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Formation of a six-helix bundle comprised of three C-terminal heptad repeat regions in antiparallel orien-
tation in the grooves of an N-terminal coiled-coil is critical for promotion of membrane fusion by paramyxo-
virus fusion (F) proteins. We have examined the effect of mutations in four residues of the N-terminal heptad
repeat in the simian virus 5 (SV5) F protein on protein folding, transport, and fusogenic activity. The residues
chosen have previously been shown from study of isolated peptides to have differing effects on stability of the
N-terminal coiled-coil and six-helix bundle (R. E. Dutch, G. P. Leser, and R. A. Lamb, Virology 254:147–159,
1999). The mutant V154M showed reduced proteolytic cleavage and surface expression, indicating a defect in
intracellular transport, though this mutation had no effect when studied in isolated peptides. The mutation
I137M, previously shown to lower thermostability of the six-helix bundle, resulted in an F protein which was
properly processed and transported to the cell surface but which had reduced fusogenic activity. Finally,
mutations at L140M and L161M, previously shown to disrupt �-helix formation of isolated N-1 peptides but
not to affect six-helix bundle formation, resulted in F proteins that were properly processed. Interestingly, the
L161M mutant showed increased syncytium formation and promoted fusion at lower temperatures than the
wild-type F protein. These results indicate that interactions separate from formation of an N-terminal coiled-
coil or six-helix bundle are important in the initial folding and transport of the SV5 F protein and that
mutations that destabilize the N-terminal coiled-coil can result in stimulation of membrane fusion.

Paramyxoviruses contain two major glycoproteins, both of
which are essential for attachment and entry into target cells.
The attachment protein (termed HN, H, or G) mediates pri-
mary attachment, while the fusion (F) protein promotes mem-
brane fusion between the viral membrane and the membrane
of the target cell (24). Paramyxovirus F proteins are type I
membrane proteins which form homotrimers during initial
protein folding (48). F proteins also undergo both N-linked
glycosylation and proteolytic cleavage of the precursor protein,
F0, to the fusogenically active form, which consists of disulfide-
linked F1 and F2 subunits (16, 49). The membrane-anchored F1

subunit contains several regions important for promotion of
membrane fusion. The fusion peptide, present at the F1 sub-
unit N terminus, has been demonstrated to insert into the
target membrane upon initiation of membrane fusion (1). Also
present in the F1 subunit are two heptad repeat regions, one
immediately C-terminal to the fusion peptide (HRA) and one
adjacent to the transmembrane domain (HRB) (reviewed in
reference 10).

Study of peptides corresponding to the F protein heptad
repeats has provided important information concerning poten-
tial structures formed by these regions. Peptides corresponding
to the HRA region from paramyxovirus F proteins, such as
the simian virus 5 (SV5) F protein, the respiratory syncytial
virus F protein, and the Newcastle disease (NDV) F protein,
have been demonstrated to form trimeric �-helical structures
termed coiled-coils (20, 27, 58). For each of these paramyxo-

virus F proteins, peptides corresponding to the HRB region
did not have significant secondary structure in isolation. How-
ever, coincubation of HRA and HRB peptides corresponding
to regions from paramyxovirus F proteins resulted in forma-
tion of a stable complex. Biochemical and crystallographic
analyses demonstrated that this complex is a thermostable
six-helix bundle consisting of a coiled-coil of three HRA pep-
tides flanked in antiparallel orientation by three HRB peptides
(3, 20, 27, 59). Similar six-helix bundle structures have been
reported for a number of viral fusion proteins, including the
human immunodeficiency virus (HIV) Env protein and the
low-pH form of the influenza virus hemagglutinin protein (re-
viewed in reference 10). Interestingly, two mutations in SV5 F
protein HRA peptides (L140M and L161M) have been shown
to disrupt �-helical structure of the isolated HRA peptides
without interfering with formation of a thermostable six-helix
bundle, suggesting that the HRA/HRB complex can form in
the absence of a stable HRA coiled-coil (13).

Research on a number of viral fusion proteins points to a
critical role for six-helix bundle formation in promotion of
membrane fusion. Mutations in the heptad repeat regions fre-
quently lead to fusion defects (5, 7, 8, 25, 28, 44, 50, 51, 55, 56).
Addition of peptides corresponding to the heptad repeat se-
quences has also been shown to inhibit fusion for many viral
fusion proteins, including the paramyxovirus F and the HIV
Env proteins (reviewed in reference 10). Considerable exper-
imental evidence supports the model that, at least in the case
of paramyxovirus F proteins and the HIV Env protein, forma-
tion of the six-helix bundle occurs during or after membrane
merger and provides an energetic driving force for the mem-
brane fusion event (3, 29).

