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The entry of enveloped viruses into host cells is preceded by membrane fusion, which in paramyxoviruses is
triggered by the fusion (F) protein. Refolding of the F protein from a metastable conformation to a highly stable
postfusion form is critical for the promotion of fusion, although the mechanism is still not well understood.
Here we examined the effects of mutations of individual residues of the F protein of Newcastle disease virus,
located at critical regions of the protein, such as the C terminus of the N-terminal heptad repeat (HRA) and
the N terminus of the C-terminal heptad repeat (HRB). Seven of the mutants were expressed at the cell surface,
showing differences in antibody reactivity in comparison with the F wild type. The N211A, L461A, I463A, and
I463F mutants showed a hyperfusogenic phenotype both in syncytium and in dye transfer assays. The four
mutants promoted fusion more efficiently at lower temperatures than the wild type did, meaning they probably
had lower energy requirements for activation. Moreover, the N211A, I463A, and I463F mutants exhibited
hemagglutinin-neuraminidase (HN)-independent activity when influenza virus hemagglutinin (HA) was coex-
pressed as an attachment protein. The data are discussed in terms of alterations of the refolding pathway
and/or the stability of the prefusion and fusion conformations.

Newcastle disease virus (NDV) is an avian enveloped virus
belonging to the family Paramyxoviridae. Two viral membrane-
associated proteins are responsible for the entry of the virus
into the host cell: they are hemagglutinin-neuraminidase
(HN), a receptor-binding protein that interacts with sialogly-
coconjugates at the cell surface, and F, a trimeric class I fusion
protein that, upon activation, triggers the fusion of the viral
and target membranes. F protein is activated after the attach-
ment of its homotypic HN protein to the proper receptor;
however, how HN activates F is not well understood. F protein
is synthesized as an inactive precursor, F0, that is activated by
proteolytic cleavage to the disulfide-linked F1-F2 fusion-com-
petent form (Fig. 1) (10). The crystal structures of several
paramyxoviral fusion proteins, in both the prefusion and post-
fusion conformations (3, 26, 27), have revealed that these pro-
teins undergo major conformational changes, from a metasta-
ble conformation to a highly stable, postfusion form. Several
regions in the ectodomain of class I viral fusion proteins are
involved in these conformational conversions, including a hy-
drophobic fusion peptide at the N terminus of the F1 protein
and two hydrophobic heptad repeat motifs, HRA and HRB,
located at its N and C termini, respectively (Fig. 1). In the
prefusion form, HRB shows a triple-stranded coiled-coil con-
formation forming the stalk of the mushroom-like protein (3,
19, 27). Its globular head contains three domains, DI to DIII
(Fig. 1), with the base of the head being formed by the DI and

DII domains, with residues predominantly located between
HRA and HRB. The top of the head is formed by DIII,
consisting mainly of HRA and the fusion peptide, located on
the side of the head sequestered between adjacent subunits. In
this prefusion state, HRA is folded as two antiparallel
�-strands and four (h1 to h4) helices (27) (see Fig. 6). The DIII
domain undergoes major structural changes from the prefu-
sion to the final postfusion conformation. HRA refolds as an
�-helix, propelling the fusion peptide into the target mem-
brane and generating a prehairpin intermediate (see Fig. 6).
The final, stable conformation consists of a six-helical bundle
(6HB), comprising a dimer of trimers in which the trimeric
HRA coiled coil forms the core, packed along the outside by
three antiparallel HRB �-helices (1, 3, 19, 27).

The refolding mechanism that triggers F protein activation is
still not well understood. Mutational analysis of the HRA and
HRB domains of paramyxovirus F proteins (3, 13, 18, 19, 22,
23), as well as the use of HRA- and HRB-derived peptides (6,
17), has led to the proposal of a series of discrete refolding
intermediates of the F protein, from the metastable native
conformation, through the prehairpin intermediate, and to the
final postfusion hairpin structure (6HB) (17, 19, 27). To gain
further insight into the individual residues critical for this
mechanism, in this work we mutated several residues of the
head and stalk of the NDV F protein (Fig. 1). The mutations
disrupted F protein antibody reactivity, fusogenicity, and HN
dependence in different ways. Interestingly, a mutant of the
C-terminal h4 �-helix of HRA (N211A mutant) and two mu-
tants of a residue located at the most N-terminal position of
HRB (I463A and I463F mutants) exhibited a hyperfusogenic
phenotype and HN-independent activity when influenza virus
hemagglutinin (HA) was coexpressed as an attachment pro-
tein. The data are discussed in terms of alterations of the
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refolding pathway and/or the stability of the prefusion and
fusion conformations.

