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Peptides derived from heptad repeat regions adjacent
to the fusion peptide and transmembrane domains of
many viral fusion proteins form stable helical bundles
and inhibit fusion speci®cally. Paramyxovirus SV5
fusion (F) protein-mediated fusion and its inhibition
by the peptides N-1 and C-1 were analyzed. The tem-
perature dependence of fusion by F suggests that
thermal energy, destabilizing proline residues and
receptor binding by the hemagglutinin±neuraminidase
(HN) protein collectively contribute to F activation
from a metastable native state. F-mediated fusion was
reversibly arrested by low temperature or membrane-
incorporated lipids, and the resulting F intermediates
were characterized. N-1 inhibited an earlier F inter-
mediate than C-1. Co-expression of HN with F low-
ered the temperature required to attain the N-1-
inhibited intermediate, consistent with HN binding to
its receptor stimulating a conformational change in F.
C-1 bound and inhibited an intermediate of F that
could be detected until a point directly preceding
membrane merger. The data are consistent with C-1
binding a pre-hairpin intermediate of F and with
helical bundle formation being coupled directly to
membrane fusion.
Keywords: membrane fusion/paramyxovirus/peptide
inhibition/viral entry/viral fusion glycoprotein

Introduction

Fusion of the membrane of enveloped viruses with cellular
membranes is a prerequisite for viral entry and is thought
to include the following events: (i) receptor binding by the
viral attachment protein; (ii) activation of the viral fusion
protein; (iii) insertion of a hydrophobic fusion peptide into
the target membrane; (iv) refolding of the fusion protein;
and (v) membrane merger and fusion pore dilation
(reviewed in Hernandez et al., 1996; Skehel and Wiley,
2000). The viral fusion-mediating glycoproteins (fGps)
from in¯uenza virus (HA), HIV/SIV (gp160), retroviruses
(Env) and paramyxoviruses (F) share several structural
and functional features. These fGps are synthesized as
single polypeptide chains that form trimers before being
cleaved by host cell proteases to yield membrane-distal
and membrane-anchored subunits (for paramyxoviruses,
the F0 precursor is cleaved to F1+F2; see Figure 1). The

new N-terminal region of the membrane-anchored subunit,
termed the fusion peptide, contains hydrophobic residues,
which insert into target membranes during fusion
(reviewed in Hernandez et al., 1996). The ectodomains
of many of the membrane-anchored subunits also contain
two conserved 4-3 heptad repeat (HR) regions, designated
HRA and HRB, which are located near the fusion peptide
and the transmembrane (TM) domains. These HR regions
refold into helical bundles with HRA forming an interior,
trimeric coiled coil and HRB binding in the grooves of
HRA in an anti-parallel fashion, resulting in the fusion
peptides and TM domains being proximal (reviewed in
Skehel and Wiley, 2000). The similarities in the structures
of the core trimers suggest a common fusion mechanism
(Skehel and Wiley, 1998). However, unresolved issues
include the individual mechanisms of fGp activation, the
characteristics of fusion protein intermediates, and the
relationship between helix bundle formation and mem-
brane fusion.

The triggering events that initiate membrane fusion by
different viruses vary substantially for different fGps. For
example, cleaved HA is thought to be in a metastable state,
which is triggered by exposure to an acidic environment to
refold into its lowest energy state (Ruigrok et al., 1986;
Carr et al., 1997). HIV gp41 is triggered at neutral pH by
gp120 binding to the cell surface proteins CD4 and a
chemokine co-receptor (Moore et al., 1990; Furuta et al.,
1998). The triggering mechanism of paramyxovirus F at
neutral pH is not clear. One model for a tightly regulated
trigger for paramyxovirus fusion is that, upon binding
sialic acid, the hemagglutinin±neuraminidase (HN) glyco-
protein undergoes a receptor-induced conformational
change, which in turn triggers a conformational change
in F (Lamb, 1993; Sergel et al., 1993). For many
paramyxoviruses, the F proteins only cause syncytium
formation when co-expressed with their homotypic HN
protein, and a type-speci®c interaction required for fusion
may occur between the HN and F proteins (reviewed in
Lamb and Kolakofsky, 2001). In contrast, the SV5
F protein causes syncytia formation in the absence of its
homotypic HN protein (Paterson et al., 1985). Moreover,
SV5 F mediates fusion using uncleaved HA as a binding
protein in fusion assays that require two different cell
types to be bound together (Paterson et al., 2000). For
paramyxovirus F proteins that do not absolutely require
HN co-expression for fusion, an F conformational change
may be triggered by contact with the target membrane or
by binding to an unidenti®ed F receptor (Lamb, 1993).

Following activation, fGps may form intermediate
conformations before and during membrane fusion.
Triggering of HA, Env and F has been shown to result in
the insertion of the fusion peptides into target membranes
(Novick and Hoekstra, 1988; Tsurudome et al., 1992;
Hernandez et al., 1997; Damico et al., 1998). For the
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paramyxovirus respiratory syncytial virus, storage of
soluble F may trigger the release of the fusion peptide as
a new morphology is observed by electron microscopy
(Calder et al., 2000). Peptides derived from the HRA and
HRB regions (designated N and C peptides, respectively)
have been used to inhibit intermediates of HIV gp41 and
paramyxovirus F (reviewed in Chan and Kim, 1998; Lamb
and Kolakofsky, 2001). For example, after a receptor-
activated conformational change, C peptides derived from
HIV gp41 inhibit membrane fusion in a dominant-negative
manner by binding the HRA regions of pre-hairpin
intermediates of gp41 (Chan et al., 1998; Furuta et al.,
1998). The N and C peptides are thought to inhibit fusion
by binding analogous regions in fGp intermediates, and
thereby preventing the proteins from forming helical
bundles required for fusion.

