 5,; (no connector
sequence) chimeric protein. These data indicate that the specific
residues at positions 181 and 182, but not at positions 183 to 186,
are required for fusion activation.

The finding that positions 181 and 182 are important for fusion
promotion by the chimeric protein G,_ 4-HN,, 5, led to the
design of chimeric protein G;_14,-HNj,, 57, (Fig. 7A) in which
only residues 181 and 182 remain of the original NiV intervening
region. This chimeric protein was expressed at 65% of NDV HN
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(Fig. 7B). The expressed chimeric proteins bound RBCs (Fig. 7C),
possessed neuraminidase activity that was inhibited in the pres-
ence of zanamivir (Fig. 7D), and promoted fusion at a level com-
parable to G,_,35-HN 5, 57, (Fig. 7E and F) with ~50% efficiency
of the wt NiV G/F fusion machinery. These data confirm the im-
portance of the two amino acids at positions 181 and 182 for
proper fusion activation and indicate that the minimal stalk re-
gion for maintaining the NiV G fusion activation is from position
1 to position 182.

To assess whether the important function of the NiV G stalk
connector region in the chimeric protein can be substituted by the
connector region from the NDV HN, we assessed chimeric pro-
teins with NiV stalk lengths from positions 1 to 180 or from posi-
tions 1 to 186 and NDV regions spanning either positions 110 to
571 or positions 120 to 571; the NDV sequence starting at position
110 includes the head-stalk connecting region for NDV (Fig. 8).
Chimeric proteins with a NiV G stalk length of amino acids 1 to
180 do not promote fusion in the RBC fusion assay, even with the
NDV HN region positions 110 to 571 (or 120 to 571), indicating
that the connecting region between the head and the stalk in the
chimeric proteins cannot be substituted by the analogous NDV
HN sequences.

Amino acids at positions 181 and 182 in the stalk domain of
the receptor binding protein regulate an early stage in F activa-
tion. We have recently shown that receptor engagement by the
receptor binding protein is required to promote fusion beyond the
stage of F insertion (28). To investigate whether the chimeric pro-
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FIG 3 Chimeric proteins containing the NiV G stalk domain and the NDV globular head are efficiently expressed and can activate NiV F-mediated fusion. (A)
Schematic diagram of chimera NiV-NDV. The stalk region is derived from residues 1 to 180 or residues 1 to 186 of NiV G, and the globular head is derived from
residues 124 to 571 of NDV HN. (B) FACS analysis of cell surface expression from cells transfected with the chimeric proteins shown in Fig. 1A. The results are
presented as percentages of NDV HN cell surface expression. (C) Receptor binding in the absence ([J) or presence (M) of 2 mM zanamivir. (D) Neuraminidase
activity of the receptor binding proteins, expressed in relative fluorescence intensity units (RFU) in the absence ([J) or presence (M) of 2 mM zanamivir. The
values in panels B, C, and D are means * the standard deviations (SD) of results from samples assessed in triplicate and are representative of the experiment
repeated at least three times. (E) Cell-to-cell fusion promoted by the chimeric proteins coexpressed with NiV F is observed in the top panel by syncytium
formation using visible microscopy and in the bottom panel by redistribution of RFP (red fluorescent protein) using fluorescence microscopy.

