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Paramyxoviruses, including the human pathogen measles virus (MV) and the avian Newcastle disease virus (NDV), enter host
cells through fusion of the viral envelope with the target cell membrane. This fusion is driven by the concerted action of two viral
envelope glycoproteins: the receptor binding protein and the fusion protein (F). The MV receptor binding protein (hemagglutinin
[H]) attaches to proteinaceous receptors on host cells, while the receptor binding protein of NDV (hemagglutinin-neuraminidase
[HN]) interacts with sialic acid-containing receptors. The receptor-bound HN/H triggers F to undergo conformational changes that
render it competent to mediate fusion of the viral and cellular membranes. The mechanism of fusion activation has been proposed to
be different for sialic acid-binding viruses and proteinaceous receptor-binding viruses. We report that a chimeric protein containing
the NDV HN receptor binding region and the MV H stalk domain can activate MV F to fuse, suggesting that the signal to the stalk of a
protein-binding receptor binding molecule can be transmitted from a sialic acid binding domain. By engineering the NDV HN globu-
lar domain to interact with a proteinaceous receptor, the fusion activation signal was preserved. Our findings are consistent with a uni-
fied mechanism of fusion activation, at least for the Paramyxovirinae subfamily, in which the receptor binding domains of the receptor

binding proteins are interchangeable and the stalk determines the specificity of F activation.

aramyxoviruses enter their host cells by merging their enve-

lope with that of the target cell in a fusion process driven by
viral glycoproteins: a receptor binding protein and a fusion pro-
tein (F) (1-5). Most paramyxoviruses (except members of the
Pneumovirinae subfamily) initiate the fusion process when the
receptor binding protein engages its host cell receptor and acti-
vates the adjacent F protein. The F protein then undergoes a series
of conformational changes that permit it to insert into the target
membrane and merge the viral and cell membranes (reviewed in
references 6 and 7). The interaction between the two envelope
glycoproteins and the subsequent events that lead to fusion are
critical to the entry process (8—12).

The receptor binding protein (hemagglutinin-neuraminidase
[HN]) of Newcastle disease virus (NDV) possesses three functions
common to many paramyxovirus receptor binding proteins: re-
ceptor binding, receptor destroying (neuraminidase), and F acti-
vation. When the NDV HN protein attaches to its sialic acid re-
ceptor, it activates the F protein to undergo the series of
conformational changes that render it fusion competent (8,9, 11,
13, 14). The HN is a type Il membrane protein, with four major
domains: the globular head domain, the stalk domain, a mem-
brane-spanning region, and a cytoplasmic domain. Analyses of
the structure of NDV HN (15, 16), along with the HNs of human
parainfluenza type 3 (HPIV3) (17) and simian virus 5 (SV5)
(parainfluenza virus type 5 [PIV5]) (18), have identified the re-
gions responsible for receptor binding/neuraminidase activity in
the globular head domains of these proteins (13, 14, 19, 20). Two
sialicacid binding sites in the head of NDV have been identified by
structural as well as functional studies, and they are referred to
here as site I, for the primary sialic acid binding/neuraminidase
site, and site II, for the binding/F-activation site (16, 21-23).

In contrast to the HN molecules, the Nipah virus (NiV) recep-
tor binding protein (G) does not have receptor-cleaving activity.
NiV G, therefore, once engaged to its ephrin B2/B3 receptor, re-
mains bound (10, 24, 25). The receptor binding protein (H) of
measles virus (MV) also lacks receptor cleavage activity, and sim-
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ilarly to NiV G, H does not disengage from its receptors, i.e., the
signaling lymphocyte activation molecule (SLAM or CD150),
CD46, or nectin-4 (26-30). For these two proteinaceous receptor-
binding viruses (NiV and MV), it has been proposed that the F
protein is retained in a metastable state by the receptor binding
protein until the receptor is engaged; upon receptor engagement,
Fisreleased to undergo the rearrangements required for fusion (8,
10, 27, 31-34).

