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Most viral glycoproteins mediating membrane fusion adopt a metastable native conformation and undergo
major conformational changes during fusion. We previously described a panel of compounds that specifically
prevent fusion induced by measles virus (MV), most likely by interfering with conformational rearrangements
of the MV fusion (F) protein. To further elucidate the basis of inhibition and better understand the mechanism
of MV glycoprotein-mediated fusion, we generated and characterized resistant MV variants. Spontaneous
mutations conferring drug resistance were confirmed in transient assays and in the context of recombinant
virions and were in all cases located in the fusion protein. Several mutations emerged independently at F
position 462, which is located in the C-terminal heptad repeat (HR-B) domain. In peptide competition assays,
all HR-B mutants at residue 462 revealed reduced affinity for binding to the HR-A core complex compared to
unmodified HR-B. Combining mutations at residue 462 with mutations in the distal F head region, which we
had previously identified as mediating drug resistance, causes intracellular retention of the mutant proteins.
The transport competence and activity of the mutants can be restored, however, by incubation at reduced
temperature or in the presence of the inhibitory compounds, indicating that the F escape mutants have a
reduced conformational stability and that the inhibitors stabilize a transport-competent conformation of the
F trimer. The data support the conclusion that residues located in the head domain of the F trimer and the
HR-B region contribute jointly to controlling F conformational stability.

Enveloped viruses, such as retroviruses, paramyxoviruses,
orthomyxoviruses, and filoviruses, infect cells through fusion of
their lipid envelope with the plasma membrane or intracellular
membranes of the target cell (17, 30). For members of these
viral families, membrane merger is mediated by homotrimeric
type I fusogenic membrane glycoproteins (FMGs), integral
membrane proteins displayed on the surfaces of the viral par-
ticles (17, 54). All type I FMGs contain an internal hydropho-
bic domain of approximately 25 amino acids, generally termed
the fusion peptide. Proteolytic cleavage at a specific site yields
a metastable native FMG that consists of a transmembrane
and a membrane-distal subunit. Subsequent activation of the
FMG results in insertion of the fusion peptide, which is located
in the transmembrane subunit, into the target membrane (21).
Depending on the origin of the FMG, activation can be real-
ized at neutral pH, as postulated, for example, for lentiviruses
(4, 27) and most paramyxoviruses, including measles virus
(MV) (19), or at low-pH conditions in an endosomal compart-
ment of the target cell, as exemplified by influenza virus (54).
Insertion of the fusion peptide into the target membrane is
then followed by conformational rearrangements of the FMG
trimer that bring the fusion peptide and the transmembrane
domain, and hence the target and donor membranes, into close
proximity (1, 2, 37, 40, 50, 61), ultimately resulting in the
formation of a fusion pore.

Instrumental in this process are two highly conserved 4-3
heptad repeat (HR) sequences, one of which is located adja-
cent to the fusion peptide and near the N terminus of the
protein (hence termed the HR-N or HR-A domain), while the
other is adjacent to the transmembrane domain and near the C
terminus (HR-C or HR-B) (17, 29). Activation of the native
FMG and insertion of the fusion peptide into the target mem-
brane are thought to be followed by refolding into a transient
hairpin intermediate and the formation of a stable six-helix bun-
dle (6-HB) fusion core structure (17, 54). Analysis of this core
structure of lentivirus (7) and paramyxovirus (1, 61) FMGs has
revealed a central homotrimeric coiled coil formed by HR-A
domains that is surrounded by three HR-B helices in an anti-
parallel fashion (17, 54). In this model, the process of protein
refolding and 6-HB formation is thus coupled to membrane fu-
sion (15, 37, 50). The conformational changes may in fact liberate
the free energy required for the membrane fusion event. Indeed,
a small-molecule inhibitor of respiratory syncytial virus (RSV)
that is postulated to bind to a groove in the HR-A coiled coil (11)
and synthetic peptides derived from the HR-B domains of some
FMGs are potent inhibitors of viral entry, presumably by com-
peting with the endogenous HR-B sequences for binding to the
central HR-A trimer (31, 47, 58, 59).

For paramyxoviruses, the fusion (F) protein precursor F0 is
cleaved into a larger transmembrane F1 and a smaller extra-
cellular F2 subunit. In addition to the crystal structures of the
RSV and simian virus type 5 (SV5) fusion cores, medium- and
high-resolution structural information for paramyxovirus F
proteins comes from a three-dimensional cryoelectron micros-
copy reconstruction of the Sendai virus F protein (36) and
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X-ray structures of the Newcastle disease virus (NDV) and
human parainfluenzavirus type 3 (hPIV3) F ectodomains (9,
60). All of the structures adopt similar overall spatial organi-
zations of the F trimer, with a distal head, a widening neck, and
a stalk region proximal to the viral membrane composed of a
central triple-helix coiled coil. Since the fusion peptide and
adjacent parts of the HR-A domain and the whole HR-B
domain could not be localized in the NDV F X-ray structure
(9, 12), and since the 6-HB fusion core was already present in
the hPIV3 structure, contacts of HR residues in the native or
fusion intermediate conformation could not be determined. It
is remarkable, though, that the structure of the uncleaved
hPIV3 F ectodomain assumes a conformation largely similar to
the postfusion state (60). Membrane fusion, however, requires
proteolytic maturation, and it has been demonstrated for sev-
eral F proteins that maturation triggers a conformational re-
arrangement of the F trimer, resulting in a metastable fusion-
competent structure (16, 22, 28, 57). Further refolding must be
tightly regulated to prevent 6-HB formation in the absence of
a target membrane.

The paramyxovirus attachment protein hemagglutinin (H),
hemagglutinin-neuraminidase (HN), or glycoprotein (G), de-
pending on the genus of the virus, is thought to provide fusion
support for the F trimer upon receptor binding, thus coupling
F refolding to the presence of a target membrane. This is
believed to involve specific interactions of H with F, since most
paramyxoviruses require coexpression of their homotypic glyco-
proteins for efficient fusion and hence F activation (23, 55). In
this model, receptor binding by H induces changes in the
interaction with F that result in lowering of the energy barrier
controlling the metastable native F conformation.

