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Hendra virus (HeV) is a recently identified paramyxovirus that is fatal in humans and could be used as an
agent of bioterrorism. The HeV receptor-binding protein (G) is required in order for the fusion protein (F) to
mediate fusion, and analysis of the triggering/activation of HeV F by G should lead to strategies for interfering
with this key step in viral entry. HeV F, once triggered by the receptor-bound G, by analogy with other
paramyxovirus F proteins, undergoes multistep conformational changes leading to a six-helix bundle (6HB)
structure that accomplishes fusion of the viral and cellular membranes. The ectodomain of paramyxovirus F
proteins contains two conserved heptad repeat regions (HRN and HRC) near the fusion peptide and the
transmembrane domains, respectively. Peptides derived from the HRN and HRC regions of F are proposed to
inhibit fusion by preventing F, after the initial triggering step, from forming the 6HB structure that is required
for fusion. HeV peptides have previously been found to be effective at inhibiting HeV fusion. However, we found
that a human parainfluenza virus 3 F-peptide is more effective at inhibiting HeV fusion than the comparable
HeV-derived peptide.

Hendra virus (HeV) is a zoonotic paramyxovirus that
emerged in Australia, causing fatalities in both horses and
humans. It is closely related to Nipah virus (NiV), which infects
pigs and has caused outbreaks of severe encephalitis in humans
in Singapore, Malaysia, and Bangladesh. Together, these two
viruses make up a new genus within the Paramyxovirinae, called
Henipavirus (45, 46). The study of these viruses has been des-
ignated as a priority of the NIAID Biodefense Research
Agenda, based on their virulence and transmissibility and their
potential for use as agents of bioterrorism.

At the onset of infection, the HeV virion binds to the target
cell via interaction of the viral receptor-binding molecule with
receptor molecules on the cell surface. G, a type II membrane
glycoprotein, serves the dual purpose of binding to the recently
identified receptor, Ephrin-B2 (3, 32), and activating the viral
fusion protein (F), leading to merger of the virus and host cell
membranes. The viral nucleocapsid that is released into the
cytoplasm after fusion contains the genome RNA in associa-
tion with the viral nucleocapsid protein (NP). This RNA/pro-
tein complex is the template both for transcription and for
replication of the genome RNA that is packaged into progeny
virions. The six viral genes encode the two surface glycopro-
teins G and F, the matrix protein which is involved in assembly
and budding, the RNA polymerase proteins (L and P), the
nucleocapsid protein (NP) and, through alternative reading
frames and RNA editing, one or more proteins that are ex-
pressed only in the infected cell (16).

The identification of Ephrin B2 as a cellular receptor for
both HeV and NiV (3, 32), as well as the recent finding that
Ephrin B3 can serve as an alternate NiV receptor (33), has

shed light on several of the pathological features of the dis-
eases caused by these viruses. Ephrins are ligands for the Eph
family of receptor tyrosine kinases, and the signaling mediated
by the Eph-Ephrin interaction is critical to a series of devel-
opmental pathways, including angiogenesis and axonal guid-
ance, as well as to tumorigenesis. Ephrin B2 is expressed spe-
cifically on endothelial cells, neurons, and the smooth muscle
cells surrounding arterioles, a distribution pattern that paral-
lels the tropism of NiV and HeV diseases. Ephrin B3 is not
expressed in the endothelium but rather in the central nervous
system, notably in some locations where Ephrin B2 is lacking
but NiV disease is manifested. Interaction of NiV and HeV
glycoproteins with the Ephrin receptors provides a key target
for antiviral development.

The HeV F glycoprotein, like the F from all paramyxovi-
ruses, mediates fusion between the viral and host cell mem-
branes during infection (21, 37). The paramyxovirus F protein
forms a trimer during synthesis; for HeV, once F reaches the
cell surface it is again internalized and then cleaved by cathep-
sin L, yielding a membrane-distal and a membrane-anchored
subunit (27, 35). The carboxyl terminal of the membrane-
anchored subunit of paramyxovirus F proteins is anchored to
the viral membrane, while the newly exposed amino terminal
contains the hydrophobic residues, termed the “fusion pep-
tide,” that insert into target membranes during fusion, which
occurs at neutral pH (reviewed in reference 15). Initially, the
paramyxovirus fusion peptide lies deep within the hydrophobic
core of the F protein. In order for the virion to come into close
proximity with the target membrane, F must undergo an acti-
vation step exposing the fusion peptide. This general mecha-
nism appears to apply to HeV, but details of this process, as
well as the conformational changes that F must undergo, need
to be further scrutinized.

Paramyxovirus fusion proteins belong to the group of “class
I” fusion proteins (reviewed in reference 9) that also includes
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the influenza virus hemagglutinin protein, the human immu-
nodeficiency virus (HIV) gp120 fusion protein, and the Ebola
virus fusion protein. The trigger that initiates the series of
conformational changes in F, leading to membrane merger,
differs depending on the pathway that the virus uses to enter
the cell and thus whether fusion occurs at the surface at neutral
pH or in the endosome. The fusion process for paramyxovi-
ruses occurs at the surface of the target cell, at neutral pH, as
it does for HIV, for which the trigger is gp120’s binding to
receptor. We found that for the paramyxovirus human parain-
fluenza virus 3 (HPIV3), the F protein is activated when the
adjacent receptor-binding protein (hemagglutinin-neuramini-
dase [HN]) binds to a sialic acid-containing receptor, permit-
ting fusion to occur. Upon receptor binding, HN triggers F to
fuse (29, 39). For this reason, both the receptor-binding and
fusion proteins of HPIV3 must be present, and the receptor-
binding protein must interact with its respective receptor, in
order for fusion to occur (21, 30, 31, 39, 40). This has been
shown to be true in general for paramyxoviruses (9), with some
exceptions where F can undergo triggering without the respec-
tive receptor-binding protein, although the receptor-binding
protein nonetheless serves to facilitate the process (24, 42, 43).
Indeed, the requirement for the receptor-binding protein (G)
to trigger F has been found to be true for HeV as well (4, 5).

It has been predicted that this process of paramyxovirus F
activation after receptor binding requires a conformational
change in the fusion protein, which would propel the fusion
peptide from the core to the surface of F, generating a tran-
sient but necessary intermediate and allowing the fusion pep-
tide to become inserted in the host cell membrane. The
ectodomain of the membrane-anchored subunit of the F pro-
tein contains two hydrophobic domains, the fusion peptide,
which inserts into the cellular target membrane during fusion,
and the transmembrane-spanning domain. Each of these do-
mains is adjacent to one of two conserved heptad repeat (HR)
regions: the fusion peptide is adjacent to the N-terminal hep-
tad repeat (HRN), and the transmembrane domain is adjacent
to the C-terminal heptad repeat (HRC). These HR domains
are �-helical and can oligomerize into coiled-coils composed of
several �-helices. The transient intermediate of F that is an-
chored to both viral and cell membranes is thought to refold
and assemble into a fusogenic six-helix bundle (6HB) structure
as the HRN and HRC associate into a tight complex with N
and C peptides aligned in an antiparallel arrangement. The
refolding is thought to relocate the fusion peptide and TM
anchor to the same side, pulling the viral and cell membranes
into close proximity. The formation of a 6HB during this step
would generate the free energy for the membranes to bend
towards each other and serve as the driving force for mem-
brane fusion (42, 52).

