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ABSTRACT: We describe the properties of the two heptad repeats (HR1 and HR2) of thePeste des petits
ruminantsvirus (PPRV) fusion protein (F) to obtain insights into the mechanism by which these repeats
influence PPRV-mediated cell fusion. Both HR1 and HR2 inhibit PPRV-mediated syncytia formation in
Vero cells in vitro. Of these, HR2 was found to be more effective than HR1. We studied the mechanism
of fusion inhibition by these two repeats by using various biophysical and biochemical methods either
separately or together. CD spectral analysis of these repeats revealed that theR-helical content of HR1
and HR2 when used together is higher than that of their simulated spectrum in the mixture, suggesting
the formation of a highly structured complex by these repeats. Protease protection assays confirmed that
such a complex is highly stable. Electrospray mass spectrometry of protease-digested products of the
HR1-HR2 complex showed protection of fragments corresponding to both HR1 and HR2 sequences
involved in complex formation. By employing size-exclusion chromatography and chemical cross-linking
experiments, we show that three units each of HR1 and HR2 form a complex in which HR1 is a trimer
and HR2 is a monomer. Homology-based three-dimensional modeling of this complex showed that HR1
and HR2 together form a six-helix and trimeric coiled-coil bundle. In this model, the HR1 trimer forms
the core whereas HR2, while interacting with HR1 in an antiparallel orientation, forms a two-stranded
coiled-coil structure and lies at the periphery of the structure. These results are discussed in the context
of a common fusion mechanism among paramyxoviruses.

Peste des petits ruminants(PPR)1 or “goat plague” is
caused by the PPR virus (Paramyxoviridae; morbillivirus),
an enveloped, negative sense single-stranded RNA virus. The
PPRV genome encodes six structural proteins, namely,
nucleocapsid protein (N), phosphoprotein (P), matrix protein
(M), fusion protein (F), hemagglutinin-neuraminidase protein
(HN), and large protein (L). N protein encapsidates the
genomic RNA to form the N-RNA template to facilitate
replication and transcription by the L-P polymerase com-
plex. M is a matrix protein around which the envelope is

assembled. F and HN are two surface glycoproteins which
enable the entry of the virus into the host cell; H recognizes
the host cell receptor, whereas F mediates the fusion of host
and viral envelopes. The PPRV F protein does not require
the HN protein to bring about biological fusion, a property
shown by the paramyxovirus SV5, while the other members
in the Paramyxoviridae family require the fusion promotion
function mediated by HN or H protein (1-13). The F protein-
mediated fusion process has been extensively investigated
in other paramyxoviruses (14). In general, it is synthesized
as a precursor (F0) which is cleaved by the host machinery
into two fragments, F1 and F2, which are linked by a disulfide
bond. Of these, F1 forms a membrane-anchoring subunit
(15-18). This subunit has several conserved motifs among
paramyxoviruses of which four are well studied: (1) a fusion
peptide (FP) at the newly generated N-terminus, (2) heptad
repeat 1 (HR1), (3) another heptad repeat (HR2), and (4)
the transmembrane (TM) domain (19-25). Of these con-
served motifs, FP, HR1, and HR2 mediate fusion of the viral
envelope and host cell membrane. In this process, FP is
inserted into the host cell membrane whereas two heptad
repeats interact with each other and bring the host cell
membrane and viral envelope into proximity which in turn
results in fusion. Such fusion has been shown to be affected
by exogenously added HR1 and/or HR2 motifs from F
proteins of various paramyxoviruses (26-34). Recent studies
on the fusion processes of envelope viruses have led to the
identification of a common core structure formed by HR1
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and which has helped in exploring inhibitors of viral fusion
proteins, a promising new means of targeting a wide group
of viruses (25, 35-38).

Here we report the biochemical and biophysical properties
of recombinant HR1 and HR2 motifs of PPRV F and studies
on their biological functions. We also propose a structure
for the fusion core (HR1-HR2 complex) of PPRV F. This
structure is based on sequence homology of PPRV F with
that of the SV5 fusion core, the crystal structure of which
has recently been determined (39). These results are dis-
cussed in light of common steps in virus-host cell fusion
among paramyxoviruses.

