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Typical of many viral fusion proteins, the sequence of the Newcastle disease virus (NDV) fusion protein has
several heptad repeat regions. One, HR1, is located just carboxyl terminal to the fusion peptide, while the
other, HR2, is located adjacent to the transmembrane domain. The structure and function of a synthetic
peptide with a sequence from the region of the NDV HR1 region (amino acids 150 to 173) were characterized.
The peptide inhibited fusion with a half-maximal concentration of approximately 2 mM; however, inhibition
was observed only if the peptide was added prior to protease activation of the fusion protein. This inhibition
was virus specific since the peptide had minimal effect on fusion directed by the Sendai virus glycoproteins. To
explore the mechanism of action, the potential HR1 peptide interaction with a previously characterized fusion
inhibitory peptide with a sequence from the HR2 domain (J. K. Young, R. P. Hicks, G. E. Wright, and T. G.
Morrison, Virology 238:291–304, 1997) was characterized. The results demonstrated an interaction between the
two peptides both functionally and directly. First, while the individual peptides each inhibit fusion, equimolar
mixtures of the two peptides had minimal effect on fusion, suggesting that the two peptides form a complex
preventing their interaction with a target protein. Second, an HR2 peptide covalently linked with biotin was
found to bind specifically to HR1 peptide in a Western blot. The structure of the HR1 peptide was analyzed by
nuclear magnetic resonance spectroscopy and found to be an a helix.

Infection by paramyxoviruses such as Newcastle disease vi-
rus (NDV) is initiated by attachment of virions to cell surfaces
followed by fusion of the viral membrane to cell plasma mem-
branes. These steps are directed by the viral glycoproteins, the
hemagglutinin-neuraminidase (HN) protein and the fusion (F)
protein (reviewed in reference 28). The HN protein is an
attachment protein which binds to sialic acid-containing cell
receptors. Subsequent fusion is directed by the F protein, al-
though in most systems, the HN protein also plays a necessary
but poorly understood role (27).

The F glycoprotein is synthesized as a precursor (F0), which
is activated upon proteolytic cleavage to produce disulfide-
linked F1 and F2 (28). Several domains important for fusion
activity have been identified in the F1 polypeptide. One do-
main, the fusion peptide, is located at the amino terminus and
is thought to insert into the target membrane to initiate mem-
brane fusion (reviewed in reference 24). The F protein also
contains two heptad repeat (HR) domains, HR1 and HR2 (5,
9). HR1 is located just carboxyl terminal to the fusion peptide,
and HR2, which has a leucine zipper motif, is located adjacent
to the transmembrane domain. Mutational analyses of both
HR domains have shown that they are important to the fusion
activity of the protein (4, 38, 41).

Synthetic peptides with sequences from the HR2 domains of
several paramyxoviruses inhibit membrane fusion in a virus-
specific manner (29, 37, 48, 52, 55). These studies were stim-
ulated by findings, initially reported by Wild et al., that pep-
tides with sequences from either of two HR regions of the

human immunodeficiency virus (HIV) gp41 protein would in-
hibit HIV fusion (45–47). Furthermore, it has been shown that
a mix of peptides with sequences from both gp41 HR regions
or protein fragments containing both regions interact to form
a six-stranded helical bundle (10, 43, 44). In addition, struc-
tural analysis of a soluble form of the simian immunodeficiency
virus gp41 has shown the presence of this six-stranded struc-
ture in the intact ectodomain of the protein (7). On the basis
of these results, it has been proposed that the fusion-active
form of the HIV gp41 is folded such that the two HR domains
interact and that this interaction may be involved in the close
approach of the attack and target membranes (10, 17, 31, 36,
43, 44). It has been suggested that peptides with sequences
from either region may inhibit HIV fusion by blocking this
interaction (17, 31, 36).

We have previously shown that a synthetic peptide with a
sequence from the HR2 region of the NDV F protein will
inhibit NDV fusion (55). We were therefore interested in de-
termining if a peptide with a sequence from the HR1 domain
of the NDV F protein could inhibit fusion and if such a peptide
could interact in a specific manner with the HR2 sequences.
We report here that a peptide with a sequence from the HR1
region of the NDV F protein will inhibit fusion if added to cells
prior to the cleavage of the F protein. Furthermore, we present
two lines of evidence that the HR1 peptide can interact with a
peptide with a sequence from the HR2 region of the F protein.
Using very different approaches, Ghosh et al. (19) and Joshi et
al. (26) suggested an interaction between the HR1 and HR2
regions of Sendai virus and simian virus 5 (SV5), respectively.
We also report here the structure of the HR1 peptide deter-
mined by nuclear magnetic resonance (NMR) spectroscopy.

MATERIALS AND METHODS

Peptides. Peptide NDVFhr24, which corresponds to a 24-amino-acid segment
(amino acids 150 to 173) of HR1 of the NDV F protein (see Fig. 1B), was
obtained from Tufts University School of Medicine Peptide Core Facility, Bos-
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ton, Mass. The peptide was purified by the Tufts facility to 98% by high-pressure
liquid chromatography. This peptide was used for both biological and NMR
studies without further purification.

Peptide NDVFz20, which corresponds to a 20-amino-acid segment (amino
acids 478 to 497) of HR2 of the NDV F protein (Fig. 1C), was also obtained from
the Tufts University Peptide Core Facility and has been described previously
(55).

Peptide NDVFz20-biotin, also obtained from the Tufts University Core Fa-
cility, has the sequence of NDVFz20 with the addition of a biotin residue
followed by three glycine residues at the amino terminus.

Cells, vectors, and F mutant genes. Cos-7 cells, obtained from the American
Type Culture Collection, were maintained in Dulbecco’s modified Eagle’s me-
dium supplemented with nonessential amino acids, vitamins, penicillin-strepto-
mycin, and 10% fetal calf serum. NDV HN and F genes (derived from strain AV)
were expressed in Cos-7 cells by using pSVL (Pharmacia) as previously described
(40). Viral genes were inserted into SacI- and XbaI-cut plasmid DNA. Two
mutants with mutations of the F gene with altered cleavage sites, mutants F115G
and F117L, have been described previously (30, 35).