Peptides derived from the HRN and HRC regions of the F
protein that interfere with fusion intermediates of F (22, 41,
51) are prime candidates for interfering with viral entry. The
ability of HR peptides to interfere with the class I fusion
process for HIV led to a clinically effective peptide inhibitor of
HIV infection (T-20, or enfuvirtide) (12, 47, 48). The HIV
gp160 attaches to cellular receptors via its gp120 subunit and
mediates fusion via its gp41 subunit. HIV peptides correspond-
ing to the HRC domain of gp41 block viral entry and are
effective for treatment of HIV in humans; T-20 was the first

synthetic HRC peptide approved for HIV treatment (20). Pep-
tides derived from the HRN or HRC regions of paramyxovirus
F proteins can also interfere with fusion intermediates of
paramyxovirus F proteins (2, 22, 41, 51). The HRC peptide
regions of a number of paramyxoviruses, including Sendai vi-
rus, measles virus (MeV), Newcastle disease virus (NDV),
respiratory syncytial virus (RSV), and simian virus 5, can in-
hibit viral infectivity in vitro (17, 22, 41, 49, 51, 54, 55). It has
been proposed that this inhibition occurs because the peptides
bind to their complementary HR region and thereby prevent
HRN and HRC from refolding into the 6HB stable structure
required for fusion (2, 9, 42). Inhibition of the fusion process,
by peptides that interact with the HR regions of the activated
F protein, is a highly promising area for development of anti-
viral therapies.

In the case of HIV, the fusion-inhibitory effect of the T-20
peptide has been recently shown to derive from interacting
with multiple targets, not only preventing 6HB formation but
also binding to gp120 in the region of coreceptor interaction
(25). In order to design the best inhibitors, we must explore
whether effective HR peptides interact directly with HRN se-
quences, with HRC sequences, or with other regions of F and
which interaction determines the antientry effectiveness. Sur-
prisingly, we have found that a heterologous HRC peptide is
highly effective, more so than the homologous peptide, at in-
hibiting HeV fusion and entry.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were maintained in Eagle’s minimal essential
medium supplemented with 10% fetal bovine serum and antibiotics in 5% CO2.
293T (human kidney epithelial) and Vero (African green monkey kidney) cells
were grown in Dulbecco’s modified Eagle’s medium (Cellgro, Mediatech) sup-
plemented with 10% fetal bovine serum and antibiotics in 5% CO2. For NDV
infections, a recombinant green fluorescent protein (GFP)-expressing NDV B1
(vaccine strain) virus (36) was obtained from Peter Palese. For quantitation of
the effects of peptides on NDV viral entry, Vero cell monolayers grown in 24-well
plates were incubated for 90 min with a multiplicity of infection (MOI) of 0.5 of
GFP-expressing NDV B1 virus in medium containing various concentrations of
inhibitors, as we have performed previously (38). The dishes were incubated at
37°C for 24 h, and fluorescent cells in the control and experimental wells were
counted under a fluorescence microscope (Nikon Eclipse TE-2000-U) and pho-
tographed using a Photometrics CoolSnap CF camera. The effect of peptides on
HPIV3 plaque number was assessed by a plaque reduction test performed as
described previously (23). Briefly, Vero cell monolayers were inoculated with an
MOI of 6 � 10�4 of HPIV3 in the presence of various concentrations of
peptides. After 120 min, 2� minimal essential medium containing 10% fetal
bovine serum was mixed with 1% agarose and added to the plates, which were
then incubated at 37°C for 24 h. After removing the agarose overlay, the cells
were immunostained for plaque detection. The numbers of plaques in the control
(no peptide, scrambled peptide) and experimental wells were counted under a
dissecting stereoscope.

Plasmids and reagents. HeV wild-type (wt) G and wt F in pCAGGS were a
gift from Lin-Fa Wang. HIV Tat in the pSV2 vector was obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases, National Institutes of Health, and was used
to transfect target Vero cells for fusion assays. To generate the shortened cyto-
plasmic tail variant of HeV G (HeV G-CT32), an internal primer containing an
EcoR1 site and initiating at position 32 of the open reading frame was used for
nested PCR. The primer sequence was 5� GGAATTCGGCACAATGGACAT
CAAG 3�. Soluble Fc-fusion ephrin-B2 protein was purchased from Sigma and
was dissolved in 1� phosphate-buffered saline (PBS; Mediatech, Cellgro) to a
concentration of 0.5 �g/�l. Stock solutions were stored at �20°C. Anti-HeV G
antibodies were a gift from Benhur Lee.

Transient expression of G, F, luciferase, and tat genes. Transfections were
performed according to the Lipofectamine 2000 reagent manufacturer’s proto-
cols (Invitrogen).

9838 POROTTO ET AL. J. VIROL.



Luminescence fusion assay. A previously described luciferase reporter gene
assay for cell fusion (43) was adapted for quantifying cell fusion promoted by
HeV envelope proteins. Twenty-four-well plates of HeLa cells were transfected
with LTR-luciferase plus HeV F and wt G or CT32 G. Vero cells transfected with
pSV2-TAT (NIH AIDS Research and Reference Reagent Program) were added
to the plates of Vero cells, with or without HRC peptides, and incubated at 37°C
for 24 h. The cells were then washed, lysed (using luciferase lysis buffer [Pro-
mega]), and luciferase activity resulting from fusion of the two cell types was
quantified using luciferase assay substrate (Promega) and a Spectromax M5
(Molecular Devices) luminescence microplate reader.

HR peptides. Peptides were synthesized on a Symphony peptide synthesizer
(Protein Technologies Inc., Massachusetts) by standard Fmoc/2-(1 H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate methods, puri-
fied to homogeneity by high-performance liquid chromatography (Shimadzu
Corp., Kyoto, Japan), and characterized with a matrix-assisted laser desorption
ionization–time of flight mass spectrometer (Voyager DE; Applied Biosystems,
Foster City, CA). Peptides were weighed and then completely dissolved in
dimethyl sulfoxide to a final concentration of 5 mM, based on the molecular
weight provided by the synthesizer. The sequences of the scrambled peptides that
were used as controls were as follows: HPIV3 HRC 45, N terminal-RSIDLIW
KVDATLELKISEASNKGPDNIKINLESQSLDNIEDNRS-C terminal; HeV
HRC 42, N terminal-SDMIPASKLEVSIDTIPQYNLKVQNQSIQDPVSQSDY
SKLTK-C terminal.