For several paramyxoviruses, however, mutant F variants
have been described that induce membrane fusion in the ab-
sence of fusion support provided by their receptor binding HN
protein (38, 52). The anomalous HN independence of the SV5
F protein derived from strain W3A (38) has been linked to the
presence of a proline residue at F position 22 (39, 56), while an
L289A mutation confers HN independence on NDV F in cer-
tain cell lines (32, 52) and mutations in the cytosolic tail of
SER virus F protein eliminate the requirement for HN (53).
These mutations are considered to lower the energy barrier
required for activation of native F, thus increasing the likeli-
hood of spontaneous structural rearrangements. In contrast, H
independence has not been demonstrated for F proteins of
viruses from the paramyxovirus genus Morbillivirus, such as
MV, canine distemper virus, or rinderpest virus.

Through characterization of MV strains with different cyto-
pathicities, we previously identified a cavity-like microdomain
located at the intersection of the neck and head regions of the
F trimer that is critical for F fusion activity (41, 45). A func-
tional analysis of this microdomain points to a role for the
cavity in an early phase of the fusion process (45). Small-
molecule compounds postulated to have high affinity for this
microdomain proved to be effective and highly specific inhib-
itors of MV entry, and point mutations in the postulated target
area resulted in resistance to inhibition (43).

In addition to primary resistance mutants located in a com-
pound target site, resistance to viral entry inhibitors can also be
modulated by domain changes distant from the postulated
binding site, as demonstrated for the human immunodeficiency

virus (HIV) entry inhibitor T-20 (14, 20). Conceivably, secondary-
site resistance mutants can control FMG activation or the stability
of fusion-intermediate conformations. Generation and character-
ization of spontaneous resistance mutants to the MV inhibitors
may therefore enable us to identify residues that regulate confor-
mational rearrangements of the MV F protein and hence to
better understand the mechanism of MV F fusion activation.

In the current study, we have tested this hypothesis by using
an adaptation approach combined with testing of wild-type
MV isolates of different genotypes to obtain a panel of resis-
tant MV variants. Having identified a residue in the MV F
HR-B domain that prominently contributes to resistance to
inhibition, we have generated a panel of double mutants har-
boring changes in this domain and the previously identified
cavity in the F neck region and have explored whether residues
in both domains contribute to controlling F fusogenicity. Our
findings suggest that the residue in the HR-B domain has a
dual function in MV F-mediated fusion. First, it jointly regu-
lates the stability of a prefusion conformation of the F trimer,
together with residues in the F neck cavity. Second, at the
completion of fusion, residue 462 contributes to formation of
the final 6-HB fusion core structure.

MATERIALS AND METHODS

Cell culture, transfection, mutagenesis, and production of MV stocks. All cell
lines were maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, penicillin, and streptomy-
cin. Vero-CD150w cells stably expressing human CD150w were incubated in the
additional presence of G-418 at a concentration of 100 �g/ml. Lipofectamine
2000 (Invitrogen) was used for transient-transfection experiments. For some
experiments, transfected cells were photographed 24 h posttransfection at a
magnification of �200. Site-directed mutagenesis was carried out using appro-
priate primers and the Quick Change mutagenesis system (Stratagene) according
to the manufacturer’s instructions. To prepare virus stocks, cells were infected at
a multiplicity of infection (MOI) of 0.01 PFU/cell and incubated at 37°C. The
cells were scraped into OPTIMEM (Invitrogen), and virus was released by two
freeze-thaw cycles. MV strain Edmonston (MV-Edm) stocks were grown and
titered by 50% tissue culture infective dose (TCID50) determination on Vero
cells according to the Spearman-Karber method as previously described (44),
while primary MV strains were grown and titered on Vero-CD150w cells.

Generation of spontaneous resistance mutants. For directed evolution, Vero or
Vero-CD150w cells were infected with MV strain Edmonston or MVi/Kansas.USA/
43.00 (MV-KS), respectively, at an MOI of 0.1 PFU/ml and incubated in the
presence of 60 �M 5-amino-2-benzylbenzoxazole (OX-1) (43) or 15 �M 4-nitro-
2-phenylacetylamino-benzamide (AS-48) (42), as specified. To prepare inhibitor
stocks, all compounds were dissolved at 300 mM in dimethyl sulfoxide (DMSO).
In experiments, final DMSO concentrations never exceeded 0.1%, at which no
adverse effect on cell viability or viral growth could be detected in control
samples. At 48 h postinfection, cell-associated viral particles were released by
two freeze-thaw cycles, diluted 10-fold, and used for infection of fresh cell
monolayers in the presence of compound at the same concentration. Spontane-
ous mutants were subjected to two consecutive rounds of plaque purification
when extensive cytopathicity was detected in the presence of compound, usually
after four to seven passages, and purified clones were reassessed for resistance,
followed by reverse transcription-PCR (RT-PCR) and DNA sequencing.

RT-PCR and subcloning of envelope glycoproteins from MV isolates B3-2 and
B1. Total RNA was prepared from Vero-CD150w cells infected with the respec-
tive wild-type isolate using the RNeasy Mini Kit (QIAGEN) and subjected to
reverse transcription using Superscript II Reverse Transcriptase (Invitrogen) and
random hexamer primers. Genome fragments containing the F gene were then
further amplified using TaqHiFi DNA polymerase (Invitrogen), followed by
transfer into TOPO 2.1 vectors (Invitrogen) and further cloning into pCG ex-
pression plasmids containing the constitutive cytomegalovirus promoter.

Recovery of recombinant viruses. Recombinant MVs were generated essen-
tially as described previously (46). Briefly, the helper cell line 293-3-46 stably
expressing MV N, MV P, and T7 polymerase was transfected by calcium phos-
phate precipitation using the ProFection kit (Promega) with a cDNA copy of the

VOL. 80, 2006 TWO DOMAINS CONTROLLING STABILITY OF MV F 1525



relevant MV genome and MV polymerase L. Helper cells were overlaid on Vero
cells 76 h posttransfection, and the resulting infectious centers were passaged on
Vero cells. The integrity of recombinant MV particles was confirmed by RT-PCR
and DNA sequencing of the modified genes.

Transient-inhibition assays. To determine the abilities of compounds to in-
hibit cell-to-cell fusion, 6 � 105 cells per well were transfected with 4 �g plasmid
DNA each encoding MV H and F genes, respectively, and the cells were trans-
ferred 4 h posttransfection to 96-well plates containing twofold compound dilu-
tions ranging from 75 �M to 4.6875 �M in four replicates each for AS-48 and
from 300 �M to 18.75 �M for OX-1. Fusion activity was assessed microscopically
48 h posttransfection, and the extent of cytotoxicity as a consequence of extensive
syncytium formation was quantified, using a nonradioactive cytotoxicity assay
(Promega) according to the manufacturer’s instructions, by the following formula:
percent cytotoxicity � ((experimental � background / (maximum � background)) �
100.