We recently showed that chimeric proteins consisting of the
globular head of the sialic acid-binding NDV HN and the stalk
domain of the protein receptor-binding NiV G efficiently pro-
moted fusion (23). To study MV fusion, we utilized specific MV
H-NDV HN chimeric proteins to show that a sialic acid-binding
globular domain can promote MV fusion activation via the stalk
of a chimeric receptor binding protein. The efficiency of F activa-
tion by the receptor binding protein relates directly to the strength
of interaction between the globular head of the binding protein
and its receptor. For the members of the Paramyxovirinae subfam-
ily of the paramyxoviruses—whether sialic acid or protein bind-
ing—the receptor binding protein transmits the fusion activation
signal through the stalk domain of the binding protein to F.

MATERIALS AND METHODS

Transient expression of NDV HN/F, MV H/F, and chimeric cDNA
genes. Transfections were performed according to the Lipofectamine
2000 manufacturer’s protocol (Invitrogen).
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Cell cultures. HEK-293T (human epithelial kidney cells) and Vero
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS) and antibiotics
in a humidified incubator supplemented with 5% CO,. Vero-His (African
green monkey kidney cells expressing anti-6-His-tag scFv) cells were a
generous gift from Stephen J. Russell, Mayo Clinic (35).

Plasmids. The MV H and F genes from wild-type (wt) MV strain G954
(36) and the chimeric cDNAs were codon optimized and synthesized by
Epoch Biolabs and subcloned into the mammalian expression vector
PCAGGS between EcoRI and BglII sites. The pPCAGGS NDV Australia-
Victoria (AV) HN and F constructs were generously provided by Ronald
Torio (University of Massachusetts, Worcester, MA). The SLAMF1-GFP
ORF clone was obtained in a transfection-ready plasmid from Origene.

HAD assay. The hemadsorption (HAD) assay was performed and
quantified as previously described (37). 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 placed at 4°C for 30 min. The
wells were then washed three times with 150 pl cold CO,-independent
medium. The bound RBCs were lysed with 200 wl RBC lysis solution
(0.145 M NH,Cl and 17 mM Tris-HCl), and absorbance was read at 405
nm, using a Spectramax M5 (Molecular Devices) microplate reader.

Cell surface expression. Monolayers of 293T cells were transiently
transfected with HN or F constructs. Cells were washed twice in phos-
phate-buffered saline (PBS) and then incubated with a 1:100 dilution of a
pool of anti-NDV HN monoclonal antibodies (sc53561, sc53562, and
$c53563; Santa Cruz Biotechnology), anti-MV H antibody (38), or anti-
His antibody (Genscript) in 3% bovine serum albumin (BSA) and 0.1%
sodium azide in PBS for 1 h. Samples were then washed twice with PBS
and incubated with a 1:100 dilution of a fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG(H+L) (BD Pharmingen). To quan-
tify cell surface proteins in each sample, indirect immunofluorescence was
measured by fluorescence-activated cell sorting (FACS) (FACSCalibur;
Becton, Dickinson).

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 X; Sigma Scientific, St. Louis, MO) as
previously described (39). Neuraminidase was then removed by washing
the RBCs 3 times with serum-free medium. Each set of RBCs was then
resuspended in serum-free, CO,-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 (39). In each exper-
iment, aliquots of the same preparation of depleted RBCs (as described
above) were used. The RBCs were overlaid at a final concentration of 1%
in 150 wl onto 293T cell monolayers in 48-well plates transiently trans-
fected 24 h prior with receptor-binding protein expression vectors as de-
scribed 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 CO,-
independent medium to remove unbound RBCs, bound RBCs were lysed
with RBC lysis buffer, and absorbance was read at 405 nm on a Spectra-
max enzyme-linked immunosorbent assay (ELISA) reader. Results are
presented as percent retention of RBCs relative to control cells (unde-
pleted RBCs) versus the degree of receptor depletion (expressed as mU of
bacterial neuraminidase). For pretreatment of receptor binding protein-
expressing cells with neuraminidase, the monolayers were treated with 25
mU of the enzyme per well in 48-well plates (5 X 10° cells) for 3 h at 37°C,
transferred to 4°C until they reach that temperature, and then washed.