MATERIALS AND METHODS

Recombinant expression vectors and site-directed mutagenesis. pNDV/B1,
which contains the full-length cDNA of the NDV Hitchner B1 strain (14), was
used as a template for PCR amplification of the open reading frames (ORFs) of
the hn and f genes. Primers were designed to incorporate new ClaI and BglII
restriction sites at the 5� and 3� ends, respectively, of both the hn and f ORFs.
PCR products were then cloned into the pGEM-T vector (Promega). Mutations
in the f gene, which are shown in Fig. 1, were generated using a QuikChange
site-directed mutagenesis kit (Stratagene) following the manufacturer’s instruc-
tions, with pGEM-wild-type F as the template. Mutated products as well as
wild-type f and hn were then subcloned between the ClaI-BglII sites of the
mammalian pCAGGS expression vector (15). Multiple clones of each construct
were verified by DNA sequencing. pCAGGS-mRFP, encoding the monomeric
red fluorescent protein (2), and pCAGGS-SC/18 HA, encoding influenza virus
strain A/South Carolina/1/18 hemagglutinin (9), were kindly provided by Adolfo
García-Sastre.

Cell lines and transient expression systems. HeLa and BHK-21 cells, obtained
from the American Type Culture Collection, were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with antibiotics and 10% fetal calf
serum (FCS). Sixteen to 24 h prior to each experiment, cell monolayers at 80 to
90% confluence were transfected using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. All transfections were performed at a
Lipofectamine-to-DNA ratio of 1:1. A total of 2 �g of plasmid DNA was used for
each 35-mm tissue culture dish. The mixture of DNA and Lipofectamine in
OptiMEM was incubated at room temperature and added to cells previously
washed with OptiMEM. At 6 h posttransfection, the medium was replaced by
DMEM containing 10% FCS and cells were incubated for 42 h at 37°C. In each
experiment, pCAGGS-mRFP was used as a transfection control.

Quantification of cell surface expression by FACS analysis. Monolayers of
HeLa cells transfected with 2 �g of plasmid DNA per 35-mm plate were col-
lected and processed for fluorescence-activated cell sorting (FACS) as described
before (7). Briefly, transfected cells were scraped from the plates, washed with
phosphate-buffered saline (PBS), pelleted by centrifugation, and incubated for
15 min at room temperature in the presence of either 5 �g/ml monoclonal
antibody (MAb) against NDV F (2A6 anti-F MAb) or 5 �g/ml anti-NDV rabbit
serum, both generous gifts from Adolfo García-Sastre. After centrifugation, cells
were resuspended in PBS and incubated with anti-mouse or anti-rabbit Alexa
Fluor 488-conjugated IgGs (Invitrogen) for 15 min in the dark at room temper-
ature, followed by incubation in FACS lysing solution (Becton Dickinson) for 10
min to fix and preserve the cells. Cells were then pelleted by centrifugation,
washed with PBS, and resuspended in a suitable volume of PBS for analysis on
a FACSCalibur flow cytometer (Becton Dickinson); at least 105 cells were mea-
sured. Mean fluorescence values and the % cells with fluorescence higher than
the background were combined to quantify expression and were normalized to
the values for the NDV wild-type F protein.

Immunofluorescence. Monolayers of HeLa cells in 24-well plates were trans-
fected with 1 �g of plasmid per well. At 16 h posttransfection, cells were fixed for
30 min in PBS containing 2.5% paraformaldehyde, blocked for 1 h in PBS
containing 1% bovine serum albumin (BSA), and incubated for 1 h at room
temperature with 5 �g/ml of 2A6 anti-F5 MAb or 5 �g/ml rabbit polyclonal
antibody (PAb) against NDV. Cells were then incubated with anti-mouse or

anti-rabbit Alexa Fluor 488-conjugated IgGs for 45 min and visualized under an
inverted fluorescence microscope (Olympus IX51) at a magnification of �10.

Syncytium assays. Monolayers of HeLa or BHK-21 cells grown in 12-well
plates were cotransfected with 1 �g pCAGGS encoding different F mutants and
with either HN, HA, or empty pCAGGS, for a total amount of 2 �g of DNA per
well. At 24 h posttransfection, cells were washed and F protein was activated by
digestion with acetyl trypsin as described previously (20). Fresh medium was then
added, and the cells were incubated at 37°C for different times, after which they
were fixed with 10% formaldehyde and stained with crystal violet for syncytium
observation. Representative fields were captured with an inverted microscope
(Olympus IX51). Quantification of syncytia was accomplished by measuring the
area in pixels, referring to the total area of the field for three random fields.
Areas were quantified using the analysis tool in Adobe Photoshop CS4.