The role of the heptad repeat regions in prefusogenic con-
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formations of the F protein is less clear. It has been suggested
that formation of an N-terminal coiled-coil by the HRA region
could be critical for trimerization of type I viral fusion proteins
during initial protein folding in the endoplasmic reticulum
(ER) (42). However, for the HIV Env protein, single point
mutations in the HRA region generally give proteins which
fold properly but are frequently fusion defective (7, 8, 25, 41,
55, 56). Mutations in the HRA region of the NDV F protein
have been found to have effects both on initial protein folding
and on promotion of membrane fusion (50, 51). However, to
date no studies of paramyxovirus F proteins have compared
the effects of mutations in the HRA region in peptide systems,
where coiled-coil formation and six-helix bundle stability
can be measured, to the effect of these same mutations on the
folding, processing, and membrane fusion promotion of the
entire F protein.

To investigate the role(s) of the N-terminal coiled-coil and
six-helix bundle in protein folding, processing, and promotion
of membrane fusion by paramyxovirus F proteins, we con-
structed four mutant F proteins containing substitutions in the
N-terminal heptad repeat whose effects had been previously
characterized in a peptide system (13). Protein folding and
processing were only affected by a mutation which does not
affect the �-helicity of isolated N-peptides or the stability of the
six-helix bundle, indicating that interactions separate from for-
mation of an N-terminal coiled-coil or six-helix bundle are
important for initial protein folding. In addition, our results
demonstrate that a mutation known to effect thermostability of
the six-helix bundle leads to decreased fusogenic activity, con-
firming the important role this element plays in promotion of
membrane fusion. Surprisingly, our results show that two mu-
tations previously shown to affect �-helicity of isolated N-
peptides without compromising thermostability of the six-helix
bundle give properly folded proteins that are fully functional in
fusion promotion. Indeed, the mutant SV5 F L161M gave
increased syncytium formation and promoted fusion at lower
temperatures than the wild-type (wt) SV5 F protein, indicating
that some mutations which destabilize the N-terminal coiled-
coil can stimulate membrane fusion promotion.

MATERIALS AND METHODS

Cells and viruses. BHK 21F, Vero, HeLa T4, and CV-1 cells were propagated
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum and antibiotics. The recombinant vaccinia virus vTF7-3, expressing the
T7 polymerase, was grown in CV-1 cells as described previously (14).

Plasmids. The plasmids pGEM2X-SV5 F (35, 36), pCAGGS-SV5 F (33, 39),
pGEM3X-SV5 HN, pCAGGS-SV5 HN, and pCAGGS-T7 (39) were kindly
provided by Robert Lamb (Howard Hughes Medical Institute, Northwestern
University, Evanston, Ill.). Site-directed mutagenesis was performed on the
pGEM2X-SV5F plasmid using the QuikChange site-directed mutagenesis sys-
tem (Stratagene, La Jolla, Calif.), and the F gene of all mutants was sequenced
in its entirety to ensure that there were no secondary mutations. F genes con-
taining the mutations were subcloned into pCAGGS as previously described
(39). The plasmid pIntT7�gal was kindly provided by Edward Berger and Ber-
nard Moss (National Institutes of Health, Bethesda, Md.).

Pulse-chase analysis of wt F protein and F protein mutants. Duplicate samples
of subconfluent HeLa T4 cells were transfected with pCAGGS-SV5 F wt or
mutant constructs through use of Lipofectamine Plus reagents according to the
manufacturer’s specifications (Invitrogen Life Technologies, Carlsbad, Calif.).
Following overnight incubation, cells were starved in cysteine- and methionine-
deficient DMEM for 30 min and subsequently metabolically labeled with
Tran35S-label (100 �Ci/ml; MP Biomedicals, Inc., Irvine, Calif.) for 30 min. Cells
were then washed twice in phosphate-buffered saline (PBS) and either lysed in

radioimmunoprecipitation assay buffer supplemented with protease inhibitors
(38) and 20 mM iodoacetamide or incubated in fresh DMEM plus 10% fetal
bovine serum (FBS) for 3 h at 37°C prior to lysis. Immunoprecipitations were
performed as described previously (23) using the antibody SV5 F 82–96 (9),
which recognizes the F2 domain of the SV5 F protein. Samples were separated
on a 15% polyacrylamide gel to allow visualization of both the F1 and F2 subunits
and analyzed by storage phosphor autoradiography using a STORM imaging
system (Amersham, Piscataway, N.J.).