Pseudotyped virus infection assay. VSV-�G-RFP is a recombinant vesicular
stomatitis virus (VSV) derived from the cDNA of VSV Indiana, in which the G
gene is replaced with the red fluorescent protein (RFP) gene. We obtained
VSV-�G-RFP complemented with VSV-G from Michael Whitt (University of
Tennessee Health Science Center and GTX Inc.). Pseudotypes with HeV F and
G were generated as described elsewhere (32, 44). Briefly, 293T cells were
transfected with either VSV-G (gift from M. Whitt), HeV-G CT32/F, HeV-G
CT32, or HeV-F. At 24 h posttransfection, the dishes were washed and infected
(MOI of 1) with VSV-�G-RFP complemented with VSV-G. Supernatant fluid
containing pseudotyped virus (HeV F/CT32-G or VSV-G) was collected 18 h
postinfection and stored at �80°C. For infection assays, HeV F/CT32-G or
VSV-G pseudotypes were used at an MOI of 0.25 to infect Vero cells in the
absence of serum. Peptides (HRN or HRC peptides derived from either HeV F
or HPIV3 F), Ephrin B2, or anti-HeV G antibodies were added at various
concentrations. RFP production at 36 h was analyzed by fluorescence microscopy

(38) and fluorescence-activated cell sorter (FACS; Becton Dickinson FACSCali-
bur) analysis.

Computational methods. Our computational methodology consists of model
building and hydropathic analysis. The available crystallographic structure of the
HPIV3 F protein in its postfusion conformation (pdb 1ZTM, resolution of 3.05
Å) (53) and that of the Hendra virus fusion core (pdb 1WP8, resolution of 2.2 Å)
(50) were used to build models for the interactions between the HRC and HRN
regions of the fusion proteins. The Sybyl molecular modeling suite of programs
(version 7.1; www.tripos.com) was used for model building and optimization and
for visual inspection. The N and C termini were added and modeled as charged;
hydrogen atoms, generally not present in the pdb files, were added and mini-
mized. The case of HPIV3 F presents several modeling limitations, i.e., 100
residues have side chains with missing atoms. These were fixed with the Biopoly-
mer menu in Sybyl, and the side chains of the whole protein were allowed to relax
with energy minimization to an energy gradient of 0.005 kcal mol�1 Å�1. The
default parameters were used, except that the distance-dependent dielectric was
set to 4 due to the solvent accessibility of the protein. The mutants were built
from the optimized crystallographic wild-type structure, and the regions around
the mutation (“hot” radius of 4 Å) were allowed to relax with energy minimiza-
tion. The models for the interaction between HRC from HPIV3 and HRN from
Hendra virus were built from the available crystallographic structures, superim-
posing the HRC peptide from HPIV3 on HRC from Hendra virus. The HPIV3
HRC peptide was then manually docked, and the resulting HRC peptide-HRN
complex was energy minimized with the same methods and parameters used
earlier.

The hydropathic analysis, i.e., log P calculation and evaluation of the binding
energies, was performed with the HINT (hydropathic interactions) software
(www.tripos.com). In this work, HINT version 3.10S, which incorporates new
local modifications, was used (1, 19). This software, which is based on experi-
mentally measured solvent partitioning coefficients to calculate free energies of
binding (10, 14, 18), has been used to evaluate the interaction between the HRC
and HRN regions of the fusion protein. For the hydrogens, the “essential”
option, which only considers explicitly polar hydrogens, was chosen, while the
solvent-accessible surface area for protein backbone nitrogens was corrected
with the “�20” option. In previous work (7, 10, 14, 18), we have shown that about
�500 HINT score units correlates with 1.0 kcal mol�1. This relationship was
used in reporting relative free energies in this work.

TABLE 1. Peptide sequences used in this studya

Length (aa) Peptide sequence

IC50 (nM)

HeV HPIV3

Infection Fusion Infection Fusion

a Derived from the HRC regions of HeV F and HPIV3 F. The heptad repeat domains are shown in green. Mutations are shown in red in the left column and are
also indicated in red in the peptide sequence. The HPIV3-derived peptides are ordered according to their IC50 for HeV-pseudotyped virion entry (shown in blue).
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RESULTS

Peptides corresponding to the HRC region of HeV and
HPIV3 F inhibit HeV G/F-mediated cell fusion. In order to
predict the location of the two coiled-coil regions on HeV and
HPIV3 F, HRC, and HRN, we used the program Learncoil
along with information from previous reports (4, 13, 22). These
domains are found on opposite ends of the F protein and are
separated by almost 300 amino acids (aa). Using the predicted
coiled-coil regions, we synthesized corresponding peptides,
whose sequences are presented in Table 1.

For experiments assessing the potency of HR peptides at
inhibiting HeV fusion, we generated a mutated HeV G, with a
shortened cytoplasmic tail, that is highly effective at activating
F (a manuscript in preparation details the properties of this
mutant). The pairing of this mutated G with HeV F results in
enhanced fusion and thereby allows for amplification of differ-
ences in potency between inhibitory compounds. The complete
cytoplasmic tail (CT) of HeV G, including the transmembrane
domain, consists of 46 amino acids and contains three methi-
onine residues, each of which is a potential initiation site. The
CT of the mutant G that we generated initiates at the third
methionine, so that 32 amino acids are lost and only 14 remain,
with the resulting “G-CT32” activating F to mediate fusion
much more effectively than HeV G-wt. We hypothesized that
differences in potency of inhibitors would be more evident in
the attempt to block F-mediated fusion in cells expressing
G-CT32 than in cells expressing G-wt.

The efficacy of the HR peptides was first tested using a

luciferase reporter-gene fusion assay (43) that we adapted for
quantifying fusion mediated by the envelope proteins of HeV.
HeLa cells coexpressing HeV F with G-wt or G-CT32 were
transfected with a vector that contains the luciferase gene
under the control of an HIV-LTR promoter and were overlaid
with cells that express HIV-Tat. Thus, luciferase expression
only occurs when cells containing Tat fuse with those trans-
fected with luciferase. Fusion in the presence or absence of
synthetic peptides, added together with the overlay cells, was
measured after incubation at 37°C for 24 h. Addition of pep-
tides together with the overlay cells ensured that the peptide
was present during the entire process and might interrupt
either triggering of the fusion protein or fusion itself.