MATERIALS

C41 and C43 strains derived from the BL21(DE3) version
of Escherichia coliwere gifts from J. E. Walker (40). The
vaccine strain of PPRV (Nigeria 75/1) was obtained from
A. Diallo (CIRAD-EMVT, France).E. coli DH5R was used
for maintenance of plasmids BlueScript KS+ (Stratagene),
pRSET A, and pGEX 4T-1 (Invitrogen). The pSS97-2
plasmid containing the full-length PPRV F gene in pC-
MX.PL1 was derived from a cDNA clone (pADPPRF) of
the PPRV F Nigerian 75/1 strain lacking 300 nucleotides
from the 5′-untranslated region (1, 41). Vero cells from
African green monkey (Cercopithecus aethiops) kidney cells
were from ATCC. These cells were maintained on DMEM
containing 5% FCS (GIBCO BRL). The protease inhibitor
cocktail was from Sigma Co. Ni-NTA agarose was from
Qiagen and Sephadex G75 from Amersham-Pharmacia.

METHODS

Preparation of the Virus Stock.Monolayers of Vero cells
were trypsinized at 37°C for 1 min using 0.1% trypsin and
subcultured in DMEM supplemented with 5% FCS. Cells
24 h after subculturing (∼70% confluent) were infected with
1-2 mL of diluted PPRV (approximately 0.1-1 pfu/cell)
and incubated at 37°C for 3-4 days until a 70-80%
cytopathic effect (CPE) was seen. The bottles were frozen
and thawed thrice, and the medium was collected as a virus
stock for further use. Virus titer was measured by end point
dilution, and TCID50 was calculated by employing the
formula of Reed and Muench (42).

Cloning of HR1 and HR2 of PPRV F.HR1 and HR2 were
amplified using pSS97-2 DNA as a template and the
appropriate primers [forward, 5′ CAA GGA TCC ATC GAA
GGT CGT (382) ACT GCC GGA GTC GCA C 3′ for HR1
and 5′ CAA GGA TCC ATC GAA GGT CGT (1300) CCA
GAT TCT GTA TAC C 3′ for HR2; reverse, 5′ AAT GG
GTC GAC (570) TCA TGA CAT TCT ATG AAC AG 3′
for HR1 and 5′ GGA TT GTC GAC TA (1452) TTT AAC
AGT CTT CAG TAT C 3′ for HR2]. Nucleotide positions
of all the primers on the F gene are indicated in parentheses.
In both the cases, the forward primer had aBamHI restriction
site followed by a factor Xa cleavage site and the reverse
primer had a stop codon followed by aSalI restriction site.
These modifications were included to remove additional
amino acids from the expressed proteins.

The PCR products were cloned in theSmaI site of pBS
KS+. The inserts from recombinants were released using
BamHI andSalI and subcloned into similar restriction sites

of pGEX 4T-1. The inserts were finally subcloned into
BamHI- and XhoI-digested pRSET-A.

Expression of HR1 and HR2 as His-Tagged Proteins. E.
coli BL21(DE3) C41 and C43 strains were transformed with
plasmids carrying HR1 and HR2, respectively. After over-
night growth at 37°C, few colonies were inoculated into
LB containing 100µg/mL ampicillin and induced with 0.4
mM isopropyl thiogalactopyranoside (IPTG) at an OD600 of
0.6 and grown for an additional 5 h. The cells were harvested
and lysed by sonication in MCAC buffer [500 mM NaCl in
20 mM Tris-HCl (pH 8)] supplemented with 2 mM PMSF
and the protease inhibitor cocktail. The lysates were centri-
fuged, and supernatant was mixed with Ni-NTA agarose.
The resin was washed with 100 bed volumes of MCAC
buffer containing 50 mM imidazole in the case of HR1 and
25 mM imidazole in the case of HR2. Proteins were eluted
with 500 mM imidazole in MCAC supplemented with the
protease inhibitor cocktail. Eluted samples of purified
proteins were detected by Coomassie staining of 15% SDS-
polyacrylamide gels.