Dye transfer assays for lipid and aqueous content mixing. To measure
whether any of the NDV F mutants were deficient in either lipid mixing or
content mixing, as well as their HN and temperature dependence, a standard dye
transfer fusion assay was performed. Human erythrocytes (RBCs) were double
labeled with calcein and octadecyl rhodamine B chloride (R18) (both from
Molecular Probes). Briefly, RBCs at 10% hematocrit in PBS were incubated with
100 �g/ml of the aqueous dye calcein for 1 h at 37°C in the dark. After extensive
washing, RBCs were collected by centrifugation and incubated with 50 �g/ml of
the lipid probe R18 for 30 min at room temperature in the dark, followed by
several washing steps to remove unincorporated dye from labeled cells. Mono-
layers of HeLa cells in 12-well plates were transfected as described above. At 16 h
posttransfection, F protein was activated as described above, and cells were
overlaid with 250 �g of DMEM with dye-labeled RBCs at 0.2% hematocrit per
well. The effector-target cell complexes were incubated at different temperatures
and times, depending on the experiment. Nuclei were stained by incubation with
10 �g/ml of Hoechst dye. Cells then were washed several times with PBS to
remove unbound RBCs, and dye transfer was visualized under an inverted
fluorescence microscope at a magnification of �10. The extent of fusion was
calculated as the percentage of dye-labeled cells in the total number of nuclei and
was normalized to the value obtained with wild-type F- and HN-expressing cells
at 37°C.

RESULTS

Construction and expression of mutant proteins. In consid-
eration of the crystal structures of the NDV and parainfluenza
virus 5 (PIV5) F proteins (3, 27), several residues located on
the head and stalk of the NDV F protein were mutated. In the
extended HRA domain observed in the postfusion conforma-
tion of the NDV F crystal (3), the side chains of Q204, V208,
and N211 form a cavity. This cavity might be involved in in-
teractions that stabilize the DIII domain (Fig. 1) or in the
structural changes that DIII undergoes from the prefusion
stage to the fusion conformation (27). Furthermore, Q204 and
N211 correspond to heptad repeat residues when aligned with
the PIV5 protein (27). Thus, Q204 aligns with PIV5 A190 and
N211 and with PIV5 N197, with both areas being part of the
putative h4 region at the C terminus of HRA (27). This region

FIG. 1. Schematic representation of the structure of the NDV fusion protein. (A) Domain structure of F protein (27). (B) Locations of the
fusion peptide, HR regions, and sequences studied. Mutated residues are indicated in bold.
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remains as a helical domain in both the prefusion and postfu-
sion states and remains in close proximity to the HRC of F2 in
both. Accordingly, to analyze the role of this region, Q204 and
N211 were replaced by G and A, respectively. These changes
modified the size and polarity of the residues to change the
amino acid pattern that affords the heptad repeat its structural
properties.

In the crystal structure, residues Q445 to Q454 emerge from
the neck region of the NDV fusion protein to enter the groove
of the HRA coiled coil immediately below the N terminus of
the F2 HRC domain (3). These residues belong to the HRB
linker, which interacts with the newly exposed DIII domain at
the neck of the protein in the PIV5 postfusion conformation
(Fig. 1) (27). In the prefusion conformation of the PIV5 F
protein described by Yin et al. (27), the HRB linker shows
weak electron density, suggesting flexibility. To further analyze
the role of this region, NDV F Q454, which aligns with SV5 F
Q440, was mutated to A.

In the PIV5 F protein, amino acids L447 and I449, located in
the N-terminal region of HRB, have been shown to play an
important role both in fusion activation and in the stabilization
of the postfusion six-helix-bundle structure (18). We aimed to
study the role of these residues in a related paramyxovirus,
namely, NDV. Thus, the corresponding amino acids, L461 and
I463, were replaced by A or F.

Cell surface expression levels of the mutant proteins were
analyzed by FACS analysis and by immunofluorescence. The
results of cell surface expression analysis differed, depending
on the antibodies used to recognize the protein. Four of the
mutants (Q454A, L461A, L461F, and Q204G) showed similar
cell surface expression levels or slightly lower ones than that of
the wild-type F protein when probed with both monoclonal
anti-F 2A6 and polyclonal antibodies (Table 1). These four
mutants, as well as the wild-type F protein, were also better
recognized by the MAb in the immunofluorescence assays
(data not shown). Another three mutants (L463A, I463F, and
N211A) reacted mainly with the PAb, apparently showing sig-
nificantly higher surface expression levels than those of the
wild type (Table 1). Nevertheless, when these three mutants
were probed with the MAb, the data were the opposite, indi-
cating lower reactivities (Table 1). Considering the polyclonal
reactivity of the mutant proteins, it is possible that the I463A,
I463F, and N211A mutants could be expressed at higher levels

than those of the wild type, whereas the Q454A, L461A,
L461F, and Q204G mutants were expressed at similar levels.
According to our results, the MAb 2A6 might be a conforma-
tion-specific antibody that better recognizes the wild-type con-
formation; therefore, we could be detecting a conformational
change in the F protein resulting from the I463A, I463F, and
N211A mutations, as the epitope recognized by the MAb may
be exposed better in wild-type F. In light of its failure to bind
to wild-type F in Western blot and immunoprecipitation assays
(data not shown), this antibody seems to be conformation
dependent. Taken together, our flow cytometry and immuno-
fluorescence studies suggested that all of the mutated proteins
were expressed at the cell surface. Owing to the lack of an
appropriate antibody for immunoprecipitation assays, we
failed to analyze whether the cell surface-expressed proteins
were properly processed, i.e., whether they had undergone
similar posttranslational modifications and whether they
were proteolytically activated in a similar proportion to that
of the wild type.