Sendai virus HN and F genes were the generous gifts of D. Nayak. The genes
were inserted into pSVL.

Trypsin digestion of cell surface F0. Cells were washed twice in OptiMem
(BRL/Gibco), incubated at room temperature for 10 min in OptiMem containing
5 or 10 mg of acetylated trypsin per ml, washed in OptiMem containing 20 mg of
soybean trypsin inhibitor per ml, washed twice in OptiMem, and then incubated
in supplemented Dulbecco’s modified Eagle’s medium.

Transfections. Transfections with dioleoyl-L-a phosphatidylethanolamine
(DOPE) were done essentially as described previously (8, 30). Briefly, Cos-7 cells
were plated at 2 3 105 per 35-mm plate and transfected 18 h later (the mono-
layers were 50 to 80% confluent). For each 35-mm plate, a mixture of 1.0 mg of
HN DNA and 1.0 mg of F DNA in 0.1 ml of OptiMem and 10 ml of DOPE in 0.2
ml of OptiMem was incubated at room temperature for 45 min, diluted with 0.7
ml of OptiMem, and added to a plate previously washed with OptiMem. The
cells were incubated with the DOPE-DNA mixture for 5 to 7 h, and then 2 ml of
Cos-7 cell medium was added.

Fusion assays. At 48 h posttransfection, the nuclei in 20 to 40 fusion areas
were counted to determine the average size at each time point as previously
described (30, 40). Values obtained after transfection of the vector alone were
subtracted.

Peptide blots. Peptides were spotted onto Immobilon-P (Millipore Corp.)
membranes prewetted in phosphate-buffered saline (PBS). The membranes were
air dried for 2 h. After brief washes in methanol and then PBS, the membranes
were incubated for 2 h at room temperature or overnight at 4°C in PBS con-
taining 0.5% Tween 20 and 10% nonfat dried milk. The membranes were washed
in PBS-Tween 20 and incubated for 3 h at room temperature with NDVFz20-
biotin diluted in PBS-Tween 20 and 0.5% nonfat milk. The membranes were
washed and then incubated for 2 h at room temperature with neutravidin cou-
pled to horseradish peroxidase (HRP) (Pierce) diluted in PBS-Tween 20 and
0.5% nonfat milk. The membranes were washed extensively, and bound neutra-
vidin was detected with the ECL Western blotting detection reagent system
(Amersham).

NMR sample preparation and experiments. NMR samples were prepared by
dissolving 2 mg of the synthetic peptide in 600 ml of 90% 1H2O–10% 2H2O
buffered to a pH of 4.0 with 50 mM sodium acetate and 500 mM sodium dodecyl
sulfate (SDS) to a final concentration of 1.15 mM (90% purity correction).
Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as an internal
chemical shift reference.

All NMR experiments were conducted at Cornell University (laboratory of
Linda K. Nicholson, Section of Biochemistry, Molecular and Cell Biology) on a
Varian INOVA 600-MHz NMR spectrometer with the use of the 1H channel of
a triple-resonance probe (1H, 13C, and 15N). Spectra were processed and inter-
preted at Colgate University with NMRpipe on a Silicon Graphics Extreme
Indigo2 workstation.

Six phase-sensitive watergate-TOCSY (16, 25) experiments were performed
every 5°C over a temperature range of 20 to 45°C by using a spin-lock mixing
pulse of 80 ms and an MLEV-17 mixing sequence with a 2.5-ms trim pulse at the
beginning and end of the MLEV sequence (3). The spectral width in both
domains was set to 8,000 Hz. At the beginning of each experiment, 32 dummy
scans were collected to allow the system to reach thermal equilibrium. A total of
2K (K 5 1,024 points) time-domain datum points for 512 t1 values of 32 scans
each were acquired and then zero filled to 4K by 4K, followed by processing with
a 90°-shifted sine function in both dimensions. After investigation of each
TOCSY (total-correlation spectroscopy) spectrum, it was determined that the
experiment performed at 25°C provided the best amide peak-to-peak resolution.

The phase-sensitive watergate-NOESY (6) experiment was performed with a
mixing pulse of 200 ms at 25°C. The spectral width in both domains was set to
8,000 Hz. At the beginning of each experiment, 32 dummy scans were collected
to allow the system to reach thermal equilibrium. A total of 2K time-domain
datum points for 1,024 t1 values of 32 scans each were acquired and then zero
filled to 4K by 4K, followed by processing with a 90°-shifted sine function in both
dimensions.

Molecular modeling. The molecular-modeling (simulated-annealing) calcula-
tions conducted during this investigation were performed with BioSym software

(InsightII, NMRchitect, and Discover) from Molecular Simulations Inc. on a
Silicon Graphics Extreme Indigo2 at Colgate University. Simulated-annealing
calculations involved a search of all conformational space to find the global
minimum-energy conformation of the molecule (13, 53, 54). Structures were
generated for NDVFhr24 with the NMR-derived interproton distance restraints
and hydrogen bond data and using simulated-annealing calculations involving 16
separate phases. These calculations began with an arbitrary or linear extended
conformation to prevent any initial bias in the starting structure toward a par-
ticular secondary-structure feature. Phase 1 involved randomization of all atomic
coordinates by 10 Å followed by 100 iterations of steepest minimization, using a
quadratic potential and very low force fields for each term of the pseudo-energy
function. Phase 2 involved additional minimization with 1,500 iterations of con-
jugate minimization. During these minimization steps (phases 1 and 2, or the
preparation stage), the covalent force fields were reduced to 0.02% of their full
value and experimental (interproton distances and hydrogen bonds), nonbond,
and chiral force fields were reduced to 0.1% of their full value. Phases 3 through
5 involved simulated annealing with restrained dynamics for 30 ps with scaling of
the force fields. Molecular dynamics (phase 3, or folding stage) was applied by
using weak force fields to allow the potential energy of the system to equal the
kinetic energy at 1,000 K. The low values of the force fields allow atoms and
bonds to pass through each other (13). In this folding stage, the experimental
force fields were scaled up to their full value, covalent and chiral force fields were
scaled up to 15% of their full value, and nonbond force fields were scaled up to
0.1% of their full value. Next, the regulation stage (phase 4) scaled up the
covalent force fields to their full value and the nonbond force fields to 15% of
their full value, so that the coordinates of all the atoms were more tightly held.
Phase 5 restrained the molecule significantly by scaling the chiral force fields to
their full value, the nonbond force fields to 25% of their full value, and the
experimental force fields to twice their full value. Phases 6 through 10 involved
cooling of the molecule from 1,000 to 300 K over 10 ps (2 ps for each phase) with
the nonbond force fields scaled to their full value. The next two phases (11 and
12) involved 100 iterations of steepest minimization and 1,500 iterations of
conjugate minimization while scaling the nonbond force fields to their full value.
Phases 13 and 14 involved 100 iterations of steepest minimization and 1,500
iterations of conjugate minimization while the experimental force fields were
scaled back to their full value. The final phases (phases 14 and 15) involved 100
iterations of steepest minimization and 1,500 iterations of conjugate minimiza-
tion with a Lennard-Jones potential (55).