CleaVage of HR1 and HR2 Peptides from His-Tagged
Fusion Proteins.The purified proteins were dialyzed against
factor Xa cleavage buffer [20 mM Tris-HCl (pH 8.0), 100
mM NaCl, and 2 mM CaCl2] and cleaved with factor Xa
[final concentration of 1% (w/w)] at 23°C for 5 h. Ni-
NTA agarose was added to the cleavage products to eliminate
the histidine tags as well as uncleaved products. The unbound
fractions containing cleaved peptides were collected, and
factor Xa was inactivated by adding EDTA (final concentra-
tion of 2 mM). The cleaved products were resolved on a
15% SDS-polyacrylamide gel and detected with silver
staining. Both the peptides were purified to near homogeneity
on a C18 semipreparative column by reverse-phase HPLC
(Hewlett-Packard, series 1090 system) using a linear gradient
of acetonitrile.

Mass Spectroscopic Analysis.Both HR1 and HR2 obtained
by reverse-phase chromatography were analyzed by elec-
trospray ionization (ESI) mass spectroscopy (Hewlett-Pack-
ard 1100 system with a quadrapole mass detector).

Circular Dichroism (CD) Spectroscopy.HR1 and HR2,
purified using C18 columns, were lyophilized and resus-
pended in phosphate-buffered saline (PBS) at 0.1 mg/mL
and analyzed in a spectropolarimeter (JASCO J-715) at room
temperature. The CD spectrum was measured in a cuvette
with a path length of 2 mm, with a bandwidth of 0.5 nm
and a scan speed of 50 nm/s. The buffer spectrum was
subtracted from the protein spectrum. An average of four
independent measurements were used to calculate the molar
residue ellipticity, [θ]MRW, using the formula

where [θ] is mean residue molar ellipticity in degrees per
inverse square centimeter per decimole,θ is the experimental
ellipticity in millidegrees,Mr is the molecular mass of the
protein in daltons,c is the protein concentration in milligrams
per milliliter, l is the cuvette path length in centimeters, and
NA is the number of residues in the protein. The percentage
helicity was estimated as follows (43, 44):

[θ]MRW ) (100Mrθ)/(clNA)

% helicity ) [([θ]222 - 0[θ]222)/(
100[θ]222 - 0[θ]222)] × 100
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where [θ]222 is the experimentally observed absolute mean
residue ellipticity at 222 nm and values for100[θ]222 and0-
[θ]222, corresponding to 100 and 0% helix content at 222
nm, respectively, were estimated to be 2000 and 32 000 deg
cm2 dmol-1, respectively (44, 45).

Size-Exclusion Chromatography (SEC).A Sephadex G75
column (45 cm× 2.22 cm2, bed volume of 100 mL) was
equilibrated with PBS and calibrated using standard protein
molecular mass markers. One milligram each of histidine-
tagged HR1 or HR2 was resuspended in 1 mL of PBS and
fractionated separately or together (by incubating an equi-
molar mixture of HR1 and HR2 at room temperature for 2
h) on the same column, and the elution profile was monitored
by estimating the protein content by measuring the absor-
bance at 280 nm. The proteins were then identified by using
SDS-polyacrylamide gels and silver staining.

Chemical Cross-Linking.Approximately 10µg of histi-
dine-tagged HR1 peptide was cross-linked using dithiobis-
(succinimidylpropionate) (final concentration of 1 mM) for
different time intervals from 1 to 6 h at 25°C. The reaction
was stopped by adding 200 mM glycine, and the products
were mixed with SDS-PAGE loading dye (withoutâ-mer-
captoethanol), electrophoresed on a 15% SDS-polyacryl-
amide gel, and detected by silver staining.

Limited Proteolysis of HRs.Equimolar amounts of histi-
dine-tagged HR1 and HR2 in PBS were incubated for 2 h at
room temperature and cleaved with proteinase K [5%
(w/w) of each peptide] for 3 h. In control experiments, HR1
and HR2 peptides were incubated separately with proteinase
K. The reaction was stopped by adding PMSF (final
concentration of 5 mM); the samples were subjected to
SDS-PAGE analysis on a 15% Tricine gel, and the proteins
were visualized by silver staining. The digested products of
the HR1/HR2 mixture were also subjected to ES-MS after
passing through the C18 reverse-phase columns using
acetonitrile as a solvent.