Effects of mutations on cell-cell fusion. To examine the ability
of the different F mutant proteins to promote cell-cell fusion,
both syncytium and dye transfer assays were performed. Data
from a representative experiment showing syncytium forma-
tion on F-transfected HeLa cells cotransfected with HN (�
HN) or with HA (�HN) are shown in Fig. 2. Similar results
were obtained on transfected BHK-21 cells (data not shown).
Syncytia were quantified by measuring the covered areas in
three random fields and referring these to the total area in the
field (Table 2). With the exception of the Q454A mutant, all of
the mutants promoted syncytium formation in the presence of
HN coexpression. Five of the mutants, the N221A, L461A,
L461F, I463A, and I463F mutants, increased the extent of
syncytium formation in comparison with wild-type F protein.
Furthermore, the I463A, I463F, and N211A mutants caused
extensive syncytium formation in the absence of HN coexpres-
sion.

To further quantify the extent of cell-cell fusion, we per-
formed a dye transfer assay in the presence of HN cotransfec-
tion (Fig. 3A and B). Transfer of the lipophilic probe R18 from
the membranes of RBCs to effector cells indicates lipid mixing
or hemifusion, whereas transfer of the aqueous dye calcein is a
measure of the mixing of cytoplasmic contents. These results
confirmed those of the syncytium assays (Fig. 2; Table 2): the
Q454A mutant was not able to promote either lipid or aqueous
probe transfer, and it did not exhibit a hemifusion phenotype.
The Q204G mutant, which was expressed on the cell surface at
similar levels to those of wild-type F protein, promoted fusion
to a slightly lesser extent than the wild type did. The N211A,
L461, and I463 mutants exhibited greater extents of dye trans-
fer, with no differences in lipid mixing or aqueous mixing (Fig.
3A and B). Fusion enhancement, determined by mutations in
L461, was greater when L was replaced by A, whereas the most
fusogenic phenotype was observed when I463 was modified by
the aromatic residue F. The N211A, I463A, and I463F mutants
showed higher cell surface expression levels than the wild type
when probed with the polyclonal antibody (Table 1). It has
previously been reported that cell-cell fusion activity is directly
dependent on cell surface protein expression (5). Thus, to
check whether the high fusogenicity levels of these mutants
were due to enhanced expression, additional R18 dye transfer

TABLE 1. Surface expression of mutant F proteins and
MAb 2A6 reactivity

Mutant
% Positive events (mean � SD)a

PAb MAb 2A6

Q204G 102.603 � 34.5 96.738 � 20.2
N211A 186.559 � 41.1 65.152 � 19.7
Q454A 97.364 � 29.6 83.899 � 20.7
L461A 126.213 � 21.0 93.409 � 12.2
L461F 101.261 � 28.1 98.869 � 23.6
I463A 167.048 � 8.6 42.111 � 10.1
I463F 155.560 � 16.6 78.060 � 25.0

a Values were calculated as geometric means multiplied by the percentage of
positive events (% of cells with higher fluorescence than that of controls) and
were normalized to the value for NDV wild-type F. Data are means � SD for
three independent experiments.
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assays were performed to analyze the effect of decreasing
amounts of transfected DNA. HeLa cells were transfected with
1 �g of HN and various amounts of F DNA. The extent of
fusion was measured as the % of R18-labeled cells. The results
shown in Fig. 3C indicate that hyperfusogenicity was main-

tained with decreasing levels of expression, whereas dye trans-
fer induced by wild-type F was dependent on the DNA con-
centration (Fig. 3D). As a control for the effectiveness of
transfection, pCAGGS encoding the monomeric red fluores-
cent protein (mRFP) was transfected. The data summarized in
Fig. 3D show that the expression of mRFP was dependent on
the DNA concentration. Accordingly, it could be inferred that
this would be the case for mutant and wild-type F proteins.