B-Gal complementation-based fusion assay. We previously adapted
a fusion assay based on alpha complementation of B-galactosidase (3-
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Gal) (40,41). In this assay, receptor-bearing cells (Vero-His cells) express-
ing the omega peptide of B-Gal are mixed with envelope glycoprotein-
coexpressing 293T cells that also express the alpha peptide of B-Gal. Cell
fusion, which leads to complementation, is stopped by lysing the cells, and
after addition of the substrate, fusion is quantified on a Spectramax M5
microplate reader.

RESULTS

Chimeric viral glycoproteins containing the MV H stalk domain
and NDV HN globular head (H-HN) are expressed and bind to
sialic acid-containing receptors. To determine whether the glob-
ular head of MV H is essential for activation of MV F or if the sialic
acid-binding NDV globular domain could activate MV fusion, we
designed a series of chimeric proteins with MV H stalk domains of
different lengths and with residue changes that abolish the H
stalk’s ability to activate MV F (42) (Fig. 1A). Three chimeric
proteins were used to study fusion signal propagation between the
head and stalk regions: (i) H,_;30 HN /54 571, (i) H;_160 HN 24 5715
and (iii) H,_ ¢o(c139s-c1sawy HNi4_s71. The stalk domain of
H,_;40 HN;,4_57; includes the regions reportedly required for F
interaction and F triggering as well as residues C139 and C154,
which are required for dimerization (42). The shorter stalk of the
chimeric protein H,_,5, HN,,_5,;, however, lacks the residues
required for F interaction and triggering. Finally, the chimeric
protein H,_60(c1395.c15aw) HN124 57, contains the domains re-
quired for F interaction and triggering, but the cysteine residues
C139 and C154 (mentioned above) were mutated in order to pre-
vent dimerization. The cell surface expression of the chimeric pro-
teins was measured by FACS analysis (Fig. 1B) using a pool of
anti-NDV AV HN monoclonal antibodies. All of the chimeric
proteins had a cell surface expression level of around 50% of NDV
AV HN expression.

We assessed receptor binding for each binding protein in an
RBC binding assay (41). Cells expressing the indicated proteins
were allowed to bind RBCs at 4°C for 30 min (Fig. 1C) and then
washed, and the bound RBCs were quantified. The receptor bind-
ing efficacies of the expressed chimeric proteins were similar to
that of NDV AV HN (Fig. 1C).

Chimeric viral glycoproteins containing the MV H stalk do-
main and NDV HN globular head (H-HN) promote MV F-me-
diated fusion. The fusion properties of the chimeric proteins were
compared in a B-galactosidase complementation assay. Cells co-
expressing the indicated receptor binding proteins with MV F
together with the alpha peptide of B-Gal were overlaid with cells
expressing the omega peptide and either the MV receptor CD150
(Fig. 2A and C) or empty vector (Fig. 2B and D). The cells were
also left untreated (Fig. 2A and B) or treated with neuraminidase
(Fig. 2C and D). Upon cell-to-cell fusion, the alpha and omega
peptides reconstitute 3-galactosidase activity, proportional to the
extent of fusion. For the experiment in Fig. 2A, we used cells ex-
pressing CD150 to compare the fusion-promoting activity of MV
H with that of our chimeric proteins in the presence of MV F. As
expected, MV H and F effectively promoted fusion, and only the
chimeric protein H,_;4, HN;,,_5,; achieved approximately 30%
of the MV H/F-mediated fusion. Fusion was abolished in H,_,5,
HN 5, 571 and Hy_jgo(ci3os-c1saw) HN 124571, both of which are
chimeric proteins lacking the cysteine residues at positions 139
and 154, which prevents dimerization of MV H (42). These data
are consistent with a recent report that short H stems require
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FIG 1 Chimeric proteins containing the MV H stalk domain and the NDV
globular head are efficiently expressed and bind sialic acid receptors. (A) Sche-
matic structures of three MV H-NDV HN chimeric proteins. The MV H stalk
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stabilizing oligomerization tags in order to maintain their F-trig-
gering function (43).