Fusion Inhibition Assay.Vero cells were plated in 35 mm
wide tissue culture dishes at a density of 1× 106 cells/2 mL
of DMEM supplemented with 5% FCS. These cells at 70%
confluence were infected with PPRV Nigerian 75/1 (1-2
TCID50/cell) for 1 h atroom temperature and incubated with
different concentrations of either HR1 or HR2 in DMEM
(supplemented with 3% FCS) at 37°C for 48 h. Following
infection, the cells were washed with PBS, fixed with a
methanol/acetic acid (95:5) mixture for 20 min at-20 °C,
washed again with PBS, stained with Giemsa (diluted 10
times in PBS) for 30 min at room temperature, and observed
under a light microscope. The extent of fusion was ascer-
tained by visualizing in 10 different fields for the presence
of syncytia. The percent syncytia obtained by using the

peptide inhibitors was calculated as given below:

Secondary Structure and Coiled-Coil Predictions.Both
HR1 and HR2 sequences of PPRV F were subjected to
secondary structure prediction using the PHD program (46,
47) and coiled-coil prediction using the multicoil program
(48) to examine the potential of these two motifs to form
coiled-coil structure.

Modeling.Sequence analysis by clustalW (49) showed a
high degree similarity of the HR1 (∼73% similar and 36%
identical) and HR2 (∼65% similar and 27% identical) regions
between the PPRV F protein and that of SV5, the crystal
structure of which has recently been reported (39). This high
degree of sequence similarity suggested a similar fold
between these two proteins and was further confirmed by
comparing the structural features which shows very high
similarity among hydrophobic residues involved in interac-
tion between the subunits. A structural model was built using
the COMPOSERsuite programs incorporated in SYBYL
(50-52). Initially, the HR1-HR2 heterodimer was modeled
and the energy-minimized model of this heterodimer was
superimposed on the template trimeric structure to achieve
the trimeric form. The trimer was also subjected to energy
minimization to obtain the final structure without having any
short contacts or bad bond angles or bond lengths. Energy
minimization was carried out using the AMBER force field
also incorporated in SYBYL (53). During the initial cycles
of energy minimization, the backbone was kept rigid,
allowing all the side chains to move. Subsequently, all the
atoms in the structure were allowed to move until all the
short contacts were relieved and bad geometries rectified.
The ribbon diagram of the model was generated using
SETOR (54).

RESULTS

Recombinant HR1 and HR2 Motifs of PPRV F.HR1 and
HR2 of PPRV F (Figure 1) were identified by comparing
the F protein sequences of PPRV with those from SV5 and
MV. Sequences corresponding to PPRV F protein residues
128-190 (HR1) and 434-484 (HR2) were amplified,
cloned, and expressed using the pRSET vector inE. coli
C41 and C43, respectively. The HR1 peptide contains seven
additional amino acids derived from the fusion peptide along
with entire HR1 region, whereas recombinant HR2 has the
entire HR2 region with additional residues of F at its
N-terminus. Figure 2 shows the expression profile of these

FIGURE 1: Structure of PPRV F. (a) Schematic diagram of the protein showing F1 and F2 subunits connected by a disulfide linkage (‚‚‚).
Also shown are the positions of the fusion peptide (FP), HR1, HR2, and the transmembrane domain (TM) of the F1 subunit. (b) Amino acid
sequences of HR1 and HR2 used in this study. AR denotes the additional 17 vector-encoded residues resulting from cleavage by factor Xa
after an arginine residue on the tag instead of the site incorporated preceding the N-termini of both peptides.

number of syncytia observed in the presence of HR1 or HR2
total number of syncytia observed in the control experiment

× 100
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histidine-tagged recombinant proteins and their cleavage by
factor Xa after their purification using an Ni-NTA agarose
column. Mass spectroscopy of the cleavage products revealed
the presence of an additional 17 vector-encoded amino acids
at the N-terminus. These cleavage products were purified
by HPLC and used in the experiments described below.

Effect of HR1 and HR2 on PPRV-Mediated Cell-Cell
Fusion.Vero cells, infected with PPRV, were incubated with
HR1 or HR2 and assayed for formation of syncytia, an
indication of virus-induced cell-cell fusion. Addition of both
HR1 and HR2 resulted in a significant decrease in the number
of syncytia as compared to the number in a sample to which
no peptide was added (Figure 3). HR1 (3µM) and HR2 (1
µM) resulted in a 50% reduction in the number of syncytia.
At ∼6 and ∼3 µM, respectively, both HR1 and HR2
completely abolished syncytia formation. These results
indicate that HR2 is a more potent inhibitor of PPRV-induced
cell-cell fusion than HR1.