After fusion protein activation and the formation of
fusion protein intermediates, many viral fusion proteins
refold into a six-helix bundle structure. However, the role
of helix bundle formation in membrane fusion is not clear.
The helical bundles may bring the cellular and viral
membranes in proximity, with higher order clustering of
fusion protein trimers facilitating membrane fusion
(Chernomordik et al., 1998). Alternatively, helix bundle
formation may be directly coupled to membrane fusion,
with the energy released upon protein refolding being used
to perform the work of membrane fusion (Baker et al.,
1999; Melikyan et al., 2000). The distinguishing features
between the above models are the temporal relationship
between six-helix bundle formation and membrane mer-
ger. Recent experiments on the peptide inhibition of HIV
gp41-mediated fusion have suggested that N and C
peptides inhibit a fusion intermediate that directly pre-
cedes membrane merger, consistent with the formation of
the six-helix bundle structure in HIV gp41 occurring
concurrently with membrane merger (Melikyan et al.,
2000).

Here we describe several determinants of the activation
of paramyxovirus SV5 F protein and characterize fusion
intermediates captured by peptide inhibitors. Co-expres-
sion of HN with F promotes the formation of an F
intermediate susceptible to N-1 inhibition, suggesting that
receptor binding by HN induces a conformational change
in F. The data are also consistent with C-1 binding a
transient pre-hairpin intermediate of F and inhibiting
fusion by preventing six-helix bundle formation, which
may be directly coupled to membrane fusion.

Results

HN co-expression contributes to fusion by SV5
W3A strain F
The SV5 WR strain F protein requires co-expression of its
homotypic HN protein for syncytia formation (Ito et al.,
1997), whereas the SV5 W3A strain F protein does not
(Paterson et al., 1985; Horvath et al., 1992). The amino
acid sequences of the F proteins from the WR and W3A
strains differ at positions 22, 443 and 516 (Paterson et al.,
1984; Ito et al., 1997). While the identity of the amino acid
residue at position 516 has been shown to have minimal
effects on cell±cell fusion, proline residues at positions 22
and 443 appear to contribute to faster fusion kinetics, a
lower temperature required for fusion activation, and HN-
independent fusion (Ito et al., 1997; Paterson et al., 2000).
To study further the contribution of HN co-expression to
membrane fusion mediated by W3A F, the temperature
dependence of fusion was measured for W3A F co-
expressed either with its homotypic HN or with in¯uenza
virus HA, which served as a binding protein but did not
mediate fusion. Target erythrocytes (RBCs) co-labeled
with the lipidic dye octadecyl rhodamine B chloride (R18)

Fig. 2. Temperature dependence of fusion by the F protein of SV5
strain W3A co-expressed with either SV5 HN (open squares) or
in¯uenza virus HA (closed squares). R18/CF double-labeled RBCs
were bound at 4°C to CV-1 cells co-expressing the F proteins and
either HN or HA. The samples were subsequently incubated at the
reported temperatures for 5 min. Dye transfer was assayed by confocal
microscopy. Fusion is expressed as contents mixing events per
microscopic ®eld, averaged over 4±6 ®elds. Lipid mixing (R18
transfer) and contents mixing (CF transfer, reported here) were
coincident. (A) W3A F-mediated fusion is promoted by HN co-
expression. (B) Fusion mediated by cleaved W3A strain FR3 (the
cleavage site mutant) is also promoted by HN co-expression.
Expression of HN, uncleaved HA or cleaved HA alone did not cause
detectable fusion, and F+HN and F+HA fusion were inhibited by
addition of the F-speci®c antibody F1a.

Fig. 1. Schematic diagram of the SV5 F protein. The positions of the
signal sequence (ss), cleavage site (*), fusion peptide, heptad repeats A
and B (HRA and HRB), transmembrane domain (TM) and cytoplasmic
tail are shown. The locations of the N-1 and C-1 peptides within the
domain structure of F are indicated.
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and the aqueous dye 6-carboxy¯uorescein (CF) were
bound at 4°C to effector CV-1 cells expressing F and either
HN or HA. At 4°C, neither lipid mixing nor contents
mixing occurred for any of the F mutant samples. The
effector±target cell complexes were then incubated at
various temperatures for 5 min, and the extents of R18 and
CF dye transfer were measured by confocal microscopy.
For all of the samples, the extents of lipid mixing versus
contents mixing did not differ signi®cantly (data not
shown). HN co-expression decreased the temperature
required to activate F for fusion and increased the extent
of F-mediated fusion (Figure 2A). Thus, while not
absolutely required for W3A F-mediated fusion, HN co-
expression clearly promotes F-mediated fusion. The
contribution of HN co-expression to the temperature
dependence of fusion mediated by a cleavage mutant of
W3A F (designated FR3), which was used in subsequent
peptide inhibition studies (see below), was also deter-
mined. In the FR3 cleavage mutant, the furin consensus
sequence was converted to a cleavage site that is only
cleaved and biologically activated for fusion by addition of
exogenous trypsin (Paterson et al., 1989). FR3 was co-
expressed with either HN or HA, and FR3 was activated by
trypsin cleavage immediately before beginning the dye
transfer assays. Cleaved FR3 (W3A) required less thermal
energy to mediate fusion in the presence of its homotypic
HN (Figure 2B), indicating that HN also promotes W3A
F-mediated fusion in the context of the cleaved FR3
protein.