Flow cytometry. SV5 F wt or mutant proteins were expressed using the
pCAGGS system in HeLa T4 cells as described above. After overnight (ON)
incubation at 37°C, cells were prepared for flow cytometry as described previ-
ously (17) with the primary monoclonal antibody F1a (43) and the secondary
antibody fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin
G (Jackson Immunoresearch Laboratories, West Grove, Pa.). Fluorescence in-
tensity of 10,000 cells was measured by flow cytometry (FACSCalibur; Becton
Dickinson, Mountain View, Calif.).

Chemical cross-linking. SV5 F wt and mutant proteins were expressed in
HeLa T4 cells from pCAGGS constructs by use of Lipofectamine Plus reagents.
Following ON incubation, cells were starved and labeled for 30 min with
Tran35S-label (100 �Ci/ml), and samples were then chased in fresh DMEM plus
10% FBS for 30 min at 37°C. Chemical cross-linking using the reagent 3,3�-
dithiobis(sulfosuccinimidyl propionate) (DTSSP; Pierce Biotechnology Inc.,
Rockford, Ill.) was performed in the presence of 1% NP-40 as described previ-
ously (48). Samples were immunoprecipitated as described above and resolved
under nonreducing conditions on a 3.5% acrylamide gel.

Syncytium assay for fusion. The F protein, F protein mutants, and the SV5
hemagglutinin-neuraminidase (HN) protein were expressed using the pCAGGS
system in Vero or BHK 21F cells as described above. Syncytia were examined
48 h (Vero) or 24 h (BHK) posttransfection using a Nikon TS100 inverted
phase-contrast microscope (Nikon Inc., Garden City, N.Y.) and pictures taken
using a Nikon Coolpix995 digital camera.

Reporter gene assay for content mixing. The assay for cytoplasmic content
mixing, as measured by activation of the reporter gene �-galactosidase, was a
modification of previously published protocols (2, 11, 15, 39). Vero cells coex-
pressing the SV5 F wt protein or mutant F proteins and the SV5 HN protein via
the pCAGGS system and containing the plasmid pGINT7�gal were incubated
ON at 37°C in fresh DMEM plus 10% FBS. Cells were then overlaid with Vero
cells containing pCAGGS-T7, and the two populations of cells were incubated
ON at 37°C. Cells were then washed in PBS and lysed by addition of 10% NP-40
in 0.25 M Tris (pH 8.0). Lysates were then mixed with equal volumes of chlo-
rophenol red-�-D-galactopyranoside (Roche Diagnostics, Indianapolis, Ind.)
substrate and incubated at 37°C until color developed in the reaction mixture.
Cell fusion was measured by reading light absorbance at 590 nm for each sample.

Analysis of lipid mixing by fluorescence microscopy. For analysis of lipid
mixing by fluorescence microscopy, the SV5 F protein or F protein mutants were
coexpressed with the SV5 HN protein using the recombinant vaccinia virus-T7
RNA polymerase transient expression system (14). Monolayer cultures of CV-1
cells in 35-mm dishes were infected with recombinant vTF7-3 at 10 PFU per cell
and incubated for 1 h at 37°C. The cells were then transfected with 2.5 �g of
pGEM-SV5 F and 1.25 �g of pGEM-SV5 HN by using cationic liposomes
prepared as described previously (45). At 5 h posttransfection, cells were washed
and incubated overnight at 33°C in DMEM supplemented with 10% FBS. Cells
were subsequently washed twice with PBS and incubated for 1 h at 37°C with 50
mU of neuraminidase (Clostridium perfringens type V; Sigma Chemical Co., St.
Louis, Mo.) per ml. Freshly drawn human erythrocytes (RBCs) were labeled with
the lipid probe octadecyl rhodamine B (R18; Molecular Probes, Eugene, Oreg.)
as described previously (2, 30). Following two washes with PBS, cells were
incubated with 1 ml of R18-labeled RBCs for 1 h at 4°C, and unbound RBCs
were removed by multiple washes with ice-cold PBS. Fusion was initiated by
addition of PBS prewarmed to the desired temperature, and cells were incubated
for 10 min in a CO2 incubator set to the appropriate temperature. Fusion was
terminated by addition of ice-cold PBS followed by transfer of cells to ice. Dye
transfer was examined using a Zeiss Axiovert 200 microscope (Zeiss Instruments
Inc., Thornwood, N.Y.).