HR1 and HR2 Interact with Each Other and Form a
Protease-Resistant Complex.In paramyxovirus such as SV5
and RSV, HR1 and HR2 of F have been reported to interact
with each other and form a six-membered fusion core.
Therefore, the possibility of such interaction in PPRV was
studied. The results of CD spectroscopy (Figure 4) suggested

that while HR1 formedR-helices (∼52% R-helix content),
most of HR2 was a random coil (negligibleR-helix content).
When both HR1 and HR2 were used, there was a significant
increase in the amount of secondary structure (mainly
R-helices). The observed amount of secondary structure of
the mixture (∼60% R-helices) is 2 times greater than the
mean of their individualR-helix contents (∼28%). Though
the percentR-helix content of this complex in PPRV (60%)
is less than those observed in SV5 (82%), RSV (86%), and
NDV (>80%), this could be attributed to the additional
vector-encoded residues in both peptides of PPRV, as they
would be expected to remain in the random-coil conforma-
tion. These results suggest that HR1 and HR2 of PPRV F as
in other paramyxoviruses (RSV, NDV, and SV5) interact
with each other. The HR1-HR2 interaction was also
confirmed by subjecting the mixture of HR1 and HR2 to
proteinase K digestion. As shown in Figure 5a, both HR1
and HR2 were completely digested when used separately;
however, a mixture of HR1 and HR2 was resistant to
digestion by the enzyme. Two of these proteinase K-resistant
fragments correspond to molecular masses of 5289 and 5042
Da, respectively (Figure 5b). When these molecular masses
are extrapolated to HR1 and HR2 sequences, the larger
fragment (MW) 5289 Da) corresponds to HR2 lacking two
C-terminal amino acids (MW) ca. 5290 Da), whereas the
smaller fragment (MW) 5042 Da) corresponds to HR1
without ten N-terminal and eight C-terminal amino acids
(MW ) ca. 5047 Da). It may be noted that histidine tags of

FIGURE 2: (a) SDS-PAGE of recombinant HR1 (i) and HR2 (ii):
lane 1, crude cell lysate; lane 2, unbound fraction of the Ni-NTA
agrose column; and lane 3, purified protein. (b) Tricine (15%) gel
showing the factor Xa cleavage pattern of HR1 (i) and HR2 (ii):
M, protein markers (kilodaltons); lane 1, purified protein without
factor Xa; lane 2, purified protein with factor Xa; and lane 3,
cleaved product after passing through a Ni-NTA agarose column.
Arrows indicate the respective peptides. Additional high-molecular
mass bands in the nickel affinity-purified fraction of HR2 as in
lane 3 of part ii of panel a may arise fromE. coli BL21(DE3) cells
used for expression which are eliminated from the cleaved peptide
after passing through Ni-NTA agarose as in lane 3 of part ii of
panel b.

FIGURE 3: Fusion inhibition activity of HR1 and HR2. Vero cells
infected with PPRV Nigeria 75/1 were incubated with different
concentrations of either HR1 or HR2 for 48 h. (a) Graph showing
percent syncytia formation at different concentrations of HR1 (O)
and HR2 (b). (b) Uninfected control Vero cells (i), Vero cells
infected with virus showing syncytia formation (ii), and virus-
infected Vero cells treated with either 6µM HR1 (iii) or 3 µM
HR2 (iv). At these concentrations, both HR1 and HR2 completely
inhibit syncytia formation.
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HR1 and HR2 were completely digested, leaving only
specific stretches of amino acids that participate in the HR1-
HR2 interaction. Since no protected fragment was detected
when HR1 or HR2 was used separately, we conclude that
protection of HR1 and HR2 in the mixed solution is due to
the formation of the HR1-HR2 complex.