Figure 1 shows the quantitation of fusion mediated by HeV
F coexpressed with HeV G-wt (Fig. 1A), HeV G-CT32 (Fig.
1B), HPIV3 F coexpressed with HPIV3 HN (Fig. 1C), or
NDV-AV F coexpressed with NDV-AV HN (Fig. 1D) at 24 h,
in the presence of increasing concentrations of HPIV3 HRC
peptide or HeV HRC peptide. Fusion is quantitated between
viral envelope glycoprotein (HeV G/F, HPIV3 HN/F, or
NDV-AV HN/F)/HIV-LTR-luciferase expressing cells and
HIV-Tat-expressing cells, and the results are expressed as per-
cent inhibition of fusion at 24 h (y axis) (compared to control
cells) by different peptide concentrations (x axis). It may be
seen from Fig. 1A that fusion mediated by the HeV glycopro-
teins F and G-wt was decreased by HeV-HRC in a dose-
dependent manner; significant inhibition was caused by 0.01
�M peptide, with about 0.1 �M required for 50% inhibition.

FIG. 1. Inhibition of cell fusion mediated by HeV wt G/F, HeV CT32/F, HPIV3 HN/F, and NDV AV HN/F by HRC peptides derived from
HeV F and HPIV3 F. The reporter gene assay quantitates fusion between target Vero cells that express HIV Tat (which activates LTR-luciferase
production) and effector HeLa cells transfected with luciferase and either HeV wt G/F (A), HeV CT32/F (B), HPIV3 HN/F (C), or NDV AV HN/F
(D). The target and effector cells were combined along with different concentrations of the HeV F- or HPIV3 F-derived HRC peptides.
Luminescence was measured after 24 h at 37°C. The x axis shows the concentration of HRC peptide derived from HeV F or HPIV3 F. The results
are expressed as percent inhibition of fusion compared to cells that were not treated with peptide (y axis). The values are means (� standard
deviations) of results from at least three experiments.
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Surprisingly, HPIV3-HRC inhibited fusion more effectively
than the homotypic HeV HRC (Fig. 1A). The concentrations
of the heterotypic HPIV3 HRC that inhibited fusion by 75%
and by 100% were 0.1 and 1.0 �M, while 100% inhibition by
HeV HRC required a 10 �M concentration of peptide.

Figure 1B shows that cell fusion mediated by HeV F coex-
pressed with the variant G-CT32 was also inhibited by both
HRC peptides and that, at each concentration, the HPIV3
HRC peptide was more inhibitory than the homotypic HeV
peptide. The difference in effectiveness is apparent at each
concentration of the HeV or HPIV3 HRC peptide. A 0.1 �M
concentration of the HPIV3 peptide completely inhibited fu-
sion in cells expressing the variant G-CT32 protein, while the
HeV peptide only achieved 50% inhibition at this concentra-
tion. The differences between effectiveness of the HPIV3 and
HeV peptides are apparent at the 0.01 �M and 0.1 �M con-
centrations. Figure 1C shows that only the HPIV3 HRC pep-
tide inhibits fusion mediated by the HPIV3 glycoproteins, al-
though at higher concentrations than those required for
inhibition of HeV. Specificity is indicated by the lack of inhib-
itory activity versus NDV; as seen in Fig. 1D, fusion mediated
by NDV-AV glycoproteins is not affected by either HRC pep-
tide. In this and every subsequent experiment, a scrambled
peptide (see Materials and Methods) was used as a negative
control and was ineffective (data not shown).

These experiments demonstrated that the HPIV3 HRC pep-
tide not only inhibited HeV G/F-mediated cell fusion but also
was far more effective than the homotypic peptide derived
from HeV F itself. The differences between the two peptides in
inhibition of fusion in cells coexpressing F with wt G (Fig. 1A)
or G-CT32 (Fig. 1B) confirm our suggestion that the advantage
of the stronger inhibitor is more evident when HeV F is coex-
pressed with the highly fusion-activating G-CT32 variant than
with wt G. The result is specific because NDV fusion is inhib-
ited by neither HPIV3 nor HeV peptides, and HPIV3 fusion is
inhibited only by the homotypic peptide. These findings led us
to further explore the potential of HPIV3 HRC peptides as
inhibitors and to investigate the properties of these peptides
that make them effective against HeV.

Shorter peptides are effective for inhibition of HeV F-medi-
ated cell fusion. Since both the HeV and HPIV3 HRC pep-
tides inhibited HeV fusion, we hypothesized that their action

might be attributable to homologous segments and that the
nonhomologous segments might be eliminated without loss of
function. Shorter inhibitory peptides may be better potential
therapeutic candidates, as well as providing useful tools for
studying the mechanisms that regulate conformational changes
in the activated F protein. While peptides of 45 aa in length
would be unwieldy and expensive as a treatment tactic, shorter
but equally effective peptides could be therapeutic agents. In
order to determine which sections of the peptides are critical
for inhibition, we aligned the sequences of the HPIV3 HRC
45-mer and HeV HRC 42-mer peptides using SIM (http://us
.expasy.org) to detect homologous regions. The best alignment
obtained using the BLOSUM62 matrix was a 36-amino-acid
segment in the two peptides showing 30.6% sequence identity.
Using the SIM prediction, the two HRC 36-aa peptides were
then synthesized (for sequences, see Table 1) and compared
with the full-length HRCs.

Inhibition of fusion by cells coexpressing HeV F and G-
CT32 was used to evaluate the HeV and HPIV3 HRC 36-mers
alongside their longer counterparts. The use of the variant G in
these experiments allowed for amplification of differences in
potency between individual peptides.

Figure 2 contains the results of experiments using HeV and
HPIV3 peptides to inhibit fusion mediated by HeV glycopro-
teins (Fig. 2A). The effects of the different peptide concentra-
tions (x axis; log scale) are expressed as the percentage of
inhibition of cell fusion compared to untreated control cells (y
axis). For inhibition of HeV glycoprotein-mediated fusion,
both 36-aa peptides retained inhibitory powers equal to that of
their longer counterparts. Any differences between HPIV3
HRC 45 and 36 and HeV HRC 42 and 36 were insignificant at
all concentrations. The difference between the HPIV3- and
HeV-derived peptides in inhibiting HeV fusion, however, is
clear along the entire concentration range. HPIV3 HRC pep-
tides inhibit much more effectively than HeV HRC peptides;
this is most apparent at the lower concentrations of peptide,
for example, at 0.005 �M (5 nM), where inhibition by HPIV3
peptides is over 40% and HeV peptides inhibit fusion by only
about 12%. Figure 2B shows that the shorter HPIV3 HRC
peptide is equally effective at inhibiting fusion mediated by
HPIV3 glycoproteins and confirms that the HeV peptides have
no heterotypic inhibitory effect on HPIV3.