N-1 inhibits an earlier intermediate than C-1
The results of several studies on the modes of fusion
inhibition by HR peptides from paramyxoviruses are
inconsistent. The N-1 peptide derived from SV5 F has
been reported to inhibit membrane fusion at the hemi-
fusion stage (Joshi et al., 1998), whereas an N peptide
derived from Newcastle disease virus (NDV) F only
inhibited subsequent fusion if the peptide was added prior
to proteolytic cleavage of F0 into F1 and F2 subunits
(Young et al., 1999). Moreover, a preformed complex of N
and C peptides derived from Sendai virus F has been
reported to dissociate in the presence of phospholipid
vesicles, and the peptides have been reported to partition
preferentially into vesicles over the aqueous phase (Ben-
Efraim et al., 1999). To study further fusion inhibition by
the N-1 and C-1 peptides derived from SV5 F, a series of
experiments was performed to determine the timing and
binding mode of peptide inhibition.

The SV5 F-derived HR peptides inhibited cell±cell
fusion when present during the entirety of incubation of
target cells with effector cells expressing W3A F and HN,
with N-1 and C-1 having IC50 values of ~16 mM and 35
nM, respectively (data not shown). To study the chron-
ology of fusion inhibition, the cleavage mutant FR3 was
co-expressed with HN, and the transfer of both lipidic
(R18) and aqueous (CF) dye from co-labeled RBCs was
used as a readout for fusion. In the assay, either N-1 or C-1
was incubated with effector cells at four distinct stages of
the fusion assay: (i) before F0 cleavage; (ii) after F0

Fig. 3. Inhibition of cell±cell fusion by N-1 and C-1. CV-1 cells co-expressing SV5 HN and FR3 were incubated with TPCK±trypsin for 1 h to cleave
the F0 precursor to the F1 and F2 subunits. RBCs co-labeled with R18 (red) and CF (green) were bound to the CV-1 cells at 4°C for 1 h. The samples
were incubated at 37°C for 10 min, re-incubated at 4°C and analyzed for dye transfer by confocal microscopy. Either the N-1 or C-1 peptides were
incubated with the samples at the following stages of the assay: (A) no peptide at any stage; (B) peptide before and after cleavage; (C) peptide during
RBC binding at 4°C; and (D) peptide during the 37°C incubation. The samples were washed three times with PBS between each stage. The peptide
concentrations were 40 mM.
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cleavage but before target cell binding; (iii) during target
cell binding at 4°C; or (iv) during 37°C incubation. N-1,
but not C-1, inhibited cell±cell fusion mediated by effector
cells expressing F and HN, if present during target cell
binding at 4°C (Figure 3C). These data are consistent with
N-1 inhibiting a fusion intermediate that evolves earlier
and has a lower thermal energy requirement than the
intermediate that C-1 inhibits. Neither N-1 nor C-1
inhibited fusion when present either before or after
cleavage (data not shown), or when present at times both
before and also after cleavage (Figure 3B). Both peptides

inhibited fusion if added at the beginning of the 37°C
incubation (Figure 3D). N-1 and C-1 inhibited both lipid
and contents mixing simultaneously if they inhibited at all.
Previous work reported that N-1 inhibited contents mixing
measured by b-galactosidase expression in one assay, but
did not inhibit lipid mixing measured by R18 dye transfer
in a different assay (Joshi et al., 1998). The most likely
explanation for the discrepancy is that the previous study
performed separate assays for lipid and contents mixing,
and N-1 has a tendency to aggregate after freezing and
thawing and after long-term storage at 4°C (C.J.Russell,
unpublished observations). Light scattering measurements
showed that N-1 samples used in the present study were
not aggregated (data not shown), and dye transfer assays
using co-labeled RBCs showed that N-1 inhibited both
lipid and contents mixing.

HN co-expression promotes N-1 inhibition at low
temperature
To study the role of HN in formation of the F protein
intermediate susceptible to N-1 peptide inhibition at low
temperature, peptide order-of-addition experiments were
performed using effector CV-1 cells co-expressing W3A F
and either HN or uncleaved HA. The peptides N-1 or C-1
were added to samples during incubation at either 4, 15 or
37°C. N-1 inhibited subsequent fusion if it was added to
the effector cells co-expressing F and HN during the 4, 15
or 37°C incubations (Figure 4). Moreover, the fusion
inhibition by N-1 occurred to a greater extent at increasing
incubation temperatures, consistent with a thermal
requirement for the formation of an F intermediate
susceptible to N-1 inhibition. In contrast, N-1 added to
effector cells co-expressing F and HA during the 4°C
incubation did not inhibit fusion, and N-1 added at 15°C
had little inhibitory effect (Figure 4C). N-1 inhibited
cell±cell fusion in cells co-expressing F and HA if added
during the 37°C incubation, indicating that the formation
of an intermediate susceptible to N-1 does not absolutely
require HN co-expression. C-1 inhibited both HN+F and
HA+F fusion only if present during the 37°C incubation,
most likely by binding a later intermediate of F than the F
intermediate with which N-1 presumably interacts (see
below). The inhibition by N-1 and C-1 of fusion mediated
by W3A F in the absence of HN implies that, upon
activation, W3A F proceeds through all of the intermedi-
ates in the absence of HN co-expression, albeit with higher
incubation temperatures required.