teins G, 159-HN 5 57; and Gy 54y186-HN 24 57, are defective at
initial F triggering or at this later stage in the fusion process, we
determined whether the defect is before or after insertion of the
fusion protein into the target cell. Insertion of F’s fusion peptide
into the target cell indicates that the prehairpin intermediate has
formed (18, 28, 41-43); at this stage, F mediates attachment to the
target cells, and disengagement of the receptor binding protein
does not lead to release from the target cell (13, 18, 28, 40, 41, 44).
To determine whether the G, 39-HN 5, 57; and G,_5a)186-HN 24 571
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chimeric proteins activate NiV F up to the stage of the prehairpin
intermediate with fusion peptide inserted but then fail to com-
plete the fusion process, we modified the assay described in Fig. 6.
The receptor-bound RBCs were eliminated from the bound pool
of RBCs by a zanamivir-free incubation step at pH 6.5 to allow
NDV neuraminidase to release receptor-bound HN (28). The
bound RBC pool consisted only of RBCs retained via F’s insertion
into the target cell, forming a bridge between the glycoprotein-
expressing cell and the target RBCs (Fig. 9) (40, 41). If the chimeric
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FIG 4 Requirement for specific residues at residues 181 to 186 of the NiV G stalk for fusion activity of chimeric binding proteins. (A) Schematic diagram of
alanine scanning mutagenesis of chimeric protein G,_;5,-HNj,,_5,; constructs. (B) FACS analysis of cell surface expression from cells transfected with the
chimeric proteins shown in panel A. The results are presented as percentages of NDV HN cell surface expression. (C) Receptor binding in the absence ([J) or
presence (H) of 2 mM zanamivir. (D) Neuraminidase activity of the receptor binding proteins, expressed in relative fluorescence intensity units (RFU) in the
absence (OJ) or presence (M) of 2 mM zanamivir. The values in panels B, C, and D are means * the SD of results from samples assessed in triplicate and are

representative of the experiment repeated at least three times.

glycoproteins Gy _y50-HN 24571 and Gy_54)186 HN 124571 trigger F
to the prehairpin intermediate, then fusion peptide insertion will
retain RBCs attached to the cell monolayer, but if they are defec-
tive in the initial stage of F activation (i.e., before fusion peptide
insertion), then the RBCs will be released (18, 28, 41).

For cells coexpressing the chimeric receptor binding proteins
Gio180HN 124571 and Gy_54)186HN 124571 with NiV F (Fig. 9A),
most of the bound RBCs were released into the medium after
zanamivir was removed, indicating the failure of F insertion. In
the presence of G,_;5,-HN,, 57, and G,_,56-HN,,,_5,,, however,
most of the RBCs were fused. Without NiV F (Fig. 9B), all RBCs
were released by the neuraminidase activity of NDV HN globular
domain, as expected. The defect in fusion activation by the chime-
ric proteins G;_;50-HN 54 571 and G;_(54y186-HN 54 57,—chimeric
proteins that lack either the whole connecting region or the cor-
rect residues at 181 and 182—occurs at an early step in the F
triggering process, prior to insertion of the fusion peptide into the
target cell membrane.

NiV G stalk domains containing the 181 and 182 mutations
are altered in receptor binding and fusion activation. A series of
NiV G constructs were designed to determine the role of the
amino acids 181 and 182 in the context of the NiV G (Fig. 10A).
The mutated NiV Gs had a lower level of cell surface expression
than wt NiV G, assessed by FACS analysis using an anti-NiV G
monoclonal antibody (Fig. 10B). Of the six mutants shown in Fig.
10A, three (NiV G414, NiV G,,, and NiV Gg,) showed 70 to 80%
expression compared to wt NiV G. Only NiV G, , had a signifi-
cantly lower expression (35% of wt NiV G). The receptor binding
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capacity of the mutated NiV G proteins was evaluated by quanti-
fication of binding to soluble ephrin B2 since ephrin B2 (but not
ephrin B1) acts as a cellular receptor for NiV (45-51). Cells ex-
pressing the indicated proteins were allowed to bind ephrin at 4°C
for 60 min, and bound ephrin was quantified by FACS. Receptor
binding for ephrin B2 by the mutated proteins was 20 to 60% of
that of NiV G (Fig. 10C). All of the NiV G mutants, as well as wt
NiV G, showed negligible ephrin B1 binding, as expected. The
effect of stalk domain alterations on binding activity could be
attributed to altered expression levels. Indeed, when we normal-
ized for expression level, ephrin B2 binding was similar to ephrin
B2 binding and was directly proportional to the expression level of
G protein (Fig. 10D).