FIG. 2. Fusion inhibition by shortened HeV F- and HPIV3 F-derived HRC peptides. The effect of HRC peptides derived from HeV F or
HPIV3 F on fusion by luciferase and HeV CT32/F-expressing cells (A) or HPIV3 HN/F-expressing cells (B) was determined as described for Fig.
1. The results are shown as percent inhibition of fusion compared to cells not treated with peptide (y axis) as a function of the concentration (x
axis, log scale) of full-length peptides (black symbols) or 36-residue peptides (white symbols) present during the 24-h incubation. The values are
means (� standard deviations of the means) of results from at least three experiments.

VOL. 80, 2006 INHIBITION OF HENDRA VIRUS FUSION 9841



The more effective HPIV3 36-aa HRC peptide was then
used to examine the consequences of removing another 8 amino
acids (Table 1). Truncation at the C terminus of this HRC pep-
tide yielded peptide 28A, and the product of truncation at the N
terminus of the molecule was called peptide 28B. The two 28-
mers were tested for their effects on the fusion of cells transfected
with HeV or HPIV3 envelope proteins. Figure 3 contains the
results of experiments using HPIV3 peptides to inhibit fusion
mediated by HeV CT32 G/F. The effects of the different pep-
tide concentrations (x axis; log scale) are expressed as the
percentage of inhibition of cell fusion compared to untreated
control cells (y axis). Neither of the two truncated HPIV3 HRC
28-aa peptides significantly inhibited fusion by HeV G-CT32/
F-coexpressing cells (Fig. 3) or by HPIV3 HN/F-coexpressing
cells (data not shown), whereas the corresponding HPIV3
36-aa HRC peptide prevented fusion of cells expressing either
set of proteins. The 50% inhibitory concentration (IC50) values
are also shown in Table 1. These results suggest that both
8-amino-acid segments, or parts of them, that were removed
from HPIV3 HRC-36 contain residues that are essential for
fusion-inhibitory action.

FIG. 3. Fusion inhibition by 36-residue and 28-residue HPIV3
HRC peptides. The effect of HRC peptides derived from HPIV3 F on
fusion by HeV CT32/F/luciferase-expressing cells was determined as
described for Fig. 1. The results are shown as percent inhibition of
fusion compared to cells not treated with peptide (y axis) as a function
of the concentration (x axis, log scale) of HPIV3 36-residue peptide,
HPIV3 28-residue peptide A, or HPIV3 28-residue peptide B present
during the 24-h incubation. The values are means (� standard devia-
tions of the means) of results from at least three experiments.

FIG. 4. Selection of mutation sites for the HPIV3 HRC-derived peptide. (A) Definition of chain I and chain II with respect to HRN. Since each
HRC presents two different faces to neighboring HRN chains in the six-helix bundle, we define the clockwise neighbor as chain I and the
counterclockwise neighbor as chain II. (B) The HINT score interactions for each residue of the required segments of the peptide with both chain
I and chain II HRNs (average of each of the three HRCs in the 1ztm crystal structure as they interact with the HRN chains [I and II]). Favorable
interactions have positive HINT scores, while unfavorable interactions have negative scores. From this analysis, mutations at two sites, Leu451 and
Ile484, were chosen for further investigation. (C) Comparison of residue-by-residue HINT scores for the wild-type (solid line, purple diamonds),
I484D mutant (blue triangles), L451N mutant (green circles), and double mutant (red squares) peptides interacting with chain I. (D) Comparison
of residue-by-residue HINT scores for the wild-type (solid line, purple diamonds), I484D mutant (blue triangles), L451N mutant (green circles),
and double mutant (red squares) peptides interacting with chain II.
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Mutation of the effective HPIV3 HRC peptide at residues
predicted to increase interaction with the HPIV3 HRN domain
sequences results in loss of inhibitory activity versus HeV. We
undertook to determine whether rational modeling of the in-
teraction between the HPIV3 fusion protein and its derived
peptide could be used to design more effective peptide inhib-
itors. Starting with the crystal structure of the uncleaved
paramyxovirus (HPIV3) fusion protein (pdb code 1ztm) (53),
we analyzed the interactions between the HRN and HRC
domains. Each of the three HRCs has two different “faces”
with respect to HRNs. We called these “chain I” and “chain II”
(Fig. 4A). Although the trimer is itself symmetric, because this
crystal structure is not required by its crystallographic space
group to be symmetric, there were noticeable structural differ-
ences, including different missing atoms among the three in-
stances of each HRC domain (and their chain I and chain II
interactions). Thus, each of our calculations was an average
over all three HRCs. Figure 4B illustrates the interactions for
the “required segments” (residues 449 to 456 and 477 to 484)
of an “average” HRC with its chain I and chain II neighbors,
on a residue-by-residue basis. These interactions were scored
with the HINT program (18), a software tool that analyzes with
equal efficacy polar and apolar interactions and calculates
scores that can be correlated with free energies of binding (10,
14, 18). Within the required segment ends of the peptide we
selected Leu451, which has a quite unfavorable interaction
with chain I, and Ile484, which has unfavorable interactions
with both chain I and chain II, as possible sites for mutation.

In silico calculations of these two residues using a palette of
putative mutations, again using HINT scoring, suggested that
the I484D and L451N mutated peptides, and also the double
mutant, may have the best profiles for improved binding with
chain I and chain II. The resulting score profiles of these
mutants are illustrated in Fig. 4C for chain I and in Fig. 4D for
chain II. It should be noted that the structure optimization
procedure (Sybyl, using the Tripos force field [8]) used to relax
the molecular models after mutation overrelaxes the C-termi-
nal end of the HRC, which is manifested as unrealistically
favorable interactions between the terminal residue and chain

I and chain II. This tends to obscure the actual effects of the
mutation at 484.

These “best-case” mutations would be expected to bind
somewhat better to HPIV3 F, but not substantially so. The
calculations indicated an improvement of only 0.2 to 0.5 kcal/
mol in binding energy for the mutants versus wild-type pep-
tides. This was confirmed in that the mutants were similar or
slightly better in inhibiting HPIV3 fusion (see data in Fig. 5).
However, the mutants have significantly different properties in
that both mutations were replacements of hydrophobic resi-
dues with polar residues within the required segments. Thus,
they are excellent probes for examining the unique phenome-
non of HPIV3-derived peptides inhibiting Hendra virus.