The F protein intermediate inhibited by C-1 binds
target cells independently of HN
When RBCs are bound to cells expressing SV5 HN at 4°C
and are warmed to 37°C, most RBCs are released (Dutch
et al., 1998). The loss of RBC binding activity by HN at
37°C may be due to either the intrinsic neuraminidase
activity of HN or a decrease in the af®nity of HN for sialic
acid as temperature is increased (R.Paterson, unpub-
lished). The number of bound but unfused RBCs (R18
labeled) was counted after 15 min of 37°C incubation of
N-1 or C-1 with effector CV-1 cells (SYTO 11 labeled)
expressing HN and F (Figure 5). Cells expressing HN
without F did not promote fusion and displayed a
substantial loss of RBC binding after incubation at 37°C.
After 37°C incubation in the presence of N-1, fusion was

Fig. 4. Quanti®cation of N-1 and C-1 inhibition of fusion mediated by
SV5 W3A F. The conditions of the assay were similar to those in
Figure 3 except that cleavage by TPCK±trypsin was not needed for
W3A F and the samples were incubated at 15°C for 30 min between
the 4°C binding of RBCs for 1 h and the 37°C incubation for 10 min.
(A) Timeline of peptide order-of-addition experiment. Arrows denote
the addition of peptide at either primary, secondary or tertiary stages.
Samples were washed three times with PBS before each temperature
change. (B) For cell±cell fusion by W3A F co-expressed with HN, N-1
inhibits fusion if present during either the 4, 15 or 37°C incubations,
and is a more potent inhibitor as the incubation temperature is
increased. (C) For cell±cell fusion by W3A F co-expressed with
uncleaved in¯uenza virus HA, N-1 does not inhibit fusion at 4°C, is a
mild inhibitor of fusion at 15°C, and inhibits if present at 37°C. C-1
inhibits both HN+F and HA+F fusion only after thermal activation at
37°C. The peptide concentrations were 40 mM. The means and standard
errors shown are for contents mixing from 3±5 ®elds.
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inhibited and most of the RBCs were released from the
effector cells. In contrast, C-1 inhibited fusion while
simultaneously promoting retention of unfused RBCs,
suggesting that the F protein intermediate inhibited by
C-1 had acquired the ability to interact with target cells
directly. The interaction between the F protein and target
cells may be due either to binding of F to an unidenti®ed
receptor or to the insertion of the fusion peptide region of F
into target membranes. If C-1 inhibits fusion by binding to
a coiled coil formed by HRA regions of F (see below), then
it is possible that the fusion peptide regions adjacent to the
central coiled coil could extend the fusion peptides into
target membranes. Activated intermediates of in¯uenza
virus HA (Chernomordik et al., 1997) and retrovirus Env
(Hernandez et al., 1997; Damico et al., 1998) have been
shown to interact directly with target membranes, pre-
sumably due to insertion of the fusion peptide regions into
target membranes.

C-1 binds a transient intermediate of F
C peptides derived from gp41 appear to inhibit HIV fusion
by binding to HRA region trimers exposed in a transient
pre-hairpin intermediate of gp41 after receptor/co-receptor
binding (reviewed in Chan and Kim, 1998; Furuta et al.,
1998). To test the conditions under which the C-1 peptide
might bind directly to SV5 F, a modi®ed C-1 peptide
designated HAt-C1 was synthesized which contained an
11 residue HA tag (YPYDVPDYASL) at the N-terminus
of C-1. Like C-1, HAt-C1 inhibited SV5 F-mediated
fusion only if present during 37°C incubation of effector
and target cells, and had an IC50 of ~50 nM (data not
shown). The HA tag was used for co-immunoprecipitation

(coIP) of the F protein using the 12CA5 tag-speci®c
antibody. The F protein was only captured by coIP if
HAt-C1 was incubated with the effector cells after target
cell binding during a 37°C incubation (Figure 6A). Thus,
the HAt-C1 peptide only bound F under the same
conditions in which it inhibited fusion. Increasing the
amount of HAt-C1 incubated with the samples increased
the amount of coIP of F, and the coIP of F was competed
away by adding an excess of the untagged C-1 peptide
(Figure 6B). To test the notion that paramyxovirus C-1-
like peptides partition into membranes (Ben-Efraim et al.,
1999), C-1 stock solution was pre-incubated with either
RBCs, CV-1 cells or Vero cells. After 1 h incubation at
37°C, the cells were pelleted by centrifugation and the
supernatants were collected. The supernatants subse-
quently inhibited cell±cell fusion with slightly greater
IC50 values than C-1 that was not pre-incubated with cells,
with >90% of the C-1 peptide remaining in aqueous
solution after pre-incubation with the cells (data not
shown). Thus, there is no evidence to suggest that C-1
prevents fusion by inhibiting lipidic intermediates rather
than binding F protein intermediates.