RESULTS

Expression and folding of F protein mutants. Upon forma-
tion of a coiled-coil or six-helix bundle, the first (a) and fourth
(d) residue of each set of seven in the HRA region face into the
interior of the HRA coiled-coil (3) (Fig. 1B). Four methionine
substitutions in a or d residues of the SV5 F protein HRA
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region were previously studied in peptide systems, with meth-
ionine utilized due to the potential use of these peptides in
crystallographic analysis (13). Interestingly, these four muta-
tions were found to have differing effects on the structure of
isolated N-peptides containing these mutations, or on the ther-
mostability of the six-helix bundle formed from incubation of
the mutant N-terminal peptides with peptides corresponding
to the C-terminal heptad repeat (13) (summarized in Table 1).
Introduction of a methionine at position 137 resulted in N-
terminal peptides which were still �-helical in isolation, but the
six-helix bundle formed with this mutation showed a biphasic
melt as judged by loss of a 222-nm circular dichroism signal,
indicating that the bundle was destabilized by introduction of
this mutation. Substitution of either residue 140 or residue 161
resulted in peptides which were no longer �-helical in isolation
but which could still form a thermostable six-helix bundle when
incubated with C-terminal heptad repeat peptides. Finally, mu-
tation of residue 154 to methionine resulted in N-terminal
peptides which, like peptides with wt sequence, were �-helical
in isolation and formed a thermostable six-helix bundle. As the

effect of these four point mutations on the key elements of
N-terminal coiled-coil formation and six-helix bundle stability
were drastically different, examination of these mutations with-
in the context of the entire SV5 F protein was undertaken.

Cell surface expression analyzed by flow cytometry. To study
the effect of these mutations in the context of the entire SV5 F
protein, site-directed mutagenesis was employed to create the
mutants SV5 F I137M, SV5 F L140M, SV5 F V154M, and SV5
F L161M (Fig. 1A). The positions of these mutated residues
within the six-helix bundle are also shown (Fig. 1B). To exam-
ine the effect of these mutations on surface expression, the wt
and mutant SV5 F proteins were expressed in HeLa T4 cells
using the pCAGGS expression vector system (33) and surface
expression was monitored by flow cytometry using the F1a
monoclonal antibody (43). The mutants SV5 F I137M, L140M,
and L161M showed both similar percentages of transfected
cells and mean fluorescent intensities compared to the wt SV5
F protein, indicating that these mutations did not affect surface
expression (Table 1). However, mutant SV5 F V154M gave a
mean fluorescent intensity that was only one-third of that seen
with the wt SV5 F protein, indicating that this mutation se-
verely decreased surface expression. Similar results were seen
when the wt and mutant proteins were expressed using the
recombinant vaccinia virus-T7 RNA polymerase system in
CV-1 cells, with ON incubation at 33°C. This indicates that the
defect seen for mutant V154M is observed in several expres-
sion systems and cell types and that ON incubation at a low-
ered temperature does not rescue surface expression (data not
shown).

Proteolytic cleavage determined by pulse-chase analysis. The
SV5 F protein undergoes proteolytic cleavage by the host cell
protease furin in the trans-Golgi network (21). To determine
whether the introduced mutations affected either transport to
the trans-Golgi network or proteolytic cleavage by furin, HeLa
T4 cells expressing the wt SV5 F protein or the F protein
mutants via the pCAGGS expression system were labeled with
Tran35S-label for 30 min, and then the cells were either lysed
immediately or were incubated in chase medium for 3 h to
permit transport through the secretory pathway and proteolytic
cleavage. Proteins were immunoprecipitated and polypeptides
were separated with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and visualized using the STORM imaging sys-
tem (Fig. 2). The wt SV5 F protein and all four mutants

FIG. 1. (A) Schematic representation of the SV5 F protein showing
the mutations analyzed in this study. The fusion peptide (FP [black]),
HRA (grey), HRB (blue), and putative transmembrane domain (TM
[green]) are shown. The sequence of HRA and the mutations made are
indicated. (B) Positions of the four mutations in the six-helix bundle of
SV5 (3). The side chains for the four residues mutated in this study are
shown in red, the three helices from the HRA region are colored grey,
and the three helices from the HRB region are colored blue.