In the experiments shown in Fig. 5, we tested these mutated
peptides for inhibition of HeV glycoprotein-mediated fusion
(Fig. 5A) and HPIV3 glycoprotein-mediated fusion (Fig. 5B).
We also tested for inhibition of NDV-mediated fusion (data
not shown). Also included in the panel of peptides was a
previously described 35-residue HPIV3 peptide (22). This pep-
tide (Table 1) is shifted towards the C terminus and lacks the
first 5 residues of our 36-residue HPIV3 HRC peptide. For
HeV-mediated fusion (Fig. 5A), the single-residue mutations
decrease activity and the double mutation abolishes inhibitory
activity. The 35-residue peptide lacking the N terminus of our
peptide has a markedly decreased inhibitory activity. In the
case of HPIV3 glycoprotein-mediated fusion (Fig. 5B), the
mutated peptides inhibit with similar efficiency compared to
the original peptides. Specificity is indicated by the complete
lack of activity against NDV glycoprotein-mediated fusion
(data not shown). Thus, the mutations at the N and C termini
of the HRC inhibitory peptide abolish heterotypic inhibition of
HeV glycoprotein-mediated fusion by HPIV3 peptides, while
homotypic inhibition is maintained.

HRC peptides inhibit entry of VSV pseudotyped with HeV
envelope proteins and inhibit entry of HPIV3 virions. In order
to test the effectiveness of each peptide in an assay that more
closely mimicked the conditions of viral infection, we set up a
virion-based infection assay for HeV that allowed use of the
G-CT32 protein. HeV glycoproteins were pseudotyped onto a

FIG. 5. Fusion inhibition by HPIV3 HRC peptides mutated at residues predicted to increase interaction with the homotypic HRN domain. The
effect of HRC peptides derived from HPIV3 HRC on fusion by luciferase and HeV CT32/F-expressing cells (A) or HPIV3 HN/F-expressing cells
(B) was determined as described for Fig. 1. The results are shown as percent inhibition of fusion compared to cells not treated with peptide (y axis)
as a function of the concentration (x axis, log scale) of HPIV3 HRC 36-wt, HPIV3 HRC 36-L451N, HPIV3 HRC 36-I484D, double mutant HPIV3
HRC 36-L451N/I484D, or HPIV3 HRC 35 (22) present during the 24-h incubation. The values are means (� standard deviations of the means)
of results from at least three experiments.
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recombinant VSV that expresses RFP but lacks VSV-G. The
resulting pseudotyped virus (VSV-�G-RFP-HeV G-CT32/F)
contains the binding and fusion proteins from HeV. Entry of
the pseudotyped virus into the target cells in the absence and
presence of the HRC peptides was quantified by assessing red
fluorescence through FACS analysis (Becton Dickinson FACS-
Calibur). For comparison, we tested infection with HPIV3
virions.

The results of these experiments are shown in Fig. 6. At the
same time that cells were infected with the various pseudotyped
viruses or viruses, peptide inhibitors were added at different
concentrations and then incubated for 36 h. The effects of the
indicated agents on viral entry are expressed as percent inhi-
bition of viral entry compared to cells infected in the absence
of peptide (y axis). HRC peptides derived from both viruses
avidly inhibited entry of HeV pseudotypes (Fig. 6A). At a 1
�M concentration of all the peptides, viral entry was reduced
by about 95% for all four peptides. However, at the lower
concentrations, a difference can be seen between the HeV
HRC peptides and HPIV3 HRC peptides. The difference is
clear at a concentration of 0.1 �M, where the HeV peptides
only inhibit viral entry by about 60% while the HPIV3 peptides
caused about 90% inhibition. The IC50 of the HPIV3 pep-
tides—approximately 0.02 �M (20 nM)—is more than three
times lower than that of the HeV peptides. In agreement with
Fig. 2, the 36-residue peptides inhibit viral entry at the same
rate as their longer counterparts; no inhibitory action is lost
with the shortening of these peptides. This encouraging result
suggests that the HPIV3 HRC peptide might be effective in
inhibiting viral infection at nanomolar concentrations. In order
to verify that peptide inhibition occurs via a mechanism involv-
ing the HeV surface glycoproteins, the experiment was re-
peated using VSV-G-RFP, which contains the surface glyco-
proteins from VSV itself (data not shown). These control
experiments showed that the infectivity of VSV-G-RFP was
unaffected by HPIV3 or HeV HRC peptides and suggested
that inhibition of entry of the HeV-pseudotyped virus, VSV-
�G-RFP-HeV G-CT32/F, is attributable to interference with
HeV envelope protein function. Since VSV-G requires endo-
cytosis for infection, we performed experiments with other
viruses whose fusion proteins mediate fusion at neutral pH to

confirm the specificity of the observed HeV inhibition. Figure
6B shows that while HRC peptides derived from HPIV3 inhibit
entry of HPIV3 virions, the peptides derived from HeV do not
inhibit HPIV3 entry. In addition, infection with NDV-B1-GFP
was not affected by addition of any of the peptides (data not
shown). Anti-HeV G antiserum and soluble EphB2, which
competes with the cell membrane-bound EphB2 receptor to
bind G, inhibited viral entry as expected (data not shown).

Mutation of the effective HPIV3 HRC peptide at residues
predicted to increase interaction with the HPIV3 HRN domain
sequences results in loss of inhibitory activity versus HeV-
pseudotyped viral entry. In the experiments shown in Fig. 7, we
tested the mutated peptides that were described in Fig. 5 (see
also Table 1) for their effects on entry of the pseudotyped virus
(VSV-�G-RFP-HeV G-CT32/F) that contains the binding and
fusion proteins from HeV (Fig. 7A). These experiments were
performed as for those in Fig. 6, and entry into the target cells
in the absence and presence of the original and mutated HRC
peptides was quantified by assessing red fluorescence through
FACS analysis (Becton Dickinson FACSCalibur). The results
are in accord with the findings on inhibition of HeV glycopro-
tein-mediated fusion (Fig. 5) and indicate the importance of
those residues for heterotypic interaction. Figure 7B shows
that, in contrast, the mutations in the HPIV3 peptides do not
alter their effectiveness at inhibiting HPIV3 entry. For HeV
inhibition, mutation at both ends of the peptide abolished
inhibitory effectiveness at the lower concentrations tested; at
higher concentrations this doubly mutated peptide appears to
somewhat enhance entry of the HeV pseudotypes, and this
phenomenon is being explored.