Dose-response inhibition curves of virus replication. To test the sensitivity of
recombinant virions to compound-mediated inhibition, Vero cells were infected
in four replicates per compound concentration in a 96-well plate format with the
respective recombinant MV-Edm (rMV-Edm) variant at an MOI of 0.1 PFU/cell
in the presence of OX-1 ranging from 300 �M to 18.75 �M or AS-48 ranging
from 75 �M to 4.6875 �M in twofold dilutions. At 96 h postinfection, virus-
induced cytopathicity was quantified using a nonradioactive proliferation assay
(Promega), and the results were calculated according to the following formula:
percent relative cytopathic effect � 100 � ((experimental � background)/ (max-
imum � background)) � 100. For peptide competition experiments, Vero cells
were infected with rMV-Edm variants as indicated at an MOI of 0.1 PFU/cell in
the presence of peptide in twofold dilutions starting at 600 �g/ml or 300 �g/ml
as specified and incubated in the presence of peptide at 37°C for 36 h. Yields of
cell-associated virus were then determined by TCID50 titration.

Molecular modeling of the MV 6-HB core. Sequence alignment was performed
with ClustalW (10), using a gap open penalty of 10.0, a gap extension penalty of
0.1, and the Gonnet matrix. When the MV fusion protein sequence was aligned
with the sequence of the SV5 fusion protein, 35% sequence identity, 22%
strongly similar, and 13% weakly similar results were found for the portion of the
protein to be modeled. Homology modeling was accomplished with Prime
(Schrödinger), using the SV5 fusion protein fragment structure (1) as a template
(PDB code 1sv5). This fragment (residues 132 to 195 and 450 to 487 by MV
numbering) encompasses the 6-HB (both N1 and C1 heptad repeats). The MV
F sequence was modeled onto this structure, and the other two subunits of the
trimer were generated by transposing the structure to the symmetrical positions
of the other subunits. Sections absent in the crystal structure were not modeled.
The resulting structure was refined using Prime’s structure refinement module.
The lowest-energy rotamers for all nonconserved side chains were predicted and
incorporated into the model. The final structure (see Fig. 2) was evaluated using
the WHAT IF Ramachandran-based z score and the WHAT IF z score for the
local amino acid environments (49). The Ramachandran z score was 4.73, similar
to the z score of the crystal structure (4.64). The z score for the local amino acid
environments was slightly better for the model (2.22) than for the crystal struc-
ture (2.66). Models of the 6-HB mutants (N462S, N462D, and N462K) were
generated by mutating the residue within the model and using Prime’s side chain
prediction feature to determine the lowest-energy rotamers for the mutant res-
idue. The Lovell rotamer library (34), derived from Protein Data Bank side chain
populations, was used to select the lowest-energy rotamer.

The four models generated were subjected to molecular-dynamics (MD) sim-
ulation using the GROMACS package (3, 33). The structures were simulated
using the OPLS-AA force field (26) and solvated with the TIP4P water model
(25). A hydrated rectangular box (5 by 5 by 12 nm; volume, �327 nm3) contain-
ing �9,300 water molecules was built around each structure. Sodium cations
were randomly placed throughout the water to bring the total charge in each
system to zero. Each hydrated complex was energy minimized to remove any
high-energy contacts and subjected to 50 ps of position-restrained MD at 300 K
to allow water to soak into the structure. Each system was then subjected to 50
ps of MD at 300 K, followed by 50 ps of simulated annealing MD with temper-
ature increases of 5 K/ps (300 to 550 K). Time steps of 0.002 ps were used in all
simulations. HR-A was constrained using position restraints of 1,000 kJ · mol�1 ·
nm�2 in the simulations to account for the absence of the remainder of the fusion
protein in this model. Solvent-accessible surface areas over the last 50 ps were
calculated using the g_sas function within the GROMACS package.

Membrane permeability predictions for OX-1 and AS-48 were made with the
QikProp package (24). For both compounds, the predicted apparent Caco-2 and
MDCK cell permeabilities exceed 25 nm/s, indicating membrane permeability
based on a range of 95% of known drugs.

Expression and purification of MV F-derived peptides. For expression of HR
domain-derived peptides, previously identified suitable target sequences (31)
were amplified by PCR and transferred in frame into pET-30a expression vectors
(Novagen), followed by transformation into BL21(DE3) expression-capable
Escherichia coli (Novagen). The bacteria were cultured in terrific broth (Invitro-
gen) to an optical density at 600 nm of 0.6 and then induced with IPTG
(isopropyl-�-D-thiogalactopyranoside; 1 mM) for 3 hours. Samples were har-
vested by centrifugation and treated with lysozyme (Sigma) at a concentration of
200 kU/g of wet biomass. Lysates were digested with RNase A (10 �g/ml) and
DNase I (20 kU/ml) overnight and then purified using NiNTA Superflow resin (1
ml resin/10 ml lysate). The bound product was eluted in imidazole buffer (250
mM imidazole, 50 mM NaH2PO4, 300 mM NaCl, pH 8.0) and then dialyzed
against phosphate-buffered saline (PBS). The final peptide concentration was
estimated by aromatic UV (� � 280 nm) absorbance, using extinction coefficients
calculated by the following formula: Ex � a � Etyrosine � b � Etryptophan � c �
Ecysteine, where Ex is the unknown extinction coefficient; a, b, and c are the
numbers of tyrosine, tryptophan, and cysteine amino acids per peptide; and
Etyrosine, Etryptophan, and Ecysteine are the respective extinction coefficients for
each residue. Flag-tagged HR-B peptide for coprecipitation assays was synthe-
sized at the microchemical core facility of Emory University.

Coimmunoprecipitation. Vero cells were transfected with 4 �g each of plasmid
DNA encoding MV H and MV F or 4 �g of plasmid DNA encoding MV F and
incubated in the presence of 200 �M fusion inhibitory peptide (Bachem). At 24 h
posttransfection, the cells were washed five times with cold PBS, overlaid with
PBS containing 100 �g Flag-tagged HR-B peptide (41 �M) and 100 �M AS-48
to achieve a molar excess of the compound, and incubated at 37°C for 20 min.
Samples were then washed five times with cold PBS, and the cells were lysed in
immunoprecipitation buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1% deoxy-
cholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 1 mM phenyl-
methylsulfonyl fluoride [PMSF], protease inhibitors). The cleared lysates (20,000
� g; 60 min; 4°C) were incubated with monoclonal anti-Flag M2 antibodies
(Sigma) at 4°C, followed by precipitation with immobilized protein G (Pierce)
overnight. The precipitates were washed five times with immunoprecipitation
buffer, resuspended in urea buffer, fractionated on 12% SDS-polyacrylamide
gels, blotted onto polyvinylidene difluoride membranes (Millipore), and sub-
jected to enhanced-chemiluminescence detection (Amersham Pharmacia Bio-
tech) using antisera directed against the MV F tail.