TABLE 1. Summary of effect of heptad repeat mutations on
structure of peptides and on surface expression levels when

incorporated in full-length SV5 F protein

Mutation
Position

in heptad
repeat

N-terminal
peptidesa

Melting point
of 6-helix

bundlea (°C)

% Total
transfectedb MFIc

wt F �-Helical �90 53.8 212.4
I137M a �-Helical Biphasic 51.4 201.2
L140M d Nonhelical �90 53.7 220.6
V154M d �-Helical �90 38.8 69.8
L161M d Nonhelical �90 47.1 204.9

a Results published by Dutch et al.(13). �-Helicity was judged by circular
dichroism at 208 and 222 nm; melting point was determinined by loss of 222-nm
signal.

b Total percent cells positive for F proteins, determined by flow cytometry as
described in Materials and Methods.

c MFI, mean fluorescent intensity, determined by flow cytometry.
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showed equivalent amounts of the F0 precursor protein at the
zero-hour time point. After a 3-h chase, proteolytic cleavage to
the F1 and F2 subunits was seen for the wt F protein and for the
mutants I137M, L140M, and L161M. However, for the mutant
SV5 F V154M, only very faint bands were seen at the positions
corresponding to the F1 and F2 subunits, indicating that pro-
teolytic processing was severely impaired by the mutation. Sim-
ilar results were again seen when expression was performed at
33°C or when the recombinant vaccinia-T7 polymerase system
was used (data not shown). These results, together with the low
surface density, suggest that this mutation leads to a protein
folding defect that markedly decreases transport through the
secretory pathway and that this folding defect cannot be cor-
rected by expression at lowered temperature.

Analysis of oligomeric structure by chemical cross-linking.
Protein folding of the SV5 F protein within the ER is accom-
panied by trimerization (48). To ascertain whether the intro-
duced mutations, especially the 154M mutation, resulted in
oligomerization defects, the wt F protein and F protein mu-
tants were expressed in HeLa T4 cells by using the pCAGGS
expression system. Following a 30-min label with Tran35S-label
and a 30-min incubation in chase medium, cells were subjected
to chemical cross-linking with the reagent DTSSP in the pres-
ence of 1% NP-40. Samples were immunoprecipitated and
subsequently analyzed on a 3.5% acrylamide gel (Fig. 3). A
shift of the majority of expressed protein to the trimeric species
upon addition of cross-linker was seen for the wt SV5 F protein
and the mutants I137M, L140M, and L161M, with the pres-
ence of dimeric species also seen due to incomplete cross-
linking. A slight increase in the trimeric form was also seen for
the mutant V154M when cross-linker was added, suggesting
that a small population of this mutant protein undergoes fold-
ing and trimerization. However, the percentage of trimer was
low compared to the other tested proteins, indicating that

much of the population of the mutant SV5 F V154M fails to
undergo proper folding and trimerization. These results indi-
cate that mutations which affect stability of either the N-ter-
minal coiled-coil (L140M and L161M) or the six-helix bundle
(I137M) do not interfere with initial protein folding and trans-
port through the secretory pathway, suggesting that these ele-
ments are not critical for these processes. However, the folding
defect seen with SV5 F V154M, which incorporates a mutation
that has no effect on stability of the N-terminal coiled-coil or
the six-helix bundle, strongly indicates that interactions sepa-
rate from formation of these two structures are critical during
initial protein folding.

Analysis of membrane fusion activity. Formation of a six-
helix bundle has clearly been demonstrated to be critical for
promotion of fusion by the SV5 F protein (20, 46, 47). How-
ever, little is known about the role of the N-terminal coiled-coil
prior to bundle formation. Therefore, three different types of
membrane fusion assays were conducted to analyze the effect
of the four heptad repeat mutations on the fusogenic activity of
the SV5 F protein.

Syncytium formation. First, the extent of syncytium forma-
tion was determined, as this has previously been demonstrated
to occur upon expression of the SV5 F protein from cDNA (18,
37). Vero cells were transfected with pCAGGS expressing the
SV5 HN protein and either the wt SV5 F protein or an F
protein mutant. Syncytium formation was analyzed 48 h post-
transfection (Fig. 4A). Multinucleated giant cells were ob-
served when wt SV5 F was present. The mutant SV5 F I137M,
containing a mutation that destabilized the six-helix bundle,

FIG. 2. Expression and proteolytic cleavage of the wt and mutant
SV5 F proteins. HeLa cells were transfected with plasmids encoding
the wt F or mutant F proteins as described in Materials and Methods.
Following ON incubation, transfected cells were metabolically labeled
with Tran35S-label (100 �Ci/ml) for 30 min and incubated in chase
medium for 0 or 3 h. Polypeptides were immunoprecipitated, run on a
15% polyacrylamide gel, and analyzed on a STORM PhosphorImager
system. The positions of the uncleaved F0 and the cleaved subunits F1
and F2 are indicated.