Analysis of HR1 and HR2 Peptides and Their Complex.
To understand the nature of the HR1-HR2 complex, size-
exclusion chromatography was performed. Figure 6a shows
that the complex eluted at a position corresponding to a
molecular mass of approximately 63 kDa, which is thrice
the sum of the molecular masses of HR1 and HR2,
suggesting that the complex contains three molecules each
of HR1 and HR2. To study whether HR1 and HR2 are
capable of forming oligomers by themselves, size-exclusion
chromatography (SEC) and chemical cross-linking experi-
ments were carried out. SEC showed that HR1 eluted at a
molecular mass corresponding to 34 kDa (Figure 6b),
whereas HR2 eluted at 10 kDa (Figure 6c). Since the
calculated molecular mass of HR1 is 11 kDa, these results
indicate that HR1 exists as a trimer. The occurrence of such
trimers was also confirmed by chemical cross-linking. As
shown in Figure 7, in addition to the monomeric form, cross-

linked HR1 was detected as dimers as well as trimers. With
an increase in the duration of cross-linking, an increase in
the amounts of trimers was observed. Since cross-linked
products higher than trimers were not observed, these results
led us to conclude that HR1 occurs only as a trimer. We did
not perform cross-linking studies with HR2 because size-
exclusion chromatography indicated that it is only a mono-
mer. Taken together, these results indicate that the HR1-
HR2 complex is a trimer of dimers, the dimer being one
molecule each of HR1 and HR2.

Structural Features of the PPRV F Fusion Core.Second-
ary structure prediction using PHD (46, 47) showed the
R-helical nature of both HRs. The multicoil program (48)
predicted the coiled-coil structure, and the sequence of HRs
was modeled using the triple-stranded coiled-coil structure
of the SV5 F fusion core as the template. The levels of
sequence similarity in the HR1 and HR2 regions of PPRV
F were∼73 and∼69%, respectively, with the corresponding
regions of the template structure. The overall structure
showed a six-helical triple-stranded coiled coil (Figure 8) in
which the inner side of the core is formed by the HR1 trimer
and HR2 forms the outer layer by interaction with HR1 in
an antiparallel manner. Interestingly, HR2 of one heterodimer
interacts with HR1 of the adjacent heterodimer and further
stabilizes the trimeric structure. In this model, conserved
hydrophobic residues are involved in both HR1-HR1 and
HR1-HR2 interactions. By sequence analysis of HR1 in F
proteins from various paramyxoviruses, Joshi et al. (32)
observed that in addition to positions a and d in the a-g
heptad repeat, the residues in positions e and g are also
conserved (primarily as hydrophobic residues). Among the
11 residues conserved in the HR1 and HR2 regions in the
paramyxoviruses, five residues, namely, A123, I137, T147,
L453, and L474, in the template structure form part of the
HR1-HR1 or HR1-HR2 buried interface. The correspond-
ing residues in PPRV F are the same as in the template
structure except T147 of the crystal structure is replaced with
serine. In the crystal structure, T147 forms a hydrogen bond
network with S470, N148, and D491 in SV5. In the model
derived here, serine is also involved in a similar network,
resulting in a similar structure in these two repeat regions.
In SV5, Q169 and N173 form hydrogen bonds with backbone
residues L447 and I449. These amino acids are conserved
or conservatively substituted in PPRV F and are responsible
for the transition of the extended chain toR-helical structure
in HR2. In addition, few other residues important for coiled-
coil core formation are either unchanged (e.g., V165 and
V168) or replaced (e.g., H171 of SV5 F is replaced with
tyrosine in PPRV F). It may be noted that Baker et al. (39)
have suggested that H171 in their model can be replaced
with tyrosine (39). Conservation of all these residues signifies
that PPRV F has a core structure similar to SV5 and is
unstructured in the region preceding the C-terminalR-helix
of HR2.

DISCUSSION

Fusion of the viral envelope with the host membrane is
an important step in infection, and hence, drugs affecting
this process are believed to be most effective (36-38). As
mentioned before, F proteins of paramyxoviruses are im-
portant components of the fusion process and are being
studied intensively. We studied the effect of exogenously

FIGURE 4: Interaction of HR1 and HR2. (a) CD spectra of 10µM
HR1 (b) and 10µM HR2 (O). (b) CD spectrum of a mixture of 10
µM HR1 and 10µM HR2 (‚‚‚) along with the simulated spectrum
of noninteracting HR1 and HR2 (s). The enhanced negative
ellipticity in the CD spectrum of the mixture as compared to that
in the simulated spectrum signifies a specific interaction between
HR1 and HR2.
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added HR1 and HR2 motifs on the PPRV-mediated fusion
of Vero cells. While both HR1 and HR2 inhibit fusion, HR2
was found to be more potent than HR1; 50% inhibition was
observed with 1µM HR2 or 3µM HR1. A similar difference
has also been reported in SV5 (32). The molar differences
in the requirement for fusion inhibition were attributed to
the differences in the steps in which HR1 and HR2 are
involved; HR2 affects lipid mixing and HR1 contents mixing
(32).