The fusion-promoting capacity of the mutated NiV G proteins
was assessed (Fig. 10E). Fusion promoted by the mutants NiV G, ,
and NiV Gg, was much lower than that promoted by NiV G. The
NiV G4 has relatively low fusion-promoting activity, causing
50% less fusion than NiV G. Surprisingly, the NiV G 4, , was more
efficient than NiV G in promoting fusion in the presence of NiV F.
In the analysis of fusion promotion versus cell surface expression,
all of the mutants showed a direct correlation between cell surface
expression and fusion except for NiV G,g,, (Fig. 10F). When we
compared fusion promotion efficiencies of the wt NiV G proteins
at expression levels similar to those of mutant NiV G, wt NiV G
promoted 100% fusion at the same levels as mutant NiV Gs (Fig.
10G and H). The enhanced F-promotion activity of NiV Gg, 5 is
even more apparent when plotted in this fashion. Fusion mediated
by the mutated NiV G proteins was proportional to the binding
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FIG 5 NiV G stalk residues 181 to 182 are required for activation of NiV F.
Cell-to-cell fusion mediated by the chimeric NiV-NDV proteins with NDV F
(A) or with NiV F (B) compared to the NDV HN/F (A) or NiV G/F (B)
proteins. Fusion is measured by a 3-Gal complementation assay. The values
are means (= the standard errors) of results from four experiments. **, P <
0.05; ***, P < 0.005 (one-way analysis of variance, Dunn’s multiple-compar-
ison test).

activity of the mutants, with NiV Gyg,, being the only outlier
(Fig. 101).

Substitution of cysteine for tryptophan at position 123, a po-
tential site for an intersubunit disulfide bridge in the NDV HN
globular head, prevents efficient NiV F activation. We then in-
vestigated the role of the globular head region of the head-stalk
interface of our chimeric constructs to determine its effect on the
propagation of the fusion signal. In Fig. 2, the cells transfected
with G,_,56-HN| 5571, @ chimeric protein containing the full con-
nector region provided by NiV G but containing additional resi-
dues 120 to 123 from NDV HN, did not show cell-to-cell fusion.
The other two chimeric proteins with the same NiV G stalk length
but different contributions from NDV HN, G, 4s-HN .57,
(with additional NDV HN residues 110 to 123) and G,_j46-
HN,,, 5,1, were functional with respect to fusion promotion,
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FIG 6 Engagement of site II of the receptor binding protein is required for
activation of NiV F. 293T cells coexpressing NiV F with the NiV-NDV chime-
ric binding protein were allowed to bind to receptor-bearing RBCs at 4°C in
the absence (A) or presence (B) of zanamivir. Zanamivir was added to activate
NDV HN site II. Unbound RBCs were then washed, and standard medium
without (A) or with (B) zanamivir, for the activation of binding site II, was
added at 37°C for 120 min. The values on the y axis reflect quantification of
RBCs that were (i) released (1), (ii) bound (), or (iii) fused (H). Note that
there is no fusion (M) in panel A and that there are no released cells () in
panel B. The values are means (= the standard errors) of results from three
experiments.

leading us to hypothesize that residues in the NDV HN region
between residues 120 and 123 may interfere with the proper NiV G
stalk activation. The NDV AV HN globular head contains a cys-
teine at position 123 that (in the NDV AV HN) forms an inter-
subunit disulfide bridge (52, 53), which could limit the flexibility
of the heads with respect to the stalks. Other NDV strains have
either a tryptophan or tyrosine at the same position (53), indicat-
ing that the disulfide linkage in HN can be removed by substitu-
tion of the cysteine with tryptophan at this position without inac-
tivating the protein. We hypothesized that the degree of flexibility
between the NDV HN globular head and the NiV G stalk could
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FIG 7 NiV G stalk residues 181 to 182 are sufficient for the activation of NiV F. (A) Schematic diagram of the G,_,5,-HN,, 5,, chimeric protein. (B) FACS
analysis of cell surface expression from cells transfected with the chimeric proteins shown in Fig. 6A. The results are presented as percentages of NDV HN cell
surface expression. (C) Receptor binding in the absence ([J) or presence (H) of 2 mM zanamivir. (D) Neuraminidase activity of the receptor binding proteins,
expressed in relative fluorescence intensity units (RFU) in the absence ([J) or presence (M) of 2 mM zanamivir. The values are means = the SD of results from
samples assessed in triplicate and are representative of the experiment repeated at least three times. (E) Cell-to-cell fusion of the chimeric protein coexpressed
with NiV F. Cell-to-cell fusion was measured by a 3-Gal complementation assay. The values in panels B, C, D, and E are means (= the standard errors) of results
from three experiments. (F) Cell-to-cell fusion promoted by the chimeric protein expressed with NiV Fis observed in the left panel by syncytium formation using

visible microscopy and in the right panel by redistribution of RFP (red fluorescent protein) using fluorescence microscopy.