The final structures were analyzed by the superimposition of the backbone
atoms to determine if the structures converged to a single family of conforma-
tions or if they defined multiple families of conformations. The dihedral angles
were then averaged over the number of structures in a family of conformations
to determine which, if any, secondary-structure features were defined by the
experimental data (13).

RESULTS

Sequence of HR1 synthetic peptide. The amino-terminal end
of paramyxovirus F1 proteins contains two domains, the fusion
peptide and an adjacent HR1 region (diagrammed in Fig. 1A)
(9). Figure 1B shows the sequence of the NDV HR1 region,
from amino acids 140 to 176. Given the idea that the HR1 and
HR2 regions of the F protein may interact, we compared the
structure of an HR2 peptide (NDVFz20 [Fig. 1C] aligned with
the sequence of the entire HR2 region [Fig. 1C]), which had
been previously determined by NMR spectroscopy (55), with a
computer-generated model of the HR1 region and noticed the
possibility of a interaction between the charged surfaces of the
two helices, diagrammed in Fig. 1D, with potential interactions
indicated by arrows. Furthermore, the results of a mutational
analysis of the HR1 region of the intact NDV F protein (40a,
41) showed that the sequence from amino acids 140 to 175 is
important in fusion. Based on these considerations, a sequence
between amino acids 150 and 173 was chosen for a peptide
which might function as an inhibitor of fusion (Fig. 1B,
NDVFhr24).

Peptide inhibition of fusion. To determine if the NDVFhr24
peptide had fusion-inhibitory activity, the effect of increasing
concentrations of peptide on the formation of syncytia was
determined. This peptide was not readily soluble in water or in
buffers at pH 7. However, it was readily soluble at pH 9. After
titration to pH 7, a concentrated stock (2 mg/ml) of peptide
remained in solution for several hours. Thus, to measure the
inhibitory activity of the peptide, solutions of concentrated
peptide at pH 9 were diluted into media in which Cos-7 cells
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were growing. Syncytium formation directed by expression of
the wild-type F protein gene derived from NDV (strain AV) in
the presence of the NDV HN protein was not inhibited even at
very high concentrations of peptide (Fig. 2A).

However, the peptide does inhibit fusion if added before
cleavage of the F protein (Fig. 2B). The wild-type F protein
has, at the cleavage site, a sequence recognized by furin en-
zymes in the Golgi membranes and therefore is cleaved intra-
cellularly and inserted at the cell surface in a cleaved form
(reviewed in reference 28). To determine if the HR1 peptide,
NDVFhr24, could inhibit fusion if added before F-protein
cleavage, use was made of a mutant F-protein gene which has
an alteration in the cleavage site, F115G. This mutant can be
activated by the addition of exogenous trypsin, and syncytium
formation rapidly proceeds as previously described (30). If
NDVFhr24 peptide was added prior to incubation with trypsin,

there was an efficient inhibition of fusion, with 50% inhibition
at approximately 2 mM peptide. Identical results were obtained
with F117L, another cleavage mutant of the NDV (AV) F-
protein gene (not shown) (35). Thus, the HR1 peptide is an
inhibitor of fusion.

Inhibition of fusion was not due to an inhibition of cleavage
by trypsin in the presence of the HR1 peptide. The extent of
cleavage of cell surface F0 by trypsin digestion of cells express-
ing F117L protein in the presence or absence of peptide was
quantitated (Table 1), and no difference in the amount of F1
was detected in the presence or absence of HR1 peptide. In
addition, coexpression of HN and F117L did not change the
results.

Peptide-mediated inhibition of fusion is virus specific. To
determine if the HR1 peptide will inhibit fusion directed by
other paramyxovirus glycoproteins, we determined the activity

FIG. 1. Sequence of peptides from the HR1 and HR2 regions of the NDV F protein. (A) Diagram of the fusion protein of NDV, with the approximate locations
in the linear sequence of the HR1 and HR2 domains with respect to the fusion peptide sequence, the membrane anchor, and the cytoplasmic domain, as well as the
cleavage site which generates F1 and F2 polypeptides. (B) Amino acid sequence from the HR1 region from amino acids 140 to 176 as well as the sequence of the
NDVFhr24 (HR1) peptide. (C) Sequences of the NDV F HR2 region from amino acids 467 to 502 and the NDVFz20 (HR2) peptide. (D) Helical structure of NDVFz20
determined previously (55), presented alongside a computer-predicted structure of NDVFhr24. Potential interactions of the charged surfaces of the two helices are
shown by arrows.
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of NDVFhr24 on fusion directed by the Sendai virus HN and
F proteins. The Sendai virus F protein expressed in tissue
culture cells is not cleaved by furin but must be cleaved by the
addition of exogenous trypsin (reviewed in reference 28).
Cos-7 cells coexpressing the Sendai virus HN and F proteins
will not fuse. However, after trypsin-mediated activation, fu-
sion rapidly proceeds, as illustrated in Fig. 3A. To determine
the effect of the HR1 peptide on this fusion, Cos-7 cells co-

transfected with pSVL-Sendai virus F and pSVL-Sendai virus
HN were incubated in the presence of peptide. Fusion was
activated by the addition of exogenous trypsin, and the size of
syncytia was measured at 3 and 5 h after protease activation.
Cells expressing Sendai virus glycoproteins and incubated in
the presence of HR1 peptide formed syncytia (Fig. 3B), al-
though the sizes of the syncytia were reduced slightly at very
high concentrations of peptide. Thus, the HR1 peptide with
the NDV sequence has only a slight effect on Sendai virus
fusion.