Six-helix bundle formation and membrane merger
To determine the chronological relationship between six-
helix bundle formation and membrane merger, experi-
ments were performed to probe for C-1 binding (which
occurs prior to bundle formation) to a fusion intermediate
arrested at a point directly preceding membrane merger.
Membrane-incorporated lipids can promote or inhibit
fusion in a manner that correlates with their dynamic
molecular shapes either by favoring or preventing the

Fig. 5. Binding and fusion of RBCs to CV-1 cells expressing W3A F and HN. (A) Confocal images of RBCs labeled with R18 (red) and CV-1 cells
labeled with SYTO 11 (green). (B) Quanti®cation of RBC binding (black bars) and the number of lipidic dye transfer events (white bars) after 15 min
of 37°C incubation. The means and standard errors shown are for three trials.
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formation of membrane stalk intermediates of fusion
(Chernomordik et al., 1997). In the present work, fusion
was reversibly arrested by addition of the membrane-
binding lipid stearoyl-lysophosphatidylcholine (LPC),
which has been shown to inhibit fusion at the point of
membrane merger (Chernomordik et al., 1998). The
resulting LPC-arrested fusion intermediates were probed
for C-1 inhibition. The rationale behind the experiment
(Melikyan et al., 2000) was that if six-helix bundle
formation was concurrent with membrane merger, then the
LPC-arrested intermediate may remain sensitive to C-1;
however, if six-helix bundle formation occurred before
membrane merger, then the binding site for C-1 would no
longer be available and the LPC-arrested intermediate
would lose sensitivity to C-1.

SV5 F-mediated fusion was inhibited by LPC and
promoted by oleic acid (OA) (Figure 7A), as found
previously for fusion mediated by in¯uenza virus HA and
HIV gp41 (Chernomordik et al., 1997; Melikyan et al.,

2000). After one round of incubation at 37°C in the
presence of LPC for 10 min, a 4°C washout of LPC using
bovine serum albumin (BSA), and a second round of
incubation at 37°C for 10 min, R18 and CF dye transfer
from RBCs to effector cells was observed (Figure 7B, ®rst
bar pair). When the N-1 or C-1 peptides were added to the
LPC-arrested samples at the beginning of the ®rst stage of
37°C incubation, subsequent fusion during the second
stage of heating was inhibited (Figure 7B, second and third
bar pairs). C-1 also inhibited fusion if added to the samples
at 4°C after the ®rst stage of 37°C incubation, but before
LPC removal; however, N-1 lost its inhibitory potency
after the ®rst stage of heating (Figure 7B, ®fth and fourth
bar pairs, respectively). The data suggest that C-1 bound F
and inhibited fusion up until the point of the LPC arrest
directly preceding membrane merger. In contrast, by the
time the system evolved to the LPC-arrested stage at 37°C,
N-1 lost its inhibitory activity. Membrane fusion may
require the concerted action of multiple F oligomers. At
the stage of LPC arrest, it is possible that a sub-threshold
amount of F molecules may be completely refolded, while
others that are not may be suf®cient for C-1 inhibition.
In another experiment, either N-1 or C-1 was added at
various times during the ®rst stage of 37°C incubation for
15 min in the presence of LPC (Figure 7C). C-1 bound F
and inhibited fusion if added at any time during the 37°C
incubation. C-1 also inhibited both lipid and contents
mixing if added after LPC removal at 4°C (data not
shown). However, N-1 lost the ability to inhibit fusion as a
function of incubation time at 37°C. These data are
consistent with N-1 inhibiting an earlier intermediate of
the F protein than C-1, and with C-1 binding F during the
LPC arrest directly preceding membrane merger. If C-1
binds F before six-helix bundle formation at a point
directly preceding membrane merger, then six-helix
bundle formation and membrane merger may be concur-
rent events.

Discussion

Several critical events involved in paramyxovirus mem-
brane fusion are F protein precursor (F0) cleavage, HN
binding to target cells, activation of F for fusion and F-
mediated fusion (Figure 8). Most paramyxovirus F proteins
require co-expression of their homotypic HN protein for
fusion, and some biochemical data suggest that protein±
protein interactions occur between the HN and F proteins
(reviewed in Lamb and Kolakofsky, 2001). In addition,
the recently solved crystal structures of HN from the
paramyxovirus NDV suggest that the catalytic site for both
hemagglutinating and neuraminidase activities is a single
site, which is regulated by a conformational switch, and
that HN undergoes a limited but signi®cant conforma-
tional change upon binding sialic acid (Crennell et al.,
2000). Such conformational changes in HN due to receptor
binding may then be translated into the triggering
of a conformational change of F. The present data for
paramyxovirus SV5 W3A strain F-mediated fusion are
consistent with the binding of HN to sialic acid promoting
a conformational change in F, since co-expression of HN
with F promoted the formation of an F intermediate
susceptible to N-1 inhibition at 4°C. However, a universal
model of the triggering mechanism for paramyxovirus

Fig. 6. HA-tagged C-1 peptide (HAt-C1) binds F under the same
conditions that it inhibits cell±cell fusion. HAt-C1 inhibited fusion only
when added to F-expressing cells bound to target cells during 37°C
incubation (data not shown). (A) Lane 1, whole-cell lysate of Vero
cells expressing SV5 W3A and HN. Lanes 2±5, immunoprecipitation
with the HA tagged peptide HAt-C1. Intact Vero cells transiently
expressing F and HN were incubated with human RBCs at 4°C, and the
Vero±RBC complexes were subsequently warmed to 37°C. The
HAt-C1 peptide was incubated with samples either before RBC
incubation, during RBC incubation, during the 37°C incubation or after
the 37°C incubation. The F protein was co-immunoprecipitated using
the 12CA5 antibody against the HA tag on the peptide. The samples
were electrophoresed under non-reducing conditions by SDS±PAGE
and a western blot was performed using a rabbit polyclonal peptide
antiserum against F2. (B) Binding of HAt-C1 to F is dose dependent
and can be competed by an excess of untagged C-1 peptide.
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fusion must reconcile the anomalous observation that
W3A F can also promote membrane fusion in the absence
of its homotypic HN (Paterson et al., 1985).