affect the fusion signal transmitted to F. Based on naturally occur-
ring NDV HN variations, two new chimeric proteins were con-
structed with the NiV G stalk region (residues 1 to 186) used for
the previous chimeric proteins, but with the NDV HN globular
head starting at residue 123 instead of residue 124 (Fig. 11A). The
G _156-HN 550571 (with a cysteine at position 123) and G,_;g-
HN, 3,571 (with a tryptophan at position 123) chimeras showed
cell surface expression (Fig. 11B) and RBC binding (Fig. 11C)
(both in the absence and in the presence of zanamivir) similar to
NDV HN. The neuraminidase activity of the G,_136-HN1,3¢.571
was decreased compared to the G,_,5-HN 531571 (Fig. 11D). The
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presence of the cysteine (compared to tryptophan) at position 123
decreased the ability of the chimeric protein to promote fusion by
NiV F (Fig. 11E). The lack of fusion promotion in the G;_;g-
HN,,50.57; chimeric protein indicates that the presence of cys-
teine at position 123 in the NDV HN head is detrimental for trans-
mitting the fusion signal.

We next determined whether constant receptor engagement by
G/HN could compensate for the defect of the G,_136-HN153¢.57;
chimera in fusion activation, using the fusion assay described in
Fig. 6. In the absence of zanamivir, receptor binding site II in
NDV’s globular head is not activated (25), so that there is no
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FIG 8 The connecting region from NiV G stalk cannot be substituted by the
NDV HN 110-124 or 120-124 stalk region. 293T cells coexpressing NiV F with
the NiV-NDV chimeric binding protein were allowed to bind to receptor-
bearing RBCs at 4°C in the presence of zanamivir. Zanamivir was added to
activate NDV HN site II. Unbound RBCs were then washed, and standard
medium with zanamivir, for the activation of binding site II, was added at 37°C
for 120 min. The values on the y axis reflect quantification of RBCs that were (i)
released (1), (ii) bound (), or (iii) fused (M). The values are means (= the
standard errors) of results from two representative experiments.

fusion (Fig. 12A and C) and the RBCs are released. However, in
the presence of zanamivir (Fig. 12B and D) to activate NDV HN's
site IT (25), G,_;36-HN/,3w.57, activated NiV F for fusion (Fig.
12D). Under the same conditions, G;_;35-HN,5c.57; also acti-
vated NiV F, but it took longer (Fig. 12B). The difference between
panels B and D shows that, with a cysteine at position 123, fusion
activation is less efficient, indicating that transmission of the fu-
sion signal is impaired but not abolished.

Oligomeric state of envelope chimeric proteins and NiV F
processing. Paramyxovirus fusion proteins are expressed as a pre-
cursor, F, which requires proteolytic cleavage to assume an acti-
vation-ready form composed of disulfide-linked F, and F, (54).
For most paramyxoviruses, the F protein arrives at the cell mem-
brane already cleaved. However, NiV F processing requires an
initial step in which uncleaved F is transported to the membrane
to be reinternalized, cleaved by cathepsin L, and finally returned to
the surface as a cleaved protein ready for activation (55, 56). We
considered that the fusion phenotypes of the chimeric proteins
might be attributable to altered processing of NiV F when coex-
pressed with these chimeric proteins. Alternatively, differences in
oligomerization could account for altered function.