Fusion in the presence of both HR1 and HR2 peptides. If
there is an interaction between the HR1 and HR2 regions of
the NDV F protein, peptides from these two regions may also
interact, mimicking the structure in the intact protein. If such
an interaction occurs, the peptide complex may be unable to
interact with domains on the intact protein to inhibit fusion. To
test this idea, mixtures of the HR1 and HR2 peptides
(NDVFhr24 and NDVFz20) were added to cells expressing
F115G or F117L and HN prior to trypsin-mediated activation.
As shown in Fig. 4A, the mixtures of peptides had much less
inhibitory activity than did of the individual peptides added
separately, and an equimolar mix of HR1 and HR2 peptides
had the least inhibitory activity. Importantly, mixing of the two
peptides did not result in aggregation and precipitation of the
peptides (data not shown).

If the loss of inhibitory activity in mixtures of the two pep-
tides was due to the formation of a complex between the two
peptides, sequential addition of the peptides to the cells should
still result in significant inhibition of fusion, since the first
peptide added would interact with the intact protein and be
unavailable to interact with the second peptide when added.
Indeed, addition of HR1 peptide followed by the addition of
HR2 peptide resulted in fusion inhibition, as did the sequential
addition of HR2 peptide and then HR1 peptide (Fig. 4B).

Binding of HR2 peptide to HR1 peptide. The finding that
mixtures of HR1 and HR2 peptides showed less inhibition of
fusion than did either peptide alone suggested that the two
peptides formed a complex which blocks the interaction of
each of the peptides to its target. To determine directly if the
two peptides interact, a modification of a Western blotting
protocol was used. The HR1 peptide, NDVFhr24, was bound
to an Immobilon-P membrane. In addition, two nonspecific
peptides, substance P and aprotinin, were bound (diagrammed
in Fig. 5B and D). The membrane was incubated with HR2
peptide that was covalently linked at its amino terminus to
biotin (NDVFz20-biotin). Any NDVFz20-biotin peptide bind-
ing to the membrane was detected by using the biotin binding
molecule neutravidin, which was coupled to HRP. As shown in
Fig. 5A and C, the HR2 peptide, NDVFz20-biotin, bound to
the HR1 peptide, NDVFhr24, but did not bind to the nonspe-
cific peptides, substance P and aprotinin. That the binding of
the HR2 peptide to the HR1 peptide was specific is also indi-
cated by results shown in Fig. 5C to F. The binding of
NDVFz20-biotin was competed by excess NDVFz20 peptide
untagged with biotin.

FIG. 2. Inhibition of fusion by the HR1 peptide, NDVFhr24. (A) Cells co-
transfected with HN and wild-type F cDNAs as described in Materials and
Methods were incubated with 0 to 30 mM NDVFhr24 peptide added with com-
plete medium after transfection. Medium with peptide was replaced every 8 to
12 h. The fusion was measured 48 h after transfection. Values obtained are
shown as a percentage of those obtained without peptide and are the average of
four experiments. (B) Cells transfected with HN and F115G cDNAs were incu-
bated with 0 to 25 mM NDVFhr24 (HR1) peptide beginning 16 h posttransfec-
tion. Medium with peptide was replaced 32 and 45 h posttransfection. At 48 h
posttransfection, the cells were incubated with trypsin (5 mg/ml) as described in
Materials and Methods. Incubation was continued for 6 h in the presence of
peptide and soybean trypsin inhibitor (20 mg/ml), and fusion was determined as
described in Materials and Methods. Data points are from three separate ex-
periments.

TABLE 1. Effect of NDVFhr24 on cleavage of F protein

Peptide

% of F-protein cleavage in cells expressing:

F117L with
trypsin

F117L 1
HN with
trypsin

F117L with no
trypsin

None 73 70 11
NDVFhr24 (30 mM) 72 70 10
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NMR assignments. To determine if the NDVFhr24 was
indeed an a helix as predicted by computer analysis of the
primary sequence, the structure of the peptide was determined
by NMR spectroscopy. NMR analysis of small peptides is usu-
ally carried out in solutions of pH 6 or less. As noted above, the
peptide was soluble in aqueous solutions only at pH 9. This pH
causes a significant loss of structural information due to the
increased 1H-2H exchange rate of the amide protons. This

problem can be overcome by studying the peptide in a hydro-
phobic environment such as micelles. Ideal hydrophobic or
membrane model systems are derived from phospholipid ves-
icles. However, the long correlation times associated with these
systems limit their application to high-resolution NMR exper-
iments. SDS micelles offer reasonable line widths and have
been used extensively as a simple hydrophobic environment for
the investigation of polypeptides (1, 12, 32, 33, 53). The solu-

FIG. 3. Virus specificity of inhibition. (A) Cells transfected with Sendai virus
HN and F cDNAs for 48 h were incubated with trypsin (10 mg/ml) for 10 min
followed by soybean trypsin inhibitor (20 mg/ml) and complete medium. Fusion
was measured at 0, 3, and 5 h after trypsin activation. Data points are from four
separate experiments. (B) Peptide NDVFhr24 was added to cells transfected
with Sendai virus HN and F cDNAs at 36 and 45 h posttransfection. At 48 h
posttransfection, the cells were incubated with trypsin for 10 min and then
further incubated for 3 or 5 h in the presence of soybean trypsin inhibitor and
NDVFhr24 peptide. Fusion was measured 0, 3, and 5 h after trypsin activation.
The data are the average of three experiments. Actual variation in data is shown
by vertical bars.