Surface biotinylation. Cells were transfected with 4 �g of plasmid DNA
encoding MV F variants as indicated using Lipofectamine 2000. After being
washed in cold PBS, the cells were incubated in PBS with 0.5 mg/ml sulfosuc-
cinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (Pierce) for 20 min at 4°C,
followed by washing and quenching for 10 min at 4°C in Dulbecco’s modified
Eagle’s medium. Samples were scraped into immunoprecipitation buffer (10 mM
HEPES, pH 7.4, 50 mM sodium pyrophosphate, 50 mM sodium fluoride, 50 mM
sodium chloride, 5 mM EDTA, 5 mM EGTA, 1% Triton X-100) containing
protease inhibitors (Roche complete mix) and 1 mM PMSF, and the lysates were
cleared by centrifugation for 20 min at 20,000 � g and 4°C. The biotinylated
proteins were adsorbed to Sepharose-coupled streptavidin (Amersham Pharma-
cia Biotech) for 90 min at 4°C, washed in buffer 1 (100 mM Tris, pH 7.6, 500 mM
lithium chloride, 0.1% Triton X-100) and then buffer 2 (20 mM HEPES, pH 7.2,
2 mM EGTA, 10 mM magnesium chloride, 0.1% Triton X-100), and incubated
in urea buffer (200 mM Tris, pH 6.8, 8 M urea, 5% SDS, 0.1 mM EDTA, 0.03%
bromphenol blue, 1.5% dithiothreitol) for 25 min at 50°C. Samples were then
subjected to Western analysis as described above. For statistical analysis, West-
ern blots were developed using a VersaDoc imaging system (Bio-Rad) and
arbitrary densitometric units determined using the QuantityOne software pack-
age.

EndoH treatment. Cells transfected with 2.5 �g plasmid DNA encoding MV F
variants were lysed 24 h posttransfection at 4°C in lysis buffer (50 mM Tris, pH
8.0, 62.5 mM EDTA, 0.4% deoxycholate, 1% Igepal [Sigma], 1 mM PMSF,
protease inhibitors [Roche]), and the cleared lysates were incubated in denatur-
ing buffer (final concentration, 0.5% SDS, 1% �-mercaptoethanol) for 25 min at
50°C. Deglycosylation of denatured samples was achieved in deglycosylation
buffer (final concentration, 50 mM sodium citrate, pH 5.5) for 2 h at 37°C, using
2 units of endoglycosidase H (EndoH) (New England Biochemicals). Urea buffer
was then added, and the samples were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotting using antisera directed against the
MV F tail.

RESULTS

To identify residues that confer resistance to inhibition by
the MV inhibitor OX-1 (43) or AS-48 (42), we analyzed a
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panel of primary MV isolates of different genotypes and em-
ployed a directed-evolution strategy by repeated passaging of
laboratory-adapted MV-Edm or the wild-type strain MV-KS in
the presence of the compounds.

Spontaneous escape mutants cluster at F residue 462. Escape
mutants that induced extensive syncytium formation in the
presence of compound were isolated by plaque purification.
The F-encoding genes were then analyzed by reverse transcrip-
tion-PCR, followed by DNA sequencing and transfer into
expression vectors. The biological activity of all expression
constructs was verified by monitoring their abilities to induce
cell-to-cell fusion upon cotransfection of MV H and F expres-
sion plasmids in the presence and absence of compound (data
not shown). For all escape mutants analyzed, resistance to
inhibition was achieved by changes in the F protein. Figure 1A
shows all mutations found in the F proteins of five independent
escape mutants based on MV-Edm or MV-KS. In addition, of
25 primary strains analyzed (mostly described in reference 42),
a single sub-Saharan strain of genotype B3-2, MVi/Ibadan.NIE/
97/1 (MV-B3-2), likewise revealed resistance to inhibition. The
glycoprotein genes of this strain and the closely related wild-
type strain MVi/Y22 of genotype B1 (MV-B1), which is readily
inhibited by the compounds, were sequenced and transferred
into expression plasmids. Changes in MV-B3-2 F are shown in
comparison to MV-B1 F protein (Fig. 1A).

To assess the contributions of individual mutations to the
resistant phenotype, all changes were rebuilt individually in the
F-Edm or, in the case of the B3-2 primary isolate, the F-B1
background and tested for the ability to mediate cell-to-cell
fusion in the presence of compound in a quantitative assay. In
five out of six resistant strains, resistance was mediated by a
mutation of F residue N462 (Fig. 1B). In the case of mutant V,
an accompanying M94V exchange in the F cavity domain was
found, which we had previously observed to decrease sensitiv-
ity to inhibition (43). In one case (mutant III), resistance was
based on an F A367T exchange (Fig. 1B). To test the relevance
of these findings in the context of viral infection, recombinant
virions harboring these point mutations were recovered and
tested for sensitivity to inhibition by AS-48 (Fig. 1C) and OX-1
(not shown). All strains with a mutation of residue 462 showed
	25-fold resistance to inhibition, while the recombinant har-
boring the A367T mutation was found to be approximately
15-fold less sensitive to inhibition (Table 1). These observations
thus confirm the results of the plasmid-based fusion assay.

Residue 462 is part of the MV 6-HB fusion core structure. In
this study, we concentrated on residue 462 for further analysis,
considering its high frequency of mutation. This residue is
located in the N-terminal half of the HR-B domain of the F
protein. Since the HR-B helix is part of the paramyxovirus
6-HB fusion core, for which structural information is available
(1, 61), we generated a structural model of the MV F 6-HB on
the basis of the coordinates reported for SV5 F (1) (Fig. 2A).
In this model, N462 is localized in the vicinity of the contacting
hydrophobic faces of HR-B and the HR-A trimer (Fig. 2B) and
is postulated to engage in an electrostatic interaction with
E170 in HR-A (Fig. 2C).