Modeling and analysis of the effective HPIV3 36-residue
HRC peptide compared to ineffective mutated peptides in the
context of the HeV HRC structure. Without experimental
structural data on how the HPIV3-derived peptide might bind
to the Hendra virus fusion protein, it is difficult to develop a
comprehensive mechanism for this inhibition process. There
are many ways in which the HPIV3 HRC peptide might bind to
the Hendra virus fusion protein and interrupt its fusion, and it
is likely to be a combination of more than one contributing
pathway that yields the overall mechanism. Nevertheless, by
analogy to the HPIV3 HRC peptide inhibiting HPIV3 fusion,

FIG. 6. Inhibition by HPIV3 HRC peptides of infection with HeV G-CT32/F-pseudotyped VSV or infection with HPIV3 virions. (A) Vero cells
were infected with pseudotyped VSV-�G-RFP-HeV G-CT32/F virus at an MOI of 0.25 in the presence of peptides derived from HeV F or HPIV3
F. At 36 h after infection, the number of fluorescent (infected) cells was determined using FACS analysis. (B) Vero cells were infected with HPIV3
at an MOI of 6 � 10�4 in the presence of these peptides, overlaid with agarose at 120 min, and stained at 24 h postinfection. The results (y axis)
are shown as percent inhibition of viral entry (compared to control cells that were infected without inhibitor) as a function of the concentration
(x axis, log scale) of full-length (black symbols) or 36-residue (white symbols) peptides. Values are means (� standard deviations) of results from
five (HeV) or three (HPIV3) experiments.
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we developed molecular models of the HPIV3 HRC peptide as
it might bind to the Hendra virus fusion protein and inhibit its
association with other monomers. Figure 8 illustrates one such
model, in which the HPIV3 HRC peptide was aligned with the
Hendra virus HRN chains by assuming that the C terminus of
the peptide is approximately in register with the N termini of
the HRN chains. Figure 8A shows the overall alignment of the

peptide and two of the Hendra virus HRN chains; Fig. 8B
shows the region of Ile484, illustrating a close and favorable
hydrophobic interaction with the Ile144 of HeV; mutation of
Ile484 to Asp484 (Fig. 8C) disrupts the favorable interaction by
placing the mutant polar Asp side chain in a hydrophobic
region. Our calculations indicate that this mutant HeV HRN
complex would be about 1 kcal/mol less stable than the wt HeV

FIG. 7. Inhibition of infection with HeV G-CT32/F-pseudotyped VSV or infection with HPIV3 by HPIV3 F HRC peptides mutated at residues
predicted to increase interaction with the homotypic HRN domain. Vero cells were infected with either pseudotyped VSV-�G-RFP-HeV
G-CT32/F virus (A) or HPIV3 (B) as described for Fig. 6, in the presence of peptides derived from HPIV3 F. The results (y axis) are shown as
percent inhibition of viral entry (compared to control cells that were infected without inhibitor) as a function of the concentration (x axis, log scale)
of HPIV3 HRC 36-wt, HPIV3 HRC 36-L451N, HPIV3 HRC 36-I484D, double mutant HPIV3 HRC 36-L451N/I484D, or HPIV3 HRC 35 (22).
The values are means (� standard deviations of the means) of results from five (HeV) or three (HPIV3) experiments.

FIG. 8. Possible molecular model depicting the interaction of HPIV3 HRC-derived peptides interacting with the HeV HRN chain. This model
was built by assuming that the C terminus of the HPIV3 HRC-derived peptide would be in register with the N terminus of the complementary HeV
HRN chains of the F monomer when bound. (A) Overall chain trace of the peptide (purple) and protein (green and orange) backbones. Chain
A and chain B are as described in the legend for Fig. 4. (B) The peptide C-terminal region, paying particular attention to the peptide Ile484 residue.
This residue makes a favorable hydrophobic contact with the Ile144 residue of chain A (green) or the Leu147 of chain B (orange). (C) The peptide
C-terminal region, after mutation of Ile484 to Asp. The favorable hydrophobic interactions seen between the wild-type peptide and the HeV HRN
chains are lost and replaced by repulsive hydrophobic polar interactions.
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complex. Similar loss of effectiveness at the second mutation
site, as seen with the double mutant peptide, would yield an
almost-2-orders-of-magnitude loss of binding efficacy. Since
both of the site mutations from hydrophobic to polar residues
were coupled with loss of inhibition efficacy, this suggests that
the original interactions between the peptide and the HeV
chains are tight. Mutations of other types, e.g., acid for base,
hydrophobic for polar, etc., could be assumed to be associated
with loss of hydrogen bonds and display concomitantly dra-
matic effects.

The peptide might, in fact, interact with the HRC chains of
Hendra virus or bridge between two chains and act like a
“strut” to hold them apart and inhibit fusion. Various other
mechanistic/structural possibilities cannot yet be ruled out.
Further experimental data will be required before definitive
molecular models can be made regarding this mixed-species
fusion inhibition.

DISCUSSION

The possibility of inhibiting paramyxovirus fusion with HRC
peptides has been raised (22), and various peptides have been
proposed as candidate therapeutic agents. HRC peptides have
generally been the peptides discussed in this context, since they
are more potent than HRN peptides because they acquire less
coiled-coil structure in solution and therefore aggregate less
(22, 26, 47). Our experiments yielded the result that 45-residue
or 36-residue peptides derived from the HRC region of HPIV3
F are highly effective inhibitors of HeV infection and far more
effective than the published HeV peptide inhibitor (4, 5). A
recent report (6) showed that a shorter (36-mer) modified NiV
peptide inhibited HeV fusion at similar concentrations to
those we report here for the 36-mer HeV peptide; however,
the period during which fusion inhibition was assessed was
10-fold shorter (2.5 h compared to 24 h). We suggest that our
assay methods—a 24-h incubation in medium that contains
serum—provide a test of effectiveness that may be more re-
flective of potential clinical utility than the shorter fusion as-
says used in other studies; such fusion assays with a shorter
overlay time may tend to favor peptides that might not be the
best clinical choices. Most importantly, under identical condi-
tions, the HPIV3-derived peptide reported here is more effec-
tive, with a lower IC50 when tested under identical conditions
in our assays, than previously reported peptides. The HPIV3
peptide we report here is more effective based upon several
criteria: it is more effective than the HeV peptide at inhibiting
fusion mediated by HeV F in concert with the fusogenic vari-
ant G-CT32, and it is more effective at inhibiting entry of
pseudotyped virus with G-CT32. The HPIV3 peptide also re-
tains effectiveness for at least a 48-h incubation period.

Removal of 8 residues from either terminus of the effective
HPIV3 36-residue peptide results in loss of activity, as shown
in Fig. 3. While this may suggest that length is critical, we
propose instead that specific important interactions occur at
these termini. While it has been proposed that HRC peptides
work by preventing the F protein from forming the 6HB
(HRN-HRC interaction) required for fusion, other mecha-
nisms, for example, peptide interaction with another region of
F, have not been ruled out. HRC peptides have been generally
proposed to act by interacting with the corresponding HRN

domain (13, 17, 28), and in fact the interaction of HRN and
HRC domains has been used to map the sequential stages of
fusion (42). In the case of HIV, the fusion-inhibitory effect of
the T-20 peptide has recently been shown to derive from in-
teraction with multiple targets, not only preventing 6HB for-
mation but also binding to gp120 in the region of coreceptor
interaction (25).