FIG. 4. Inhibition of fusion by mixtures of HR1 and HR2 peptides. (A) Cells
transfected with HN and F115G cDNAs were incubated with either NDVFhr24
(HR1), NDVFz20 (HR2), or different mixtures (amount of HR1/amount of
HR2) of the two peptides as described in the legend to Fig. 2B. Amounts of each
peptide are given in micromoles. At 48 h posttransfection, the cells were incu-
bated with trypsin. Incubation was continued for 6 h, and fusion was determined
as described in Materials and Methods. Values obtained are shown as a per-
centage of those obtained without peptide. The results of one experiment are
shown. Similar results were obtained in two other experiments with the F117L
cleavage mutant. (B) Monolayers of transfected cells (F115G and HN DNAs)
were incubated with equimolar amounts of both peptides (30 mM) but added
sequentially (the order is indicated by peptide added first, peptide added sec-
ond). The first peptide was added 28 and 36 h posttransfection. The second
peptide was added 45 h posttransfection. In the last column (HR11HR2), the
peptides were added together. Trypsin activation was accomplished as described
in the legend to Fig. 2 at 48 h posttransfection.
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bility properties associated with this peptide suggest that this
region of the protein either may be buried in the interior of the
protein or membranes or may be interacting with another
domain in the protein. Therefore, the structure determined in
the presence of micelles becomes relevant since it mimics the
hydrophobic environment found in a protein interior as well as
in membranes.

Assignments of the 1H spectra of the NDVFhr24 peptide
(Fig. 1C) in SDS solution were made by using the technique of
sequence-specific resonance assignments developed by Wüth-
rich (50). The assignments were made by the interactive inter-
pretation of the two-dimensional TOCSY (16, 25) and
NOESY (42) spectra at 25°C. From the TOCSY spectrum, a
set of resonances can be assigned to a particular spin system
(amino acid). Cross-peaks in the TOCSY spectrum arise as a
result of through-bond interactions (15). For example, an
amide 1H magnetization will travel through the bond to the
other 1H atoms in its own spin system until interrupted by a
unprotonated position (16). However, it was not possible to
make specific assignments of like (I2, I9, I13) or similar (L,I,V
and D,N) amino acids by using the TOCSY spectrum because
of the common occurrence of these residues in this peptide.
Therefore, the NOESY (nuclear Overhauser enhancement
spectroscopy) experiment was used to make the sequence-
specific assignments shown in Table 2.

ACSTD. Amide 1H atoms are directly affected by changes in
temperature which cause a change in the chemical shift of the
amide and can be related to intramolecular hydrogen bonding
(39). An amide 1H that is involved in an intramolecular hydro-
gen bond is shielded from the solvent and therefore shows a
low temperature dependence (small change in chemical shift),
while solvent-accessible amide 1H atoms show a high temper-
ature dependence (large change in chemical shift). At higher
temperatures, some of the amide protons of NDVFhr24

overlapped, making the temperature dependence hard to
determine from the one-dimensional spectra. Therefore, six
TOCSY spectra (obtained every 5°C) were acquired over a
temperature range of 20 to 45°C to unambiguously assign the
amide chemical shifts (55). A plot of the chemical shift against
temperature resulted in a linear dependence for each amide
proton (21). The slope of this linear dependence is the ACSTD
(amide chemical shift temperature dependence), and the val-
ues are shown in Table 2 for NDVFhr24 (HR1). The low
temperature dependence (less than 25 ppb/°C) for the amide
1H atoms of R4, L5, E14, A15, E18, V19, and L23 suggests the
presence of seven intramolecular hydrogen bonds.

NOE connectivity and aH chemical shift index. Wüthrich et
al. have reported that the observation of a grouping of specific
medium-range NOEs can be used to determine the existence
of secondary structural features such as an a-helix or a b-turn
(51). The NOEs, obtained from the NOESY spectrum, that
are important to characterize the secondary structure of
NDVFhr24 are shown in Fig. 6. These NOEs suggest that the
secondary structure of NDVFhr24 may be helical due the oc-
currence of strong sequential dNN(i, i 1 1), medium-range
dNN(i, i 1 3), daN(i, i 1 3), and dab(i, i 1 3) and weak daN
(i, i 1 4) connectivities. In particular, the 14 medium-range
dab(i, i 1 3) NOEs strongly suggest that this peptide exists in
a helical structure, since this NOE is observed only in helices
(13, 21, 50). The low occurrence of daN(i, i 1 2) and dNN(i, i 1
2) connectivities strongly suggest that NDVFhr24 is a helical.

Wishart et al. have reported that a deviation of an aH chem-
ical shift from its random-coil value can provide an insight into
the secondary structure (49). A chemical shift that deviates in
a positive direction indicates a possible b-strand structure, and
a negative deviation indicates a possible helical structure. The
deviation of the aH chemical shifts for NDVFhr24 is given in
Fig. 7, which shows that the NDVFhr24 peptide gives a nega-
tive shift in the aH chemical shift index, suggesting a helical
structure.

Molecular modeling. A total of 100 structures were gener-
ated for NDVFhr24 by using the NMR-derived distance con-
straints and intramolecular hydrogen bond data by simulated-
annealing calculations involving 16 separate phases, as
described in Materials and Methods. A total of 212 NOEs were
assigned from the NOESY spectrum collected at a mixing time
of 200 ms. Of these NOEs, 81 represented intraresidue inter-
actions, 82 represented i to i 1 1 interactions, and 49 repre-
sented medium-range (i to i 1 2, i to i 1 3, and i to i 1 4)
interactions. These interactions were converted to interproton
distances by using the strong, medium, and weak designations
of Clore et al. (13). This method involves the visual inspection
of the NOESY spectrum and assignment of each cross-peak
intensity to an interproton distance of 1.9 to 2.7 Å for strong,
1.9 to 3.3 Å for medium, and 1.9 to 4.0 Å for weak (Fig. 6).