To assess NiV processing, cells were cotransfected with NiV F
alone or in combination with chimeric glycoproteins, NDV HN,
or NiV G (Fig. 13). Radiolabeled lysates were immunoprecipitated
using antibodies against the receptor binding proteins (Fig. 13A
and C) or NiV F (Fig. 13B and D). The migration pattern of the
envelope glycoproteins on SDS-PAGE under nonreducing condi-
tions revealed the oligomeric form of NiV G, and all of the chime-
ric proteins showed a similar level of oligomerization, with ca.
50% dimeric, 50% tetrameric, and very little monomeric protein
(Fig. 13A). Under reducing conditions, a similar level of chimeric
proteins and NDV AV HN was immunoprecipitated (Fig. 13C),
but their expression levels were lower than NiV G. The differences
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FIG 9 Amino acids 181 and 182 regulate an early stage in F activation. 293T
cells expressing the NiV-NDV chimeric binding protein alone (B) or coex-
pressing with NiV F (A) were allowed to bind to receptor-bearing RBCs at 4°C
in the presence of zanamivir. Unbound RBCs were then removed, and me-
dium with zanamivir, to activate binding site II, was added, followed by incu-
bation at 37°C for 90 min. After incubation, the cells were washed, and me-
dium at pH 6.5 was added. The cells were incubated at 37°C for 75 min. Values
on the y axis reflect quantification of RBCs that were (i) released ([J), (ii)
bound (&), or (iii) fused (M). Note that there is no fusion (M) in panel B, and
there are no bound cells () in panel A. The values are means (= the standard
errors) of results from three experiments.

in fusion-triggering activity between the G, ,56-HN,5¢.5,1 and
the G;_156-HN,3w.571 chimeras were not due to altered oligo-
meric states or differential expression but rather to the cysteine at
position 123 in the globular region, which may generate an extra
disulfide bond at this position. The processing of F protein was not
altered by coexpression of the chimeric envelope glycoproteins;
Western blot analysis of immunoprecipitated NiV F showed similar
quantities of NiV F,, F, and F, (Fig. 13B and D). Thus, the failure of
specific chimeric receptor glycoproteins to activate NiV F was not due
to altered F processing, oligomeric state, or expression.

Chimeric viral glycoproteins containing the NiV G stalk do-
main and the NDV globular head can mediate viral infection. To
assess the function of each chimeric protein in a way that more
closely mimics authentic infection, we used the virion-based in-
fection assay (see Fig. 1). The envelope glycoproteins were pseu-
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measured by a B-Gal complementation assay. The values in panels B, C and D are means (= the standard errors) of results from four experiments. (F) Fusion
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P < 0.001 (one-way analysis of variance, Dunn’s multiple comparison test).

dotyped onto a recombinant vesicular stomatitis virus (VSV) that
expresses NiV F but lacks VSV G to generate the pseudotyped
virus VSV-AG-NiVF/(G-HN) bearing the chimeric binding pro-
teins and NiV F. Entry of the pseudotyped virus into target cells
was quantified by plaque assay. Only the chimeric proteins that
effectively promoted fusion generated infectious particles (Fig.
14A). The two chimeric proteins (G,_;59-HN,4 57, and Gy_jg6-
HN ;3¢ 57,) that did not promote fusion failed to generate infective
particles, whereas the G,_;46-HN 54 57, and G;_136-HN 53571 chi-
meras complemented NiV F in the context of a live virus.

To evaluate the function of mutant NiV G molecules in a
system that more closely mimics infection, the mutant G proteins
were pseudotyped onto a recombinant VSV that expresses NiV F
but lacks VSV G to generate the pseudotyped virus VSV-
AG-NiVF/Gs bearing the mutant G proteins and NiV F. Entry of
the pseudotyped virus into target cells (Fig. 14B) was quantified by
plaque assay. Only the mutant G proteins that effectively pro-
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moted fusion were incorporated into infectious particles, except
in the case of NiV G, ,, which could be due to the lower expres-
sion level of NiV G5, 4.