FIG. 3. Oligomerization of the wt and mutant F proteins. HeLa
cells expressing the wt and HRA mutant F proteins were metabolically
labeled with Tran35S-label (100 �Ci/ml) for 30 min and incubated in
chase medium for 30 min. Cross-linking reactions were performed on
cell suspensions in the presence of 1% NP-40 and the cross-linking
reagent DTSSP as described in Materials and Methods. Following
immunoprecipitation, F protein species were analyzed on a 3.5% gel in
the absence of reducing agent. The positions of monomer (M), dimer
(D), and trimer (T) are indicated.
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showed greatly reduced syncytium formation, suggesting a fu-
sion defect. No syncytium formation was observed in Vero cells
for the mutant SV5 F V154M, consistent with our finding that
the majority of this protein is not properly folded and trans-
ported (Table 1; Fig. 2 and 3). Finally, the two mutants incor-

porating changes known to affect �-helicity of N-terminal hep-
tad repeat peptides (L140M and L161M) were both capable of
promoting syncytium formation, though at different levels. SV5
F L140M gave similar-sized syncytia as wt F, while SV5 F
L161M showed an increase in syncytium formation. Syncytium

FIG. 4. Syncytium assay. Monolayers of Vero (A) and BHK 21F (B) cells were transfected with plasmids encoding the SV5 HN protein and
either the wt F protein or the HRA mutants. At 48 h (for Vero) or 18 h (for BHK) posttransfection, monolayers were examined for the presence
of syncytia. Representative photomicrographs are shown.
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formation was also studied in BHK 21F cells, which have
been previously shown to be highly fusogenic in this assay
(12, 39). Twenty-four hours posttransfection, formation of
large multinucleated giant cells was observed in samples
with the wt F protein and the mutant L140M, with decreased
levels of syncytia observed for the mutant I137 (Fig. 4B).
The mutation L161M again gave considerably higher levels
of syncytium formation compared to the wt F protein. Fi-
nally, though only a small percentage of the mutant SV5 F
V154M folded properly and was present on the cell surface
(Table 1; Fig. 2 and 3), this surface population was able to
promote syncytium formation in BHK 21F cells, though at
lower levels than seen with the wt F protein. This indicates
that the small population of this mutant that folds and
reaches the cell surface is competent to promote membrane
fusion in this highly fusogenic cell line.

Reporter gene assay for membrane fusion. To more accu-
rately quantitate promotion of membrane fusion, the SV5 F
protein and heptad repeat mutants were analyzed in a reporter
gene assay. Vero cells expressing the SV5 F protein or F pro-
tein mutants along with the SV5 HN protein and containing a
plasmid with the �-galactosidase gene under the control of a
T7 polymerase promoter were overlaid with Vero cells express-
ing the T7 polymerase. Twenty-four hours after overlay, cells
were lysed and the lysates were analyzed for �-galactosidase
activity (Fig. 5). Mutations I137M and V154M both resulted in
severely debilitated membrane fusion promotion, consistent
with the reductions in syncytium formation observed earlier
(Fig. 4). Mutant SV5 F L140M gave fusion that was approxi-
mately 50% of that seen with the wt F protein, while the
mutant SV5 F L161M gave fusion levels equivalent to those
seen with the wt SV5 F protein. Reporter gene assays utilizing
BHK 21F cells were not performed due to the high background
fusion levels in this cell type.

Fluorescence microscopy assay for lipid mixing. To examine
the early steps of membrane fusion and the effect of temper-
ature on the reaction, CV-1 cells were transfected with plas-
mids expressing the SV5 F protein or F protein mutants along
with the SV5 HN protein via the vaccinia virus-T7 RNA poly-
merase system. Following ON incubation at 33°C, transfected
cells were incubated at 4°C with human RBCs (previously
labeled with the lipid probe R18) to allow binding of the RBCs
to the HN protein. The temperature was subsequently raised
to allow promotion of membrane fusion, and the transfer of
the lipid probe to the CV-1 cells following membrane fusion
was visualized by fluorescence microscopy. After 5 or 10 min of
incubation at 37°C, the wt F protein and mutant L161M
showed equivalent numbers of labeled cells per field, with
L140M giving demonstrable but reduced levels of fusion (data
not shown). The mutants I137M and V154M gave only a small
number of fusion events, consistent with the reduced levels of
fusion seen in other assays (data not shown). As the mutant
SV5 F L161M promoted increased syncytium formation, a
phenotype that suggests increased fusion activity in certain cell
types or conditions, the temperature dependence of fusion
promotion for this mutant relative to that of the wt F protein
was determined. Following binding of labeled RBCs at 4°C, the
cold PBS was removed, PBS warmed to room temperature, 30,
33, or 37°C was added, and the plates were placed for 10 min
in incubators set to the appropriate temperatures. Fusion for