Fusion activity of the hyperfusogenic I463A, I463F, and
N211A mutants. The dependence on HN of the hyperfuso-
genic I463A, I463F, and N211A mutant proteins for cell-cell
fusion was analyzed in dye transfer assays. To study fusion in
the absence of HN coexpression, the F mutants were also
coexpressed with the influenza virus HA protein, acting as a
nonhomotypic receptor-binding protein. This protein activates
fusion at acidic pH, and therefore, under our experimental
conditions at neutral pH, no fusion due to HA was detected
(data not shown). No dye transfer was observed in the absence
of an attachment protein (influenza virus HA or NDV HN)
either in the wild type or in any mutant (data not shown). As
shown in Fig. 4A, the I463A, I463F, and N211A mutant pro-
teins exhibited extensive cell-cell fusion in the absence of HN

FIG. 2. Syncytium assay of cell-cell fusion. HeLa cells expressing wild-type F or F mutants cotransfected with NDV HN (�HN) or HA (�HN)
in the presence or absence of HN were treated with acetyl trypsin for activation of F0 precursors, and at 3 h postactivation, the cells were fixed
and stained with crystal violet for syncytium observation. No syncytia were observed in unactivated replicates (data not shown). Representative
photomicrographs are shown.

TABLE 2. Quantification of syncytia produced by
F protein mutants

Mutant

% Area per fielda

HeLa cells BHK-21 cells

�HN �HN �HN �HN

Wild type ND 32 � 16.7 ND 6.5 � 2.3
Q204G ND 29.5 � 13.4 ND 5.2 � 1.1
N211A 34.7 � 1.5 74.5 � 15.2 9.2 � 1.3 23.2 � 1.7
Q454A ND ND ND ND
L461A 1.1 � 0.9 89.6 � 18.0 ND 62.8 � 14.3
L461F ND 60.8 � 3.6 ND 9.9 � 1.9
I463A 19.7 � 11.2 65.3 � 6.9 13.4 � 2.5 21.9 � 5.3
I463F 88.4 � 4.6 99.0 � 1.7 26.4 � 7.4 62.8 � 12.2

a Values were calculated by measuring the area covered by syncytia and re-
ferring it to the total area of the field. Data are means � SD for three random
fields. ND, not detected.
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coexpression, as in the syncytium experiments (Fig. 2; Table 2).
Both probes, calcein and R18, were transferred from RBCs to
F-expressing cells, with similar efficiencies. High levels of he-
madsorption due to HA were seen on the wild-type F-R18 field

without probe transfer, probably due to the lack of neuramin-
idase activity in influenza virus HA.

To further analyze the homotypic HN dependence of
the three mutant proteins, the time dependence of fusion in

FIG. 3. Dye transfer assays of cell-cell fusion. Effector HeLa cells coexpressing F mutant and HN proteins were overlaid with RBCs labeled
with both lipophilic R18 (red) and aqueous calcein (green), as described in Materials and Methods, and were incubated for 30 min at 37°C.
(A) Photomicrographs from a representative experiment. (B) Quantification of lipid and content mixing. Combined results � standard deviations
(SD) for triplicate experiments are shown. The % of cells labeled with either R18 or calcein was calculated for three random fields in each
experiment and related to that of wild-type F. (C) Dose-response study of dye transfer promoted by the I463A, I463F, and N211A mutants. Cells
were transfected with 1 �g of HN and 0.5 �g, 0.75 �g, and 1 �g of F DNA. (D) Dose-response study of mRFP expression (}) and R18 transfer
of wild-type F (�) under the control of the CAGGS promoter. HeLa cells were transfected with different amounts of pCAGGS-mRFP or
pCAGGS-wild-type F plus 1 �g of pCAGGS-HN. For the quantification of mRFP expression, at 16 h posttransfection cells were fixed with
paraformaldehyde and nuclei were stained with Hoechst dye. Three random fields for each DNA concentration were photographed, and the %
of mRFP-expressing cells was determined and related to that of cells transfected with 1 �g pCAGGS-mRFP. Wild-type F fusion promotion was
analyzed in R18 transfer assays as described above. Results were related to those of cells transfected with 1 �g of pCAGGS-wild-type F. Data are
means from duplicate experiments.
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the presence or absence of HN was analyzed by quantifying the
extent of transfer of R18 from RBCs to transfected cells (Fig.
4B). The hyperfusogenic phenotype of the three mutants was
maintained in the presence of HN at the three times assayed.

At the longest time assayed (210 min), the three mutants
induced cell-cell fusion in the absence of HN. Nevertheless,
fusion was slower in the absence of the NDV homotypic at-
tachment protein, with no detection of dye transfer at 30 min

FIG. 4. Fusion activity of I463A, I463F, and N211A mutants in the presence or absence of HN protein expression. Effector HeLa cells were
cotransfected with mutant F- and HA-expressing pCAGGS as detailed in Materials and Methods. RBCs labeled with both R18 (red) and calcein
(green) were then added. (A) Representative fields of HeLa cells coexpressing influenza virus HA and F mutants 210 min after being overlaid with
R18/calcein-labeled RBCs. High levels of hemadsorption due to HA can be seen on the wild-type F-R18 field without probe transfer. (B) Time
dependence of dye transfer (R18) in the presence or absence of HN. Data are means for triplicate experiments.
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for effector-target cell cultures of any of the mutants. The
I463A mutant proved to be the one most dependent on HN;
only after 210 min of incubation did we detect about 50% of
the wild-type fusion level, although in the presence of HN,
fusion induced by this mutant was about 200% greater than
that observed in the controls (Fig. 4B). At the longest time
assayed, the N211A mutant induced cell-cell fusion at levels
slightly lower than those observed in the presence of homo-
typic HN. In the absence of HN, the I463F mutant, the most
fusogenic mutant in the presence of homotypic HN, showed
similar behavior to that of the N211A mutant.