In Fig. 2B, we compared the fusion mediated by MV H and F
with that promoted by the chimeric proteins in the presence of
MV F but no receptor for MV H. In this case, the MV H- and
F-expressing cells did not fuse with the target cells because of the
lack of receptors, while the H,_;,, HN;,,_s,, chimeric protein
achieved approximately the same amount of fusion as that shown
in Fig. 2A. Therefore, the NDV globular head activated the MV H
stalk domain by interacting with sialic acid receptors indepen-
dently of CD150. To confirm that the fusion observed in the pres-
ence of the chimeric protein was indeed due to the engagement of
sialicacid by the NDV HN head, we assessed fusion in the presence
of neuraminidase. The chimeric protein H,_,5, HN,,,_s,,, which
activated fusion in the absence of neuraminidase (Fig. 2A and B),
did not promote fusion in the presence of neuraminidase, but
fusion promotion by MV H was unaltered in the presence of neur-
aminidase (Fig. 2C and D).

Differences in receptor avidity of the chimeric H proteins do
not account for their differences in promoting fusion. We asked
whether the two chimeric proteins that failed to promote fusion
(Hi_130 HNy24 571 and Hy_j6o(ci39s-c1saw) HN124_s71] had altered
receptor avidity compared to that of the fusion promotion-com-
petent chimeric protein (H,_,40 HN,,_s7,). We previously used a
quantitative receptor avidity assay (14, 22, 39, 41) to show that
NDV HN has a low avidity for receptors on RBCs (either human
or avian) compared to HPIV3 HNs (21). In this assay, receptor-
depleted RBCs are bound to HN-expressing cells in a quantitative
hemadsorption (HAD) assay where greater receptor depletion re-
quired to reduce binding indicates a higher avidity. At 4°C, the
neuraminidase of NDV HN is not active and therefore cannot
contribute to RBC release. Binding avidity measurements for the
three chimeric proteins are shown in Fig. 3. For cells expressing
the chimeric protein H,_;;, HN,4_5,;, there was around 50%
binding at a depletion level of 24 mU. In the case of the Hy_;4,
HN,,, 5, protein, there was around 50% binding at a depletion
level of 10 mU, and for the cells expressing the NDV wt HN and
H,_160 (c139s-c154w) HN24_s71, the binding was at 50% at a deple-
tion level of 6 mU. Each chimeric protein had a sialic acid-binding
avidity that was higher than that of NDV HN. The avidity of H,_, 5,
HN,,,_s7, was the highest, followed by that of H;_;50 HN 5, 57,
indicating that the inability of H,_, 3, HN,,_s, to promote fusion
was not due to lower avidity. The avidity of H,_,4 (c1395-c154w)
HN,,,_s,, was lower than those of the other two chimeras but
similar to that of NDV HN. These results indicate that the differ-
ences in fusion activation between the chimeric proteins cannot
be explained by differences in sialic acid receptor binding but
rather due to the functionality of the stalk domain.

Activation of MV F by binding of histidine-tagged H,_,¢,
HN,,,_s,; chimeric protein to anti-histidine antibody. To deter-
mine whether the rearrangements in the MV H protein are recep-
tor specific, we tested whether the chimeric protein H;_;q4,

domains H,_,55, H, 160, and H,_;¢0(c1395.c154w) Were cloned in frame with
NDV AV HN,,,_s,;. (B) FACS analysis results for cell surface expression. Cells
were transfected with the chimeric glycoproteins H, ;55 HN 5, 571, H, 140
HN,,, 571, and Hy_j50(c130s-c15aw) HN24_s7; and analyzed for cell surface
expression. The FACS results were compared to NDV AV HN cell surface
expression by using a set of monoclonal antibodies as described in Materials
and Methods. (C) Receptor-bearing cell binding of the chimeric proteins.
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FIG 2 Chimeric proteins containing the MV H stalk domain and the NDV globular head activate MV F. A cell-to-cell fusion assay was performed with 293T cells
bearing the chimeric proteins with target (Vero-His) cells transfected with the MV receptor CD150 (A and C) or empty vector (B and D). Cell-to-cell fusion was
measured in the presence (C and D) or absence (A and B) of neuraminidase by a 3-Gal complementation assay as described in Materials and Methods. The values
are means (with standard deviations [SD]) for results from triplicate samples in a representative experiment repeated at least three times. RLU, relative light units.
**, P <0.01; %%, P < 0.005; ****, P < 0.001 (Kruskal-Wallis test/Dunn’s multiple comparison test).