Synthetic HR-B-derived peptides have been shown to inhibit
membrane fusion and hence viral entry for many viruses, in-
cluding MV (31, 47, 58, 59), most likely by competing with
endogenous HR-B for binding to HR-A. Indeed, a correla-

tion between inhibitory potency and the stability of the
corresponding helix bundle complexes has been demon-
strated for peptidic, C-helix-derived inhibitors of HIV mem-
brane fusion (6). In light of these findings, the compounds
could directly interfere with 6-HB formation, and the mi-
crodomain around residue 462 in the MV F 6-HB structure
could be part of an additional or alternative target site for
OX-1 and AS-48.

AS-48 does not directly impair HR-B interaction with HR-A.
To test whether AS-48 directly interferes with interaction of
the HR-B domain with the HR-A core trimer, we employed
multiple strategies. First, we introduced the various mutations
of residue 462 identified in the screen into the MV 6-HB
structural model (Fig. 2D to F). If the compounds compete
with HR-B for binding to HR-A, then mutations of residue 462
that confer resistance would increase the affinity of HR-B for
HR-A. In all cases, however, molecular modeling predicted
disruption of the hydrogen bonding and hence decreased
rather than increased 6-HB stability due to lack of contact with
170E (mutation 462S) (Fig. 2D), charge incompatibility (mu-
tation 462D) (Fig. 2E), or steric constraints (mutation 462K)
(Fig. 2F). These predictions were quantitated by molecular-
dynamics simulations. The simulations indicated that when
subjected to molecular motion, the mutants dissociate to a
greater extent than the wild type, allowing more of the mutant
hydrophobic surfaces to be exposed to solvent, while the hy-
drophilic surfaces remain largely unaffected (Fig. 2G and H).
Over the last 10 picoseconds of MD, wild-type HR-B exhibits
an average hydrophobic solvent-accessible area of 78.5 nm2,
compared to 80.2 nm2, 81.9 nm2, and 83.6 nm2 for 462S, 462D,
and 462K, respectively.

Second, we employed a peptide competition assay to exper-
imentally assess these modeling predictions. His-tagged vari-
ants of MV HR-B-derived peptides harboring either wild-type
asparagine (N) or mutant serine (S) at the equivalent of posi-
tion 462 were expressed, purified, and tested for the ability to
inhibit viral entry and hence compete with endogenous HR-B
for docking to HR-A. The peptide containing the N462S ex-
change was unable to inhibit MV-Edm even at very high con-
centrations of 600 �g/ml. A recombinant MV-Edm with an
endogenous F N462S mutation, although more sensitive than
the parent virus, likewise showed only partial inhibition by this
peptide (Fig. 3A, left). In contrast, the unmodified peptide
(462N) reduced yields of MV-Edm by 	99% at 300 �g/ml, and
recombinant virions containing point mutations at F residue
462 conferring resistance to the compounds revealed even
greater sensitivity to this peptide (Fig. 3A, right). These find-
ings thus corroborate the molecular-dynamics predictions and
indicate a reduced affinity of all mutant HR-B variants for the
HR-A trimer.

Third, we addressed whether mutation of the HR-A binding
partner of residue 462 in the MV 6-HB structure results in
resistance to compound-mediated inhibition. This would again
suggest for the compounds a mechanism of activity comparable
to that of the peptidic HIV entry inhibitor T-20, for which
escape mutants in HR-A have been reported (48). MV residue
E170, which is predicted to engage with N462 in hydrogen
bonding (Fig. 2C), was thus changed to alanine, and the cor-
responding recombinant virions were recovered. This rather
drastic change should result in increased resistance of these
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FIG. 1. Escape mutants resistant to inhibition cluster predominantly at F residue 462. (A) Mutations found in the F proteins of adapted
MV-Edm (I) or MV-KS (II to V) variants compared to the parental strains. Sequence changes in the F protein of a resistant primary isolate
(MV-B3-2) are shown in comparison to the related sensitive isolate MV-B1. TM, transmembrane. (B) Transient dose-response assay to determine
the contributions of selected mutations to resistance. Individual mutations were rebuilt by site-directed mutagenesis in the F-Edm or F-B3-2
background, respectively, and all F expression plasmids were cotransfected with equal amounts of MV H encoding plasmid of the corresponding
genotype (MV H-Edm [left] or MV H-B3-2 [right]). Syncytium formation in the presence of different AS-48 concentrations was quantified and
values were normalized for cells treated with solvent (DMSO) only. The means of four replicates are shown. The error bars indicate standard
deviations. (C) Quantitative cytopathicity assay to assess resistance in the context of viral infection. Mutants confirmed to confer resistance in
transient assays were rebuilt in the MV-Edm genome, recombinant virions were recovered, and virus-induced cytopathicities in the presence of
different AS-48 concentrations were determined. For comparison, unmodified rMV-Edm (left) and rMV-Edm harboring F B3-2 (462N) (right) are
shown. The values were normalized as described above and represent the means of four replicates.
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recombinants to compound-mediated inhibition if the drugs
physically engage this microdomain in HR-A. Dose-response
curves generated for OX-1 (data not shown) and AS-48, how-
ever, showed no change in sensitivity to inhibition of the rMV-
Edm F (E170A) virus compared to unmodified rMV-Edm
(Fig. 3B), underlining the findings of the peptide competition
assays.

Fourth, we compared the coimmunoprecipitation efficiencies
of MV F with a Flag-tagged variant of HR-B-derived peptide in
the presence or absence of a molar excess of AS-48 compound
(Fig. 3C, left). Consistent with the previous assays, the presence of
the compound did not prevent HR-B peptide interaction with
MV F but rather resulted in increased coprecipitation efficiency,
potentially due to arrest of the F trimer in a conformation that
facilitates docking of the peptide. In the absence of coexpressed
MV H, the coimmunoprecipitation efficiency of MV F with HR-
B-derived peptides was overall very low and could not be in-
creased by addition of AS-48 (Fig. 3C, right).

Taken together, these experiments indicate that while resi-
due 462 contributes to 6-HB formation, the compounds do not
directly interfere with this process.

Residues in the F cavity and at position 462 jointly control
F activity. The inhibitors OX-1 and AS-48 were originally
designed to dock in a defined microdomain located at the
intersection of the neck and head domains of the F trimer that
we previously found to be involved in the initiation of fusion
(45). Mutations in this domain also cause resistance to inhibi-
tion by the compounds (43). To test whether this cavity-like
domain and residue 462, although predicted to be located at
different ends of the F structure, functionally interact in regu-
lating F activity, we generated a series of F variants harboring
mutations in both domains. When these constructs were co-
expressed with MV H and their abilities to induce syncytium
formation were assessed and quantified, several variants in-
deed demonstrated interdependent effects on fusion activity
(exemplified in Fig. 4A and summarized in Fig. 4B). In partic-
ular, the 94V 462K and 94G 462S combinations resulted in an
approximate 90% loss of activity, and the 94G 462K construct

failed to induce syncytium formation. Loss of activity of these
F variants mostly coincided with a reduction in their intracel-
lular transport competence (see below). By contrast, the 94M
462K variant reached about 65% of the activity of F-Edm, and
94V 462S was fully active (Fig. 4B).