NiV G can complement fusion activation of fusion impaired
chimeric proteins. We considered the possibility that NiV G
could rescue the fusion of the impaired chimeric proteins bearing
the NiV G stalk 1-186(6A). To address this question, we cotrans-
fected the chimeric construct G;_;g6(54)-HN 24_57; With wt NiV G,
along with NiV F, and assessed fusion, as in Fig. 6, in the presence
of zanamivir to allow constant receptor engagement. Since the
RBCs used in the assay lack the receptor for NiV G, binding is
mediated only by the NDV globular domain of the chimeric pro-
tein. However, F activation can occur only through the wt NiV G
stalk since the chimeric protein’s stalk is impaired in F activation.
Coexpression of the defective protein with the NDV head
[Gi.1866a)-HN124 57,1, Wt NiV G, and NiV F permitted fusion to
occur (Fig. 15), suggesting that the NDV globular domain trans-
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FIG 11 Cysteine 123 in the NDV HN globular head alters neuraminidase and fusion promotion. (A) Schematic diagram of chimeric protein G,_;56-HN,5.5;
constructs. (B) FACS analysis of cell surface expression from cells transfected with the chimeric proteins shown in panel A. The results are presented as
percentages of NDV HN cell surface expression. (C) Receptor binding in the absence ((J) or presence (l) of 2 mM zanamivir. (D) Neuraminidase activity of the
receptor binding proteins, expressed in relative fluorescence intensity units (RFU) in the absence ((J) or presence (H) of 2 mM zanamivir. The values in panels
B, C,and D are means * the SD of results from samples assessed in triplicate and are representative of the experiment repeated at least three times. (E) Cell-to-cell
fusion promoted by the chimeric proteins expressed with NiV F was observed in the top panel by syncytium formation using visible microscopy and in the bottom
panel by redistribution of RFP (red fluorescent protein) using fluorescence microscopy.

mits the fusion activation signal to the stalk of another monomer
in a oligomeric complex of NiV G and chimeric protein.

DISCUSSION

For paramyxoviruses, we have proposed a model for the role of the
receptor binding protein during the fusion process that partially
unites the two disparate models previously applied to viruses that
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bind a proteinaceous receptor and viruses that bind sialic acid
receptors. The role of the receptor binding protein has been con-
sidered to be mainly repressive for viruses such as measles virus
and NiV, where clamping the F protein prevents it from assuming
a postfusion structure before the virus engages its proteinaceous
receptor (10, 12, 36, 47, 57-61). In the case of sialic acid binding
receptor binding paramyxoviruses, such as HPIV and NDV, en-
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FIG 12 Cysteine 123 in the NDV HN globular head decreases the rate of F activation. 293T cells coexpressing NiV F and chimeric glycoproteins G,_;55-HN 53¢ 57, (A
and B) or G,_;46-HN,3v.5,, (C and D) were allowed to bind to RBCs at 4°C with (B and D) or without (A and C) zanamivir. Unbound RBCs were then washed, and
standard medium with (B and D) or without (A and C) zanamivir was added at 37°C for up to 120 min. The values on the y axis reflect quantification of RBCs that were

(1) released (@, dotted line), (ii) bound (M, dashed line), or (iii) fused (A, solid line). The values are means (= the SD) of results from triplicate samples and are
representative of the experiment repeated at least three times.

gagement of the receptor binding protein by the host cell receptor  F triggering and did not require that the receptor binding protein
was thought to initiate the interaction between the receptor bind-  and the F protein be physically associated prior to receptor en-
ing protein and the F protein, triggering F-mediated fusion. This  gagement. We have shown that for at least several paramyxovi-
model attributed an active role for the receptor binding proteinin  ruses from each type, both mechanisms are at play: before the

A NON-REDUCING c REDUCING
Immunoprecipitation with antibody against Immunoprecipitation with antibody against
NDV HN NiV G NDV HN NivVG
w v w w
w w w w
> = 2 2 = = 2 2
2 2 = - z z = )
ww [ 8 8 3 ww [ 8 B 3
6 2 £ Z £ gz = w z z z Zz Z Z
Q T X T X Q = T X -
e X & & & 8 © e I & & & 8§ ©
S =} b - by a2 S =) o = a 2
o =4 O O O O =4 o =4 O O O O =z

250
168
98
64 Monomer
B Immunopr_ecipita!tion with gntibody D Immunoprecipitation with antibody
against NiV F protein against NiV F protein