HN,,,_s7; and MV H activate MV F when they engage a nonnat-
ural receptor. We engineered a chimeric protein and MV H with
histidine tags at their C termini (Fig. 4A); a histidine tag on MV H
has been shown to replace the requirement for a cellular receptor
(27, 35). We assessed the expression of these histidine-tagged re-
ceptor binding proteins by FACS. While MV H ;5 was expressed
at a level similar to that of MV H, the expression level of H,_;4,
HN5, 571 s Was 30% of those of both NDV HN and MV H ;4
(Fig. 4B).

Fusion promoted by the chimeric proteins was assessed in a
B-galactosidase complementation assay, using cells expressing an
anti-histidine antibody on their surfaces as the targets (27, 35).
Cells coexpressing the indicated receptor binding proteins with
MV F together with the alpha peptide were overlaid with Vero cells
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expressing the anti-histidine antibody and the omega peptide. As
shown in Fig. 4C to F, we compared the fusion mediated by MV
H 1y1¢/F with fusion mediated by H,_; 4o HN 54 57, t1is/MV F. En-
gagement of the anti-histidine antibody on the cell surface by the
histidine tag on receptor binding proteins led to fusion. Histidine-
tagged NDV HN is also fusion promotion competent in the ab-
sence of sialic acid receptor and promotes NDV F fusion under
these conditions (data not shown). As shown in Fig. 2, the fusion
mediated by MV H/F was independent of neuraminidase and de-
pended only on CD150 expression, whereas the fusion promoted
by H,_;60 HN,4_s,; was dependent on the presence or absence of
neuraminidase but independent of CD150 expression. However,
both MV H ;s and H,_;59 HN1,4_57; 1is promoted fusion inde-
pendently of sialic acid or CD150 receptors. As shown in Fig. 4D,
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FIG 3 Receptor binding avidities of the chimeric proteins. A panel of
RBCs with different degrees of receptor depletion were used to quantify
HAD on cell monolayers expressing H,_,50 HN,,, 571, Hi_ 160 HN 5, 571,
H,_160(c1395.c15aw) HN1,, 571, or NDV HN at 4°C. Neuraminidase is not
active at 4°C. The extent of binding of each depleted RBC preparation (y axis)
is expressed as a percentage of that of the control (i.e., the amount of untreated,
nondepleted RBCs bound to cells expressing the corresponding receptor bind-
ing protein). The points represent the means for results from triplicate mono-
layers from 3 representative experiments, with error bars denoting standard
deviations.

the amounts of fusion promoted by H,_, 40 HN/,,4_s71 1115 and MV
H ;5 were similar when normalized for the relative expression
with anti-His antibody seen in Fig. 4B. Thus, a receptor that bears
no resemblance to the natural viral receptors is sufficient for ini-
tiating fusion promotion by the receptor binding protein.

MYV H can complement the fusion activation function of fu-
sion-impaired chimeric proteins. An MV H defective in trigger-
ing fusion but competent for receptor binding can be comple-
mented by coexpression with an H protein that is fusion triggering
competent but receptor blind (44). We asked whether MV H
could rescue the fusion of chimeric proteins bearing an MV H
stalk that is defective at fusion triggering. We used a chimeric
protein carrying the P108S mutation in the MV H stalk domain.
Mutation of this particular proline residue, which is highly con-
served in the stalk regions of several paramyxovirus receptor bind-
ing proteins, impairs fusion promotion for paramyxoviruses, in-
cluding MV (14, 45, 46). It has been suggested that upon receptor
engagement, the globular head domain applies force that results in
unwinding of the tightly packed stalk, exposing the central section
(containing the conserved proline) that is essential for F triggering
(46).