The fact that introduction of either 94M or 462K alone in
the F-Edm background drastically reduces activity while the
combination of 94M and 462K restores the ability to induce
syncytium formation points to a functional interaction of both
microdomains rather than an independent synergistic effect of
phenotypes associated with the individual exchanges.

Loss of activity is linked to reduced intracellular transport
of F mutants. To determine whether such changes in activity
are due to a loss of F functionality or to a lack of intracellular-
transport competence, plasma membrane steady-state levels
were assessed (Fig. 4C). Surface expression of the F variants
94V 462K and 94G 462S was greatly reduced, and mutant 94G
462K was almost completely retained, while insertion of a
methionine residue in the F cavity (construct 94M 462K)
greatly restored transport competence in the 462K back-
ground. This suggests intracellular retention as a predominant
mechanism for the reduction or complete loss of fusion activity
observed for certain double-mutant constructs.

Lack of transport competence could be based on misfolding
or decreased conformational stability of the mutant F trimers,
resulting in exposure of hydrophobic domains on the surfaces
of the molecules that are normally oriented toward the inside
of the native structure and hence shielded from recognition by
host chaperones. In the case of the F protein, this may also
extend to the hydrophobic fusion peptide domain, which is
thought to be masked within the properly folded F trimer to
facilitate transport competence (9, 12, 36). When selected mu-
tants were subjected to endoglycosidase H treatment, we in-
deed observed complete sensitivity of the intracellular F ma-
terial to deglycosylation by this enzyme, indicating retention in
the endoplasmic reticulum (ER) of the host cell (Fig. 4D). A
small fraction of endoglycosidase H-resistant uncleaved F0 ma-
terial reflecting the F protein steady-state level in the Golgi is
visible in the wild-type sample (Fig. 4D, lane 2). For compar-
ison, an F variant (F-ER) carrying a KKXX ER retention motif
was included, which we previously characterized as fully re-
tained in the ER (44).

These observations indicate that the majority of the mutant
F antigenic material is retained in the ER of the host cell rather
than in downstream compartments of the secretory system.

Residues 94 in the cavity and 462 in HR-B are involved in
controlling the conformational stability of the F trimer. If
mutations in the cavity domain and at position 462 reduce the
conformational stability of the F trimer, rendering it intracel-
lularly retained, incubation at reduced temperature should re-
store both transport competence and fusion activity, since it
reduces the likelihood of intracellular F misfolding. Indeed,
when we assessed transport competence upon incubation at
30°C or 37°C, we observed a fully restored plasma membrane
steady-state level at lower temperature for several mutants
(Fig. 5A). Furthermore, we quantified syncytium formation
upon coexpression of these F mutants with MV H and incu-
bation at 30°C or 37°C (Fig. 5B). In contrast to the unmodified
F-Edm, all mutant constructs revealed a bona fide tempera-
ture-sensitive phenotype characterized by increased fusion ac-

TABLE 1. Identifications of mutations conferring resistance to
compound-mediated inhibition

Identifier Straina Compoundb Passagec Resistanced Molecular
basise

I MV-Edm OX-1 4 	25 F-N462S
II MV-KS AS-48 6 	25 F-N462D
III MV-KS AS-48 6 15 F-A367T
IV MV-KS AS-48 7 	25 F-N462D
V MV-KS AS-48 7 	25 F-V94M

F-N462D
VI f MV-B3-2 	25 F-462K

a Input strain used for each independent adaptation procedure.
b Compound used for adaptation (OX-1, 60 �M; AS-48, 15 �M [final concen-

tration]).
c Passage number at which extensive cytopathic effect was observed in the

presence of compound.
d Resistance (n-fold) to AS-48 of recombinant virions harboring the identified

point mutation compared to that of the input strain or an rMV-Edm F-B3-2
(462N) variant.

e Mutation conferring resistance as determined by transient-inhibition assay
and resistance of recombinant virions.

f Naturally resistant wild-type isolate MVi/lbadan.NIE/97/1 (MV-B3-2; genotype
B3-2), assessed for compounds OX-1 and AS-48.
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FIG. 2. Localization of residue 462 in the final MV F core structure. (A) Ribbon model of the MV 6-HB; N termini of HR-B domains are facing
up. For clarity, residue 462 is highlighted in only one of the three HR-B domains. TM, transmembrane. (B) Surface model of the MV 6-HB, shown with
only one HR-B ribbon for clarity. Residues V459, L457, and L454 are predicted to interact with a hydrophobic groove in the HR-A trimer. HR-A residue
E170 is predicted to engage in hydrogen bonding with residues N462 and N465. (C to F) Enlarged ribbon models of HR-A and HR-B highlighting the
interaction described above (C). Dynamic structural modeling predicts disruption of the hydrogen bonding, destabilizing the interaction for either of the
resistant mutants based on distance (D), charge (E), or steric hindrance (F). (G and H) MD simulations predict greater destabilization of the mutant
6-HBs compared to the wild type. The mutants increase the peptides’ hydrophobic exposure to water through the course of the simulation, indicating
greater dissociation (G). Hydrophobic solvent-accessible surface (SAS) areas are shown for 50-ps MD simulation. Hydrophilic exposures to water were
similar for the four structures, with average hydrophilic SAS areas over the last 10 picoseconds of simulation between 91.1 nm2 and 92.0 nm2 (H).
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tivity at 30°C. Recovery of recombinant virions harboring one
of these constructs (F 94G 462S) further confirmed this obser-
vation. While the final titers reached by MV-Edm were not
significantly influenced by the incubation temperature, the mu-
tant variant, when incubated at 37°C, reached only 10% of the
maximal yield obtained at 30°C (data not shown).