64

50
F1

FIG 13 NiV G stalk domain determines the oligomerization state of the chimeric binding proteins. Monolayers of cells coexpressing NiV F and either the
indicated chimeric glycoproteins, NDV HN, or NiV G were incubated in a medium supplemented with *S-labeled amino acids. The cells were lysed, and the
envelope glycoproteins were immunoprecipitated and subjected to SDS-PAGE under nonreducing (A and B) or reducing (C and D) conditions. Representative
autoradiography shows the oligomeric state (A) and the level of protein expression (C) of the receptor binding glycoproteins, immunoprecipitated with
anti-NDV HN antibodies. Note that monoclonal antibodies against NiV G were used in the lane marked NiV G. In panels B and D, the same samples were
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FIG 14 Chimeric envelope glycoproteins and the various NiV G mutant pro-
teins on pseudotyped virions mediate infection. Monolayers of cells were in-
fected with VSV-AG-NiV F pseudotyped virions with the indicated chimeric
(A) or NiV G mutant (B) envelope glycoproteins. At 24 h postinfection, the
PFU were determined as described in Materials and Methods. The values on
the y axis reflect quantification of PFU/ml. The values are means (% the SD) of
results from triplicate samples.

viruses engage receptor, the receptor binding proteins stabilize the
F protein to prevent premature activation, and the switch to an
active role in triggering the F protein to fuse occurs upon receptor
engagement (17). The existence of a common mechanism for sig-
nal transmission between the receptor binding protein’s head and
its stalk in both sialic-acid-dependent and non-sialic-acid-depen-
dent receptor binding proteins was demonstrated (27, 28) using a
chimeric receptor binding protein that has the receptor binding
head of a receptor binding protein from a sialic acid-binding virus
(NDV) and the receptor binding stalk from a protein-binding
virus (NiV). The NiV G stalk activated NiV F after receiving the
signal from the receptor-engaged NDV HN head. In the present
study, we used this and similar chimeric receptor binding mole-
cules to define the specific region in the receptor binding pro-
tein(s), and the specific properties conferred by that region, that
are required for fusion promotion.

The stalk region of the paramyxovirus receptor binding pro-
tein is important for fusion activation (7, 62). Here, we established
that the intervening region between the globular head domain and
the stalk is key for transmission of the activating signal that is
initiated by engagement of receptor. G,_,50-HN,, 57, and the chi-
meric binding proteins with mutations in the 181 and 182 residues
were defective in activation of NiV F despite the presence of zana-
mivir and activation of site II, indicating the importance of proper
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FIG 15 cis-Complementation of the F-triggering activity of the fusion-defi-
cient chimeric proteins by wt NiV G. 293T cells coexpressing NiV G and F with
the NiV-NDV chimeric binding protein were allowed to bind to receptor-
bearing RBCs at 4°C in the absence (A) or presence (B) of zanamivir. Zanami-
vir was added to activate the NDV HN site II. Unbound RBCs were then
washed, and standard medium without (A) or with (B) zanamivir, for the
activation of binding site II, was added at 37°C for 120 min. The values on the
y axis reflect quantification of RBCs that were (i) released ([J), (ii) bound (),
or (iii) fused (). Note that there is no fusion (H) in panel A and that there are
no released cells ((J) in panel B. The values are means (* the standard errors)
of results from two experiments.

communication between the globular domain and the stalk. Con-
stant binding of the HN globular domain to its receptor is neces-
sary but not sufficient for activation of F, and this was particularly
evident for the chimeric glycoproteins (Fig. 6B). A minimal con-
necting region between stalk and globular head was identified to
be necessary for fusion activation by the chimeric receptor bind-
ing proteins studied here. Residues 181 and 182 in the stalk of NiV
G, which are part of this head-stalk interface region, were found to
be essential for transmission of the activating signal. Do these two
residues function as a connector region between the head and the
stalk, thereby contributing to the transmission of the receptor-
engaged state signal, or are they required for interaction of the
stalk with F? Future experiments where this particular region is
exchanged with the connector region of other paramyxoviruses
may help answer this question. The importance of the residues at
positions 181 and 182 of the chimeric receptor binding proteins
was confirmed in the context of the NiV G protein, where, intrigu-
ingly, the change at position 182 enhanced fusion promotion. It
appears that residues 181 and 182 are critical for the signal trans-
mission from the stalk to the fusion protein of NiV in the chimeric
protein and in authentic NiV G. Although a previous publication
proposed that chimeric G;_;4,-HN},,_5,; failed to activate fusion
due to the lack of a clamping domain from the NiV G globular
head (36), we noted this chimera promoted fusion and contend
that, while elements of the “clamp model” are correct, the element
of the receptor binding protein that stabilizes the F protein before
receptor engagement is purely in the stalk.