Our observation that HR1 exists as a trimer needs to be
viewed in the apparent differences in molar requirements
for these two peptides. We suggest that the trimeric form of
PPRV HR1 may be either intrinsic or a prerequisite for fusion
inhibition. Recent studies on sendai virus (SV) support our
hypothesis that SV HR1 occurs predominantly as a monomer
and was found to be effective in fusion inhibition at only
very high concentrations (33). It may also be likely that in
SV, at a very high concentration, a few HR1 trimers are
formed.

With regard to the requirement of HN/H for F-mediated
fusion, paramyxoviruses fall into two categories: those which
require HN/H and those which are HN/H-independent. In
PPRV and SV5, F-mediated fusion can occur without the
requirement of HN (1, 2) and HR1 in these viruses can cause
fusion inhibition (ref32 and this study). On the other hand
in viruses such as MV, SV, and NDV, HN/H is required for
fusion (7, 9, 55). In the latter group, HR1 cannot inhibit
F-mediated fusion (33, 56, 57). It has been suggested that

in viruses such as MV, SV, and NDV, HN/H prevents the
interaction of HR1 with F and affects HR1-induced fusion
inhibition (57). Therefore, the differences in the intrinsic
ability of HR1 in causing fusion inhibition correlate with
the HN dependence or independence of F-mediated fusion
among these paramyxoviruses.

Paramyxoviruses also fall into two categories on the basis
of amino acid requirements of HR2 for causing fusion
inhibition. In NDV, a 20-amino acid peptide (FZ20) in the
C-terminus of HR2 causes fusion inhibition whereas ad-
ditional amino acids in its N-terminus are required for such
inhibition in MV and SV5 (31, 32, 56). In the case of PPRV
also, a 20-amino acid peptide (FZ20) in the C-terminus of
HR2 does not inhibit virus-mediated fusion (A. Rahaman et
al., unpublished result), but the peptide in the study presented
here containing the entire HR2 causes fusion inhibition.
These results suggest that PPRV belongs to the category of
MV and SV5. This prompted us to propose that there are
common structural intermediates among PPRV, MV, and
SV5 F proteins which differ from NDV F during fusion
processes.

A six-helix bundle of the HR1-HR2 complex among
paramyxovirus fusion cores is believed to represent the
structure involved in fusion promotion or is a result of fusion
promotion (25). This structure in PPRV is a trimer of the
HR1-HR2 heterodimer. While HR1 is highlyR-helical in
solution, consistent with its coiled-coil nature, HR2 is a
random coil under similar conditions. This unstructured

FIGURE 5: Protection of the HR1-HR2 complex from proteolytic cleavage. (a) Tricine (15%) gel showing HR1, HR2, and their complex
incubated in the presence (+) or absence (-) of proteinase K as indicated at the top. Lane M contained protein markers (kilodaltons). The
mixture of HR1 and HR2 was incubated at room temperature prior to proteinase K treatment. (b) Amino acid sequences of HR1 and HR2
peptides identified by ES-MS after the proteinase K-digested products of the HR1-HR2 complex had been passed through the reverse-
phase HPLC system (i) and alignments of amino acid sequences of HR1 regions (ii) and HR2 regions (iii) of F proteins from PPRV, SV5,
and HRSV in which the sequences protected from protease digestion are underlined.
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conformation of HR2 is a common feature among paramyxo-
viruses except NDV (29, 31, 32, 38, 58, 59). A specific
interaction of PPRV HR1 and HR2 peptides results in a
complex with a significant change in secondary structure
(mainly R-helix content), suggesting that the unfolded HR2
becomes structured (mostlyR-helical) in the complex.
Results similar to those reported in this work were obtained
using HR1 and HR2 of SV5, RSV, and NDV by other
investigators (32, 38, 57, 59).