Compounds stabilize a transport-competent prefusion con-
formation. Our previous characterization of the inhibitory
compounds showed that the drugs prevent lipid mixing and

hence an early phase of the fusion process (42, 43), possibly by
stabilizing a native conformation of the F trimer. The com-
pounds may thus be able to restore surface expression of the
mutant F trimers, if a reduced conformational stability indeed
constitutes the basis for intracellular retention of these con-
structs. Based on permeability predictions for OX-1 and AS-48
using the QikProp package (24), we expect the compounds to
be membrane permeable and thus capable of docking to the F
protein in the secretory system of the host cell. Strikingly,

FIG. 3. Resistance mutations at position 462 reduce the efficiency of 6-HB formation. (A) Peptide competition assay determining the
efficiencies of virus inhibition by synthetic HR-B-derived peptides. (Left) Cells were infected with unmodified rMV-Edm or mutant rMV-Edm F
(462S) in the presence of increasing concentrations of a modified peptide resembling one of the variants identified (462S; sequence shown above
graph), and cell-associated viral titers were determined by TCID50 titration. (Right) Peptide competition assay of all rMV F variants described,
using an unmodified synthetic peptide (462N; sequence shown above the graph). Shaded letters in the peptide sequences indicate the position of
residue 462. To facilitate comparison of different strains, the values were normalized (norm.) for growth in the absence of compound and represent
the means of two experiments. The error bars indicate standard deviations. (B) Quantitative cytopathicity assay to assess resistance of rMV-Edm
F (E170A) virions to AS-48. Virus-induced cytopathicities were determined in the presence of different AS-48 concentrations. For comparison,
unmodified rMV-Edm is shown. The values were normalized for cells infected in the presence of equal amounts of solvent (DMSO) only and
represent the means of four replicates. (C) Coimmunoprecipitation of MV F with HR-B peptide in the presence (�) or absence (�) of AS-48.
Cells expressing MV H and F (left) were incubated with 41 �M Flag-tagged peptide (pep) and 100 �M AS-48 or an equal amount of solvent
(DMSO) and subjected to immunoprecipitation (IP) using anti-Flag antibodies, and precipitates were analyzed by Western blotting using anti-F
tail antibodies. For control, immunoprecipitation was carried out in the absence of peptide. Cells expressing MV F only (right) were otherwise
treated and analyzed in the same way.
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FIG. 4. The nature of residue 94 in the F cavity determines the effects of changes of residue 462. (A) Syncytium formation after cotransfection
of cells with plasmid DNA encoding MV H-Edm and MV F-Edm or F-Edm variants as indicated. Mock-transfected cells (mock) received MV H
encoding plasmid only; the plates were photographed 20 h posttransfection at a magnification of �200 (shown at �186). (B) Fusogenicity of F-Edm
variants cotransfected with H-Edm. Cytotoxicity as an indicator for the ability to induce syncytium formation was quantified as described for Fig.
1B. The values were normalized for unmodified F-Edm and represent the means of three independent experiments. The error bars indicate
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expression of temperature-sensitive F variants at 37°C in the
presence of 75 �M AS-48 resulted in complete restoration of
transport competence (Fig. 6A). While the double mutants
94G 462S and 94G 492N demonstrated the greatest increase in
surface expression levels in the presence of compound, this
finding extended to a lesser degree to several of the mutant F
variants tested (Fig. 6B).

Moreover, cotransfection of several double mutants, in par-
ticular the 94G 462S variant, with MV H in the presence of
OX-1 or AS-48 resulted in a dose-dependent increase of fusion
activity, achieving an F-Edm-like degree of activity at approx-
imately 75 �M for AS-48 (shown for AS-48 in Fig. 6C and
quantified for both drugs in Fig. 6D). This observation con-
firms that the compounds not only restore transport compe-
tence, but that, when incubated at 37°C in the presence of
compound, the mutant F trimers reach the surface in a native,
prefusion conformation. While high enough to restore intra-
cellular transport, compound affinity for the mutant F variants
once surface exposed is most likely too low to further prevent
membrane fusion in the presence of fusion support provided
by the H protein upon receptor binding. Although less likely
on the basis of the available data, we cannot completely ex-
clude the possibility that compound-facilitated F folding and
fusion inhibition alternatively constitute mechanistically dis-
tinct events.

Taken together, these findings support a role for residue
462, together with residues in the cavity domain, in controlling
the stability of a prefusion conformation of the F trimer in
addition to its function in 6-HB formation at completion of the
fusion process.

DISCUSSION

Taking advantage of a series of novel MV entry inhibitors
developed in our laboratories, we report a role of residues in
two distinct microdomains in the MV F protein in folding of
the F trimer into a transport-competent conformation. While
postulated to be physically distant in a structural model that is
based on the coordinates reported for NDV F, residues in both
domains contribute jointly to controlling the stability of a pre-
fusion conformation of the F trimer, in addition to the role of
a residue in one of these domains in 6-HB formation.

Screening of a panel of viral isolates representing MV
strains of all genotypes currently endemic worldwide revealed
effective inhibition of most isolates by the lead compound,
AS-48 (42). A sub-Saharan strain, however, showed strong
resistance to inhibition, mediated by a mutation of residue 462
in the F protein. Mutation of the same residue was also pre-
dominantly responsible for the resistance of four out of five
spontaneous escape mutants that were generated by viral ad-
aptation. In all cases, resistance was based on mutations in the

F protein, corroborating the findings of the previous charac-
terization of the activities of these inhibitors (42, 43). Further-
more, mutation of residue 462 was induced by adaptation in
the presence of either the first-generation compound OX-1 or
the second-generation analog AS-48, and all escape mutants

standard deviations. (C) Surface biotinylation of cells expressing different F-Edm variants to determine F plasma membrane steady-state levels.
Biotinylated proteins were precipitated and separated by SDS-PAGE, and F-antigenic material was detected with specific antisera directed against
the cytosolic domain of F. The values are based on densitometric quantification using a VersaDoc system and indicate the average percentage of
surface material relative to unmodified F-Edm calculated from three to six independent experiments. Standard deviations are shown in paren-
theses. Mock-transfected cells received vector DNA only. (D) EndoH of F-antigenic material. The F0 fractions of both mutants analyzed were
sensitive to EndoH treatment (Fdeglyc material), indicating an ER-type carbohydrate chain conformation. The asterisk marks the small Golgi
fraction of EndoH-resistant F-Edm prior to proteolytic maturation. For control, an F variant (F-ER) carrying a KKXX ER retention signal was
included. All samples were analyzed by SDS-PAGE and immunoblotting subsequent to EndoH treatment.