We generated cells that expressed a chimeric protein with the
P108S mutation in the stalk [H;_;50(p108s) HN124 571 1] and as-
sessed fusion with MV F (Fig. 5) by using the -galactosidase
complementation assay with Vero-His target cells. As in Fig. 4,
MYV H and F mediated fusion only in the presence of CD150. The
H_is0p108s) HN 24571 1115 Protein, as expected, did not promote
fusion in the presence or absence of CD150 when coexpressed
with MV F, but when it was cotransfected with MV H, along with
MV F, fusion occurred in the presence of CD150. More impor-
tantly, fusion promotion was restored even in the absence of
CD150 (Fig. 5B). In this scenario, the NDV HN head of the chi-
meric protein binds to the anti-His antibody or sialic acid on the
Vero-His target cells; however, F activation must occur through
the wt MV H stalk, since the chimeric protein’s stalk is defective in
F activation. Coexpression of the triggering-defective H,_,5o(p10ss)
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HN,4_s7; s protein, wt MV H, and MV F permitted fusion to
occur (Fig. 5), suggesting that the NDV HN globular head domain
transmits the fusion activation signal to the stalk of another
monomer in an oligomeric complex of MV H and chimeric pro-
tein. This result is consistent with an earlier report showing that all
heads in the MV H tetramer are not required to engage a receptor
in order to promote fusion (44).

DISCUSSION

Paramyxovirus infection relies on specialized fusion machinery
that generally consists of a receptor binding protein (either G, H,
or HN) and a fusion (F) protein. Upon receptor engagement, the
receptor binding proteins activate the fusion cascade by a series of
specific movements that begin in the globular head and are trans-
mitted to the stalk domain (11). Analysis of the crystal structure of
MYV H, either alone or in complex with its receptor, compared to
the structures of various HNs and of NiV G, showed major differ-
ences with respect to the site of H-receptor interaction (11, 16-18,
27, 30, 34). For MV H, specific head movements have been pos-
tulated to be required for transmission of the fusion signal
(27, 30).

In this report, chimeric H-HN envelope glycoproteins (15, 16,
42, 46-48) were used to evaluate the interplay between the globu-
lar head and the stalk region that leads to fusion protein activation
and to determine whether the transmission of the fusion signal
from head to stalk is similar whether the virus binds to sialic acid
or proteinaceous receptors.

Experimental (21) and crystal structure (16) data for NDV HN
identified a second receptor binding site in the globular head of
HN. This second binding site is activated by engagement of the
primary binding site (22), and we recently showed that activation
of NDV HN's site II is required for its F-triggering activity (23).
For MV, however, the dynamics are thought to be different from
those of other paramyxoviruses. It was recently postulated that the
two dimers of the MV H tetramer shift relative to each other in
order to transmit the fusion signal and that rearrangements at the
level of the globular head are required for fusion activation (27).
Our finding that the NDV HN globular domain coupled with a
functional H stalk region can activate MV F-mediated fusion in-
dicates that the MV H globular domain rearrangements are not
necessary to transmit the signal to the stalk or that similar rear-
rangements also take place in the NDV HN globular head. For
several paramyxoviruses, we and others have shown that affinity
for the receptor is a major determinant of fusion activation (20,
39, 49). The finding that the fusion promoted by the MV-NDV
chimeric protein with a histidine tag is similar to that promoted by
MV H with a histidine tag supports the notion that receptor affin-
ity is a major determinant for fusion activation. When the recep-
tor is the same—Ileveling the playing field—fusion is similar re-
gardless of the specific globular head. A model for morbillivirus F
activation was recently proposed, in which the stalk domain un-
folds to expose a conserved region containing a proline; if unfold-
ing is blocked by introducing disulfide bonds in the stalk domain,
F activation does not occur (46). The results presented here sug-
gest that the globular head of NDV can induce such an unfolding
in the stalk of MV H. For NiV G, we have proposed that flexibility
in the stalk is required for proper fusion activation (50). For MV,
too, stalk flexibility is important for fusion activation (46, 48), and
arecent report showed that short MV H stems, provided they are
properly stabilized, are sufficient for activation of F. In that work,
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FIG 4 Chimeric proteins containing the MV H stalk domain and the NDV globular head activate MV F. (A) Schematic structures of MV H ;; and H,_,4,
HN 5,571 - (B) FACS analysis results for cell surface expression. Cells were transfected with the MV H ;g and H,_, 5 HN1,,_5, 1,5 proteins and analyzed for
cell surface expression by using anti-histidine antibodies. The values are means (with SD) for results from triplicate samples and are representative of an
experiment repeated at least four times. (C to F) Cell-to-cell fusion of 293T cells bearing chimeric proteins with anti-histidine antibody-expressing target cells
(Vero-His) transfected with the MV receptor CD150 (C and E) or empty vector (D and F). Cell-to-cell fusion was measured in the presence (E and F) or absence
(Cand D) of neuraminidase by a 3-Gal complementation assay as described in Materials and Methods. The values are means (with SD) for results from triplicate
samples of a representative experiment repeated at least three times. *, P < 0.05; ns, not significant (Mann-Whitney test).
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FIG 5 Cis-complementation of the F-triggering activity of fusion-deficient
chimeric protein by wt MV H. Cell-to-cell fusion of 293T cells transfected with
the indicated receptor binding glycoproteins and MV F with Vero-His cells
transfected with the MV receptor CD150 (A) or empty vector (B) was assessed
by a B-Gal complementation assay as described in Materials and Methods.
Vero-His cells were used as target cells. The values are means (with SD) for
results from triplicate samples of a representative experiment repeated at least
three times.