Previous studies have shown that temperature can be
used as an arti®cial stimulus to trigger fusion by
paramyxovirus F (Paterson et al., 2000; Wharton et al.,
2000). Moreover, proline residues at positions 22 and 443
of SV5 F contribute to HN-independent fusion by SV5
W3A strain F (Paterson et al., 2000). The present data
show that co-expression of SV5 HN promotes both the
formation of the N-1-susceptible intermediate in F and
membrane fusion mediated by W3A F. Taken together, the
data on SV5 F-mediated fusion show that thermal energy,
proline residues at positions 22 and 443 of SV5 F, and co-
expression of SV5 HN have an additive effect on the
activation of F for fusion, perhaps by lowering a kinetic
barrier to refolding F from a metastable, native state into a
fusion-active conformation. Further evidence that muta-
tions of critical residues in paramyxovirus F can result in
HN-independent fusion activation has been obtained by
mutational analyses of the WR and T1 strains of SV5
(Ito et al., 2000) and the AV strain of NDV (Sergel et al.,

2000). Cleavage of paramyxovirus F0 into F1 and F2

subunits is required for fusion, and results in both a
conformational change and exposure of a new hydro-
phobic region (reviewed in Dutch et al., 2001; Lamb and
Kolakofsky, 2001). In the present work, cleavage of F0 in
the absence of activation by target cell binding did not
result in the binding of inhibitory peptides to F or the
acquisition of HN-independent binding of RBCs by F.
While cleavage of F is an essential step in the fusion
mechanism of paramyxoviruses, we do not predict that F
cleavage alone triggers full activation of F for fusion when
co-expressed with HN, although cleavage of F in the
absence of HN co-expression may generate a lower-energy
conformation.

Peptides derived from conserved HR regions of fGps of
various paramyxoviruses and HIV are potent and speci®c
inhibitors of membrane fusion (reviewed in Chan and
Kim, 1998; Lamb and Kolakofsky, 2001). Moreover,
many of these N and C peptides co-assemble into highly
thermostable six-helix bundles, which are thought to
correspond to the core structures formed by the fGps
in fusogenic or post-fusion states (Chan et al., 1997;

Fig. 7. Reversible arrest of late fusion intermediates using membrane-incorporated lipids. To prevent the release of RBCs from CV-1 cells during
37°C incubations, uncleaved in¯uenza HA was co-expressed with SV5 W3A F. Insets depict timelines of conditions. The means and standard errors
are for three trials. White bars denote R18 lipid mixing and black bars denote CF contents mixing. (A) LPC (10 mM) inhibits fusion, OA (10 mM)
promotes lipid mixing and an equimolar amount of OA can restore fusion inhibited by LPC (10 mM each). (B) RBC±CV-1 cell complexes were
incubated at 37°C in the presence of LPC, washed with a 4°C BSA solution to remove LPC, and warmed a second time at 37°C. Arrows in the inset
denote primary and secondary addition of peptide. Bar pairs represent R18 and CF data for each condition. (C) Similar conditions to those reported in
(B), except that peptide was added as a function of time after the onset of the ®rst stage of 37°C incubation (arrows in the inset denote addition of
peptide). (D) Two models of the relationship between six-helix bundle formation and membrane fusion. Consistent with model (ii), the data suggest
that six-helix bundle formation and membrane fusion are concurrent events.
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Weissenhorn et al., 1997; Baker et al., 1999; Zhao et al.,
2000). The peptides most likely inhibit fusion by binding
to regions of the glycoproteins analogous to those
observed in the crystal structures of the peptide com-
plexes, with the C peptides binding HRA region trimers
and the N peptides binding either as trimers to isolated
HRB regions or as monomers/dimers to isolated HRA
regions. The intermolecular binding of the peptides to the
HR regions could be favored over intramolecular associ-
ation of the two HR regions if fGp intermediates form in
which the HR regions are accessible to exogenous peptide
binding but not to intra-trimer assembly. For example,
C peptides derived from HIV gp41 have been shown to
gain their inhibitory activity by binding a pre-hairpin
intermediate that forms after receptor-activated conforma-
tional changes (reviewed in Chan and Kim, 1998), but
before six-helix bundle formation (Melikyan et al., 2000).

The present data suggest that the N-1 and C-1 peptides
derived from SV5 F have a mechanism of action similar to
those derived from HIV gp41. In contrast to data obtained
in peptide inhibition studies on NDV F-mediated fusion
(Young et al., 1999), neither N-1 nor C-1 from SV5 F
inhibited fusion if present before or after F0 cleavage but
before binding of target cells. Both N-1 and C-1 inhibited
fusion intermediates that became susceptible to peptide
binding after target cell binding (N-1) followed by thermal
activation (N-1 and C-1), with N-1 inhibiting an earlier
intermediate of the F protein than C-1. The F protein
intermediate inhibited by C-1 developed HN-independent