Temperature dependence of mutant F proteins. It has been
proposed that some mutant F proteins show a decrease in the
energy barrier needed for protein activation prior to the trig-
gering of fusion (16). To analyze whether the hyperfusogenic
phenotype shown by some of the mutants analyzed in this work
was due to an alteration in the energy threshold for fusion
activation, the fusion activity of mutant proteins was studied at

different temperatures and compared to that of wild-type F.
We analyzed the fusion activity of mutant proteins as a func-
tion of the incubation temperature. To accomplish this, dye
transfer fusion assays were performed as described above;
R18- and calcein-double-labeled RBCs were bound to HeLa
cells expressing HN and one mutant F protein, and the target-
effector complexes were incubated for 30 min at 25°C, 29°C,
31.5°C, and 37°C. Figure 5 shows the extents of content mixing
(calcein); the extents of lipid mixing (R18) were similar (data
no shown). The results were referred to those of wild-type F at
37°C. All proteins except the Q454A mutant promoted mem-
brane fusion at temperatures above 25°C, with no dye transfer
observed at 25°C for any of the mutant proteins or the wild
type. The fusion activity of the wild-type F protein fell to 53%
efficiency at 31.5°C and to 30% at 29°C, similar to the results
observed for the Q204G mutant; the other five mutants, the
N211A, L461A, L461F, I463A, and I463F mutants, maintained
their hyperfusogenic phenotype at the three fusion-permissive

FIG. 5. Temperature dependence of fusion promoted by F mutants. RBCs were double labeled with R18 and calcein as described in Materials
and Methods. HeLa cells expressing HN and F mutants were incubated with labeled RBCs (0.2% hematocrit) at different temperatures for 30 min.
After washing of unbound RBCs, the extent of dye transfer was analyzed and referred to that of wild-type F at 37°C. Data concerning calcein
transfer are shown and are similar to those for R18 transfer. Results are means � SD for three independent experiments. Solid lines, wild-type
F; dashed lines, F mutants.
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temperatures of 29°C, 31.5°C, and 37°C compared with the
wild type. At 29°C, the N211A and L461A mutants promoted
similar dye transfer levels to those of the wild type at 37°C, with
those of the I463F protein being significantly higher at this
temperature. Although the transfection efficiency of I463F mu-
tant-encoding DNA was less than 100% (data not shown),
most of the cells were stained with both dyes at the lower
temperature (29°C) due to the extensive syncytium formation
promoted by this hyperfusogenic mutation. The results con-
cerning temperature dependence proved to be different for the
I463 and L461 mutants. When I463 was mutated to an aliphatic
A residue, the mutant protein also showed hyperfusogenic
activity at the three temperatures assayed, but to a reduced
extent in comparison with that of the I463F mutant. Neverthe-
less, the replacement of L461 by the aromatic F residue af-
forded a slightly more fusogenic protein than the wild type,
whereas the L461A mutant was hyperfusogenic at all three
temperatures assayed, although to a lesser extent than the
I463F mutant. Despite the lower temperature threshold (Fig.
5), the syncytium formation (Fig. 2; Table 2) and dye transfer
ability (Fig. 3A and B) of the L461A mutant were comparable
to those of other hyperfusogenic mutants (N211A and I463F),
but the L461A mutant was unable to escape the requirement of
HN (Fig. 2). According to its syncytium promotion and dye
transfer abilities, the Q204G mutant showed a similar temper-
ature dependence to that of wild-type F. To test whether the
fusion promotion impairment of the Q454A mutant could be
reversed at elevated temperatures, we performed dye transfer
fusion assays at 45°C. No R18 or calcein transfer was observed
(data not shown). In sum, these data suggest that the N211A,
L461A, I463A, and I463F mutations could alter the structure

of the protein, leading it to be less stable and hence determin-
ing a lower activation energy for the conformational changes
that trigger membrane fusion.