As a first step, 20 structures of NDVFhr24 were generated
by using only interproton distance data to determine if a sec-
ondary structure existed. It was evident from the resulting
structures that a stable helix was present throughout the pep-
tide. The seven intramolecular hydrogen bonds determined
from the ACSTD study (Table 2) were assigned based on these
structures. Hydrogen bonds within a reverse turn represent an
i to i 1 3 interaction, while those in a helical structure repre-
sent an i to i 1 4 interaction (14, 51). Therefore, the six
hydrogen bonds were defined from the amide 1H of L5, E14,
A15, E18, V19, and L23 to the backbone carbonyl oxygen of
N1, T10, A11, E14, A15, and V19 respectively. One i to i 1 3
hydrogen bond was defined from the amide 1H of R4 to the
carbonyl oxygen of N1, since it is not possible for an i to i 1 4
hydrogen bond. All hydrogen bonds were assigned a distance

FIG. 5. Interaction of HR2 peptide (NDVFz20-biotin) with HR1 peptide
(NDVFhr24). (A, C, and E) Densitometer scan of chemiluminescent detection
of the binding of NDVFz20-biotin to peptide bound to Immobilon-P mem-
branes. (B, D, and F) Diagrams of the peptides bound to the membrane. (A and
B) NDVFhr24 (HR1), 10 mg (lane 1) and 1 mg (lane 2) and substance P were
bound to a membrane. The membrane was incubated in a solution of NDVFz20-
biotin (0.1 mg/ml), washed, and incubated in a solution of neutravidin-HRP (0.1
mg/ml) as described in Materials and Methods. (C and D) NDVFhr24 (1 mg) and
1 mg of aprotinin were bound to membranes. The membranes were then incu-
bated with 1 mg of NDVFz20-biotin per ml. (E and F) NDVFhr24 (1 mg) and 1
mg of aprotinin were bound to membranes. The membranes were then incubated
with 1 mg of NDVFz20-biotin per ml and 10 mg of NDVFz20 per ml as a
competitor.
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TABLE 2. 1H chemical shift assignments and ACSTD of 1.15 mM NDVFhr24 at pH 4.0 in 750 mM SDS as obtained from the
TOCSY and NOESY spectra at 25°C

Chemical shift (ppm) of: ACSTD
(ppb/°C)HN a b Others

Asn1 4.43 3.11, 3.28 NH2, 6.88, 7.73

Ile2 8.55 4.15 2.01 gCH2, 1.33, 1.58 26.8
gCH3, 0.96
dCH3, 0.96

Leu3 7.85 4.09 1.75 gCH, 1.61 25.8
dCH3, 0.87, 0.95

Arg4 7.90 4.19 1.91 gCH2, 1.67 24.0
dCH2, 3.20
NH, 7.07

Leu5 7.76 4.18 1.82 gCH, 1.72 24.0
dCH3, 0.95

Lys6 8.29 3.87 1.88, 2.01 gCH2, 1.39, 1.50 28.8
dCH2, 1.70
εCH2, 2.94
NH3, 7.49

Glu7 8.26 4.17 2.17, 2.21 gCH2, 2.55, 2.60 27.2

Ser8 8.24 4.40 3.89, 4.05 26.4

Ile9 8.47 3.77 2.01 gCH2, 1.14, 1.76 26.0
gCH3, 0.92
dCH3, 0.83

Thr10 8.16 3.83 4.24 gCH3, 1.24 25.6

Ala11 8.03 4.13 1.52 25.6

Thr12 7.91 3.89 4.32 gCH3, 1.15 26.4

Ile13 8.31 3.52 1.95 gCH2, 1.06 26.4
gCH3, 0.84
dCH3, 0.84

Glu14 8.09 4.08 2.11, 2.21 gCH2, 2.54, 2.66 24.0

Ala15 7.94 4.20 1.58 24.0

Val16 8.32 3.65 2.19 gCH3, 0.91, 1.06 26.0

His17 8.39 4.54 3.30, 3.35 2H, 8.63 26.4
4H, 7.33

Glu18 8.08 4.10 2.21, 2.29 gCH2, 2.53, 2.65 22.0

Val19 7.87 3.99 2.30 gCH3, 0.98, 1.10 21.0

Thr20 8.20 4.15 4.34 gCH3, 1.24 29.8

Asp21 8.10 4.64 2.90 26.8

Gly22 8.00 3.94, 4.01 28.4

Leu23 7.74 4.39 1.72 gCH, 1.60 21.4
dCH3, 0.88

Ser24 8.06 4.47 3.87, 3.94 28.0
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of 2.5 Å. Another 20 structures generated by using interproton
distance and hydrogen bond data converged to one family of
conformations. Therefore, 100 structures were generated for a
final analysis by using the protocols in Materials and Methods.
Twenty randomly selected structures of NDVFhr24 are shown
in Fig. 8A, with all backbone atoms superimposed, showing
convergence to a helical structure. The average energy of the
resulting structures was 270 kcal/mol. The root mean squared
deviations of the backbone atoms for the 100 structures range
from 0.01 to 0.70 Å.

Peptide secondary structure. To characterize the secondary
structural features of the NDVFhr24 peptide, the individual
backbone dihedral angles were averaged over the 100 struc-
tures obtained from molecular modeling and are given in Ta-
ble 3. Dihedral angles that vary by 620° or less are considered
sufficient to compare with ideal dihedral angles of known sec-
ondary structural features (14). For NDVFhr24, all dihedral
angles vary by only 610.6° or less with the exception of N1
(C 5 69.2 6 130.3) and S24 (f 5 229.2 6 87.7), consistent
with the greater degree of motion expected at each terminus.
These dihedral angles correspond to a right-handed a helix
(f 5 257, C 5 247) (14, 51).

DISCUSSION

Peptide structure. As noted above, the structure of the
NDVFhr24 peptide was determined in SDS micelles since the
peptide was not soluble in aqueous solutions compatible with
NMR analysis. SDS micelles have been used extensively in the
investigation of polypeptide structure (1, 12, 32, 33, 53). The
solubility properties associated with this peptide suggest that
this sequence within the intact F protein may be buried in the
interior of the protein or in membranes or, alternatively, may
be interacting with another domain in the protein. Therefore,
the structure determined in the presence of micelles becomes
relevant, since micelles mimic the hydrophobic environment
found in a protein interior as well as in membranes.

NMR analysis of the structure of this peptide yielded results
consistent with a typical a helix. A solid surface of a represen-
tative calculated structure is given in Fig. 8B, showing the
hydrophobic face of the peptide. The opposite or charged face
of the peptide is shown in Fig. 8C (top structure). Also shown
in Fig. 8C (bottom structure) is a solid-surface representation
of the structure of the HR2 peptide, NDVFz20, previously
reported (55). Comparisons of the two structures show that,

FIG. 6. Structural NOEs of NDVFhr24. NOEs obtained from the NOESY spectrum of NDVFhr24 are shown. The bars show the position and strength of each
NOE. The pattern suggests a helical structure.