RBC binding and remained until the LPC arrest directly
preceding membrane fusion. The following results are
consistent with C-1 inhibiting fusion by binding to
transiently accessible HRA trimers of an SV5 F pre-
hairpin intermediate (see Figure 8): (i) C-1 speci®cally
inhibits SV5 F-mediated fusion (Joshi et al., 1998); (ii) C-1
speci®cally binds in the grooves formed by N-1 trimers
(Baker et al., 1999); (iii) the HA-tagged version of C-1
captures F under the same conditions as it inhibits F-
mediated fusion; (iv) C-1 partitions predominantly into the
aqueous phase after stable exposure to biological cells; and
(v) the C-1-inhibited state acquires HN-independent
binding of RBCs, perhaps by insertion of fusion peptide
regions into target membranes. In contrast to SV5
F-derived N-1 losing inhibitory potency after thermal
activation during LPC arrest, an N peptide derived from
HIV gp41 inhibited gp41-mediated fusion after thermal
activation until a point directly preceding membrane
merger, as assessed by LPC arrest and temperature-jump
experiments (Melikyan et al., 2000). Thus, the refolding of
SV5 F after triggering may differ somewhat from the
refolding by HIV gp41, at least with respect to the
accessibility of N peptide binding sites in late fGp
intermediates. The loss of SV5 N-1 inhibition as the
system evolved toward LPC arrest may suggest that
monomeric N-1 may bind to HRA regions of F that would
become inaccessible upon pre-hairpin intermediate for-
mation, if the binding of oligomeric N-1 to HRB were
available until the stage of membrane merger (Figure 8).

Fig. 8. Model of the paramyxovirus fusion mechanism. Four steps in SV5 F-mediated fusion are F0 cleavage, HN binding to target cells, activation
of F for fusion and F-mediated fusion. The N-1 peptide inhibits a temperature-arrested intermediate that forms after the binding of HN (but not
uncleaved HA) to target cells, consistent with the binding of HN to its receptor sialic acid stimulating a conformational change in F. The N-1 binding
site becomes unavailable as a function of time after thermal activation. Plausible binding modes of N-1 to F regions are binding HRB as trimers or
HRA as monomers/dimers. C-1 binds and inhibits a pre-hairpin intermediate of F that forms after thermal activation and remains until a point directly
preceding membrane merger, as probed by LPC arrest. The data presented here suggest that six-helix bundle formation and membrane fusion are
concurrent events. F domains: fusion peptide (black); HRA/N-1 (red); intervening domain (gold); HRB/C-1 (blue); TM domain (gray). As F2 and F1

are structurally integral parts of the F protein, these subunits are not shown separately.
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Accumulating evidence suggests that six-helix bundle
formation by SV5 F is directly coupled to membrane
merger. HRA is contiguous with the fusion peptide region,
and both regions have a 4-3 repeat of conserved residues
that align in register on a helical net plot (Baker et al.,
1999). Moreover, the seven-residue sequence between
HRB and the TM domain has been shown to be
dispensable for fusion activity (Zhou et al., 1997; Baker
et al., 1999). The result is a protein conformation in which
the conserved HRA and HRB regions directly abut the
fusion peptide and TM regions, respectively. The mem-
brane-binding lipid LPC reversibly arrests fusion at a point
directly preceding membrane merger by preventing
membrane stalk formation (Chernomordik et al., 1997).
As C-1 apparently binds transiently exposed HRA trimers
in a pre-hairpin intermediate of F and inhibits fusion up
until the point directly preceding membrane merger during
LPC arrest (see above and Figure 7), the six-helix bundle
would not have formed during the LPC arrest. As a result,
six-helix bundle formation and membrane merger are most
likely concurrent, and the energy required for the work of
membrane merger may at least in part be contributed by
six-helix bundle formation. The SV5 F peptide complex
has a melting temperature >90°C (Joshi et al., 1998),
suggesting that a large amount of free energy may be
released upon six-helix bundle formation. The free energy
released by the formation of a six-helix bundle by HIV
gp41-derived peptides has been estimated to be more than
suf®cient to account for the energy required for membrane
fusion (Melikyan et al., 2000).

The formation of coiled coils in HIV gp41 and SNARE
complexes may also directly cause membrane fusion.
DP178, a C peptide from HIV gp41, inhibits membrane
fusion by binding a pre-hairpin intermediate up until a
point directly preceding membrane merger, as probed by
LPC arrest and temperature-jump experiments (Melikyan
et al., 2000). The results are consistent with six-helix
bundle formation by HIV gp41 being the rate-limiting step
between the arrested intermediate and fusion, and with the
free energy released upon bundle formation being directly
and immediately used for fusion pore formation. SNARE
proteins are involved in eukaryotic intracellular membrane
fusion (reviewed in Jahn and SuÈdhof, 1999). Vesicular and
target SNARE proteins have been shown to form parallel,
heterotrimeric four-helix bundles (Poirier et al., 1998;
Sutton et al., 1998), which may mediate membrane fusion
by coupling v- and t-SNARE complex formation directly
to membrane merger (Chen et al., 1999; Parlati et al.,
1999). If SV5 F, HIV gp41 and SNARE proteins all share
similar structural architectures and functional mechan-
isms, then these diverse fusion proteins may either have
arisen from a common ancestor or developed a convergent
strategy for eliciting membrane merger: coupling coiled
coil formation directly to membrane fusion.