the wt F protein was significantly decreased at 33°C compared
to 37°C, and little fusion was seen at 30°C or at room temper-
ature (Fig. 6). In contrast, SV5 F L161M efficiently promoted
fusion at 37, 33, and 30°C, and one to two fusion events per
field were seen when incubation was performed at room tem-
perature (Fig. 6). These results demonstrate that mutation of
L161 to methionine results in an F protein mutant that is
capable of promoting fusion at lower temperatures than is the
wt SV5 F protein.

DISCUSSION

From the time of synthesis in the ER to the completion of
promotion of membrane fusion, the SV5 F protein undergoes
multiple changes in conformation. Initial protein folding in the
ER of the precursor protein, F0, is accompanied by trimeriza-
tion (48), though the domains involved in this oligomerization
process remain unclear. During subsequent transport through
the secretory pathway, F0 is proteolytically processed to the
disulfide-linked heterodimer, F1� F2, by the cellular enzyme
furin (21, 40). This proteolytic cleavage event has been shown
to lead to major conformational changes in the SV5 F protein
and other paramyxovirus F proteins (9, 19, 22, 53). Once the F
protein is present on the cellular surface or on the surface of a
virion, promotion of membrane fusion can be initiated. While
the triggering event for paramyxovirus F protein-mediated fu-
sion remains unclear, considerable evidence points to a role for
the SV5 attachment protein HN (reviewed in reference 24).
The promotion of membrane fusion is hypothesized to occur
with a series of conformational changes in the F protein, be-
ginning with rearrangement of the protein to allow insertion of
the fusion peptide into the target membrane (34), followed by
refolding of the protein and finally formation of the six-helix

FIG. 5. Reporter gene assays of the wt F protein and the HRA
mutants. Vero cells were cotransfected with pCAGGS plasmids en-
coding the SV5 HN protein and either the wt F protein or the HRA
mutants under the control of the chicken �-actin promoter. In addi-
tion, these cells were transfected with the plasmid pINT7�gal, con-
taining the �-galactosidase gene under the control of the T7 polymer-
ase promoter. A second set of Vero cells was transfected with the
plasmid encoding the T7 polymerase under the control of the �-actin
promoter. After ON incubation, the T7 polymerase-expressing cells
were overlaid on the cells expressing the F and HN proteins. Subse-
quent membrane fusion between the cell populations allowed the T7
polymerase to transcribe the �-galactosidase gene. �-Galactosidase
activity was assayed as described in Materials and Methods. Samples
were done in triplicate. The experiment presented is representative of
five separate experiments.
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bundle by the heptad repeat regions to drive fusion of the lipid
bilayers (3, 20, 46, 47).

Coiled-coil formation by N-terminal heptad repeat regions
has been hypothesized to play a critical role in initial protein
folding and oligomerization of a number of type I viral fusion
proteins (41). However, mutational analyses of a number of
other viral fusion proteins, including the HIV gp41 protein (4,
7, 8, 25, 41, 55, 56), the Ebola virus Gp (54), and the Mason-
Pfizer monkey virus transmembrane protein (52), found that
fusion defects were common outcomes of mutations within this
region, while folding defects were rare. For paramyxovirus
fusion proteins, mutational analysis of the HRA region of the
NDV F protein has found that both folding and fusion defects
can result from single point mutations within this domain (50,
51), and those authors suggested that residues in the a posi-
tions of the heptad repeat might be more critical for folding,
while those in the d positions of the heptad repeat were gen-
erally more critical for fusion promotion (31, 50). Of the four
heptad repeat mutations in our study, V154M (d residue) led
to a folding defective phenotype, while I137M (a residue) and
L140M and L161M (d residues) were competent for oligomer-
ization (Fig. 3), proteolytic processing (Fig. 2), and transport to
the cell surface (Table 1). As the V154M mutation had no

effect on coiled-coil formation of HRA peptides (13) while
both the L140M and L161M mutations disrupted formation of
an �-helical structure, our results strongly indicate that forma-
tion of a coiled-coil by the HRA region is not critical for initial
protein folding and oligomerization of the SV5 F protein.
However, both our data and the studies of the NDV F protein
(50, 51) indicate that residues within the HRA region may play
a role in initial folding, separate from their role in coiled-coil
formation.