FIG. 7. Change in alpha protein chemical shifts from random-coil values for
NDVFhr24. All alpha protons shift negative, suggesting a helical structure. See
the text for details.
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indeed, there is the potential for an interaction between the
charged surfaces of the HR1 and HR2 peptides, as suggested
by the computer modeling described above. Interestingly, a
similar comparison of computer-derived models of HR1 and
HR2 domains of several other paramyxovirus fusion proteins
also shows such a potential for interactions of charged surfaces.

Peptide inhibition of fusion. Membrane fusion is thought to
occur in a series of steps including attachment of the attack
membrane to the target membrane, activation of a fusion pro-
tein, close approach of the attack and target membranes, hemi-
fusion, pore formation, and pore expansion (24, 34). In most
paramyxovirus systems, the coexpression of the HN and F

FIG. 8. Representations of the structure of NDVFhr24 determined by NMR. (A) Twenty randomly selected structures of NDVFhr24 from simulated-annealing
calculations using interproton distance and intramolecular hydrogen bond data as described in Materials and Methods superimposed showing backbone residues only.
A ribbon is shown through the backbone atoms to highlight the helical structure. (B) Representative structure of NDVFhr24 showing solid surfaces. The hydrophobic
face of the peptide is shown along the bottom of the structure. Green indicates hydrophobic residues, red indicates acidic residues, and blue indicates basic residues.
(C) The top structure is a representative structure of NDVFhr24 (HR1) showing solid surfaces. The charged face of the helix is shown. The bottom structure shows
the charged face of the NDVFz20 (HR2) peptide. Rotation of both peptides along the long axis and toward the center would result in alignment of the positive charges
with the negative charges.
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proteins is both necessary and sufficient for these steps (re-
viewed in 24). NDV attachment is minimally mediated by the
HN protein (28). Paramyxovirus fusion protein activation re-
quires the cleavage of the F0 protein to form a disulfide-linked
F1-F2 complex (28). In addition, other changes in the F pro-
tein, probably mediated in some way by the HN protein, are
required since a cleaved F protein alone will not direct fusion
in most systems (2). Close approach requires that the attack
and target membranes be pulled together. How this step occurs
is not clear; however, it has been proposed that the HIV env
protein accomplishes this step by the interaction of two distant
domains in the gp41 protein, an interaction thought to be
initiated by the attachment of the env to its receptor (11, 31).

Candidate domains for such an interaction in the paramyxo-
virus fusion protein are two heptad repeat regions (HR do-
mains) initially recognized by Chambers et al. (9). HR1 is
located just carboxyl terminal to the fusion peptide and may
therefore be initially located near the target membrane. HR2
is adjacent to the transmembrane domain and is therefore
located near the attack membrane. Thus, an interaction of
these two domains during the fusion process could cause the
close approach of the two membranes. Mutational analyses of
both regions of the several F proteins including the NDV F
protein have shown that alterations in the sequences of both
these regions inhibit fusion, suggesting that they play a central
role in the fusion process (4, 38, 41).

We and others have previously shown that a peptide with a
sequence from the F-protein HR2 region can inhibit fusion
mediated by the coexpression of the HN and F proteins (4, 29,
37, 48, 52, 55). Here, we have shown that a peptide with a
sequence from the NDV HR1 domain, from amino acids 150
to 174, will also inhibit fusion directed by the NDV F and HN
proteins. The inhibitory activity of the peptide is comparable to
that of the peptide derived from the HR2 region. Both pep-
tides show 50% inhibition at approximately 2 mM. Previously,
Rapaport et al. (37) showed that a peptide with a sequence

from the Sendai virus F HR1 region did not inhibit fusion.
However, this peptide was derived from a sequence slightly
more carboxyl terminal than the one characterized here. Lam-
bert et al. reported that peptides from HR1 sequences in the
respiratory syncytial virus, human parainfluenza virus 3, and
measles virus HR1 regions inhibit fusion, but the inhibition was
not further characterized (29). Joshi et al. have recently re-
ported that a much larger peptide, with a sequence from amino
acids 129 to 184, inhibits SV5 fusion, although not as efficiently
as a peptide from the HR2 region of the SV5 F protein (26).

In contrast to results described for other paramyxovirus sys-
tems (26, 29), we have found that the NDV HR1 peptide will
not inhibit fusion unless the peptide is added before the cleav-
age of surface-expressed F protein. Cleavage of our wild-type
F protein (derived from virulent NDV) is mediated by the host
cell protease furin, located in the trans-Golgi membranes (22,
23, 28). Thus, the protein expressed at the surface is cleaved.
Fusion of cells expressing this F protein is not inhibited by the
HR1 peptide. However, alteration of the F-protein furin rec-
ognition site by mutagenesis results in the expression of F0 at
the cell surface, and the mutant F0 can be readily cleaved upon
the addition of exogenous trypsin, resulting in synchronized
fusion (30, 35). Addition of the HR1 peptide prior to trypsin
results in inhibition of fusion. The HR1 peptide does not,
however, block the cleavage of the F protein. This result sug-
gests that the target of the HR1 peptide is accessible only prior
to cleavage or, alternatively, that binding of the HR1 prior to
F protein cleavage may inhibit a conformational change in a
protein that occurs upon cleavage.

We have also found that the inhibition mediated by the HR1
peptide is virus specific. We were able to explore this question
by using Sendai virus glycoproteins, since the Sendai virus F
protein must also be cleaved by the addition of exogenous
trypsin (28). The peptide only minimally affects fusion directed
by the Sendai virus HN and F proteins. Thus, it is likely that the
HR1 peptide binds to a target protein via interactions with
sequence motifs unique to a specific protein.