DISCUSSION

The entry of enveloped viruses into the host cell is preceded
by membrane fusion, which in paramyxoviruses is triggered by
the F protein. Upon activation, this protein undergoes major
irreversible conformational changes, from a metastable prefu-
sion state to a highly stable postfusion hairpin structure. Ac-
cording to structural and biochemical data (17, 19, 27), the F
refolding pathway consists of different discrete steps: first,
melting of the stalk HRB coiled coil; second, formation of the
HRA coiled coil, which pulls the fusion peptide toward the
target membrane (prehairpin intermediate); and third, forma-
tion of the final hairpin structure of 6HB, which allows mem-
brane juxtaposition and merging. In this pathway, different
regions of the F ectodomain undergo major rearrangements.
Several studies have revealed the importance of individual
residues of HRA and HRB in the folding and functionality of
paramyxovirus fusion proteins (3, 12, 13, 18, 22, 23). Addition-
ally, other residues in the ectodomain of the F protein might be
involved in structural stabilization of the protein and/or in the
refolding mechanism. To assess the importance of particular
amino acids in F functionality, we performed directed mu-
tagenesis of several residues in the sequence of the NDV F
ectodomain. In the prefusion conformation, HRA is broken
into 11 segments, consisting of �-helices (h1 to h4), �-strands,
and turns (27) (Fig. 6). We first focused our attention on
residues in the C-terminal h4 helix of HRA. Amino acids Q204

FIG. 6. Scheme of conformational changes in HRA from prefusion to postfusion state. (A) Ribbon model of PIV5 F protein in its metastable
prefusion conformation (PDB accession number 2b9b) (27), showing some residues (named in white) from the A subunit and the corresponding
residues in the NDV F protein (named in yellow). Subunits B and C are depicted in gray for clarity. (B) In the metastable, prefusion conformation,
HRA is folded as a spring-loaded mixture of �-helices, turns, and �-strands, comprising 11 segments in the DIII head domain of the trimer (27).
(C) After fusion, HRA is presented as a single long helix that allows the fusion peptide to be buried in the target membrane. The approximate
positions of HRC and the core �-sheet are shown as dashed lines for both conformations.
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and N211, which are heptad repeat residues located closest to
the C terminus of h4, were both replaced by neutral aliphatic
amino acids: the Q204G mutant showed a similar antibody
reactivity and HN requirement to those of the wild type and
promoted similar or slightly lower levels of membrane fusion.
In contrast, the N211A mutant showed differences in antibody
reactivity with respect to the wild type (Table 1), suggesting an
alteration in the metastable form of the protein. Additionally,
the N211A mutant showed a hyperfusogenic phenotype at all
permissive fusion temperatures assayed (Fig. 2, 3, and 5) and
exhibited HN-independent fusion activity when HA was coex-
pressed as the attachment protein. The coexpression of HN
enhanced the fusion kinetics, although the N211A and wild-
type proteins promoted similar fusion levels at longer times
(Fig. 4). Together, these data seem to indicate a major effect of
N replacement by A at position 211 on the functionality of the
F protein, decreasing the energy barrier for the proper con-
formational changes to occur even in the absence of HN pro-
tein. Several nonexclusive possibilities could be invoked to
explain the reported effects of the N211A mutant protein: (i)
N211 is a key residue in the stabilization of the prefusion
conformation, (ii) N211 is a key residue in the assembly of
HRA leading to the fusion stage (Fig. 6), and (iii) N211 is a key
residue in the interaction with HN. Based on comparison of
the crystal structures of both the prefusion and postfusion
conformations of paramyxovirus F proteins (27), it has been
proposed that polar residues at the h4 HRA might be involved
in the regulation of packing changes between the pre- and
postfusion forms. Our data support this hypothesis and suggest
that replacing the polar N211 with the nonpolar and small A
would disturb key interactions established by the C terminus of
h4, destabilizing the prefusion DIII domain and facilitating the
functional refolding of F protein even in the absence of HN
protein. In the crystal structures, the h4 C-terminal helix of
HRA remains in close proximity to F2 HRC in both the pre-
fusion and postfusion conformations (3, 27) (Fig. 6), packing
the N-terminal half of the HRC helix in a parallel fashion
into the groove of the HRA coiled coil (3). In this context, re-
placing the polar N residue by a nonpolar and small A residue
would alter stabilizing h4-HRC interactions and thus facilitate
F protein refolding. Previous mutagenesis studies of paramyxo-
virus F HRA have focused on residues located in the more
N-terminal regions of HRA (12, 22, 23, 25). Most of the re-
sulting proteins were fusion deficient, while others enhanced
fusion. According to the available structural data (27), the
N-terminal segments of HRA would undergo major rearrange-
ments, leading to HRA extension. The fusion-inhibitory mu-
tations in this region would block such rearrangements, pre-
venting the triggering of fusion, while enhancing mutations
would act by destabilizing the prefusion HRA, as we propose
for the N211A mutation. Nevertheless, to our knowledge, none
of these mutations has been reported to overcome the require-
ment of homotypic HN coexpression, as in the case of the
N211A mutant. Interestingly, a hyperfusogenic mutation,
L289A, has been reported for the NDV F protein, and it did
not require HN for fusion in COS-7 cells (21) and enhanced
fusion in an HN-dependent manner in BHK cells (11). Residue
L289 is located in the central strand of the �-sheet that con-
stitutes the DIII core, together with HRA h4 and HRC (3, 27)
(Fig. 6). This structure might serve as the platform for HRA

rearrangements and would be disrupted by the N211A and
L289A mutations, leading to the destabilization of the protein
and triggering the refolding pathway.