Materials and methods

Peptides, cells, viruses and plasmids
The amino acid sequences of the N-1 and C-1 peptides have been reported
previously (Joshi et al., 1998). N-1 was expressed and puri®ed as
described previously (Joshi et al., 1998). Puri®ed C-1 and HAt-C1 were
obtained commercially (Genemed Synthesis, Inc., San Francisco, CA).
Monolayer cultures of Vero cells and CV-1 cells were grown as described
(Paterson et al., 2000). The recombinant vaccinia virus vTF7-3 was

grown in CV-1 cells and the plasmids used have been described
previously (Paterson et al., 2000).

Expression and quanti®cation of F, HN and HA proteins
For confocal microscopy, the F, HN and HA proteins were expressed
using the recombinant vaccinia virus±T7 RNA polymerase transient
expression system (Paterson et al., 2000). For ¯ow cytometry,
monolayers of CV-1 cells in 60-mm dishes infected with vTF7-3 and
transfected with plasmid DNA were prepared (Paterson et al., 2000). The
monoclonal antibody F1a, speci®c for the SV5 F protein (Randall et al.,
1987), was used as the primary antibody, and ¯uorescein isothio-
cyanate-conjugated goat anti-mouse immunoglobulin G (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA) as the secondary
antibody. The cell surface ¯uorescence of 10 000 cells was analyzed
using a FACSCalibur ¯owcytometer (Becton Dickinson, San Jose, CA).

Analysis of lipid and contents mixing by
confocal microscopy
Human RBCs were single labeled with the lipid probe R18 (Molecular
Probes, Eugene, OR) or dual labeled with R18 and CF (Molecular Probes)
(Paterson et al., 2000). Analysis of lipid and contents mixing for effector
cells expressing F and HN or F and HA by scanning confocal microscopy
was performed as described previously (Paterson et al., 2000). Fusion was
quanti®ed by counting positive events of R18 or CF dye transfer from
RBCs to CV-1 cells and averaging the fusion events from 3±5 ®elds. For
the peptide order-of-addition experiments, either N-1 or C-1 (40 mM) was
incubated with the CV-1 effector cells either before trypsin cleavage,
after trypsin cleavage, during RBC incubation at 4°C or during 37°C
incubation. For experiments on HN-independent retention of RBCs, CV-1
effector cells transfected with HN and F were labeled with 1 mM SYTO
11 nucleic acid dye (Molecular Probes) at 37°C for 30 min, single-labeled
R18±RBCs (1.0 ml of 0.05% hematocrit) were used as fusion targets, and
the CV-1 cells were washed ®ve times with ice-cold phosphate-buffered
saline (PBS) to remove unbound RBCs after 37°C incubation.

Capture of an F intermediate
Monolayers of Vero cells in 10-cm dishes were transfected with 3 mg each
of pCAGGS F and pCAGGS HN. At 18 h post-transfection, the Vero cells
were incubated with 5 ml of 0.1% hematocrit RBCs at 4°C for 1 h.
Unbound RBCs were removed by washing the samples ®ve times with
ice-cold PBS. The ice-cold PBS was replaced with 37°C PBS and the
samples were incubated at 37°C for 45 min. In one experiment, 50 mg of
HAt-C1 were added to the Vero cells expressing HN and F either before
RBC binding, during RBC binding, during the 37°C incubation or after
the 37°C incubation. In another experiment, varying quantities of HAt-C1
and C-1 were incubated with the Vero cells during the 37°C incubation.
After the 37°C incubation, the samples were washed three times with
PBS, incubated with 5 ml of Dulbecco's modi®ed Eagle's medium
containing 100 mg of anti-HA monoclonal antibody 12CA5 at 25°C for 3 h
and washed ®ve times with PBS. The Vero cells were lysed with 1 ml of
ice-cold RIPA lysis buffer containing protease inhibitors (Paterson et al.,
2000) and 25 mM iodoacetamide, and the clari®ed supernatants were
incubated with 30 ml of protein A±Sepharose at 4°C overnight. The
samples were washed with RIPA buffer three times and analyzed by
15% SDS±PAGE under non-reducing conditions. The gels were then
transferred to Immobilon-P PVDF membranes (Millipore, Bedford, MA),
immunoblotted with an anti-F2 rabbit anti-peptide primary antibody
followed by a horseradish peroxidase-conjugated goat anti-mouse
secondary antibody, and detected by chemiluminescence.

Reversible fusion inhibition by lipids
Stock solutions of 10 mM LPC (Avanti Polar Lipids, Birmingham, AL)
were prepared freshly as aqueous dispersions in PBS and vortexed until
clear. A stock solution of 1 mM oleic acid (OA; Sigma) was prepared in
ethanolic solution. After binding of R18/CF-labeled RBCs at 4°C and
washing away unbound RBCs (see above), the ice-cold PBS was replaced
with ice-cold LPC stock solution and incubated at 4°C for 15 min. The
4°C LPC solution was subsequently replaced with 37°C LPC solution and
the samples were incubated at 37°C. For samples containing both LPC
and OA, 30 ml of the 1 mM OA stock solution were added to 3 ml of LPC
stock solution before the mixed solution was incubated with the samples
at 37°C. Either N-1 or C-1 (40 mM) was added to the samples during or
after the 37°C incubation. Following the 37°C incubations, the samples
were washed with ice-cold PBS. The LPC was removed by multiple
washes with an ice-cold 10 mg/ml solution of fatty-acid free BSA (Sigma)
and the ice-cold BSA solution replaced with 37°C PBS; the samples were
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then bathed at 37°C for 10 min, washed with ice-cold PBS and placed on
ice until confocal microscopic analysis of dye transfer.
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