The target of the HR1 peptide is potentially the lipid bilayer,
host cell proteins, HN protein, or F protein. Indeed, Ghosh et
al. have reported that peptides from the HR1 and HR2 regions
of the Sendai virus F protein will bind to lipid bilayers (18, 19).
However, such an interaction is not likely to be directly re-
sponsible for fusion inhibition, since the inhibition is virus
specific. Similar arguments can be made in ruling out a host
cell protein as primary target. While our data cannot exclude
the HN protein as a target for the peptide, we explored po-
tential interactions of the HR1 peptide with the HR2 peptide
because of results with gp41-derived peptides (31, 45–47). Our
results clearly show that the HR1 peptide can interact specif-
ically with the HR2 sequence. This result was obtained in two
different assays. One directly measured the binding of the HR2
peptide tagged with biotin to the HR1 peptide. This interac-
tion was specific for the HR1 peptide and was competed by the
addition of untagged HR2 peptide. The second method was a
functional assay of the interaction of the two peptides. Impor-
tantly, our results show that equimolar mixture of the two
peptides minimally inhibited fusion. Furthermore, relief of in-
hibition was maximal when the peptides were present in
equimolar amounts, suggesting a 1:1 complex. These results
are consistent with the notion that the two peptides form a
complex which inhibits the interaction of either peptide with
the intact protein and therefore relieves the inhibition ob-
served with each peptide when added alone.

Using very different methods, Ghosh et al. (19) have also
reported data suggesting that peptides from the HR1 and HR2
regions of Sendai virus interact. Joshi et al. (26) have also

TABLE 3. Backbone dihedral angles for NDVFhr24 averaged over
the 100 structures from molecular modeling

Residue Angle Residue Angle

N1 f 5 —a I13 f 5 260.0 6 5.5
C 5 69.2 6 130.3 C 5 230.3 6 8.0

I2 f 5 260.4 6 2.7 E14 f 5 267.3 6 6.6
C 5 242.3 6 4.0 C 5 236.9 6 5.1

L3 f 5 259.0 6 2.0 A15 f 5 264.1 6 4.0
C 5 242.7 6 1.8 C 5 242.4 6 7.1

R4 f 5 254.5 6 1.2 V16 f 5 261.6 6 3.3
C 5 246.5 6 1.8 C 5 240.9 6 5.4

L5 f 5 259.1 6 2.0 H17 f 5 261.5 6 5.3
C 5 238.9 6 2.1 C 5 229.0 6 6.8

K6 f 5 266.5 6 1.3 E18 f 5 273.9 6 3.3
C 5 248.5 6 5.4 C 5 230.8 6 5.4

E7 f 5 260.9 6 4.4 V19 f 5 271.3 6 6.0
C 5 229.1 6 6.8 C 5 233.8 6 6.9

S8 f 5 269.7 6 5.4 T20 f 5 265.8 6 6.4
C 5 233.7 6 6.0 C 5 243.6 6 5.4

I9 f 5 265.9 6 4.7 D21 f 5 258.3 6 2.8
C 5 235.9 6 2.8 C 5 231.7 6 5.3

T10 f 5 267.1 6 3.0 G22 f 5 258.3 6 8.1
C 5 234.7 6 3.8 C 5 245.8 6 6.3

A11 f 5 262.5 6 2.4 L23 f 5 273.7 6 5.9
C 5 226.6 6 7.1 C 5 266.2 6 10.6

T12 f 5 272.9 6 4.2 S24 f 5 229.2 6 87.7
C 5 249.9 6 3.5 C 5 —

a —, not possible.
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reported that peptides from HR1 and HR2 regions of the SV5
F protein coassemble. However, their complex still inhibits
fusion, in contrast to the results reported here for the NDV
system. The reasons for this different result are unclear, al-
though the difference may indicate that the SV5 complex may
be somewhat different than the NDV complex described here.
Furthermore, the peptides used by Joshi et al. were much
larger than those described here, and the two peptides were of
different lengths, in contrast to those described here, which
differed in length by only 4 amino acids.

Our results do not address the precise form of the complex
between the two peptides. By direct analogy to the HIV env
structure, Joshi et al. (26) proposed that the HR1 and HR2
peptides form a six-stranded complex, with the HR1 forming a
trimer and three HR2 peptides lying on the outside. Indeed,
because of the hydrophobic face of the HR1 peptide, it is likely
to form an oligomeric structure in aqueous solution, and, by
gel filtration, we have obtained results consistent with the pro-
posal that HR1 forms an oligomer (unpublished data). How-
ever, the NDV HR2 peptide may also form an oligomer in an
aqueous environment. The results of NMR analyses suggest an
ordered helical structure with a hydrophobic face which should
promote oligomer formation. Indeed, gel filtration analysis has
yielded results consistent with a trimer (unpublished data).
Furthermore, Ghosh et al. have reported that an HR2 peptide
with sequences from the Sendai virus HR2 region self-assem-
bles in aqueous solution (19). Thus the HR1-HR2 complex
described here may result in an association of an oligomer of
HR1 and an oligomer of HR2. Indeed, our choice of a se-
quence for the HR1 peptide was governed by a potential in-
teraction which could occur between the charged surfaces of
the two peptides (Fig. 8C), surfaces that would be exposed if
the peptides formed oligomeric structures with their hydropho-
bic faces in the interior.

Predictions of the structures of the inhibitory forms of the
peptides and their potential interactions in the context of the
cell membrane are considerably complicated by the report that
peptides with sequences from both the HR1 and HR2 regions
of the Sendai virus F protein can associate with lipid (18, 19).
The results presented in this paper are consistent with the idea
that the peptides bind, as monomers, parallel to the bilayer,
with the hydrophobic face of the peptides buried in the mem-
brane. Such an interaction would promote the dissociation of
any oligomers in the presence of the cell membrane and allow
for alternative associations of the peptides with each other as
well as with the intact protein. Indeed, our results reported
here show that the HR1 peptide retains an ordered a-helical
structure in a hydrophobic environment. Furthermore, any
conclusions about structures in the fusion-active form of the
intact F protein as well as any prefusion conformation should
also be tempered by the presence of other possible HR do-
mains in the F protein that may be involved in fusion. For
example, Ghosh et al. (18, 20) reported that peptides from
other HR domains within the Sendai virus F protein sequence
had inhibitory activity and potential to interact with peptides
from the HR1 and HR2 domains (18–20).
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