The nature of the HR1-HR2 complex structure is such
that it is resistant to cleavage by proteinase K (Figure 5).
Mass spectroscopic analysis of the digestion products showed
that the entire HR2 and most of the HR1 were protected in
the complex (Figure 8). This complex therefore appears to
be similar to that of RSV (59). However, this complex differs
from SV5 in which only HR1 is protected from protease
digestion (32). In SV5, only a small portion of HR2 when
used with HR1 appears to be resistant to protease. While

these experiments in SV5 need to be resolved further, the
results suggest that despite some differences in these
complexes among SV5, RSV, and PPRV, all paramyxo-
viruses, including NDV and PPRV, have a common fusion
core structure, with varying degrees of resistance to protease
(32, 57, 59).

The three-dimensional model for the PPRV F HR1-HR2
complex shows that the HR1 trimer forms the inner core
and HR2 forms a heterodimer with HR1 in an antiparallel
orientation, resulting in a six-helix bundle. Although there
are substitutions of some amino acids between the crystal
structure and modeled structure, they perform a similar
structural role, resulting in a similar structure of the HR1-
HR2 complex in these two viruses. The characteristics of
the proposed model are consistent with our results. (a) The
trimeric and highlyR-helical nature of the HR1 peptide
indicates a triple-stranded coiled-coil structure. (b) Interaction
of HR2 (monomer) with the HR1 trimer forming a hexameric
complex strongly suggests a complex containing a trimer of
each heterodimer. (c) The stability and the structured nature
of the complex are also evident from CD spectral analysis
and protease resistance of this HR1-HR2 complex. Although
in the complex the orientation of HR1 and HR2 with respect
to each other is not addressed, it can be extrapolated to be
antiparallel from the known structures of the complexes of
other paramyxoviruses, such as SV5 and RSV (39, 60, 61).
A complex of this nature is common not only in the fusion
proteins of paramyxoviruses but also in other enveloped
viruses such as influenza virus HA protein, HIV1/SIV gp41
protein, and env proteins of retroviruses (25, 35). The crystal
structures of influenza virus HA protein in its fusion active
and inactive forms suggested that the stable fusion core
structure either is required for fusion or is a consequence of
the fusion event (62-64). Although there are differences in
the requirements for influenza and paramyxoviruses for
fusion initiation, Baker et al. (39) suggested similar inter-
mediary steps in the fusion processes among these viruses
(39). In influenza virus, low pH acts as trigger for a change
in the conformation of HA (equivalent to F in paramyxo-
viruses) (65). What triggers such conformational change in
the F proteins of paramyxoviruses is not clear. Recently, HN

FIGURE 6: Gel filtration analysis of the HR1-HR2 complex. Ni-
NTA-purified histidine-tagged HR1 or HR2 or a mixture was
fractionated on the Sephadex G75 column, andA280 was measured
for each fraction. (a) The elution profile of the mixture shows a
hexameric complex. The smaller peaks represent the HR1 trimer
and the HR2 monomer. (b) and (c) Elution profiles of HR1 and
HR2, respectively.

FIGURE 7: Chemical cross-linking analysis of HR1. Approximately
10 µg of histidine-tagged HR1 was incubated with 1µM dithiobis-
(succinimidylpropionate) (DSP) for 0-6 h at 25°C. SDS-PAGE
(15%) showing dimeric (2x) and trimeric (3x) bands along with
monomers (1x) at different time intervals.
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has been proposed to induce a conformational change of SV5
F (66, 67). This change is followed by the release of the

fusion peptide from the F protein and its insertion into the
host cell membrane, leading to a further change in the
conformation of F. All these events bring the heptad repeats
(far apart in the sequence) together, an event which brings
the viral envelope and the host cell membrane into proximity
for fusion. The structural similarities among heptad repeat
complexes of F proteins of SV5, RSV, NDV, and PPRV
described here therefore suggest a common fusion mecha-
nism among these paramyxoviruses.

Although there are similarities in the fusion core complex
among various enveloped viruses, recent studies on the
crystal structure of the entire F protein of NDV suggest that
the orientation of HR1 with respect to the viral envelope is
the opposite of that of influenza virus (25, 68). Further, the
presence of another internal fusion peptide in F proteins of
some viruses and its direct role in the fusion process suggest
a new model for paramyxovirus-induced membrane fusion
(3, 69, 70). Therefore, further studies on F protein-mediated
fusion processes among various paramyxoviruses are re-
quired to obtain more insights into the fusion mechanism.
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