The chimeric receptor binding protein experiments provide
support for the notion that Cys in the 123 position, which impairs
signal transmission through the stalk domain, leads to disulfide
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FIG 16 Model of the NDV receptor binding domain (residues 123 to 571) and a portion of the NiV G stalk (residues 148 to 186). The stalk was modeled from
the NDV structure (PDB ID 3T1E) based on sequence homology. The chimera model, like NDV HN, is a tetrameric complex formed by a dimer of dimers. The
four subunits of the chimeric binding protein are colored differently and the LVGLPN region from residues 181 to 186 from one subunit (orange one) is shown
as a peptide in an all-atom stick representation. Two Cys123 residues (ball representation) within NDV dimer are in close proximity for intermolecule disulfide

bridge.

bond formation and reduction in flexibility at the globular heads.
In NDV, Cys123 from two neighboring receptor binding proteins
form a native disulfide bond. It is reasonable to propose that a
disulfide bond between the two subunits can also exist in G,_;g¢-
HN,,5c 5715 however, we have not been able to demonstrate this
disulfide bond in the chimeric protein experimentally due to the
large number of disulfide bonds in the protein and the technical
challenge in demonstrating individual ones.

To address this issue, a model of the chimeric protein was
generated. The stalk domain structures of NDV (63) and PIV5
(64) have recently been solved, and our chimeric proteins were
modeled based on the NDV structure (Fig. 16). The stalk contains
a portion of the Nipah G stalk (amino acids 148 to 186) and was
modeled from the NDV structure (PDB ID 3T1E) (63) based on
sequence homology. It also contains the NDV receptor binding
domain (amino acids 123 to 571). The loop connecting the do-
mains was manually built, and the model was energy minimized.
Each of the four subunits is colored differently, and the LVGLPN
region at positions 181 to 186 from one subunit (orange) is shown
as a peptide in all-atom stick representation (Fig. 16). In this
model, the two cysteines are in close proximity and would permit
formation of a disulfide bridge. We propose that formation of a
disulfide bridge at this position may prevent conformational
changes that are required for the fusion activation function. Fu-
ture work will explore whether there are mechanical constraints
imposed by a disulfide bridge on fusion activation.

The oligomeric state of paramyxovirus receptor binding pro-
teins has been shown to be essential for fusion promotion for NiV
(44) and has been suggested to be critical for fusion promotion by
HPIV3 (38), measles virus (65, 66), and other paramyxoviruses
(24). It was unknown whether, within a tetramer, the receptor-
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engaged signal can be transmitted from the head of one monomer
via the stalk of a different monomer, or whether each monomer
acts individually in terms of signal transmission; the chimeric re-
ceptor binding proteins provided the answer. When chimeric
G 186(6a)-HN 24 571, which bears all six alanines in the connecting
region and is defective in fusion activation, was coexpressed with
wt NiV G, fusion promotion activity of the oligomeric protein was
rescued (Fig. 15). The NDV globular domain transmitted the re-
ceptor-engaged fusion signal to F via the functional stalk of wt NiV
G, indicating that one monomer head can transmit the signal to a
different stalk and suggesting that simultaneous engagement of all
heads of an oligomer may not be necessary. In fact, for measles
virus (MV), while neither a receptor binding protein (H) defective
in receptor binding nor an H defective in fusion activation com-
plemented MV F in fusion, when both defective proteins were
cotransfected with MV F, fusion ensued (65), supporting the no-
tion that not every head must be receptor engaged in order to
transmit the signal to F.

The intervening region between the head and stalk domains of
the receptor binding proteins we described, at positions 181 to 186
(for NiV), could provide a new target for antiviral drugs or neu-
tralizing antibodies. Interrupting the cross talk between the glob-
ular domain and the stalk of the receptor binding protein can
interfere with fusion mediated by the F protein and halt infection.
For the receptor binding proteins described here, we show striking
protein-protein interaction modularity; the inter- and intrapro-
tein regulatory regions of several paramyxoviruses can be inter-
changed and still retain function in the presence of a correct con-
necting region. Chimeric proteins that are functional in the
context of viral infection may also provide a new tool for use in
developing safe attenuated vaccines against these lethal viruses.
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