Our experimental results, combined with computational
modeling of the possible interactions of the HPIV3 peptide
with the 6HB region of the HeV F protein, suggest a distinct
balance of structural features on the HPIV3 HRC peptide that
render it so effective in inhibiting Hendra virus fusion. As
predicted by modeling, the two fairly minor mutations on this
peptide had a relatively small effect on the peptide’s ability to
inhibit HPIV3 fusion. This concordance gives us some confi-
dence that the mechanism relying on the HRC peptides bind-
ing to the fusion protein HRN chains has at least partial va-
lidity and that it can be modeled when enough experimental
structural data are available. While the fact that the two ends
(8-mers) are so critical in maintaining efficacy of the peptides
as inhibitors may suggest that length is important, a more
intriguing hypothesis is that they are positioning and holding in
place the middle of the peptide sequence. Figure 9 illustrates

FIG. 9. Proposed mechanism for the inhibition of HeV fusion pro-
tein by the native HPIV3 HRC-derived 36-mer peptide. (A) Inhibition
of HPIV3 fusion with the HPIV3 HRC-derived peptide (green; re-
quired segments of eight residues on either end of the peptide are
indicated) as it interacts with the F monomer (HRC in red, HRN in
blue). The structural/functional features of the residue side chains, e.g.,
hydrogen bond donor, hydrogen bond acceptor, hydrophobicity, etc., are
indicated as shapes. Shape complementarity yields stronger interactions
between the peptide and the HRN chain. (B) Inhibition of the HeV F
protein with the HPIV3 HRC peptide. The shape match between the
peptide and the HeV HRN (or possibly HRC) is very good within the
required segments, allowing tighter binding (yellow boxes) of the peptide
ends to a chain of the HeV F. This complex does not allow subsequent
binding of another monomer, thus blocking fusion.
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these concepts in terms of a simple model, with a proposed
mechanism for the inhibition of HeV fusion protein by the
native HPIV3 HRC-derived 36-mer peptide. Figure 9A shows
fusion inhibition for HPIV3 with the HPIV3 HRC-derived
peptide. The structural/functional features of the residue side
chains, e.g., hydrogen bond donor, hydrogen bond acceptor,
and hydrophobic, are indicated as shapes. In this model, shape
complementarity yields stronger interactions between the pep-
tide and the HRN chain. In general, the shape match is good,
particularly within the required segments, but suggests that
mutations of the peptide might improve several properties.
Figure 9B shows inhibition of the HeV F protein with the
HPIV3 HRC peptide, indicating how that peptide may bind
even more strongly to chains of HeV, particularly within the
required segments. The shape match between the peptide and
the HeV HRN (or possibly HRC) is very good within the
required segments, allowing tighter binding of the peptide ends
to a chain of the HeV F. This complex does not allow subse-
quent binding of another monomer, thus blocking fusion. A
mutation to this peptide that would improve or not affect its
binding to HPIV3 might, in contrast, significantly compromise
its binding to HeV.

Although the HR sequences of F proteins are somewhat
conserved among the paramyxoviruses, fusion inhibition by the
corresponding HR peptides has generally been found to be
virus specific. For example, peptides corresponding to the
HRC domains of HPIV3 or HPIV2 prevented cell fusion me-
diated only by the same F protein; each peptide was completely
virus specific (51). HRC peptides derived from either of the
two henipavirus F proteins, HeV or NiV, were found to equally
inhibit the other henipavirus but to have no effect on fusion
mediated by either MeV F or canine distemper virus F (4, 5).
In an earlier study (22), peptides corresponding to the HRC F
domains of HPIV3, MeV, RSV, or HIV-1 were found to in-
hibit fusion mediated by the virus of origin, and there was little
if any cross-inhibition between measles virus, respiratory syn-
cytial virus, or HIV-1. However, while HPIV3 fusion was not
inhibited by the heterotypic HRC peptides, the HPIV3 HRC
peptide inhibited fusion mediated by both the morbillivirus
MeV and the pneumovirus RSV. This potential for interaction
of the HPIV3 F’s HRC with paramyxoviruses of two different
genera stimulated our hypothesis that HPIV3 peptides might
inhibit HeV fusion and might suggest a new inhibitory mech-
anism. Our results not only support the original hypothesis and
the findings of Lambert et al. but, surprisingly, show that the
HPIV3 HRC used in our study was far more effective than the
homotypic (HeV) HRC peptide presently proposed as a can-
didate antiviral molecule (6). This particular HPIV3 peptide
was highly effective both in inhibiting fusion mediated by HeV
G and F and in preventing infection with particles pseudotyped
with G and F, even those with a highly fusion-promoting G
protein.

Several possibilities are under consideration to explain the
finding that the HPIV3 HRC peptide inhibits HeV glycopro-
tein-mediated fusion and entry more effectively than it inhibits
HPIV3-mediated fusion or entry. Fusion in cell culture systems
occurs more rapidly for the HPIV3 proteins than for the HeV
proteins (data not shown), and we are currently investigating
whether the HPIV3 HN is more effective than the HeV G at
triggering its corresponding F protein to fusion readiness, thus

limiting the time window for action of the inhibitory peptides.
A longer time lag to fusion activation for HeV might offer
more opportunity for inhibitory peptide action. Alternatively,
it is possible that the target for the HPIV3 HRC inhibitory
peptide is different in the two viruses, and this is an area of
investigation.

Future studies will further explore the mechanism of HPIV3
HRC inhibition of HeV fusion. We will assess the timing of
interaction of HPIV3 peptide with HeV and determine
whether this interaction occurs when F is expressed alone or
when G actively interacts with F. This information is critical for
the development of potent viral inhibitors, which must target
the virus at the most effective moment during infection. Taking
advantage of the information presented here, together with the
crystal structures of the HPIV3 F protein and additional mo-
lecular modeling of the protein-peptide interactions, new pep-
tides will be designed and tested for their effectiveness at
reducing infection. With an understanding of the determinants
of peptide effectiveness, we believe that it will be possible to
design shorter and more effective peptides as superior candi-
date antivirals.

HR peptides derived from F protein can only inhibit fusion
during a transient phase of F’s conformational transition. HR
peptides that interact with F’s HRC domain do not inhibit
infection unless F has been triggered (11, 34, 42) and act only
during the period of conformational shift. On the other hand,
receptor-mimicking molecules that act by blocking binding can
act only before F has been triggered. We propose that com-
bining the two classes of potential antiviral agents may be
advantageous, and future studies will test this concept. While
we have shown that specific non-HeV paramyxovirus HRC
peptides are highly effective at inhibiting HeV fusion, far more
effective than the published HeV peptide inhibitor (6), we
contend that any approach that works only after F triggering
and insertion occurs carries inherent risks and would benefit
from combination with the strategy of inactivating or blocking
virus before it can reach the target cell.
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