FIG. 5. F mutants 94G 462S and 94G 462N are temperature sen-
sitive. (A) Surface biotinylation and detection of F-antigenic material,
as previously described, after incubation of cells at 30°C or 37°C. The
values represent densitometric quantification of surface-expressed ma-
terial and are expressed as the percentage of unmodified F-Edm found
at 30°C or 37°C, respectively. (B) Quantification of syncytium forma-
tion of selected F-Edm variants after cotransfection of cells with equal
amounts of plasmid DNA encoding MV H and F and incubation at
30°C or 37°C as indicated. The values represent the means of four
experiments and are expressed as the percentage of syncytium forma-
tion activity observed for unmodified F-Edm after incubation at 30°C
or 37°C, respectively. For each F variant, the percent syncytium for-
mation at 30°C compared to the same variant at 37°C is given above
the graph. The error bars indicate standard deviations.
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analyzed were resistant to both compounds, suggesting that
they share the same mechanism of fusion inhibition and rec-
ognize the same physical target site.

Resistance mediated by residue 462 could arise in several
ways. It could be due to an indirect secondary effect, or the
microdomain around the residue could be part of an alterna-

tive binding site in addition to the microdomain in the F neck
region previously described (43, 45). Alternatively, the residues
in this cavity-like domain might mediate secondary resistance,
while N462 is part of the primary compound-binding site. The
observation that all resistance-conferring mutations of residue
462 lower the affinity of HR-B for HR-A and are hence pre-

FIG. 6. Compounds OX-1 and AS-48 stabilize a transport-competent conformation of mutant F trimers. (A) Surface expression of F mutants
94G 462S and 94G 462N subsequent to incubation of cells in the presence of 75 �M AS-48 or equal amounts of solvent (DMSO) only. The values
represent densitometric quantification of surface material as described previously. (B) Quantification of surface expression of all F double mutants
generated subsequent to incubation in the presence or absence of compound AS-48 as detailed in the legend to panel A. The values represent the
means of three to six independent experiments, and standard deviations are shown. (C) Syncytium formation after cotransfection of cells with
plasmid DNA encoding unmodified F-Edm or the 94G 462S F-Edm variant and MV H-Edm and incubation in the presence of 75 �M AS-48 or
equal amounts of solvent (DMSO) only. Mock-transfected cells received H-Edm encoding plasmid only, and the plates were photographed 24 h
posttransfection at a magnification of �200 (shown at �168). (D) Dose-dependent increase of fusion activity after cotransfection of cells with F
variant 94G 462S and H-Edm and incubation in the presence of different concentrations of compound OX-1 or AS-48 as indicated. The values
represent three independent experiments and are expressed as percentages of fusion activity induced by unmodified F-Edm in the presence of
solvent (DMSO) only. The error bars indicate standard deviations.
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dicted to decrease the stability of the 6-HB, however, argues
against direct interference of the compounds with 6-HB for-
mation. This conclusion was corroborated both by coprecipi-
tation of MV F with HR-B-derived peptides in the presence of
compound and by the computationally predicted dynamic be-
havior of the MV 6-HB cores incorporating the mutant HR-B
variants.

A hydrophobic pocket in RSV F HR-A has been postulated
as the binding site for a small-molecule inhibitor of RSV (11).
In MV HR-A, however, the analogous hydrophobic groove is
located downstream from residue 462 in the 6-HB, and binding
of AS-48 or OX-1 in this domain is hence not immediately
compatible with resistance mediated by residue 462. In con-
trast to escape mutants reported for peptidic entry inhibitors of
HIV (48), the absence of mutations in HR-A directly altering
this hydrophobic region in response to our adaptation ap-
proach further argues against the region as a primary com-
pound target site. This is corroborated by our observation that
mutagenesis of the predicted HR-A binding partner of residue
462 in the MV 6-HB fusion core did not result in resistance to
the drugs.

A previous analysis of the cavity domain in the MV F neck
region has pointed to a role for the microdomain in the initi-
ation phase of the fusion process (45). Certain double-mutant
combinations of residues 462 and 94 lose intracellular-trans-
port competence under standard conditions, resulting in a tem-
perature-sensitive phenotype. Since this does not reflect an
independent synergistic effect of both microdomains—rather,
the physical nature of residues in one domain determines the
outcome of mutations in the other regarding F transport com-
petence—both domains appear functionally linked. The F neck
region and HR-B are found at opposing ends of the F struc-
tural model, and it thus seems unlikely that residues in these
domains make direct contact or that the compound physically
engages both domains simultaneously, although we cannot ex-
clude the possibility that the inhibitor binds to an intermediate
conformation in which these domains are closer together (12).

A dose-dependent increase in intracellular transport and
ultimately fusion activity when certain double-mutant F vari-
ants are incubated in the presence of compound at 37°C sup-
ports the conclusion that the inhibitors stabilize a transport-
competent prefusion conformation of the F trimer. Multiple
reports have shown that proteolytic maturation of the F0 pro-
tein in the late Golgi apparatus results in structural rearrange-
ments of the F trimer (16, 22, 28, 57). Antibodies directed
against the HR domains of SV5 recognize only the uncleaved
F protein (16), and hydrophobic domains were found to be
exposed in the cleaved F trimer of Sendai virus (22). Burying
these domains in the F trimer prior to proteolytic cleavage, and
hence shielding them from recognition by the quality control
machinery of the host cell monitoring proper protein folding,
appears to be critical for efficient surface expression.

Several lines of evidence suggest that residues located within
or adjacent to HR domains have distinct functions in different
stages of the fusion process to conserve the metastable native
structure of type I FMGs until a target membrane is present:
residues in the HR-A and HR-B domains of HIV gp41 con-
tribute to the stability of the native gp120-gp41 complex (18,
35), several residues located in the influenza hemagglutinin
HR-A domain have been shown to change binding partners

during the transition of hemagglutinin from the native to the
fusogenic conformation (5, 8, 13), and two residues upstream
of the HR-B domain of the paramyxovirus SV5 F are postu-
lated to function as a regulatory switch for activation and
membrane fusion (51). These SV5 F residues, 447 and 449, are
thought both to control the initiation phase of the fusion pro-
cess and to influence 6-HB stability. Since our experiments
indicate that MV F residue 462 is linked to maintaining the F
trimer in a transport-competent prefusion conformation, in
addition to its function in 6-HB formation at the completion of
the fusion process, we suggest a similar dual role for this
residue in MV F. Conceivably, a dual regulatory function of
residues located near the beginning of HR-B is conserved
within paramyxovirus F proteins.

Our findings confirm that the novel MV entry inhibitors, in
addition to their therapeutic potential, constitute valuable
tools for studying the mechanism of MV F-mediated mem-
brane fusion. In turn, further elucidation of the mechanism of
membrane fusion may allow better optimization of the inhib-
itor compounds and thus increase of their antiviral potentials.
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