it appeared that either excessive or insufficient tetramer stabiliza-
tion could deter fusion promotion (43). Future experiments will
address the relationship between flexibility of the receptor binding
protein stalk and its role in fusion promotion.

The oligomeric state of paramyxovirus receptor binding pro-
teins has been shown to be critical for fusion promotion for several
paramyxoviruses (18, 42, 44, 51, 52). We show here that within a
tetramer, the receptor-engaged signal can be transmitted from the
head of one monomer via the stalk of a different monomer. When
chimeric H,_, 5o(p108s) HN124_s71 sis—Wwhich is defective in fusion
activation—was coexpressed with wt MV H, fusion promotion
activity of the oligomeric complex was rescued (Fig. 5). The NDV
globular domain transmitted the receptor-engaged fusion signal
to F via the functional stalk of wt MV H, indicating that one
monomer head can transmit the signal to a different stalk, and also
confirming that for MV H, simultaneous engagement of all heads
of an oligomer may not be necessary in order for the fusion pro-
motion signal to be transmitted (44).

It has been proposed that for paramyxoviruses that bind a pro-
teinaceous receptor, the receptor binding protein stabilizes the F
protein and prevents its natural tendency to form a postfusion
structure. This suggests that for these viruses, including measles
virus, the role of the receptor binding protein is mainly a repres-
sive one (8, 10, 25, 27, 32, 53-56) and that the classical spring-
loaded mechanism applies: the receptor binding protein stabilizes
the metastable state of the fusion protein prior to receptor engage-
ment, and upon receptor binding, the fusion protein is released
and independently proceeds to fusion (8, 10, 25, 27). While the
stalk domain is a major determinant for specific F activation, we
propose that the globular head can be interchangeable and that the
repressive role, if present, is due to the stalk domain. For HPIV3,
HN not only specifically activates fusion after receptor engage-
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ment but also prevents premature activation of F before receptor
engagement (57), and the stalk domain is responsible for the sta-
bilization effect. The stability of the F protein in the absence of
receptor protein may be different for each virus in the family and
may be the product of adaptation of the viruses to specific hosts or
tissues. In the case of viruses such as HPIV3, the requisite balance
of the three activities of HN (binding and cleaving of the receptor
and F activation) may necessitate a more readily triggered (i.e.,
more heat sensitive) F than that of viruses whose receptor binding
proteins interact more strongly with their receptor (as is the case
for MV and henipaviruses). In the case of a strongly interacting
receptor binding protein, receptor engagement is more stable and
the F-triggering activity of the receptor binding protein may be
protracted; therefore, a more stable F protein may be advanta-
geous. If this hypothesis is correct, we would expect viruses that
bind proteinaceous receptors to possess more stable F proteins
than those of viruses with sialic acid-binding HNs. A recent report
showed that the MV F protein is stable even in the absence of H
(58), in agreement with our hypothesis.

Our data suggest that a common mechanism applies to all
paramyxoviruses that use a receptor binding protein to activate a
fusion protein, including MV. The results are consistent with a
unified model for paramyxovirus fusion in which the receptor
binding protein is required for F activation, and not simply re-
sponsible for releasing F to fuse (52, 59).
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