The formation of a six-helix bundle is clearly critical for
promotion of membrane fusion by type I viral fusion proteins.
Considerable evidence indicates that the six-helix bundle forms
either during or immediately after fusion pore formation (3,
26, 29), providing a driving force for the membrane fusion
event. Peptide studies have previously demonstrated that mu-
tation I137M within the SV5 HRA region leads to formation of
a less stable six-helix bundle with a biphasic temperature melt
as judged by circular dichroism (13). Consistent with the im-
portance of six-helix bundle formation in promotion of mem-
brane fusion, we found that an SV5 F protein incorporating the
I137M mutation showed drastically reduced membrane fusion
activity, as judged by both syncytium assays (Fig. 4) and a
reporter gene assay (Fig. 5). Russell and coworkers have ex-
amined a series of mutations in the HRB region that lower the
temperature of thermal denaturation of the six-helix bundle
and have not found a consistent correlation with inhibition of
fusion activity (47). However, the effect of the I137M mutation
on thermal denaturation of the six-helix bundle is more drastic
than those seen for the HRB mutations, with much of the
bundle undergoing denaturation with a midpoint at 55°C (13).
In addition, while the mutations studied in the HRB region lie
at the end of the six-helix bundle farthest from the transmem-
brane and fusion peptide domains (47), I137 is positioned at
the opposite end of the six-helix bundle, near the fusion pep-
tide (3) (Fig. 1B). Thus, mutations which negatively influence
six-helix bundle stability can lead to inhibition of fusion pro-
motion, but the relative effect of an individual mutation may be
determined by the position of the residue within the six-helix
bundle and the relative destabilization caused by the mutation.
Further comparative analysis of the effects of mutations in
HRA on both peptide structures and folding and function of
the entire F protein will be necessary to confirm this hypoth-
esis.

Our results and those of others indicate that the paramyxo-
virus F protein HRA coiled-coil is not critical for initial protein
folding in the ER, but the coiled-coil is a component of the
six-helix bundle structure formed during or immediately after
fusion pore formation. It is unknown whether the HRA coiled-
coil forms during transit of the protein to the cell surface, in
the period prior to or during initiation of membrane fusion, or
whether the elements of the six-helix bundle fold as a unit. A
portion of the coiled-coil is present in the NDV F crystal
structure (6), but it is unclear which conformational stage of
the F protein is represented in the structure (32). For the NDV
F protein, inhibition by HRA peptides was only noted when
added prior to proteolytic activation of the protein (57), a
result which could occur if a coiled-coil formed upon proteo-
lytic activation and was blocked by HRA peptide binding. For
the SV5 F protein, HRA and HRB peptides have clearly been
shown to block at different stages along the fusion pathway

FIG. 6. Transfer of lipid dye by the wt F protein and the L161 M
mutant. Human RBCs labeled with the lipid probe R18 were bound at
4°C to CV-1 cells coexpressing the SV5 HN protein and either the wt
F protein or the L161 M mutant. Cells were incubated for 10 min at the
indicated temperatures to allow membrane fusion and were examined
by fluorescence microscopy.
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(46). Our mutational analyses indicate that mutants (L140M
and L161M) that abolish �-helical structure, and thus coiled-
coil formation, in peptide systems are still capable of promot-
ing fusion. Indeed, one of these mutants (L161M) promoted
syncytium formation to a greater extent than the wt SV5 F
protein (Fig. 4) and promoted fusion at a lower temperature
than the wt F protein (Fig. 6), demonstrating that this mutation
gives a hyperfusogenic phenotype. A hyperfusogenic pheno-
type has been reported for several mutations in or near the
HRB region of the SV5 F protein. Mutation of S443 to proline
(39) and mutation of residues L447 and I449 to aromatic res-
idues (47) all resulted in increased levels of fusion and fusion
promotion at lower temperatures. I449 and L447 are present in
the HRB region of the SV5 F protein six-helix bundle imme-
diately after the structure moves from �-helix to extended
chain (3) (Fig. 1B) and, thus, lie in close proximity to L161.
Russell and coworkers have suggested that the region imme-
diately N-terminal to HRB may play a role in activation of
fusion, explaining the hyperfusogenic phenotypes of mutants at
447 and 449 (47). Our results suggest that residue 161 may be
involved in a similar activation switch. One intriguing possibil-
ity is that residues from both HRA and HRB in this region
distal from the membrane domains may direct folding into the
bundle and that mutations which change interactions in this
seed domain may drive the F protein towards six-helix bundle
formation and promotion of membrane fusion.
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