In the C-terminal region of the postfusion NDV F ectodo-
main, segment Q445-Q454 emerges from the DII domain to
enter the groove of the HRA coiled coil immediately below the
N terminus of HRC (3). The paramyxovirus HRB linker (res-
idues 422 to 445 in PIV5, corresponding to residues 435 to 459
in NDV) has been suggested to be a flexible region (1) that
might be crucial in the first step of the proposed F refolding
pathway, consisting of the melting of HRB helices to open the
HRB stalk (27). In our work, residue Q454, which aligns with
Q440 of PIV5, was replaced by A. Showing similar antibody
reactivity to that of the wild type (Table 1), mutant proteins
were expressed at the cell surface, but they were not able to
trigger either complete fusion or hemifusion even when the
temperature was raised to 45°C (data not shown). As a conse-
quence of the replacement of a polar Q residue by a smaller,
hydrophobic A residue, key interactions in the prefusion form
of the protein might be altered. In PIV5, the replacement of
S443 (three residues upstream from the corresponding Q454,
i.e., Q440) by proline resulted in a hyperfusogenic protein that
was functional in the absence of HN (16). The hyperfusogenic
S443P mutation has a destabilizing effect on F protein, with the
mutant being expressed in its postfusion conformation (4). In
the crystal, S443 forms hydrogen bonds with D445 in the pre-
fusion conformation (27), and it has been described as being
important for stabilizing the prefusion conformation. In the
present work, the absence of fusion promotion by the Q440A
mutant might involve an important modification of HRB linker
flexibility, resulting in the prevention of the proper conforma-
tional changes of F from the first step. Another possibility is
that the linker might act as a structural inhibitor in the prefu-
sion conformation to prevent the triggering of F in the absence
of the target cell. If this were the case, then the Q454A mutant
might alter the prefusion conformation, allowing the protein to
acquire the postfusion state in the absence of the target cell
and thus to become inactivated. Finally, the mutation could
also stabilize the prefusion state, increasing the energy thresh-
old required for fusion to be triggered, although high temper-
atures do not reverse the nonfusion phenotype.

Finally, our data on the mutations of amino acids L461 and
I463, located at the most N-terminal position of HRB (Fig. 6),
confirmed their key role in the functionality of paramyxovirus
fusion proteins, as proposed previously (18). These residues
contribute to the network of intersubunit interactions at the
base of the head of the trimer, stabilizing the prefusion con-
formation of F (27). In PIV5, mutations of the corresponding
L447 and I449 residues to aromatic, but not aliphatic, residues
destabilized the prefusion F conformation, suggesting a key
role in the regulation of the conformational changes between
the native and the fusogenic conformation (18). Nevertheless,
our data (Fig. 2 to 5) showed that in NDV F, replacements of
residues L461 and I463 by aliphatic A or aromatic F resulted in
hyperfusogenic proteins. At lower temperatures, the mutants
promoted fusion more efficiently than the wild type, meaning
that they had lower energy requirements for activation. Addi-
tionally, our data showed a greater effect on F functionality
when L461 was replaced by A. These different results with
respect to previously reported data may imply differences be-
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tween viruses or may also be due to the mutant PIV5 strain
used by Russell et al. (18) (W3A), whose F protein is able to
fuse in the absence of HN. According to our data, only the two
substitutions of I463 escaped the HN requirement for fusion,
showing that hyperfusion activity may not be related to the HN
requirement. This conclusion is supported by the observed
differences in antibody reactivity, which was similar to that of
the wild type for L461 mutants but different for I463 mutants
as well as for the other HN-escaping mutant, the N211A mu-
tant, as discussed above. The crystallographic data on the pre-
fusion PIV5 F protein show a central position for the three
residues corresponding to I463 at the base of the head of the
trimer (27). Our results point to the critical role of this residue
in F functionality.

In sum, several individual residues located in different pro-
tein segments have been shown to be critical for the activation
mechanism of NDV F. Some of the mutants proved to be
highly fusogenic proteins that could be used to enhance the
therapeutic potential of recombinant NDV vectors, since F-
protein-induced syncytium formation has been reported to be
an important mechanism in NDV oncolysis (8, 24). Additional
studies will be needed to better understand the nature and
regulation of conformational changes that viral fusion class I
proteins undergo to trigger membrane fusion.
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